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TECHNICAL UNIVERSITY OF DENMARK

Abstract
Department of Civil Engineering

Implementation of flexible operational schemes for buildings in a district with
smart energy systems

by Katarzyna Marta Luc

In the face of the growing share of fluctuating renewable energy sources and changes
in the energy system as a whole, flexibility on the demand side is becoming more
and more important. As focusing solely on electricity-only solutions does not pro-
vide sufficient system flexibility, the next focus area are both electrical and thermal
solutions. The research project summarized in this thesis aimed at investigating the
energy flexibility potential of a small district. Most of the research included in the
thesis used the district of Nordhavn in Copenhagen, Denmark as a case study. The
study consisted of three main parts. The first part was based on a literature review
and focused on earlier findings on energy flexibility in context of heat demand in
buildings and district heating systems. The second part focused on the flexibility
already available in the district heating systems and investigated in detail the poten-
tial of using a heating grid as short-term heat storage. The third part investigated the
flexible operation potential of a small district with buildings connected to a district
heating network. Moreover, the challenges related to implementation of Demand-
Side Management in the district heating systems were also briefly discussed.

It was concluded, based on the findings available in scientific literature, that ther-
mal energy systems are characterized by inherent inertia significantly greater than
the electrical systems and electrical energy is more difficult to store than thermal
energy. As such, treating electrical and thermal systems as an integrated whole can
increase energy system’s flexibility. However, when investigating the possibility of
using the flexibility of thermal energy systems, the physical characteristics of the
heat demand side and thermal energy storage have to be accounted for. It is because
the flexibility available depends on factors such as weather conditions, occupant
behaviour, and storage losses. Additionally, a generalised schematic of flexibility
sources in the built environment was proposed and their different types were pre-
sented based on the proposed framework.

Subsequently, the flexibility already available for the district heating network
operators in the current systems was analysed. The possibilities discussed include
large-scale heat storage, substation control and heat storage in the district heating
network pipes. The investigation of the potential for using district heating grid as
heat storage to reduce peak heat demand was based both on the results of a pilot test
and a simulation study. Different scenarios regarding supply temperature increase
level and its duration, as well as different heat demand in the area were analysed.
It was shown, that the strategy can be used as a supplementary method of peak
reduction. However, the potential of this solution when used solely on its own is
limited – the peak decrease based on simulations was 4.8% and the peak decrease
estimated based on measurements 7.2%.

HTTP://WWW.UNIVERSITY.COM
http://department.university.com
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Based on the study of existing literature, the heat storage in buildings has been
identified as a possible source of flexibility for the thermal energy systems. To inves-
tigate the potential for flexible operation of buildings connected to the district heat-
ing network and for the building thermal mass to be utilized as short-term thermal
energy storage, a simulation-based study was conducted. The model in the study
consisted of a grid model with connected buildings. It has been shown that there
is significant potential for flexible operation of buildings supplied from the district
heating systems. The achieved load shifting, defined as the change in energy use
in the morning, in all scenarios was between 35% and 49%. Two different control
signals for the demand-side management strategies, heat load in the district heating
system and heat production costs, were also discussed. However, this solution has
not been introduced in the district heating systems outside of pilot tests. As such,
also the challenges related to its implementation in the existing district heating sys-
tems that have to be addressed were also discussed.

The overall conclusion of the study is that thermal energy system have signifi-
cant potential for flexible operation and as such can play an important role in the
transition to more sustainable energy supply based on renewable energy sources.
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Chapter 1

Introduction

Many of the challenges that the world faces today are related to energy, as exempli-
fied by the United Nations Sustainable Development Goals (United Nations Depart-
ment of Economic and Social Affairs, 2018). To ensure a secure energy supply and
avoid contributing to climate change, energy systems of the future should not con-
tribute to the net CO2 emissions to the atmosphere. As such, they cannot be based
on fossil fuels. In this context, increasing the share of renewable energy sources in
the energy supply is crucial. However, it leads to the need to introduce significant
changes in the existing energy system. With growing share of fluctuating renewable
energy sources and the emergence of Smart Grid, flexibility in energy supply and
demand becomes more and more important (Valsomatzis et al., 2015). The topic of
energy flexibility and its growing importance for the energy system as a whole has
been discussed more in detail Chapter 2.

