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Abstract

The transformation of the heating sector towards renewable energy sources is a key element
for the mitigation of man-made climate change. In this regard, solar thermal energy is a partic-
ularly well-suited solution, as it is a simple, cost-efficient and proven technology. A main barrier
for a more widespread use, is the seasonal mismatch of heat demands and solar yields, which
usually limits the solar share on the overall heat supply of district energy systems to about 20%.
It is therefore necessary to store the abundant solar energy supply during summer for several
months to be able to use it in winter. Underground thermal energy storage (UTES) is currently
the most promising technology for such applications, as it shows a high maturity level in com-
parison to other technologies and facilitates storage of thermal energy on a district scale. Inte-
gration of UTES into solar district heating (SDH) systems is commonly accompanied by further
technologies, such as geothermal energy, industrial waste heat or power-to-heat applications,
resulting in complex energy systems. These SDH-UTES systems require a thorough design of
component dimensions, system layouts and control strategies to ensure security of supply, while
avoiding costly over-dimensioning of generation capacities. Therefore, dynamic system simula-
tions are used for system design, as they consider the temporal distribution of heat supplies and
demands as well as the strong interactions between components.

The modelling language Modelica constitutes a powerful conceptual approach for modelling
and simulation of thermal energy systems and is therefore applied increasingly. However, to
exploit Modelica’s numerous advantages for the simulation of SDH-UTES systems and reach a
large number of users, adequate model libraries are required. These should be accurate in their
representation of physical components, easy to use and have a low numerical effort.

The presented cumulative dissertation and the corresponding publications in scientific journals
demonstrate the development of such a model library called MoSDH (Modelica Solar District
Heating). The library consists of components for the accurate, efficient, user friendly and robust
simulation of such systems, including models for UTES technologies which were previously not
implemented for Modelica. Selected models and aspects were already presented and demon-
strated in case studies in the above-mentioned journal papers. The presented thesis contains a
comprehensive description of the model components as well as the general system modelling
concept. Furthermore, several case studies are used to highlight certain key functionalities and
demonstrate the accurate representation of the physical systems in a numerically efficient way.
The models can be used for extensive optimization studies as well as detailed investigations of
certain specific aspects. In addition to that, the object-oriented modelling approach facilitates
the easy adaption and reuse of model components. Finally, MoSDH is used to investigate the
transition of a sub-grid of the TU Darmstadt university district heating (DH) system into a SDH-
UTES system, demonstrating the possibility of those systems to satisfy the universities emission
saving goals in a cost-efficient way.
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Kurzfassung

Die Umstellung der Warmeversorgung zu Heizzwecken auf erneuerbare Energiequellen ist ein
zentraler Aspekt zur Einddmmung des menschgemachten Klimawandels. Solarthermie bietet
sich dabei als einfache, kostengiinstige und erprobte Technologie in besonderem Maf3e an. Hier-
bei besteht jedoch das naturgegebene Problem des saisonalen Versatzes des Warmebedarfs und
des solaren Angebots, wodurch Solarthermie in der Regel maximal 20 % des Warmebedarfs von
Fernwirmesystemen decken kann. Zur Erreichung hoherer Deckungsraten ist es erforderlich
das mannigfaltige solare Angebot im Sommer iiber mehrere Monate zu speichern und somit im
Winter nutzbar zu machen. Untergrundwérmespeicher sind aktuell die vielversprechendste
Technologie, da sie im Gegensatz zu alternativen Technologieansitzen bereits eine vergleichs-
weise hohe Marktreife aufweisen und Kapazititen zur Speicherung des winterlichen Warmebe-
darfs ganzer Quartiere umsetzbar sind. Die Kombination dieser Technologien zu solaren Wér-
menetzen mit Untergrundwarmespeichern, die zusatzlich meist noch mit weiteren Warmequel-
len wie Geothermie, industrieller Abwiarme oder power-to-heat kombiniert werden, resultiert
in komplexen Energiesystemen. Fiir diese ist eine genaue Auslegung der Komponentengrolen,
Verschaltungsschemata und Betriebsweisen erforderlich, um sowohl die Versorgungssicherheit
zu gewihrleisten, als auch teure Uberkapazititen zu vermeiden. Zu diesem Zweck kommen in
der Regel dynamische Systemsimulationen zum Einsatz, die den zeitlichen Verlauf von Warme-
angebot und -bedarf sowie die Wechselwirkungen der einzelnen Systemkomponenten bertick-
sichtigen.

Die Modellierungssprache Modelica ist ein konzeptionell méachtiger Ansatz zur Modellierung
und Simulation physikalischer Systeme und kommt bei der Simulation thermischer Energiesys-
teme vermehrt zum Einsatz. Um die zahlreichen Vorteile von Modelica jedoch fiir die Simula-
tion solarer Warmenetze mit Untergrundwirmspeichern nutzbar zu machen und ein breites
Benutzerfeld zu erreichen, werden entsprechende Modellbibliotheken benétigt. Diese sollten
das Verhalten der Systemkomponenten moglichst genau abbilden, einfach anzuwenden sein
und einen geringen numerischen Rechenaufwand benotigen.

Im Rahmen dieser kumulativen Dissertation und den dazugehorigen Veroffentlichungen in wis-
senschaftlichen Fachzeitschriften wird die Entwicklung einer solchen Modellbibliothek erlau-
tert. Diese MoSDH (Modelica Solar District Heating) genannte Modellbibliothek, umfasst Kom-
ponenten zur genauen, effizienten, benutzerfreundlichen und robusten Simulation solcher Sys-
teme und beinhaltet Modelle fiir Untergrundwarmespeicher, die zuvor in der Modellierungs-
sprache Modelica noch nicht implementiert waren. Vereinzelte Modelle und Aspekte von
MoSDH wurden bereits in den besagten wissenschaftlichen Veroffentlichungen erldutert und
fiir Fallstudien angewandt. Im Rahmen dieser Arbeit wird eine umfassendere Beschreibung der
Komponenten sowie des allgemeinen Ansatzes zur Systemmodellierung gegeben. Anhand von
Fallbeispielen werden verschiedene Funktionalitdten ndher beleuchtet und die akkurate und
numerisch effiziente Nachbildung realer Systeme demonstriert. Die Modelle eignen sich sowohl
fiir grofd angelegte Optimierungsstudien, als auch fiir die detaillierte Untersuchung einzelner
Aspekte. Weiterhin wird aufgezeigt, wie der objekt-orientierte Ansatz zur einfachen Anpassung,
Erweiterung und Wiederverwendung von Modellkomponenten genutzt werden kann. Letztend-
lich werden die Modelle verwendet um in einer Studie aufzuzeigen, wie die Transformation
eines Teils des Fernwarmesystems der TU Darmstadt in ein solares Warmenetz mit saisonalem
Untergrundwarmespeicher kosteneffizient zur Erreichung der Emissionsziele der Universitét
beitragen konnte.
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Preface

The presented cumulative doctoral thesis is based on my work as a research assistant in the
working group Geothermal Science and Technology at the Institute of Applied Geosciences, TU
Darmstadt. A main focus of my work was put on the development of numerical models for
dynamic simulation of solar district heating systems with underground thermal energy storage.
These models were applied in several numerical studies to assess the efficient design of such
systems. To complement these studies and conclude the model development process, the un-
derlying work sets the focus on the thorough description of the model components and their
functionalities.

My works are very much based on the works of my two colleagues Daniel Schulte and Bastian
Welsch, who investigated the numerical modelling, simulation and characteristics of borehole
thermal energy storage systems (Schulte, 2016; Welsch, 2019). In the context of a master thesis,
I started to couple 3D finite element method (FEM) models of borehole thermal energy storages
(BTES) (Schulte et al., 2016b) to solar district heating models in Modelica (Schwan and Unger,
2016). During my time as PhD candidate, the co-simulation approach (Welsch et al., 2017) was
further developed and applied within several numerical case studies (Formhals et al., 2017b,
2017a). Initially, no suitable models for the simulation of BTES systems existed in Modelica,
which motivated the development of a toolbox for modelling such systems called MoBTES
(Formbhals et al., 2020). Later on, the model was complemented by further components of SDH-
UTES systems and ultimately resulted in the library MoSDH, which is presented in this thesis.
Currently, the assessment of the different storage models contained in MoSDH is planned to
take place as part of the IEA ECES Annex 39 Large Thermal Energy Storages for District Heating
project, in which I participate as UTES expert.

In parallel with me, my colleague Hoofar Hemmatabady started working on system optimiza-
tion of district heating and cooling (DHC) grids with BTES, by numerical simulations in TRNSYS
(Hemmatabady et al., 2020, 2022). Since his dissertation was much more focused on the ap-
plication of existing models, whereas I put a stronger focus on model development, we comple-
mented each other well. Unfortunately, the timing of our works did not allow him to already
use MoSDH for his studies. Therefore, our collaborations were strongly focused on technical
aspects of the design and operation of SDH-UTES systems, while the tools we used differed.

A period which had a significant impact on my works and gave a lot of input, was my stay in
Denmark at Arcon-Sunmark in 2018, a company which produced STC modules and pit thermal
energy storage systems. The company did not only produce those components, but was con-
structing the systems as well and significantly contributed to the Danish SDH boom. The prac-
tical insights and operational data, that were kindly provided to me, were a great input to my
works. Unfortunately, the company does not exist in its recent form anymore, but large parts of
the team and facilities still contribute to SDH and UTES for different companies.

Over the duration of my works at the Geothermal Science and Technology group, I contributed
to the planning and proposal process for the project SKEWS (Schulte et al., 2021), which aimed
at the construction of a medium-deep borehole thermal energy storage (MD-BTES) pilot on the
university campus. Unfortunately, approval of the project was only granted at the end of my
engagement at the university. Nevertheless, I will curiously watch the progress of the project,
which will hopefully result in the integration of the storage into the university DH system after
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research activities are finished. My colleague Lukas Seib will continue the works on investiga-
tion of the integration of such an MD-BTES into the university grid and thereby apply our co-
simulation methodology and Modelica models.
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Cumulative Dissertation

This cumulative dissertation comprises the following six journal publications, which are ap-
pended to the work.

Appendix A: Welsch, B., Rithaak, W., Schulte, D.O., Formhals, J., Bér, K., and Sass, 1., 2017,
Co-Simulation of Geothermal Applications and HVAC Systems: Energy Procedia, v. 125, p.
345-352, http://tubiblio.ulb.tu-darmstadt.de/89580/.

Appendix B: Formhals, J., Hemmatabady, H., Welsch, B., Schulte, D.O., and Sass, 1., 2020, A
Modelica toolbox for the simulation of borehole thermal energy storage systems: Energies, v.
13, d0i:10.3390/en13092327.

Appendix C: Hemmatabady, H., Formhals, J., Welsch, B., Schulte, D.O., and Sass, I., 2020,
Optimized layouts of borehole thermal energy storage systems in 4th generation grids: Ener-
gies, v. 13, doi:10.3390/en13174405.

Appendix D: Formhals, J., Feike, F., Hemmatabady, H., Welsch, B., and Sass, 1., 2021, Strat-
egies for a transition towards a solar district heating grid with integrated seasonal geothermal
energy storage: Energy, v. 228, p. 120662, doi:10.1016/j.energy.2021.120662.

Appendix E: Formhals, J., Welsch, B., Hemmatabady, H., Schulte, D.O., Seib, L., and Sass, I.,
2021, Co-Simulation of District Heating Systems and Borehole Heat Exchanger Arrays using
3D Finite Element Method Subsurface Models. This is an Accepted Manuscript of an article
published by Taylor & Francis in the Journal of Building Performance Simulation, accepted on
25.02.2022.

Appendix F: Hemmatabady, H., Welsch, B., Formhals, J., and Sass, 1., 2022, Al-based Enviro-
economic Optimization of Solar-coupled and Standalone Geothermal Systems for Heating and
Cooling. Applied Energy, doi:10.1016/j.apenergy.2022.118652.

Appendix A presents the initial methodology for the coupling of 3D FEM models in FEFLOW to
above-ground system models for co-simulation. While the presented interface has been devel-
oped further significantly over time, the TCP/IP (Transmission Control Protocol/Internet Pro-
tocol) communication functionalities presented in this proceedings paper are still used today.
Originally, FEFLOW was coupled to MATLAB-Simulink, using models of the Carnot toolbox for
simulation of heating applications to consider interactions between BTES and the energy sys-
tems they are integrated into. The paper presents the implementation of the interface and
demonstrates possible applications by an example study. In this example, a STC field is coupled
to a BTES by a buffer tank and the size of the tank is varied in an optimization routine. Scope
and simulated period of the study are limited deliberately, to be able to vary parameters of the
co-simulation, such as the communication step size and discretization of the input data in a
parameter study, for assessment of the developed interface.

Bastian Welsch was the first author of the article and carried out the main works, in particular
development of the interface and execution of the simulation runs. Wolfram Riihaak had the
idea of using the TCP/IP protocol for communication between FEFLOW and MATLAB and su-
pervised the development. Daniel Schulte contributed to the preparation of the draft and to the
implementation of the optimization routine. Kristian Bar and Ingo Sass were involved in dis-
cussion during the conceptual stage and supervised the research. My contribution to the work
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was mainly the sharing of experiences on co-simulation schemes, as I had developed an inter-
face for coupled simulation of a BTES model in MATLAB called BASIMO and SDH models in
the Modelica environment SimulationX during my master thesis. All co-authors participated in
the revision of the manuscript.

Appendix B presents a Modelica library for simulation of BTES systems called MoBTES, which
was the starting point for MoSDH. Prior to this point, no dedicated BTES model existed in
Modelica and simulation of such systems was carried out using co-simulation. However, as this
approach is not suited for larger parameter studies, the desire for a simple BTES model within
Modelica grew. The only available option for the simulation of borehole heat exchanger (BHE)
arrays in Modelica at this time, was dedicated for heat extraction purposes and therefore the
modelling approach aimed at the accurate representation of such systems, but lacked features
like serially connected BHEs. The work presented in Appendix B elaborates the methodology
for the modelling approaches which were implemented for the BTES model. The two-dimen-
sional representation of the storage exploits the symmetry of BTES systems and has already
been implemented for models in different modelling environments, where it has proven its good
suitability for simulation of SDH-UTES systems (Pahud and Hellstrom, 1996; Franke, 1998a).
However, the main modelling concept was added by further features, such as the consideration
of the grout thermal capacity, partial insulation of BHEs and pressure calculation. For valida-
tion, the model was compared to 3D FEM models in FEFLOW for various BTES dimensions and
layouts as well as to monitoring data of the first 500 days of operation of the Braedstrup BTES
system. Overall, a good fit between the benchmark models and the MoBTES model could be
proven. Especially the representation of the short-term dynamics of the monitoring data showed
a very high accuracy. For the longer term, the model still resulted in deviations to the monitored
data close to those of a 3D FEM model in FEFLOW, which was used for comparison.

As the first author of this paper I developed the Modelica model library, carried out the simu-
lation runs in SimulationX/Modelica and FEFLOW, evaluated and visualized the results, drafted
the manuscript and processed the monitoring data of the Bradstrup storage. Hoofar Hemmat-
abady contributed during the early development stage of MoBTES by comparing simulation
results to results of the DST model in TRNSYS for an initial validation and later on engaged in
numerous discussions on the experimental design and analysis of the validation study. Bastian
Welsch contributed the batch-file for automation of FEFLOW simulations, contributed his ex-
pertise on BTES modelling in FEFLOW, engaged in the discussion on the experimental design
and analysis and supervised my work. Daniel Schulte contributed in discussions on the experi-
mental design and analysis of results and Ingo Sass supervised the research and contributed
valuable advice. All co-authors contributed to the revision of the manuscript.

Appendix C is a comprehensive study on different layouts for integration of borehole thermal
energy storages into fourth generation district heating grids for heating and cooling. An exergo-
economic approach for multi-objective optimization is applied to identify pareto-optimal sys-
tems. Four layouts are defined which differ in their cooling layout and the configuration of the
BTES and an auxiliary gas boiler during heating season. Cooling is either supplied passively by
the BTES or actively with an interconnected heat pump. During heating season, the buffer stor-
age is either heated up to the supply temperature of the DH grid by a double stage heat pump
to directly supply heat to the grid or to a lower temperature level by a single stage heat pump
and the remaining temperature shift is covered by a gas boiler. The first case corresponds to a
parallel operation of the geothermal system and the gas boiler and the second case to a serial
operation. The results imply that passive cooling in combination with a serial combination of
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the geothermal system and the gas boiler is favorable in terms of exergetic efficiency and lev-
elized cost of energy. However, if highest exergetic efficiencies shall be achieved, a parallel
integration layout is favorable. As an additional important result, a correlation between the
exergetic efficiency of systems and the associated global warming potential (GWP) is identified,
indicating lower GWPs for higher exergetic efficiencies.

First author of this work is Hoofar Hemmatabady who developed the methodology, carried out
the simulations, evaluated and visualized the results of the study and prepared the initial draft.
I contributed to the study by repeated discussions on the design of the used operation strategies,
the design of experiments and the evaluation of results. Bastian Welsch contributed by his ad-
vice on the design of experiments, by contributing his life cycle assessment (LCA) methodology
and analysis of results as well as supervision of the work. Daniel Schulte contributed to the
design of experiments, analysis of results and supervision of the work. Ingo Sass supervised the
research and contributed valuable advice.

Appendix D presents a notional case study on the transition of a campus DH system of the TU
Darmstadt towards an SDH system with integrated MD-BTES. Five different strategies for the
integration of STCs, an MD-BTES, integration of a waste heat source and the phase-out of com-
bined heat and power (CHP) capacities are compared in regards to their ability to satisfy the
university emission saving goals. The study investigates the time span from 2025 to 2050 and
makes certain assumptions about the future development of energy prices, electricity emission
factors and the DH grid temperature levels. The period is divided into three stages, for which
different levels of construction and decommissioning of the components are defined for each of
the five strategies. The case study is not comprehensive as it excludes certain aspects of the
actual DH system under investigation, like the existing cooling grid or the connection of the
grid to further campuses. However, by considering different times of construction, it includes
an aspect which is commonly not investigated. It is the first application of the MoSDH library,
which was developed further during the course of the works and adapted to the requirement of
variable component dimensions to consider construction and deconstruction of components.

I was the first author of this study and developed the concept of the study as well as the used
models. Furthermore, I carried out the simulation runs, visualized and evaluated the results
and wrote the initial draft of the manuscript. Frederik Feike contributed his detailed knowledge
and data of the DH system under investigation and provided central aspects of the scenario for
its future development. He contributed projected heat load curves, which he generated by
adapting measured load profiles to test reference year data. Furthermore, he contributed in the
discussion of the results. Hoofar Hemmatabady contributed his valuable input to the design of
experiments and discussion of results. Bastian Welsch developed the LCA framework which was
used for calculation of costs and emissions attributed to the systems, gave valuable inputs dur-
ing the joint discussion of results and supervised the work. Ingo Sass supervised the research.
All authors contributed to the revision of the manuscript.

Appendix E is the author’s original manuscript of an accepted paper and presents the latest
developments of the co-simulation methodology. The interface was adapted to allow for the
coupled simulation of SDH systems using the MoSDH library in Modelica and 3D FEM models
of BHE arrays in FEFLOW. The interface presented in Appendix A is developed further and an
additional coupling option is implemented which exchanges conductive process variables across
the borehole wall instead of the convective BHE inlet and outlet variables. In comparison to the
old approach, the new option allows for larger communication time steps and faster simulation
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without a loss in accuracy. Moreover, the consideration of the BHEs in Modelica facilitates a
more versatile operation of the storage, as it allows for arbitrary hydraulic connection schemes,
pressure loss calculation or the reversal of the flow direction. In addition to the new interface
option, the communication step size is changed dynamically by an adaptive control scheme,
which reduces both communication error as well as computational effort. The co-simulation
methodology is assessed by comparison of a single BHE co-simulation to a non-coupled simu-
lation with regard to computational effort and accuracy. Furthermore, a notional SDH system
with a small BTES is co-simulated, considering different groundwater flow velocities, to demon-
strate the benefit of the proposed approach.

As the first author of this paper I developed the co-simulation methodology, by adaption of the
FEFLOW plugin presented in Appendix A and implementation of a corresponding interface in
Modelica. Furthermore, I carried out all simulations, evaluated and visualized the results and
wrote the initial draft of the manuscript. Bastian Welsch strongly contributed to this work, by
providing the initial version of the FEFLOW plug-in and his vast knowledge on plug-in devel-
opment as well as modelling and simulation in FEFLOW. He engaged in regular discussions
about the conceptual design of the communication scheme of the co-simulation, participated in
the analysis of the study and supervised my work. Hoofar Hemmatabady and Daniel Schulte
contributed to the analysis of the results and gave valuable advice. Lukas Seib was involved in
the development of FEFLOW benchmark models and in the analysis of results. Ingo Sass closely
supervised the research and was strongly involved in the original idea of developing a co-sim-
ulation methodology. All authors were involved in the revision of the manuscript.

Appendix F presents a comprehensive study on the optimization of solar-coupled and
standalone geothermal systems for heating and cooling. Different scenarios are defined, to com-
pare systems with active and passive operation of a BTES and integration of solar thermal en-
ergy. The high complexity of the approach is tackled by the use of an artificial neural network
(ANN) proxy model for optimization, to reduce the computational effort and allow for a faster
convergence of the optimization algorithm. The optimization searches for pareto-efficient sys-
tems with regards to the attributed emission factors and levelized cost of energy. The study
concludes that an active charging and discharging of the BTES by a heat pump is the best solu-
tion for standalone geothermal systems and results in the lowest costs. The lowest emission
factors are obtained by solar-coupled systems however.

Hoofar Hemmatabady is the first author of this work. He developed the optimization method-
ology and carried out all simulation runs. Furthermore, he evaluated the results and drafted the
manuscript. Bastian Welsch supervised this work and was strongly involved in discussions about
the design of experiments and analysis of the results. In addition to that, he provided his LCA
framework for enviro-economic assessment. I contributed to this work by discussions on the
overall design of the study and analysis of the results. Ingo Sass supervised the research and
contributed valuable advice about the concept of the study. All authors contributed to the revi-
sion of the manuscript.
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1 Introduction

In an international agreement of historic dimensions, 195 nations signed the Paris Agreement
in 2015, recognizing climate change as an urgent threat to humankind. The parties agreed on
limiting the “increase in the global average temperature to well below 2 °C above pre-industrial
levels and pursuing effort to limit the temperature increase to 1.5 °C above pre-industrial levels”
(UN, 2015). While this text is written, several severe natural disasters have struck regions all
over the world again. Statistics show that the occurrence of such events has nearly doubled over
the past twenty years (CRED, 2020). While no single individual event is caused by climate
change directly, an increased probability could be proven in numerous cases (Herring et al.,
2021). Furthermore, the year of 2021 has seen natural gas prices surge to historic highs all
over the world, but especially in Europe (Stapczynski, 2021). A combination of the recovery of
industrial production activities from the COVID-19 crisis and geopolitical aspects have already
led to an increase by almost 500% in Europe - the heating period of the winter still ahead.
Several companies have reduced their production outputs due to this reason, with some having
to file for insolvency (Flauger and Witsch, 2021). Even though this development is caused by
several temporary factors and will most likely relax in the near future, it is a drastic demonstra-
tion of the dependence of most national economies from fossil fuel imports. The use of renew-
able energies significantly reduces this sensitivity of market and consumer prices to external
political effects by nature. Consequently, there are historic examples, where past crisis’ have led
to increased investments in renewable technologies for energy applications. A prime example
being Denmark, which diversified its energy sectors, widely implemented district heating grids
and heavily invested into research and development of renewable technologies as a conse-
quence of the oil crisis in the seventies, to increase supply security (Bosch and Graf, 2014). In
general, there seems to be a broad consensus about the targeted sustainable energy system of
the future. However, the actual path and speed of this process is still under discussion, as it
should be both economically efficient and socially acceptable. The sheer complexity of this
global undertaking seems to overstress many actors, resulting in a paralyzing state where, in
doubt, proven and well-known technologies are applied, even though the necessity of the tran-
sition to more sustainable approaches is almost undisputed. To provide guidelines for stake-
holders of the transition process, several roadmaps have been developed on international and
national levels (Moller et al., 2019; IEA, 2021; IRENA, 2021b). While these plans differ in am-
bition, scope and level of detail, all of them heavily rely on the replacement of fossil fuels by
renewable energy sources in a much faster pace than what can be observed today.

In this context, the transition of the heating and cooling sector is generally considered much
less in public discussion, especially compared to the power generation sector. However, in Eu-
rope heating and cooling accounts for half of the final energy demand, of which around three
quarters are used for space heating and process heat. Only 22% of the demand is currently met
by renewable energies (European Commission, 2021). Consequently, significant efforts will be
necessary for a decarbonization of this sector. Since housing renovation rates are typically low,
this transition will have to take place over a long period (European Commission, 2019). Quan-
tity and quality of the measures which are implemented today, will define the profile of the
domestic heating sector for the decades to come. Therefore, these measures should already
fulfill the emission standards set for 2030 or even 2040. According to recent studies, it is still
possible to fully decarbonize the European heating sector by 2050, by implementation of al-
ready existing and proven technologies (Susana et al., 2018). Obviously, the reduction of the
final energy demand by energy saving measures, such as facade insulation, should contribute




the major part of the overall emission reductions. Nevertheless, the climate neutral supply of
the remaining demand in heating will require a multiplication of renewable heat generation
capacities (IEA, 2021; IRENA, 2021b). In this context, an increased deploy of District Heating
(DH) in combination with geothermal and solar thermal energy, has been identified as an effi-
cient solution (Moller et al., 2019) and consequently plays a key role in most energy system
transformation plans (BMUB, 2016; IEA, 2021; IRENA, 2021b).

The combination of geothermal and solar thermal energy has proven to be fruitful in different
ways. For example, shallow geothermal applications, which only utilize the first couple of me-
ters below ground, obtain the main share of their energy supply from solar energy stored within
the ground (Sass, 2016). Furthermore, energy from STCs can be used to regenerate the deple-
tion of geothermal systems with predominant heat extraction and consequently improve their
performance and ensure sustainable operation. In the case of solar thermal energy, the total
annual supply of irradiation per square meter is typically much larger than the specific demand
for space heating per square meter. While values of 1,000-2,000 kWh/(m?2.a) of annual global
irradiation can be observed in European countries, the average heating demand of the existing
stock amounts to less than 150 kWh/(mz2.a) (Pezzutto et al., 2015). Even though the actual
technological exploitation of this potential will result in different numbers, this juxtaposition
highlights the vast existing potential of solar thermal energy for heating. Furthermore, the col-
lector technology for harvesting this renewable potential is exceptionally simple and conse-
quently costs are low (IRENA, 2021a). Unfortunately, though, solar thermal energy has the
inherent drawback of the seasonal mismatch between times of high supply and demand. Con-
sequently, solar thermal alone can usually only supply around 20% of the annual demand, if a
costly oversizing of the collectors is to be avoided (Trier et al., 2018a). In combination with
(geothermal) underground thermal energy storage however, coverage rates of up to 100% can
be realized (Mesquita et al., 2017). These systems store excess solar heat during summer in the
subsurface and extract it in winter, when heat demand exceeds supply. Ultimately, this ap-
proach combines the abundant solar energy supply and the vast subsurface thermal capacities
and can result in systems which are both more economic and environmentally friendly than
each technology on its own (Elhashmi et al., 2020). One prerequisite of the favorability of such
a system, especially in regards of economics, is its size, as both STC fields (IRENA, 2021a) and
UTES (Pauschinger et al., 2018) show a strong economy of scale. Accordingly, integration into
DH systems seems to be an auspicious option. These Solar District Heating (SDH) systems with
seasonal UTES (SDH-UTES) have been applied increasingly in the past decade (Yang et al.,
2021). However, they are yet far from being standard solutions, like small scale solar thermal
or geothermal applications on their own, for which simple dimensioning guidelines and mass-
produced solutions exist. The technological and economic efficiency of SDH systems with UTES
still strongly varies for realized systems and research and development efforts have to be taken
to support their broad commercial rollout.

