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Abstract

District heating and cooling are efficient systems for distributing heat and cold in urban areas. They
are a key solution for planning future urban energy-efficient systems due to their high potential for
integrating renewable energy sources. The systems also play an important role in community
resilience, which makes them a multidisciplinary research topic. The continuous development of these
systems has now reached the fifth-generation whereby end-customers can benefit from the intrinsic
synergies this generation offers.

A typical Fifth-Generation District Heating and Cooling (§GDHC) system consists of connected
buildings that together have simultaneous heating and cooling demands. Local heat pumps and
chillers in decentralised substations modulate the low network temperature to the desired building
supply temperatures. The demands are potentially balanced by the means of recovering local waste
heat from chillers, while also utilising heat pumps to provide direct cooling. The heat carrier fluid in the
distribution pipes can therefore flow in either direction in the so-called bidirectional low-temperature
network. A balancing unit is incorporated to compensate for network energy imbalances.

The exchange of energy flows is realised at different stages within the individual building and
across connected buildings. Numerous factors influence the quantity and quality of the exchanged
energy flows. Demand profiles in each building, the efficiency of building energy systems, and control
logics of system components are some examples of these factors. Investigating this generation using
traditional computational tools developed using imperative programming languages is no longer
suitable due to system complexity, size variability, and changes adopted in different use cases.

Modelica is a free open-source equation-based object-oriented language used for the modelling
and simulation of multi-domain physical systems. Models are described by differential-algebraic and
discrete equations. The mathematical relations between model variables are encapsulated inside an
icon that represents the model. Different component models interface variables through standardised
interfaces and connection lines. Large complex systems are composed by the visual assembly of
components in a Lego-like approach. Models developed in Modelica can be easily inherited for rapid
virtual prototyping and/or edited to adopt changes in the model use.

This dissertation has a fourfold objective. Firstly, it demonstrates the development of a simulation
model for an installed 5GDHC system located in Lund, Sweden. Secondly, it characterises the
components that constitute a 5GDHC system. Thirdly, it unravels the exchange of energy flows at
different system levels and describes, in a logical progression, the modelling of 5GDHC with Modelica.
Fourthly, it presents ethical risk analyses of the different role-combinations that may arise in 5GDHC
business models. The developed model is used in performing annual simulations and to evaluate the
system performance under two different substation design cases.

The results indicate that adding a direct cooling heat exchanger in each substation can reduce the
electric energy consumption at both substation and system levels by about 10 and 7 %, respectively.
Moreover, the annual waste heat to ambient air can be decreased by about 17 %. The dissertation
fosters an ethical discourse that engages the public and all who take part in the multidisciplinary
research on 5GDHC to guarantee safe operation and appropriate services. Future research will build
on the models presented in this dissertation to investigate different network temperature and pressure
control strategies, in addition to adopting several design concepts for balancing units and thermal
energy storage systems.
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“The psyche is the greatest of all cosmic
wonders and the sine gua non of the
world as an object. [...] Swamped by the
knowledge of external objects, the
subject of all knowledge has been
temporarily eclipsed to the point of
seeming non-existence.”

— Carl Jung, The Spirit of Psychology
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Abstract

Abstract

District heating and cooling are efficient systems for distributing heat and cold
in urban areas. They are a key solution for planning future urban energy-
efficient systems due to their high potential for integrating renewable energy
sources. The systems also play an important role in community resilience,
which makes them a multidisciplinary research topic. The continuous
development of these systems has now reached the fifth-generation whereby
end-customers can benefit from the intrinsic synergies this generation offers.

A typical Fifth-Generation District Heating and Cooling (SGDHC) system
consists of connected buildings that together have simultaneous heating and
cooling demands. Local heat pumps and chillers in decentralised substations
modulate the low network temperature to the desired building supply
temperatures. The demands are potentially balanced by the means of
recovering local waste heat from chillers, while also utilising heat pumps to
provide direct cooling. The heat carrier fluid in the distribution pipes can
therefore flow in either direction in the so-called bidirectional low-
temperature network. A balancing unit is incorporated to compensate for
network energy imbalances.

The exchange of energy flows is realised at different stages within the
individual building and across connected buildings. Numerous factors
influence the quantity and quality of the exchanged energy flows. Demand
profiles in each building, the efficiency of building energy systems, and control
logics of system components are some examples of these factors. Investigating
this generation using traditional computational tools developed using
imperative programming languages is no longer suitable due to system
complexity, size variability, and changes adopted in different use cases.

Modelica is a free open-source equation-based object-oriented language
used for the modelling and simulation of multi-domain physical systems.
Models are described by differential-algebraic and discrete equations. The
mathematical relations between model variables are encapsulated inside an
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icon that represents the model. Different component models interface
variables through standardised interfaces and connection lines. Large complex
systems are composed by the visual assembly of components in a Lego-like
approach. Models developed in Modelica can be easily inherited for rapid
virtual prototyping and/or edited to adopt changes in the model use.

This dissertation has a fourfold objective. Firstly, it demonstrates the
development of a simulation model for an installed SGDHC system located
in Lund, Sweden. Secondly, it characterises the components that constitute a
SGDHC system. Thirdly, it unravels the exchange of energy flows at different
system levels and describes, in a logical progression, the modelling of SGDHC
with Modelica. Fourthly, it presents ethical risk analyses of the different role-
combinations that may arise in SGDHC business models. The developed
model is used in performing annual simulations and to evaluate the system
performance under two different substation design cases.

The results indicate that adding a direct cooling heat exchanger in each
substation can reduce the electric energy consumption at both substation and
system levels by about 10 and 7 %, respectively. Moreover, the annual waste
heat to ambient air can be decreased by about 17 %. The dissertation fosters an
ethical discourse that engages the public and all who take part in the
multidisciplinary research on SGDHC to guarantee safe operation and
appropriate services. Future research will build on the models presented in this
dissertation to investigate different network temperature and pressure control
strategies, in addition to adopting several design concepts for balancing units
and thermal energy storage systems.
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Swedish summary

Sammanfattning

Fjirrvirme och fjirrkyla 4r indamalsenliga system f6r distribution av virme
och kyla i titbebyggda omraden. Dessa system ir viktiga vid planeringen av
framtida energieffektiva system pa grund av deras hoga potential for att
integrera fornybara energikillor. Systemen spelar ocksd en viktig roll i
samhillets energiforsorjningssikerhet, vilket gér dem till ett tvirvetenskapligt
forskningsomride. Den kontinuerliga utvecklingen av dessa system har nu
natt sin, som man uttrycker det, femte generation dir slutkunder kan dra nytta
av de inneboende synergier som denna generation erbjuder.

Ett typiskt femte generations fjirrvirme- och kylsystem (SGDHC) bestar
av anslutna byggnader som tillsammans har samtidigt virme- och kylbehov.
Lokala virmepumpar och kylmaskiner i decentraliserade undercentraler
anvinder den laga nittemperaturen for att forse byggnaderna med nédvindig
temperatur. Energibehovet balanseras genom att dtervinna lokal spillvirme
fran kylmaskiner, samtidigt som man anvinder virmepumpar for direkt
kylning. Virmebirarvitskan i distributionsréren kan dirfér strémma i bada
riktningarna i det si kallade dubbelriktade ligtemperaturnitet. En
balanseringsenhet inf6rs for att kompensera for energiobalanser i nitet.

Utbytet av effeke sker i olika delsystem inom den enskilda byggnaden och
ocksd mellan anslutna byggnader. Manga faktorer paverkar kvantiteten och
kvaliteten pa de utbytta effekterna. Behovsprofiler i varje byggnad,
effektiviteten 1 byggnadens energisystem och reglerinstillningar for
systemkomponenter ir nagra exempel pa dessa faktorer. Att undersoka femte
generationens fjirrvirme och fjirrkyla med traditionella berikningsverktyg
som utvecklats med konventionella programmeringssprik ir inte lingre
limpligt pd grund av systemkomplexitet, storleksvariation och variationer som
uppstir i olika anvindningsfall.

Modelica ir ett gratis ekvationbaserad objektorienterat sprik baserat pa
oppen killkod. Modelicavaldes f6r modellering och simulering av fysiska

vii
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system med flera dominer. Modeller beskrivs med differentialalgebraiska
ekvationer och diskreta ekvationer. De matematiska forhillandena mellan
modellvariabler ir inkapslade i en ikon som representerar modellen. Olika
komponentmodeller ~ har  standardiserade  grinssnitt  till  andra
komponentmodeller. Stora komplexa system bestir av en visuell
sammansittningen av komponenter pi ett Lego-liknande tillvigagingssitt.
Modeller som utvecklats i Modelica kan enkelt idrvas for snabba virtuella
prototypbyggen eller redigeras om forindringar i modellen behévs.

Denna licentiatavhandling har ett fyra mal. For det forsta beskrivs
utveklingen av en simuleringsmodell for ett installerat SGDHC-system i
Lund, Sverige. For det andra karakteriseras komponenterna som utgér ett
SGDHC-system. For det tredje beskrivs utbytet av energiforflyttningar pa
olika systemnivaer och visas utvecklingen av modelleringen av SGDHC med
Modelica. For det fjirde presenteras etiska riskanalyser av de olika
aktorsrollskombinationerna som kan uppstd i SGDHC-affirsmodeller. Den
utvecklade modellen anvinds for att utféra arliga simuleringar och for att
utvirdera systemets prestanda under tva olika fall av undercentraler.

Resultaten indikerar att tillsats av en direktkylningsvirmevixlare i varje
undercentral kan minska den elanvindningen vid bide undercentralen och i
hela systemet med cirka 10 respektive 7 %. Dessutom kan den arliga
spillvirmen till omgivande luft minskas med cirka 17 %. Avhandlingen frimjar
en etisk diskurs som engagerar allminheten och alla som deltar i den
tvirvetenskapliga forskningen om SGDHC for att garantera siker drift och
limpliga tjanster. Framtida forskning kommer att bygga pa modellerna som
presenteras i denna avhandling for att undersoka olika nittemperatur- och
tryckregleringsstrategier, férutom att testa fler konstruktionerslosningar for
balanseringsenheter och lagringssystem for termisk energi.

viii



Arabic Summary

[o) o~ - o~
_S\QJ_Q”:):Ml
w,

.
.
- -

S SU 8 &id A»)\)J\ 5\ J\.:ﬂ[ C”J Aug@@dw ady 835 OGS
umm»; VB jolas 5 8 A KON TS KAl KL g ab gbul
WLS@MD%AMQJQMYM\LBWJ&QMUM
oJ@MJ«jLJ Olakid) smp&@py\@.\a&b C;i\mjfgb\.m )5
) KA s kel el 5 e ol LT ) 591 iy
S 0 238 ) ol ) o

UL&M\MU;@S ah glis s bl L1 e )y 200 SRS 45K
:gfu\»;j@gfubh@g&\@y{&bwﬂ | G RERE ,\U«Jjwwm\
Ul 873 Whls] Sl g clags 1) EEN 8 b Slass sty 558
W@i\du &Zg&cjkb:{gm) ol m)yjdzbm&»c.u U-
L HE 25 8 u\.\,jww\ 1A 2155 ol b DA Vi Sasgg RGAN
VL\,;UAAL stﬂbﬂm.\;y;.u‘}) )\ u\z,al\r\w‘ﬁ @La‘)?h Lm).)..&g”;s
L2 i) e ot ¢ o SNy J>> <h & Jﬁ d\uég
a)}\ oleys Ok aJc Oﬂm Y o2 LB&))"S w\; C\L\ O"‘“ &)
K2 se xdly D} uw‘“’wuywy Y- ROy °L‘Y &L‘W
o) b B S et 8 i s, X @

ool el QL) B s &l o6 Rl olie e i) BN 5 332 55
s Y A g o o sk il B0 xegs 18 G 5 L 5
Wl uhjﬁgﬁd yhﬂj‘du\gwu (.3;32;\5}‘4;\» V{g @\LA\ uLLLw

ix



Modelling and Simulation of the Fifth-Generation District Heating and Cooling

25 it Ay 35 88, iy Il pisn s53lly Bl Blad) sl
ey i)l Ve 3l 5 4 NN asks & )l j,,nj ol

PR X PESA TRCAN B (R e Jhall de gt des deay &
Shage & 73 s 5 coVlell 5adass dz il ads Y 3G deds 3 ELEA]
Sl o5 ol oY) Gl 5 Aais OYalids Be BOE ws\;,: sy
wwuéuﬂ‘m’&\@udgu Jj@J&/UJJWdJAJA) ;}J\
to$ Jy\> U’A aA.a.t.L MLJ\.OJ %Xa)y ;«LJ r;\.v J\.,m L}ij D.Aa-jo A.M.HLB u\i\j Jyw
M\;U}LL\CJLJ 5>;~u uLagn mhu\.«w;bw@élbudf

@U My 52 (1 1S4 K a2 22050 @vag J> u‘ujfu ug“’ KLJ}»

S Chase

wruak{wggy,)hd-c@‘v laa! ] Mbj}}!\amu.\f
5 oS S BB sl G sy R 3 @ Sl ) S K
o AiSWE . K...J\; ERL OLLL\ 3 d\.l\ 25 @ el 4 OGS
ujmj @@J rua,s uuwﬁwu @\u J;LJ w,w dsx w.ﬁ\
M.L:J. jﬂ\ sl o\&wi w’ﬂaﬁ JL\P;AH J..\A f‘.,\.a.a ‘\,u Klsy ML
Csyd\ pAaLd . et L) (3 50003 JL&)J\ lshu 3 [FARE d‘“ﬁ uLda.l AN
i sal) oo\l f\-mad e b U«J\? 3 r\LJ\ ey f\.aJ By 8s 515 3 leal\

«b K

o B 1 55 e e K il ol o Bl B ) e
by . J.jﬁr\lai wjal\uUaA\u»VK&Hu\smbﬂﬂ FEVATRENA
i Ll 0 0 il 1) U5 2 e 8
b5 5 85 o) S0EY O @\S YN Sl Vs bW ol 339 Y VY
REARS A2 yuxédwww umwwm&;\&wﬂ,
ST ‘u.ul Zzu\ Je S i | SN el ol f‘.)wj o)) M
M\gb}\u\@s)hﬁ\bﬂgwa\&muw dou.m\idoj}‘ﬁ

‘\Q} B gf flﬁj gjyj\ < »;ﬁ f\ew\ Ge el slaey éﬁ\ﬂy\{




Nomenclature

Nomenclature

Terminology

District beating and cooling systems, district heating and cooling networks, and
district heating and cooling grids: terms that are used interchangeably
throughout the dissertation. It is considered sufficient to use only district
heating and cooling as an all-encompassing term, such as in the title of the
dissertation.

Bidirectional pipe networks: thermal pipe networks used to supply heating and
cooling and where the flow of the heat carrier can reverse its direction.

Substation: a technical room that serves as the link between the district
network side and the building demand side. The room consists of technical
installations such as heat pumps, chillers, circulation pumps, valves, and
domestic distribution pipes.

Balancing unit: an external energy system that compensates network energy
imbalance due to demand disturbances. Itinjects heat into the network in case
connected buildings have dominant heating demand. It extracts heat from the
network when connected buildings have dominant cooling demand, which
results in excess waste heat from chillers.

Latin letters

T Temperature K

0 Heat flow w

14 Volume flow rate m’/s
Cp Specific heat capacity J/kgK
m Mass flow rate kg/s

h Specific enthalpy J/kg

P Power W

t Time S

xi
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X Humidity ratio

Greek letters

n Efficiency

Ap Pressure difference

AT Temperature difference

) Demand Overlap Coefficient
Abbreviations

SGDHC  Fifth-Generation District Heating and Cooling

BES Building Energy System

CHP Combined Heat and Power
CH Chiller

COoP Coefficient of Performance
DOC Demand Overlap Coefficient
HP Heat Pump

FMI Functional Mock-up Interface

MBSE Model-Based System Engineering

Subscripts

b Building

C Cooling
comp Compressor
cond Condenser
evap Evaporator
h Heating
nom Nominal

ret Return

w Water

Mathematical operators, sets and indices

v For all elements in a set
€ Element of a set

beB Buildings

teT Time steps

xii

kgwater/ kgair

%
Pa
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simulating the fifth-generation district heating and cooling systems.
Abugabbara, M., Javed, S., Bagge, H., & Johansson, D.

Energy and Buildings. Elsevier Ltd. Volume 224, 1 October 2020, 110260
DOI: 10.1016/j.enbuild.2020.110260

Paper II

A Novel Method for Designing Fifth-Generation District Heating and
Cooling Systems.

Abugabbara, M., & Lindhe, ].

In Proceedings of The 10th International Cold Climate Conference, 20-21
April 2021, Tallinn, Estonia

DOI: 10.1051/e3sconf/202124609001

Paper III

Modelica-based simulations of decentralised substations to support
decarbonisation of district heating and cooling.

Abugabbara, M., Lindhe, ] ., Javed, S., Bagge, H., & Johansson, D.

The 17th International Symposium on District Heating and Cooling, 6-9
September 2021, Nottingham, United Kingdom

(Submitted manuscript).

xiii


https://doi.org/10.1016/j.enbuild.2020.110260
https://doi.org/10.1051/e3sconf/202124609001

Modelling and Simulation of the Fifth-Generation District Heating and Cooling

My contributions to each paper are presented in the below table:

o0
£
ER
= — 3
g 2 < .20 =
s B < 5 & T & 3
3 b= < =}
E 2 g 2 5 5 » = 2
O o] I < s 5} =] =] =
Q < =3 g 2 b Bl 5 <
g 51 & = 2 g - g 3
o = 3 o RS @) = = S
Paper I 3 3 3 3 3 3 3 3 3
Paper II 3 3 3 3 3 3 3 3
Paper III 3 3 3 3 3 3 3 3
No contribution 0
Limited contribution 1
Moderate contribution 2
Significant contribution 3

Xiv
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Summary of Included
Papers

Paper I establishes the foundation of the research project. The paper is in line
with the objectives of the International Energy Agency Annex 60 that aims to
develop next generation building and community energy grids based on the
Modelica language and the Functional Mock-up Interface standard. Several
studies that have reported successful use of Modelica and FMI in modelling
and co-simulating district heating and cooling systems are reviewed.
Bibliographic maps are presented to link the literature based on different
bibliometrics. Control strategies for fifth-generation district heating and
cooling and simulation performance of district energy systems in Modelica are
discussed.

Paper II demonstrates a design method for sizing the main components in a
fifth-generation district heating and cooling system. Quantification of the
exchanged energy flows between connected buildings is presented through
three different stages. The paper explores the possibility of integrating fifth-
generation district heating and cooling system into existing buildings. Detailed
assessment of building clusters is also provided.

Paper III investigates two different design cases for decentralised substations.
The paper main contribution is the analyses of substation energy systems
performance before and after the implementation of a direct cooling heat
exchanger. Adding a direct cooling heat exchanger in each substation with
cooling demand is essential to improve energy efficiency. Simulation results
showed that the annual electric energy consumption is reduced by
10 % when the direct cooling heat exchanger is added.

XV
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The connection between the three included papers is shown in the below
illustration. Firstly, employing Modelica as a suitable modelling paradigm for
fifth-generation district heating and cooling is reviewed and motivated in
Paper 1. Secondly, the design method for sizing the system components is
implemented in a flat Modelica model and reported in Paper II. Thirdly,
detailed modelling and simulation of substation components with Modelica

is presented in Paper IIL
S
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Fig A. The connection between the included papers in relation to the research main objective of developing
a simulation model for a fifth-generation district heating and cooling system.
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1 Introduction

This chapter begins with an overview of the world and Swedish energy
situation and climate policies. Then, it sheds some light on the important role
of district heating and cooling in the planning of future energy systems.
Research objectives, method, and limitations are then presented. A
deliberation about engineering ethics is provided as a background of the
ethical risk analyses. The chapter closes with an overview of the structure of
the dissertation.

1.1 Energy outlook

An energy system consists mainly of four parts: primary energy supply, central
conversion, local conversion, and end-use (Frederiksen & Werner, 2013). Part
of the total primary energy supplied to the energy system goes through central
conversion processes to refine fuels and to generate electricity and heat. The
converted energy is then delivered to the end-users where it can be used directly
or go through local conversion. The previous parts of the energy system
constitute complex flows between energy supply and energy consumption. In
a world where the energy sector has seen unprecedented development during
the past decades, investigating the energy balance starting from primary energy
supply to final energy consumption becomes increasingly important. The
investigation offers some important insights into several indicators, such as the
energy situation of a country.

The Total Final Consumption (TFC) of energy in the world and Sweden is
shown in Fig. 1.1. The measured TFC for the last three decades is categorised
based on the energy sources explained in the legend. One can clearly see the
continuous increase in global energy consumption. This increase is
inextricably associated with global economic growth. For instance, the impact
of the 2008 global economic crisis can be seen in the sudden drop of TFC in
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Fig. 1.1 Total final energy consumption in the world (left) and in Sweden (right). The abscissa shows the
year and the ordinate shows the energy consumption measured in kilotons of oil equivalent (ktoe), where
1 ktoe equals 11.63 Gigawatt hours. Data source: (International Energy Agency, 2020). Note that the two
charts do not have a uniform scale.

the sum of 150 countries and regions included in the presented data.
Moreover, the TFC in the world between 1990 and 2018 increased by an
average of 1.6 %. In the same period, the world average Gross Domestic
Product (GDP) increased by a similar rate with about 1.4 % increase (The
World Bank, 2021). The association between energy consumption and
economic growth is substantiated by the sharp increase in TFC in Sweden in
2010. The Swedish GDP per capita in 2010 peaked at 5 % following the 2008
economic crisis. However, the rate of energy consumption in Sweden has been
decreasing during the last decade. One of the main causes attributed to this
decrease is that Sweden is moving towards achieving its promising energy and
climate goals, a topic that will be discussed in Section 1.2.

The strong association between energy consumption and economic growth
remains evident during the COVID-19 pandemic. As the global economy has
been severely affected by the lockdown, the primary energy consumption
during 2020 decreased by almost 4 % (IEA, 2021b). Consequently, energy-
related carbon emissions dropped by 5.8 % to mark the largest annual
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percentage decline since the Second World War. To better understand the
magnitude of this decline, we would need to remove all the European Union’s
carbon emissions from the global total to reach the same decline. Half of the
decline in 2020 emissions was related to the drop in oil demands in the
transportation sector. On the contrary, the residential sector faced an
unprecedented increase in energy demand due to the imposed restrictions and
changes in daily habits. A recent study compared measurements of energy
consumption before and during COVID lockdown in 40 Canadian dwellings.
The study showed that electricity and hot water use were increased by 46 %
and 103 %, respectively (Rouleau & Gosselin, 2021). The large variation in
energy consumption between the transport and residential sectors reveals the
impact of the energy-consuming sectors on future energy markets.

Fig. 1.2 shows the percentage of the TFC by the different energy-
consuming sectors. The percentages are almost similar between those in the
world and Sweden. The energy sources presented earlier in Fig. 1.1 are used for
various applications by different sectors. Heating and cooling are common

Percentage of total I?ercentage of total
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Fig. 1.2 Percentage of total final energy consumption by different sectors in the world (left) and in Sweden
(right). Data source: (International Energy Agency, 2020). Non-energy use includes fuels that are used as
raw materials in the different sectors but are not used to produce energy.
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applications in almost all energy-consuming sectors. Heating applications in
the industrial sector involve, for example, producing steel, paper, glass, etc.
About half of all industrial heat demand requires temperatures below 400 °C,
where a share of about 60 % is related to heat demand below 250 °C (Hess,
2016). This demand includes low to medium temperature (< 100 °C) heat to
reach a comfortable indoor climate inside industrial premises. The building
sector requires low to medium temperature heat mainly for space heating and
to produce domestic hot water. Cooling applications in the industrial and
building sectors include, for example, space cooling for indoor thermal
comfort, food storage, and cooling of computer data centres. The industrial
and building sectors are responsible for one-third of the global TFC and 50 %
of Europe’s TFC (European Commission, 2016; IEA, 2021a). These numbers
show that there are large potentials for achieving significant reductions in
carbon emissions by improving the energy efficiency of heating and cooling

systerns .