The building sector was estimated to account for over one third of the final en-
ergy use worldwide (Schmidt, 2014). At the same time, due to the historical and
current urbanisation trends, in 2014 73% of the Europeans and 54% of the world
population lived in cities. This numbers are expected to increase to, respectively,
66% and over 80% by 2050 (United Nations - Department of Economic and Social
Affairs - Population Division, 2014). Thus, lowering the environmental impact of
buildings and energy systems in urban areas is a significant step in reaching the UN
Sustainable Development Goals, as well as goals set by national and international
agreements, such as the Kyoto protocol or the European 20-20-20 Targets (Schmidt,
2014).

As concentrating solely on electricity-only solutions does not result in providing
sufficient energy system flexibility, next search for it focuses on solutions connect-
ing the electric and thermal energy systems, such as heat pumps, electrical heating
and cooling, and thermal system components (Heller et al., 2014). Planning for the
groups instead of individual buildings increases it possibly even further and pro-
vides higher efficiencies and better control (Pitts, 2008). Thus, to ensure the optimal
integration between systems and technologies the flexibility of not only electricity,
but also heating demand should be investigated. Such investigation should take into
account the characteristics of the thermal energy systems.

1.1 Aim and scope

The research described in this thesis was aimed at investigating the flexibility of
thermal energy system on a district scale. The district of Nordhavn in Copenhagen,
Denmark was used as the case study and the starting point for most of the the in-
vestigations. Initially, the load shifting potential of the district heating grid was
investigated under the assumption that only the operation of the district heating
grid is controlled. The investigation was based both on the test performed in the
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network and on the simulations run in Termis. Subsequently, the bidirectional com-
munication of energy services between the buildings and the surrounding energy
systems was modelled. Using the created model, the load shifting potential of the
local district heating system was investigated. As Termis does not allow for detailed
modelling of consumer nodes, Modelica language with Dymola environment were
used instead.

It is potentially both experimental methods and modelling that can be used for
such an investigation. However, it is only the first part of the research where the
analysis included also the measurements from the actual system. Using data from
the actual tests performed in the district heating system allows for investigating ac-
tual response of the system without the risk that some of its complexity is going to
be lost. At the same time, in case of working with real buildings and district heating
systems it is nearly impossible to control all of the factors influencing their oper-
ation, which makes setting a reference scenario difficult. Additionally, such tests
can be costly, require a large amount of data collecting equipment, generally require
involving building occupants or utility companies (or both) and may call for addi-
tional legal agreements between utility company and customers. The second part
of the thesis was based solely on modelling and simulations. This was done due
to the fact that control systems in the buildings in the area are not prepared for the
modified control set-up and even if they were such tests would require handling all
the issues mentioned above. Moreover, simulation studies make it possible to inves-
tigate the impact of individual factors on the results.

Most of the research conducted used the district of Nordhavn in Copenhagen,
Denmark as a case study. The investigation therefore focused on the district heating
system in an urban district, where most of the buildings are multifamily residential
buildings and are either new or extensively renovated. As such, the results of this re-
search should be applicable for similar areas, but may not be relevant for areas with
strongly different characteristics. As there is only one office building in the investi-
gated area and it is not allowed to install cooling systems in residential buildings in
Denmark, cooling demand and its flexibility were not investigated.

1.2 Research hypothesis and research questions

The main hypothesis investigated in this thesis is "Operational schemas for thermal
energy system on a district level can facilitate the incorporation of greater share of
fluctuating renewable energy sources into the overall energy system by utilizing the
potential flexibility in the thermal energy system." The hypothesis was addressed
by investigating findings from existing literature, measurement data analysis and
district heating network modelling. The research objectives that lead to answering
the main hypothesis are:

1. The first research objective is to identify how thermal energy systems can sup-
port the flexible operation of integrated energy systems based on existing lit-
erature.