While the performance of conventional fossil fired and decentralized heating systems is well
understood and can be estimated quite accurate by simple relations in most cases, SDH-UTES
systems pose a much bigger challenge. Their performance and economics are highly dependent
on the operational temperature level as well as the temporal distributions of energy supply and
demand (Tschopp et al., 2020). Consequently, the design process is usually carried out on a
system level, taking all relevant parameters, processes, dynamics and interactions of the system
components into account. Dynamic simulations with thermo-hydraulic system models can be
used in this regard. However, to ensure the accurate assessment of the system performance




during the design stage and consequently an efficient and economic operation, suitable models
of the system components are required. These models should be numerically efficient to allow
for simulation of large systems, accurate in their representation of the component performance
and relatively easy to use. Furthermore, the novelty of UTES technologies results in the intro-
duction of a multitude of new design concepts and materials. Accordingly, models should be
adaptable and extendable, to be able to assess the performance of these innovations. This work
focusses on the modelling and simulation process of SDH-UTES systems, with the main empha-
sis being put on the modelling of the UTES systems, as these are more complex and have a
higher requirement for further development compared to the other system components. A
model library called “MoSDH — Modelica Solar District Heating” is presented and discussed.
The library is implemented with the object-oriented modelling language Modelica, which is a
conceptually powerful modelling language that is increasingly applied for the simulation of
energy systems. However, Modelica models can inhibit a high level of complexity, which can
result in less robust system models and has so far impaired a more widespread application by
general engineers, limiting it mostly to the user field of modelling experts and scientists. Con-
sequently, the main goal is to develop a dedicated library, that results in accurate, robust and
easy to use models, that can be applied by both experts in modelling and experts in SDH-UTES
system engineering.







2 State of the art and aim of this thesis

2.1 State of the art

Object-oriented modelling has been proposed repeatedly for the simulation of solar district
heating systems. Franke (1997) illustrates a re-engineering of TRNSYS models (Solar Energy
Laboratory, 2021) for STCs, a buffer storage and borehole thermal energy storage using an
early version of Modelica (Franke, 1998b). He finds object-oriented modelling to reduce both
model complexity and effort of the model development process. Furthermore, model order re-
duction and nonlinear optimization methods are applied on the state-space formulation of the
system models, exploiting the equation-based approach of Modelica. Schrag (2001) also inves-
tigates object-oriented modelling of solar thermal applications, using the modelling language
SMILE (Ernst et al., 1997), a predecessor of Modelica. He highlights the advantages of object-
oriented modelling for optimization of system design on several application examples, including
a solar district heating system with a deep BHE. Nevertheless, certain technical aspects of the
approach are identified, which should be improved to increase the applicability. These aspects,
that include compatibility to other model libraries, a graphical user interface and analytical
derivatives, have been addressed by the development of the Modelica language standard
(Modelica Association, 2021).

Development and prevalence of the Modelica modelling language led to a number of model
libraries for DH and building performance simulation (Burhenne et al., 2013). While several
libraries are not described in high detail, as they are commercially protected (Schwan and
Unger, 2016) or have not been published (Giraud et al., 2015), a number of open-source librar-
ies have been developed, using the IBPSA library as shared core (Wetter and Treeck, 2017).
The IBPSA library was developed within the IEA Energy in Buildings and Communities Pro-
gramme Annex 60 and uses the Fluid library from the Modelica Standard library (MSL) (Franke
et al., 2009). Modelica was chosen due to its flexible multi-physics approach, which covers
hydraulic, thermal and electrical components, as well as important features like bi-directional
flow through pipes. The associated libraries are mostly focused on the detailed modelling of
buildings (Nytsch-Geusen et al., 2013; Plessis et al., 2014; Wetter et al., 2014; Miiller et al.,
2016), but DH grids as well (Jorissen et al., 2018; Leitner, 2019). As a result of the shared
effort, a large number of highly sophisticated and versatile model components are freely avail-
able. However, the underlying modelling approach of the MSL Fluid library incorporates a high
level of complexity, which is not yet fully supported by all simulation environments. Regarding
the modelling of SDH systems, most components are generally available, but the strong focus
of the libraries on building performance simulation results in models which are not dedicated
for the simulation of large systems.

Giraud et al. (2014) compare the modelling and simulation process of SDH systems using TRN-
SYS and the unpublished Modelica library DistrictHeating. They conclude that both approaches
yield in similar results, if models of comparable detail are applied, with the Modelica models
resulting in a generally higher computational effort. Furthermore, it is found that Modelica is
favorable regarding model development effort, the modelling of hydraulic processes and prac-
tical aspects like interfaces for post-processing. A critical aspect for modelling of SDH systems
in Modelica is the lack of suitable UTES models. A model which is commonly used for simulation
of BTES systems is the Hybrid Step Response Model of the IBPSA library IDEAS (Jorissen et al.,
2018). However, this model is dedicated for simulation of ground-coupled heat pump systems
for heat extraction and consequently lacks certain key features of BTES systems and has a lower




accuracy for high temperature applications. A common misconception is the availability of se-
rially connected BHEs, which is not supported, since it is only possible to connect the two shanks
of an individual BHE in series. Concerning aquifer thermal energy storage systems in Modelica,
a 1D modelling approach is proposed by Ribas Tugores et al. (2015) and validated against a 3D
FEM model. However, the validation process is not described in detail and the model was not
published. Even though several studies find Modelica to be favorable to TRNSYS for the mod-
elling of SDH systems (Franke, 1998b; Giraud et al., 2014) or in general (Wetter and
Haugstetter, 2006), a large number of studies and most likely the majority uses TRNSYS
(Olsthoorn et al., 2016). The underlying reasons are diverse, but two very likely causes are the
lack of suitable UTES models and the high level of complexity which is often associated to
Modelica models.

2.2 Aim of this thesis

This cumulative thesis and the associated articles aim at the development, validation and
demonstration of an object-oriented model library for the simulation of SDH-UTES systems.
Specifically, the following tasks were addressed:

e Development of UTES models in Modelica for high temperature heat storage applica-
tions.

e Development of a co-simulation methodology to couple Modelica SDH system models
to 3D FEM UTES models for detailed geological modelling.

e Development of a Modelica model library, which includes the most important compo-
nents of SDH systems and allows an easy system model development as well as a robust
simulation process.

e Application of the developed models in case studies, demonstrating their functionality
by addressing relevant topics like the integration of SDH into existing DH structures,
the consideration of groundwater and system design optimization.

To set the background, Chapter 3 gives an overview of the technologies SDH and UTES. The
general concepts of these approaches are presented, a brief overview of the current market
development is given and the main barriers for a further market penetration are addressed.
Chapter 4 presents the object-oriented modelling language Modelica and gives an introduction
into the main concepts and the basic process of the translation of models into computable code
for simulation. Chapter 5 presents the developed model library MoSDH by giving an overview
of the applied modelling concepts and the library content. Chapter 6 summarizes common
methods for analysis and optimization of SDH systems. Chapter 7 focusses on application ex-
amples for the presented library, to demonstrate and assess certain functionalities. Finally,
Chapter 8 and 9 draw a conclusion on the presented object-oriented modelling approach for
SDH-UTES systems and an outlook on recommended developments. The underlying publica-
tions of this cumulative dissertation are appended in appendices A-F.




3 Solar District Heating with Underground Thermal Energy Storage

Figure 1 shows the basic concept of SDH-UTES systems. These systems integrate large STC
fields and UTES for seasonal storage into DH networks. Prerequisite for the efficient operation
of such a system are low grid temperature levels, which are commonly attributed to DH systems
of the 4™ generation (4GDH). The 4GDH concept is based on smart energy systems, that com-
bine different energy sources and storage technologies, creating synergy effects. Consequently,
SDH systems are not limited to solar thermal energy or UTES and multiple systems have been
realized in combination with additional elements like power-to-heat technology, biomass boil-
ers or wood-chip CHP.
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Figure 1: Schematic structure of a Solar District Heating system with Underground Thermal Energy Storage.

A classification of solar thermal systems for heating was defined within Task 52 of the IEA Solar
Heating and Cooling program (Mauthner and Herkel, 2016). In this context 219 large-scale
systems were analyzed to define the characteristics and economic performance of each cate-
gory. Table 1 contains selected values for typical SDH systems with and without seasonal stor-
age. As one can see, systems with seasonal storage usually result in a higher solar fraction, i.e.
a higher share of solar energy on the total heat generation. This higher fraction however, results
in lower solar yields and an increase in the levelized cost of heat (LCOH). The following chap-
ters will give a brief overview of the technologies SDH and UTES and their current market
situation.

Table 1: Typical values of realized SDH systems with and without seasonal storage after (Mauthner and Herkel, 2016).

Solar District Heating
Thermal storage Diurnal storage Seasonal storage
Solar fraction 12% 50%
Storage volume per collector area 0.12 m?*/m? 2.5m3/m?
Solar yield 410 kWh/(m2.a) 365 kWh/(m2.a)
LCOH 4.1 €-ct/kWh 5.5 €-ct/kWh




3.1 Solar District Heating

Solar District Heating can be defined as a pipe network, connected to a collective of buildings
for distribution of thermal energy for heating purposes, which is supplied by STCs with an
aperture area of more than 500 m? (Weiss and Spork-Diir, 2021). These collectors are usually
implemented in large fields with flat plate collector modules of 12-14 m? and operating tem-
peratures of 80-100 °C (Tschopp et al., 2020). In comparison to STCs for single-family houses,
the use of large modules reduces the cost per square meter of aperture and results in lower losses
through heat bridges and junctions. To obtain the required temperature shifts of up to 50 K, col-
lector modules are connected in series of 5-10 modules per row and a distance of 4-6 m between
rows (Figure 2).

Figure 2: Solar thermal collector field of the SDH system in Marstal (DK).

These fields, which can cover up to several hundreds of thousand square meters land, are often
located in a close range to a DH network of small towns, where they are used to replace existing
fossil fired heat generation capacities. Such a typical SDH system has between 5,000-15,000 m?
aperture area with an annual solar yield of 400 kWh/(m?.a) (Trier et al., 2018a). Due to the
seasonal mismatch of the solar potential and the demand for space heating, systems without
seasonal storage are limited in their size by the heat demand during summer. If the collected
solar energy cannot be transported away from the collectors, stagnation occurs and tempera-
tures may rise above the maximum operation temperatures of the collectors, ultimately result-
ing in their damage (Frank et al., 2015). Consequently, systems without seasonal storage are
limited to solar fractions of around 20% for central European climates (Figure 3 left). A com-
mon practice to avoid stagnation during ongoing periods of excess solar energy are measures
like the use of dry coolers or night cooling. In the latter case, hot fluid is circulated through the
collector field and cooled down by the ambient, which can dispose around one third of the daily
production (Trier et al., 2018a). The deliberate use of those measures for the compensation of
solar excess heat during summer, however, is only feasible up to a small increase of the overall
solar fraction. To achieve solar fractions of 50-100%, the use of seasonal thermal energy storage
technology is required.
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Figure 3: Exemplary monthly load and solar yield profiles of SDH systems with a solar fraction of 20% and 100%.

Construction of large STC fields started in the mid-eighties in Sweden and Denmark with the
first systems of more than 1,000 m2 aperture area (SDH, 2017). Since then, the total installed
aperture area increased to more than two million square meters, of which around 80% are
located in Denmark alone (Weiss and Spork-Diir, 2021). This extraordinary leadership position
was induced by very favorable technological and economic conditions, that resulted in a strong
increase of installed systems since the 1990s. Firstly, about 63% of Danish households are con-
nected to DH networks (Danish Energy Agency, 2017). These grids are often operated on low
supply temperature levels of around 70 °C, which results in a large potential for systems that
can be easily retrofitted with STC fields. Secondly, local utilities are mostly owned by consumers
and municipalities and obligated by law to sell energy by a cost-of-service principle, which re-
sults in a more pronounced long-term view on investments (Trier et al., 2018b). As an addi-
tional effect, the non-profit approach results in a noticeable sharing of experience by operators
(Trier et al., 2018a) and consequently the main data base of this thesis was provided by Danish
plant operators. And third, SDH faced very favorable economic boundary conditions in Den-
mark, where taxes on natural gas are significantly higher in comparison to other European
countries. In addition to that, a trading scheme for energy savings was installed, which allowed
local utilities to count the production of solar thermal systems during their first year of opera-
tion as energy savings. Revenues for the trade of these certificates greatly improved the eco-
nomics of solar thermal systems, resulting in the installation of ever more and ever larger plants
(Tschopp et al., 2020). In 2016 the so far largest collector field was constructed in the city of
Silkeborg, with an aperture area of 156,000 m2 and a peak power of 110 MW,

As a consequence of the SDH boom, significant development effort was put into collector tech-
nology and production lines were automated and streamlined. In combination with a strong
economy of scale, the LCOH for solar thermal energy fell from 0.066 USD/kWh in 2010 to
0.045 USD/kWh in 2019 (IRENA, 2021a). However, when the Danish trading scheme was sus-
pended first in 2016 and ended in 2019, the Danish SDH market saw a rapid decline and con-
solidation process. Since then, about half of the newly constructed collector area is located in
China, where the technology is being increasingly applied (Weiss and Spork-Diir, 2021). Other
countries have implemented different funding schemes to support the construction of innova-
tive heating technologies like SDH systems and create a market momentum comparable to Den-
mark. In Germany for example, a funding line for innovative DH systems (“Warmenetze 4.0”
(BMWi, 2019)) is supporting the construction of low-temperature DH grids with large renewa-
ble shares. The funding line supports the development of concept studies and the construction
of complete grids by up to 50% of the investment costs, as the high share of the initial invest-
ment costs on the total LCOH has been identified to be a main barrier for a further deployment
of such grids (Pehnt, 2017).




A substantial barrier for broad implementation of SDH is land availability. Recent studies con-
cluded that it is favorable to construct single large fields further away from the DH grid, rather
than small roof-mounted systems. The strong economy of scale outweighs additional costs for
transmission lines and availability of land is generally better. In theory, availability of suitable
and available land should be sufficient in European countries (Trier et al., 2018a). Unfortu-
nately, competing applications and slow procurement processes can pose additional problems
and impede many projects in practice (Epp, 2021). Consequently, policy measures should ad-
dress these issues to speed up the procurement process and the development of SDH technology
should focus on a maximized exploitation of available land by shared usage (cf. Figure 2) or
highly efficient technology such as concentrated solar power (CSP).

3.2 Underground Thermal Energy Storage

Integration of thermal energy storage technologies (TES) into DH systems has several benefits,
such as the utilization of intermittent heat sources, reduction of peak capacities or the maximi-
zation of heat generation operating hours. These advantages are confronted with drawbacks
like high investment costs or an increased complexity of the design process (Guelpa and Verda,
2019). Currently, tank thermal energy storage (TTES) is the most used TES technology in DH,
where it is mainly used for load balancing and peak shaving. Besides TTES, around 105 GWh
of additional TES capacity is installed in DH systems, of which half is realized as seasonal TES.
These capacities are mainly realized by UTES systems. Alternatives, such as latent or thermo-
chemical TES technologies, are currently still in prototype stadium. (IRENA, 2020)

UTES systems are defined by sensible storage of thermal energy below ground level and can
use the ground itself, groundwater or industrial water as heat storage medium. Figure 4 gives
an overview of the most common UTES types. Borehole TES (BTES) use soil as heat storage
medium and charge and discharge the storage by pumping fluid which is above or below the
temperature of the surrounding soil through a closed-loop system within boreholes. Heat
transport outside the closed pipe system is mainly conductive and consequently the temperature
level of the stored heat decreases both during charging and discharging. Furthermore, under-
ground heat transport is relatively slow, which is an advantage for long storage periods, but
limits the maximum charging and discharging rates. Construction wise, BTES differ only little
from conventional BHE arrays for ground-coupled heat pump systems (GC-HP) and no clear
distinction between those systems exists. This work defines BTES systems as BHE arrays which
are used to increase the ground temperature to a level above undisturbed ground temperatures
during charging and have a utilization ratio of < 1, i.e. the amount of extracted energy does not
exceed the injected amount. Furthermore, BTES systems usually have a smaller spacing be-
tween BHEs than GC-HP systems and incorporate some kind of insulation layer on the ground
surface, to reduce losses to the ambient air. While a significant flow of groundwater is desirable
for GC-HP systems to regenerate the cooled down ground around BHEs, it is an unwanted pro-
cess for BTES systems, where it transports stored heat out of the storage volume. Consequently,
moderate groundwater flow rates constitute an important prerequisite for BTES locations.
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Figure 4: Common Underground Thermal Energy Storage types.

Another UTES technology which, has been installed increasingly in recent years is Pit TES
(PTES). These systems use artificial pits which are filled with water as heat storage medium
and covered by a floating lid for insulation (Jensen, 2014). The pit walls are sealed by a liner,
but usually have no additional insulation. Charging and discharging of the PTES is done by
injecting and extracting fluid and consequently high peak powers can be realized. So far, these
systems have been built predominantly in Denmark, where volumes of 200,000 m*® have been
realized. While the overall concept of PTES is quite simple, several of the installed systems
showed problems with the durability of the top-cover. Thermal stratification within the storage
results in the highest temperatures just below the lid and consequently exposure to tempera-
tures of 80-90 °C for periods of several months. Under these conditions, vapor diffuses through
the covering lid, soaks into the above insulation material and impairs the insulating effect
(Errboe, 2018). Additionally, precipitation accumulates on top of the lid and squeezes the in-
sulation material, if not removed. Several of the early PTES demonstrators suffered from these
problems and are currently retrofitted with a “reversed open roof” concept lid, which is expected
to have a higher durability (Bobach, 2020).

Aquifer TES (ATES) use groundwater as storage medium. Charging and discharging of these
systems is done by injection and extraction of groundwater through wells. Suitable construction
sites are hence limited to areas with a groundwater reservoir in a feasible depth, a low flow
rate, no conflicts of use and a suitable hydro-chemistry. Latter one being very important for a
low maintenance effort, since scaling and corrosion effects within wells and heat exchangers
can substantially impair performance and economy of such systems. However, if these condi-
tions are met, ATES systems constitute highly efficient and economic seasonal storages. Such
conditions could be found in the Netherlands, were currently more than 2,500 systems have
been installed, which amounts to 85% of the overall number of systems. (Fleuchaus et al., 2018)

Tank TES (TTES) differ from PTES systems by their solid shell construction. They are usually
designed in a cylinder shape and can be errected above-ground, below-ground or partly buried.
While most SDH systems incorporate TTES systems for diurnal storage, only very few have been
designed for seasonal storage purposes. Major drawbacks of TTES for seasonal storage are their
high heat losses to the surrounding and large space demands, which is why research efforts
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have focused on advanced insulation concepts (Dahash et al., 2021) and partly buried TTES
(Guelpa and Verda, 2019). Several additional UTES concepts or variants of the presented con-
cepts have been proposed, such as storage of heat in abandoned mines (MTES) or medium-
deep BTES (Welsch, 2019). While these concepts seem very promising, they are not yet on the
same level of technological readiness.

Figure 5 gives an overview of the storage volume and specific investment costs of several real-
ized UTES projects. The storage volume is given in water equivalents to facilitate the direct
comparison of different UTES technologies and the orange lines indicate the overall corridor of
specific costs in which most systems are located. It can be seen that the largest capacities so far
were realized by PTES projects, whereas TTES were limited to smaller scales. Sizes of the shown
ATES and BTES systems were located in the mid of the shown range. Generally, these two
technologies are located completely in the subsurface and can be upscaled further. (Gabrielli et
al., 2020). In the case of the “other” UTES system in Attenkirchen, a combination of a buried
TTES and a surrounding BTES was tested. The presented choice of UTES systems, however, is
far from complete and larger systems have already been constructed
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Figure 5: Specific investment cost for large-scale thermal energy storages (including all necessary costs for building the stor-
age device, without design, without connecting pipes and equipment in the heating plant and without VAT) (© Solites)

Based on the presented figures, ATES systems result in the lowest specific investment costs.
Since the storage volume is naturally given for those systems, construction costs are mainly
caused by drilling of the wells. However, these systems have very specific site requirements and
maintenance costs are usually higher compared to other UTES technologies. The highest invest-
ment costs can be observed for TTES systems, which, in combination with their large space
requirements, limits them to smaller realized capacities. Overall, a strong economy of scales
can be observed. In addition to that, larger UTES usually result in lower heat losses due to their
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smaller ratio of surface to volume!. As a result, larger and larger projects are being planned, to
further reduce costs. Depending on the respective technology and region of application, cost
reductions by factor 2-4 are required to achieve commercial competitiveness without subsidies
(Reed et al., 2018; Yang et al., 2021).

3.3 System concepts and layouts

Several concepts for the design of SDH systems and the integration of individual components
exist. While no general classification is defined, systems can be distinguished by certain char-
acteristics, such as:

- DH grid concept: 1%-5" generation (1GDH-5GDH)

- Heat generation: Centralized and decentralized

- Combination with auxiliary heat sources: serial and parallel use of SDH and conventional
heat sources

- Thermal storage: diurnal, seasonal, combined, hybrid/cascading

- Active and passive discharging of the UTES

- Heating only or heating and cooling

Choosing the right concept for a specific application is not straight forward, as the advantages
of certain approaches are not always obvious and depend on the overall system. For example,
4GDH systems are considered to be favorable in comparison to the preceding generations, as
they are generally more efficient and allow for the integration of low-temperature renewable
heat sources. However, in the case of 5GDH grids, which are operated below the supply tem-
perature level of the building heating systems, a heated discussion is still ongoing, elaborating
the advantages and separating line of those concepts (Buffa et al., 2019; Lund et al., 2021).
Nevertheless, certain general statements on the advantageousness of design concepts and lay-
outs can be made for reasonable assumptions and common cases. An exemplary study on dif-
ferent layouts for district heating and cooling is presented in Appendix C.

! The volume of BTES systems is usually defined as the product of the number of BHEs, their length and the specific area around a
single BHE in the grid, which is defined by the BHE spacing.
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4 Object-oriented modelling of thermal energy systems

A fundamental and thorough introduction to the modelling language of Modelica would exceed
the scope of the underlying work and excellent alternatives already exist (Fritzson, 2014; Tiller,
2021). Consequently, the following chapters will focus on specifics of the modelling of thermo-
hydraulic energy systems and UTES in Modelica as well as the subsequent translation of such
models into an executable form. In general, the acausal modelling approach of Modelica is
meant to automatize this translation process and reduce the necessary effort for creating a
model for the definition of the physical behavior of objects by equations. The deduction of how
such a symbolically defined model can be translated into a form which can be efficiently han-
dled by numerical solvers is supposed to be hidden from the general user. Nevertheless, a basic
understanding of the steps taken by a Modelica tool during translation is beneficial for the
development of efficient models.

4.1 Principles of modelling with Modelica

Modelica is a non-proprietary language for the modelling of physical systems developed by the
Modelica Association since 1996. It arose from the desire to unify several existing approaches
for the object-oriented modelling of physical systems and to create a standardized modelling
format (Elmqvist, 1978). This tool independent approach supports a high reusability and ex-
change of developed models. The basic principles of the Modelica language, such as an equa-
tion-based approach and the object-oriented structuring concept, make it a versatile tool for
modelling in many different domains. Consequently, a multitude of commercial and non-com-
mercial Modelica model libraries have been developed so far. (Modelica Association, 2021)

The term object-oriented modelling is often used to summarize a set of properties under a single
term (Otter, 1999a): It constitutes a concept of modularized and hierarchical structuring of
models, but includes the concept of physical modelling as well. Latter one meaning the repre-
sentation of system components by models, which correspond to actual objects and are defined
independent of specific applications, i.e. acausal. Hence, the physical behavior of these objects
is specified by symbolic equations rather than assignments, keeping the causality of whether a
variable is an input or an output of the model unspecified. Consequently, single components
can be modeled and tested independently from the overall system context, reducing the com-
plexity of the process and facilitating the reuse of components for various applications. Solving
such symbolically defined systems with numerical methods however, incorporates several ad-
ditional challenges in comparison to causal models, which are described by explicit algorithmic
expressions. An overview of the methods for tackling these challenges is given in the following
chapter.

Models in Modelica are described in code defined by the Modelica Language Specification
(Modelica Association, 2021). In general, this allows for a completely text-based modelling
process, but components usually have a graphical view defined as well, which facilitates drag-
and-drop modelling. Predefined interfaces are used to connect components to each other, cor-
responding to their physical interactions. These connections can be directed or undirected, i.e.
acausal. The component behavior itself is described by locally defined variables and equations,
incorporated sub-components and the interface variables. For acausal connectors, three types
of interface variables exist: Potential variables are set equal for connected interfaces, generating
equations of the form x; = X2 = x3. Flow variables of a connection set sum up to zero, resulting
in the form x; + x2 + x3 = 0. The third kind, are stream variables. These are for transport
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processes in which potential variables propagate downstream with a flow variable. An example
is the temperature propagation of fluid transport in a pipe. (Otter, 1999a)

4.2 Translation and simulation of Modelica models

Modelica models are representations of physical systems, defined by mathematical equations,
i.e. in an acausal way. Hence, any sort of operation and analysis can generally be applied. How-
ever, the most common application is dynamic simulation. Other typical applications would be
steady state simulation for determination of a system equilibrium state, calculation of natural
frequencies, system identification (input-output-analysis), model linearization or sensitivity
analysis (ESI ITL, 2021). Consequently, the methods used to fulfill these tasks differ and even
for the same task, methods differ from one simulation environment to another. In the case of
SDH systems, dynamic multi-year simulation is by far the most common application and in the
following the principals of a typical process for the translation and simulation of such a model
in Modelica is described.

As Modelica is not a simulation environment, but a modelling language, no general rule for the
simulation process of models exists. However, most software tools follow the same general steps
for the translation of model code into an executable form for simulation. A typical process is
depicted in Figure 6. It starts with the model in Modelica source code, that is generated by a
user over the graphical user interface of a modelling environment. This can be done by drag-
and-drop of model components to create an object diagram of the model, or by explicit writing
of the source code. Once the model is specified, it is converted into an internal representation
of the modelling environment for further processing (Fritzson, 2020).