1.2 Energy and climate policies

The world population is projected to reach 9.7 billion by 2050, where about
68 % are expected to reside in urban areas (United Nations, 2017). As a
consequence, the number of houscholds is projected to increase by 88 %
between 2009 and 2050 (IEA, 2012). In light of these figures and the energy
outlook discussed in the previous section, governments have enacted energy
and climate policies aiming at reducing the environmental impact of carbon
emissions. According to the Swedish Energy Ministry, “energy policy
encompasses the production, distribution and use of energy. It aims to
reconcile ecological sustainability, competitiveness and security of supply. It
includes issues related to electricity, heating and gas markets, energy efficiency
and renewable energy such as bioenergy, solar energy, and wind and
hydropower.” (Government Offices of Sweden, 2021). The coming
paragraphs introduce some of the important international and national
policies related to the energy sector.

The Paris agreement adopted in 2015 aims to limit global warming to well
below 2 °C (UNFCCC, 2015). The European Commission climate action
framed a long term strategy to become climate-neutral by 2050 (European
Commission, 2020). On a Swedish national level, the country has a target of
becoming carbon-neutral by 2045 (Government Offices of Sweden, 2018).
This national target goes in parallel with the energy policy agreement reached

4
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in 2016, which stipulates that all electricity production should be 100 % from
renewable sources by 2040 (Government Offices of Sweden, 2016). The
previous policies have accentuated the role of the energy sector in the planning
of future sustainable societies.

Achieving energy and climate targets entails developing innovative
solutions for future building and community energy systems. These future
systems should address technical challenges such as the integration of low-heat
renewable sources, energy supply during extreme weather events, and energy
conversion and utilisation between several sectors. District heating and
cooling systems offer a range of possibilities to efficiently supply thermal
energy and to be integrated with the electricity and transport sectors (Lund et
al., 2014). In the Sustainable Development Scenario outlined by the
International Energy Agency, district heating and cooling are seen as an
integral part of future energy systems (IEA, 2020). The development of new
generations of district heating and cooling networks increases the potential of
integrating renewable energy sources as well as the utilisation of locally
available waste heat.

1.3 Background of district heating and
cooling

This section reviews the development of district heating and cooling and lists
their possible benefits and drawbacks.

1.3.1 Evolution of district heating and cooling

The evolution of district heating and cooling throughout five different
development stages is depicted in Fig. 1.3. The first district heating network
was realised in the 1870s in Lockport in the United States, where steam was
used as a heat carrier (Frederiksen & Werner, 2013; Pellegrini & Bianchini,
2018). The steam had high risk of explosion and was therefore replaced by
pressurized water in the second generation. Because traditional radiators in
buildings were designed to cover space heating at about 80 °C, a new
generation was developed with lower supply temperatures. The new third
generation, also known as the Scandinavian district heating, was designed to
operate with a network temperature of around 80 °C. Despite the current wide
use of this generation, it has several challenges. For example, the centralised
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Fig. 1.3 Evolution of district heating and cooling networks. The abscissa shows the evolution through five
different generations and the ordinate shows the corresponding temperature level and energy efficiency.
Black lines in each generation represent the pipe network, while arrows denote the direction of heat flow. A
few examples of different energy sources and end-customers are depicted. Adopted from Lund et al. (2018)
and Wirtz et al. (2020b).

heat production causes high network thermal losses. Moreover, the third
generation limits integrating low-heat renewables sources such as shallow
geothermal and solar thermal, which can reduce carbon emissions (Comakli et
al., 2004; Keebag et al., 2011). The fourth generation addressed these issues by
reducing the network operating temperature down to 40 °C. Despite the
significant network temperature reduction, the fourth generation has yet two
main issues. First, the network does not supply both heating and cooling
through the same pipe network. Second, the centralised heat production limits
the network expansion (Buffa et al., 2019). These challenges are addressed by
today’s state-of-the-art fifth-generation district heating and cooling.
Fifth-generation district heating and cooling (SGDHC) leverages the
synergies between connected buildings with simultaneous heating and cooling
demands. Due to demand simultaneity, the heat carrier in the pipes can flow
in either direction, resulting in a bidirectional network. The network in this
generation is not designed to provide the required supply temperature at each
connected building. Instead, decentralised heat pumps and/or chillers
modulate the network temperature to the building temperature supply level.
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Such network design enables supplying both heating and cooling through the
same pipe network and reduces the network operating temperature close to
the ground temperature. Moreover, SGDHC can utilise the available waste
heat from decentralised chillers condenser by supplying it to other connected
buildings with heating demand. Detailed explanation about the system
components and thermal interactions between connected buildings is
provided in Section 3.

1.3.2 Benefits and drawbacks

District heating and cooling systems have various technical, environmental
and social benefits and few drawbacks that are reported in references
(Frederiksen & Werner, 2013; Mazhar et al., 2018; Reinbold et al., 2019;
Sepponen & Heimonen, 2016).

Benefits of district heating and cooling include:

e Economic feasibility in urban areas with high heat density.

e Increased potential of integrating low-heat renewable energy sources
such as geothermal and solar thermal in comparison to individual
building energy systems.

e High security of heat and cold supply to end-customers.

e Less floor areas for heating and cooling installations in connected
buildings.

e Lower investment and maintenance costs for end-customers.

e Increasing social collaboration by connecting buildings suffering from

encrgy pOVCI‘ty.

Drawbacks of district heating and cooling include:

e The natural monopoly of networks restricts price negotiation for
individual customers.

e System failures will affect all buildings connected to the same network.

e System knowledge is exclusive to experts. The general users, therefore,
have neither awareness nor control over their heat and cold supply.

e The selection of newly connected buildings to SGDHC networks may
involve ethical risks. Selection criteria based solely on demand balancing
will favour certain types of buildings and exclude others. We shall explore

the state of affairs surrounding this risk in Section 6.9.
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1.4  District heating and cooling markets

The first commercial district heating networks were introduced in Lockport
and New York in the United States in the 1870s and 1880s (Werner, 2017b).
Nowadays, there are an estimated 80 000 district heating systems around the
world (ibid). About 6000 of these systems exist in Europe, supplying about
12 % of the total heat (Euroheat & Power, 2017). District cooling, on the other
hand, has much smaller deliveries compared to district heating. District
cooling systems deliver about 7 % of the total cooling demand in residential
buildings in the Middle East. While cooling of service buildings in the United
States and Europe provided by district cooling is about 4 and 0.7 %,
respectively.

In Sweden, the first district heating system was found in Karlstad in 1948
(Werner, 2017a). Today, there are about 500 district heating systems in
Sweden with a market share of about 55 % of all heat supply to buildings. The
total pipe length of these networks in 2014 was about 23 400 km. The annual
distribution losses from the network in the same year was about 12 % of the
heat supplied into the networks. By contrast, the total pipe length of district
cooling in Sweden was 506 km in 2013. The latest figures in 2019 show that
the total deliveries of district heating to final consumers was about 50 TWh,
whereas only 1 TWh was delivered by district cooling (Statistics Sweden,
2019).

The Sankey diagram shown in Fig. 1.4 provides an understanding of the
Swedish district heating energy balance in 2019. From left to right direction,
the diagram shows three main stages of district heating energy balance. These
are: 1) fuel and electricity input, 2) heat generation, and 3) heat delivery. It can
be clearly seen that biomass accounts for most of the input fuel in the Swedish
district heating. About 42 % of the fuel input to Combined Heat and Power
plants (CHP) comes from biomass, whereas the share increases to 74 % of all
input fuel to Heat-only-plants. Burning municipal solid waste comes after
with about 37 % and 14 % of total fuel input to CHP and Heat-only-plants,
respectively. Heat generation in Swedish district heating comes mainly from
CHP and Heat-only-plants. However, there are other heat generation sources
such as industrial excess heat, centralised heat pumps, electric boilers, and flue-
gas condensation. Taken together, these heat sources have a share of 29 % of
total heat generation to district heating. About half of the district heating final
deliveries goes to multi-family houses. District heating also delivers low to
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Fig. 1.4 Sankey diagram for the Swedish district heating energy balance in 2019. The width of connecting
bars is proportional to the quantity of heat flow measured in GWh. Different nodes in the energy balance
are illustrated in green rectangles. Yellow and blue bars correspond to fuel and electricity input, while red
bars denote heat flows from heat sources to final deliveries. Data source: Statistics Sweden and the Swedish
Energy Agency (Statistics Sweden, 2019), while conversion losses are estimated by the author to
complement the energy balance of CHP and Heat-only-plants.

medium temperature heat to the industry and for other purposes such as the
de-icing of roads in winter. Large network distribution losses appear in the
diagram with about 13 % of the final deliveries. Network losses remain similar
to measurements in previous years.

1.5 Objectives of the dissertation

The dissertation has a fourfold objective. The main objective is to develop a
simulation model for the fifth-generation district heating and cooling system
installed in Lund, Sweden and presented in the Case Study section. A second
objective is to characterise the components that constitute SGDHC systems.
A third objective is to demonstrate the modelling of system components using
an equation-based object-oriented modelling approach with Modelica. A
major contribution to research on SGDHC systems is provided by unravelling
the exchange of energy flows at different system levels. Deeper insights into
the system are offered in two ways. First, visual illustrations of the flow
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diagrams in building substations are presented. Second, the composition of
the large district system in Modelica is demonstrated by assembling small
component models. A fourth objective of the dissertation is to present ethical
risk analyses of the different personal and organisational roles that may arise in
SGDHC business models.

1.6 Research method and limitations

This research follows the systems engineering process referred to as the
V-diagram and presented in Fig. 1.5. In the context of SGDHC systems, the
process of developing a model to simulate the system is carried out at different
levels. Level 0 represents the highest level of abstraction for specifying system
requirements. The requirements for a SGDHC system can include, for
example, the choice for a suitable modelling paradigm, decentralised energy
systems, external energy source(s), and distribution pipes. These requirements
are discussed extensively in Section 2 and Section 3.1 as a part of the research
background and method. At level 1, a preliminary design of the system is
carried out where network design temperatures are considered, and capacities
of energy systems are estimated. It is not necessary to examine design details at
this level as these will be considered at later stages in the design process.

Start End

4 Experience

System
feedback

requirements

Deployment and
maintenance

Preliminary System System System
design design calibration calibration and
verification

Architectural and
system functional

design

Design
refinement

““/Subsystem
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Detailed design and Verification

implementation

Component Component verification

design

Realisation

Documentation and version handling

Fig. 1.5 The V-diagram for systems engineering process. Adopted from Fritzson (2004).
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Preliminary system design is also related to the contents of Section 3.1.
Functional design occurs at level 2 where technical aspects of the system are
refined. One of these aspects can be, for example, the procedure of balancing
demands within a building and between connected buildings. This procedure
is described in detail in Section 3.2 related to substation operating modes.
Level 3 focuses on component design and implementation that are presented
in Section 4. The previous steps describe the design process of the system
model from high to low level of details. Once the system model has been
realised in the chosen modelling environment, verification takes place as seen
in the upward arrow in the right half of the V-diagram. Verification involves
internal consistency in the model and is applied on the lowest component level
up to the system level where the system model is finally deployed. The process
is repeated based on experience from end-users and when new design choices
are adopted.

The method for the ethical risk analyses was adopted from the three-role
analyses proposed by Hansson (2018) and is shown in Fig. 1.6. This kind of
analyses aims at evaluating the role of each participant in the new business
models that may arise in SGDHC systems. The role of each individual or
organisation can have various forms that are marked in seven numbers shown
on the left side of Fig. 1.6. These forms are evaluated based on their role
combinations as shown on the right side. When the distribution of the
different roles between all individuals and organisations is not balanced,
problematic roles occur. The ideal position for an individual or organisation
to bein is field 5 where all participants make informed decisions by themselves,
expose themselves to the business risks, and benefit from them. Performing
ethical risk analyses is an attempt to ensure a fair role distribution among all

Decision Benef- Decision
maker iciary maker

Benef-
iciary

Risk-exposed Risk-exposed

Fig. 1.6 The seven forms of risk roles (left) and their evaluation (right). Adopted from Hansson (2018).
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participants in SGDHC business models.

Research limitations are classified into three main areas concerning
connected buildings, the pipe network, and the balancing unit. First, the
research does not engage with the building side of the substation. This implies
that only building hourly demands, supply and return design temperatures are
considered in the model and the building itself is left out of the scope. Second,
the research does not aim to examine the heat losses between the pipe network
and the ground nor implementing temperature and pressure control strategies.
Straightforward free-floating temperature control was implemented with
predefined lower and upper bounds. Third, the research is unable to
encompass the entire possible design configurations of a balancing unit. The
presented balancing unit model consists of heating and cooling plants that are
realised in an air-source heat pump and chiller. This model reflects the physical
behaviour of a reversible air-source heat pump that provides heating or cooling
depending on the demand type. Following this approach, thermal energy

storage in the balancing unit is considered beyond the scope of this research.

1.7 Deliberation about engineering
ethics

As new research areas are being investigated and new technologies are
developed, a science of ethics is necessary to ensure developing societies safely.
Besides, researchers experience constant pressure to achieve energy targets and
to innovate energy-efficient systems with competitive prices. Such a situation
entails fostering an ethical discourse in the engineering domain to remind
engineers to hold paramount the safety of the public before achieving any
other goals. During the development of a new technology, new design choices
are adopted, and advanced software controls are incorporated. These can lead
to design or software flaws that may result in harmful consequences if the
flaws are somehow masked and are not fully disclosed. Examples of problems
related to design or software flaws can be found in different engineering
domains, including the crashes of the Boeing 737 Max (Herkert et al., 2020),
the massive radiation overdose in the Therac-25 radiation therapy machine
(Leveson & Turner, 1993), the unintended acceleration in Toyota vehicles
(Cummings & Britton, 2020), and the Deepwater Horizon oil spill (Kanso et
al., 2020). Ethical lessons (re)learned from the previous examples reveal much
about the need to foster ethical discourse between the public, engineers, and
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decision-makers. Revitalising ethical-related issues between engineers during
the design stage can help reduce potential design problems. In a new
technology such as the fifth-generation district heating and cooling, new
system designs and advanced control logics are incorporated. New business
and price models also emerge in this generation, which can create new
possibilities and, sometimes, conflict between the involved parties. Due to the
changes in roles between the involved parties in a SGDHC system, this study
presents ethical risk analyses in Section 6.9 as an attempt to open more future
discussions about the values of the technology and to ensure safe operation.

1.8 Overview of the dissertation

The dissertation is composed of seven themed chapters. A short description of
the coming chapters is presented below.

Chapter 2. Model-Based System Engineering

This chapter partly belongs to the research background and partly to the
research method. First, it describes the equation-based object-oriented
modelling approach used in model-based system engineering. Second, it
reviews the available computational tools for modelling district heating and
cooling systems. The use of Modelica for modelling district energy system is
motivated and a short description of the modelling methodology is provided.

Chapter 3. System Architecture

This chapter is part of the research method. The components that constitute
a SGDHC system are vetted and a detailed demonstration of the possible
thermal interactions between substation components is presented.

Chapter 4. Models for System Analyses

A significant part of the research method is presented in this chapter. It
describes the physical behaviour of system components following a logical
progression from small and easy-to-understand components to the assembly

of large-scale complex district models.

Chapter 5. Case Study

This chapter presents the research materials which consists of a cluster of 11
buildings located in Lund, Sweden. Lessons from the acquisition of heat meter
data are first shared. The design specifications for the case study are then
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presented. The description of the simulation cases and sensitivity analyses of
network setpoints are introduced in this chapter.

Chapter 6. Case Results and Discussion

Results from the analyses performed on the case study are presented and
discussed in this chapter. A comparison between two substation design cases
is given based on different indicators such as Seasonal Coefficient of
Performance, balancing unit performance, network temperature oscillation,
and simulation performance. Results from the sensitivity analyses are
presented and the impact of network setpoints is discussed. A categorisation
of the district supply-demand structure at different system levels is also
provided. Ethical analyses of an emerging business model in SGDHC systems
are also presented.

Chapter 7. Conclusions and Future Research
The dissertation closes by concluding the study findings and by listing future

research areas.
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2 Model-Based System
Engineering

The International Council on Systems Engineering defines Model-Based
System Engineering (MBSE) as: “the formalized application of modelling to
support system requirements, design, analyses, verification and validation,
beginning in the conceptual design phase and continuing throughout
development and later life cycle phases.” (Friedenthal et al., 2007). One can
view MBSE as a methodology that facilitates our exploration and
understanding of the physical world around us. In modelling applications that
follow the MBSE methodology, the behaviour of physical systems is described
in mathematical models. When these mathematical models are implemented
in a computer program, their artefacts are referred to as virtual prototypes
(Fritzson, 2004).

The equation-based object-oriented Modelica language supports MBSE
with a distinctive feature compared to imperative programming languages
such as C/C++, Fortran or MATLAB/Simulink. The behaviour of the
physical model developed in Modelica is described by equations where the
computer assignments need not be specified to simulate the model (Wetter et
al., 2016). Instead, a simulation environment analyses these equations and
tinds an optimal solution sequence by employing symbolic algebra. Therefore,
model-based research with Modelica allows us to explain, control, and predict
future events of complex physical systems that have not been built yet.

In this chapter, the general concept of modelling and simulation is first
described. Thereafter, a literature review on the available computational tools
for modelling district heating and cooling is presented. Lastly, the use of
Modelica for modelling fifth-generation district heating and cooling systems
is motivated, and the modelling approach is briefly explained.
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2.1 The concept of modelling and
simulation

A model is a representation of system entities that enables answering questions
about the system (Fritzson, 2004; Hafner & Popper, 2017). Various
experiments with a set of prescribed conditions can be applied to the model.
These experiments are often called simulations. Each simulation is designed to
answer specific questions about the system. For example, one simulation on a
model representing a SGDHC system can be used to answer design questions
such as components sizes and investment cost. The majority of experiments
aiming at sizing a particular system do not necessarily require a large simulation
time scale. This is because most design problems are based on worst-case
scenarios that usually occur at a single point in time. Alternatively, optimising
system design and operation would require much more complex experiments,
i.e., simulations. These involve manipulation of system parameters and
controlling system variables during a larger simulation time scale.

Simulations have several advantages. It would be too expensive to perform
empirical experiments on large physical systems to understand how they
behave. Simulation is a feasible approach to study whether or not a particular
system should be built. To build a model where simulations are performed,
two types of knowledge are required. The first is concerned with the
knowledge of the system itself including its functional requirements and
expected behaviour. The second type of required knowledge is centred around
the software where the simulations are performed. During the early stages of
model development, the modeller needs to be aware of the model assumptions
and its uncertainties. These have their impact on model accuracy and model
management.

Fig. 2.1 shows the relationship between model management, degree of
model capacity to reflect the real system, and knowledge of model parameter
and uncertainty. First, the figure shows that significant efforts are required to
handle models with detailed and complex equations. This would increase the
risk of inadvertent errors which would impact the model accuracy negatively.
Second, the right abscissa illustrated in the dashed line shows that both
simplified and complex models decrease the level of knowledge about model
parameters and their uncertainty. The previous two facts indicate that there
exists an optimal for the aforementioned relationships. Within this optimal
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Fig. 2.1 The optimal range of model accuracy concerning model management, degree of model equation
capacity to reflect the real system, and knowledge of model parameter and uncertainty. Adopted from
Steinkellner (2011).

range, the modeller has sufficient knowledge about model parameters and
their uncertainty and where an appropriate level of model handling is required.
The main goal for the modeller is to build models within this optimal range.
This includes models for district heating and cooling systems.

2.2 Computational tools for modelling
district heating and cooling

The introduction chapter presented the fundamental idea of district heating
and cooling systems. These systems are substantially large and involve complex
heat flows between system components. With such large-scale systems, it
would be difficult to run experiments using physical prototypes to understand
their behaviour. Computer-based modelling and simulation offer possibilities
to design, analyse, and optimise complex physical systems. Nevertheless, the
worldwide implementation of district heating and cooling systems is often
neglected due to the lack of suitable tools dedicated to system design and
optimisation (Talebi et al., 2016). This section focuses on the provision of
suitable modelling frameworks for district heating and cooling systems.
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Schweiger et al. (2018) compared four modelling tools that can be used to
model district energy systems. The four tools include Simulink (MathWorks
Inc, 2021), TRNSYS (Klein et al., 1976), IDA ICE (EQUA, 2021), and
Modelica (Mattsson & Elmqvist, 1997). Dahash et al. (2019) compared eight
tools for modelling district heating systems. They concluded that
EBSILON®Proffessional (Steag-System Technologies, 2021) can serve as a
tool for the initial design stage due to its fast computation time. For integrating
renewable energy sources with district heating and cooling, Connolly et al.
(2010) reviewed 37 tools that can be used for this purpose. A comprehensive
online list of these tools is available in reference (Other tools - EnergyPlan,
2021).

Because each computational tool has its designated applications, features,
and limitations, large district systems can be divided into subsystems that are
modelled separately in individual tools. The analyses of the district system can
then be performed using co-simulation. Many co-simulation frameworks have
emerged over time and can be viewed in the work of Thomas et al. (2017).
Appended Paper I reviews different studies that utilised co-simulation for
building and district energy models. Currently, the most used framework for
model exchange and co-simulation is the Functional Mock-up Interface (FMI)
standard. Over 100 tools support the FMI standard, including tools for
building and district energy simulations. A list of these tools is available in
reference (Tools - Functional Mock-up Interface, 2019).

2.3 Modelling of district heating and
cooling with Modelica

An international project was launched in 2012 by the International Energy
Agency Energy in Buildings and Communities Programme (IEA-EBC) and
aimed to develop free open-source, new generation computational tools for
building and community energy systems based on the Modelica, Functional
Mock-up Interface and Building Information Modelling Standards (Wetter et
al., 2013). The Modelica language was developed through an international
effort in 1996 and is being warmly received by the world community in
modelling and simulation (Fritzson, 2004; Mattsson & Elmqyvist, 1997).
Modelica is an equation-based object-oriented modelling language that
supports acausal modelling of multi-domain complex physical systems.
System models are built by a visual component programming method. An
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icon represents a physical component where its behaviour is described by
differential-algebraic and discrete equations. Each icon has a standardised
interface that enables interfacing variables with other components through
connector lines. This approach allows composing large systems in a Lego-like
style.

Several studies reported successful use of Modelica for modelling district
heating and cooling systems. Schweiger et al. (2017) presented a thermo-
hydraulic dynamic optimisation of district heating and cooling systems based
on the Modelica language. Modelica was used as a simulation executive in the
recent study by Long et al. (2021) where a SGDHC use case was applied on a
developed metamodeling framework for building energy models. Appended
Paper I motivates the use of Modelica for modelling and simulation of
SGDHC systems (Abugabbara et al., 2020). Sommer et al. (2020) used
Modelica simulations to compare the novel single-pipe reservoir network to a
bidirectional double-pipe network.

To model SGDHC systems in Modelica, a top-down object-oriented
approach based on finished library component models is recommended. The
Modelica Buzldings Library (Wetter et al., 2014) contains robust and validated
models for buildings and community energy systems. These component
models can be used to assemble large system models for applications related to
SGDHC systems.