2. The second objective of this thesis is to evaluate if the district heating pipes
themselves be used as heat storage to decrease the peak heat demand.

3. The third research objective is to analyse how using district heating network
as heat storage affects network operation.
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4. The fourth objective is to model how the flexible operation of buildings can
facilitate flexible operation of the energy system on a district level.

The thesis aims to combine the conclusions of individual investigations to provide
the answer to the main hypothesis.

1.3 Structure of the thesis

The thesis consists of six chapters. The first chapter presents the aim of the project,
the main hypothesis and the research questions that were addressed in the thesis,
as well as the structure of the thesis. The second chapter describes the project back-
ground and presents the state of the art. In particular, it focuses on the energy flex-
ibility in context of thermal energy systems and how thermal energy systems can
support the operation of energy system as a whole. The third chapter describes the
research concerning flexibility potential of thermal energy systems available for the
network operators under current conditions. This is expanded further in the fourth
chapter, which presents the findings concerning the energy flexibility of a thermal
energy system where the buildings play an active role. Conclusions of the research
project are summarized in the fifth chapter. The final sixth chapter lists the possible
future investigations that can continue the work described in this thesis. Papers pro-
duced over the course of the project are listed below and included in the appendices.

Appended papers:

1. Paper I: Katarzyna M. Luc, Alfred Heller and Carsten Rode (2019), "Energy de-
mand flexibility in buildings and district heating systems - a literature review",
Advances in Building Energy Research, 13:2, 241-263, DOI: 10.1080/17512549
.2018.1488615

2. Paper II: Katarzyna M. Luc, Rongling Li, Luyi Xu, Toke Rammer Nielsen and
Jan L. M. Hensen "Energy flexibility potential of a small district connected to a
district heating system", accepted for publication in Energy and Buildings

Other publications not appended to the thesis:

• Katarzyna M. Luc, Alfred Heller and Carsten Rode (2017): "Flexibility of Large-
Scale Solar Heating Plant with Heat Pump and Thermal Energy Storage", Pro-
ceedings of the 11th ISES Eurosun 2016 Conference - 2017 (p. 849-861)

• Kyriaki Foteinaki, Katarzyna M. Luc, "Prosumer analysis", project report for
EnergyLab Nordhavn

• Daniel Lindblom, Michael Møller, Katarzyna M. Luc, Kristian Honoré, "A method-
ology for how to use buildings’ heat consumption data to improve the opera-
tion of a district heating network", project report for EnergyLab Nordhavn

• Katarzyna M. Luc, "Heat storage in the district heating network", project report
for EnergyLab Nordhavn
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Chapter 2

Background

The increasing requirements regarding the greenhouse gas emissions require changes
in the energy sector. As it was mentioned in Chapter 1, buildings are responsible for
about 35% of the energy use worldwide (Schmidt, 2014) and the building sector
plays a crucial role in the transition towards a sustainable future. If the targets set
by international agreements such as the Kyoto protocol or the Paris agreement are
to be reached, the environmental impact of buildings has to be lowered.

Parts of the findings of this study has been published in:

Katarzyna M. Luc, Alfred Heller and Carsten Rode (2019), "Energy demand flexibility in
buildings and district heating systems - a literature review", Advances in Building Energy

Research, 13:2, 241-263, DOI: 10.1080/17512549.2018.1488615

2.1 Urbanization and Smart Energy Cities

Energy use in urban areas, predominantly in transport and housing, is responsible
for the larger share of CO2 emissions than the energy use in rural areas. At the same
time, cities play a central role in the reduction of CO2 emissions (Berrini et al., 2013).
Already now the CO2 emissions per person in Europe are lower in urban areas than
outside of them (International Energy Agency, 2008). Cities offer also the largest
cost-effective opportunity for energy savings by lowering the energy consumption
e.g. by retrofitting existing buildings with energy efficient technologies (Berrini et al.,
2013). Moreover, measures to mitigate the climate change can be more cost-effective
and efficient in towns and cities than in more sparsely populated areas (European
Commission, 2011). Thus, the energy systems in cities are simultaneously a part of
the problem and a part of its potential solution.