Modelica source code State selection

N/ ;
Matching
Flat model
N/

Symbolicanalysis Sorting

<

Symbolic manipulation

Code generation

N\ Tearing

Simulation

| Index reduction |

Figure 6: Typical translation process of a Modelica model.

In a first translation step, the object-oriented structure is dissolved by conversion of the hierar-
chical model into a flat model. During this step, instantiated and inherited classes are expanded,
equations defined implicitly by connections between components are derived and complex con-
structs like algorithms or loops are executed. Resulting from this process, an unsorted set of
differential-algebraic equations (DAE) in the form of Equation (1) is obtained (Otter, 1999b),
where x is a vector containing all variables appearing in differentiated form, y contains all al-
gebraic variables, u contains all system inputs and p contains all parameters.

0=Ff(x,xyupt) (D

Numerical solving of such an unsorted DAE system is usually inefficient and solvers tend to be
not robust (Fish and Harrison, 2017). Therefore, the general aim is to transform it into a set of
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explicit ordinary-differential-equations (ODE) of minimum size, which is then passed on to the
solver. If such a transformation is impossible or inefficient however, DAE solvers can be used as
well (Liu et al., 2010; Fritzson, 2014). The manipulation methods, which are used for optimi-
zation of the system of equations, are summed up under the term symbolic analysis and can
differ for Modelica environments, problem structures and user settings.

A main task of the symbolic analysis is the selection of states, to determine which of the varia-
bles generated from the Modelica code are state variables of the physical system, i.e. required
for an unambiguous definition of the system state at any instant in time. All other variables are
considered outputs and can be derived from the calculated state variables (Fritzson, 2014). The
structure of the initially unsorted DAE can be described by an incidence array, where each row
corresponds to an equation and each column to a variable (or a derivative of such). Non-zero
entries of the array indicate the occurrence of a variable in the corresponding equation. On the
left side of Figure 7 an example of such an initial incidence array (often called structure Jaco-
bian) is shown. It has 1,200 equations and 1,200 variables, which are directly deduced from
the Modelica code of the model. In the upper section, a diagonal band can be observed, that
corresponds to the equations defined locally within components. The lower part of the array
originates from connection equations coupling these local variables to each other. Most of these
connector variables merely serve as aliases during modelling and are not required for solving
of the actual problem. Consequently, these equations and their corresponding variables can be
eliminated from the set of equations by the state selection process without loss of information.
Furthermore, many variables are actually constant over time and can therefore be eliminated
as well (Figure 7 right). (Dassault Systémes, 2020b)
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Figure 7: Incidence array of an unsorted DAE before (left) and after (right) selection of states. Rows corresponding to equa-
tions and columns to variables. The total number of incidences is denoted as nz (adapted after (Dassault Systémes, 2020b),
© Taylor & Francis Group LLC)

After state selection, sorting and transformation algorithms are applied to transform the DAE
into an ODE in explicit state space form as given by Equation (2) (Braun et al., 2017). If the
original DAE has derivates of higher order than one, index reduction methods, such as the
method of dummy derivatives (Elmqvist, 1993; Mattsson and Séderlind, 1993), have to be used.
Note that only the upper part of Equation (2) has to be calculated to solve the model, while the
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algebraic variables y only need to be computed at times where their values should be proto-
colled.

=[] o

In the next step, the set of equations is sorted after the flow of data, so states can be solved
sequentially (Fritzson, 2014), which can be regarded as the causalization of the model. There-
fore, each state is matched with an equation it occurs in and permutation is used to transform
the system into block lower triangular (BLT) form, as shown on the left side of Figure 8. A
complete lower triangular form would correspond to a purely explicit system of equations, in
which each state could be determined directly, by recursive solving of the equations. However,
in physical models this is usually not possible for all states, since acausal interconnections exist,
that result in algebraic loops. These loops constitute small linear or non-linear implicit sets of
equations, which correspond to the block elements of the BLT array (Figure 8 left, brown
blocks). They are solved during the calculation of the right-hand side of the ODE. In many cases
however, linear blocks of the form Ax = b can be solved prior to the simulation. For some blocks
however, iterative methods, such as the Newton Iteration, are required (ESI ITI, 2021). In this
case, the Jacobian matrix is used to update predicted values for each iteration step. The equa-
tion-based approach of Modelica allows for the use of symbolic Jacobians in most cases, which
is far more efficient, as these are calculated during the translation process, while numerical
Jacobians have to be calculated repeatedly for each iteration step.

As the numerical effort of iterative solving of implicit sets of equations is significant, additional
techniques are applied to reduce the size of the implicit blocks. In some cases, symbolic solu-
tions exist and can be used to replace parts of the block elements. Another important method
is “tearing” of the algebraic loops (Elmgvist and Otter, 1994). In this process the loop is broken
up in such a way that a set of equations f(x) which forms a loop (Equation (3)) is substituted
by two smaller sets of Equations (4) and (5), where x;, x,, f; and f, are the resulting subsets
of states and equations and L is a lower triangular matrix. Starting with an initial guess value
for x,, f; can be used to directly calculate x;. Consequently, only the smaller subset f, has to
be solved by an iterative method. The process is repeated until x, converges. Since the compu-
tational effort of the applied iterative methods usually increases proportional to the cube of the
system’s size, this step can reduce calculation times significantly (Wetter and Treeck, 2017).

0= f() 3)
Lx; = f1(x2) 4
0= fz(xpxz) )

Figure 8 (right) shows the small implicit systems of equation in dark grey and the explicit subset
in green.
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Figure 8: Incidence array in Block Lower Triangular form before (left) and after (right) tearing. Rows corresponding to equa-
tions and columns to variables. The total number of incidences is denoted as nz (adapted after (Dassault Systemes, 2020b),
© Taylor & Francis Group LLC).

In the final step, the translated model is usually compiled into the programming language C
and linked to numeric solvers.

One aspect of Modelica models, which was excluded from the considerations up to this point,
are the discrete parts of models. These are logical or integer values, which are not continuously
and change their values at certain points in time, so called events. In between events, they are
treated as constants and consequently ignored by the solver. If an event occurs, an iterative
process is started, which solves the continuous model part and the discrete part in turn until
the discrete variables do not change between subsequent iteration steps. Depending on the
impact of the changed variables, the effort for reinitialization can be significant. In most cases
however, this is not the case. The time instant of events can either be defined by a time relation
(time events) or by crossing of defined threshold values of state variables (state event). In the
first case, the exact time instant of the event is known in advance and the solver can directly
steer to the point in time. In the latter case of state events, an iterative process has to be used
to get within a defined small window close to the actual time (unless explicitly stated otherwise
by the modeler). Accordingly, the occurrence of events can significantly slow down simulation
of Modelica models and modelers should avoid triggering too many events, especially in the
case of state events.

To illustrate some of the aspects of the discussed process, an example model from the MoSDH
library is used (Figure 9). It contains a STC field and a BTES as seasonal storage, which is
discharged by a heat pump. If the solar-geothermal system cannot cover the whole heat de-
mand, a gas boiler is used as auxiliary heat source. A description of all shown components is
given in Chapter 4.3. Simulation is carried out over one year and Dymola (Dassault Systémes,
2020a) is used as simulation environment.
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Figure 9: Example model MoSDH.Examples.ExampleGeoSolar.

Table 2 shows a summary of the model statistics before and after translation. For the given
model and default settings, the number of parameters can be reduced from 12,654 to 175, while
the number of constants increases from 33 to 18,033, indicating that many variables defined as
parameters are actually constant. Accordingly, the number of unknowns is reduced from 22,946
to 6,301 of which only 669 are selected as state variables, whereas the remaining variables are
algebraic. Finally, it can be seen that the number of linear and non-linear block elements can
be reduced significantly, both in number as well as in size. Since the iterative calculation of the
non-linear blocks constitutes a major share of the overall effort, their reduction in size is espe-

cially important.

Table 2: Model statistics of the MoSDH.Examples.ExampleGeoSolar example model from the MoSDH library.

Original model

Type Number
Constants 33
Parameters 12,654
Unknowns 22,946
Differentiated unknowns 669
Translated model

Type Number
Constant 18,033
Parameters 175
Time-varying variables 6,301
Continuous time-states 669

Block elements

Size x number

Linear systems of equations

7x36,6x1,4x711,3%x26,2x11

Linear systems of equations after manipulation

2x36

Nonlinear systems of equations

27x1,24x1,9x1,7x1,5x1,9x4

Nonlinear systems of equations after manipulation

4x1,2x2,1x11

Table 3 shows the summary of the simulation statistics. CVODE (Cohen and Hindmarsh, 1996)
was chosen for integration, as it is a very efficient and robust solver, which is implemented in
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many simulation environments. Since systems of equation resulting from Modelica models are
usually quite sparse (cf. Figure 7 and Figure 8), application of sparse solvers can result in a
significant speed-up of the simulation. The simulation finished after 43 s, of which less than one
second was needed for initialization. The overall share of the iterative solving of the non-linear
blocks, amounts to 7.3% of the computational effort.

Enabling of detailed logging settings allows for the detection of the share of each block on the
overall time required for simulation. Which can be used to identify critical model parts. Know-
ing the assigned ID of a respective block, it is possible to access simulation analysis features and
search for the block equations, to identify the critical algebraic loop in the model. For the chosen
example model however, all nonlinear blocks result in comparable efforts and no further model
adaptions, such as the manual breaking of the loop by introduction of a filter (Ensbury, 2019),
are required. Furthermore, many tools support a feature in which states that slow down simu-
lation are identified directly by comparison of the residuals during calculation.

Table 3: Simulation statistics of the MoSDH.Examples.ExampleGeoSolar example model from the MoSDH library.

Simulation

Settings Value
Solver CVODE SparseLU on 1 core
Tolerance le-04
Statistics Value
CPU-time total 43.006 s
CPU-time initialization 0.022's
Number of accepted time steps 45,134
Number of rejected time steps 1078
Number of time events 365
Number of state events 3,144
Number of non-linear block iterations 71,522
Number of Jacobian-evaluations 7,186

Another aspect that slows down the simulation is the occurrence of many events. For thermo-
hydraulic systems, these are often associated with a mal design of the control strategy, resulting
in excessive switching of states and consequently turn on and off processes of components. For
the presented example a total of 365 time events are triggered by the weather component for
counting the number of simulated days. As time events are generally less critical, since they can
be detected without event iteration and the increase of the counter for days does not affect the
rest of the model significantly, the effort is negligible in this case. The state event which occurs
most often is triggered by the internal control of the STC. Whenever solar irradiation exceeds a
defined threshold value, operation of the circulation pumps is enabled. The conditional expres-
sion changes about twice a day in this case, which is reasonable for STCs and consequently does
not constitute an issue.

4.3 Modelling of Underground Thermal Energy Storage systems

UTES systems are commonly built in a compact design to lower their surface to volume ratio
and ultimately reduce thermal losses (Gehlin, 2016). This compact design allows for an accu-
rate representation of the UTES system by 2D models for many cases (Dahash et al., 2020).
Consequently, the numerical effort is reduced significantly for those models of reduced com-
plexity, which is an important factor for system design simulation studies.
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The object-oriented modelling approach of Modelica facilitates a high level of reusability. Figure
10 depicts the general concept of how a generic model for the simulation of conductive under-
ground heat transport can be combined with different model components to create UTES mod-
els. The shown examples conceptually demonstrate the combination with a water pit model for
creation of a PTES and BHE models for a BTES system. A detailed description of a BTES model
is given in Appendix B and a PTES model is presented in Chapter 4.3.2.

—

pit model

BHE models
ground model

Figure 10: Combination of ground models with BHE and water pit models to form UTES models.

4.4 Co-simulation of UTES models

For many common applications, UTES models of reduced complexity can be utilized, which
allows for the direct integration into system models. However, for certain applications and
boundary conditions, those simplified models are unable to accurately describe the performance
of the UTES. Examples for this could be the inability of 2D models to consider three dimensional
asymmetric processes, such as groundwater flow or irregular BHE arrangements. In those cases,
co-simulation of detailed 3D UTES models and Modelica system models can be a viable option.
A methodology for co-simulation of DH models using MoSDH and FEM models of BHE arrays
is demonstrated in Appendix E. The study compares two different interface options, of which
one couples both models by the BHE inlet and outlet fluid streams (convective) and one at the
borehole walls (conductive). In general, the presented methodology could be applied to differ-
ent UTES technologies as well. Dahash et al. presents a similar methodology for co-simulation
of PTES, coupling a stratified fluid volume model in Modelica to a FEM model of the subsurface
in COMSOL using a conductive interface (Dahash et al., 2019). An example for the considera-
tion of detailed hydro-thermal processes in BHE array models is given by Doughty et al.
(Doughty et al., 2021). A major drawback of co-simulation, however, is a significantly increased
numerical effort, making large studies like system optimization impracticable. The method is
therefore mostly limited to detailed case studies with a sufficient data basis.
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5 Modelica Solar District Heating Model Library

This chapter will provide an overview of the MoSDH library. As a complete description would
exceed the limits of this work, only the basic concepts and conventions are outlined and a brief
description of the main components is given.

The development of MoSDH, the Modelica Solar District Heating library, was kickstarted by the
desire for an object-oriented BTES model. The only available eligible model at that time was
the Hybrid Step Response Model of the Modelica IDEAS library (Jorissen et al., 2018). However,
as this model is not focused on storage applications, but rather BHE arrays for heat extraction
and therefore lacks certain important features, a new model called MoBTES was developed
(Formbhals et al., 2020). It is specifically designed for storage applications and follows modelling
approaches which are known from the famous DST model in TRNSYS (Pahud and Hellstrom,
1996). The flexibility which comes along with the object-oriented and physical modelling ap-
proach of Modelica, made it easy to implement additional features, such as partially insulated
BHESs, individual operation of BHE array zones or coupled calculation of pressure drop.

Initially MoBTES was meant to be used with component models from existing commercial or
non-commercial libraries. These libraries however, mostly originate from building performance
simulation and are therefore not optimized for simulation of DH systems (Wetter et al., 2014;
Schwan and Unger, 2016). Apart from UTES models, these libraries include a multitude of
sophisticated component models, that can be used for a wide range of applications. However,
due to the following reasons, the initial MoBTES model was developed further and supple-
mented by additional models, resulting in the MoSDH library:

1) Complexity: A major difference to the aforementioned existing libraries is the imple-
mented level of detail and consideration of short-time dynamics. MoSDH is dedicated
for DH system design and analysis. For this purpose, dynamic behavior of components
on a scale of seconds is irrelevant, as long as the components show a physically and
technologically correct performance on an hourly scale and upwards. In contrary, in-
cluding these features introduces an added complexity to the system model, which is
irrelevant for multi-year analysis, but constitutes an additional source for modelling er-
rors and thus impedes the overall model robustness.

2) UTES models: As mentioned above, the lack of a suited BTES model was the initial
motivation for starting the development of MoSDH. Furthermore, there was no Model-
ica PTES model available.

3) Protection: Commercial libraries incorporate some degree of protection by nature,
which makes adaptions of the models difficult or even impossible. Besides this, license
fees impede broad application of the models for purposes such as teaching.

4) Tool independency: Modelica is generally a tool independent modelling language. How-
ever, commercial simulation environments often interpret certain aspects of the Model-
ica standard specification slightly different or support additional features, which go be-
yond the standard. Consequently, tool independency is a difficult task, especially for
more sophisticated models. Furthermore, commercial libraries are often coupled to a
specific simulation environment, restricting their applicability.

Based on these requirements, the MoSDH library was developed for simulation of SDH systems
with UTES. The components follow a simple modular approach to facilitate the easy develop-
ment of system models. By following a few simple rules, the modeler shall be able to create
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system models, which have a well constrained thermo-hydraulic network. Consequently, the
modelling effort, which is usually required to develop thermo-hydraulic models that are neither
under- nor over-determined, can be put into aspects on a higher level, such as system control
strategies.

5.1 Library interfaces and basic principles

Components of the MoSDH library are based on low level components from the Thermal library
of the MSL (Tiller, 2000) for simulation of one-dimensional incompressible thermo-fluid and
conductive heat transfer models. An overview of the two sub-libraries is given in Table 4.

Table 4: Physical interfaces of the MoSDH library (Modelica Association, 2020).

77

Domain Thermo-fluids Conductive heat transfer
Sub-library Modelica.Thermal.FluidHeatFlow | Modelica.Thermal.HeatTransfer
Potential variables | Pressure p Temperature T

Specific enthalpy h

Flow variables Mass flow rate m Heat flow rate Q

Enthalpy flow rate H

Assumptions e Reversal of flow is possible Lumped capacities

e Incompressible media with
constant properties

e No change of phase and no
mixing of different media
e Neglection of kinetic energy

The Thermal library was deliberately chosen for its simplicity, as it facilitates the modelling of
all physical phenomena which were considered central for the defined application. However, it
should be mentioned that the majority of the existing open source libraries are based on the
MSL Fluid library, which allows for a modelling on a higher level of detail, but consequently
includes many additional settings and parameters. So far, the choice of the Thermal library has
proven to be very practicable, as it results in robust and fast simulations, while keeping the
modelling effort low. Nevertheless, the option of changing the library base components could
be worthwhile, as it would simplify the combination of MoSDH with existing libraries.

Since colors of interface ports define the resulting colors of connection lines in Modelica model
diagrams, the fluid ports used in MoSDH are colored blue, purple, red and black, to indicate
the nominal temperature level of a connection. These ports have the same base class as the
ports used in the MSL FluidHeatFlow library, which allows the connection of MSL and MoSDH
models.

The MSL FluidHeatFlow library considers the coupling of volume flow rates and pressure drop
by friction. Calculation of the pressure drop in pipe components is approximated by a linear
function of the flow rate in the laminar regime and a quadratic relation within the turbulent
regime. A smooth transition between both regimes is assumed, as this decreases the computa-
tional effort significantly and results in more robust models. Reference points for pressure drop
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at transition from laminar to turbulent regime as well as for a nominal point have to be defined
by parameters and are used to derive the pressure drop relation of the pipe model. Figure 11
shows the comparison of the pressure drop of the model to values calculated after Blasius (VDI,
2013). The nominal points for the MoSDH pipe models are located at Reynolds numbers of
2,320 and 25,000. However, the MSL pipe model calculates pressure drop by a quadratic func-
tion of the volume flow, whereas an exponent of 7/4 would be more exact. Consequently, the
MSL model is only accurate close to the nominal points, but can differ significantly for opera-
tional points with smaller or larger Reynolds numbers. Since pipe flow regimes may differ sub-
stantially for applications such as DH networks or BHEs, the resulting error can be large. Con-
sequently, an adapted version of the MSL pipe model with an exponent of 7/4 was used, which
results in a much better fit to the calculated values (Figure 11). A comparison of the computa-
tional effort of MoSDH example models showed no significant difference.
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Figure 11: Pressure drop in a 100 m long DN32 pipe for water at 40 °C calculated with different methods and deviation of
the simple friction model of the MSL to the exact calculated value.

In addition to the physical interfaces described in Table 4, an interface for the exchange of
weather data is implemented in MoSDH (green ports). The interface has to be connected to a
weather data component, which reads data for ambient temperature, solar irradiation and wind
speed from text files. Furthermore, auxiliary variables like calendar data are calculated and can
be accessed by connecting components to the weather data interface.

5.2 Modelling and control philosophy

The general modelling philosophy for high level components of the MoSDH library is to include
as much as possible inside the components, to keep the system model tidy and easy to read for
observers. Including components like circulation pumps and sensors within each model, cer-
tainly makes them less versatile. However, most model components almost exclusively reoccur
in certain combinations with other components, so combining them from the beginning can
reduce the final modelling effort and the risk of modelling errors. As MoSDH is primarily dedi-
cated to system analysis, the effort of the individual control strategy of a component should be
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kept at a minimum. Consequently, an approach was chosen, in which the system control strat-
egy is primarily focused on activating and deactivating components and defining their opera-
tional set point.

Figure 12 shows the basic working principle of most heat source components in MoSDH. De-
pending on the chosen control mode, the user has to define two of the three input variables
thermal power, supply temperature and volume flow rate. According to the nature of the actual
heat source component and constraints defined by parameters, the internal control will try to
match the defined inputs by controlling the heat input rate Py and the volume flow rate V. In
the case of passive heat sources, like STCs or BHEs, only the volume flow rate or the reference
supply temperature have to be defined, whereas certain components require additional inputs
to define their operational point (e.g. heat pumps).

{33 Eigenschaften - genericHeatSource (Modell12) b 4

Define thermal power output at reference supply temperature

’,u olun ce supply temperature

e, s = B
Pth . ! 001 m'/s
°

C = ¥0

Figure 12: Generic heat source and settings for the control variables in the context menu.

An important and challenging aspect of object-oriented hydraulic network models is the avoid-
ance of under- or overdetermined systems. For MoSDH heat sinks and sources the volume flow
rate is generally defined explicitly by the pump, whereas the required pressure difference of the
pump is calculated accordingly and practically handled as a result variable. Consequently, a
direct connection of two such components to a closed loop (Figure 13 a), will result in an over-
determined system. In these cases, a shunt component can be used for hydraulic decoupling of
the components (Figure 13 b). For system models, the required degree of freedom is usually
introduced by a heat storage component (Figure 13 c). Additionally, the absolute pressure level
has to be defined for closed hydraulic systems, as pressure relations in components only define
pressure differences. In MoSDH these absolute pressure levels can be defined optionally in any
component which can be used to introduce the degree of freedom mentioned above, like buffer
storages, shunts or heat exchangers.
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Figure 13: Avoiding over-determined hydraulic models in MoSDH.

5.3 Structure and component overview
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Figure 14: MoSDH library structure.

Figure 14 gives an overview about the top-level structure of the MoSDH library. The following
content is included in the shown sub-packages:

UsersGuide: Brief documentation of the library, as well as release notes and copyright clauses.
The main part of the documentation, is included in the respective model components.

Components: Includes the model components that will be described briefly in the following
chapters.

Parameters: Collection of records with predefined parameter datasets for locations, soils, BHE
designs, media and DH pipe designs.

Utilities: Includes the library interfaces presented in Chapter 4.1, a collection of icons and enu-
merations.

27



Examples: Collection of exemplary system models to demonstrate general modelling concepts.
These are not optimized in any way, but include basic operation strategies and default param-
eters that result in robust simulations. Further small example models are located directly at
each component to demonstrate their specific usage.

5.3.1 Heat source components

-

SolarThermalField ElectricHeatingRod HeatPump WasteHeatSource

GasBoiler CHP ThermalPowerPlant

Figure 15: Heat source component icons of the MoSDH library.

SolarThermalField

The STC field model includes collector modules which can be connected in series and in paral-
lel. The model gets a 3D vector for the direct irradiation and a scalar value for the diffuse
irradiation through the ambient-connector (green) and calculates the total irradiation on the
collector modules, considering shading between collector rows. Collector irradiation is calcu-
lated using the isotropic diffuse model after Liu and Jordan (1963). The total irradiation It on
a collector tilted by the angle B is calculated after Equation (6), using measurements of the
direct irradiation on a horizontal I, and diffuse irradiation I4 (Duffie et al., 1994). The model
considers three kinds of irradiation: direct beam irradiation, isotropic diffuse radiation from the
sky and irradiation reflected from the ground. Conversion of beam irradiation measured on the
horizontal to beam irradiation on the tilted collector is obtained by coefficient {, which is de-
fined by the orientation of the collector and the position of the sun at time t. The fraction of the
total irradiation on the ground which is reflected, is defined by the diffuse reflectance factor p,.

1+ cos(f)

1— cos(B)
2 L= )

=1 p@ + )+ + L)pg (—

To account for shading between collector rows of a collector field consisting of n,qs, the first
term of Equation (6) is multiplied by a shading factor fgy,4e, which gives the fraction of the
collector area, that is not covered from the sun by the previous collector row. However, since
only one collector row is actually modeled in the SolarThermalField model and the first collec-
tor row is expected to have no shading, the average shading factor of all rows is used for calcu-
lation (Equation (7)). Furthermore, values for the transmission t and absorption « of collector
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modules under real conditions differ from values measured under test conditions, where the
irradiation on the collector is normal to the collector plane. This effect is considered by the
incidence angle modifier K., (0), which is a correction factor usually provided by data sheets in
the form of table data or as a function in dependence of the incidence angle 6. Effective inci-
dence angles for diffuse irradiation 84 and for ground-reflected irradiation 6 are given by Equa-
tion (8) and (9) (Brandemuehl and Beckman, 1980).

n -1 1+ cos(p) (7
I = 9 Keg(0) (T2=) fonade Iy + Kea(0a) (——) I
ToOwWS
1 — cos(B)
+ Kra(eg) pg (#) (Ib + Id)
6, =59.7 — 0.1388 8 + 0.001497 B2 (8)
6, =90 — 0.5788 f + 0.002693 2 9)

After calculating the amount of the total irradiation on a collector module, the useful energy
output of the module is calculated by using an efficiency relation after Equation (10), where 1
is the overall efficiency, n, is the optical efficiency, a; is a linear loss coefficient, a, is a quadratic
loss coefficient and ATy, is the temperature difference between the mean temperature of the
fluid inside the collector module and the ambient temperature (Duffie et al., 1994).

AT, (AT,,)?
n="No — & m—az = (10)
It It

There are three available modes for controlling the SolarThermalField component. For the de-
fault mode, a reference supply temperature has to be given as input and the volume flow rate
is regulated accordingly. For the second mode, the volume flow rate can be defined as input, if
a custom control strategy should be applied. An experimental third mode was added to emulate
night cooling by circulation of hot fluid through the collector. In this mode the volume flow rate
is reversed and controlled to meet a defined return temperature. While the mode generally
succeeds in the desired purpose of disposal of excess heat, it has not been validated so far.

CHP

This model of a CHP plant consists of several units, which can be modulated in power or
switched on and off completely. Curves for the power-to-heat ratio and the fuel utilization in
relation to the modulation of the unit have to be defined by parameters. Generated electricity
and fuel consumption are calculated accordingly. The number of enabled units, their respective
reference powers and supply temperatures can be defined in the control settings of the compo-
nent. The internal control of the component will activate and modulate the CHP units according
to the control signals, considering the restrictions for maximum power, temperatures and de-
gree of modulation defined by model parameters.

GasBoiler, ElectricHeatingRod and WasteHeatSource

These three models constitute simple heat generation components, which only differ in their
consumed fuel. The fuel efficiency in relation to the level of modulation has to be defined by a
parameter. Generally, the heat supply of the components is defined by the supply temperature,
the volume flow rate and the thermal power, of which two values have to be defined by control
variables, depending on the current mode.
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ThermalPowerPlant

The thermal power plant model combines CHP units, a natural gas boiler and a small buffer
storage to maximize operating times of the CHP units. From an external view, the component
is controlled similar to the gas boiler, defining two variables out of the supply temperature, the
volume flow rate and the thermal power. Additionally, the number of enabled CHP units has to
be defined. Control of the individual sub-components (Figure 16) from outside however, is not
necessary. The internal control strategy of the plant, tries to maximize the share of CHP heat,
while keeping the number of turn on and off processes low. To do so, CHP units are activated
and deactivated according to the buffer storage’s state of charge. The plant then supplies the
requested thermal power at reference temperature, by direct feed from the CHP units, feed from
the buffer storage and, if necessary, by the natural gas boiler.