2.4 Modelica simulation environments

Solving actual problems using the Modelica language requires the use of a
Modelica simulation environment. The Modelica Association (2021) states
three tasks performed by a Modelica simulation environment. Firstly, it
transforms the graphical editing from the graphical user interface into a textual
description in Modelica format. Secondly, it employs symbolic manipulation
techniques to translate the Modelica model into a form that can be efficiently
simulated. Thirdly, the simulation environment visualises the simulation
results after the selection of an appropriate integration algorithm. In this
research, the simulation environment DYnamic MOdelling LAboratory
(Dymola) version 2020x (Briick et al., 2002) has been used. A complete list of
the available free and commercial Modelica simulation environments can be
seen in reference (Tools - Modelica, 2021)
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2.5 Best practice

Modelling large physical systems has a relatively higher risk for inadvertent
errors. It is, therefore, necessary to follow a practice that reduces this risk and
ensures internal consistency in the model. Solving the problem of modelling
large systems is no different than solving any other problem. We can find
problem-solving best practices stored in books that preceded computer-based
modelling, such as in the following approach explained by René Descartes:

“If we perfectly understand a problem, we must abstract it from every
superfluous conception, reduce it to its simplest terms and, by means of an
enumeration, divide it up into the smallest possible parts.”

— René Descartes, Rules for the Direction of the Mind, Rule XIIT

In the context of modelling SGDHC systems, the large system must be first
divided into smaller and easy-to-understand subsystems. This process is
described extensively in Section 3.1 in which the system is decomposed into
three subsystems representing decentralised substations, balancing unit, and
pipe network. Each of these subsystems can now be studied in isolation and
can be divided up into even smaller parts to analyse the included components.
For example, modelling decentralised substations can be reduced to the
following three parts: 1) local energy systems for supplying building’s heating
and cooling demands, 2) internal demand balancing between local energy
systems, and 3) energy delivery from external sources to the substation.

The upshot of studying each small problem in isolation is that epistemic
uncertainty about the large system is reduced. This includes knowledge about
the system and its associated parameters. As presented earlier in Fig. 2.1, model
accuracy increases as the knowledge of model parameters and their uncertainty
increase. We shall see in the following two chapters how SGDHCS systems
can be modelled by following this practice.
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3 System Architecture

This chapter characterises the components that constitute a fifth-generation
district heating and cooling system. The different substation operating modes
to supply building heating and cooling demands are then vetted schematically.

3.1 System components

A typical Fifth-Generation District Heating and Cooling (SGDHC) system
enables connected buildings to exchange energy flows with each other.
Looking at the system level depicted in Fig. 3.1, one can see how these energy
flows are exchanged. The building with cooling demand located on the far left
has a chiller that extracts water from the district cold pipe to provide space
cooling. The chiller modulates the temperature of the extracted water to the
desired supply temperature. The chiller operates through a typical
refrigeration cycle where heat is removed from the building at the chiller
evaporator and rejected to the district network at the chiller condenser. The
rejected heat by chillers in conventional individual cooling processes is often
referred to as waste heat. However, the waste heat in SGDHC systems is
rejected to the district warm pipe and exchanged with other buildings.
Buildings with heat demands, such as the illustrated residential building, have
heat pumps that extract water from the district warm pipe. Heat pumps in the
building lift the temperature to the desired supply temperature for space
heating and domestic hot water. Buildings with simultaneous demands for
heating and cooling have both heat pumps and chillers that extract/reject
energy flows from/to the network in the same process described earlier. In
these kinds of buildings with simultaneous demands, heating and cooling are
balanced internally within the building substation. The amount of
extracted/rejected energy from/to the network depends on which category is
dominant between heating and cooling. If the exchanged energy flows
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Fig. 3.1 The architecture of a fifth-generation district heating and cooling system. At the lowest level of

abstraction, component physical behaviour is described by differential-algebraic and discrete equations. At

the highest level of abstraction, components are assembled to compose the large system.

between all connected buildings are not ideally balanced, a balancing unit is

realised. The balancing unit injects heat into the network in case of dominant

heat demand. It extracts energy out from the network when cooling demand
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dominates. When a set of buildings are connected to this kind of district
networks, they form a module that is commonly referred to as a cluster.

System modularity provides high flexibility for future network expansion.
Unlike previous generations, the size of the network is no longer constrained
by the capacity of the heat production units. Instead, the network is perceived
as a modular unit that can be easily expanded and integrated with other
modules, since heat production is decentralised. From a purely technical
perspective, the main factor that decides if a network can be expanded is the
impact of newly connected buildings on the efficiency of the network.
However, Zarin et al. (2018) argue that district systems are also built for
community resilience where energy efficiency is not always the sole deciding
factor.

The different levels of abstraction shown in Fig. 3.1 also represent the
hierarchical modelling approach considered in Modelica. Component models
are described by differential-algebraic and discrete equations and represented
by icons. Several components are assembled to compose a subsystem model.
Subsystem models are finally configured to build the system model.
Decentralised substations, for example, are composed of several components
such as heat pumps, chillers, and direct cooling heat exchangers. The design of
the substation may differ from one case to another and additional components
may be required. Another example of a balancing unit may involve different
components. The primary function of the balancing unit is to compensate for
energy imbalances in the network due to mismatches between heating and
cooling demands. This can be achieved by injecting heat into the network
when network heat demand dominates. Conversely, it extracts heat when
cooling demand dominates. The balancing unit may include a thermal energy
storage system that utilises available excess heat for later use. It can also include
components such as a ground-source heat pump, air-source heat pump, or
cooling towers. Finally, a pipe component model with no insulation and
where the flow direction can be reversed complements the main components
in a SGDHC system. Section 4 describes the main equations that reflect the
behaviour of most of these components.

3.2 Substation operating modes

Demand balancing in SGDHC networks takes place first inside each
substation. The quantity of heating and cooling demands at a particular point
in time determine the amount of energy extracted/rejected from/to the
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network. As mentioned earlier, heat pumps and chillers in substations
modulate the network temperature to the desired supply temperature. This
means that the performance of heat pumps and chillers plays a significant role
in balancing the substation demands. Moreover, different operating modes
between substation components influence the demand balancing process.
The substation illustrated in Fig. 3.2 shows the flows between substation
components. The connections between the heat pump, the chiller, and the
direct cooling heat exchanger make the substation act as a district system that
exchanges energy flows when seen from within. Energy flows are exchanged
between the different components according to demand type and operated
components. For example, the heat pump condenser provides the heat
demand. Simultaneously, the low-temperature heat at the evaporator is
utilised to provide direct cooling through the heat exchanger. In this operating
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Fig. 3.2 Demonstration of demand balancing in a substation with installed heat pump, chiller, and direct
cooling heat exchanger. Temperature levels are provided for guidance.
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mode, demand balance occurs when:

Q.= 0y (1 - L) VtET Eq.3.1
COPyp

where ¢. and ¢, are the respective building cooling and heating demands. The
capacity of the direct cooling heat exchanger and the temperature levels at the
heat exchanger primary and secondary sides determine whether direct cooling
is realised or not. In case the conditions to utilise direct cooling are not
satisfied, the chiller instead provides all required cooling. The demand balance
in Eq. 3.1 is then adapted to include the chiller COP and is expressed as:

. 1 . 1
(i) wer s
Qn ( cor,,) = %\t cor,, Eq. 3.2

The following sections provide more insights into the different possible
operating modes that appear in a substation.
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3.2.1 Only heating mode

This operating mode is the simplest and most straightforward. The heat pump
illustrated in Fig. 3.3 first absorbs heat in the evaporator from the low-
temperature district source. The heat pump transfers thermal energy from the
low-temperature district source to the high-temperature building sink.
Temperatures at the source and the sink determine the performance of the
heat pump. The heat pump COP increases with decreasing temperature
difference between the heat sink and heat source.

o X
Y
LEGEND:
Bidirectional ¥aControl valve
district network ¥ Shut-off valve
16-40°C X Non-return valve
Circulation pum
PP ® pump,
L 4

Fig. 3.3 Schematic diagram of the water flows in a substation with only heating demand at a particular
point in time.
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3.2.2  Only cooling mode

Cooling demand can be supplied by the direct cooling heat exchanger, or
by the chiller, or by a combination of both. When the temperature of the
district cold pipe is lower than the building cooling return temperature, direct
cooling can be possible (Wirtz et al., 2020a). The water flow diagram in this
operating mode is depicted in Fig. 3.4(A). When direct cooling is not possible,
electric work in the chiller modulates the district source temperature to the
desired supply level. Connections between the chiller and the district network
are shown in Fig. 3.4(B). It is possible for the direct cooling heat exchanger and
the chiller to operate in a combined mode. This operating mode occurs when
the conditions to utilise direct cooling are fulfilled, but the capacity of the heat
exchanger is lower than the required cooling demand.
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Fig. 3.4 Schematic diagram of the water flows in a substation with only cooling demand at a particular
point in time. The diagram shows water flows when direct cooling is utilised (A) versus when a chiller is in
operation (B).
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3.2.3 Dominant heating mode

Fig. 3.5 shows the water flows in a substation with simultaneous heating and
cooling demands and where heating dominates. Here, the available energy at
the evaporator is sufficient to cover the cooling demand through the direct
cooling heat exchanger. If the evaporator outlet temperature is lower than the
building cooling return temperature, direct cooling can be utilised as shown
in the figure. If the previous condition does not hold, the chiller operates in
connection with the heat pump such that the outlet from the heat pump
evaporator flows into the chiller condenser inlet. The amount of balanced
energy between the heat pump and the direct cooling heat exchanger can be
derived from Eq. 3.1, whereas when the chiller operates Eq. 3.2 is used instead.
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Fig. 3.5 Schematic diagram of the water flows in a substation with simultaneous heating and cooling
demands and where heating demand dominates at a particular point in time. The heat pump is also utilised
for direct cooling.
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3.2.4 Dominant cooling mode

In this operating mode, the chiller operates first to supply the required cooling
in addition to exchanging the heat at the condenser with the heat pump
evaporator, as illustrated in Fig. 3.6. The heat rejected by the chiller condenser
is used as a source for the heat pump. The rejected heat can have a higher
temperature than the district warm pipe, which consequently increases the
heat pump COP. This operating mode occurs frequently in the summer
season where space cooling is required and when simultaneous demand for
domestic hot water exists.

Bidirectional LEGEND:
idirectional
district network o Control valve
< X Shut-off valve
16-40°C )
-— = = X Non-return valve
6-30°C @ Circulation pump,
L |

Fig. 3.6 Schematic diagram of the water flows in a substation with simultaneous heating and cooling
demands and where cooling demand dominates at a particular point in time. Chiller’s waste heat is used as
a source for the heat pump.
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4 Models for System
Analyses

This chapter describes the physical behaviour of the models used for analysing
fifth-generation district heating and cooling systems. First, the derivation of
thermo-fluid properties at fluid ports is explained. Component models from
the Modelica Buildings library are then presented. The chapter closes with a
demonstration of components assembly to compose a district grid model.

4.1 Fluid ports

The notion of component standardised interfaces in Modelica has been briefly
touched in Section 2.3. These interfaces propagate variables between connected
components when models of complex physical systems are assembled.
Connectors are also referred to as ports and have two distinct kinds of variables
that are exchanged between components. The first is potential variables that
change the system behaviour based on their value (Tiller, 2014). Typical
examples of potential variables in the thermal and fluid domains are
temperature and pressure. The other kind of variables is flow variables that
represent a time derivative of a conserved quantity. In the thermal domain,
heat is the time derivative of the conserved quantity ezergy. In the fluid
domain, mass flow is the time derivative of the conserved quantity mass.
Depending on the kind of variable, two types of coupling can be established
by connections (Fritzson, 2004). The first kind of coupling is equality
coupling for potential variables. The second kind of coupling is sum-to-zero
coupling for flow variables. Consider an example of a pipe model connected
to a tank where water is drawn from the tank and flows through the pipe until
supplied to an infinite sink. The connection line between the pipe and the tank
satisfies the conditions that the sum of mass flows across the connected ports

returns zero, and that the pressure at the connected ports is equal. Assigning
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positive and negative values to the mass flow based on its direction is,
therefore, necessary for the sum-to-zero coupling of flow variables. In the
models explained in the remaining sections of this chapter, the relationship
between mass flow rate and pressure drop is defined as:

m = sign(Ap) k./Ap VteT Eq. 4.1

The constant k is derived from nominal design parameters and is equivalent

to:
h

k= =2 Eq. 4.2
Apnom

The fluid temperature and enthalpy are also computed at each port. For water
medium, specific enthalpy is expressed as:

Ry =cpw T VteT Eq. 4.3

While specific enthalpy for moist air is formulated as:

hmoist air — Cp,dry air T+ x[cp,w T+ hvapor] VteT Eq' 4.4

The previous variables establish the standard connections between the
different components included in a SGDHC system.

4.2 Model for heat pumps

Heat pumps are modelled as a Carnot cycle with unlimited capacity. The
heating supply temperature is prescribed at the condenser. Depending on the
heat pump type, the medium at the source and sink sides can be selected from
a predefined list of medium properties. For heat pumps located in the
decentralised substations and presented in this section, water-to-water heat
pumps are considered. The heat pump model is shown in Fig. 4.1 and a
description of the presented components is provided in Table 4.1. The mass
flow rate at fluid port A1 represents the return from the building heating water
loop and is equivalent to:
Qn

1 = VteET Eq. 4.5
mret,b ATconde,w q
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After the condenser exchanges thermal energy with the building heating water
loop, water is supplied to the building sink with the corresponding prescribed
temperature at fluid port B1. On the district side at fluid port A2, the
circulation pump draws water to the evaporator inlet in the amount of:

Qevap

Tepap = VteT Eq. 4.6

ATevap Cpw

TCond
HeatPump

Port Description
IN B1 A1 Condenser inlet from building heating return
B1 Condenser outlet to building heating supply
A2  Evaporator inlet from warm district pipe

B2 A2 B2 Evaporator outlet to cold district pipe

01

UG HeatPump

11¢ 12

CirculationPump

Fig. 4.1 An instance of a heat pump model with prescribed condenser leaving temperature (top).
Parametrised and connected heat pump model in a model that represents a substation with only heating
demand (Bottom). Actual component names are substituted with ID numbers that are described
in Table 4.1.
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Table 4.1 Description of components shown in Fig. 4.1.

Component ID Description

01 Matrix with building heating and cooling demands

02 Split of building demands and output the heating demand
03 Heating gain = AT¢,pnq Cpw

04 Meona = Qn/Heating gain

05 Building heating return temperature

06 Mass flow source with input signals and prescribed temperature
07 Prescribed condenser leaving temperature

08 Building heating sink

09 Qevap = Qcona — Peomp

10 Mearp = Qeavp/ (BTevap Cpw)

11 Circulation pump mass flow rate input

12 Circulation pump electric power output

13 Compressor and circulation pump electric power

14 Substation total electric power

15 Substation heating demand

16 Substation delay from warm district pipe

17 Fluid port for external connection with warm district pipe
18 Substation delay from cold district pipe

19 Fluid port for external connection with cold district pipe

The heat flow in the evaporator is expressed as:
Qevap = On — Peomp VteET Eq. 4.7
The compressor power in the heat pumps is computed as:

Qn

Promp = TPHP VtET Eq. 4.8

To better understand the behaviour of the heat pump model, we will
consider the example shown in the bottom diagram in Fig. 4.1 for which the
description of components is provided in Table 4.1. The diagram shows the
internal structure of a substation model with only heating demand. Starting
from the top left corner of the diagram, the building hourly annual heating
demand is prescribed in component 01. Because this substation model has
only heating demand, component 02 splits the matrix and takes only the
vector of the heat demand. Mass flow from the building return is described in
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components 03 to 06 according to Eq. 4.5. The desired condenser leaving
temperature is defined in component 07 where a controlled leaving
temperature based on the outdoor weather can be defined. Mass flow at the
evaporator inlet is described in components 09 to 11 as the formulation in
Eq. 4.6 and Eq. 4.7. The remaining components are used to connect the
substation with the district pipes and to present the results of the heat pump
performance. The heat pump COP is adjusted in the model according to a
prescribed Carnot efficiency as:

Tcond

Ui
Carnot Tcund _ Tevap

COPyp = VteT Eq. 4.9

The actual condenser and evaporator temperatures consider the pinch
temperature between the fluid and the refrigerant as an input parameter.
Moreover, the part load ratio of the heat pump at a particular point in time
has an impact on the condenser and evaporator temperatures. The actual
condenser temperature is expressed as:

n
Tcond = TportBl + <7 Tpinch,cond VteT E‘l- 4.10
cond,nom

Nominal condenser Qpngnom load is equivalent to the building peak heating
demand. At nominal operating mode, the actual condenser temperature is
equal to the required heating supply temperature at port B1 while taking into
account the rise due to pinch temperature. Similarly, the actual evaporator
temperature is formulated as:

Qevap

Tevap = TportBZ - < Tpinch,evap) VteT Eq‘ 411

Qevap,nom

Chillers are modelled in a similar way to the heat pump model described in
this section. The main difference is that the condenser now represents the
source and is connected to the district pipes. On the other hand, the
evaporator represents the building sink and is connected to the building
cooling circuit.
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4.3 Model for circulation pumps

This model has the following three options to describe the mass flow rate
input: 1) constant mass flow rate, 2) multiple stages, and 3) continuously
varying mass flow rates. The latter is shown in Fig. 4.2 where the circulation
pump power is derived from continuous mass flow rate input as:

V Ap

— VtET Eq. 4.12
nh nm

pump =

where 1, and 7,, denote the pump hydraulic and motor efficiencies,
respectively. The pressure rise is derived as expressed in Eq. 4.1 with a default
reference pressure for water equals 300 000 Pa. The reference pressure is
prescribed as a default value in the water package included in the Modelica
Buildings library. Default values can be easily modified by the user to specify
the system design requirements in different cases.

TEvap chiller

Delay Delay
warm pi cold pipe
40

massFlow

CirculationPump

Fig. 4.2 Model of a substation with only cooling demand. The highlighted components demonstrate how
the circulation pump continuously draws water from the cold district pipe to the chiller condenser inlet to
meet the demand for space cooling.
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4.4 Model for direct cooling heat
exchangers

The conditions for operating the direct cooling heat exchanger have been
explained in Section 3.2.2. The model diagram depicted in Fig. 4.3 shows the
connections between the direct cooling heat exchanger and the heat pump
evaporator. The diagram demonstrates the operating mode presented
previously in Fig. 3.5. The water in the evaporator outlet flows into the mixing
volume where the district cold pipe is connected from the outside. The
temperature sensor measures the temperature in the evaporator to determine
whether the conditions to realise direct cooling are fulfilled. When direct
cooling can be utilised, the circulation pump draws water to the heat
exchanger inlet. The presented model of the heat exchanger requires a
prescribed outlet temperature as an input. In the example shown in Fig. 4.3,

TCond
HeatPump

out, portB1
Delay :r; “ Delay
warm pipe cold pipe
A1 B1
DirectCooling
HeatExchanger T
-~
47]
CirculationPump TempSensor

Fig. 4.3 A snippet of a model diagram showing how the heat pump evaporator is utilised for direct cooling.
The diagram does not show all components and connections in the real model to demonstrate the flows in
the direct cooling heat exchanger as shown in the schematic in Fig. 3.5.
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the temperature difference between the heat exchanger inlet and outlet is
constant at 10 K. Therefore, the outlet temperature can be prescribed based
on the measured inlet temperature. The mass flow rate in the primary side of
the heat exchanger is identical to the mass flow rate in the heat pump
evaporator, and the rate of transferred heat is equivalent to:

Q = Mgpap(hour — hin) VtET Eq. 4.13

As the model diagram shows, the building side of the heat exchanger is not
modelled. It was sufficient to model the direct cooling heat exchanger
following the approach explained earlier. Modelling the direct cooling heat
exchanger without modelling the building side was also reported in the
modelling of the reservoir network in reference (Sommer et al., 2020).

4.5 Model for decentralised substations

The previous sections provided insights into using existing Modelica
components to build new models. Fig. 4.1 and Fig. 4.2 presented model
diagrams of substations with only heating or cooling demand. The diagrams
demonstrated the internal structure of the substation and the connections
between model components. The icon view of the substation model illustrates
how the model is connected from the outside when variables are exchanged
with other components. Fig. 4.4 shows substation icon views in the Modelica
simulation environment Dymola. The substation depicted in the red building
represents a building with only heating demand. Similarly, the blue building
icon denotes a building with only cooling demand. For a building with heating

{ [ ]
Substation with only Substation with only Substation with heating
heating demand cooling demand and cooling demands

Fig. 4.4 Icon view of the Dymola Substation models where icons encapsulate the internal physical structure
of the substation. Blue circles denote fluid ports and are to be connected with district pipes, red squares
represent heat ports for substation fluid temperature, while arrows interface the substation thermal and
electric power.

38



Models for System Analyses

and cooling demands, the internal structure of the substation model is adapted
to include both the heat pump and the chiller. The icon for a substation with
heating and cooling demands is represented in the grey building in Fig. 4.4.

All substation models consider the fluid transport delay which is presented
in components number 16 and 18 in Fig. 4.1. These components reflect
mixing volumes that include the substation delay. The delay refers to the time
it takes for a temperature change to be absorbed by the system. This delay is
often referred to as a first-order lag and is described by a time constant
(ASHRAE Handbook Committee, 2017). If sensible heat is added into the
volumes, it can be described in the heat port shown in red squares in substation
model icons. The blue and white circles denote fluid ports for the connection
with the district warm and cold pipes, respectively. The output signals
represented in white triangles interface variables related to substation
performance. All substation models can adopt an additional heat pump to
produce domestic hot water.

4.6 Model for balancing unit

The balancing unit can have different design configurations and may consist
of several components. This section presents a balancing unit model with
heating and cooling plants realised in air-source heat pump and chiller. This
model reflects the behaviour of a reversible air-source heat pump that provides
heating or cooling depending on the demand type and pipe temperatures. For
instance, dominant heating demand across connected buildings indicates that
water is continuously drawn by substations from the district warm pipe. The
reversible air-source heat pump injects heat into the network to keep the warm
pipe temperature from falling below a setpoint. Conversely, the reversible heat
pump extracts heat from the network by providing cooling that keeps the
district cold pipe temperature below a setpoint. These setpoints and the
temperature of the ambient air are defined in the dark blue inputs in the
balancing unit model shown on the left of Fig. 4.5. The network setpoints used
in this study are 16 °C for heating and 30 °C for cooling. The network
temperature range under a temperature difference of 10 K can be seen in all
tigures presented earlier in chapter 3.
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Fig. 4.5 Diagram view of a balancing unit with heating and cooling plants. Curated variables shown in the
diagram represent input temperatures and heat flows provided by the balancing unit.

In a heat injection mode, the air-source heat pump presented as Heating

plant in Fig. 4.5 transfers thermal energy from the low-temperature air source
to the high-temperature network sink. On the contrary, the air-source chiller
shown as cooling plant removes heat from the district pipe and rejects it to the
ambient air in a heat extraction mode. The model can be adapted to include a

ground-source heat pump with boreholes heat exchangers. The balancing unit
presented here does not include thermal energy storage which can reduce the
amount of energy provided by the reversible air-source heat pump.
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4.7 Model for 5GDHC district systems

The previous sections demonstrated a hierarchical modelling approach for the
different components included in a fifth-generation district heating and
cooling grid. The assembly of these components to compose the grid is realised
by connecting the model icons. Fig. 4.6 shows a small grid consisting of three
buildings. The grid can be expanded beyond the dotted line shown on the
right side. The example shown here is intended to demonstrate how
components are connected. Starting from the left direction, network heating
and cooling setpoints and ambient air temperature are defined as inputs to the
balancing unit. The network reference pressure is defined in the model
represented in the blue circle. The balancing unit injects/extracts heat
into/from the network according to the process explained in Section 4.6. The
warm and cold pipe models represent a bidirectional pipe network. The split
of flow occurs at the flow junctions which demonstrate the change of flow
direction. At this stage, the benefit of the acausal modelling approach offered
by Modelica becomes more prominent. The model of the complex SGDHC
system shown in Fig. 4.6 does not require explicit specification of the
input/output relationships between system components. The Modelica code
generator is responsible for determining the input and output variables that
yield an optimal solution sequence.