One of the concepts developed to cope with the changing environmental policy
requirements are Smart Cities. There is no one universally accepted definition of this
term. In the Strategic Implementation Plan by European Innovation Partnership
on Smart Cities and Communities (European Commission, 2013) Smart Cities are
defined as follows: "Smart cities should be regarded as systems of people interacting with
and using flows of energy, materials, services and financing to catalyse sustainable economic
development, resilience, and high quality of life; these flows and interactions become smart
through making strategic use of information and communication infrastructure and services
in a process of transparent urban planning and management that is responsive to the social
and economic needs of society." The major challenge in the development towards Smart
Cities is the convergence of transport, energy and information and communication
technology (ICT). A Smart City should integrate ICT and devices connected to the
network (Internet of Things - IoT) to achieve optimized and efficient city operation
and services and to connect to citizens (Cohen, 2015).
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FIGURE 2.1: District of Nordhavn around 2014 (Malling, 2014)

The role of energy in Smart Cities was emphasised in (Nielsen, Ben Amer, and
Halsnaes, 2013), where the term Smart Energy City was introduced. Smart Energy
City was described there as "highly energy and resource efficient, and is increasingly
powered by renewable energy sources; it relies on integrated and resilient resource systems,
as well as insight-driven and innovative approaches to strategic planning. The application
of information and communication technologies is commonly a means to meet these objec-
tives." Smart Energy Networks are considered to be the backbone of the Smart City,
enabling the energy management (Energy Research Knowledge Centre, 2014).

Projects related to Smart Energy Cities have become popular over the course of
last years thanks to the support both from the private sector (e.g. IBM) and public
sector (e.g. EU sixth Framework Programme (FP6), seventh Framework Programme
(FP7) and Horizon 2020) (Mosannenzadeh, Di Nucci, and Vettorato, 2017). In Den-
mark, one of the Smart Energy City projects is EnergyLab Nordhavn.

2.2 EnergyLab Nordhavn project

EnergyLab Nordhavn – New Urban Energy Infrastructures is a four year research
and demonstration project running from April 2015 to October 2019. It brings to-
gether stakeholders from local authorities, academia, energy infrastructure and in-
dustry. The project aims to support the transition of the current energy system to
a sustainable, reliable and cost effective system based on renewable energy sources
(EnergyLab Nordhavn, 2018). It is done by addressing challenges of future smart
energy systems such as development of a coherent flexible energy system, changing
the approach to energy infrastructure design and dimensioning and development of
energy technologies (EnergyLab Nordhavn, 2015b). The tests and demonstrations in
the project were done in Nordhavn district in Copenhagen, Denmark, that was also
used as a case study in simulation-based investigations.

The work done in this thesis is a part of EnergyLab Nordhavn and is linked
to Work Package 3 "Smart energy buildings" and Work Package 5 "District heating
infrastructure". The objective of Work Package 3 is to provide insight into the pos-
sibility of low-energy buildings and their users acting as active energy-flexible ele-
ments in a smart energy system, as well as develop and showcase associated control
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solutions for smarter operation and monitoring of energy use in modern buildings
(EnergyLab Nordhavn, 2015a). Work Package 5 focuses on developing and verifying
the solutions for district heating in dense (albeit low-energy and low-temperature)
grids. Technologies considered include heat storage, smart energy technologies, en-
ergy flexible buildings, fuel-shift solutions and decentralised supply options (Ener-
gyLab Nordhavn, 2015a).

2.3 Smart Energy Systems and energy system integration

As it was previously mentioned, Smart Energy Networks or Smart Energy Systems
are considered the backbone of Smart Cities. The terms Smart Energy and Smart En-
ergy Systems were introduced to describe a broader approach to sustainable energy
systems than Smart Grids. While Smart Grids focus solely on electric system, the
term "Smart Energy Systems" includes also district heating and cooling, buildings,
industry and transportation (Lund et al., 2017). This interconnection and integration
between different parts of energy system has been shown in many studies to effec-
tively support integration of larger share of fluctuating renewable energy sources in
the production mix.