S 3@

5 | S Y
o

Figure 16: Diagram view of the internal structure of the thermal power plant model.

HeatPump

Model of an electric driven compression heat pump, for which the performance has to be de-
fined by maps for the coefficient of performance (COP) and the heating power in relation to
evaporator and condenser temperatures. Limits for the range of operation temperatures for
evaporator and condenser have to be defined. If source side temperatures exceed the defined
maximum, the fluid stream is automatically cooled down by mixing with the source return flow.
Different operation modes are implemented, for which three of the control variables load side
temperature and heating power as well as source side volume flow rate, temperature difference
and cooling power have to be defined.
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5.3.2 Thermal storage components

TTES PTES

Figure 17: Heat storage component icons of the MoSDH library.

Borehole thermal energy storage

A detailed description of the BTES modelling concept is given in Appendix B and application
examples are presented in Chapters 6.1, 6.2 and 6.4. The model was validated using simulation
results of 3D FEM models and monitoring data from the Braedstrup BTES system. One aspect
which was not presented so far however, is the generation of the model mesh, which can have
a significant impact on the model’s computational effort. Therefore, the process and main pa-
rameters will be illustrated by an example model in this chapter. The mesh generation process
is carried out during the translation process or more precisely during the generation of the flat
model for each storage layout individually (cf. Chapter 4.2). Figure 18 shows a generated mesh
of a BTES system with 32 BHEs (parameter nBHEs) with each four connected in series (nBHEsIn-
Series). Consequently, only four BHEs are actually modelled, with each of them being repre-
sentative for eight. The depth of the BHE heads is 1 m (BHEstart) and the total length is 50 m
(BHElength). A different grout material was used for the upper 5 m of the boreholes (useUpper-
GroutSection, lengthUpperGroutSection).

A vertical supermesh is generated by combination of the depths of the geological layers (loca-
tion.layerThicknessVector), the aforementioned BHE geometries and the total model depth,
which is defined in relation to the length of the BHEs (relativeDepth). Subsequently, the super-
mesh is filled with smaller elements to form the actual mesh. The size of the smallest elements
is restricted by the smallest supermesh element and a limiting parameter (dZminMax). Within
each section of the supermesh, the size of the elements increases towards the center by a pre-
defined factor (growthFactor), which was set to 2 in this case.
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Figure 18: Exemplary mesh of a BTES system of 32 BHEs connected in series of 4 and a different grouting in the upper section.

The radial mesh within the storage region is defined by the spacing of the BHEs (BHEspacing)
and the chosen layout. According to those settings, the radii of the axisymmetric cylinder model
rings are calculated to meet the volume attributed to the BHEs of the corresponding storage
region. Outside of the storage region, 3 elements of the thickness of the outermost BHE ring are
appended, followed by elements with growing thicknesses (nAdditionalElementsR). The final
meshing in vertical and radial direction as well as further statistics of the generated model, can
be printed to the output area of simulation tools for debugging purposes (printModelStructure).

Tank thermal energy storage

The TTES model can be used for simulation of stratified fluid storage models. It contains the
sub-model StratifiedStorageVolume, which divides a cylindrical fluid volume in several layers
(Figure 19). Each layer has two fluid ports for injection and extraction on load and source side
(black disk). Since the ports are implemented as an array, only one port is visible in the structure
diagram though. In addition to the fluid ports, each layer has a conductive port to consider heat
losses through the wall and additional ports are located at the top and bottom of the storage
volume (red and while squares). Heat losses through the wall and the storage top are calculated
either by using the dynamic ambient temperature defined by the ambient port (green) or a
constant temperature defined by a parameter. Insulation of the storage top, wall and bottom
can be defined by respective parameter values.
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Figure 19: Structure of the TTES model and inputs of a single volume element model.

Heat losses to the ground are calculated by the steady state thermal resistance of a disk on a
half infinite medium Rg according to Equation (11), where A4 is the thermal conductivity of
the ground and r the bottom radius (VDI, 2013).

1

R, = 11
9 4 Qg (1)

Within each layer a constant temperature is assumed and the mass and energy balance are
considered according to Equation (12) and (13) respectively. Conductive heat transport be-
tween adjoining storage layers is calculated after Equation (14), where onrt is either the heat
flux to the below layer (bot), the above layer (top) or the shell surface (wall), Asurr the respective
contact surface, A is the thermal conductivity of the medium and h the height of the segment.
In the case of thermal inversion, i.e. a lower temperature within the upper layer, the occurring
natural convection is considered by an artificial increase of the thermal conductivity. The re-
spective term Apyoyancy 1S calculated after Equation (15), where B,, is the thermal expansion
coefficient of the storage medium and k the Kd&rmdn constant (Zofer, 2019).

0 = mtop + Mpor + Msource + Mioad 12)
6T . . . . . . .
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onrt = (Tport - T) % (/1 + Abuoyancy) (14)
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0, else

The presented modelling approaches of the stratified storage model have been validated in the
original literature and consequently validation of the model, which was carried out in the course
of a master thesis, focused on the correct implementation, by comparing the model results to
results from existing buffer storage models (Kirschstein, 2020).

Pit thermal energy storage
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The PTES model combines ground elements from the BTES model with the base class for strat-
ified water volumes of the TTES model. Consequently, the model is an axisymmetric 2D repre-
sentation of a pit storage, i.e. a truncated cone. The main geometry parameters of the model
can be seen in Figure 20. The lid is modeled in greater detail, as it has proven to be a critical
aspect for PTES systems (cf. Chapter 2.2). A user defined number of insulation layers is modeled
by thermal resistances and capacities, using temperature dependent values for the thermal con-
ductivity. Three fluid ports are connected to the top layer, the bottom layer and a user defined
layer, to connect the PTES component to the system model.

nLidLayers [-]
embankmentWidth [m]
\ lidOverlap [m] n

nEmbankmentLayers [-]

storageVolume [m?]

[-] saekequ
[w] yyBroHabeloys

slope = Az/ Ax [-]

Figure 20: Exemplary mesh and main parameters of the PTES model.

One aspect which is very much simplified in the model, is the geometry of the pit wall. For
simplicity, rectangular elements were used, resulting in the step shape shown in Figure 20. Heat
transfer from the pit layer elements to the adjoining ground elements was only considered in
radial direction. However, the actual slope and area of the truncated cone volume of the Strat-
ifiedStorageVolume model is considered for calculation of the heat transfer coefficients, which
are calculated according to the VDI Warmeatlas (VDI, 2013; Kirschstein, 2020). However, de-
velopment and validation of the pit storage model is still in progress.

5.3.3 Distribution components

52 oq ©} ¢

HeatExchanger HydraulicShunt ReturnFlowMixing Pump T;"‘;Zf::a
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°® °
DistrictHeatingPipes DistrictHeating TwinPipes

Figure 21: Heat distribution component icons of the MoSDH library.
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District heating pipe models

District heating pipes are modeled using pipe segments and thermal resistance and capacitance
models (TRCM) for the heat transport between the fluid, the composite pipes and the ground
surface. One model for two buried pre-insulated DH pipes (DistrictHeatingPipes) and one model
for a buried twin pipe (DistrictHeatingTwinPipes) are included (Figure 21). Both options reuse
the TRCM model of the single-U BHE segments from the BTES model in MoSDH. In the case of
the two pipes model, the composite of medium pipe, insulation layer and casing is aggregated
into a single thermal resistance and represented by the BHE pipes. The grout region of the BHE
model represents a virtual cylindrical region around the two pipes (Figure 22 left). In the case
of the twin pipe model, the BHE model can be reused for modelling of the medium pipes, the
insulation and the casing only (Figure 22 right). As the twin pipe model uses the thermal ca-
pacities of the grout material of the BHE model, it can consider short-term dynamics of the DH
pipes more accurately than the model for the two buried DH pipes.

surface temperature
thermal resistance
thermal capacity
casing pipe
medium pipe
medium

insulation

Figure 22: Conceptual design of the DH pipe models. Left: two buried pipes. Right: buried twin pipe.

The heat transport between the virtual circular region of the two pipes model and the ground
surface is represented by a steady state thermal resistance. The surface temperature is filtered
by a first order transfer function with a time constant of 10 days as ground temperatures
changes are attenuated and delayed in comparison to the ambient air temperature (Verschaffel-
Drefke et al., 2021). The steady state resistance per length unit is calculated after Equation
(16), where A is the ground thermal conductivity, d is the pipe center depth below surface and
r is the radius of the virtual region (VDI, 2013).

_arcosh(d/r)

= 16
L 2w (16)

In contrast to the two pipes model, the twin pipe model has a cylindrical finite-differences model
added between the BHE segment model and the steady state thermal resistance to the ground
surface, to cover the short-term dynamics around the pipe. The implementation of the twin pipe
model in MoSDH is shown in Figure 23. Only one element each for the pipe segment, finite-
differences model and thermal resistance arrays are shown in the structure view. Coefficients
for the heat transmission between fluid and pipe walls as well as pressure losses are calculated
after VDI Wiarmeatlas (VDI, 2013).
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Figure 23: Implementation of the district heating twin pipe model in MoSDH.
Heat exchanger model

The HeatExchanger model uses a discretized approach, in which the source and load side vol-
ume as well as the heat transfer surface are divided in segments. Heat transfer coefficient and
surface have to be defined as parameters. The included pumps and absolute pressure compo-
nents are only included conditionally and are generated according to the chosen control mode
and settings, which allows for a versatile combination of the heat exchanger with other system

components.
o S o

absolute /

. presssure .

Figure 24: Stucture diagram of the HeatExchanger model.

Hydraulic shunt and return flow mixing models

These components can be used to model a connection between supply and return line. In the
case of the hydraulic shunt, a passive connection is used, which introduces an additional degree
of freedom to the hydraulic network. Application of the component is demonstrated in Chapter
4.2. The return flow mixing component uses a pump between supply and return line, to control
the volume flow rate to meet a defined load side supply temperature by mixing the supply line
flow with cooler water from the return line. Such a component is usually used, if the supply
temperature of heat sources exceeds the required or allowed supply temperature of the grid or
individual consumers.

Pump model and three-way valve
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The pump model, which is also included in most components, generates a defined volume flow
rate and the associated pressure difference. An efficiency curve in relation to the nominal vol-
ume flow rate can be defined to calculate the required energy demand. The three-way valve
component is either used for diverting a volume flow according to a defined input signal or to
introduce an additional node in the hydraulic network for avoiding of unwanted mixing.

5.3.4 Ground components

LocalElement_FiniteDifference LocalElement_steadyFlux CylinderElement_FiniteDifferences

GroundElement_externalCapacity GroundElement

Figure 25: Ground components icons of the MoSDH library.

The ground models used in MoSDH consider conductive heat transport for axisymmetric appli-
cations using a finite differences approach. The generated 2D mesh is called the global under-
ground model, as it is used for the modelling of the large-scale heat transport processes. For
the combination of the BHE models and the global underground model, a relation between the
average temperature in a ground element and the borehole wall temperature is required, which
is given by the local ground elements (cf. Appendix B). Additionally, a regular cylindrical finite
differences model was implemented, to calculate heat transport between the inner and outer
surface of a cylindrical volume. This component is used for the DH pipe models (Chapter 4.3.3.).

5.3.5 Weather data and heat demand components

The implemented heat demand component reads a load curve from a text file. A reference re-
turn temperature has to be defined, according to which the volume flow rate is regulated. In
the case of insufficient supply temperatures, the actual extracted heat is reduced from the value
defined by the load curve and a warning message is given.

The weather data component can be used to read ambient temperature as well as direct and
diffuse solar irradiation time tables from text files and convert them into the format required
by other model components. The direct irradiation data can be defined as data measured on a
horizontal or inclined surface as well as data measured in beam direction, to allow for the easy
integration of common data types. Calculation of the current position of the sun and the result-
ing inclination angles are carried out after Duffie and Beckmann (1994).
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Figure 26: Weather data and heat demand component icons of the MoSDH library.
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6 Methods for multi-criterial analysis and optimization of SDH systems

6.1 Performance figures

A key performance figure for solar thermal energy systems is the solar fraction f; (Equation
(17)), which gives the ratio of the energy supplied by STCs Qs to the overall heat generation
Qgen. In the case of UTES systems, the storage utilization rate 1 is defined as the ratio of dis-
charged energy Quisch to the charged amount Qe (Equation (18)). Since UTES systems like BTES
or ATES have no defined system boundary and can utilize ambient energy, this ratio can show
values above one. Another key figure is the number of annual storage cycles Ny, which sets the
discharged energy in relation to the maximum capacity of the storage Qc.p, (Equation (19)). A
value above one indicates that a UTES system is not only used for seasonal storage, but for
diurnal storage as well.

Qs
1= Qen (17)
Qaisch
o= 18
Nst Oon (18)
Qdisch
Neye =
7~ Oeap (19)

6.2 Analysis methods

Multi-criteria assessment of DH systems is often carried out using performance indicators re-
garding economic, environmental and energetic efficiency. However, on a system level, often
only the first two are actual target numbers for optimization. A common approach for a holistic
analysis of those target numbers is the method of LCA, which considers costs and environmental
effects of components from cradle to grave. Application of the LCA method for economic and
environmental assessment of SDH systems with BTES is presented in Welsch et al. (2018) and
further application examples for dynamic system simulations as well as details of the method
are given in Appendix C and D.

A method, which can give additional insights into the performance of thermal energy systems,
is the analysis of exergetic efficiency (Falk, 2018). In contrast to a conventional energetic anal-
ysis, it considers not only the amount of thermal energy flows of a system, but the temperature
levels as well. This concept is especially useful in the case of SDH-UTES systems, as the effi-
ciency of STCs and UTES technologies varies strongly with regard to the temperature level they
are operated on. Accordingly, exergetic analysis can give a more detailed insight on the efficient
contribution of each component to the final use for heating and localize potential for improve-
ment. However, the exergy content of a thermal energy flow is a relative number, depending
on a defined reference temperature and can therefore give no absolute answers. Consequently,
exergetic efficiency can be regarded as a factor contributing to the actual numbers of interest,
which are usually the specific costs and environmental burdens related to the supply of thermal
energy. Examples for the application of exergetic analysis are given in Appendix C and Chapter
6.4.
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6.3 Optimization methods

Optimization of SDH-UTES systems poses a challenging task, as it constitutes a non-linear op-
timization problem depending on a multitude of variables and constraints. Consequently, opti-
mization of such dynamic systems usually starts with the definition of reasonable assumptions
for many of those variables, reducing the problem to the key variables. A further reduction of
the optimized variables can be achieved by dimensional analysis, identifying the actual core of
the problem under investigation and utilizing similarities of the system (Spurk, 1992; Pelz,
2011). This method has been used excessively for the analysis of BTES systems in the past,
where it is known under the name of “g-functions”, giving a dimensionless response function to
a heat extraction/injection pulse for BHE arrays (Claesson and Eskilson, 1988). In the context
of SDH-UTES however, this method has not been applied so far. In future research its applica-
tion should be considered, as it has a significant potential to reduce the number of optimization
variables and give results with a higher generality.

Another approach for tackling the high complexity of optimization of SDH systems, is the in-
corporation of proxy models, which serve as intermediate level between the dynamic system
simulations used for the evaluation of the performance and the optimization algorithm (Schulte
et al., 2016a). These proxy models are created, calibrated and validated by training simulation
runs of the dynamic system model and give a relation between the optimization variable inputs
and the target function value. For problems with a manageable number of inputs, these proxy
models can be accurately defined by polynomial functions (Schulte et al., 2016a). For more
complex problems with a less clear input-output correlation ANN can be used. The actual opti-
mization algorithm is then applied on the ANN proxy models rather than the actual dynamic
system model. Application of such an approach for SDH systems with UTES and demonstration
of their ability to significantly reduce the computational effort is given in Appendix F.
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7 Application of MoSDH

7.1 Simulation of the Bradstrup Solar District Heating system

The Braedstrup SDH system is operated by Bradstrup Fjernvarme and supplies around 1,450
households with 37 to 42 GWh of heat annually (Schmidt, 2019). Two STC fields of 8,000 m2
and 10,600 m? supply around 20% of the annual heat which is delivered to the DH system.
Daily imbalances of solar supply and heat demand are compensated by two buffer storages of
5,500 m3 and 2,000 m3, whereas a BTES is used for seasonal storage of solar heat. During sum-
mer, the two buffer tanks are operated in series and act as one big buffer. During winter, a
1.2 MWy, heat pump is operated between the two buffer tanks and heats up the larger one while
cooling down the smaller buffer down to 10 °C, for discharging of the BTES. The BTES consists
of 48 BHEs of 45 m each, connected in series to strings of 6 and taps into a storage volume of
around 19,000 m3 of soil. The solar system is complemented by two CHP units with a thermal
power of 4.1 MW each and an electric boiler of 10 MWy, (Jensen et al., 2016). Depending on
the current solar production, heat demand and electricity market prices, the SDH system can
feed electricity generated by the CHP units into the power grid or convert electricity from the
grid to heat using the electric boiler. The remaining heat demand, which corresponds to 45-
60% of the annual demand, is covered by heat from natural gas boilers (13 MW, + 10 MWg,).
Monitoring data from the commissioning of the system in May 2012 to the end of 2016 is used
for the validation of the system model.

Model setup

The overall model of the SDH-UTES system in Bradstrup is shown in Figure 27. Model bound-
aries include generation, storage and distribution of the thermal energy, but exclude a detailed
modelling of the consumer side. System layout and component dimensions were derived from
literature, PI (piping and instrumentation) diagrams and information from the plant operators
and designers. Wherever possible, models are parametrized using information which would be
available during the stage of system design. However, for some components no such data ex-
isted and monitoring data was used to derive parametrization. An overview of the component
parametrization and the used input data is given in Appendix G and a detailed description of
the used BTES model is presented in Appendix B. For the cases where no literature data was
available for parametrization, a short description of the process is given in the following. The
raw monitoring data has a temporal discretization of 5 min, but was aggregated to hourly val-
ues.
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Figure 27: System model of the Braedstrup SDH system for validation of the MoSDH model components.

Since the selection of heat sources is not only defined by the state of the SDH system, but uses
data from the power grid and weather forecasts as well, the actual system control strategy could
not be reproduced. Therefore, operation times of the CHP and the electric boiler models were
defined by the operating times from the monitoring data. Furthermore, it was not possible to
deduce control strategies of the BTES and the heat pump, as those were operated variable to
test different operation modes. Hence, the volume flow through the BTES model was defined
by the monitoring data and the heat pump was controlled to cool down the cold buffer model
down to the level of the monitored temperatures. However, during short periods of time, the
heat pump was operated, even though the BTES was charged from the hot buffer and the DH
return flow was fed into the cold buffer. As the DH grid return acts as the heat pump’s source
for such an operation and no ambient energy is obtained outside of the system boundaries, the
heat pump basically acts as an electric heater. However, this mode of operation was difficult to
reproduce as well, since the monitoring data includes no information about the state of valves
or pumps and consequently the actual flow paths could not be deduced during all periods.

As there are two separate collector fields, for which monitoring data is given separately, two
such components are used in the system model as well. They are connected to the system via
pre-insulated DH pipes and heat exchangers. Based on map data, the length of the transmission
lines was estimated to 160 m for the smaller field and to 650 m for the larger field. The models
were parametrized according to DN200/355 (diameétre nominal) pre-insulated pipes. Actual
sizes of the heat exchangers were not known and therefore estimated using the nominal oper-
ation points of the collector fields as well as a typical heat transfer coefficient for flat plate heat
exchangers of 1,000 W/(m2.K) (VDI, 2013). The MoSDH collector models usually take diffuse
and direct irradiation as well as ambient temperature as input data from the weather compo-
nent. From the current position of the sun and the collector field geometry, the fraction of the
collectors which is shaded by a neighboring row can be calculated. This shading factor can be
used to calculate the amount of direct irradiation on collectors, but has no effect on the diffuse
irradiation (cf. Chapter 4.3.1.). Common weather datasets include direct irradiation measured
on a horizontal surface or in beam direction (BBSR, 2017; NREL, 2020). However, as the
Braedstrup monitoring data only includes measurements for the total irradiation on a tilted sur-
face, i.e. no distinction between direct and diffuse parts, the STC field component and the
weather data component had to be extended for the use of such input data. Calculation of the

42



impact of shading however, is impaired, as the shading factor was applied to the total irradia-
tion, wrongly reducing the actual diffuse irradiation on the collectors. However, this approach
is expected to be more accurate than neglecting the effect of shading overall.

The heat pump model takes performance curves for the load side thermal power and the COP
in dependence of evaporator and condenser fluid temperatures as input data. Since no cata-
logue data of the required inputs is available, monitoring data was used to create performance
maps for the heating power and COP of the heat pump by regression analysis (Figure 28). Data
of the condenser outlet temperature, the evaporator inlet temperature, the heating power and
the COP with a temporal discretization of 5 minutes was used. The maximum monitored heat-
ing power amounted to 1,000 kW and a large number of datapoints showed exactly this value,
independent of the corresponding condenser and evaporator temperatures. Since this indicates
a sensor error, those points were excluded from the data. After further filtering for values within
the range of operation given by the manufacturer of the heat pump, the final size of the dataset
amounted to 28,354 data points.

[m>] 4omod Buijeay

Figure 28: Monitoring data (blue) and generated performance maps for the heat pump power and COP.

Figure 29 shows the correlation of monitored values and values calculated by the regression
models. Overall, the scattering of the monitored values is rather high, which is probably due to
effects related to dynamic operation of the heat pump. However, the R? values of both regres-
sion models indicate an adequate representation of the heat pump performance by the gener-
ated performance maps.
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Figure 29: Monitored and calculated values for the heat pump power and COP.
Results

Figure 30 shows the overall energy budget of the system components. For monitoring, the sum
of heat generation amounts to 146.5 GWh while the heat delivered to the DH grid amounts to
181.9 GWh. Consequently, the monitored heat generation is at least 35.4 GWh below the actual
value. This is probably mainly caused by missing data from one of the gas boilers, which showed
no operation during most of the monitored period. Accordingly, the simulated heat generation
of the gas boilers is around 41.7 GWh higher than the monitored value. However, components
for both solar thermal fields and the electric boiler show a good agreement between simulated
and monitored values, resulting in deviations of -2%, -1.4% and -1.8% respectively. In contrast
to that, heat generation of the CHP model component significantly deviated from monitoring
data by -10.2%. Since the reference thermal power of the CHP model component was set to
the monitored thermal power, but the component was deactivated if the hot buffer storage was
completely filled, this deviation is expected to be caused by the overall system control, rather
than the actual model component’s accuracy.
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Figure 30: Monitored and simulated energy budgets of the components of the Braedstrup SDH system for the period May
2012 to December 2016.
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The thermal budget of the BTES component shows a good agreement to the monitored values
for charging with a deviation of 4%, whereas this value amounts to 14.1% for discharging.
However, a comparison of the overall values is not very meaningful, since a closer look at the
budget of each year of operation reveals a much different picture, with a maximum deviation
of 44.4% for discharging in 2015 (Table 5). Parametrization of the model was carried out ac-
cording to a parameter estimation study in which a 3D FEM model was parametrized to fit
monitored ground temperatures within the first 500 day of operation (Tordrup et al., 2017).
The overall deviation of the BTES energy budget amounted to 4.0% for the fitted model. Ac-
cordingly, the simulation results using the MoSDH model show very low deviations to the mon-
itoring data for charging (2012: -1.6%, 2013: 2.9%) and discharging (1.9%, 0.8%) in the first
two years. A good fit for the subsequent years could not be achieved, even with a 3D FEM model
in FEFLOW, set up according to the above-mentioned parameter estimation study. A definite
conclusion about the origin of these deviations is not possible, but probable causes are the ne-
glection of natural convection in unsaturated soil, precipitation and groundwater flow pro-
cesses, as the storage is located at a location with several sandy layers (Sgrensen et al., 2013).
Finally, a comparison of the heat pump simulation results to the monitoring data, reveals sig-
nificant deviations, which is most likely caused by the previously mentioned operation of the
heat pump as electric heater between DH return and supply, which could not be reproduced.

Table 5: Annual monitoring (m) and simulaton (s) results for the Braedstrup SDH system in MWh, with deviations above 10%
marked in red.

2012 2013 2014 2015 2016
22,963.1 41,722.7 36,969.3 39,258.9 40,965.2| m
DH supply
22,963.1 41,722.7 36,969.3 39,258.9 40,965.2 | s
. 2,216.7 3,099.4 2,895.2 2,947.5 487.3|m
Solar field (old)
2,243.4 3,172.8 3,068.6 3,193.7 3,056.5[ s
) 3,385.7 4,583.4 4,770.2 4,688.9 4,340.3|m
Solar field (new)
3,166.9 4,489.4 4,344.8 4,498.2 4311.4(s
CHP 6,618.0 9,231.2 5,327.5 3,953.6 7,486.3 [ m
5,559.7 8,370.6 4,844.0 3,623.1 6,697.7| s
Electric boiler 1,822.5 1,787.8 1,899.5 6,417.7 3,538.8(m
thermal 1,724.1 1,776.8 1,790.4 6,036.3 3,510.0( s
. 23.0 8,246.0 18,979.1 16,845.0 18,561.0 | m
Natural gas boiler
10,650.1 24,279.2 23,083.3 22,236.2 23,6726 S
. 434.1 400.8 337.4 274.4 123.6(m
BTES charging
426.5 412.3 347.0 314.7 121.8]| s
. ) 129.4 181.8 275.3 137.9 78.8(m
BTES discharging
131.3 195.5 284.6 196.8 102.9( s
Heat pump 266.9 500.4 1,011.4 1,542.2 565.1(m
thermal 291.6 466.4 751.6 467.7 258.0] s
Heat pump 90.3 186.9 369.0 497.9 188.8 (m
electricity 95.6 157.9 256.3 137.9 77.0]| s
2.96 2.68 2.74 3.10 299 |m
Heat pump SPF
3.05 2.95 2.93 3.39 3.35]s
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It can be concluded, that reproduction of the Braedstrup monitoring data is a difficult task. To
get a better picture on the actual accuracy of the system model, additional monitoring data
about the operation of the plant would be required and data should be complete. Especially in
the case of the natural gas boiler where data was missing over longer periods and the heat
pump, where the power apparently exceeded the maximum value of the sensor, a meaningful
comparison between simulated and monitored values is not possible. Consequently, simulation
of these two components showed the largest deviations to monitoring data. In the case of the
BTES, co-simulation with a detailed FEM model and consideration of convective processes could
result in better results. However, this would require additional data about ground water condi-
tions, precipitation and soil humidity. In contrast to those difficulties, validation of both STC
fields turned out successful, with a maximum annual deviation to the monitoring data of -4.2%
for both components. Considering the previously mentioned inaccuracies in calculation of the
collector shading an underestimation of the solar yield seems reasonable and the model accu-
racy is considered to be sufficiently accurate.