T =16°C

Heating

=
District
warm pipe

Balancing

T Building1 Building2

—
Lo
—mm—

District Flow junction

Reference cold pipe

pressure

Fig. 4.6 Diagram of a model representing a fifth-generation district heating and cooling grid. To enhance
appearance, only three buildings are shown.
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5 Case Study

This chapter presents a case study used to model a fifth-generation district
heating and cooling system. The case study consists of 11 buildings located in
Lund (55° 42'N 13° 11'E), Sweden. The classification of buildings in terms of
energy demands and space use is first provided. The subsequent section is
devoted to explaining the retrieval of heat meter data. A metric used for
mapping potentially promising building clusters is then discussed. A
description of the simulation cases performed on the 11 buildings and
modelling assumptions are then provided.

5.1 Classification of buildings

A map of the studied 11 buildings is shown in Fig. 5.1. The buildings were
built in different years. The oldest was built in the 1970s and the newest was
building 10 which was builtin 2019. Some of the old buildings were renovated
to improve their energy performance. The measured annual energy demands
in 2015 in each building are shown on the two choropleth maps in Fig. 5.1.
The use of choropleth maps at an early design stage of district systems allows
to roughly estimate the total heat and cool supply from the network. In the
context of SGDHC networks, choropleth maps created based on the
building’s annual heating and cooling demands allow estimating the potential
for demand balancing between possibly connected buildings.

Table 5.1 provides more description about the use of spaces in the studied
11 buildings that provide more insights into the building energy demands. For
example, choropleth maps (B) and (C) show that building 6 has the highest
annual heating and cooling demands. This can be explained by the different
space usage in the building. About 42 % of the building’s floor area is
designated for offices, conferences, and lab work. These spaces have special
requirements for heating and cooling to achieve indoor thermal comfort.
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Fig. 5.1 Choropleth maps of the studied 11 buildings based on: net floor area (A), annual heating energy
(B), and annual cooling energy (C). Presented annual energy demands are collected from measurements in
2015. The maps were created using QGIS software for the analyses of geospatial data (QGIS, 2020).
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The buildings were initially connected to a conventional district heating and
cooling network before a change to a new SGDHC network. The work of
connecting the buildings to a SGDHC network is currently in progress. There
are now seven buildings connected to the SGDHC grid. These are buildings
2,3,6,7,8,9,and 10. All 11 buildings are planned to be connected to the
SGDHC network by the end of construction work. The buildings were all
considered during the design stage of the network, thereby the sizing of system
components is based on the expected total operating capacity to fulfil the
heating and cooling demands in the 11 buildings.
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Table 5.1 Description of space use in the 11 studied buildings based on data during operation.

Building Space area [m’] Netarea
Office Conference Lab Gym Restaurants Others* (]

1 2214 1198 0 0 0 2584 5996

2 0 0 0 0 3800 0 3800

3 0 0 0 4176 0 0 4176

4 990 1138 2217 0 0 3972 8317

S 457 448 1523 0 0 1482 3910

6 1939 2625 4102 0 0 11967 20633

7 1395 2459 1601 0 0 4888 10343

8 626 1895 837 0 0 3673 7031

9 467 707 1125 0 0 3555 5854

10 17000 ** > * > * 17000

1 5923 3706 0 0 0 9066 18695

Total 31011 14176 11405 4176 3800 41187 105755

*Spaces classified as ‘others’ include services, circulation areas, and vertical penetration.

**Building 10 was under construction during the investigation and we were, therefore, unable to anticipate
how the building interior spaces will be used during operation. The building total floor area was assigned to
office spaces since they constitute the main expected use of the building.

5.2 Acquisition of heat meter data

The acquisition of measured buildings energy demands plays a substantial role
in modelling and simulating SGDHC systems due to the sharing of energy
flows between buildings. Chapter 4 demonstrated the interactions between
component models in a SGDHC system. These interactions start at the
substation level where hourly annual heating and cooling demands were used
to simulate the performance of heat pumps and chillers in the decentralised
substations. Therefore, extra care should be given during data acquisition
from heat meters to model the interactions between components accurately.
The legislation stated in the Energy Efficiency Directive of the European
Commission requires final consumers to have energy meters that are used for
billing based on consumption (European Commission, 2011). Energy meters
include meters for electricity, gas, heating, cooling, and domestic hot water.
Mazhar et al. (2018) covered the subject of heat meters in the operation of
district heating systems in their review study. They explained the three
components which a typical heat flow meter consists of. These components
include a flow meter, temperature sensors at inlet and outlet, and a
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programmable calculation unit. The latter component will be the scope of the
following paragraphs since it calculates the measured energy based on readings
from the temperature and flow sensors.

Power is computed from the measured temperature and flow. Energy is
calculated by integrating the powers over time. The reported energy has a
minimum resolution that depends on the size of the meter. Small heat meters
have a minimum resolution down to Wh, while large heat meters can go up to
kWh and MWh. For practical reasons, reported energy is not always identical
to what is measured internally in the programmable calculation unit. The first
reason behind this is related to the billing which takes place over relatively long
periods. Thus, making it unnecessary to report low and high resolution since
the next report period compensates the difference in energy consumed in the
previous period. The internal measurement accuracy of the meter guarantees
a correct amount of reported energy over time, hence differences in reading
periods are compensated. Another reason why low and high energy resolution
is not reported is related to the M-bus communication system in thermal
energy and water meters (European Standard, 2018). In this communication
system, the display on the meter and pulse output usually have the same
resolution. If we were to report low energy resolutions down to Wh, a large
number of digits in the display would require large data storage. Moreover, the
pulse output would be extremely short yielding unreasonable readings. For
these reasons, the amount of energy is communicated via M-bus to the
building management system once per hour.

Up to this point, the influence of the size of heat meters has been clarified.
Heat maters of large size are installed in the 11 buildings introduced in
Section 5.1. This entails that the meters have high accuracy reporting large
hourly energy consumption measured in kWh. However, it becomes
problematic for large size meters to report low hourly energy consumption in
Wh. We will consider for example a heat meter that reports 50 kWh of energy
use for a particular building at a given hour. In the next two hours, the heat
meter reports zero energy consumption and at the third hour, it reports
50 kWh. In this case, it is more probable that the building had low energy
consumption during the two hours with zero energy consumption where the
heat meter did not report due to its large size. Therefore, one may need to
process the measurements from heat meters to create more representative
demand profiles that can be used for designing SGDHC systems. During the
processing of the measurements from the buildings included in the case study,
the heating or cooling demand at any hour was equal to the average of the
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readings from four consecutive hours. This means that in the previous
example with readings equal to 50, 0, 0, and 50 kWh, each hour corresponds
to a demand of 25 kWh after processing. This approach is based on
engineering experience gathered from technicians and operators of the
11 buildings included in the case study. The demand profiles presented in
Section 6.1 are based on this approach and can change when different data
processing approaches are adopted.

Data processing should also consider peak demands and the distribution of
energy consumption over time. This becomes increasingly important for
applications similar to fifth-generation district heating and cooling systems.
The explanation of the operating principles of SGDHC systems provided in
Section 3 emphasises the importance of processing heating and cooling energy
consumption. This is because in SGDHC systems heating and cooling
demands are balanced first within the building and second between the
connected buildings. The more representative the data is at each hour step, the
higher the confidence in the predicted balanced energy is.

5.3 Assessment of building clusters

There are several metrics reported in the literature that can be used to find
potential promising building clusters for SGDHC systems. The metric
diversity index has been used in appended Paper II to evaluate the performance
of the 11 buildings included in the case study. The metric was evaluated for
each building and the cluster through annual simulations. The metric,
however, has the drawback that it cannot be interpreted in a physical sense.
Wirtz et al. (2020b) also argue the same about the lack of physical meaning in
the diversity index and therefore proposed another metric called Demand
Overlap Coefficient (DOC). The assessment of the studied buildings based on
the DOC is demonstrated in this section.

The DOC can be calculated at the following three levels: the district, the
substation, and the network. The district DOC can be easily quantified at the
early design stage since only building heating and cooling demands are
required. A DOC with a value of 0 implies a complete absence of balancing
potential, while a DOC of 1 means that demands are exactly balanced. The
district DOC based on Wirtz et al. (2020b) is expressed as:
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2 ¥ rer min(Tpes Qn, Qc)
Yter ZbeB(Qh + Qc)

Pisrict = Eq.5.1

To be able to quantify the DOC at the substation level, the reader is
reminded of the formulation of substations demand balance presented earlier
in Section 3.2. The substation includes the Building Energy System (BES)
with installed heat pumps, chillers, and direct cooling heat exchangers. The
formulation shows that the demand balance in SGDHC depends mainly on
network temperatures that impact the performance of the BES. For a
substation with an installed heat pump and chiller, the DOC is equivalent to:

2 Ypep Leer min (Qh (1 - %PHP) , Q¢ (1 + T}gﬂ))

Ybep Leer <Qh (1 - T}’Hp) +Qc (1 + ﬁ))

Ppps = Eq.5.2

1
COPyp

while the term @, (1 +

The term Q, (1 -

) denotes the heat flow in the heat pump evaporator,

1
COPcH

In substations where direct cooling is realised, Eq. 5.2 can be easily adapted

) represents the heat flow in the chiller condenser.

according to the demand balance explained previously in Eq. 3.1.

The excess heat from either the heat pump evaporator or the chiller
condenser flows into the pipe network to be exchanged with other buildings.
Wirtz et al. observed a correlation between the DOC at the three different
levels in the system, which is expressed as:

(1 = Pretwori) (1 — Prs) = (1 — Pyisirict) Eq.5.3

Quantifying the three levels of DOC on the studied buildings provides more
understanding of the demand structure within and across buildings. The
metric can also support the planning of future network expansion to assess the
contribution of each building on the amount of balanced energy.

5.4 Simulation cases

The studied 11 buildings were simulated for two different design cases to
investigate several aspects of the system. These aspects include substation
performance, balancing unit performance, network temperature oscillation,
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total system electric energy consumption, and system waste heat to ambient
air. In Case 1, only a heat pump and a chiller are installed in the substation.
The waste heat from the chiller condenser acts as a source to the heat pump
evaporator inlet. Similarly, the heat pump evaporator outlet serves as a cold
source to the chiller condenser inlet. Depending on the quantity of heating
and cooling demands at a given point in time, heat is either extracted or
rejected from/to the network. On the other hand, Case 2 includes the heat
pump and the chiller in addition to a heat exchanger used for direct cooling.
The direct cooling heat exchanger reduces the operation time of the chiller,
and thus, decreasing the compressor electric power. However, it also decreases
the potential to recover waste heat from the chiller which in turn influences
the performance of the heat pump. Performing annual simulations on the two
cases allows investigating the aspects mentioned earlier.

Sensitivity analyses of the network heating and cooling setpoints were
carried out on Case 2 to evaluate their impact on the following three
indicators: the annual energy provided by the balancing unit, the annual waste
heat to ambient air, and the annual total system electric energy consumption.
The simulation environment Dymola supports sweeping parameters for
several points between a minimum and maximum predefined range. The two
parameters representing the setpoints for warm and cold pipes are presented
in Fig. 4.6 with values of 16 and 30 °C, respectively. The range for the heating
setpoint was defined between 10 and 20 °C, while for the cooling setpoint the
range was between 30 and 40 °C. The reason for choosing these ranges is that
a few SGDHC systems have been reported with operated network
temperature below 50 °C (Lund et al., 2021). Therefore, we adhered to this
operating limit by maintaining a maximum temperature of the cold pipe at
40 °C. This limit, together with the assumed temperature difference of 10 K
between the warm and cold pipes, satisfies an operating temperature below
50 °C throughout the year. The number of points in each range was set to
6 points, meaning that a new parameter value is defined at an interval of
2 °C. Because the sensitivity analyses are carried out on two parameters each
with 6 points, the number of required simulations is therefore equivalent to
6x6 simulations. Parameters together with their ranges need only be defined
once and Dymola would be able to run automated simulations and store the
simulation results.
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5.5 Assumptions and design parameters

During investigating the buildings included in the case study, building 10 was
under construction and it was not possible to retrieve measured heating and
cooling demands in the building. It was assumed that building 10 has similar
demands to those of building 7 since the latter has demand profiles that are
much likely to be representative of the new building.

For building energy systems that are realised in substations, three
assumptions were made. First, the pinch temperature between refrigerant and
water outlet in condensers and evaporators was set to 2 K, which is a typical
value used also in literature (Zarin Pass et al., 2018). Second, the temperature
difference between the inlet and outlet of the condensers and evaporators was
assumed to be constant at 10 K to maintain the same temperature difference
between the district warm and cold pipes. The value of the temperature
difference is based on the network design and actual operation of the system.
However, temperature control and optimisation were not covered in this
research. Third, the Carnot efficiency of heat pumps and chillers was assumed
to be 50 %, and the global efficiency of circulation pumps was set to 49 %,
which are typical design values and also used by Sommer et al. (2020).

On the district side, the temperature setpoints for network heating and
cooling were 16 and 30 °C. Since heat pumps and chillers operate at a constant
10 K temperature difference at their district connection side, the network
setpoints constrained the temperature in the warm pipe to be in the range
16-40 °C, and in the range 6-30 °C in the cold pipe. A more comprehensive list
of design parameters can be found in appended Paper II1.
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6 Case Results and
Discussion

A major part of the results chapter is dedicated to the comparison between the
two simulated cases performed on the studied 11 buildings. Case 1 consists of
a substation with installed heat pumps and chillers, while Case 2 includes an
additional heat exchanger used for direct cooling. The comparison is presented
based on the annual Seasonal Coefficient of Performance for substation
energy systems, the annual energy provided by the balancing unit, and the
annual network temperature oscillation. A summary of the comparison
between the two simulated cases is then provided in terms of supply-demand
structure at different system levels. The chapter also presents the results of the
sensitivity analyses aiming to evaluate the impact of network setpoints on
several key indicators. Moreover, the chapter presents and discusses the
computational time required in each simulation setup. The chapter closes
with a presentation of ethical risk analyses of the different personal and
organisational roles that may arise in SGDHC business models.

6.1 Rapid prototyping of models
developed in Modelica

Employing the Modelica language for the modelling and simulation of the
fifth-generation district heating and cooling is motivated given the following
language features: 1) convenient multi-domain modelling using a free open-
source object-oriented language, 2) reduced modelling time and reduced
modelling errors by inheriting existing robust and validated models from
finished libraries, 3) possibility to edit the source code to adapt changes in the
model use, and 4) visual assembly of large physical systems in a hierarchical
modelling approach. The Modelica Buzldings library was chosen in this study
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due to the available wide range of components from the building domain.
Moreover, the library includes plenty of examples and validations for different
component configurations. The contents of the Modelica Buildings Library
and documentation of all included models can be browsed online from
reference (Berkeley Lab, 2021).

The decomposition of the large SGDHC system into smaller components
was demonstrated in Section 3.1. Existing component models in the Modelica
Buildings library were reused or edited to develop a model for the SGDHC
system based on the case study presented in Section 5. For example, the
available library components for the heat pump, the circulation pump, and
the heat exchanger have been used to assemble models for substations with
different types of thermal demands. Components for bidirectional pipes and
flow junctions were used to connect the substations and the balancing unit to
asimple bidirectional pipe network. We are aware that aspects related to model
uncertainty and model validation have not been covered at this part of the
research. However, the developed model establishes the base work for future
research where additional components for network temperature control will
be incorporated and where empirical validation will be carried out. The rapid
prototyping of models developed in Modelica facilitates future research and
enables quick adaption of system design changes.

6.2 Cluster demand profiles

The annual cumulated demands in the cluster consisting of the 11 studies
buildings are presented in Fig. 6.1. The cluster has simultaneous demands for
heating and cooling throughout the year. The hourly demand profiles offer
some insights into the potential demand balancing between buildings. The
annual energy demands previously presented in Fig. 5.1 can be seen as the first
selection stage of potential buildings. During the first selection stage hourly
resolution of heating and cooling demands are not required. The hourly
resolution shown in Fig. 6.1 supports evaluating the Demand Overlap
Coefficient (DOC) at three system levels. Table 6.1 shows the derived DOC
for the two cases at the three different system levels. Because the cluster
demands are the same in the two cases, no differences were observed in the
value of the district DOC. On the substation building energy system and
network levels, changes were negligible since both cases allowed demand
balancing between the building energy systems. Wirtz et al. (2020b) concluded
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Fig. 6.1 Annual cumulative heating and cooling demands in the studied cluster of 11 buildings. The
abscissa shows the hour during the year and the ordinate shows the measured demand in 2015 in Megawatt.

that a cascaded district system with DOC larger than 0.3 has higher exergy
efficiency compared to a non-cascaded system with individual energy systems.
They also highlighted that the annual costs of the district system are lower than
the non-cascaded system when the district DOC is higher than 0.45.
Comparing the results shown in Table 6.1 with Wirtz et al. conclusions, the
studied 11 buildings proved to be a beneficial investment for a SGDHC
district system.

Table 6.1 Derived Demand Overlap Coefficient at three different system levels.

Case 1 Case 2
Paisrict 0.828 0.828
Py 0.539 0.543
D etwork 0.627 0.624

6.3 Substation performance

As described earlier in Section 4.5, the model for substations consists of heat
pumps, chillers, direct cooling heat exchangers, and circulation pumps. The
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Fig. 6.2 Variation of substation cooling and heating Seasonal Coefficient of Performance in the two
simulated cases. Note that the two charts do not have a uniform scale.

heating and cooling Seasonal Coefficient of Performance (SCOP) for the two
simulated cases are presented in Fig. 6.2. A detailed explanation of the SCOP
derivation is provided in appended Paper III. The figure shows two important
aspects of the performance of substation energy systems. First, it can be
noticed that the heat pumps have a relatively low heating SCOP. A possible
explanation for this is related to the assumed constant supply temperature
throughout the year. Heat pumps in actual applications adjust the condenser
leaving temperature based on the outdoor temperature and a control curve. In
extremely low outdoor temperatures, the condenser leaving temperature is the
highest. Lower temperatures are supplied by the heat pump as the outdoor
weather becomes warmer. The assumed constant supply temperature forces
the heat pumps to operate at higher temperature lifts than what is to be
expected in controlled heat pumps. The control curves can be easily
implemented in the heat pump models to reflect the actual behaviour of the
system. The second aspect shown in Fig. 6.2 corresponds to the efficiency gain
in the energy systems when direct cooling is realised. As heating demand
dominates at the beginning of the year, the potential for demand balancing by
the heat pumps increases. In this situation, the heat pump evaporator provides
cooling through the direct cooling heat exchanger. Consequently, the cooling
performance significantly increases as the compressor work in chillers is not
required. By contrasting Fig. 6.2 against the demand profiles illustrated in
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Fig. 6.1, one can sce the drop in heating demand during spring while cooling
demand remains almost unchanged. Because of the lower heating demand, the
evaporator side of the heat pumps does not provide enough free cooling.
Therefore, chillers operate to cover the rest of the cooling demand, which
consequently decreases the cooling SCOP due to the compressor mechanical
work. The presented annual SCOP confirms the association between direct
cooling and improved system efficiency.

6.4 Balancing unit performance

The primary function of the balancing unit is to compensate for the network
energy imbalance due to demand disturbances. The simulated balancing unit
consists of heating and cooling plants that provide heating and cooling.
Fig. 6.3. presents the energy and power delivered by the balancing unit in
simulated Case 1 throughout the year. Because the two cases have similar

Total energy
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Fig. 6.3 Hourly annual heat injection and extraction by the balancing unit for simulated Case 1. The
abscissa shows the hour of the year, the left ordinate shows the energy in Gigawatt hours, while the right
ordinate shows the power in Megawatt.
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trends in terms of energy and power provided by the balancing unit, only
Case 11is presented. The balancing unit comparison between the two cases will
be shown later in greater details in Section 6.5. In Fig. 6.3 one can see a
continuous heat injection by the balancing unit into the network during the
cold season and when heating demand dominates. This can be seen during the
cold season in the positive slope of the black line representing the total
provided energy. As cooling demand becomes larger during summer months,
chillers in each substation provide cooling that results in waste heat from the
chillers condenser. The waste heat is rejected to the network causing its
temperature to rise. The balancing unit, therefore, extracts the excess waste
heat by cooling the network. The heat extracted by the balancing unit is
represented by the negative energy slope between the apex and nadir points in
the summer months.

The energy provided by the balancing unit can be reduced by adopting a
thermal energy storage system realised in a tank. The tank can store some of
the excess waste heat and, thus, reducing the required cooling in the network.
Moreover, the stored energy is utilised to deliver heating to connected
buildings. The storage tank acts as a passive balancing unit compared to the
heating and cooling plants, which can increase the system energy efficiency.
Because the network temperature is indicative of the energy flows in the
network, it can provide more insights into the potentials for implementing a
storage tank. The next section provides more explanation about the network
temperature oscillation throughout the year.

6.5 Network temperature oscillation

The fluid annual temperature oscillation in the warm and cold pipes in the
two simulated cases is shown in Fig. 6.4. In both cases and when heating
demand dominates at the beginning of the year, each substation heat pump
draws water from the district warm pipe to the evaporator inlet at a
temperature of 16 °C. The temperature difference between the evaporator
inlet and outlet is assumed to be 10 K as previously mentioned in Section 5.5.
Therefore, the outlet from the heat pump evaporator flows into the district
cold pipe at a temperature of 6 °C. During this time of the year, no waste heat
is observed because in Case 1 all the heat in the chiller condenser is balanced
with the heat pump evaporator inlet. In Case 2, however, heat pumps can fully
provide the required cooling through the direct cooling heat exchanger.
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Fig. 6.4 Annual network temperature oscillation in warm and cold pipes in the two simulated cases. The
abscissa shows the hour during the year and the ordinate shows the temperature in degree Celsius.

Hence, the cold and warm pipes remain at respective temperatures of 6 and
16 °C during this period. Analysing the demands presented earlier in Fig. 6.1,
it can be seen that the average heating demand drops by more than 50 % in
spring. Subsequently, the chillers operate more frequently in both cases, and
the effect of waste heat becomes obvious as the network temperature rises.
This finding is confirmed by the negative line slope shown in Fig. 6.3, which
represents the amount of extracted heat by the balancing unit. The network
temperature reaches its maximum design limit when cooling demand
dominates. The periods where the network temperature starts to rise indicate
a potential for utilising thermal energy storage. Here, a storage tank can
discharge the excess heat in the network by storing the available energy. The
tank would charge the network with the stored energy once heating becomes
dominant. Therefore, the tank reduces the operation time and the required
capacity of the balancing unit heating and cooling plants.

A major distinction between the two cases is that direct cooling in Case 2
allows the warm pipe temperature to decrease more frequently and for longer
periods during summer. This can be seen by contrasting the warm pipe
temperatures between Case 1 and Case 2 during the summer season. This is to
be expected since the amount of waste heat from the chillers condenser is
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significantly lower compared to Case 1. One important aspect to consider in
the presented network temperatures is that the pipe model does not take into
account the thermal losses between the pipe and the ground. Since SGDHC
networks operate at low temperatures close to the ground temperature, it is
expected that the thermal losses are quite small. However, a detailed evaluation
of the impact of network thermal losses in SGDHC systems is required.