Integration between electrical and thermal systems can be beneficial for the opera-
tion of the energy system as a whole. District heating systems were shown to be
able to support the integration of fluctuating renewable energy sources into power
systems by offering cost-effective flexibility (Kiviluoma and Meibom, 2010). Inte-
gration of energy system was also shown to perform better than electricity storage
on its own in managing temporary electricity oversupply from variable renewable
energy sources. Heat sector is able to accommodate large amount of temporary over-
supply and is more attractive for this purpose from an economic point of view than
the hydrogen or gas sectors (Schaber, Steinke, and Hamacher, 2013). However, the
profitability of P2H units installation depends heavily on the regulatory framework,
because the contribution of the power-to-heat unit depends on the additional costs
(Scholz and Müsgens, 2015).

Apart from system-level solutions, measures that facilitate energy system opera-
tion at the level of the individual consumer, for example, Active Demand Response
(ADR), have also been investigated in the context of Smart Grids (Pedrasa, Spooner,
and MacGill, 2010; Li, Chen, and Low, 2011; Mohsenian-Rad et al., 2010). One tech-
nology in focus there are electrical heating systems, in this context also described as
thermostatically controlled loads (Bruninx et al., 2013; Kara et al., 2014).

When investigating the possible contribution of thermostatically controlled loads
to the the improved operation of the power system characteristics of the demand
side should be also taken into account (Bruninx et al., 2013). The behaviour of the
demand side (heat losses that depend on the state of the storage and boundary con-
ditions) is not captured by the virtual generator models and price-elasticity models
that are typically used in the smart-grid-focused literature. In market models, where
price-elasticity represents the price-responsiveness of customers, responsiveness of
storage-type customers is not modelled properly when losses from storage do not
depend linearly on the energy stored or power supplied. Virtual generator mod-
els, where demand is modelled as negative electricity generation, can be used to
represent the technical limitations of demand-side technologies, but in the context
of modelling electrical heat sources, they do not take into account the way thermal
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losses depend on weather conditions and user behaviour. It was also shown that us-
ing prices to promote load shifting in an energy system with the characteristics of a
Belgian energy system can be an effective way to encourage load shifting to off-peak
hours (Masy et al., 2015). Pedersen, Hedegaard, and Petersen (2017) investigated
in the simulation study the space heating demand response potential of retrofitted
multi-family residential buildings. Economic model predictive control scheme was
used to control space heating operation in the modelled building. For the buildings
in the existing state the energy shifted from the peak load periods was about 7% of
the energy use, for the retrofit scenarios the load shifted was between 30 and 47%
of the energy use. However, it should be noted that the absolute amount of the en-
ergy shifted remained the same in both cases and was about 2 kWh/m2. The same
authors investigated also the potential for the space heating operation according to
both day-ahead and intraday demand response programs in parallel (Hedegaard,
Pedersen, and Petersen, 2017). The results show that including intraday trading
to the typically used day-ahead control resulted in increased cost savings, both for
the non-retrofitted and retrofitted building, compared to the typically considered
day-ahead market program that was investigated in (Pedersen, Hedegaard, and Pe-
tersen, 2017). It has been also shown, that the smart-grid control strategies can lead
to increased electricity use (Masy et al., 2015; Bruninx et al., 2013). In the case of
buildings with electrical heating systems, this may be because of thermal storage
losses.

This increased energy use does not necessarily cause increased environmental
impact. Low electricity prices usually occur in periods with high power generation
from fluctuating renewable sources, so the environmental impact would be minimal.
Still, this assumption has been shown not to be universally true. There is a number of
studies indicating that dynamic price signals based on electricity spot marked price
do not have to correspond to environmental impact of power generation. Shifting
load from high-price hours to low-price hours was shown to result in CO2 emission
reduction for the electricity generation mixes where there was a positive correlation
between the CO2 intensity and price, but to have an opposite effect for generation
mixes with the negative correlation between the two (Stoll, Brandt, and Nordström,
2014). The example of a system where such a negative correlation occurred was
the Swedish electricity market. Similar conclusion, with solely price-based control
possibly increasing the CO2 emissions, has been reached also by Dahl Knudsen and
Petersen, 2016 for a model predictive controller used for space heating control with
electricity system data for Western Denmark. A trade-off between costs and CO2
emissions has been found also in multi-objective optimization used to shift the so
called residential wet loads (such as dishwashers, washing machines, tumble dryers
and washing dryers) (Tsagarakis et al., 2014), using data from United Kingdom.