7.2 Simulation of an SDH system with dynamic dimensions, layouts and boundary condi-
tions

A numerical case study was carried out, to investigate the transition process of an existing DH
grid towards an SDH system with medium-deep BTES (Appendix D). The time frame of the
study ranged from 2025 to 2050 and consequently dynamic boundary conditions such as energy
prices or power grid emission factors were considered. Different strategies regarding the con-
struction and decommissioning of system components were compared. The dynamic nature of
the study necessitated a system model with variable dimensions and layouts, which required
adaptions to the models of the MoSDH library. However, due to the flexibility of Modelica mod-
els such an adaption was possible with little modelling effort. The number of STC rows in par-
allel, which is usually a parameter, was changed to a variable, to be able to adapt the size of
the field at any time during simulation. Since the buffer storage volume was defined in relation
to the STC, the corresponding parameter had to be changed to a variable as well. Furthermore,
the BTES model was adapted to individually control the volume flow through each section of
the BTES, facilitating the operation of 19 or 37 BHEs. Consequently, an expansion of the storage
dimensions could be emulated during operation.

STC HPC waste heat fed to supply: variable size
via HP/ direct
20,000-80,000 mz

...#M:{- | &HL
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50000
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—— returnline O A O HPC waste heat fed to return:
controlbus .'/l O via HP/ direct
—— ambient D5

Figure 31: Model diagram for the transition strategy.
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The study concluded that a gradual transition strategy can satisfy the targeted emission saving
goals in the most economical way. A construction of the full-sized system in 2025 or 2030,
resulted in overall higher costs, whereas none of the investigated systems which did not include
solar thermal energy from 2025 onwards succeeded in satisfying the emission reduction targets.

Regarding the application of MoSDH, the study demonstrated the capabilities of adapting the
existing components to meet very specific requirements. The object-oriented structure of the
models and the equation-based concept of Modelica, simplified this process and enabled the
non-standard approach of time-varying component dimensions.

7.3 Validation of the District Heating Pipes model

To verify the plausibility and correct implementation of the DH pipe models, specific heat losses
and pressure losses are compared to values from manufacturer data (isoplus, 2020). First one
being only available for the case of two buried pipes, but since the twin pipe model is concep-
tually more detailed, results are expected to be at least as accurate as for the two pipes model.
A simple test model consisting of the DistrictHeatingPipes model, two pumps and a weather data
component is set up (Figure 32) and simulated over one year to assess heat losses for steady
state conditions. According to the boundary conditions mentioned in the manufacturer
datasheet, the initial ground and surface temperatures are set to 10 °C. For the medium pipe
dimensions DN150, DN200 and DN250 are considered, with three insulation thickness options
each. Depth and axial distance of the pipes are varied for each option according to the recom-
mended values from the datasheet. The volume flow rate is set to the mean value of the opera-
tional range which is recommended to result in a pressure drop of 60 — 80 Pa/m. Furthermore,
the supply and return line temperatures are varied between 80 — 120 °C and 40 - 80 °C respec-
tively.
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Figure 32: Model setup for the validation of the DH pipe model.

The resulting specific heat losses per meter of DH line (supply and return) are shown in Figure
33, Figure 34 and Figure 35. The maximum deviation between the simulated values and the
values from manufacturer data can be observed for the DN150/315 pipes (double reinforced
insulation) and amounts to 4.1%. The root mean square error for all options amounts to 2.44%,
indicating plausible values regarding heat losses calculated by the DistrictHeatingPipes model.
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Figure 33: Specific heat losses for pre-insulated district heating pipes with a DN150 medium pipe and different diameters of
the casing from simulations with MoSDH and manufacturer's data.
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Figure 34: Specific heat losses for pre-insulated district heating pipes with a DN200 medium pipe and different diameters of
the casing from simulations with MoSDH and manufacturer's data.
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Figure 35: Specific heat losses for pre-insulated district heating pipes with a DN250 medium pipe and different diameters of
the casing from simulations with MoSDH and manufacturer's data.

Pressure loss calculation of the DH pipe models is carried out according to Chapter 4.1. For
volume flow rates within the recommended operational range, a pressure loss of 60-80 Pa/m is
given by manufacturer data. For comparison, the mean value of the recommended flow range
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was chosen for simulation, which resulted in pressure drops of 72.0 Pa/m, 72.8 Pa/m and
67.7 Pa/m for the DN150, DN200 and DN250 models respectively. Consequently, calculation
of the DH pipe models is considered accurate.

7.4 Simulation of a DH grid ring network

A common layout of DH grids are ring networks. These have a main distribution ring from
which sub-strings branch off to individual buildings and sub-networks. According to the current
heat demand of the connected buildings, the flow direction can change in certain sections of
the ring. One strength of acausal pipe models is their ability to consider such a reversal of flow.
To test the DH pipe models from the MoSDH library in this regard, a generic model of a ring
network was used (MoSDH.Examples.ExampleCHPgrid, Figure 36).
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Figure 36: Diagram view of the rind grid example model.

The heat demand is supplied by a central thermal power plant (see Chapter 4.3), consisting of
3 CHP units with 2 MWy, each, a gas boiler with a peak power of 10 MWy, and a buffer storage
of 500 m?3 to increase run-times of the CHP units. Five load components are placed along the
grid, four of them with an identical load curve with a total demand of 5 GWh/a and one with a
demand of 25 GWh/a (NE = North-East). The supply temperature is varied according to the
ambient temperature between 85-110 °C, with a return temperature of 65 °C. The supply tem-
perature of the grid branch in the East is lowered by mixing of the return flow into the supply
line to be 10 K below the overall supply temperature (Figure 37). Each load component draws
fluid from the supply line to meet its demand and the reference return temperature. The ring
has a total length of 6 km and consists of pre-insulated DH pipes with DN250 medium pipes,
while each transmission line to individual load components has a length of 500 m using DN150
medium pipes. Each DH pipes model uses 5 pipe segments and all additional DH line parameters
were set according to the example models from Chapter 6.3 using the smallest insulation thick-
ness option. No overall system control strategy is necessary, as the control of the thermal plant
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was defined to meet the volume flow rate drawn from the grid at the defined supply tempera-
ture. One year of operation was simulated, which took 68.7 s.
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Figure 37: Selected supply and return temperatures of heat demand components.

The temporal distribution of heat demand and generation over the simulated year can be seen
in Figure 38. As the heat load profile of the four components besides the north-eastern is iden-
tical, only one curve is plotted. While their combined heat demand of 20 GWh/a is lower than
the heat demand of the NE load component in total, it is higher during summer. This was de-
liberately chosen, to provoke changing flow regimes over the duration of the simulation. Fur-
thermore, it can be seen, that the CHP units can meet the total heat demand during summer,
but have to be supported by the gas boiler from October to May. Overall, 77.4% of the heat
demand is supplied by the CHP units and thermal losses from the grid amount to 8.3% of the
total generated heat.
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Figure 38: Thermal power of the power plant and heat demand components.

Figure 39 shows volume flow rates for selected sections of the DH network. It can be seen, that
the direction of flow changes for the NE section of the ring grid, with negative values indicating
a counter-clock flow direction in the supply line. Since all ring segments have the same dimen-
sions and the load of the NE load is higher than the remaining loads combined during winter,
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while it is lower during summer, the resulting flow direction in the NE ring segment is con-
sistent.
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Figure 39: Volume flow rates of the thermal power plant and within selected pipe sections of the ring network.

The presented example demonstrates the capability of MoSDH to consider meshed DH grids.
While more efficient DH models exist, which are dedicated to DH grid simulations (del Hoyo
Arce et al., 2018), the time of 68.7 s for the simulation of one year implies that it is generally
feasible to simulate more complex grid models as well.

7.5 Exergetic optimization of BHE design and operation of a medium-deep Borehole
Thermal Energy Storage

Besides the dimensioning of the system components, their specific design and operation is an-
other important objective of dynamic simulations. As the complexity of an optimization of the
overall system in regards to dimensioning, operation and the specific components design on a
high level of detail would exceed the capabilities of even sophisticated optimization methods
such as ANN proxy methods (cf. Chapter 5), reasonable assumptions have to be made for certain
parameters and inputs. However, if the overall design of the system has been optimized, certain
aspects can be considered in greater detail to further improve performance. If large improve-
ments can be achieved, it might be necessary to repeat the original system optimization with
the updated configuration. As an example application of such a detail study using MoSDH, the
BHE design and operation of a medium-deep BTES system is exergetically optimized. The over-
all dimensions, such as number and length of BHEs as well as charging temperature and volume
flow rate, are considered as constant. Figure 40 (left) shows a schematic cross section through
the medium-deep BTES system, which consists of 19 BHEs with a length of 750 m each. The
upper lithological layer shall be soil with a thermal conductivity of 1.5 W/(m.K), while the lower
layer represents the crystalline bedrock with a respective value of 2.65 W/(m.K). The storage
of heat is supposed to be predominantly located in the crystalline to conserve groundwater
resources in shallow aquifers (Welsch et al., 2016). Accordingly, the upper sections of the BHEs
use a grout with a thermal conductivity which is reduced from 1.5 W/(m.K) to 0.5 W/(m.K).
Charging of the storage is done with a constant temperature of 70 °C and a flow rate of 1 1/s per
BHE, while discharging conditions are subject to optimization. Each phase takes 6 months and a
total of 25 years are simulated. For further details of the study see Appendix G.
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Figure 40: Schematic setup of the storage model for the optimization study. Left: cross section of the subsurface and the
BHEs. Right: cross section of the BHE design.

A coaxial design of the BHEs is used (Figure 40 right), with an additional Poly Propylene insu-
lation layer within the inner tubing, to reduce the thermal short-circuit between the inner and
outer duct (Handke et al., 2019). This effect is rather small for shallow BHEs for heat extraction,
as the temperature difference of the downward and upward duct is usually rather small. For
the considered medium-deep BTES concept for high temperature storage however, a charging
temperature of 70 °C is defined, which, in combination with the large contact surface, would
result in a much stronger short-circuit effect. Accordingly, the insulation is crucial for transport-
ing the high temperature heat to the desired depths of the storage, rather than transferring it
to the return fluid stream of the BTES. As an opposing effect, however, an increased insulation
layer will reduce the inner cross section and result in a higher pressure drop and ultimately an
increased electricity demand of the circulation pump. As the BHE model from MoSDH only
considers a single inner pipe, a thermal conductivity A,,,4¢; is calculated, corresponding to the
serial connection of the thermal resistance of the steel tubing and the PP insulation. Equation
(20) gives the resulting effective thermal conductivity of the model, which is obtained by addi-
tion of the resistance of two concentrical cylinders, one with the dimensions of the tubing and
one with the dimensions of the PP insulation.

ro,tubing
App Asteer 108 (ﬁ
i,tubing PP
ro,tubing ri,t:ubing
App log (— + Asteer l0g | T————

ri,tubing I'i,tubing - tPP

AMnodet = (20)

Recent studies suggest the use of grout with a reduced thermal conductivity in the upper section
of BTES systems to lower thermal losses to the surface and maximize extracted energy (Schulte
et al., 2016¢). This approach however, results in a reduced useful borehole length as well as a
smaller effective storage volume and therefore additional investigation is required to identify
the optimal length of the insulated section. Furthermore, the amount of extracted energy is
strongly influenced by the inlet temperature level and flow rate during discharging. In general,
lower temperatures and higher flow rates will continuously increase this amount, but the ex-
tracted energy will be on a lower temperature level. Hence, an exergetic optimization approach
is used in this example study, which considers the usefulness of the discharged energy as well
as the demand for electricity in a single budget and consequently gives an optimum combination
for the described trade-off problems. Calculation of exergy values is carried out after Appendix C
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with the reference temperature Trerex being set to a sinusoidal signal with a mean value of 10 °C
and an amplitude of 10 K (Figure 41).
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Figure 41: Supply, return and exergy reference temperature as well as volume flow rate of the optimal system.

The net discharged amount of exergy EXaisch net, i.€. the amount of discharged exergy subtracted
by the required pump electricity, is defined as optimization target. The chosen constraints can
be seen in Equations (22-25), where Ty;scp, is the inlet temperature during discharging, Vyisch
the respective volume flow rate per BHE, t;,s the thickness of the insulation layer and Lgroutup
the length of the upper grout section.

max Exgischnet(Taischs Vaischs tins, Lgroutup) (21
subjectto 1 °C < Tgisch < 45 °C (22)
0.11/s < Vgisen < 41/s (23)

2mm < tjpg < 40 mm, tj,s €N (24)

10m < Lgroutup < 100 m, Loroutup €N (25)

Optimization is carried out using the NMinimize function of Mathematica (Wolfram Research,
2021a). The Nelder-Mead Method is chosen (Nelder and Mead, 1965), a direct search method
for nonlinear optimization, often called simplex-method. The optimization algorithm succeeds
in locating a maximum after 3,576 s and a total of 50 simulation runs. The average time for a
single run amounts to 70.1 s, of which 53.6 s are required for the translation and compilation
process and 16.5 s for the actual simulation. A repeated translation process is necessary, since
Lgroutup 18 @ structural parameter that affects the model’s mesh. Changes of free parameters,

such as Tgjscp, and Vdisch, would not require a repeated translation process. While the relative
amount of the translation process varies significantly between different models, the presented
study demonstrates the important distinction between structural and free parameters.
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Figure 42 shows the evolution of the target function and the input variables during execution of
the optimization algorithm. The maximum discharged exergy after 50 iterations amounts to
311.1 MWh/a and is achieved by a discharging temperature of 24.6 °C, a respective flow rate
of 1.17 I/s, an insulation thickness of 23 mm and a length of the upper grout section of 31 m.
For certain combinations of parameters, negative values for the net extracted exergy are possi-
ble. In the case of the sixth iteration, the combination of a narrow hydraulic diameter of the
inner duct (36.9 mm) and a high volume flow rate per BHE (2.84 1/s), the exergy required for
operation of the circulation pump exceeds the extracted exergy. Under these circumstances, it
would be favorable to convert the used electricity directly to heat using a heating rod, rather
than operating the BTES.
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Figure 42: Evolution of the optimization variables and target function over the iterations of the optimization algorithm.

The presented optimization study serves as an example for the abilities of Modelica and MoSDH
to carry out certain detail studies. The use of the physical multi-domain approach facilitates the
joint consideration of interdepending aspects, like temperature levels, pressure loss and elec-
tricity demand.

In this specific case, further aspects should be considered for the design of actual systems. From
an environmental point of view, it might be favorable to use an insulating grout over the whole
length of the upper soil layer for protection of groundwater resources. A comprehensive study
should furthermore consider the cost of exergy, as the used electricity might be associated with
higher costs than the exergetic content of the thermal energy. Furthermore, the material price
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of the insulation was not considered. For a comprehensive investigation, these aspects should
be included in future studies.

Overall, the presented exergetic analysis approach allows for additional insight into the under-
lying trade-off problem of the case study in comparison to an energetic analysis. For optimiza-
tion, the target variable was deliberately chosen to be the magnitude of the exergetic output,
rather than the exergetic efficiency, as efficiency on its own is only an intermediate goal. Espe-
cially in the case of renewable exergy inputs to an energy system, efficiency further loses mean-
ing, as inputs are virtually inexhaustible. Consequently, the low exergetic efficiency of e.g. con-
verting solar irradiation into thermal energy is much less critical than conversion of electric
energy into low temperature thermal energy. Therefore, exergetic analysis on a system level
should be accompanied by further aspects like economic and environmental figures, as pre-
sented in Appendix C.
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8 Discussion and Conclusion

Solar District Heating with Underground Thermal Energy Storage is an essential part of most
pathways for the transition of the heating sector towards more sustainable energy systems, as
it is a promising technology with a high level of maturity. While recently realized systems high-
light these potentials, they also disclose existing barriers and necessary future developments.
Therefore, the further rollout of this technology is not a straight forward process. Besides nec-
essary developments on regulatory frameworks and material aspects, an accurate design pro-
cess is key for their efficient and sustainable operation. As SDH-UTES systems constitute
strongly interconnected energy networks, this design process should be carried out on a system
level and sophisticated models are required to accurately predict component performances.

While the modelling language Modelica is already predominantly used in academia, as it is
considered to be conceptually powerful and well suited to tackle the complexities of intercon-
nected smart energy systems, it has not gained the same status for design engineers of SDH
systems yet. A major cause for this disparity, is the level of detail, which is often too high,
especially since many model libraries are dedicated for building performance simulations first
and district energy systems only second. Application of these libraries consequently results in
complex system models, which complicates the modelling process and impairs robustness. Fur-
thermore, existing model libraries so far lack UTES models. Consequently, main goals behind
the development of a dedicated SDH-UTES model library were to achieve a simple end-user
modelling experience, while utilizing the functionalities of Modelica for flexible, physically well-
founded and efficient models of such systems. For conceptual system modelling, efforts for cre-
ation of the physical model should be reduced to the required minimum, to free up capacities
for the development of sophisticated control strategies or adaptions to the model components
to incorporate new technological concepts.

The presented MoSDH library comprises such models for SDH-UTES systems by implementation
of existing and proven model reduction approaches with the object-oriented modelling lan-
guage Modelica, while aiming at a user experience as known from popular modelling environ-
ments, such as TRNSYS. Component models for system parts such as STCs, heat pumps or CHP
plants are incorporated, using mostly simple and hence efficient and robust modelling ap-
proaches. The major novelty in comparison to existing libraries however, is constituted by the
UTES components. These require a higher level of complexity for an accurate prediction of their
performance and no equivalent models existed in Modelica so far. As specific UTES technolo-
gies, BTES and PTES components were implemented, as these are currently considered most
often for SDH concepts and can be modeled more adequately in Modelica in comparison to
ATES systems. However, this choice already limits the range of possible technologies and fur-
ther UTES models should be added to support a more technology open system design process.

In several examples, the high reusability of Modelica models, which is achieved by the object-
oriented or modular concept, could be demonstrated. Especially for the underground compo-
nents, which require a higher development effort in comparison to the above-ground compo-
nents, the use of ground elements for both BTES and PTES models or the reuse of BHE segments
for modelling of the DH pipes, reduced the modelling effort significantly. In addition to that,
the shared base classes for heat source components and the standardized component control
structure proved to be practical. Firstly, the effort for initial model creation and adaptions to all
models was reduced. Secondly, the homogeneous structure of the model control simplifies the
use of the components, as they can be controlled in very similar ways. However, it should be
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stated that the initial modelling effort for creation of consistent base classes and the assurance
of tool independent models is significant. Especially latter one is an aspect in which the Model-
ica language standard should be improved. The fact that the language syntax is not defined in
a too narrow way is an advantage, if only a single modelling and simulation environment is
used, since several different ways exist, which result in the desired effect. However, these mar-
gins are not interpreted in the same way in every Modelica environment and consequently it is
a difficult and sometimes impossible task to define a truly tool independent model. From the
view point of tool developers, these differences might be interpreted as features. However, tool
independent modelling is rightfully promoted as one of the major concepts and strengths of
Modelica and should therefore be implemented without compromises. MoSDH was developed
and successfully tested in SimulationX (ESI ITI, 2021), Dymola (Dassault Systemes, 2020a) and
OpenModelica (OpenModelica, 2021), but failed the test for Wolfram System Modeler
(Wolfram Research, 2021b) so far. While it might be possible to find general tool independent
ways of defining models, it is yet a tedious task and the language specification should be clari-
fied concerning certain aspects to further promote robust tool independent modelling. How-
ever, since the Modelica language specification is still developed lively in a joint effort by tool
vendors and users, it is possible, that this issue will be improved in the future.

An important aspect for the modelling of SDH-UTES systems is a good extendibility of models,
since those systems are not standardized and often incorporate certain unique design features.
The object-oriented modelling approach of Modelica proved to facilitate the easy adaption of
models for certain innovative technological aspects or to specific requirements of a study and
consequently so did MoSDH. The exergetic optimization study in Chapter 6.5 demonstrated the
implementation of non-standard features, such as insulation of the inner BHE pipe or the use
of different grouting materials within segments of the borehole. Further possibilities were
demonstrated in Appendix D, where the definition of component dimensions was changed from
parameters to discrete variables. The thereby gained possibility to adapt dimensions during run-
time of the simulation was used to emulate construction and decommissioning of components.
Such a feature would require for an introduction of separate model components for each con-
struction stage within most simulation environments. In the case of the medium-deep BTES,
certain regions of the BHE array were enabled or disabled according to the chosen dimensions.
Consequently, the distribution of heat at the instant of an expansion of the BTES is not lost,
since the underground model is not affected from the activation of additional BHEs. In the
presented case, the described feature was used to emulate the construction of additional BHEs.
However, the same approach could be used to facilitate the modelling of cascaded BTES sys-
tems, in which parts of the storage can be operated selectively - a feature which is repeatedly
considered for smart BTES systems.

A further central concept of the modelling language Modelica is the acausal and equation-based
definition of models, which is supposed to redirect the focus of the modelling process from
numerical aspects towards the physical definition of the model behavior. Generally, Modelica
tools incorporate a toolbox of sophisticated symbolic methods to automatically translate a
model into efficient numerical code. Nevertheless, a basic understanding of this translation pro-
cess, as described in Chapter 3.2, is highly recommended, as it can help to identify inefficiencies
in the model and improve the model performance in certain cases. Although this understanding
is highly recommended, it cannot be expected for the large majority of end-users and conse-
quently model developers should focus on the development of easy to use and robust models.
While MoSDH still shows several potentials for improvements, it has generally proven to be
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well suited in this regard, as it has been successfully applied in teaching and student theses by
students which were not familiar with Modelica.

A critical limitation of MoSDH for simulation of 4GDH systems is its set of implemented com-
ponents. Even though it comprises the central components for simulation of SDH-UTES system:s,
it does not provide components which go beyond this very specific type of district energy sys-
tems. In general, the model components could be combined directly with components from
other model libraries which are based on the MSL Thermal library or to virtually any Modelica
model by the use of an interface. However, the MSL Thermal library is only used for a small
number of libraries, whereas many libraries for thermal energy systems use the MSL Fluid li-
brary as basis. Consequently, a swap of the base models of MoSDH to the models from this
library could facilitate an easier combination of MoSDH models with a large number of models
from other libraries and significantly increase the number of potential users.

Simulation of the Braedstrup SDH system revealed, that the detailed reproduction of the opera-
tion of complex SDH systems is a difficult task, as a manifold of information is required, which
is not always available. However, the example can be used to show that the modelling and
simulation of such a system is possible with MoSDH and that the STC field model can reproduce
the performance of real applications correctly. The long-time performance of the BTES system
could not be reproduced accurately beyond the time-frame of the data used for parameter esti-
mation. These deviations are expected to be caused by convective processes, that cannot be
considered by the simplified modelling approach of the MoSDH BTES model. To consider the
interaction of such UTES systems with significant convective processes and the DH system, the
use of more detailed models is required.

A co-simulation methodology was presented, which allows for the coupled simulation of
MoSDH models and FEM models in FEFLOW. The novel approach of positioning the coupling
interface at the borehole wall and exchange of conductive process variables proved to be more
robust compared to the previously applied convective approach. Furthermore, the consideration
of the BHEs within Modelica allows for the use of physical pipe models and consequently facil-
itates the consideration of pressure drop calculation and arbitrary hydraulic connection
schemes. While the methodology has already been applied for several case studies, the co-sim-
ulation of UTES FEM models and Modelica should be improved overall. Development of an
interface for a specific combination of software tools is highly inefficient and should therefore
be avoided. Instead, tool independent standards, such as the Functional Mockup Interface
(Blockwitz et al., 2012) should be applied, as they can be used by a much wider range of sim-
ulation tools. Implementation of such an interface however, can only be done by tool developers
directly and currently no such interface was implemented for 3D FEM tools for subsurface ap-
plications. The presented interface was therefore necessary to facilitate this kind of simulation,
but the required programming effort should be viewed very critically.

As the use of co-simulation drastically increases the computational effort by the coupling of two
separate solvers, the added effort should be compensated by an equally high gain of infor-
mation. This is usually the case for systems with strong interactions between the UTES and SDH
system, non-negligible convective processes and a sufficient data basis to model these processes.
In many cases however, a detailed modelling of the subsurface is difficult due to a lack of suf-
ficient geological and hydrogeological data. The computational effort of such a co-simulation
approach is furthermore still too high to carry out extensive parameter studies, as required for
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an initial dimensioning of SDH-UTES systems. Consequently, it is recommended to add co-sim-
ulations by a preceding standalone simulation study, to limit the range of parameters under
investigation and subsequently use co-simulation for refinement, validation and assessment of
environmental impacts.

In contrast to detailed studies, which are the recommended application for co-simulation, the
conceptual design process of SDH-UTES systems requires a large number of simulations. Since
many assumptions and boundary conditions of these systems are subject to considerable uncer-
tainties, a too high level of detail is not useful during this stage, as the model can be expected
to be “wrong” with a high certainty anyway. However, to increase the probability of an efficient
operation of the system at the conceptual design stage, a system engineer should rather aim for
a robust optimization, by a variation of input parameters to account for uncertainties. A method
which can significantly reduce the computational effort of SDH-UTES design optimization is the
application of ANN proxy models (Appendix F). The main effort of such a proxy-based optimi-
zation is caused by the generation of the proxy models through training simulations, whereas
the effort of the actual optimization process is insignificant. Consequently, these proxy model
optimizations are well suited to incorporate uncertainty into the design process and aim for
robust system design optimization.

As an overall conclusion, it can be stated that the object-oriented modelling language Modelica
is well suited for simulation of SDH-UTES systems, which could be substantiated by several
application examples of different nature. The practical advantages of the powerful fundamental
concepts of Modelica, like object-orientation or acausal equation-based modelling, might not
be apparent on first sight, but undoubtedly prove their value during the model development
process. However, as elaborated repeatedly, Modelica models can result in a high complexity,
which hampers a more widespread application for system design applications. This very practi-
cal point has most likely a higher importance for the design process of SDH-UTES systems than
the aim for highest accuracies and levels of detail. Despite all of this, the points of critique on
the existing model library stock should not be misread, as there was no Modelica library dedi-
cated to SDH-UTES systems in an extent comparable to TRNSYS and the focus of many libraries
is rather put on building performance simulation. The presented work demonstrated a model
development approach which tackles this problem and should be developed further.
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9 Outlook

Object-oriented modelling and simulation shows a great potential for an efficient, flexible and
accurate representation of SDH-UTES systems, as demonstrated with the MoSDH library. The
presented example studies however, could only give a small overview of possible applications
and features. Modelica proves to be a conceptual powerful tool, on which the scope of applica-
tions is merely limited by the imagination and work time of the user. As the lively community
is steadily growing and the fundamental equation-based approach is generally adaptable to
arbitrary future developments, the strong momentum of Modelica can be expected to be main-
tained. Consequently, model development in Modelica exhibits a higher sustainability in com-
parison to other approaches. In line with this fact, the small model library MoSDH shows still
great potential for further developments, which can improve its significance.