6.6 District supply-demand structure

The previous sections in this chapter presented the performance of individual
subsystem levels as a separate node in the district system. The exchange of
energy flows between the different system levels impacts the performance of
the district system. Therefore, a comparison between the two simulated cases
at different system levels is now presented and shown in Fig. 6.5. On the
substation level, Case 2 with direct cooling outperforms Case 1 where about
10 % savings in substation electric energy consumption was observed. On the
network level, excess energy from the heat pump evaporator or the chiller
condenser is rejected to the network to be exchanged with other buildings. The
excess cold is larger in Case 2 since demand balancing between the heat pump
evaporator and the chiller condenser happens less frequently when direct
cooling is realised. Consequently, the excess heat from the chiller condenser in
Case 2 is less by about 53 %. At this level of comparison, no particular case can
be favoured against the other without considering the overall system
performance. The amount of excess cold and excess heat in the network has a
direct influence on the required amount of energy provided by the balancing
unit. This can be seen in the third chart where additional heating is provided
by the heating plant in Case 2 due to the excess cold in the network. Similarly,
less cooling is provided by the cooling plant in Case 2 as excess heat in the
network are significantly lower compared to Case 1. However, the amount of
energy provided by the heating plant in Case 2 is larger than the amount of
energy provided by the cooling plant in the same case by about four orders of
magnitude. Consequently, the balancing unit electric energy consumption is
6% higher in Case 2. Taken together, the results indicate that a total reduction
of about 7 % of electric energy consumption can be achieved when direct
cooling is realised. Moreover, implementing a direct cooling heat exchanger in
each substation can reduce the waste heat from the balancing unit cooling
plant by about 17 %.
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Fig. 6.5 Categorisation of district supply-demand structure at four different levels in the two simulated

cases. Overall, Case 2 with realised direct cooling reduces both electric energy consumption and waste heat.
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6.7 Sensitivity analyses

The impact of network heating and cooling setpoints is illustrated in the
contour maps presented in Fig. 6.6. The three maps show the impact of
network setpoints on the annual energy provided by the balancing unit, the
annual waste heat to ambient air, and annual total system electric energy
consumption. A glance at the three maps shows that the cooling setpoint only
impacts the amount of waste heat without significantly impacting the other
indicators. Higher cooling setpoints reduces the amount of required heat
extraction from the network. Thus, the cooling plant in the balancing unit
operates less frequently, which results in lower waste heat from the cooling
plant condenser to the ambient air. Increasing the cooling setpoint by 10 °C
can reduce the amount of annual waste heat by up to 4 %. To recommend
whether or not the cooling setpoint should be increased, an evaluation of the
carbon emissions reduction and the corresponding life-cycle cost of the system
would be required.

The first and third maps show that the heating setpoint directly impacts the
energy provided by the balancing unit and the system total electric energy
consumption. Because the studied cluster has dominant heating demand
throughout the year, increasing the heating setpoint would require the
balancing unit to inject more heating into the network. Therefore, the heating
setpoint and the annual energy provided by the balancing unit are positively
correlated. On the contrary, an inverse correlation is observed between the
heating setpoint and the system total electric energy consumption. Again, this
is associated with the dominant heat demands in the studied buildings.
Decreasing the network heating setpoint implies that substation heat pumps
would operate at larger temperature lifts, which in turn decreases the heat
pumps COP. The differences in the system total electric energy consumption
with varying heating setpoint are however infinitesimal. Thus, the other two
indicators should have more weight when choosing optimal network heating
and cooling setpoints.
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Fig. 6.6 Impact of pipe network setpoints on: annual energy provided by the balancing unit, annual waste
heat to ambient air, and annual total system electric energy consumption.
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6.8 Simulation performance

The performance of district energy systems simulation in Modelica was
discussed extensively in appended Paper I. The simulation information and
performance for the two simulation cases developed in Modelica are provided
in Table 6.2. The table provides a distinction between the two simulation cases
and when the sensitivity analyses were carried out. All simulations were
performed on a desktop computer with 12 physical cores and 24 logical
processors with a maximum speed of 3.50 GHz (AMD Ryzen Threadripper
2920X) and 32 GB of RAM running under Windows 10 Pro 64 bit. Dymola
version 2020x was the Modelica simulation environment and the selected
integration algorithm was the Differential Algebraic System Solver (DASSL).
One can see that adding components for direct cooling heat exchanger
increased the number of model equations by about 17 %. Subsequently, the
required CPU time increased by about 20 %. The reader is reminded that these
changes were observed when simulating a small grid of 11 buildings. As more
buildings become connected to the grid, the simulation time can increase
significantly. In the simulation experiments published in the final report of
IEA EBC Annex 60, the simulation time increased by a factor of 3.45 when
the number of connected buildings doubled from 3 to 6 (Wetter & Van
Treeck, 2017). The factor was about 1.9 when co-simulation was leveraged. It
is therefore recommended for future studies to simulate district heating and
cooling systems using Modelica and FMI for co-simulation.

Table 6.2 Simulation information and performance for a SGDHC grid with 11 connected buildings.

Simulation Case Environment  Integration Tolerance Number of CPU time [s]
algorithm equations

Case 1 Dymola DASSL 1x10°¢ 10 154 142.9

Case 2 Dymola DASSL 1x10°¢ 11877 169.6

Sensitivity analyses Dymola DASSL 1x10°¢ * 467.8

The sensitivity analyses were carried out on Case 2 by sweeping parameters as explained in Section 5.4

6.9 Ethical risk analyses

The intrinsic synergies in the fifth-generation district heating and cooling
systems offer the possibility to share energy flows between connected
buildings. Although this synergy can create significant environmental and
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social benefits, it can also create conflict between connected customers if the
roles of each customer are not clearly defined. To better understand the
expected role of each customer in the fifth-generation, a comparison between
the business models in SGDHC systems and conventional district heating
systems is first presented. Conventional district heating realised in the third
generation still dominates the district heating market where the business
model already generates profits for district heating companies.
Lygnerud (2019) provides the features of conventional district heating
business models which are presented in Table 6.3. Unlike the clear distinction
between the customer and the district heating company sides shown in the
table, SGDHC business models do not necessarily provide the same clear
distinction. This is attributed to the fact that the fifth-generation connects
prosumers who are producers/consumers of energy towards/from the
network. The business logic in the conventional district heating systems
depends on a strategy of push (heat supply) rather than pull (market demand).
In SGDHC systems, the strategy is based on the balance between inhale (heat
extraction) and exhale (heat injection). Moreover, prosumers can become the
owners of the grid in communities that prefer to have autonomous heat and
cold supply. These changes in the business model structure change the
classification of the different customers and their distinctive role(s). This can
create hidden ethical risks which need to be analysed.

Table 6.3 The features of the conventional district heating business model. Adopted from Lygnerud
(2019).

Customer side In-house (district heating company) side

1. Customer value Heat and hot water 1. Key activity Production
Distribution
Maintenance

2. Customer segment Large building owners 2. Key resources Production unit
Distribution network

3. Customer Provider to consumer 3. Key partnership Fuel providers

relationship
4. Customer channel Invoice, campaigns - -
5. Income structure Fixed 4. Cost structure Large fixed costs

Fig. 6.7 presents a virtual business model in a SGDHC network with an
energy bank. The presented network adopts a few modifications to the
bidirectional network with agent-based control reported in literature
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Fig. 6.7 A virtual business model in a fifth-generation district heating and cooling network with an energy
bank. The energy bank first quantifies the contribution of each prosumer to the network energy balance
and then estimates the corresponding invoice energy price for each prosumer.

(Buinning et al., 2018) to fulfil the purpose of this analyses. The energy bank
quantifies the contribution of each prosumer to the network energy balance
by measuring the mass flow and temperature of the produced and consumed
energy. The energy price for a particular prosumer is estimated by the energy
bank depending on the contribution of that prosumer. Prosumer A consumes
heating from the network and transfers it by the local heat pump to the
building sink. Consequently, Prosumer A produces cooling to the network
after the energy has been transferred. Similarly, Prosumer B consumes cooling
from the network where the local chiller produces heating to the network.
Depending on the type of dominant demand, Prosumer C can have either
kind of contribution at any given point in time. The energy bank
communicates with the balancing unit to provide the required energy to
achieve network energy balance. Each prosumer pays for the estimated energy
price when their contribution results in more energy supply by the balancing
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unit. Conversely, prosumers can generate profit when their contribution
benefits the network balance without the need for the external balancing unit.

The previous tasks performed by the energy bank put the bank under a
questionable role by the connected prosumers. For example, the energy bank
may offer more possibilities to certain prosumers to generate more profit than
others. Moreover, a prosumer such as a data centre is more likely to be charged
with a relatively higher energy price in summer while it can generate profit in
winter. The reason behind this is related to the continuous heat production by
the data centre towards the network throughout the year. Deciding the
appropriate energy price must therefore involve the other prosumers who used
to pay in winter and started generating profit in summer. Another
questionable role by the bank is found when the network undergoes a future
expansion. Here, the energy bank may have a selection bias to favour buildings
that contribute to the network energy balance more than others. This
situation stirs questions about the intrinsic value of district energy systems and
whether they are built for efficiency or for community resilience that tackles
energy poverty. From the three-role combinations proposed earlier by
Hansson (2018), the ideal situation for the energy bank can be found when
the bank is owned and operated collectively by all prosumers. Alternatively,
the energy bank can be an independent organisation that represents all
prosumers while at the same time it provides transparent energy price models
to all existing and possible prosumers. This can help avoid any potential ethical
risk due to problematic role combinations.

Overall, the technology behind the fifth-generation seems to offer many
potential benefits for societal development as well as for the environment.
Further engagements in engineering ethics education ensure the safe operation
of these systems and can also help shed more light on their key values.
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7 Conclusions and Future
Research

7.1 Conclusions

This dissertation demonstrated equation-based object-oriented modelling and
simulation of fifth-generation district heating and cooling systems. The
approach employs Modelica as the modelling paradigm due to its higher
flexibility in managing models of large complex physical systems. It has been
shown how inheriting and editing existing component models allow rapid
virtual prototyping of different models for several design configurations of
SGDHC systems. Models of two distinctive substation design cases were
developed and the corresponding system performance was evaluated. Despite
their limitations, the models certainly add to the understanding of the
mechanism of sharing energy flows between system components and across
connected buildings.

It was observed that including a direct cooling heat exchanger in each
substation reduced the annual total system electric energy consumption up to
7 % in the studied case. Moreover, the study revealed a direct association
between lower district cold pipe setpoints and increased annual system waste
heat to ambient air. On the other hand, lowering the district warm pipe
setpoint from 20 to 10 °C yielded a 16 % reduction in the annual energy
provided by the balancing unit.

The applicability of the developed models has several practical implications
that are divided here into three distinct areas. First, the models support the
planning of SGDHC systems by applying a quick search for potential building
clusters. In this stage, metrics are evaluated to quantify the potential for
demand balance between studied buildings. By demand balance, we imply the
ability of the district system to recover waste heat from cooling processes that
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involve compressor work. The recovery of waste heat consequently reduces
carbon emissions and primary energy demands.

The second practical implication is realised by exploiting the models to
optimise the system design and operation. Because models developed in
Modelica are simulated in the continuous-time domain, engineers can
perform numerous experiments with different input design parameters.
Thermodynamic and hydraulic analyses of each experiment provide deeper
insights into the system performance. Engineers can dimension the pipe
network and size building energy systems and the balancing unit based on the
output of the continuous-time simulations.

Another practical implication of the models is the possibility to investigate
new business and price models emerging from fifth-generation technology.
For example, buildings with continuous cooling demand throughout the year
offer more efficiency gains to the district system in the winter season than in
the summer. A unit energy price for each building is predicted based on the
building contributions to the network energy balance. Whether or not these
new business models may influence the behaviour of building occupants to
prioritise lower energy cost over energy savings remains to be elucidated.

Greater efforts are needed from engineers, decision-makers, and all involved
in research on SGDHC systems to engage in ethical discourse that guarantees
safe and transparent implementation of the technology.

7.2 Future research

The dissertation lays the groundwork for more detailed research into fifth-
generation technology. The following three research areas will be investigated

during the second half of the PhD project.

7.2.1 Model calibration and empirical validation

Model calibration involves the manipulation of parameter values so that
model predictions fall within a reasonable range from the observations. The
case study presented in this dissertation includes several buildings that have
been connected to the SGDHC system and are currently in operation.
Measured data about system performance are currently being collected for
empirical validation. Temporal and spatial variations of physical quantities
such as energy and mass will be used to calibrate the model predictions against
the measurements. This work facilitates real-time system operation and
enables a more accurate and quick investigation of future network expansion.
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7.2.2  Templates for balancing units

The balancing unit can have several design choices that include different
energy systems and energy sources. Examples of different energy systems may
include reversible heat pumps, thermal energy storage tanks, gas-fired boilers,
and the utilisation of existing district heating and cooling networks to cover
peak demands. On the other hand, energy sources can be fully renewable or a
combination of renewable and non-renewable sources. Examples of renewable
energy sources include geothermal, solar thermal, and biofuels that are
regarded as renewables. Non-renewable energy sources include coal and
refined oil products. Part of the future work aims to analyse different design
cases of the balancing unit. Based on the geographical criteria of the modelled
SGDHC system, templates for pre-configured models of balancing units will
be provided. Furthermore, balancing units can incorporate a thermal energy
storage system used for passive balancing. Another part of the future work
aims to investigate the impact of different sizes of thermal energy storage tanks
on the demand balance and life-cycle cost of SGDHCS networks.

7.2.3  Network temperature and pressure control
Strategies

The network model presented in this dissertation incorporated a
straightforward free-floating temperature control strategy. A future research
area will focus on comparing different network temperature control strategies
and their impact on the system performance. One proposed temperature
control strategy is based on real-time optimisation of both warm and cold
pipes to lower the operation costs. Another, yet more simplified, temperature
control strategy forces one pipeline to have constant temperature throughout
the year while allowing the temperature in the other pipeline to float. Network
demand structure decides the suitable temperature control strategy, hence
future recommendations will be provided after studying different demand
scenarios.

Pressure control ensures safe network operation and maintains the desired
energy flows at each end-customer. Hydraulic imbalances in the network
occur due to demand disturbances and because of the distance between
connected buildings and the balancing unit. As the network expands and more
buildings become connected, two practical issues can be realised. The first
issue is the possible cavitation in circulation pumps caused by the low-pressure
levels at the furthest building away from the balancing unit. Another practical
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issue is the risk of exceeding the maximum allowed pressure for system
components as the system pressure increases when more buildings are
connected. These issues require adopting either booster pumps to increase the
network pressure or adding safety valves to relieve excess pressure from the
network. Future research will aim at investigating these issues to provide
designers with best practices.
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District heating and cooling systems have evolved through several development stages in order to
improve their energy efficiency. The latest development reached the fifth generation where customers
can be producers and/or consumers of thermal energy flows towards the network. The variety and com-
plexity of system configurations and interactions between connected customers poses a challenge in
ing a suitable i i capable of simulating each design case. Modelica language and
the Functional Mock-up Interface standard are computational tools opted by the International Energy
Agency for simulating building and community energy systems. This work aims to analyze the current
status in literature where these tools are utilized in building and energy simulation with focus on district
heating and cooling systems. Bibliographic maps and networks are presented to analyze the literature
based on different bibliometrics. Among others, the analysis shows that coupled simulation between dis-
trict and building energy models is a novel research area and can benefit in reducing the oversizing of
space heating and cooling systems. In addition, the analysis demonstrates that the fifth generation dis-
trict heating and cooling systems require advanced control strategies. These strategies need accurate
and upfront specifications to decide a proper control strategy for each design case.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

District Energy Systems (DES) offer the possibility to increase
the exploitation of renewable energy and hence they are at the
forefront of the engineering research [1-5]. The broad term of
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DES encompasses electrical, gas and thermal systems that are con-
structed in urban areas to distribute energy flows through power
grids and pipe networks. District Heating and Cooling (DHC) sys-
tems are thermal application of DES and deemed most feasible in
urban areas with high heat density [2]. The latest figures show that
a growing number of the world’s population is shifting from rural
to urban areas. In 2018, the percentage of the world’s population
residing in urban areas reached 55%, a figure that is projected to
increase up to 68% by 2050 [6]. As urbanization involves transfor-
mations in the built environment and infrastructure to meet the
needs of shifting the spatial distribution of a population from rural
to urban, DHC systems are expected to play a major role in this
area. A survey carried out in 2017 by Euroheat & Power showed
that there are about 6000 DHC networks currently in operation
in Europe supplying about 12% of the total heat [7]. The previous
figures suggest that DHC systems are therefore appropriate ther-
mal energy applications that have potential enhancements that
could attain greater benefits. One of these benefits, for example,
could be the integration of multiple producers of thermal energy
to the network [8].

DHC networks have evolved over time in order to achieve max-
imum energy efficiency and low distributions losses. Pellegrini and
Bianchini [9] provided a background on the evolution of DHC gen-
erations. The first generation DHC systems were introduced in the
United States in the late 19th century. The pipeline in these net-
works used steam as a heat carrier, which was later replaced by
pressurized hot water with temperature over 100 °C to establish
the second generation DHC networks. The authors also mentioned
in their review that lowering the supply temperature in district
heating networks to about 80 °C was needed since traditional res-
idential buildings were heated using radiators that operate in this
temperature range. This lowering in supply temperature led to the
reengineering of the second generation DHC networks into the
third generation that is currently widely applied [10]. Several tech-
nical and operating issues emerged in the third generation DHC
networks. First, despite the high efficiency in energy production
due to centralization, distribution losses in the network account
for about 10-30% and pipeline insulation increased the cost
[11,12]. Another issue is related to the sustainability of the techni-
cal components included in the systems. Components such as heat
exchangers, valves, pumps and pipe material had to operate under
high temperature conditions which affect their durability [13]. Fur-
thermore, this generation limits the integration of low heat source
renewables as high temperature sources are only suitable for inte-
gration [14]. The previous challenges have led to the inauguration
of the fourth generation DHC networks which are usually charac-
terized by supply temperatures in the range 50-70 °C. The main
limitations in the fourth generation DHC system are: (i) separate
pipes are needed to provide both heating and cooling and (ii) the
production of energy is still centralized, which restricts the ability
for network expansion due to design constraints. These are the
main challenges that are addressed by today’s fifth generation
DHC systems.

The term “fifth generation” DHC systems has been firstly pro-
posed in the H2020 project [15] and used in a number of studies,
including [16,17]. Buffa et al. [18] provided an extensive review
of existing applications of the fifth generation DHC systems in Eur-
ope. An example of such systems is seen at ETH Zurich Campus
Honggerberg [19]. The system at present supplies heating and
cooling to four building clusters but is rapidly being expanded.
The grid operates between 4 and 22 °C and is connected with three
underground storages and four substations with distributed heat
pumps. The maximum heating and cooling outputs of the system
at present are 5.5 and 4.5 MW, respectively. A similar project in
Lund, Sweden is currently in operation and being expanded [20].
The project consists of 14 buildings with a total heated floor area
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0f 110,000 m?. The energy demands in 2018 were 11 GWh heating
and 5 GWh cooling. Currently six buildings are connected to the
grid and the performance of the system is being evaluated. Gener-
ally, these systems can have different classifications depending on
the method of heat rejection/extraction and the thermal energy
flow from/towards the network. In its most simplified generic
form, the fifth generation DHC system harnesses the shared energy
concept which is realized in a network that connects “prosumers”.
The term “prosumer” refers to each customer connected to the net-
work where they play the role of producer and/or consumer of
thermal energy flows distributed through the network. A low-
grade heat source is connected to a bidirectional pipe network that
allows the simultaneous use of heating and cooling through a low
temperature thermal network. Decentralized substations, typically
heat pumps, are installed at the building level to boost and/or
decrease the medium temperature to the desired levels each build-
ing requires.

Typically, modeling these systems involve components from
various domains such as thermodynamics, fluid mechanics and
controls. This results in a hybrid system of continuous time, dis-
crete time and discrete events. Physical systems are described by
differential algebraic equations consisting of derivatives with
respect to time and space. On the other hand, digital control sys-
tems are described by discrete equations with time-, state- and
step-events [21,22]. A problem that arises when attempting to
model and simulate these heterogeneous systems is the require-
ment for a multi-domain platform that enables the evaluation of
the dynamic behavior of the system in various design settings
and configurations.

The International Energy Agency’s Energy in Buildings and
Communities Programme (IEA-EBC) Annex 60 called for an inter-
national project in 2012 to develop free open non-proprietary,
new generation computational tools for building and community
energy systems based on the Modelica, Functional Mock-up Inter-
face (FMI) and Building Information Modeling standards [23].
Modelica is an equation-based object oriented modeling language
that allows modeling physical systems involving multiple domains
such as electrical, mechanical, thermodynamics and controls [24].
The FMI is a tool independent standard used for co-simulation of
various dynamic models. By exploiting the outcomes of IEA-EBC
Annex 60, the simulation of the fifth generation DHC systems can
be realized. Moreover, the interoperability issues among different
simulation tools can be alleviated.

Modelica language was developed through an international
effort in 1996 benefiting from acausal modeling and advances in
object-oriented constructs [25]. Models are described by differen-
tial, algebraic and discrete equations using a standardized interface
that encapsulates the mathematical relations of a model between
its interface variables and represent them graphically by an icon
[26]. At the lowest level of abstraction, the mathematical equation
describes the relationship between variables. At higher level of
details, components are composed graphically through drag-and-
drop and the externally visible variables called connectors are con-
nected by a line between two connections. A connection defines
another set of equations, one for each variable in the connector.
By exploiting acausal modeling, the input/output relationship
between system components is usually absent [27]. In such
approach, a code generator is responsible for determining the input
and output variables by employing symbolic algebra to determine
an optimal solution sequence [28]. The use of Modelica has an
extent use over variety of applications, we focus in this study on
applications with respect to energy in buildings.

The complexity of modeling heterogeneous multi-domain sys-
tems yields a problem where no single simulation tool is capable
of reproducing the behavior of the model [29]. One approach to
surmount this problem is to model the system as subsystem mod-
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els in different simulators which suit best for the specific domain
[30]. However, to model and understand the dynamic behavior of
the complete system, the need for integrated simulation becomes
increasingly important [31-34]. Beausoleil-Morrison et al. [35]
provided four options for integrated building performance simula-
tion to extend the capabilities of existing tools: (i) add new fea-
tures to existing tools; (ii) integrate the source code of one tool
into another; (iii) develop a new building performance simulation
tool and (iv) the use of co-simulation approach. Co-simulation
offers a pragmatic solution to the problem of integrated simulation
without demanding more resources.

The term co-simulation may cause confusion due to its several
interpretations across different domains. Hafner and Popper [36]
did an outstanding work in clarifying the semantics pertaining
co-simulation and distinguished the different methods used in
the context of co-simulation. They provided definitions for basic
terms related to the field of modeling and simulation which we
now introduce and suggest being used henceforth to avoid any
ambiguity. A model refers to the mathematical representation of
a system entities or process. A simulation is an experiment per-
formed on a model. Solver refers to the solution algorithm which
is applied to a specific simulation model. A simulator is a tool that
allows the implementation and simulation of models. Co-
simulation is an abbreviation for cooperative simulation or coupled
system simulation [37,38] where two or more simulators are cou-
pled to exchange data that depend on state variables in order to
solve differential equations [39,40]. The coupled simulators differ
in either solver algorithm or step size, hence, a master algorithm
acts on the top level to organize the communication and data
exchange between the coupled tools which are called slaves
[22,36,41,42]. Master algorithms are not standardized, they can
be developed both as a separate tool as well as an included feature
of an existing simulation tool which plays the role of the master
[43].

The aim of this study is to analyze the current status in litera-
ture where Modelica and co-simulation are utilized in modeling
and simulation of DHC systems. The study is synthesized around
five focal points. Section 2 explains the method used in the litera-
ture study. The literature findings including applications of Model-

American Modelica
Conference

|

Scopus database
8%

Japanese Modelica
Conferences
1%

International IBPSA
Building Simulation
Conferences
27%

ica and co-simulation in building energy simulation are introduced
in Section 3. Bibliographic maps and networks are presented in
Section 4 aiming to explore the literature based on different biblio-
metrics. Detailed discussion is covered in Section 5. Finally, conclu-
sions are drawn in Section 6.