However, it should be noted that the studies referenced above focused on the
power systems, not on thermal systems. The district heating system in the Greater
Copenhagen area is supplied by prioritised production units (3 waste incineration
plants, a sewage treatment plant and a geothermal unit), base load units (3 CHP
plants supported by 2 heat accumulators) and peak and reserve load units (4 large
boilers located in the CHP plants and approximately 30 smaller peak load units).
The peak and reserve load units are heat-only boilers that run on fossil fuels (mostly
natural gas) (Varmelast.dk). As such, the prioritized production is characterized by
lower CO2 emissions per energy unit than the peak production units. Still, this does
not have to be universally true for the district heating systems and depends on the
production side characteristics in the system in question. It is entirely possible that
the heat production costs of biomass-fired boilers would be higher than of coal-fired
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boilers. However, based on the information on the production mix in the Greater
Copenhagen district heating system it has been decided that this assumption re-
garding the heat generation prices and CO2 emissions can be made.

Treating electrical and thermal energy systems as a whole can increase flexibility of
the whole energy system (Kiviluoma and Meibom, 2010; Lund et al., 2015) thanks
to the significant differences between the flexibility features of electric and thermal
systems. For the electric systems, a mismatch between demand and supply can have
severe consequences, as it can lead to interrupted supply, in the extreme cases caus-
ing a major power outage (blackout). For the thermal systems, there is no risk of
equivalent of a blackout. Moreover, thanks to the thermal inertia of buildings a
short-term decrease or interruption in the heat supply won’t generally be noticed
by customers. Additionally, heat storage at the temperature range used in district
heating and heating systems is significantly cheaper than electricity storage with
currently used technologies.

2.4 Energy flexibility

There is no one universally used definition of energy flexibility (Lund et al., 2015).
In the context of power systems, flexibility was defined as "the ability of a power
system to respond to change in demand and supply", i.e. a system-specific property
(Cochran et al., 2014). This corresponds to the definitions used in (Bertsch et al.,
2012): "the capability to balance rapid changes in renewable generation and forecast
errors within a power system", and in (Denholm and Hand, 2011): "system flexibility
can be described as the general characteristic of the ability of the aggregated set of
generators to respond to the variation and uncertainty in net load". Flexibility was
also defined as "the ability to deviate from the plan", so in the context of buildings
and power systems it is "the ability to deviate from its reference electric load profile"
(De Coninck and Helsen, 2016). In the context of electrical appliances, flexibility can
be defined also taking into account occupants’ comfort, as it was done in (D’hulst
et al., 2015): "the power increases and decreases that are possible within these func-
tional and comfort limits, combined with how long the changes can be sustained".
For a system consisting of a heat pump with thermal heat storage, flexibility has
been defined as "the ability to shift the consumption of a certain amount of electrical
power in time (number of hours or kWh)" (Six et al., 2011). The same definition is
also used in (Nuytten et al., 2013). The term "flexibility" is has also been used in
a number of papers without being formally defined (Bruninx et al., 2013; Colella,
Sciacovelli, and Verda, 2012; Costanzo et al., 2013; Kiviluoma and Meibom, 2010;
Kondziella and Bruckner, 2016; Oldewurtel et al., 2013; Valsomatzis et al., 2015).

It was also shown, that no single indicator of flexibility is applicable for all cases
(Lund et al., 2015) and there are studies where different definitions of flexibility are
applied e.g. for different control strategies (Masy et al., 2015).