A currently still ongoing topic is the comprehensive demonstration and validation of the PTES
model, in an extent comparable to the BTES model. So far, the correctness of the model has
only been verified by comparison to existing PTES models in TRNSYS. Results indicated a gen-
erally correct implementation, but did not allow for a thorough validation, as these models
differ in certain central design features. Consequently, the PTES model will be validated in the
near future by a thorough validation process.

So far, the implementation of control strategy functionalities does not meet the same level of
maturity as the system component models show. The originally envisaged highly modularized
control approach for the overall system could not be realized so far. Besides the example models
of MoSDH, which are ready to use, the creation of new system models requires the complete
development of a system control strategy by the. On the one hand, this is caused by the nature
of SDH systems, which are usually unique and therefore require individual strategies. On the
other hand though, the existing functionalities could still be improved to simplify this process.
One aspect, which was very much limiting this development, were issues concerning the han-
dling of array variables in expandable connectors, i.e. bus systems. As this issue was not limited
to a single, but several simulation environments, implementation of a central bus system, con-
necting all components to a modularized system control component, were postponed until tool
development has caught up with this feature.

A further aspect, which could provide a great benefit for the modelling of UTES systems in
Modelica, is the development of an ATES model. Together with BTES and PTES systems, this
technology covers most of UTES applications, but is still missing in MoSDH. While representa-
tion of ATES systems by models of reduced complexity is more complex than in the case of
BTES and PTES systems, the addition of models with a rough representation of their perfor-
mance would already generate a great benefit.

In addition to further storage components, a general extension by new components could im-
prove the significance of MoSDH substantially. Exemplary, the addition of CSP collector com-
ponents should be mentioned. Considering the aspect of land availability for SDH systems,
which constitutes one of the major barriers for a more widespread implementation, the specific
solar yield of collector systems can be expected to become of increasing importance. As most
SDH systems currently use flat plate collectors, due to their superior cost-benefit ratio, only this
technology was implemented so far. However, to increase the range of technologies, implemen-
tation of CSP collectors is planned for the near future.
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The wish list for additional components is extensive, which is fueled by the general development
towards smart energy systems, that combine a multitude of different energy sources and facili-
tate sector coupling. Since such development efforts go way beyond the intended scope of
MoSDH and many of these components actually already exist within open-source model librar-
ies, the aim should be to couple MoSDH with these. An obvious choice in this regard would be
to switch the used base library of MoSDH. While hydraulic components currently use the MSL
Thermal library, the use of the MSL Fluid library would instantaneously facilitate the combina-
tion with a vast number of highly sophisticated models. However, as MoSDH is intended to
generally allow for a simple model development process, the high level of detail of the MSL
Fluid models should be excluded from the top-level model components to stay true to the orig-
inal modelling philosophy.

A further aspect which has not yet been handled properly, is the coupling of MoSDH to highly
detailed 3D FEM models based on a geological survey. So far, the coupling methodology was
applied to generic 3D FEM models to demonstrate the benefits. This issue is currently addressed
within the context of two research projects. In the framework of the project DGE-Rollout, a
detailed geological survey of a potential location for a medium-deep BTES demonstrator on
campus Lichtwiese of the TU Darmstadst is carried out. The planned storage will be constructed
within the just started project SKEWS (Schulte et al., 2021) and will consist of four BHEs with
750 m length each. Thermal storage is supposed to take place predominantly in the crystalline
bedrock, which starts at approximately 50-100 m below ground surface, whereas the upper sec-
tion of the BHEs will incorporate an insulating grout material to reduce thermal impacts on
groundwater. The BTES and the university DH infrastructure will be modelled and simulated with
the presented co-simulation approach in great detail and hopefully data from the operation of the
demonstrator can be used to validate the approach for such applications.
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Abstract

An interface is developed to couple the finite element program FEFLOW with the MATLAB-SIMULINK software. The TCP/IP
based data exchange routine allows for a co-simulation of borehole heat exchangers and of HVAC components, so that each
subsystem can be modeled in its specialized simulation environment. Hereby, the interaction of the subsystems is taken into
account, which leads to a more precise representation of the systems’ dynamic behavior. Furthermore, the concept supports the
application of mathematical optimization algorithms that can be utilized to automatically determine several design parameters for
an overall improved system performance.
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1. Introduction

Large scale geothermal applications are eminently suitable for the substitution of fossil based energy sources,
particularly in the district heating sector in combination with low supply temperatures. Furthermore, shallow and
medium deep borehole thermal energy storage (BTES) systems are very promising technologies with regard to the
seasonal storage of solar thermal energy [1-4]. However, these systems are most efficient if they are large enough,
i.e. when the storage capacities lie in the range of several GWh of heat per year. Such a heat demand is only present
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in large district heating grids, which usually consist of several subsystems like heat sources (e.g. solarthermics or a
combined heat and power plant), geothermal applications (e.g. a borehole thermal energy storage system), heat
consumers (e.g. space heating systems), diurnal storages (i.e. water tanks), additional heat sources for peak load
coverage (e.g. a heat pump or a gas boiler) and the distribution network. For the design and the optimization of an
integrated system, numerical simulations of all subsystems are imperative. Borehole thermal energy storage systems
are usually simulated with finite element programs under consideration of groundwater flow and heat transport in
the subsurface. In contrast, the heating, ventilation and air conditioning (HVAC) installations are often analyzed
with modular transient simulation software packages for modeling physical systems. The separate simulation of the
borehole energy storage and HVAC installations is well-established, but represents a simplification. In reality, the
subsystems interact dynamically with each other. The fluid temperatures of the heat generation system, the heating
system and the underground storage are interdependent and affect the performance of each subsystem. Coupled
simulation models, which co-simulate the subsystems are required, to take these interdependencies into account.
There are different program codes for the simulation of the interaction of borehole heat exchangers (BHEs) with
the subsurface (e.g. BASIMO [5]). Here, the program FEFLOW [6, 7] is used to compute the subsurface heat
transport including a one-dimensional solution for the BHEs [8, 9]. The Carnot Blockset [10] for MATLAB-
SIMULINK [11] is deployed for the simulation of the HVAC components. This allows for a readily combination
with the MATLAB optimization toolbox, which provides various powerful mathematical optimization algorithms.

2. Implementation

Simulation software packages from different developers usually do not contain pre-defined coupling interfaces
and in addition to that, might be based on different program languages. Hence, a major challenge is to develop a
robust and versatile communication architecture between them. We decided to use a client-server network
connection based on the Transmission Control Protocol/Internet Protocol (TCP/IP). The TCP/IP protocol suite
specifies how data has to be packetized, addressed, transmitted, routed and received at the destination. It assures that
data loss is identified and corrected and it allows for a bidirectional communication. Furthermore, it offers the
possibility to run the different simulation packages on separate computers (Fig. 1).

Finite element Modular transient
simulation of geothermal simulation software for
applications HVAC systems
% MATLAB
. SIMULINK
TCP/IP Connection GARNOT Tolbo

Router

Fig. 1. Principle of the socket-client connection between FEFLOW and SIMULINK.

To establish such a connection, it is necessary that both software packages allow for the execution of proprietary
source code. FEFLOW has a programming interface (IFM), which provides the possibility to read or change several
model parameters during a simulation and also to execute C++ code. In SIMULINK, so called S-function blocks are
available that can be integrated into the model and contain own MATLAB code or C++ code, as well.

The following routine is executed to establish the connection, send data via the interfaces and close the
connection (cf. Fig. 2): FEFLOW operates as the server, which passively waits for a connection. Therefore, a TCP



Bastian Welsch et al. / Energy Procedia 125 (2017) 345-352 347

socket is established and a port number is assigned to the socket. A socket is the endpoint of a network-based
connection. The socket address is composed of the IP address of the host and the port number. SIMULINK is
instructed to serve as the client. It also creates a socket, which then calls the address of the server socket. After the
server has accepted the connection, data can be sent and received. Finally, after the connection is no longer needed,
the sockets are closed to release the ports.

MATLAB
FEFLOW SIMULINK
Server Client
Create a TCP socket L Create a TCP socket ]

Assign a port number

\

Accept connection A jl, Establish a connection l

Send data ~—=============- >L Receive data
G
Receive data «—============== -{ Send data

Close socket ‘L Close socket ]

Fig. 2. Implementation scheme of the socket-client connection between FEFLOW and SIMULINK.

The connection is established shortly before the simulations are started. Subsequently, the transfer parameters are
exchanged at distinct communication times. The communication time step size is constant and has to be defined in
advance. Both programs generally maintain their own simulation time step control. However, it has to be ensured,
that the simulation time steps coincide at the communication time steps.

3. Application example: optimal buffer storage size
3.1. System and model description

The following simplified BTES system is used to demonstrate the capability of the approach (cf. Fig. 3): A
borehole storage of a specific size (37 BHE, 100 m each) is considered to be charged by a solar thermal collector
system with a given collector area (15.000 m?, corresponds to approx. 6 GWh of heat gain per year). A water tank
between the collectors and the seasonal storage serves as a buffer storage, which cushions the daily peak loads that
occur during the solar heat generation. Thus, the capacity of the buffer storage is expected to have a strong influence
on the heat amount that can be transferred from the collectors into the BTES. Consequently, identifying the optimal
volume of the water tank Vj,,; will maximize the heat Qprgg stor that can be stored in the BTES. As this scenario
only focuses on the charging process of the BTES, the representation of the heating system is not necessary.

Since there are two separated closed fluid circuits, both have to be actuated by circulation pumps. The operation
of these pumps is temperature-controlled. As soon as a trigger temperature in the collectors of 60 °C is exceeded, the
collector circuit is started. Accordingly, the circulation is stopped when the collectors’ return temperature falls
below a certain trigger temperature of 30 °C. A second operational constraint of the solar circulation pump is
implemented: the collector outlet temperature has to be at least two degree centigrade above the collector inlet
temperature. This shall prevent the occurrence of negative collector outputs. Likewise, the operation of the BTES
fluid circuit is controlled in a similar manner: it starts operating as soon as the temperature at a sensor close to the
top of the buffer storage tank exceeds a threshold of 70 °C and it stops when the sensor temperature drops beneath
42 °C. Furthermore, the pump is switched of, when the supply temperature of the BTES undercuts the return
temperature. Thereby, the BTES operation is restricted to charging conditions only.
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Fig. 3. Schematic of the application example setup.

While the HVAC-system components such as the solar collectors, the buffer storage tank, the circulation pumps
and the control system are modeled in MATLAB-SIMULINK with the Carnot Blockset [10], the BTES is
represented in a FEFLOW 3D finite element model. Both models are connected through TCP/IP and co-simulated
using the approach presented herein. Therefore, the BTES supply temperature, as well as the volume flow rate in the
BTES circuit are transferred from the HVAC model to the BTES model. Whereas, the BTES model only sends back
the BTES return temperature. The values are exchanged at predefined communication intervals of five minutes of
simulated time. Hourly solar radiation data and ambient temperature data from a test reference year dataset of
Germany [12] (medium weather conditions, region 12) serve as input parameters for the solar collectors and the
buffer storage tank.

3.2. Simulation results

Fig. 4 illustrates the simulation results for the first day of operation. In the morning hours, the sun raises and the
solar insulation starts to increase. At about 9:50 the trigger temperature for the solar circulation pump is reached and
the charging of the buffer storage starts. About one hour later, the trigger temperature of the BTES circuit is also
exceeded. From that point on, heat is also transferred from the buffer storage to the BTES. In the afternoon, the solar
yield decreases. Consequently, the temperature of the buffer storage decreases as well. At about 17:15 the solar
yields are too low and the solar circuit pump is switched off. Since the buffer storage still contains enough heat, the
charging of the BTES continues until the switch-off criterion for the BTES circulation pump is reached as well at
about 2:15 in the night.

In summary, it can be stated that the simulation results are realistic and have a high level of detail. The co-
simulation of the components allows for a very close inspection of the interaction processes of the components.
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Fig. 4. Course of different system parameters during the first day of simulation.

3.3. Optimization procedure

Only with this very detailed inspection of the system’s behavior resulting from the coupled simulation, it is
possible to improve the system’s performance by enhancing single or multiple components. In the presented
scenario, an optimized buffer storage capacity can maximize the amount of solar heat that is stored in the BTES.
This can be realized by applying a mathematical optimization algorithm, which automatically iterates the buffer
storage volume until the optimum is found within a confidence interval.

In this example, the MATLAB function called fininbnd is deployed, which is part of the MATLAB Optimization
Toolbox. It is based on Brent’s algorithm as described in [13] and combines a golden-section search and a parabolic
interpolation for finding a minimum on a fixed interval. Therefore, the objective function, which is the amount of
stored heat at the optimal buffer storage capacity, has to be formulated as follows:

max(QBTES,stor (Vbuf)) = _min(_ QBTES,stor (Vbuf)) (1 )

The principle of the optimization procedure is shown in Fig. 5. In every optimization iteration, the function
fminbnd systematically chooses a buffer storage tank volume, which lies inside a predefined parameter range and
passes this value to a MATLAB function called StartSim. This function in turn starts both, the FEFLOW model as
well as the SIMULINK model and sets the buffer storage tank volume in the SIMULINK model to the chosen value.
Subsequently, both models connect to each other via their TCP/IP interfaces and start to co-simulate.



350 Bastian Welsch et al. / Energy Procedia 125 (2017) 345-352

MATLAB

Interval
Tolerance =
Max. no. iter:

Vbuf,opt

fminbnd
QBTES,max

StartSim

4
V4
4
S tar,tﬁgna] WS
»

T 1L
LV
FEFLOW SIMULINK

T >
out -

Fig. 5. Flowchart of the optimization process.

Due to the relatively small communication step size of 5 minutes, the simulation of one day takes up to one hour.
For this reason, the simulation of three consecutive days is deemed to be sufficient. After this final simulation time
is reached, the amount of heat that has been stored into the BTES is returned from the model to the StartSim
function and from there to the optimization algorithm. The iteration procedure is repeated until a maximum is found
for the amount of stored heat within a pre-set termination tolerance.
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Fig. 6. Heat amount that is transferred (a) from the solar collectors to the buffer storage and (b) from the buffer storage to the BTES for the
respective iteration of the buffer volume.

The optimization algorithm finds the optimum after 21 optimization iterations at a water tank volume of about
205 m?3 and an error < 0.015%. It is obvious that from the seventh iteration on, the algorithm is already very close to
the optimum value (error < 3.5%). Therefore, choosing a larger termination tolerance could decrease the iteration
number significantly.

Fig. 6a illustrates the heat amount that is transferred from the solar thermal collectors to the buffer storage
depending on the water tank size. Increasing the water tank volume leads to an increase in the buffer storage
capacity. As a result, the efficiency of the collectors increases with the heat amount that is transferred from the
collectors to the buffer storage.

The heat amount that is subsequently stored from the buffer storage to the BTES (Fig. 6b) increases with the
water tank size as well, until a maximum is reached. Beyond this point, a significant decrease in the BTES load can
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be observed. With increasing water tank size, the buffer storage temperature generally decreases. This leads to a
shortened time span in which the trigger criterion for the pump operation in the BTES circuit is satisfied. As a
consequence, the duration of the charging cycle decreases and the amount of stored heat diminishes. The water tank
size resulting in a maximum BTES load can be considered ideal for the specific system setup and control strategy.

4. Transmission error

The applied coupling approach has to be regarded as a loose coupling, since no iteration process between the two
simulation environments is implemented in the procedure. The values received from the respectively other model at
a distinct communication step are kept constant until the subsequent communication step is reached. Accordingly,
the accuracy of the co-simulation is very sensitive to the communication step size.

Therefore, a simple variation study is conducted, in which a 24 h synthetic thermal load profile is created through
a constant flow of heat carried fluid with varying temperatures in MATLAB-SIMULINK. The synthetic load profile
consists of several constant load steps with different magnitudes. Fluid flow rate and temperature are passed to a
BHE model in FEFLOW via the coupling interface. Simultaneously, the thermal load that is applied by the
analytical BHE solution to the FEFLOW finite element mesh is gathered and summed up to a total heat amount at
the end of the simulation. Afterwards, the recorded heat amount in FEFLOW is compared to the heat amount that
theoretically results from the synthetic load profile and a relative transmission error is calculated. Furthermore, the
computation time for one load cycle is captured.

The co-simulation is repeated several times, varying the communication step size as well as the load profiles
itself (profiles of two different days) and the duration of the particular load steps (1h, 2h, 4h). The transmission error
generally depends on the ratio of the communication step size to the load step size. Therefore, a relative
communication step size is defined as the communication step size normalized by the duration of the particular load
steps. For instance, the relative step size is 1, when the communication step has the same length as the load steps and
it is 0.1 when 10 communication steps are performed during one load step. Additionally, the computation speed-up
related to the slowest model for each communication step size variation series is calculated.
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Fig. 7. a) Relative transmission error and b) computation speed-up against the relative communication step size, ¢) comparison of transmission
error and computation speed-up.

The results of the time stepping study confirm that the relative communication step size is a major control
parameter for the transmission error (Fig.7a). For relative communication time steps sizes up to 0.2, the transmission
error increases independently from the specific load scenario. Larger communication time steps result in an
increasing variance of the transmission error and the concurrence of communication time steps with load changes
becomes more important. In summary, it can be stated that for communication time steps smaller than 0.2 the
transmission error can be estimated quite well, whereas for larger communication time steps, the uncertainty
increases. However, increasing the communication time steps leads to a strong improvement of the computational
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performance (Fig.7b). Especially, FEFLOW’s internal time stepping control can chose larger time steps and thus
decrease the simulation time significantly. Tolerating an increase in the relative transmission error from about 1% to
3% allows for an increase in the computational performance by a factor of 4 (Fig.7c).

5. Discussion & conclusion

A TCP/IP interface has been developed, which connects the software package FEFLOW with MATLAB-
SIMULINK and facilitates coupled simulations of subsurface processes and HVAC systems. The coupled
simulations are particularly advantageous when considering large and complex heating systems, as the mutual
interaction of the subsystems can be taken into account. In combination with mathematical optimization algorithms,
the high detail of the coupled simulations allows for the appropriate design of system components and the
maximization of the overall system performance.

As it is, the approach only provides a loose coupling of the subsystem simulations. This can result in relatively
large transmission errors between the respective models and is strongly dependent on the communication time step
size. Small communication time steps can limit the transmission error, but they come at a high computational cost.
A priori knowledge of the system behavior is critical for the choice of the step size. Future research should focus on
the implementation of iteration schemes and an adaptive communication time step control to tighten the coupling
between sub-models. This will reduce the transmission errors and make the coupled simulations more robust, even
at larger communication time steps that can speed up the simulations significantly.

Nevertheless, in a first example of a BTES system fed by solar thermal collectors, the coupling approach
demonstrates its functionality. The coupling interface is, however, not restricted to scenarios considering BHEs, but
can easily be applied to any other type of problem linking the subsurface to HVAC, like open-loop systems. This
makes the presented approach a versatile tool for detailed simulations of geothermal energy supply systems.
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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
BHESs [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
Hellstrom [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 0of 23

Both the SBM and the DST model have been implemented into TRNSY'S [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
BHESs, 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 Hellstrom [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.

GLOBAL S

BHE LOCAL z

Storage region ©—0 Thermal connection
[R] Thermal resistance @ @ Thermal/Fluid port

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 (Tp) and the mean volume
temperature (Tg,).

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 T}, of the BHE segment
it is connected with, to the temperature of its corresponding global volume element Ty, 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 T, is calculated
by the weighted average ring temperatures. C; and T; are the thermal capacity and temperature of a
single ring element, respectively, and Cy,, is the overall thermal capacity of the local volume.

Myings c

pr) Cloc

Tglo = +Tj 1

Tg
£ Y Rsf Tg|0
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91 92 G Gh1 s %Ry .,
Tb ORIQFIORHO—FO—{F10 T, )
TTIT T T T
T T
Ty -————-3-——————————- 4k Thermal capacitor

[R] Thermal resistor
©@—0 Thermal connection
© Thermal port
#) Heat flow

AT ~ R = const.

i Mloc i Floc

(@) (b)

Figure 2. Local model concepts: (a) finite differences model and (b) steady flux model.

The heat flux g4, to or from a volume element is defined on the global level and distributed as g;
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 Q; 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 T, and the average volume temperature T¢j,. The
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relation between the steady flux Qg and this temperature difference can be expressed as a resistance
Rsf. 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 Qg
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 T,, (Equation (3)). The second term defines a
time-independent radial temperature profile T,, which corresponds to the profile shape under steady
flux conditions, where Ry is the thermal resistance between the borehole wall radius r, and radius 7,
71oc the radius of the local volume and A the thermal conductivity inside the volume (Equation (4)).

T(rt) = st[ ——t+Ro(r ZRI ] @

i=

st st
Ty, (t =t 3
n(t) = Cloc cp (P12 = 142) )
st rlocz Tloc 3 272 - rbz rbZ Tloc
T = R = — = |In(=)--= In (=< 4
O(V) st 0(7’) mA rlocz — rbz n ( 7 ) 4 + 4rloc2 + rlocz — rbz n ( 7 ) ( )

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 7; 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 Rg.

T(rp,t) = Tin(t) = To(rp) )
2
= & ( rlocz ln(rlﬂ) _ 3rloc2 - rbz ®)
27A L] c2 - rbz Ty 4(rloc2 - rbz)

Qf ¥ 3
= 27_:)\ ln(ﬂ) - Z ’ 7ﬂlOC >> rb (7)

= Quf Ryf ®)

Franke [28] introduced the idea of implementing a surrogate capacity Cg 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 71 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.

2
71 Tloc

Cy = —& ~ ¢ 9
T Ry 15aRy ©)

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 6Q of the charged and discharged
energy as well as the resulting energy balance are calculated according to Equation (10).

6Q _ Qmodel - Qreference +100% (10)

Qreference

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 1/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
4,7,9,16,19, 25,36, 37,49, 61, 62, 64, 81, 91, 93, 100,
Number of BHES 121,127, 130, 144, 169, 173, 196
BHE length 50 m, 100 m
BHE spacing 3m,5m
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 BHESs, since FEFLOW does not provide a TRCM model. A full list of all benchmark and
MOoBTES 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 Braedstrup solar district heating system (Denmark) [33] is simulated and the results
are compared to monitoring data. The Braedstrup 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. Breedstrup 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/(m?3 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 Breedstrup dataset a particularly suitable test case for the validation
of MoBTES.
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Figure 5. Measured inlet and outlet temperatures of the BTES system in Breedstrup 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



Energies 2020, 13, 2327 10 of 23

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.

Deviation charged/discharged energy [%]

Y * ¢ Y . °
L o ® o ° ° ¢ oo °
0 100000 200000 300000 400000 500000

Storage volume [m?]

ch,charging ch,discharging

—— finite differences model
—— steady flux model

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 MOoBTES MoBTES
FDM 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 751.8s 181.1s
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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.
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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 Beaedstrup 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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=
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g
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ol— . : ; : :
0.8 0.9 1.0 1.1 1.2 1.3 1.4
Mean outlet temperature deviation [K]
—=&— finite differences & TRM ° steady flux & TRM
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Figure 9. Computation time and mean deviation of the outlet temperature in comparison to the
Braedstrup 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 AT)eqy is determined
according to Equation (11), where tg;, is the final simulation time and 1(¢) is an indicator function
being 1 for times of storage operation and 0 otherwise:

t .
foym ﬂ(t) | T(t)outlet,monitoring - T(t)outlet,MoBTES |dt

j(‘)tsim ﬂ(t)dt

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.

ATmeun =

(11)

Energy balance deviation [%]

. finite differences & TRM . steady flux & TRM
|:| finite differences & TRCM . steady flux & TRCM

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.
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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).

T T T T T
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Year
—— monitoring —— finite differences model (6 capacities)
training data —— steady flux model

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 1y, for rectangular, hexagonal, and circular layouts. Hexagonal layouts yield the highest
packing density, resulting in smaller radii r;,, for the same BHE distances D. Therefore, parameter
study models with equal minimal BHE distance D, but varying storage layouts, result in different radii
710c- 1f 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
MOoBTES 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 Braedstrup 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 Breedstrup case study, these key input parameters are gathered
from a parameter estimation study conducted by Tordrup et al. [31]. With this parametrization,
MOoBTES 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 Braedstrup
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.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/9/2327/s1,
Table S1: Benchmark parameter study models and results. The MoBTES Modelica library, including an example
package with the parameter study model, the case study model and all related parameters or datasets, is available
online at https://github.com/JFormhals/MoBTES.
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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

Energies 2020, 13, 2327 20 of 23

Symbols

a thermal diffusivity m?/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

5 relative deviation -

p density kg/m?

A thermal conductivity W/(m K)

T time constant s

1 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 Al. 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 system:s,
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 CO, 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 CO, 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].

H Cooling Load [kW] Heating Load [kW]
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0 ““\"\‘ ’WW 'WI\’ ’HW"’!W o

-2000
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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

e 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

e  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.

Pump1

Figure 2. System layouts of the active cooling scenarios: ActPar (left) and ActSer (right).

Heat
Exchanger

J BN

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 (Capyyp), the temperature shift
of the BST (ATgsr) and the volume of the BST (Volgsr) 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.

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, Capy;p
and Volggt are specified with the same strategy as the serial scenario and ATggr is fixed to the grid
temperature shift.

Pump1 ]

Heat
@ Pump2

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). Ty is the reference temperature and is taken as the ambient
temperature in this study.

E:rhcpx((T—To)—TolnTlO) (1)

The exergetic efficiency (Nexergy) 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 Bir, and Eoy into
each time step over a system’s lifetime (neng), its overall average Neyergy can be calculated (Equation (2)).

Zni\g Eout,n
MNexergy = ————— x100% ()

Dynamic exergy calculation of Eout and Ej, for the whole system in heating load (HL) and cooling
load (CL) supply can be calculated using Equations (3) and (4), respectively.

Esply - Erm TO < Tret

Eout HL = § Egply  Tret < To < Toup Eintr = Belec + Egas + EBTEs 3)
0 TO = Tsup

. Esup - Eret To = Tret ) . ) )
Eout, CL = Esup Tsup < Tp < Tret Ein,CL = Eelec + Egas — EBTES 4)
0 Ty < Tsup

where Egrgs 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). Ty, 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.

) . T,
Epres = Qpres X (1 - T—O) @)
b
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 x LHV (6)



Energies 2020, 13, 4405 7 of 26

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 (nenq) and the discount rate (i) are assumed to be 30 years
and 3%, respectively.

LCOE ZE:S ( CIC, nt CMC, nt Cf,n + Cenv,n) : (1 + i)
Z;Ie:ng Qout,n (1 + i)_n

x 100% @)

Investment cost (IC) and maintenance cost (MC) functions of the main components are listed in
Table 2. After summing up electricity consumptions (fejec) 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 (GWPcjec and GWPg,s) and the emission costs (ccoz)
as a function of the assessment year are calculated as given in Table 3.

Cf,n = felec, nCelecn fgas, nCgas,n (8)

Cenv,n = felec, nCCOZ,nGWPelec,n + fgas, nCCO2, nGWPgas,n (9)

Table 2. Cost function of different components.