2. hod for li |

A list of relevant publications had been compiled from six liter-
ature sources including journal articles and conference proceed-
ings. The reader is asked to refer to the attached supplementary
material to view the table of included publications. All publications
included in this study were published before 1 October 2019. Fig. 1
shows the six literature sources together with the percentage of
total number of publications each source accounts for. Out of a
total number of 150 publications, proceedings of the International
Modelica Conferences accounted for most of the literature in the
list. The second largest set of publications were retrieved from a
multistep query carried out in Scopus database. With nearly equal
number of publications from the search in Scopus database, pro-
ceedings of the International Building Performance Simulation
Association (IBPSA) Conferences comprised the third largest group
of publications in the list. Other regional meetings such as the
American and Japanese Modelica Conferences and the Equation-
based Object-Oriented modeling Languages and Tools (EOOLT)
workshops accounted together for 4% of the publications included
in the list. The first International Modelica Conference took place in
Lund, Sweden in October 2000. The conference then started to be
organized about every other year in different locations. The Inter-
national Modelica conference has reached its 13th event which
took place in Regensburg, Germany in March 2019. Since its inau-
guration, the conference expanded its scope to cover wider themes
and topics such as automotive, aerospace, electrical power,
mechanics and transport, numerical methods and other subjects
related to applications of Modelica. In this study, our primarily
focus was on proceedings related to the following topics: buildings,
power and energy, thermodynamics and Functional Mock-up
Interface.

Equation-based Object-
Oriented modeling
Languages and Tools

Workshops
2%
International Modelica
Conferences
41%

Fig. 1. Literature sources included in this study and their contribution to the list of publications.
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Table 1
Literature search strategy and its corresponding keyword categories.

modelica OR fmi OR fmu OR functional mock* OR
co-simulation

AND (title-abstract-keywords)

energy OR “building energy” OR dist* energy OR
shar* energy OR grid OR network

AND NOT (title-abstract-keywords)

chemi® OR vehicle OR solar OR mechat* OR maritme
OR aircraft OR nuclear OR medical OR medicine OR
“embedded system” OR hardware OR robot OR
moecul® OR atom* OR motor OR optical OR “smart
artifact” OR starch OR “speed train” OR infection OR
processor OR military OR supermarkets

AND NOT (source titile)

nuclear OR ibpsa OR “Conference of the
International Building Performance Simulation
Association OR cardio®

AND NOT (title)

workshop

Keyword category 1

Boolean operator
Keyword category 2

Boolean operator
Keyword category 3

Boolean operator
Keyword category 4

Boolean operator
Keyword category 5

The multistep query carried out in Scopus database is described
in Table 1. The query is divided into five main keyword categories
that aim to include and/or exclude specific topics when performing
the request. The first two keyword categories attempt to combine
studies where Modelica and co-simulation have been utilized in
applications for district and building energy systems. A large set
of articles that are not related to the scope of our study was ensued
as a result of searching keywords in category 1 and 2. Therefore,
the latter three categories in Table 1 aim to narrow down the
search by limiting these unrelated topics. In each keyword cate-
gory, the OR Boolean operator is used so that the search engine
can find articles where at least one of the keywords listed in the
category is contained. The asterisk symbol denotes the truncation
search technique. In this technique, the asterisk symbol is added
to the beginning or end of a word to retrieve word variations. For
example, dist* energy may find the words district energy and dis-
tributed energy. Moreover, the double quotation mark indicates
the search for loose phrases where multiple words appear together
in the designated search field. This technique is shown for example
in keyword category 2 when searching for “building energy” to
emphasize the importance for these two words to appear together.

Once all the literature have been collected, a bibliographic data-
base file was created in order to generate bibliographic maps and
networks by employing the software VOSviewer [44]. These maps
and networks are presented in detail in Section 4. The database file
followed the structure of a Comma-Separated Values (CSV) file
exported from Scopus database. In total, 13 variables were consid-
ered and imported to VOSviewer for the all 150 publications. The
variables in the database file are shown in Table 2 together with

their format and separator character in addition to an example that
clarifies the definition of the 13 variables for an example article. It
is worth mentioning that Scopus export function does not support
accented characters. Hence, a look up process for accented charac-
ters, as explained in [45] was followed in order to remedy inadver-
tent inconsistencies between the original information and the
exported ones. The number of citations for each publication was
retrieved from Google Scholar. Missing publications in Google
Scholar were assigned to a citation number equal to zero. Less than
9% of the total number of publications included in the list had a
missing number of citations.

VOSviewer offers the possibility to explore bibliographic maps
based on different types and units of analysis. We limited the gen-
eration of maps and networks to three types of analysis due to the
following two reasons. Firstly, the reference string in the created
bibliographic database file has harmonization problems. Different
publications yielded different reference styles and therefore VOS-
viewer was prone to pitfalls in completely parsing a cited reference
[46]. However, singular elements inside a cited reference such as
authors, source title and year were able to be distinguished.
Another reason to limit the types of analysis was related to the def-
inition of different types of analysis and what they may refer to. For
instance, the metric bibliographic coupling focuses on groups of
items, e.g. authors, publications, etc., which cite the same publica-
tion. On the other hand, co-citation analysis measures the frequency
of references coming in pairs [47]. We are primarily interested in
identifying items with frequent occurrence within our literature
list. These facts led us to focus more on specific types and units
of analysis than others.

3. Literature findings

This section presents the findings derived from the included
150 publications. They are divided into two main areas related to
Modelica language and co-simulation. The former focuses on the
utilization of Modelica language in building performance and dis-
trict energy simulation. The latter presents several co-simulation
approaches and reviews applications between different simulation
platforms.

3.1. Modelica in building energy simulation

Before delving into the review of previous applications of
Modelica, we briefly discuss the open-source Modelica libraries
that relied on the International Energy Agency Annex 60 and men-
tioned in [48]. RWTH Aachen [49] demonstrated the applicability
of the AixLib library for building performance simulation on build-
ing and district scale. The library can also be used for both high and
low order model of buildings with provided reference models for

Table 2
Data structure of the bibliographic database file.
Variable Format Separator character Example
Author Text string Comma Hong T., Sun H., Chen Y., Taylor-Lange S.C., Yan D.
Tilte Text string An occupant behavior modeling tool for co-simulation
Year YYYY 2016
Source title Text string Energy and Buildings
Volume Integer 117
Issue Integer
Page start Integer 272
Page end Integer 281
Cited by Integer 77
Dol Character string https://doi.org//10.1016/j.enbuild.2015.10.033
Link URL https://www.sciencedirect.com/science/article/pii/S0378778815303480
Affiliation Text string Semicolon Lawrence Berkeley National Laboratory, United States; Tsinghua University, China
References Text string Semicolon reference 1; reference 2; (...); reference 56
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heating, ventilation, and air-conditioning components. The Build-
ingSystems library developed by UdK Berlin [50] can be used for
single or multi-zone buildings or entire city districts. The Buildings
library from Lawrence Berkeley National Laboratories [51] sup-
ports the design and operation of building energy and control sys-
tems. It also includes tools for pre- and post-processing, regression
tests, co-simulation and real-time data exchange with building
automation systems. KU Leuven developed the IDEAS library [52]
for integrated district energy simulations. The library allows simul-
taneous transient simulation of thermal, control and electrical sys-
tems at both building and feeder levels. Source code of these
libraries and implemented models can be edited and/or expanded
to adapt changes for different use cases. These libraries had been
extensively validated in modeling DHC systems and were reported
in Annex 60 final report [53].

Since the primarily focus of this study is to review the use of
Modelica in simulating District Heating and Cooling systems
(DHC), few of the Modelica applications with respect to this sub-
ject are herein introduced. Ljubijankic et al. [54] developed the
FluidFlow library to model complex thermal energy supply sys-
tems focusing on heating and ventilation systems, solar thermal,
and DHC systems. The library has been validated empirically
and against computational fluid dynamics simulations. EDF R&D
in France developed BuildSysPro library [55] for modeling build-
ings and energy systems consisting of building envelope, building
energy system, heating and ventilation systems, domestic hot
water, solar panels, weather conditions and indoor comfort. Arce
et al. [56] shared lessons learnt from modeling a low heat density
District Heating (DH) system. They provided a detailed compar-
ison of the different water models in the Modelica Standard
Library (MSL) and motivated their decision to develop a new
water model. The DistrictHeating library [57] was developed and
used for accurate and robust simulation of DHC systems. The
Buildings library and MSL had been used together to build a
power-based model of a heating station for DH systems [58].
The dynamic behavior of DH networks using Modelica models
was evaluated in [59] with a framework to parameterize these
models with Geographic Information System data. Mans et al.
[60] used Python and Modelica for automated generation and
simplification of DHC networks by either reducing the total num-
ber of pipes in the model or by using static pipe models for short
pipe sections. A Modelica library for low temperature thermal
networks was developed [61] and the simulated system resulted
in reduced energy losses between pipes and ground, an additional
electrical load due to heat pumps was however observed. Differ-
ent models of heat pumps has been presented in [62-67].
Approaches in developing the previous heat pump models
involved for example a black box model connected to a module
that calculates heat flow and compressor power by using look-
up tables from manufacturer data. Another approach relied on a
simplified mode of a vapor compression cycle with five refriger-
ant states. Many of the applications presented in the literature
utilized co-simulation to benefit from the different capabilities
of various tools through interoperable integrated simulation.

3.2. Co-simulation between building performance simulation tools

Many co-simulation frameworks have emerged over time. A
comprehensive study and comparison among those is mentioned
in [68]. We focus on two specific frameworks due to their wide
application in the field of building performance simulation. The
Building Controls Virtual Test Bed (BCVTB) [39] developed at Lawr-
ence Berkeley National Laboratory is a middleware tool that allows
connecting different simulation programs to exchange data during
the time integration. It has features capable of and not limited to:
(i) smaller computation time for data transfer compared to the

individual simulation programs when performing a co-simulation
for a whole building; (ii) modularity and tool-independency that
can couple for example Modelica, EnergyPlus [69], MATLAB [70]
and online visualization tools of variables; (iii) communication
over the internet and across different operating systems including
Microsoft Windows, Linux and Mac OS X and (iv) running with a
graphical user interface or as a console application without user
integration. The presence of the additional layer, i.e., middleware,
in the BCVTB in addition to the proficiency required in familiariz-
ing the tool increase the complexity of the coupled system [68].
The Functional Mock-up Unit (FMU) import removed the concept
of middleware and introduced a standardized interface between
coupled programs.

In 2008 a consortium was initiated and organized under the
Information Technology for European Advancement (ITEA2) pro-
ject MODELISAR to develop a tool and vendor independent stan-
dard for the exchange of dynamic models and for co-simulation
using a combination of eXtensible Markup Language (XML) files
and compiled C-code [71,72]. The first version of the standard
called Functional Mock-up Interface (FMI) was established by the
automotive sector and released in 2010 and followed by version
2.0in 2014 [73,74]. The use of the standard has expanded to other
industries and engineering domains where now over 100 tools
support FMI for model exchange or co-simulation [75]. The inter-
actions between the tools abiding to the FMI standard happen in
two ways [43]:

—_

. Model exchange: One simulation environment establishes the
equations of one component and pass them over to another
simulator which collects all component models and simulates
all equations together.

. Co-simulation: Each component’s simulator solves its own
equations whilst values which belong to more than one compo-
nent are exchanged. Here the simulators have to be synchro-
nized. Model exchange is the base for co-simulation as the
same data for model exchange are needed.

N

A component that implements the FMI is called an FMU
[22,72,76]. 1t consists of one zip-file containing the following files:

. An XML-file contains the definition of all variables and model
description of the FMU that is exposed to the environment in
which the FMU shall be used.

. A small set of easy to use C-functions are provided for all model
equations for model exchange. For the FMI for co-Simulation, C-
functions are also provided in source and/or binary form to ini-
tiate a communication with a simulation tool, to compute a
communication time step and to perform the data exchange
at the communication points.

. Further data can be included in the FMU zip-file such as a model
icon (bitmap file), documentation files, maps and tables needed
by the model and/or shared libraries that are utilized.

IN]

w

To couple simulation tools, there exists two strategies to choose
from [76,77]. First, in the quasi-dynamic coupling also called loose
coupling or ping-pong coupling strategy, the distributed models
run in sequence and simulators use data from preceding time steps
where no iteration is required between the coupled simulators. The
second strategy is a fully-dynamic coupling also called strong cou-
pling or onion coupling in which the distributed models iterate
within each time step to satisfy a predefined convergence criterion.
The former strategy allows the use of multiple time steps in co-
simulation whereas the latter can only use equal simulation time
steps. Several previous studies have utilized co-simulation
between different building performance simulation tools. This
approach allows the use of the extensive features each single tool
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is providing instead of using a monolithic simulation environment
with limited capabilities.

An FMU-import was implemented in EnergyPlus and described
in [78]. Two use cases were presented: modeling of a heating, ven-
tilation and air-conditioning system and a shading controller in
Modelica which were exported as FMU to EnergyPlus. A detailed
building energy model was created using NANDRAD simulation
tool [79] and exported as an FMU and integrated into a Modelica
environment containing a heating and ventilation model. The
study also investigated the co-simulation approach between the
two tools using MASTERSIM [80] as a middleware for co-
simulation and master algorithm. Since importing the FMU
depends on functionalities specific to the simulator environment,
a study by Chen et al. [81] aimed to provide a generic FMU inter-
face for any Modelica simulator. Integrated modeling between
TRNSYS [82] and Modelica was demonstrated in [27]. The Occu-
pant Behavior Functional Mock-up Unit (obFMU) was developed
and used to include stochastic functionality in modeling occupants
while analyzing their impact on a building energy model in Ener-
gyPlus [83]. Plessis G. et al. [84] managed to use the FMI to couple
occupant behavior between SMACH, an agent-based platform
developed by EDF R&D in France, and BuildSysPro library in Model-
ica for a building energy model. A specified use case of coupling a
building’s thermal envelope model in SIMULINK [85] with
BRAHMS [86] model for multi-agent occupant behavior modeling
was introduced in [73]. An approach that relied on using Java to
model occupant behavior as a master simulation with a slave Ener-
gyPlus building model was established in [32]. Several other
attempts to couple building energy performance with computa-
tional fluid dynamics simulation tools are found in [42,87], while
another study used the FMI to assess a ventilated double-skin fen-
estration system coupled with a compact fan-coil-unit [88]. Based
on this literature review, integrated co-simulation of the fifth gen-
eration district heating and cooling systems including district and

building levels is necessary in order to recognize the various inter-
actions between the decentralized substations and the pipes
network.

4. Bibliographic analysis

Bibliographic maps and networks are created in order to pro-
vide the reader with a visual analysis of bibliometrics pertaining
applications of Modelica and co-simulation for building energy
simulation. By visually inspecting these maps, the reader can
explore various metrics that link different items according to each
type and unit of analysis. In this study, we limited our focus to
three types of analysis due to the reasons previously mentioned
at the end of Section 2. The three types of analysis are co-
authorship, co-citation and co-occurrence. The maps and networks
for the respective types of analysis are presented in Figs. 2, 3 and 4.
To enhance visualization, character length in these figures was lim-
ited to 30 and network attraction and repulsion values were opti-
mized. In addition, a cut-off for the largest connected items is only
shown in these Figures. For example, map A in Fig. 2 shows the co-
authorship network based on the authors unit of analysis. Out of
419 authors in the 150 publications list, 101 authors constitute
to the largest set of connected authors and, hence, only those are
shown in the map. Similarly, the authors correspond to 166 differ-
ent organizations that are depicted in map B in Fig. 2. This map
only presents the 65 largest connected organizations. Both map A
and B in Fig. 2 have inherent information spread over two dimen-
sions. The label size, i.e., circles, is proportional to the number of
publications produced by the author or organization. The circle
color indicates the time point where the literature was published.
The circle color is interpreted according to the legend provided in
the lower right corner of each map. A proliferation of publications
can be seen over time, where years 2011 to 2015 marked signifi-
cant events. Most of research institutions and organizations have
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Fig. 2. Bibliographic maps and networks based on co-authorship type of analysis between authors (A) and organizations (B). For interpretation of colors and legends, the

reader is referred to the web version of this article.
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collaborated with Lawrence Berkeley National Laboratory in the
United States where authors Wetter M. and Nouidui T. S. are affil-
iated. Miiller D. from RWTH Aachen University in Germany has
also contributed to a copious number of publications within the lit-
erature list. The red circles indicate that other organizations such
as Technical University of Graz in Austria, Pacific Northwest
National Laboratory in the United States and 3dwh GmbH Simula-
tion Services in Germany had published more documents in the
recent years.

Shifting the focus to Fig. 3 which presents maps and networks
based on co-citation type of analysis for cited authors and cited
sources. The colors in maps A and B indicate the number of clusters
produced by the clustering technique explained in [89] with a res-
olution parameter set to 1. No conclusions should be elicited
between the clusters in the two maps as each was produced sepa-
rately. In contrast to the maps in Fig. 2, the circles here are
weighted by the number of citations for authors and source titles.
With a total number of 106 citations, map A shows that Wetter M.
was the most cited author within the literature list followed by
Hong T. with almost half the number. The cited references were
communicated through wide range of sources. Journals; Energy
and Building, Building Environment and Journal of Building Perfor-
mance Simulation accounted for the most frequent sources, as
shown in map B. In general, the cited references seemed to be com-
municated through journals and conferences related to building
energy modeling and simulation.

The map and network illustrated in Fig. 4 link the author key-
words included in the literature list. A link between two or more
keywords is established when the keywords appear together in
the same publication. The distance between multiple keywords
implies how different applications belong or relate to the same
research area. The total number of keywords found in the literature
list is 401. The map, however, shows the largest set of connected
items consisting of 251 keywords. At the first glance, one can rec-
ognize that the map is centered around four main keywords, these
are co-simulation, Modelica, Functional Mock-up Interface (FMI) and
building simulation. The size of the circles corresponding to the four
keywords is relatively large and is weighted by the occurrence of
each keyword. For instance, the lower right corner of the map
shows studies that include applications of district heating systems,
dynamic modeling, control, heat pump and functional mock-up inter-
face that are connected to Modelica and building simulation main
keywords. The keywords in this region have prominent red circles,
which by interpreting against the legend color signify that the
research addressing these topics is novel and recently published.
The lower left corner of the map provides information about stud-
ies that utilized co-si ion for building si ion. It is clearly
seen that tools such as the Building Controls Virtual Test Bed (BCVIB)
and EnergyPlus are used for co-simulation between models related
to energy, thermal comfort, optimization, occupant behavioral model-
ing and Heating, Ventilation and Air-Conditioning (HVAC) systems.
The upper left corner links studies that combined both Modelica
and the FMI. Here, complex systems such as distributed energy
resources, fenestration system and cyber-physical systems distinctly
employ the FMI to distribute the models across different platforms.
Finally, the upper right corner shows studies that have solely used
Modelica to cover research areas related to; development of the
Modelica Buildings library, energy storage and Differential/Algebraic
System Solver known as DASSL.

5. Discussion
The literature showed prolific applications of Modelica and co-

simulation for integrated building energy performance simulation.
In addition, the literature confirms that the simulation of district
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energy systems using Modelica and co-simulation has grown
rapidly in the recent few years. These applications substantiate
that Modelica language, together with co-simulation, form a reli-
able paradigm for simulating complex and multi-domain systems
such as the fifth generation District Heating and Cooling (DHC) sys-
tems. However, Buffa et al. [18] concluded in their review that a lit-
tle has been done regarding the control strategies of the fifth
generation DHC systems. Moreover, and as shown in studies
[68,77,79,90,91], simulation performance becomes computation-
ally taxing when coupling models with high level of details. There-
fore, we summarize current research challenges related to the
modeling and simulation of the fifth generation DHC systems to
the following two categories: (i) optimal control strategies and
operation and (ii) integrated simulation including building energy
performance. The former challenge requires the specification of
different system design settings and the impact of parameter esti-
mation on control logics, while the latter involves investigating the
simulation performance and speed when attempting to couple
building models with DHC models. These are our main discussion
points and are therefore in need for further elucidation.

5.1. Control strategies and operation

Basic control strategies in the fifth generation DHC systems dif-
fer from traditional ones. In traditional DHC systems, differential
pressure control and supply temperature control are implemented
in heat supply units, whereas in the fifth generation DHC systems
these are absent [18]. The control logic depends on the system con-
figuration in each design case. For instance, consider a closed-loop
system where the heat carrier exchanges the thermal energy with
a ground heat source. Here, the temperature is let to fluctuate
freely. On the contrary, in open-loop systems the medium is dis-
charged after exchanging thermal energy and therefore the supply
temperature is dependent on the source. The differential pressure
control, on the other hand, is found in design cases that involve a
network with connected customers who are in need for heating
while others are in need for cooling. In other cases, the direction
and flow rate of the carrier medium are decided according to the
interactions between the decentralized substations at each cus-
tomer level. During the modeling and simulation of the fifth gener-
ation DHC systems in Modelica, parameter estimation is a key
point that has a direct influence on the controllability and opera-
tion of the system. Parameters are one type of variables in Model-
ica models that are known before simulation starts and remain
constant through the simulation. In the context of the fifth gener-
ation DHC systems, parameters may, for example, refer to the tem-
perature difference between the two sides in the network or the
fluid start temperature so that the simulation can be initialized.
Depending on the simulated case, four possible outcomes may
occur when one defines initial values for parameters [92]: (i) the
solver may fail in trying to find consistent set of initial values if
these are not fully specified; (ii) the solver produces errors due
to an over specified system when a set of fixed inconsistent initial
values are defined; (iii) the solver changes some of the initial val-
ues if they are guessed and (iv) the simulation may fail to converge
when guessed inconsistent initial values are defined. Parameters
affecting heat transfer between the soil and the pipes network
should be given extra care. These include depth of burial, soil con-
ductivity with respect to moisture and density, pipe insulation
properties and distance between adjacent pipes [93]. Therefore, it
is necessary to evaluate the impact of parameters estimation in
order to choose fixed consistent initial values which would make
the simulation more computationally efficient. Choosing a fixed
consistent initial values has also the advantage of breaking alge-
braic loops [90] that are the artifact of multiple interdependent
equations.