Figure 2.2 shows the proposed hierarchical classification of flexibility definitions
used in literature. There, it can be seen, that the most general definition and defi-
nitions for demand side and supply side are applicable both for thermal and electri-
cal systems. However, the specific technical definitions that can be used for estab-
lishing flexibility indicators and calculation methods, are applicable only in specific
contexts.
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FIGURE 2.2: Hierarchical classification of technical flexibility defini-
tions (Luc, Heller, and Rode, 2019)

The energy flexibility indicators used in literature were described more in detail in
the paper "Energy demand flexibility in buildings and district heating systems – a
literature review", that can be found in the Attachment A.

2.5 Energy flexibility in buildings and district heating sys-
tems

TES in buildings can be used to provide "peak shaving" and "load shifting" for the
energy system (Heier, Bales, and Martin, 2015). Short-term TES systems for build-
ings can increase demand shifting potential of buildings and offer solution to use
the renewable energy sources more efficiently (Basecq et al., 2013).

The classification of the TES applications for increasing the flexibility of buil-
ings and district heating systems presented below was based on (Arteconi, Hewitt,
and Polonara, 2012). As the thermochemical energy storage is rarely used in cur-
rent practice, it was not included in the scope of this work. Control of appliances is
discussed instead. Cold TES and switching between appliances have also not been
included in the thesis, as it is less relevant for the scope of the research discussed
here.

FIGURE 2.3: Simplified schematics of flexibility sources in the built
environment. El stands for electricity, Th for thermal energy (Luc,

Heller, and Rode, 2019)
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Simplified and generalized schematics of flexibility sources in built environment
is presented in Figure 2.3. The figure shows the system’s boundaries (dotted line),
the inputs, the outputs and the inside of the system. The current model consists of
appliances using energy, energy storages and control. Three different parts of the
model were indicated as (a), (b) and (c). (a) Fuel shifting refers to flexibility avail-
able through switching between the energy sources (inputs) for the system (input
side to the system). (b) Control and demand-side management for the "system in-
side" for the combination of appliances and storage. (c) In case of thermal systems,
flexibility can be provided by combining heat or cold sources with different storage
technologies. In case of the Smart Grid focused research, such systems can be purely
electrical and use, for example, batteries to store electricity, or they can include en-
ergy conversion technologies such as power-to-heat and use thermal storage.

2.5.1 Sensible TES

Sensible TES is the most common form of heat storage in buildings. Its two most
common forms are heat storage in the building mass and heat storage tanks.

Heat storage in thermal mass is possible in any building and does not require
installing additional technical systems. However, unlike energy storage in, for ex-
ample, batteries and storage tanks, the flexibility potential provided by the building
thermal mass depends on several uncontrollable factors, such as weather conditions
and users’ individual perception of indoor climate. Moreover, activating thermal
mass through changing the temperature set point has a direct impact on the thermal
comfort of the occupants.

The results from a pilot test (Kensby, Trüschel, and Dalenbäck, 2015) in Gothen-
burg, Sweden, where five multi-family residential buildings were used as TES for
the district heating grid indicate, that buildings with large thermal mass can tol-
erate relatively large changes in heat supply. The calculated average temperature
variations did not exceed ±0.4 ◦C in any of the buildings during the period of the
test. The potential of buildings to modulate heating power depends heavily on sev-
eral factors, such as insulation level, type of heating system, and weather conditions
(so it also varies over time) (Le Dréau and Heiselberg, 2016). Similar findings were
shown also in (Six et al., 2011) and (Oldewurtel et al., 2013). The amount of heat that
can be modulated in buildings that meet the passive house standards is relatively
small, but the modulation can occur over a long period of time – under Danish cli-
matic conditions heat supply can be shut down for more than 24 hours. For the
poorly insulated buildings, the amount of heat that can be modulated is large, but
the modulation period is significantly shorter (2-5 hours). The large load shifting
potential of buildings was found also in (Weiß, Fulterer, and Knotzer, 2017) – based
to the simulation-based study, for the Austrian buildings adhering to the buildings
standards after 1980, minimum 50% of heat peak load can be shifted from peak to
off-peak hours. The findings regarding the relation between building’s insulation
level, amount of energy that can be shifted in time and the duration of that shift gen-
erally match the findings from (Le Dréau and Heiselberg, 2016). Even greater load
shifting potential was found in an experimental study performed in a new multi-
storey residential building in Copenhagen, Denmark (Christensen, Li, and Pinson,
2020). There, in the apartments heated primarily by floor heating systems has shown
that the energy use in morning peak hours could be reduced by 85% with the use
of penalty-aware controller. The penalty signal was introduced for 6 hours and the
performed experiments were shown to have little impact on the indoor temperature.
Another study investigated the load shifting potential provided by the heating and
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cooling system of a modern office building (Klein et al., 2017). There, four differ-
ent storage options were studied: batteries, fuel switch, water tanks and building
mass. Regarding the utilization of the building thermal mass in the heating season,
the study confirmed the possibility to store large amounts of thermal energy with
small temperature. However, the utilization of the same method during the cooling
season is restricted by the comfort conditions. Moreover, it was shown that reliable
weather and load forecast are critical for successful activation of the building mass
for load shifting. Heat storage in building mass was investigated also in (Hajiah and
Krarti, 2012b; Hajiah and Krarti, 2012a).