Component Investment Cost Function (€) Maintenance (€/yr.) Reference
BTES 65 X Lk - [39]
Property 75.05 X Aproperty - [40]
HP (2053.8-CapHp_0'34§) x Cappp 0.0075 x Cic [41]
BST (130 + 11,680-Volggr ~9-%54%) x Volggt - [42]
GB (11,418.60 + 64.6115-Capcp®”?78) x fgp 0.02 X Cic [43]

2 fop = 1.0818 — 8.2898-10~7 Capgp.

Table 3. Fuel costs, CO2 costs and GWP.

Cost Function Cost Function

Parameter 2020—2030 20302050 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]
ccoa,n(€/tCO2) —0.2083n2 + 9.072n + 5.553 80 [46]

GWPjec n (tCO2/kWh) (-20.99n + 423.89) x 10®  (—8.595n + 287.55) x 107° [47]
GWPgasn(tCO2/kWh) 250 x 107 250 x 107 [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.

maXx Mexergy
min LCOE
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Table 4. Ranges of optimization variables and constraints.

Subject to Reason
30 m < Lgyg <400 m Length range of shallow BHEs [49]
30 < Npyg < 1200 Heat transfer range of BHEs (W/m), corresponds to Lgyr
2m < Sgyg <25m Maximum available surface area

50 kW < Cappyp <8150 kW Minimum capacity of each HP module/Maximum heating load
25m3 < Volggr <10,000m®  HP min. running time/continuous HP operation in peak load

3K < ATgst b<10K Minimum temperature shift of HPs/Grid temperature shift
Constraints Reason
Reypyg > 2300 Minimum Reynolds number for turbulent flow in BHEs
TuEin = —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 1II) [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.

/ \ /Modeling and Parametrization in\

MATLAB optimization toolbox
TRNSYS
min I—COenergy Guesses from MATLAB Weatherdila
Max Nexergy Load profile
Equipment data
Evolutionary algorithm (NSGA 1) Objectives / Constraints |  System design
Exergoeconomic calculations

K / \Environ mental calculations /

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]
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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 20U HP 1st stage cooling capacity ~ 102.9 kW
Type 557 Boreholes in series 6 Type 1221 ¢ 2nd stage cooling capacity =~ 56.1 kW
Borehole radius 0.065 m 1st stage cooling power 229 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 ¢ 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 05K HEX Effectiveness 0.895
106, 113 Type 91
¢ 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.
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#a 4 0.60
A

0.50

LCOE [€/kWh]
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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 Nexergy 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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Figure 9. Results of local evaluations by the algorithm.
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When HPs are designed to cover the whole ATggr 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 ATggr 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 (Volgrgs) and Capyyp on the pareto front of each
scenario and their effect on the objective functions are illustrated in Figure 10. Volgrgs (Equation (10) [53])
is selected because it gives a relation for three of the main optimization variables including Npyg, Lyg
and Sgyg. 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 Volgrgs as well as Capyyp results in
more efficient, but more expensive, design points. Figure 11a shows Volgrgs for the local search of the
ActSer scenario and its effect on the objective functions. Neyergy and LCOE have their optimum values
in the middle ranges of the chosen boundaries. Moreover, a higher ATggt (Figure 11b) mainly results in
a more efficient and more economical design, with Neyergy showing a higher sensitivity. The objective
functions of the other serial scenario, PasSer, have approx. the same sensitivity to Volgrgs and ATgst.

VOIBTES = 7Tt X NBHE X LBHE X (0525 X SBHE)z (10)

Table 6. Ranges of the optimized solutions on the Pareto fronts.

Scenario Lpug [m] NBHE SpuE [m] Cappp [kW]  Volggy [m?] ATggT [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 neyergy 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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PasPar scenarios.
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Figure 11. Local search for finding optimum ranges of (a) VolgTgs and (b) ATpst of ActSer scenario.

Table 7. The economic, the compromise and the efficient system designs of each scenario.

LCOE  Mexergy  LBHE NEHE Sgue  Capup  Volgst  ATgpst

Scenario [ct/kWh]  [%] [m] [m] kW] [m3] [K]
Economical 9.27 16.77 112 294 12.0 1264 2989 7.95
ActSer 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
Economical 11.73 24.69 190 426 12.8 2175 1260 -
ActPar Compromise 14.37 29.42 170 660 12.6 3136 5420 -
Most efficient 19.16 33.80 175 918 15.0 4097 4307 -
Economical 8.02 13.81 145 222 7.4 809 3556 6.68
PasSer 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
Economical 8.79 15.10 185 174 12.9 758 4186 -
PasPar 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 Neyergy Of the condensing GBs and the air-source HPs are 11% and 21%,
respectively. Consequently, the calculated overall average Nexergy 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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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 Npyg, 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 Nexergy 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 (GWPp04,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.

I181’\
GWP = ang GWPeleen + GWPgasn + GWPprod 0 (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 neyergy 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:

e 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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e Toset 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.

e Itis 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.

e  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.

e  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.

e  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.

e ThelIC 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 Capy;p and Volgrgs 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 ATgst mainly results in a more efficient and more
economical design, with Neyergy 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 ATggr.

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, Neergy 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 nNeyergy 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 neyergy 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 Volgygs yields in a higher Texergy aS well as higher
LCOE. Lgyg and Spyg 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. Nppg 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 Ny 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:

e 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.

e 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.

e 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.

e 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.

e  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.

e  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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BTES borehole thermal energy storage
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DHC district heating and cooling
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EFF efficient

GB gas boiler

HP heat pump

NSGA non-dominated sorting genetic algorithm
PasSer passive serial

PasPar passive parallel



Energies 2020, 13, 4405

Symbols
A

c

c

C

Cap

EC

E

GWP

IC

LHV
LCOE

Subscripts
BHE
BST
BTES
CL
elec
env

f

HL
IC
MC
prod
ret
sup

o

References

1. Fleiter, T.; Steinbach, J.; Ragwitz, M.; Dengler, J.; Kohler, B.; Reitze, E; Tuille, F.; Hartner, M.; Kranzl, L.

area
specific heat capacity
specific cost

cost rate

capacity

emission cost

thermal exergy rate
global warming potential
discount rate

initial cost

length

lower heating value
levelized cost of energy
flow rate

maintenance cost
operational cost

year

number

Reynolds number
spacing

temperature

Volume

fuel consumption

heat flux

efficiency

borehole heat exchanger
buffer storage tank

borehole thermal energy storage

cooling load
electricity
environmental
fuel

heating load
initial cost
maintenance cost
production
return

supply
reference
boundary

m2

kJ/(kg K)
€/tCOZ%, €/kWh
€/yr.

KW
€/kWh
KW
CO?%/kWh
0/ o

€/kWh

m

KW
€/kWh
kg/s
€/kWh
€/kWh

°C

kWh
kw
Y%

23 of 26

7

Forthuber, S. Mapping and Analyses of the Current and Future (2020-2030) Heating/Cooling Fuel Deployment

(Fossil/Renewables); European Commission, Directorate-General for Energy: Brussel, Belgium, 2016.
2. Werner, S. European space cooling demands. Energy 2016, 110, 148-156. [CrossRef]

3. United Nations Department of Economics and Social Affairs, Population Division. World Urbanization

Prospects: The 2014 Revision; United Nations Department of Economics and Social Affairs, Population Division:
New York, NY, USA, 2015; p. 41.
4.  Rezaie, B.; Rosen, M.A. District heating and cooling: Review of technology and potential enhancements.

Appl. Energy 2012, 93, 2-10. [CrossRef]

5. Werner, S. International review of district heating and cooling. Energy 2017, 137, 617-631. [CrossRef]


http://dx.doi.org/10.1016/j.energy.2015.11.028
http://dx.doi.org/10.1016/j.apenergy.2011.04.020
http://dx.doi.org/10.1016/j.energy.2017.04.045

Energies 2020, 13, 4405 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Lund, H.; Werner, S.; Wiltshire, R.; Svendsen, S.; Thorsen, ].E.; Hvelplund, F; Mathiesen, B.V. 4th Generation
District Heating (4GDH): Integrating smart thermal grids into future sustainable energy systems. Energy
2014, 68, 1-11. [CrossRef]

Schulte, D.O.; Rithaak, W.; Oladyshkin, S.; Welsch, B.; Sass, I. Optimization of medium-deep borehole thermal
energy storage systems. Energy Technol. 2016, 4, 104-113. [CrossRef]

Skarphagen, H.; Banks, D.; Frengstad, B.S.; Gether, H. Design considerations for Borehole Thermal Energy
Storage (BTES): A review with emphasis on convective heat transfer. Geofluids 2019, 2019, 4961781. [CrossRef]
Welsch, B.; Ruehaak, W.; Schulte, D.O.; Baer, K.; Sass, I. Characteristics of medium deep borehole thermal
energy storage. Int. ]. Energy Res. 2016, 40, 1855-1868. [CrossRef]

Schulte, D.O.; Welsch, B.; Boockmeyer, A.; Rithaak, W.; Bér, K.; Bauer, S.; Sass, I. Modeling insulated borehole
heat exchangers. Environ. Earth Sci. 2016, 75, 910. [CrossRef]

Bar, K.; Rithaak, W.; Welsch, B.; Schulte, D.; Homuth, S.; Sass, I. Seasonal high temperature heat storage with
medium deep borehole heat exchangers. Energy Procedia 2015, 76, 351-360. [CrossRef]

Sibbitt, B.; McClenahan, D.; Djebbar, R.; Thornton, J.; Wong, B.; Carriere, J.; Kokko, J. The performance of a
high solar fraction seasonal storage district heating system—five years of operation. Energy Procedia 2012, 30,
856-865. [CrossRef]

Bauer, D.; Marx, R.; Nufibicker-Lux, J.; Ochs, F.; Heidemann, W.; Miiller-Steinhagen, H. German central solar
heating plants with seasonal heat storage. Sol. Energy 2010, 84, 612—-623. [CrossRef]

Dincer, I.; Rosen, M. A unique borehole thermal storage system at University of Ontario Institute of Technology.
In Thermal Energy Storage for Sustainable Energy Consumption; Springer: Dordrecht, The Netherlands, 2007;
pp. 221-228.

Lanahan, M.; Tabares-Velasco, P.C. Seasonal thermal-energy storage: A critical review on BTES systems,
modeling, and system design for higher system efficiency. Energies 2017, 10, 743. [CrossRef]

Formbhals, J.; Hemmatabady, H.; Welsch, B.; Schulte, D.O.; Sass, I. A modelica toolbox for the simulation of
borehole thermal energy storage systems. Energies 2020, 13, 2327. [CrossRef]

Welsch, B.; Rithaak, W.; Schulte, D.O.; Formhals, J.; Bér, K.; Sass, I. Co-simulation of geothermal applications
and HVAC systems. Energy Procedia 2017, 125, 345-352. [CrossRef]

Bejan, A.; Tsatsaronis, G.; Moran, M.]. Thermal Design and Optimization; John Wiley & Sons: New York, NY,
USA, 1995.

Nuss, P. Life Cycle Assessment Handbook: A Guide for Environmentally Sustainable Products; Curran, A.M., Ed.;
John Wiley & Sons, Inc.: Hoboken, NJ, USA; Scrivener Publishing LLC: Salem, MA, USA, 2015.

Welsch, B.; Gollner-Volker, L.; Schulte, D.O.; Bir, K.; Sass, 1.; Schebek, L. Environmental and economic
assessment of borehole thermal energy storage in district heating systems. Appl. Energy 2018, 216, 73-90.
[CrossRef]

Karasu, H.; Dincer, . Life cycle assessment of integrated thermal energy storage systems in buildings: A case
study in Canada. Energy Build. 2020, 217, 109940. [CrossRef]

Kizilkan, O.; Dincer, I. Borehole thermal energy storage system for heating applications: Thermodynamic
performance assessment. Energy Convers. Manag. 2015, 90, 53—61. [CrossRef]

Kizilkan, O.; Dincer, 1. Exergy analysis of borehole thermal energy storage system for building cooling
applications. Energy Build. 2012, 49, 568-574. [CrossRef]

Sayadi, S.; Tsatsaronis, G.; Morosuk, T. Dynamic exergetic assessment of heating and cooling systems in a
complex building. Energy Convers. Manag. 2019, 183, 561-576. [CrossRef]

Klein, S.; Beckman, W.; Mitchell, J.; Duffie, J.; Duffie, N.; Freeman, T.; Mitchell, J.; Braun, J.; Evans, B.;
Kummer, J. Trnsys 18—Volume 6 Multizone Building Modeling with Type 56 and Trnbuild; Solar Energy Laboratory,
University of Wisconsin: Madison, WI, USA, 2017; p. 199.

DIN4108. Thermal Protection and Energy Economy in Buildings-Part 2: Minimum Requirements to Thermal
Insulation; Beuth Verlag: Berlin, Germany, 2013.

Merkblatt, S. Raumnutzungsdaten fiir die Energie-und Gebiudetechnik; SIA: Ziirich, Switzerland, 2015.
Meteotest. Meteonorm: Irradiation Data for Every Place on Earth. Available online: http://www.meteonorm.
com/ (accessed on 12 August 2020).

Nussbaumer, T. Planungshandbuch Fernwirme; EnergieSchweiz, Bundesamt fiir Energie: Bern,
Switzerland, 2017.

Viessmann GmbH. Available online: www.viessmann.de (accessed on 12 August 2020).


http://dx.doi.org/10.1016/j.energy.2014.02.089
http://dx.doi.org/10.1002/ente.201500254
http://dx.doi.org/10.1155/2019/4961781
http://dx.doi.org/10.1002/er.3570
http://dx.doi.org/10.1007/s12665-016-5638-x
http://dx.doi.org/10.1016/j.egypro.2015.07.841
http://dx.doi.org/10.1016/j.egypro.2012.11.097
http://dx.doi.org/10.1016/j.solener.2009.05.013
http://dx.doi.org/10.3390/en10060743
http://dx.doi.org/10.3390/en13092327
http://dx.doi.org/10.1016/j.egypro.2017.08.040
http://dx.doi.org/10.1016/j.apenergy.2018.02.011
http://dx.doi.org/10.1016/j.enbuild.2020.109940
http://dx.doi.org/10.1016/j.enconman.2014.10.043
http://dx.doi.org/10.1016/j.enbuild.2012.03.013
http://dx.doi.org/10.1016/j.enconman.2018.12.090
http://www.meteonorm.com/
http://www.meteonorm.com/
www.viessmann.de

Energies 2020, 13, 4405 25 of 26

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Gautschi, T. Anergienetze in Betrieb; Stadtische Warmewende: Wien, Austria, 2015.

Waterfurnace Co. Available online: https://www.waterfurnace.com/commercial/products/water-source-
geothermal-heat-pumps/ (accessed on 12 August 2020).

Karim, A.; Burnett, A.; Fawzia, S. Investigation of stratified thermal storage tank performance for heating
and cooling applications. Energies 2018, 11, 1049. [CrossRef]

Viessmann GmbH. Available online: https://www.viessmann.de/de/wohngebaeude/gasheizung/vitocrossal.
html (accessed on 12 August 2020).

Viessmann GmbH. Available online: https://www.viessmann.de/de/wohngebaeude/hybridheizung/gas-
hybridgeraete/vitocal-250-s.html (accessed on 12 August 2020).

Sayadi, S.; Tsatsaronisb, G.; Morosuk, T. A New Approach for Applying Dynamic Exergy Analysis
and Exergoeconomics to a Building Envelope. Available online: https://pdfs.semanticscholar.org/e5d6/
€5929d68b7d153f590d8d8e113ee1e86993b.pdf (accessed on 24 August 2020).

Bargel, S. Entwicklung eines exergiebasierten Analysemodells zum umfassenden Technologievergleich von
Wairmeversorgungssystemen unter Berticksichtigung des Einflusses einer verdnderlichen AufSentemperatur.
Ph.D. Thesis, Ruhr-Universitdt Bochum, Universitdtsbibliothek, Bochum, Germany, 2011.

Short, W.; Packey, D.J.; Holt, T. A Manual for the Economic Evaluation of Energy Efficiency and Renewable Energy
Technologies; National Renewable Energy Lab.: Golden, CO, USA, 1995.

Luo, J.; Rohn, J.; Bayer, M.; Priess, A. Thermal performance and economic evaluation of double U-tube
borehole heat exchanger with three different borehole diameters. Energy Build. 2013, 67, 217-224. [CrossRef]
Statistisches Bundesamt. Available online: https://www.destatis.de/DE/Home/_inhalt.html (accessed on
12 August 2020).

Croteau, R.; Gosselin, L. Correlations for cost of ground-source heat pumps and for the effect of temperature
on their performance. Int. . Energy Res. 2015, 39, 433-438. [CrossRef]

Mauthner, E; Herkel, S. Technology and Demonstrators-Technical Report Subtask C—Part C1-C1: Classification and
Benchmarking of Solar Thermal Systems in Urban Environments. Available online: http://task52.iea-shc.org/data/
sites/1/publications/IEA-SHC-Task52-STC1-Classification-and-benchmarking-Report-2016-03-31.pdf (accessed
on 24 August 2020).

Gebhardt, M.; Kohl, H.; Steinrotter, T. Preisatlas, Ableitung von Kostenfunktionen fiir Komponenten der rationellen
Energienutzung; Institut fiir Energie und Umwelttechnik eV (IUTA): Duisburg-Rheinhausen, Germany, 2002;
pp- 1-356.

Bundesamt, S. Preise-Daten zur Energiepreisentwicklung. Available online: https://www.destatis.de/
DE/Themen/Wirtschaft/Preise/Publikationen/Energiepreise/energiepreisentwicklung-pdf-5619001.pdf?__
blob=publicationFile (accessed on 24 August 2020).

Schlesinger, M.; Hofer, P.; Kemmler, A.; Kirchner, A.; Koziel, S.; Ley, A.; Piégsa, A.; Seefeldt, F;
Strafiburg, S.; Weinert, K. Entwicklung der Energiemarkte-Energiereferenzprognose: Studie im Auftrag des
Bundesministeriums fiir Wirtschaft und Technologie. Available online: https://www.bmwi.de/Redaktion/DE/
Publikationen/Studien/entwicklung-der-energiemaerkte-energiereferenzprognose-endbericht.html (accessed
on 24 August 2020).

German Federal Government. German Federal Government (2019): Climate Action Programme 2030; German
Federal Government: Berlin, Germany, 2019.

Fritsche, U.R.; GreB, H.-W. Der nicht erneuerbare kumulierte Energieverbrauch und THG-Emissionen des deutschen
Strommix im Jahr 2016 sowie Ausblicke auf 2020 bis 2050; Internationales Institut fiir Nachhaltigkeitsanalysen
und-strategien GmbH (IINAS): Darmstadt, Germany, 2018.

IINAS (2017): GEMIS-Globales Emissions-Modell Integrierter Systeme-Model and Database; International Institute
for Sustainability Analysis and Strategy: Darmstadt, Germany, 2017.

VDIL. VDI 4640 Thermal Use of the Underground. VDI-Gessellschaft Energie und Umwelt (GEU); Beuth Verlag:
Berlin, Germany, 2019.

Klein, S.; Beckman, W.; Mitchell, J.; Duffie, J.; Duffie, N.; Freeman, T.; Mitchell, J.; Braun, J.; Evans, B.;
Kummer, J. TRNSYS 18-A TRaNsient System Simulation Program, User Manual; Solar Energy Laboratory,
University of Wisconsin-Madison: Madison, WI, USA, 2017.

MATLAB. 9.2.0.556344 (R2017a), The MathWorks Inc.: Natick, MA, USA, 2017.

Deb, K.; Pratap, A.; Agarwal, S.; Meyarivan, T. A fast and elitist multiobjective genetic algorithm: NSGA-IL
IEEE Trans. Evol. Comput. 2002, 6, 182-197. [CrossRef]


https://www.waterfurnace.com/commercial/products/water-source-geothermal-heat-pumps/
https://www.waterfurnace.com/commercial/products/water-source-geothermal-heat-pumps/
http://dx.doi.org/10.3390/en11051049
https://www.viessmann.de/de/wohngebaeude/gasheizung/vitocrossal.html
https://www.viessmann.de/de/wohngebaeude/gasheizung/vitocrossal.html
https://www.viessmann.de/de/wohngebaeude/hybridheizung/gas-hybridgeraete/vitocal-250-s.html
https://www.viessmann.de/de/wohngebaeude/hybridheizung/gas-hybridgeraete/vitocal-250-s.html
https://pdfs.semanticscholar.org/e5d6/e5929d68b7d153f590d8d8e113ee1e86993b.pdf
https://pdfs.semanticscholar.org/e5d6/e5929d68b7d153f590d8d8e113ee1e86993b.pdf
http://dx.doi.org/10.1016/j.enbuild.2013.08.030
https://www.destatis.de/DE/Home/_inhalt.html
http://dx.doi.org/10.1002/er.3243
http://task52.iea-shc.org/data/sites/1/publications/IEA-SHC-Task52-STC1-Classification-and-benchmarking-Report-2016-03-31.pdf
http://task52.iea-shc.org/data/sites/1/publications/IEA-SHC-Task52-STC1-Classification-and-benchmarking-Report-2016-03-31.pdf
https://www.destatis.de/DE/Themen/Wirtschaft/Preise/Publikationen/Energiepreise/energiepreisentwicklung-pdf-5619001.pdf?__blob=publicationFile
https://www.destatis.de/DE/Themen/Wirtschaft/Preise/Publikationen/Energiepreise/energiepreisentwicklung-pdf-5619001.pdf?__blob=publicationFile
https://www.destatis.de/DE/Themen/Wirtschaft/Preise/Publikationen/Energiepreise/energiepreisentwicklung-pdf-5619001.pdf?__blob=publicationFile
https://www.bmwi.de/Redaktion/DE/Publikationen/Studien/entwicklung-der-energiemaerkte-energiereferenzprognose-endbericht.html
https://www.bmwi.de/Redaktion/DE/Publikationen/Studien/entwicklung-der-energiemaerkte-energiereferenzprognose-endbericht.html
http://dx.doi.org/10.1109/4235.996017

Energies 2020, 13, 4405 26 of 26

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hellstrom, G. Ground Heat Storage: Thermal Analyses of Duct Storage Systems. Ph.D. Thesis, Lund University,
Lund, Sweden, 1991.

Mesquita, L.; McClenahan, D.; Thornton, J.; Carriere, J.; Wong, B. Drake Landing Solar Community: 10 Years
of Operation. In Proceedings of the ISES Conference Proceedings, Abu Dhabi, UAE, 11 February 2017;
pp- 1-12.

Bar, K.; Arndt, D.; Fritsche, J.-G.; Gotz, A.E.; Kracht, M.; Hoppe, A.; Sass, I. 3D-Modellierung der
tiefengeothermischen Potenziale von Hessen-Eingangsdaten und Potenzialausweisung [3D modelling
of the deep geothermal potential of the Federal State of Hesse (Germany)-input data and identifi cation of
potential. Z. Dtsch. Ges. Geowiss. 2011, 162, 371-388.

Renaldi, R.; Friedrich, D. Techno-economic analysis of a solar district heating system with seasonal thermal
storage in the UK. Appl. Energy 2019, 236, 388-400. [CrossRef]

Allard, Y.; Kummert, M.; Bernier, M.; Moreau, A. Intermodel comparison and experimental validation of
electrical water heater models in TRNSYS. In Proceedings of the Building Simulation, Sydney, Australia,
14 November 2011; pp. 688—695.

Baldwin, C.; Cruickshank, C.A. Using TRNSYS types 4, 60, and 534 to model residential cold thermal storage
using water and water/glycol solutions. In Proceedings of the IBPSA-Canada’s eSim Conference, Hamilton,
ON, Canada, 3-6 May 2016; pp. 335-348.

LIPP GmbH. Available online: https://www.lipp-system.de/tanks/thermal-storage-tanks (accessed on
12 August 2020).

Trane Co. Available online: https://www.trane.com/commercial/north-america/us/en/products-systems/
equipment/unitary/water-source-heat-pumps.html (accessed on 12 August 2020).

Viessmann GmbH. Available online: https://www.viessmann.de/de/wohngebaeude/waermepumpe/sole-
wasser-waermepumpen/vitocal-350-g.html (accessed on 12 August 2020).

Okobaudat-Sustainable Construction Information Portal. Available online: https://www.oekobaudat.de/
OEKOBAU.DAT/ (accessed on 12 August 2020).

Miedaner, O.; Mangold, D.; Serensen, P.A. Borehole thermal energy storage systems in Germany and
Denmark-Construction and operation experiences. In Proceedings of the 13th International Conference on
Energy Storage, Beijing, China, 19-21 May 2015; pp. 1-8.

BMWi-This Is How Germans Heat Their Homes. Available online: https://www.bmwi-energiewende.de/
EWD/Redaktion/EN/Newsletter/2015/09/Meldung/infografik-heizsysteme.html (accessed on 12 August 2020).

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.apenergy.2018.11.030
https://www.lipp-system.de/tanks/thermal-storage-tanks
https://www.trane.com/commercial/north-america/us/en/products-systems/equipment/unitary/water-source-heat-pumps.html
https://www.trane.com/commercial/north-america/us/en/products-systems/equipment/unitary/water-source-heat-pumps.html
https://www.viessmann.de/de/wohngebaeude/waermepumpe/sole-wasser-waermepumpen/vitocal-350-g.html
https://www.viessmann.de/de/wohngebaeude/waermepumpe/sole-wasser-waermepumpen/vitocal-350-g.html
https://www.oekobaudat.de/OEKOBAU.DAT/
https://www.oekobaudat.de/OEKOBAU.DAT/
https://www.bmwi-energiewende.de/EWD/Redaktion/EN/Newsletter/2015/09/Meldung/infografik-heizsysteme.html
https://www.bmwi-energiewende.de/EWD/Redaktion/EN/Newsletter/2015/09/Meldung/infografik-heizsysteme.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

Appendix D — Strategies for a transition towards a solar district heating grid with inte-
grated seasonal geothermal energy storage

Published as:

Formbhals, J., Feike, F., Hemmatabady, H., Welsch, B., and Sass, 1., 2021, Strategies for a tran-
sition towards a solar district heating grid with integrated seasonal geothermal energy storage:
Energy, v. 228, p. 120662, doi:10.1016/j.energy.2021.120662.

132



Energy 228 (2021) 120662

Contents lists available at ScienceDirect — e :
Energy o
journal homepage: www.elsevier.com/locate/energy o
Strategies for a transition towards a solar district heating grid with N
integrated seasonal geothermal energy storage ST

Julian Formhals *" ", Frederik Feike ™ ¢, Hoofar Hemmatabady * °, Bastian Welsch *°,

Ingo Sass "

2 Geothermal Science and Technology, Technical University of Darmstadt, 64287, Darmstadt, SchnittspahnstrafSe 9, Germany
b Graduate School of Excellence Energy Science and Engineering, Technical University of Darmstadt, 64287, Darmstadt, Otto-Berndt-Str. 3, Germany
¢ Institute for Technical Thermodynamics, Technical University of Darmstadt, 64287, Darmstadt, Alarich-Weiss-Str. 10, Germany

ARTICLE INFO

Article history:

Received 1 December 2020
Received in revised form

12 March 2021

Accepted 14 April 2021
Available online 19 April 2021

Keywords:

4GDH

Solar district heating

Borehole thermal energy storage
Transition strategies

Modelica

Life cycle assessment

ABSTRACT

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 m? 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.