Paper |

M. Abugabbara et al./Energy & Buildings 224 (2020) 110260 9

5.2. Simulation performance and accuracy

We begin discussing the simulation performance by revisiting
the computational experiments reported in the International
Energy Agency Annex 60 final report. A one-year simulation of a
district energy gird connecting 6 dwellings required 1 day, 1 h
and 49 min of CPU time. This reference simulation was performed
completely using a single Modelica simulation environment. The
best results were obtained by changing the solver tolerance and
by using co-simulation together with parallel computing. This kind
of simulation setup yielded a relative computation time of 0.37
when using two physical core CPU. The computation time can be
further decreased with today's common multiple core processors.
To improve the performance of simulating the fifth generation
DHC systems, a few general remarks are here listed. First, although
the entire building can be simulated in Modelica, it is recom-
mended to avoid modeling buildings with high level of physical
details [79] as buildings involve many components that result in
thousands of differential equations. Second, the manual connection
between building components involving equipment and control
systems may be prone to errors as the level of details tends to
increase. Moreover, Modelica language uses symbolic manipula-
tion methods such as partitioning, tearing and inline integration
[94-96] alongside conventional numerical solver methods in order
to solve the unknowns in a system of equations. In building models
with high level of detail, the code becomes large and the Modelica
solver may be extremely slow in solving the unknowns. Another
reason to avoid modeling buildings with high level of details is that
buildings with heavy inertia can tolerate relatively large daily vari-
ns of heat supply from the district heating system while main-
taining a good indoor climate [97]. In typical buildings, a 2 °C
reduction in indoor temperature occurs after a few dozen hours
of a 10% reduction in heat supply [57]. These figures indicate that
building energy models have a time constant of hours where the
resulting system model is not stiff. Non-stiff systems can be solved
efficiently using explicit time integration algorithms [98]. How-
ever, when coupling building models with control systems which
have dynamic response of seconds, the resulting stiff system
requires implicit solvers to find a numerical solution. This point
should be taken into consideration when choosing between loose
or strong coupling strategies for co-simulation. In addition to the
dynamic response of the system, shorter execution time is found
in loosely coupled simulation, but for lower accuracy with increase
of time step [77]. The accuracy decreases due to errors occurring in
splitting the system and requirements for extrapolation during
synchronization [36]. Integrated co-simulation of the fifth genera-
tion DHC systems would mitigate the current problem of oversiz-
ing heating and cooling systems at each building level. Space
heating systems are designed based on the worst-case scenario,
whilst during the full heating season the actual heating demand
in the building varies between 0 and 80% of the design heat
demand [99]. Co-simulation would also enable the analysis of
how different types of buildings can contribute to the thermal
energy flows in the network. This point can be achieved by simu-
lating different occupant behaviors in order to derive the thermal
demands for each building. Based on how much the building
extract/reject heat from the network and how it affects the energy
balance in the system, a decision can be made whether or not to
connect the analyzed building to the network.

It follows from the discussion that it is highly required to pre-
scribe the specifications with high level of details for each design
case during the development process of a simulation model for
the fifth generation DHC systems. Accurate specifications allow
to analyze the dynamic behavior and numerical properties of the
model from a model and global perspective. The former analyzes
a specific configuration of the system, while the latter allows a

greater understanding of system performance under different con-
figurations. Modelica language offers high flexibility in reusing and
extending component models. This makes it a suitable modeling
paradigm for modeling the various configurations in the fifth gen-
eration DHC systems. Component models such as heat pumps and
bidirectional pipes need only to be developed once. A specific
assembly of these pre-existing models arranges a specific configu-
ration of the system. By modifying model parameters, a new con-
figuration can be easily arranged using the same pre-existing
models. This feature that Modelica offers saves modelers time
when simulating different configurations and make component
models less prone to errors. The process of sizing the system is
accomplished by leveraging any of the co-simulation strategies.
This enables the integration of buildings in the simulations during
the initial design stage or when the network is being expanded.

6. Conclusions

This study aimed to analyze the status in the literature for sim-
ulating the fifth generation DHC systems. The technology behind
these systems entails nontraditional installations and intricate
interactions between connected buildings. The variety in system
configuration and design cases required a modeling paradigm cap-
able of predicting the dynamic behavior of the system for each
simulated case. The simulation of the fifth generation DHC systems
can be realized by utilizing Modelica and the Functional Mock-up
Interface. The literature showed that these computational tools
have a wide range of applications in building energy performance
simulation. This work presented bibliographic maps and networks
that link publications, authors, research organizations and research
areas. The bibliographic analysis shows that employing Modelica
and co-simulation for simulating district and building energy sys-
tems is novel but has some challenges that necessitate further
research. Current research challenges in simulating the fifth gener-
ation DHC systems are the advanced control strategies and the
integrated simulation including building energy performance.
Decentralization of energy production and bidirectionality of
energy flows make the control strategies differ in each design case.
Co-simulation between district energy models and building mod-
els can help minimizing the oversizing of space heating and cooling
systems. It also helps assessing the feasibility of connecting poten-
tial customers to the network by evaluating their contribution of
thermal energy flows on the overall system efficiency. Coupling
district and building energy models, however, conduces to a
trade-off between simulation performance and model accuracy.
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A Novel Method for Designing Fifth-Generation District Heating

and Cooling Systems
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! Department of Building and Environmental Technology, Division of Building Services, Lund University, Lund 221 00, Sweden

Abstract. District heating and cooling systems have been undergoing continuous development and have
now reached the fifth-generation. In this innovative technology, connected buildings share local excess
energy that otherwise would be wasted, which consequently reduces primary energy demands and carbon
emissions. To date, the issue of implementing fifth-generation district systems on existing buildings has
received scant attention, and our research addresses this challenging gap by proposing a novel method for
designing these systems. We first explain the possible thermal interactions between connected buildings,
and then present an analytical solution for the network energy balance, pipe design, and the prediction of
fluid temp e under a fixed temp, difference control strategy. The analytical solution was validated
against numerical simulations performed on 11 existing buildings located in Lund, Sweden using Modelica
models. A diversity index metric between heating and cooling demands was also included in these models
to assess the efficiency of the district system in the building cluster. The results from the analytical and
numerical solutions were in complete agreement since Modelica is an equation-based modelling I

The developed models pave the way towards future investigations of different temperature control strategies

and new business models that arise from the shift to the fifth-generation.

1 Introduction

The global population is expected to reach 9.7 billion by
2050 where up to 68% will reside in urban areas [1]. As
a consequence of this increase in urbanisation, the
number of households is expected to grow by 70% [2].
One of the major challenges for future urban areas is to
efficiently supply buildings with the required thermal
energy. District Heating and Cooling (DHC) systems are
an effective technology and considered most feasible in
urban areas with high heat density [3]. Compared to
their counterparts, DHC systems have high resilience to
integrating renewable energy sources that would
increase energy efficiency and reduce carbon emissions.

District heating networks have been widely used
since their first implementation in the 1860s in New
York, USA. The latest figures show that there are about
80,000 district heating systems around the world with a
total pipe length of about 600,000 km [4]. The European
market has a share of 6,000 systems and a pipe length of
200,000 km. According to Werner [4], district cooling
networks were introduced at a later stage compared to
district heating networks. The first district cooling
network was realized in Hartford, USA in 1962 and in
Hamburg, Germany in 1967. Due to their higher security
of supply and low carbon emissions, the implementation
rate of DHC networks exceeds 50% in some countries
like in Denmark and Sweden.

The basic idea of district heating networks is to
generate heat and supply it to connected buildings
through distribution pipes. The heat generation usually

* Corresponding author: marwan.abugabbara@hvac.lth.se

happens at a central heat production plant, e.g., boilers
or combined heat and power plant. A heat carrier,
typically water, delivers the heat to the end customer
through the pipe network. At the customer level, the heat
is exchanged between two fluid streams. The first of
these is the fluid in the distribution pipe and the second
is the fluid that circulates heat to the different radiators
inside the building. A similar mechanism applies to
district cooling, but for the purpose of heat extraction.
The technology has evolved through several generations
in order to improve energy efficiency.

The first generation used steam as a heat carrier,
which due to the risk of explosions was replaced by
water and led to the inauguration of the second
generation [5]. The water was delivered at a temperature
of about 100 °C and had to be lowered when buildings
started to become more energy efficient. The reduction
of water temperature to 80 °C marked the introduction
of the third generation, which is also known as the
Scandinavian district heating networks [4]. Due to
problems with high thermal distribution losses, the
fourth generation allowed a significant temperature
reduction to about 50 °C without affecting the security
of heat supply. Despite the high efficiency the fourth
generation achieves, the network, nevertheless, has a
centralized heat production and cannot provide
simultaneous heating and cooling.

The fifth-generation district heating and cooling
(5GDHC) system addresses the previous issues by
offering the following two solutions. First, the network
operates at temperatures close to the ground

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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temperature. Local heat pumps and chillers in each
building modulate the temperature to the required levels.
This results in lower distribution losses and facilitates
network expansion due to decentralized heat production.
The second solution is related to sharing local excess
heat from one building to another. For example, chillers
pump water from the network to provide cooling to the
building. At the same time, they reject heat that is
injected back to the network and shared with other
buildings. This means that the water flows through a
bidirectional pipe network that provides simultaneous
heating and cooling.

In order to achieve the highest system efficiency,
buildings connected to a SGDHC network need to be
balanced in terms of their requirements for simultaneous
heating and cooling. Typical examples of buildings with
heating demands are residential and service buildings.
On the other hand, data centres require cooling
throughout the year. Buildings with simultaneous
requirements for heating and cooling are exemplified in
hospitals. Most of the documented projects with
SGDHC networks have been realised in Switzerland.
Examples of these projects are ETH Zurich campus
Honggerberg [6] and Suurstoffi district in Rotkreuz [7].
Each of these networks connects different buildings
with different heating and cooling demands, which
makes it difficult to assess the efficiency of the system
at the early design stage when a new project with
different buildings is launched.

Thus, the need for a robust tool that identifies
potential building clusters that can be connected to the
SGDHC networks becomes increasingly important, in
light of the difficulty with the assessment. Previous
work by Zarin Pass et al. resulted in the development of
the metric diversity index for assessing promising
building clusters [8]. We build on the work of Zarin Pass
et al. by developing a Modelica-based tool for designing
any 5GDHC network including the calculation of the
diversity index. Modelica is being warmly received by
the world community for modelling complex physical
systems [9] and continues to show promising prospects
within modelling of district energy systems [10].

The objective of this paper is to demonstrate a novel
method for designing the SGDHC systems. Section 2 of
this paper presents the system architecture, the
analytical solution for designing the system, and a case
study comprising eleven buildings. Section 3 illustrates
and discusses the results of the simulations performed
on the case study. Finally, conclusions and future work
are outlined in Section 4.

2 Method

The design of SGDHC systems can depend on different
strategies and several system configurations. This
section describes the developed design method for
5SGDHC systems with installed heat pump and chiller at
the building level. Firstly, the system components and
thermal interactions between connected buildings are
described. Secondly, an analytical solution is proposed
to enable modelling the system using the equation-based

Modelica language. Thirdly, an assessment metric for
clustering buildings is introduced. Lastly, a case study is
presented in order to implement the design method and
validate the analytical solution.

2.1 System architecture and thermal
interactions

To throw more light on the different thermal interactions
between connected buildings in a fifth-generation
district heating and cooling network, consider the
depicted building cluster in Figure 1. In this example,
three buildings are connected to the network: a data
centre building with only cooling demands; a residential
building with only heating demands; and an industrial or
a hospital building with simultaneous demands for
heating and cooling. Each building extracts and/or
rejects heat from/to the network according to its
requirement for thermal energy. The substation room
denoted as SR contains the installed heat pump (HP) and
chiller (CH) that modulate the temperatures to the
required supply levels. These components can be
replaced by a combined cool- and heat pump in other
system configurations. In this study, we present a system
with separate heat pump and chiller for the production
of heating and cooling, respectively. The network can be
casily expanded to connect more buildings in an urban
area. The last component in the network is the balancing
unit (BU) that is responsible for injecting heat to the
network in the case of heat deficit, or discharging heat
out from the network in the case of excess heat.

From Figure 1 we may elicit the following three
main scenarios of thermal interactions taking place in
the network. The first scenario considers buildings with
only heating demands, such as the residential building.
Here, the building requires heating that is first delivered
by any rejected heat from other buildings connected to
the network (Qr). If these are absent, the balancing unit
injects the required heat to the network and the
residential building extracts it from the network (Qex).
In the second scenario the process of delivering only
cooling is described herein, as in the data centre
building. The chiller in the building’s substation room
produces the required cooling, which results in a heating
by-product in the chiller’s condenser side. This heating
is rejected to the network and distributed to other
buildings that require heating. If such demands for
heating in other buildings cease to exist, the energy is
stored inside the balancing unit.

The third scenario can adapt different design
configurations depending on the type of the installed
heating and cooling units. We present the case where a
heat pump and a chiller are both installed at the building
level. In this scenario, simultaneous heating and cooling
are required in the building, such as in the industrial
building. Depending on whether heating or cooling is
dominant, the corresponding heat pump or chiller
delivers the required energy. The heat pump and chiller
are connected at the inlets and outlets in order to
exchange energy between them, as shown in the
magnifying glass in Figure 1. The extracted or rejected
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Fig. 1. Illustration of an abstract building cluster in a fifth-generation district heating and cooling system. SR denotes the substation
room, BU represents the balancing unit, Qext and Qrj refers to the extracted and rejected heat, while Tsup.n, Treth, Tsupc, and Trete
represents the space heating/cooling supply and return temperatures. Tinh, Touth, Tinc, and Toutc describe the inlet/outlet temperatures

in the heat pump and chiller.

energy is then derived as explained in scenario 1 and 2,
depending on the dominant category. In case the
rejected energy to the network exceeds the capacity of
the balancing unit, cooling towers are installed to
discharge the heat from the network. As more buildings
become connected to the network, the previous laws
ofconservation are repeated until the sum of all flows of
energy at a certain point in the closed network is equal
to zero.

2.2 Analytical solution

To enable modelling and simulation of SGDHC systems
using the equation-based Modelica language, an
analytical solution has been developed and is presented
thoroughly in this section.

2.2.1 Network energy balance

A typical fifth-generation district heating and cooling
network reaches an energy balance according to the
synergetic thermal interactions between the connected
buildings and the balancing unit. The energy balance is
achieved through the following three stages: 1) intra-
balancing, 2) inter-balancing, and 3) network balancing.
These stages are explained below together with their
mathematical derivation.

Stage 1. The heating and cooling demands for an
individual building are balanced against each other. The
building can have either a separate heat pump and chiller
to provide heating and cooling, or a combined cool- and
heat pump that provides simultaneous heating and
cooling at the evaporator and condenser sides,
respectively. The design principle for the two strategies
is the same. As mentioned earlier, this paper presents the
case where a separate heat pump and chiller are installed
in the substation room.

For a building with heating and cooling demands
denoted as Qp, and Q., only one unit between the heat
pump and the chiller is first operated independently. The
clectrical power P, is then calculated as shown in
Equation 1, where COP is the coefficient of performance
of the operated unit.

Qr/COP
Qc/(COP —1)

The heating power at the condenser side P, and the
cooling power at the evaporator side P, of the operated
unit are derived in Equations 2 and 3.

Py =Py - COP @

P,; = min o

P. =Py (COP—1) ®

In an ideal scenario, the building’s heating and
cooling demands are balanced against each other at this
stage. If the delivered heating and cooling power from
the operated unit do not match the building demands, the
remaining required heating or cooling are provided from
the other buildings connected to the network and
described in the next stage.

Stage 2. The balancing between the connected buildings
occurs at this stage. The remaining heating requirement
for an individual building Qp e, is described as the
difference between the building heat demands and the
heating power provided by the operated unit, as shown
in Equation 4.

Qnreq =Qn—Pn @

At this point, the heat pump provides the required
heating by extracting heat Q,,, that is pumped at the heat
pump evaporator side. The extracted heat is represented
in Equation 5 as follows:

Qext = Qnreq = (Qnreq/COP) ©
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Similarly, the required cooling demands for an
individual building are represented in Equation 6.

Qcreq =Qc—Fe @

The chiller provides the required cooling and,
simultaneously, rejects excess heat from its condenser
side into the network. The rejected excess heat Q. is
represented as:

Qcreq a
= L . )
Qrei =gop—1 0P

If the total extracted heat is not equal to the rejected heat
from all connected buildings, a final balancing stage is
therefore required.

Stage 3. A network balancing unit is employed and has
primarily two functions. First, it injects energy to the
network in case the total extracted heat by the connected
buildings exceeds the available energy in the network.
This energy can be delivered from an energy source such
as air-source or ground-source heat pumps. The quantity
of injected energy Q;y; is equivalent to:

Qinj = Qext — Qrej @®

Conversely, when the total rejected heat from the
connected buildings are greater than the extracted heat,
the balancing unit finally exhausts the excess energy out
from the network. The exhausted energy Q.. is
represented in Equation 9 as follows:

Qexn = Qrej — Qext ©

2.2.2 Pipe design

In order to size the branch warm and cold pipes at each
building, the following analytical solution has been
developed. The evaporator cold side of the heat pump
represents the extracted energy and is connected to the
cold pipe. This configuration can be seen in the
illustration presented in Figure 1. The mass flow rate in
the cold pipe 1, is defined as:

Qexe

pwater AT

Meor = (10)

Similarly, the mass flow rate in the warm pipe 1,4, is
defined as:
Qrej

L — an
Cp,wnter AT

Myar =

The diameter of the cold and warm pipes can now be
determined as described in Equations 12 and 13.

a2

13)

2.2.3 Fluid temperature

The mass flow rates in the cold and warm pipes
determine the change of the network fluid temperature.
The fluid temperature decreases when energy is
extracted from the network. On the contrary, the
temperature increases when heat is rejected into the
network. The network temperature is controlled and
bound between low and high temperature limits. The
decreasing temperature Ty, is defined as:
AT 1o
Taee = {’"“ (T~ ForumeTiow) if e >0 09
0 otherwise

where Tjyyq is the grid temperature and assumed equal
to Ty at the start of simulation, Volume is the total
grid volume in m* including pipes and the storage tank,
Tiow is the pipe network lowest controlled temperature.

Analogously, the increasing temperature is
controlled according to the highest network temperature
Thign and is described as:
T - m,

in(T, +A war .
Tine =M \rtid ¥ 550 e Thioh ) if thyq, >0 09
0 otherwise

The fully mixed fluid temperature is then derived as:

Ta
Thuia = Max Tm”c‘ 16)
The previous analytical solution presented in Section
2.2 was validated against numerical simulations
performed in Modelica, where the results of the
simulations are presented in Section 3.

2.3 Assessment metric

Fifth-generation DHC systems are deemed only feasible
when there is simultaneous demands for heating and
cooling within the building cluster. The ratio between
heating and cooling determines the amount of heat flow
shared between buildings. Such a ratio can be derived
using the diversity index suggested by Salat [11] and
used in a previous study by Zarin Pass et al. [8] to search
for promising building clusters in an urban environment.
The diversity index for a building cluster varies between
0 and 1, where 1 is complete balance of diversity and 0
is complete dominance of one category. Let C be the
number of categories and P; is the frequency of
occurrence of each category i, the diversity index div
can then be derived as follows:

c
) c
div=r—g I_Zpizl an
=

In a building cluster there are typically two
categories of thermal demands, namely, heating and
cooling. An ideal balance between heating and cooling
depends on the heating coefficient of performance
COPyyeq¢ . For a system with direct free cooling, as shown
in the connection between the heat pump and chiller in
Figure 1, ideal thermal balance occurs when:
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= - ; (18)
Q=0 -gp—)

where Q. and Q) denotes the respective building cooling
and heating demands. The hourly diversity index div;,
can now be determined between heating and cooling
categories in a cluster of buildings with n number of
buildings by combining Equations 17 and 18 and
reformulating them as:

2

o = 2l1 - 5.0
ne 1
[ \Zmec+ 30 (1-op)

2t 0 (1- 7o)

1
Vi1 Qc + X1 Qn (1 - m)

(19)

To facilitate the assessment of potential building
clusters, an annual average of the hourly diversity
AiVgnnuar is weighted by the total hourly energy use in
the cluster and expressed as:

T2 divy | Qeocn|
iy ] Qeorn]
where h represents the hour, 8760 is the total number of
hours in a year, and |er,,| is the absolute sum of

magnitude of all heating and cooling demands in a given
hour with positive sign for both heating and cooling.

diVannuat = @

2.4 Case study

The developed analytical solution was validated
numerically using Modelica  simulations. The
simulations involved sizing a S5GDHC network
connecting 11 buildings located in Lund, Sweden. The
map of the buildings is shown in Figure 2 together with
the location of the balancing unit that consists of an air-
source heat pump and a thermal energy storage
implemented as a cylindrical water accumulator. The
annual energy demands in the facility are 11 and 4 GWh
for heating and cooling, respectively. The total floor
area of the buildings is about 110,000 m? with different
space use for offices, labs, conferences, restaurants, and
a sport centre. The pipe network is currently under
construction and the installation is progressing in
different construction phases. The map in Figure 2
shows the completed construction phase one represented
by the dashed red line. All buildings will be connected
to the network at the end of the construction work.

The network design parameters for the reference
design case are shown in Table 1. The parameters can
be later adjusted in order to optimise both the design and
the operation of the network. At the initial design stage,
it was assumed that the SGDHC network will operate
simultaneously next to the traditional district system that
is already connected to the buildings. The traditional
system covers the domestic hot water demands and the
peak loads that exceed the capacity of the heat pumps
and chillers. The benefit of this approach is the
significant reduction in investment costs. When the heat
pumps and chillers are sized with a capacity of about

~
N
N

[ Building
[ Parking
- ==~ Pipe network
——— Highway
— — Road
----- Street

®  Accumulator 0 50 100m

¥ Air-source heat pump

Fig. 2. Map of the eleven buildings included in the case study.
The map was created using QGIS program for the analysis of
geospatial data.

half the building’s peak loads, the SGDHC network
covered 89 and 93% percent of the annual heating and
cooling energy, respectively. By maintaining the
connection between the buildings and the traditional
district system, a security of supply is ensured
throughout the year, while keeping the network
investment cost minimal. Another design assumption
was to consider the demands in building 10 as an
archetype of building 7. Building 10 was under
construction and the acquisition of measured or
simulated data was not possible. Since buildings 10 and
7 have almost the same space use and type of operation,
this assumption allows to include the new building’s
demands in the design of the network.

Table 1. Design parameters for the reference case.

Parameter Value  Unit
Network temperature difference (AT) 10 K
Network lowest temperature 6 °C
Network highest temperature 40 °C
Fluid maximum velocity 1 m/s
Storage tank volume 150 m*
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Fig. 3. Cumulated energy demands in the building cluster (a), cumulated energy provided by the balancing unit (b).

3 Results and discussion

The validation of the analytical solution and the results
of the Modelica simulations performed on the case study
are presented in this section. Because the behaviour of
physical models developed in Modelica is described by
differential algebraic equations, the results from the
Modelica simulations were in complete agreement with
the analytical solution. The annual Modelica
simulations were performed using the DASSL
integration algorithm with a 10 tolerance. The energy
demands and the detailed analysis of the diversity index
are introduced in section 3.1. The network fluid
temperature is then presented with a discussion on the
effect of a fixed temperature difference control strategy.

3.1 Energy balance and load diversity

Referring to the case study described in Section 2.4, the
cumulated energy demands in the cluster including all
cleven buildings are shown in Figure 3(a). As is evident,
the cluster has simultaneous demands for heating and
cooling throughout the year. The cooling demands are
increasing steadily as represented in the dashed line. On
the other hand, the dotted line shows that the demands
for heating are lowest during summer. The summer
demands for heating are used only for space heating
since the demands for hot tap water were not included in
this study. The annual energy demands in the cluster are
about 11 and 4 GWh for the respective heating and
cooling. The simultaneous requirement for heating and
cooling increases the potential for more load diversity
within the cluster where energy can be shared within and
between the buildings throughout the year.

The cumulated annual energy provided by the
balancing unit is shown in Figure 3(b). To enhance
appearance, note that the two figures do not have a
uniform scale. Figure 3(b) provides an understanding of
the energy balance in the cluster. Comparing these two
figures, it can be seen that the balancing unit

continuously injects energy to the network during the
cold season when the demands for heating exceed the
demands for cooling, as seen in the positive slope of the
line in Figure 3(b). Conversely, when cooling demands
dominate during the summer season, the network is
charged with excess heat that results from the cooling
process. In this case, the balancing unit starts to
discharge the excess heat out from the network, which
is represented by the negative slope of the line during
summer. To increase the efficiency of the system, the
amount of excess heat should be minimised. This can be
realised by analysing the load diversity in each building
in order to assess how each building contributes to the
different demands for heating and cooling.

Figure 4 shows the contours of the diversity index
for each building individually and when the building is
paired, i.e., clustered, with only one other building. At
first glance, one can see that there are three kinds of
building combinations that have no diversity at all and
are coloured in dark blue. These are buildings 3, 8 and
the cluster combining these two buildings. Whilst these
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Fig. 4. Symmetric contour map of the diversity index for the
individual buildings.
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results indicate zero load diversity, they do not reveal
much about whether heating or cooling is the dominant
category. At the other end of the spectrum, buildings 7
and 10 prove to serve as efficiency gains since the
diversity index was improved in all their possible cluster
combinations. As reported in [8], district systems are
also built for the purpose of increasing community
resilience and not only efficiency. For this purpose, we
carried out a sensitivity analysis on the effect of each
individual building on the diversity of the cluster
covering all eleven buildings. The analysis not only
considered the building as one block, but also
considered whether heating or cooling demands are
excluded from being covered by the network.

Figure 5 demonstrates the effect of excluding certain
parts of the building on the diversity index. The annual
diversity index for the cluster including both heating and
cooling for the eleven buildings was 0.78. Due to the
dominant cumulated demands for heating throughout
the year, excluding heating in an individual building
yields a better load diversity within the cluster. On the
contrary, excluding cooling demands has more negative
consequences on the diversity between loads. Once
again, the results confirm the importance of some
buildings on the performance of the system. Excluding
buildings 6, 7, and 10, especially their cooling demands,
plummeted the annual diversity five times lower than
the average of the other buildings. This result opens the
possibilities for more flexible scenarios during the early
design of 5GDHC systems. Instead of connecting
buildings to the network as one block, only one category
of thermal demands can be supplied by the network to
maximise its efficiency. The excluded part of thermal
demands can be covered by local auxiliary systems.

The analysis of the diversity index does not provide
insights on how different clusters can be formed by the
same number of buildings. A tool that can perform
exhaustive  searches through combination and
permutation of buildings is required in order to a assess
the impact of several clustering possibilities.

0.86
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0.84 A Excluding building
X Excluding cooling
0.82 = |
L[]
5 050 i * y —
£ L SN a
Fozs ox X . Xy
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X
E 076 x A
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0.72
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0.70 X -

1 2 3 4 5 6 7 8 9 1011
Building number

Fig. 5. Variations of the diversity index for different design
scenarios. Annual diversity index for the cluster including all
eleven buildings is 0.78.

3.2 Fluid temperature oscillation

The fluid temperature oscillation in the pipes shown in
Figure 6 provides an explanation of the different thermal
processes happening in the system. For instance, the
buildings extract energy from the network during cold
months due to the dominant requirements for space
heating. In spring, the requirements for space cooling
starts to dominate, causing the buildings to inject energy
to the network, which in return causes the network
temperature to rise. At this point, the thermal storage
tank starts to accumulate the excess energy and stores it
for later use. As the demands for cooling keep rising
during summer months, the network temperature
reaches its maximum design temperature, and the tank
reaches its maximum storage capacity. When the excess
energy can no longer be utilised, the balancing unit
discharges it out from the network. This process can also
be seen by comparing Figure 6 with the negative slope
of the line in Figure 3(b). Both charts confirm that the
excess energy is not utilised between June and mid-
August. A consideration of the temperature oscillation
indicates that the network temperature is cold in winter
when it is supposed to be warm, and it is warm in
summer when it is supposed to be cold. This confirms
the findings in [12] where a free-floating temperature
of the warm line setpoint produced a similar behaviour.
The authors in [12] attempted to optimise the warm line
setpoint temperature in order to increase the
performance of the heat pumps due to the dominating
heating in winter. The different temperature control
strategies require further research during the future
development of the model developed in this study.

40
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Fig. 6. Hourly fluid temperature oscillation in the pipes
throughout the year.

4 Conclusions

The current study demonstrated a novel method for
designing any fifth-generation district heating and
cooling system. The models used for the design were
developed using the Modelica language and they are
under continuous improvement. We utilised the models
to cluster eleven buildings located in Lund, Sweden and
presented the different thermal interactions taking a
place in the cluster. An analytical solution was
developed and validated against the numerical Modelica
simulations. The diversity index was also evaluated in
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the models for each individual building and for the
cluster combining all buildings in order to understand
and improve the diversity between heating and cooling
demands.

From the analysis carried out on the case study, we
conclude the following three main points. First, fifth-
generation district heating and cooling systems can be
implemented in existing buildings to cover a primary
base load of up to 90% of the annual heating and cooling
demands. The peak loads are covered by conventional
heating and cooling systems with minimal annual
operating hours. The advantages of this approach are the
reduced investment cost, the added flexibility in
network expansion, and the ability to connect buildings
with different low and high temperature requirements.
Second, fifth-generation district systems allow covering
only one side of the building’s heating or cooling
demands from the network. Such configuration can
increase the system efficiency whilst it opens
possibilities for new business models. Third, future
work requires the investigation of different temperature
control strategies, such as a free-floating setpoint of the
warm or cold pipeline.

Nomenclature

Heating or cooling demand [W]
Thermal or electrical power [W]
Mass flow rate [Kg/s]
Temperature difference [K]
Diameter [m]

Water density [kg/m?]

Fluid velocity [m/s]

< T >3 3
SIS
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Abstract

District heating and cooling are considered effective solutions to decarbonise the energy use in the building sector. The latest
generation of district heating and cooling also increases the potential of integrating heat pumps and chillers in each building
substation. The benefits of such integration are the reduction of network temperature and distribution losses; the recovery of waste
heat through a bidirectional network; and the decentralised production of heating and cooling. Sizing the network depends mainly
on the heat flows between connected buildings. The substation performance and technical installations determine these heat flows.
We present in this paper Modelica-based simulations of two design cases for substations. The first design case involves installed
heat pump, chiller, and circulation pumps. Alternatively, the second design enables the heat pump to provide direct cooling through
a heat exchanger. The models for these installations were developed using the Modelica language to perform continuous-time
simulations. The performance in each design case was evaluated in terms of seasonal coefficient of performance and total electric
energy use. An analysis on a cluster of 11 buildings suggests that the addition of the direct cooling heat exchanger can save up to
10% of the total annual electric energy use. Additional savings can be achieved by optimising the building supply temperatures
and the district network temperature.

Keywords: Heat pumps; waste heat recovery; SGDHC; Modelica

1. Introduction

The new goals in the Swedish Climate Policy Framework adopted in 2017 aim at reaching zero net emissions of
greenhouse gases by 2045 [1]. The country has also a promising target to achieve 100% renewable electricity
production by 2040 [2]. To attain these goals, innovative solutions in different sectors are necessary. Heating and
cooling of residential and commercial buildings account for almost 40% of the total final energy use in Europe and
in Sweden [3]. This figure shows that there is a possibility to improve the energy-efficiency within the building sector.
Waste heat recovery, security of supply, efficient heat distribution, and competitive price strategies are some of the
current questions researchers attempt to address to improve energy-efficiency.

District heating and cooling (DHC) are considered effective solutions to decarbonise the building sector and can
help reaching national and international energy-efficiency targets [4]. The systems are a common way for heating and
cooling buildings in urban areas with an implementation rate exceeding 50% in Sweden, Denmark, Finland, Russia,
and northern China [5]. Regardless of their popularity, conventional DHC systems have two main drawbacks. First,
the centralised heat production results in higher distribution losses through the pipe network. Second, separate pipes
are required for the supply of simultaneous heating and cooling. A possible solution to these problems is the integration

* Corresponding author. Tel.: +46 730 72 75 26
E-mail address: marwan.abugabbara@hvac.lth.se
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of heat pumps and chillers in each building substation. The term substation refers to the link between the building side
and the district network. A typical substation in a fifth-generation district heating and cooling (SGDHC) system mainly
consists of a heat pump, chiller, circulation pumps, and heat exchanger for direct cooling. The outcomes of
decentralised substations are the significant reduction in network temperature, and the simultaneous supply of heating
and cooling through the same pipes.

1.1. Design and modelling of SGDHC systems

A typical SGDHC system leverages the synergies between connected buildings with different thermal demands.
Hence, the heat carrier in the pipe can flow in either direction depending on the type of thermal demand at a given
point in time. The system mainly comprises of the following three subsystems: 1) substations with installed heat
pumps and chillers to modulate the temperature to the building desired supply levels, 2) low temperature bidirectional
network with uninsulated pipes, and 3) balancing unit for energy storage and heat production. Previous work that
investigated this generation can be seen in the comprehensive review by Buffa et al. [6]. For system design, Wirtz et
al. [7] presented a mathematical model based on linear programming for the design of bidirectional networks. Another
study by Abugabbara and Lindhe [8] demonstrated an analytical solution to balance energy flows between connected
buildings and to size SGDHC networks. An important aspect that is lacking in these studies is the ability to evaluate
the system performance dynamically and for different design cases. In equation-based object-oriented modelling, large
complex systems are composed by assembling smaller stand-alone subsystem models. These subsystem models can
be easily reconfigured to simulate the system under different design cases.

The Modelica language offers high flexibility and reusability of component models across several domains. District
heating and cooling systems involve components from thermo-fluid and control domains. A recent review by
Abugabbara et al. [9] motivated the choice of Modelica for modelling and simulation of complex physical systems
such as the SGDHC systems. The free open-source Modelica Buildings Library [10] contains validated models for
building and community energy systems. We use these models to construct larger models for decentralised substations.
An investigation of different design cases and their impact on the system performance was carried out and the main
findings are presented in this paper.

1.2. Paper objective

The objective of the paper is to evaluate the performance of substation installations in different design cases. The
paper attempts to study the performance of two substations with different design cases. Figure 1 presents the schematic
diagram of the two considered substations. In substation A, the heat pump evaporator inlet is connected to the chiller
condenser outlet to recover waste heat. Similarly, the heat pump evaporator outlet serves as a cold source to the chiller
condenser inlet. Depending on the proportion between heating and cooling demands, heat is either extracted or injected
from/to the bidirectional network. Substation B includes all previous installations in addition to a heat exchanger used
for direct cooling. The heat exchanger reduces the electric power in the chiller’s compressor. However, it decreases
the potential to recover waste heat by the heat pump.

Heat pumps transfer thermal energy from a low temperature source to a higher temperature sink. The heat pump
Coefficient of Performance (COP) increases to infinity when the temperature difference between sink and source
approaches zero. Waste heat from the chiller raise the temperature at the heat pump source, hence, increasing the heat
pump COP. Conversely, the direct cooling heat exchanger reduces the electric energy use for space cooling while also
reducing the amount of recovered waste heat. We present in this paper the interactions between heat pumps, chillers,
and the direct cooling heat exchanger on a cluster of 11 buildings in Lund, Sweden. The analysis was performed using
Modelica continuous-time simulations where temperatures at each simulation time point were computed.

2. Method

This section presents the approach for modelling the substations including heat pumps, chillers, circulation pumps,
and direct cooling heat exchanger. The demand profiles in the case study together with the set of used input
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Fig. 1. Schematic diagram of a substation model with installed heat pump and chiller (A) and a substation with additional heat exchanger for
direct cooling (B). Design value are presented according to the case study input parameters shown in Table 1.

parameters are then presented. The performance indicators used for evaluating the substation performance are then
described. The section ends with a description of the study assumptions and limitations.

2.1. Models for substations

Heat pumps and chillers were modelled as a Carnot refrigerant cycle. Adjusting the COP based on the Carnot
efficiency avoids favouring any particular product [11]. The COP for a heat pump and a chiller is defined as

Tcundenser Tevaporatar

COPCH = Ncarnot T— (1)

condenser evaporator

COPyp =
HP Ncarnot T

condenser — !evaporator

Since the physical behaviour of chillers is almost identical to heat pumps, we will only present models for heat pumps.
At each simulation time point, mass flow rates at the condenser and evaporator are computed as

Qn s _ Qn— m/compressor
Mevaporator =

@

Mcondenser =

Cp ATcondenser Cp ATevaporator

where @), is the building heat demand in Watts, ¢, is the water specific heat capacity in J/kg'K, AT, onqenser and

ATepaporator are the temperature difference between condenser and evaporator inlet and outlet, and Wompresoor is the
heat pump electric power which is equivalent to

%
[/Vcompressor = T;HP 3)

On the heat pump evaporator side, the circulation pump extracts water in the amount of Mepaporator- The
circulation pump electric power is derived as
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Wcirpump - Vevaporator Ap (4)
Nh M

where Vempumm is the volume flow rate in m*/s, Ap is the pump pressure rise in Pa, nj, and ,, are the hydraulic and

motor efficiencies of the circulation pump.

Lastly, the Carnot cycle models for heat pumps and chillers were used to construct models for substations.
Figure 2 depicts the case of a substation with only heat demands and installed heat pump. Modelling systems in
Modelica is realised by instantiating components and connecting them visually in a Lego-like approach. Connector
lines interface component variables inside the model when seen from within, and from the outside when the component
is externally connected. The right box in Figure 2 provides a description of the components in substation model with
only heating demand. Fluid ports 17 and 19 represent the connection to the respective district warm and cold pipes
when the model is connected from the outside. The fluid transport delay in the substation is taken into account as
shown in components 16 and 18. On the heat pump evaporator cold side, the circulation pump extracts water from the
warm district pipe to the evaporator inlet. The cold water at the evaporator outlet then flows to the district cold pipe.
On the heat pump warm side, mass flow rates at the condenser inlet are computed in components 01 to 06 based on
the building demand. The condenser outlet is connected to the building sink shown in component 08. Finally, the
substation total electric power and heating demand are interfaced externally through components 14 and 15 for
processing results.

2.2. Case study

We analysed a cluster of 11 buildings to evaluate the substation performance in both design cases. The buildings
are located in Lund, Sweden and have a total heated floor area of about 110,000 m?. Most of the floor area is used for
offices, conference rooms, and labs. Other space usage includes restaurants and a sport centre. To understand the
demand requirements in the cluster, Figure 3 shows the yearly heating and cooling demand profiles. As clearly noticed,
the cluster has simultaneous demands for heating and cooling throughout the year. The simultaneous demands increase
the potential to exchange energy between connected buildings. However, the actual amount of exchanged energy
depends on the COP of heat pumps and chillers. The substation and network design temperatures play an important
role in determining the amount of exchanged energy within the cluster.

01 02 15| ID  Description
{> 01 Matrix with building heating and cooling loads
13 02 Split loads and output heating load
14103 Heating gain = AT, ... C,
:@ L1 04 = G,y Healing gain
05 Building heating return temperature
06 Mass flow source with input signals

07 Prescribed condenser leaving temperature
08 Building heating sink

Heat pump

09 Qovaporator = Qeondonser ~ Weomprossor

10 Meraporaior = Qvaporator! (AT ovaporator o)

11 Circulation pump mass flow rate input
12 Circulation pump electric power output
19 113 Compressor and circulation pump electric power

14 Substation total electric power

15 Substation heating load

16 Substation delay from warm district pipe
- 17  Fluid connector with warm district pipe
18 Substation delay from cold district pipe
Circulation pump 19 Fluid connector with cold district pipe

My 12

Fig. 2. Diagram view of a substation model with only heating demand. The right box describes the different components included in the model.
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Space heating = 10.30 GWh
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Space cooling = -4.27 GWh
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NO==2000 =2
momomomowmom

2000 4000 6000 8000
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o

Fig. 3. Yearly heating and cooling demand profiles in the building cluster.

Table 1 provides an overview of the design parameters used in the simulations. On the district side, heating is
injected to the network by the balancing unit when the warm pipe temperature drops below 16 °C. On the other hand,
when the cold pipe temperature rises above 30 °C, the balancing unit supplies cooling to the network. The value of
the parameter regarding water pressure drops over condenser and evaporator was chosen based on the measurements
reported in [12]. The global circulation pump efficiency was set to 0.49 for the assumed efficiencies shown in the
table. Both design cases were simulated using with the same design input parameters.

Table 1. Case study design input parameters.

Parameter Value Unit
Temperature range in warm district pipe’ 16-40 °C
Temperature range in cold district pipe’ 6-30 °C
Design supply temperature for space heating' 55 °C
Design supply temperature for space cooling' 7 °C
Evaporator temperature difference of the heat pump (outlet — inlet)' -10 K
Condenser temperature difference of the chiller (outlet — inlet) ! 10 K
Temperature difference between refrigerant and water outlet in condenser and evaporator 2 K
Water pressure drops over condenser and evaporator 30 000 Pa
Carnot efficiency 50 %
Pump hydraulic and motor efficiencies 70 %

'The reader is advised to refer to Figure 1 to point the design values on the schematic diagram.
2.3. Performance indicator

The case study was simulated for each of the two design cases presented in Figure 1. For each simulation, the
system performance was assessed based on the Seasonal Coefficient of Performance (SCOP). The SCOP for heating
and cooling is defined as

EiQh,i SCOP. = Zi Qc,i (5)
Ei WcompressorHP,i + WhCirPump,i ¢ Zi WcompressarCH,i + WcEirPump,i

scop, =

For SCOP, in Equation 5 the @, denotes the total annual delivered heating energy by heat pumps, Wcompressortp is
the compressors total annual electric energy use in heat pumps, and Wicirpump is the total annual electric edergy use
in circulation pumps used for heating. The compressor electric power in heat pumps and chillers is derived from
Equation 3, whereas the electric power in circulation pumps is determined as shown in Equation 4. It is worth noting
that in a system with direct cooling, the chiller delivers thermal energy that corresponds to the difference between the
cooling demand and the transferred heat in the heat exchanger.
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2.4. Assumptions and limitations

When modelling the direct cooling heat exchanger, our primary interest was to utilise the available energy in the
heat pump evaporator. In practice, the heat exchanger can also draw water from the district side depending on the
temperature levels in the building return and the district pipes. The study did not include the temperature control
between the heat exchanger and the district pipes. Therefore, direct cooling was realised when the heat pump is in
operation and by assuming that the evaporator temperature satisfies the building cooling demand. Moreover, we did
not model the building side of the heat exchanger. Instead, the heat transfer rate in the heat exchanger was set to be
equivalent to the heat flow in the heat pump evaporator. This approach was sufficient to model the heat exchanger
and was also followed by Sommer et al. when they only modelled the district side of the heat exchanger [13].

Another assumption involved the connection points shown in Figure 1. These points indicate fluid mixing and were
modelled as mixing volumes that include the substation delay. The delay refers to the time it takes for the change in
temperatures to be absorbed by the system. A time constant is used to describe this first-order lag and is defined based
on engineering experience. We defined a time constant of 600 seconds similar to the district examples presented in
the Modelica Buildings Library.

3. Results and discussion
This section presents the substation SCOP and electric energy use in the two design cases.
3.1. Substation SCOP

The variations in the cooling and heating SCOP throughout the year are shown Figure 4. The left chart presents the
performance for the design case without direct cooling, whereas the right chart shows the system performance when
direct cooling is realised. At first glance, it can be noticed that both systems have somewhat a low heating SCOP. We
have considered that heat pumps supply a constant temperature of 55 °C throughout the year. As a matter of fact, each
heat pump adjusts the heating supply temperature based on the outdoor temperature and a control curve. The control
curve varies from building to building and can be implemented into the model when provided. Including these curves
mean that heat pumps would need to operate for lower temperature lifts compared to a constant supply temperature
operation. This would result in an improved heat pump performance.

A discernible distinction between the two design cases is seen in the cooling SCOP. The addition of the direct
cooling heat exchanger increased the annual cooling performance by about two and a half fold. Since heat pumps in
this system were also utilised to provide cooling, chillers were running with much lower powers. In winter months
where heat pumps covered most of the cooling demand, the compressor load in chillers was reduced. This can be seen
by contrasting the cooling SCOP in both charts in Figure 4. In summer months where heat pumps operate at much
lower load ratios, chillers start to run to provide the required cooling. This resulted in a rapid decrease in the cooling
SCOP in the system with direct cooling. In view of the fact that the building cluster has dominant heating demand
throughout the year, employing direct cooling from heat pumps is regarded more favourable.

14 Annual cooling SCOP = 6.33 140 Annual cooling SCOP = 16.40
12 Annual heating SCOP = 3.25 120 Anuual heating SCOP = 3.22
10 r 100
5 o 5 o
8 6 8 60
N 4 » 40
2 20
0 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Time [hour] Time [hour]

Fig. 4. Variation of heating and cooling seasonal coefficient of performance for a system with no direct cooling (left) and for a system with direct
cooling (right). Note that the two charts do not have a uniform scale.
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3.2. Substation electric energy use

Figure 5 provides a better understanding of how each design case impacted the substation annual electric energy
use. The top two figures A and B compare the compressor cumulative electric energy use. For heat pumps in the two
design cases, the compressor electric energy use is almost identical. This accords with the presented heating SCOP in
Figure 4 since the seasonal performance was similar in the two designs. A notable difference between the two design
cases is seen in chillers’ electric energy use. In the first design case, chillers run continuously throughout the year to
provide the required cooling demand, as shown in Figure 5(A). When direct cooling is realised, chillers only run when
heat pumps can no longer fulfil the cooling demand through the evaporator (Qc>Qevaporator). Overall, direct cooling
covered the entire cooling demand during almost one third of the yearly operation. Moreover, it decreased the
operating capacity of chillers which consequently reduced the compressor annual electric energy use by about 63%.

The circulation pumps electric energy use is illustrated in Figure 5(C) and Figure 5(D). The two lines representing
heating and cooling circulation pumps in Figure 5(D) are superimposed on each other until a certain point. This shows
that the same circulation pump is used for both heating and cooling which are provided by heat pumps. After reaching
the maximum capacity of the direct cooling heat exchanger where Qc>Qevaporator, Chillers start to operate. This is
depicted in the diverging point in the grey line where other circulation pumps start to draw water to chillers. Taken
together, the results suggest that the system with direct cooling yielded a reduction of 10% of the total electric energy
use. The results, however, may differ from one building cluster to another depending on the simultaneity between
heating and cooling demands. Previous studies aimed to investigate the simultaneous demands developed metrics such
as the Diversity Index [11] and the Demand Overlap Coefficient [14]. Evaluating these metrics supports engineers to
map potentially promising clusters in order to increase the efficiency of the district system.

3500 3500
(A) Hegt pumps compressor (B) Heat pumps compressor,
g 3000 (without direct cooling) g 3000 (with direct cooling)
= 2500 S 2500
® o
12] 12
2 2000 > 2000
> >
= 2
2 1500 2 1500
[} [
‘g 1000 Chillers compressor g 1000
3 (without direct cooling) 8 Q:>Qqyaporator ~ Chillers compressor
w500 w500 \L (with direct cooling)
0 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Time [hour] Time [hour]
12 12
(C) (D) Cooling circulation pumps,
= = (with direct cooling)
= 10 - } < 10
2 Heating circulation pumps 2
N N X s
% 8 (without direct cooling) = Qc>Qevappra(°r
123 (2]
3 S
3 6 3 6 . . .
o Cooling circulation pumps 5 Hea(lr}g cr!'culatlon pumps
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g 8
a2 o2
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Fig. 5. Substation annual electric energy use. Figures (A) and (B) compare the electric energy use in compressors between the two design cases,
while figures (C) and (D) compare the electric energy use in circulation pumps.
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4. Conclusions

We demonstrated in this paper Modelica-based simulations of decentralised substations with two different designs.
The substations included models for heat pumps, chillers, and circulation pumps. The difference between the two
designs was the utilisation of heat pumps to provide cooling from the evaporator to a direct cooling heat exchanger.
We studied a cluster of 11 buildings with simultaneous heating and cooling demands to compare the two designs. The
substation seasonal coefficient of performance (SCOP) and annual electric energy use were evaluated as performance
indicators. The results show that the system design with direct cooling reduced the operation time of chillers by one
third in addition to decreasing their operating capacity. To improve substation performance, we recommend
implementing temperature controllers in both demand and supply sides. This may involve controlling the heating and
cooling supply temperatures based on the outdoor weather, as well as controlling the district network temperature.
The former would improve the performance of heat pumps and chillers, while the latter would increase the potential
for direct cooling through the district network.
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