* Corresponding author. Geothermal Science and Technology, Technical Univer-
sity of Darmstadt, 64287, Darmstadt, SchnittspahnstraBe 9, Germany.
E-mail address: julian.formhals@tu-darmstadt.de (J. Formhals).

https://doi.org/10.1016/j.energy.2021.120662
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

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 systems with low supply temperatures [21,51], i.e. 4AGDH
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]. Sorknees 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. Rima et al. [26] investigate the integration of HPs
or STCs into an existing 3GDH system over the period of 2014—2030
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 [3,27—29]. 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
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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 m?. 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 MWy, and six gas boilers of 9.3 MWy, 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 MW¢,. 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 750 m 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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Fig. 1. TU Darmstadt campus Lichtwiese district heating and cooling network in 2018 (changed after [13]).

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 80—110 °C to 50—60 °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 m? 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
249 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 MW.

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

Table 1

Assumptions for the three transition stages.
Parameter Status quo Stage [ Stage Il Stage Il
Period 2021 2025-2030 2030—-2040 2040—-2050
Grid supply temperature level 80—110 °C 70—-100 °C 60—80 °C 50—60 °C
Grid return temperature 60 °C 50 °C 40 °C 30°C
HPC cooling power 350 kW, 350 kW, 500 KWy, 700 KWy,
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Table 2

Energy saving goals for the end of each transition stage used for this study.
Target/Projection Unit Status quo Stage | Stage II Stage III
Net heated floor area [m?] 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/(m? a)] 165.3 1333 914 73.1
Specific EF compared to 2025 [%] 100 86 60 40
Specific EF [£c02-equiv/kKWh] 125.7° 108.1 75.4 50.3

4 Hanson et al. [13].
b Reference scenario simulation result.

Transition Level | 1} m

STC L/
[m?] -,,\- 10,000 20,000 30,000
CHP
(Mw] ‘/ ; i o 2o
BTES
[BHES] U ) 19 :
HPC % 350 500 500
[kw] HP/sup dir/ret HP/sup
Fig. 2. Transition levels of system components ("-": level not used/defined).

high temperature cooling is 45—50 °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 IIl. 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

2025-2030 2030-2040 2040-2050

Conservative

Fig. 3. Component transition levels within each transition stage for the defined
strategies.

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 sky model after
Liu and Jordan [37,38]. It considers multiple collector modules
connected in parallel and in series as well as mutual shadowing of
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Fig. 4. Model of the SDH system in Modelica.

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/m? for TRY 2015 as
well as 11.3 °C and 1162 kWh/m? for TRY 2045, respectively.

BTES: A BTES consisting of 19 or 37 BHEs of 750 m 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 msbuffer/ mzcollector-

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 m? 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
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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 by mixing 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 Qg, 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 Ip, annual maintenance costs Mg, fuel costs F,, rev-
enues R, and expected lifetimes ajif for the system components are
adopted from Mauthner et al. [ 14] and Welsch 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.

7AN+Ma+Fa—Ra

LCOH, = o (1)
(1 +r)a]ifer
AN =1y AF = Iom (2)

2.3.2. Environmental assessment

The environmental impact of the delivered heat Q; was calcu-
lated using an LCA approach, taking into account emissions caused
by operation (GWP,) and production (GWPpoq). 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
system was 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
ajfe of each component as given in Equation (4).
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GWP 1 & -
EF= = GWP i+ GWP, op i 3
Qthtot  Qthtot ;( prod i aop.) )
n.GWP i
EF, — GWP, 1 Z prod.i +GWP, op1) (4)

Qha Quna & Giife

2.3.3. System performance figures

Equation (5) defines the solar fraction of a system, where the
amount of energy stored into the BTES Qgpres chargeq 1S Subtracted
from the overall energy supplied by the STC field Qs to achieve
the direct delivered solar energy. The amount of energy discharged
from the storage Qgrs gischarged 1S included into the solar fraction.
The storage utilization factor ngrgs is defined by Equation (6).

Qsolar - QBTES,charged + QBTES,discharged
fs= (5)
Qgrid feed
QBTES‘discharged
NBTES = 7@3 ; (6)
TES,charged

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. A widening 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 a maximum and decreases hereafter, which is in line with
the feed-in order mentioned in Chapter 2.2.2. Accordingly, the
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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.

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

Even without 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
306—518 kWh/(m? 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 fso varies
between 27.9% for the LCOHpi,, Conservative scenario and 83.3% for
the EFy,in Immediate scenario system. The storage utilization ngrgs
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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 four more 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 EFiarger Systems
of each scenario are selected. In the case of the Conservative sce-
nario the EFpi, system is chosen instead.

With an LCOH of 6.3 ct/kWh, the most 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 Il 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
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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 m? in 2025 to 28,000 m? in 2030,
and to a final size of 42,000 m? in 2040. At the same time, the CHP
capacity should be reduced from 3 MWy, to 1.5 MW, and finally to
0.5 MW¢,. 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 Solar yield Solar BTES utilization Total GWP Total EF Final EF Total LCOH  20% cost variation Final LCOH
Asolar  [KWh/(m?a)]  fraction f;  mares [%] [tcoz] [gco2/kWh]  [gco2/kWh]  [ct/kWh] [ct/kWh] [ct/kWh]
[m?] [%]
Reference  — 0 0 0 0 98,301 170.2 188.8 6.7 54-8.1 7.3
Immediate  EFggec 48,000 431 76.6 74.9 47,601 824 58. 7.6 6.1-9.1 6.9
EFmin 80,000 306 83.3 60.2 43,392 75.1 56.6 8.6 6.9-10.3 8.1
LCOHmin 36,000 475 68.0 85.7 55,615 96.2 71.1 7.6 6.0-9.1 6.9
Progressive EFgger 48,000 449 72.6 77.7 45,386 78.5 60.4 6.8 55-8.2 6.5
EFmin 76,000 349 78.9 61.2 40,935 70.8 57.3 7.5 6.0-9.0 7.5
LCOHpn 28,000 518 54.4 92.4 58,811 101.8 89.8 6.7 5.4-8.1 6.5
Step EFarger 40,000 476 59.0 81.6 48,459 83.9 62.6 7.2 5.7-8.6 6.7
EFmin 72,000 348 66.6 58.2 43,011 74.4 57.2 7.8 6.2-9.3 7.8
LCOHpin 36,000 494 56.1 84.7 50,987 88.2 67.9 7.2 5.7-8.6 6.7
Gradual EFarger 42,000 452 55.3 794 48,584 84.1 62.7 6.3 5.0-7.5 6.4
EFmin 60,000 396 61.5 60.9 44,441 76.9 56.7 6.6 53-7.9 6.9
LCOHmin 36,000 474 51.6 85.7 51,653 89.4 70.1 6.2 5.0-7.5 6.3
Conservative EFgrger — - — — - - - — -
EFmin 40,000 364 335 56.7 57,185 99.0 754 6.2 49-74 6.0
LCOHmin 24,000 438 279 87.1 61,020 105.6 84.7 6.1 4.8-7.3 5.8
Target 50,135 853 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
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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 m? 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
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UTES underground thermal energy storage
Symbols

A Area m?

AN Annuities €

AF Annuity factor

F Fuel costs €

f Fraction %

M Maintenance costs €

I Investment costs €

Q Thermal energy ]

r Interest rate %

R Revenues €

n 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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HIGHLIGHTS

o Long-term enviro-economic optimizations of shallow geothermal layouts are conducted.

o Solar-coupled layouts with heat pumps are the most favorable option for heating.

o Standalone layouts are reasonable options for combined heating and cooling.

e The combination of ANN and multi-objective optimization methods is an accurate approach.

ARTICLE INFO

Keywords:

District heating and cooling
Borehole thermal energy storage
Environ-economic method
Artificial neural network
TRNSYS

Multi-objective optimization

ABSTRACT

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

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-

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

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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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 m?

a year

ag intercept efficiency

a; efficiency slope kJ/hr.m2.K

ay efficiency curvature kJ/hr.m?.K?
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.m?
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

0oC operational cost €/kWh

Q thermal out put kWh

r discount rate %

T Temperature °C

Vol Volume m?

Q heat flux kW

n 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

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
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Fig. 1. Energy flow diagram of the reference case, modified after [33].

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 m? 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
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Fig. 2. Simulation results (orange) vs. measurement data (blue) of the reference case.
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demand. Two horizontal BSTs, each having a volume of 120 rn3, 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 (Tsy,) to the
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Table 1
The proposed scenarios for heating-only mode.
Scenario  Heating Cooling  STC GHE BST GB
H1 Passive — Flat 2U- Vertical ~ Peak
(BTES) plate tube
H2 Active (BTES) — Flat 2U- Vertical ~ Peak
plate tube
H3 Active — — 2U- Vertical ~ Peak
(GSHP) tube
Table 2
The proposed scenarios for combined heating and cooling mode.
Scenario  Heating Cooling STC GHE BST GB
HC1 Passive Active Flat 2U- Vertical ~ Peak
(BTES) (ASHP) plate tube
HC2 Active Active Flat 2U- Vertical ~ Peak
(BTES) (ASHP) plate tube
HC3 Active Passive — 2U- Vertical ~ Peak
(BTES) (BTES) tube

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 (Tyet) 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, Tsyp
and Tyt 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 BHESs, which are the most popular type of BHEs in Germany [21].
Furthermore, the horizontal BSTs from the reference system are
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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.

Buffer storage loop

P1 HEX1 P2

Solar loop

District loop

~

-

Ground loop

Fig. 4. System layout of the passive heating (BTES).
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Fig. 5. System layout of the active heating (BTES).
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Fig. 6. System layout of the active heating (GSHP).
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Fig. 7. System layout of the BTES in cooling mode.

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 (AT) 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 AT between the BTES center and
the top of the warmer BST (BST2). Similarly, AT 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 Tsyp 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 AT (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 AT between the district Tsy,p 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 AT 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 AT 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 AT 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 Ty, 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
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Table 3
Objective functions and optimization variables.

Objective functions Definition

min EF Emission Factor
min LCOE Levelized Cost of Energy
Subject to

30 m < Lpyg <400 m

6 < Npue < 300

56.6 kW < Capyp® < 300 kW
13.57 m? < Agrc < 5000 m?
10 m® < Volgsr < 1000 m?

Length of BHEs
Number of BHEs
Capacity of HP
Are of STCs
Volume of BSTs

2 for active scenarios.

Table 4
Main TRNSYS parameters.
Component  Parameter Value Component  Parameter Value
BTES BHE type 2U STC Fluid specific ~ 3.798
heat kJ/
(kg-K)
Type 557 Boreholes in 3,6 Type 1a Efficiency 2
series mode
Borehole 0.065 Tested flow 251/
radius m rate min
Pipe outer/ 0.016/ Intercept 0.778
inner radius 0.013 efficiency
m
BTES 2.6 W/ Efficiency 0
thermal (m-K) curvature
conductivity
BTES heat 2080
capacity kJ/
(m*K)
Grout 2W/ HEX
thermal (m-K)
conductivity
Fluid 4.182 Type 91 Effectiveness 0.80
specific heat kJ/
(kg-K)
Type 512 Effectiveness 0.95
BST Number of 30
tank nodes
Type 534 Number of 4 HP Rated 56.6
ports heating kw
capacity
Aspect ratio 3.916 Type 927c¢ Rated power 13.2
kW
Loss 0.15 Rated 43.4
coefficient w/ cooling kw
(m2-K) capacity
Pump Total pump 60% Boiler Efficiency 95%
efficiency
Type 110 Type 700

¢ Values at entering load-side and source-side temperatures of 30 °C and 0 °C
[36].

output (Q,,), Eq. (1) [28]. The overall GWP is calculated using Eq. (2). It
adds up the GWP associated with the production of n system components
(GWPpyoq), cf. Table A1, and the GWP associated with the emissions
caused during the operation of the evaluated layout (GWPq,,) for the
whole project lifetime (ajir.). Qy, is the summation of thermal output at
each year (Q,) during project lifetime.

GWP
EF = )
Quat
n Alife
GWP =" GWPpuai + Y GWPo, )

i=1 a=1

After calculating the yearly consumption of electricity (fee.,) and
natural gas (fys.), GWPq,. can be calculated using Eq. (3). The EFs
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associated with electricity and natural gas consumption as functions of
the assessment year (EF..., and EF,,,) 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 = elec,aEFelec,a + fgasAaEFgasAa (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, are the capital investment costs,
CmMmc.. are the maintenance costs and Cg, are fuel costs. ajr. and the
discount rate (r) are assumed as 30 years and 3%, respectively.

—a

doaire (Cica + Cwmca + Cra)-(1 + r)
2ol Qu(1 4+ 1)

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 fejec, and fy;a, Cr, is calculated using Eq. (5).
Electricity and natural gas costs are defined as functions of the assess-
ment year (Ceec. and Cgy,) by linearly projecting the estimated values by
economic reports, cf. Table A.4 and Table A.5.

LCOE = @

CF,a = Tetec,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 (Lgug and Ngpg), HP (Capyp), STCs (Astc) and BSTs
(Volgsr).

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 ngy. Coefficients ag, a; and ay are obtained from
standardized collector performance tests, AT is the difference between
the mean fluid temperature and ambient temperature and 1 is the inci-
dent radiation on STCs. Initial values for the validation of the reference
case were taken from benchmark values given in [54].

AT (AT)

l1STC:aO*a1T*32 1

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

(6)
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Fig. 8. Optimization procedure.
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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 Tsyp. 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.
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Fig. 9. Initial search by genetic algorithm to train the ANN.
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Fig. 10. Estimation error of the ANN for Scenario H1: LCOE (left), EF (right).

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

10
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Fig. 11. Optimization results of scenarios H1, H2 and H3.
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Fig. 13. Optimization results of all layouts.

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,

11
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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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Table 5

Ranges of the optimized solutions on the Pareto fronts.

Scenario  Agrc [m?]  Lggg [m]  Nppg Capgp [KW]  Volgsy [m®]
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

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
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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
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Fig. 17. Simulation vs. ANN results of EF (a) and LCOE (b) for the characteristic designs H1-H3 and HC3.

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 Volgsr 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

13

and 15. As it is expected, for all scenarios the EF decreases and LCOE
increases by increasing the total drilling length (Lgrgs = LgueNgug) for
installing double U-tube BHEs. Similarly, an increase in Agyc 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 Lgtgs, optimal ratios for Lgyg and Npug
can be derived from Table 3, considering that higher Lgyg results in
lower EF and higher LCOE (cf. Fig. 16). Likewise, higher Volgsr also
results in lower EF and higher LCOE for the solar-assisted scenarios. On
the other hand, for the standalone scenarios Volgst 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 Lgyg 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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Table 6
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The economical, the compromise and the ecological system designs of each scenario.

Scenario LCOE [ct/kWh] GWP [gCO2/kWh] Lgne [m] NpHE Capyp nom [kW] Astc [m?] Volgst [m®]
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. 19. Component-wise LCOE of the characteristic designs of Table 4.

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.

14

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
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Fig. 21. Influence of considering national subsidies on the Pareto fronts of a) Heating and b) Heating and cooling layouts.

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
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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 Lprgs 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
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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.

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 Lgrgs and Agrc.

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
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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.

e 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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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 m?. 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:

e Utilizing the ANN as a mid-stage in the optimization procedure re-
sults in a proper verification and validation of the objective functions

17

Applied Energy 311 (2022) 118652

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.
e 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).

e 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 Lgrgs, which increases the LCOE significantly.
Recharging of the underground with waste heat in combined heating
and cooling results in lower Lgrgs 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 (GWPpyoq,).
Component GWPpyoq,i (kg CO2 eq) Reference
BTES (4.105 X Lpng + 63.25 X tgin®) X Npue [28]
HP 58.5 x Capyp [68]
STC & BST 176 x Agtc [28]
GB 78.1 x Capgp®7? [69]
atg = 19.8 x (2.718280-0036xLuue )
Table A.2
EF associated with electricity (EF.i.c.) and natural gas (EF,,,) consumption as function of the operation year.
Parameter 2020-2030 2030-2050 Reference
EFjec 2 (kgCO2/kWh) (—20.99a +423.89)x103 (—8.595a+287.55)x 103 [51]
EFy.,(kgCO2/kWh) 250 x 1073 250 x 1073 [52]
Table A.3

Investment and maintenance cost functions of different components.

Component Investment cost (€)

Maintenance cost (€/yr.) Reference
BTES 65 x Lgug - [70]
HP (2053.8 x Capyp 3% x Capyp 0.0075%Cc [71]
STC (335 x Astc) + 7500 0.0075xCic [54,72]
BST (4035 X Volggr 04676 1 750) X Volgsr - [54]
GB (11418.60 + 64.6115 x Capgp®7%78) x fop” 0.02xCic [69]
afgs = 1.0818 —(8.2898x1077 x Capgg)-
Table A.4
Electricity cost (cejeca) @s function of the operation year.
Parameter 2020-2026 2027-2011 2012-2050 Reference
Celee,n (€/KWh) 0.00302n + 0.1304 —0.003356n + 0.1686 —0.00042n + 0.1363 [73,74]
Table A.5
Natural gas cost (cya.) 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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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.).

Table B.1.1
Main TRNSYS components.

Variable Speed Pump Flow Diverter Flow Mixer
®) o8 ®
Typell0 Typellf Typellh

Heat Exchangers Heat Exchanger

Constant Effectiveness

TypeSl

Hot-side Modulation

Ll

Type512

Ground Heat Exchangers

Buried Horizontal

Single-pipe Systems

TypessTa Type9s2
GSHP ASHP
Type927 Typell8
Solar Thermal Collectors Buffer Storage Tank
i -
_‘\\. di!
Typela Type534
Differential Controller Aquastat
4 i ol
Type2b Typel06 Typell3
Weather Data Load
“,; luser é
Typels TypeQc Type682

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 (y,) connected to the input control signal (y;) [34]. Table B.1.2
shows the controller function and how it defines y, based on y;. If the controller is already on (y; = 1), it remains on (y, = 1) if the difference between
upper input temperature (Ty) and lower input temperature (T ) is greater than or equal to lower dead band temperature difference (AT} ), otherwise it
will be switched off (y, = 0). If the controller is already off (y; = 0), it remains off (y, = 0) if the difference between Ty and T, is lower than the upper
dead band temperature difference (ATy), otherwise it will be switched on (y, = 1). Regardless of the value of y;, the controller switches off (y, = 0), if

temperature for high limit monitoring (T;,) is higher than maximum input temperature (T ,y)-
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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 (Typela) 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, AT, ATy and Ty, from Table B.2.1. Moreover, its flow rate is controlled so
that a design AT 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 AT 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 T, of the grid. Finally, Type 683 represents the
simplified final consumer.

th

Aquastat
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4o frnyned
e » e I }
| Weather Data Enviro-economics Levelizng Integrator : PESTDL __ . B Supply-DH
: : HEX
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. =
o '\ \ [usen)
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Controller-BTES-Charge 2

Controller-BTES Discharge

Fig. B.2.1. TRNSYS model of H1 scenario.
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Table B.1.2
Differential controller (Type 2b) controller function [34].

If the controller was previously on (y; = 1)
If ATy, < (Ty —Ty) theny, =1
If ATy > (Ty — Ty) then y, = 0

If the controller was previously off (y; = 0)
If ATy < (Ty — Tp) theny, =1
If ATy > (Ty — Tp) theny, =0

If Tip > Trax theny, =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 ATy = 2, ATy = 10, Tpax = 90°C
Ty : outlet temperature of STCs
Ty : bottom temperature of the colder BST (BST2)
Tin : top temperature of the warmer BST (BST1)
BTES controller (charge) ATy = 3,ATy = 10, Tpax = 90°C
non-heating seasons Ty : top temperature of the warmer BST (BST1)
Ty : average soil temperature near boreholes (center)
T, : average storage temperature
BTES controller (charge) ATp = 2, ATy = 10, Tpax = toptemperatureof BST1
heating seasons Ty : load-side supply temperature
Ty : bottom temperature of the colder BST (BST2)
T, : average soil temperature near boreholes (center)
BTES controller (passive discharge) ATy = 3,ATy = 10, Tpax = 45 C
heating seasons Ty : average soil temperature near boreholes (center)

Ty : bottom temperature of the colder BST (BST2)
T, : top temperature of the warmer BST (BST1)

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 Ty, and compares it with the bottom temperature of the colder BST
(BST2), cf. Table B.3.1. When Ty, falls below the designed value, specified by ATy and ATy, 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 AT of 7 K.

;'"'"'*: """"""""""""" S : ﬁ

¥ Itezator] & H Aduastat

'<‘. :

i & i — _
i 2 ; _'_(I?/ _‘L;I'—'-! D
Emirosconomics Leveizig htegeator : RESIIL ) Suopv-TH B

Proparties SL BST oL PIL Rewm-TH ]" 3

TypefS2-Return-SL PSL

R

" i
éﬁ Control BTES
Detayed Frouts

Contsolier-SL Controlier-BTES-Charze 1

Contwolier BTESCharge 2
Controfier-BTES-Discharge-Active

Controller BTES Discharge Passive

Fig. B.3.1. TRNSYS model of H2 scenario.
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Table B.3.1
Controller parameters of type 2b for the ground loop in active discharge mode.
BTES controller (active discharge) AT, = 2, ATy = 6, Trax = 45°C
heating seasons Ty : load-side supply temperature

Ty : bottom temperature of the colder BST (BST2)
Tin : top temperature of the warmer BST (BST1)

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 AT 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 Tgyp is met. The GB, which is turned on or off by an
aquastat supplies the load that cannot be delivered by the BSTs.

e ik

WeatherData ~ §  Integator 3 : Aquastat
- & ; ~ _—
& & -~ gl e — }
Environ-economics Levelizing Integrator2 . P-BST-DL r (€] Supply-DH 0
= =) | | T
& & & . @ —
Properties BST o 4
PDL Return-DH =

SR
a8

e @)

BTES Discharge

Fig. B.4.1. TRNSYS model of H3 scenario.

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 Tsyp, 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 Ty, 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 AT. 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.
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Controller parameters of type 2b for the BTES in charge and discharge mode.
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Fig. B.5.1. TRNSYS model of HC3 scenario.

BTES controller (passive charge)
cooling seasons

BTES controller (active discharge)
heating seasons

AT, =1,ATy = 4, Tiax = 22°C

Ty : top temperature of the warmer BST (BST1)

Ty : average soil temperature near boreholes (edges)
Tin : average soil temperature near boreholes (edges)

ATy, = 2,ATy = 6, Trax = 45 C

Ty : load-side supply temperature

Ty : bottom temperature of the colder BST (BST2)
Ti, : top temperature of the warmer BST (BST1)

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.
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Table C.1

NSGA 1II optimization settings [65].
Parameter Definition Value
CrossoverFen 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 isless ~ le-4
MaxStallGenerations  than or equal to FunctionTolerance. 100
MaxGenerations Maximum number of iterations before the algorithm halts. 200 x 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
SelectionFen Function that selects parents of crossover and mutation children. Selectiontournament®

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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Appendix G — Example model summaries

Chapter 7.1 example model — Bradstrup SDH system

Model “MoSDH — Braedstrup validation”

SolarThermalCollectorField newSolarField

Parameter Value Remarks

Aperture area 10,637.8 m2 ?g;vc;o(lelfgtlf)’r;(i)zg)o.SS rows of 12 (average) with 12.56 m2 each
Collector row distance 55m (Serensen et al., 2013)

Efficiency data datasheet Type ARCON-SUNMARK HT-SA 28/8

Heat carrier medium Glycol 34/64 (Serensen et al., 2013)

SolarThermalCollectorField oldSolarField

Parameter Value Remarks

Aperture area 8000.7 mz gﬁ’Yzcoojl-lse)ctors in 91 rows of 7 (average) with 12.56 m2 each (Bava et
Collector row distance 55m (Serensen et al., 2013)

Efficiency data datasheet Type ARCON-SUNMARK HT-SA 28/8

Heat carrier medium Glycol 34/64 (Serensen et al., 2013)

DistrictHeatingPipes newFiledLine

Parameter Value Remarks

Dimensions DN200/355 PI diagram & (isoplus, 2020)

Length 650 m Estimated with satellite image

DistrictHeatingPipes oldFiledLine

Parameter Value Remarks

Dimensions DN200/355 PI diagram & (isoplus, 2020)

Length 160 m Estimated with satellite image
|Gasoiler gaseoiter

Parameter Value Remarks

Thermal power 13.5 MW (Jensen et al., 2016)

Rated efficiency 104% (Jensen et al., 2016)

Parameter Value Remarks

Thermal power 2 x 4.1 MWy, (Jensen et al., 2016)
Fuel efficiency 89% (Jensen et al., 2016)
Power to heat ratio 0.89 (Jensen et al., 2016)

ElectricHeatingRod electricBoiler

Parameter Value Remarks

Thermal power 10 MW, (Jensen et al., 2016)
Efficiency 99% Assumed
HeatPump heatPump

Parameter Value Remarks

Thermal power & COP monitoring see Chapter 7.1

Parameter Value Remarks

Boreholes 48 x45m (Sarensen et al., 2013)

BHES 6 x 2U serially DN32; grout thermal conductivity of 1.44 W/m/K after (Sgrensen et
al., 2013)

Ground thermal conductivity 1.72 WI(m.K) Effective value after (Tordrup et al., 2017)

Ground thermal capacity

1.96 MJ/(M3.K)

Effective value after (Tordrup et al., 2017)
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TTES hotBuffer

Parameter Value Remarks

Volume 5,500 m3 (Serensen et al., 2013)

Height 175m Calculated with diameter from satellite image
TTES coldBuffer

Parameter Value Remarks

Volume 2,000 m3 Pl diagram

Height 15m Calculated with diameter from satellite image
D eating Pipe e

Parameter Value Remarks

Dimensions DN100 Pl diagram & (isoplus, 2020)

Length 600 m (Sgrensen et al., 2013)

Chapter 6.4 7.1example model — BHE design and operation optimization

Model “MoSDH — exergetic optimization”

Parameter Value Remarks

Layout hexagonal

Number of BHEs 19

BHE length 750 m

Depth of BHE heads 5m

BHE spacing 5m

Location 2 layers Average temperature: 10 °C; Geothermal gradient: 0.003 K/m
Layer 1 Top 50 m lamda= 1.5 W/(m.K), rho=2500 kg/m3, cp=800 J/(kg K)

Layer 2 Below 50 m lamda= 2.65 W/(m.K), rho=2500 kg/m3, cp=800 J/(kg K)
Borehole heat exchanger coaxial Outer pipe:; Inner pipe:

Steel casing 6 5/8" x 7.35 mm | Thermal conductivity steel: 54 W/(m.K)

Steel tubing 4 %" x 5.7 mm Thermal conductivity steel: 54 W/(m.K); TC PP: 0.23 W/(m.K)
Grout upper section 0.5 W/(m.K) Borehole diameter: 270 mm

Grout lower section 1.5 W/(m.K) Borehole diameter: 216 mm
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