Heat storage in tanks can be applied both on the building level, as well as on the
district heating system level. Heat storage tanks can be used in a district heating
system to support the system operation and obtain primary energy savings. Results
of such investigation performed for the district heating system in Turin, Italy show
that primary energy use can be reduced by up to 12%, with total costs being reduced
by up to 5% (Verda and Colella, 2011). Heat storage tanks can be also used to increase
flexibility of CHP units, as shown in (Chen et al., 2015).

2.5.2 Latent TES

The category of TES in buildings is latent TES. In the context of built environment,
phase change materials (PCMs) can be used e.g. to increase storage capacity and
thermal inertia of buildings (Hewitt, 2012). The effects of increasing thermal iner-
tia in lightweight buildings through adding phase change materials (PCMs) to the
insulation layer were investigated in (Zhao, Verbic, and Fiorito, 2014). The authors
showed that the proposed thermal inertia increase resulted in 37.5% energy savings
and 43.5% cost reduction. PCMs can also be used to shift the heating or cooling load
from peak to off-peak periods, increasing flexibility of heat demand. (Khudhair and
Farid, 2004). The possibilities to increase buildings’ thermal mass using PCMs and
to use PCMs for cold storage in air-conditioning applications were also mentioned
in (Zalba et al., 2003).

In the context of district heating systems, a medium scale latent heat storage unit
for district heating systems was designed and characterized (Colella, Sciacovelli, and
Verda, 2012).

2.5.3 Control schemes of appliances

The flexibility can be provided for the energy system also by modifying a control
scheme of an appliance or shifting the operation of a given appliance in time (this is
generally related to electrical systems and in all the studies mentioned below it was
assumed that the heat source for the building is electricity-based).

A study (D’hulst et al., 2015) focusing on the flexibility of demand response and
flexibility potential of domestic appliances and electric cars found that the flexibility
potential of the devices analysed (with the exception of electric vehicles) is asym-
metrical. In case of four (washing machines, tumble dryers, dishwashers, domestic
hot water buffers) out of five groups of device investigated the maximum power
increase at any time of the day is significantly greater than the maximum possible
power decrease. Another study (Alizadeh, Chang, and Scaglione, 2012) investigated
the use of coordinated demand response to facilitate the integration of distributed
renewable energy sources. The authors introduced a neighbourhood level demand
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response programme to coordinate the individual home energy management sys-
tems (HEMS) aimed at minimizing electricity costs and subsequently tested both
centralized and decentralized control scenarios. The results of the study indicate that
the coordinated control technique used could absorb fluctuations in electricity gen-
eration better than the individual energy management approach. It was also shown
that while uncoordinated demand response resulted in rebound peaks greater than
in the initial profile with the unscheduled load, using Coordinated Home Energy
Management (CoHEM) algorithm led to a significant decrease in peaks and a large
improvement over the unscheduled load. The findings from (Alizadeh, Chang, and
Scaglione, 2012) point to the importance of proper management of demand response
and flexibility resources if the results are to benefit the system. This conclusion cor-
responds to the results from (Kishore and Snyder, 2010), where mechanisms to op-
timize electricity use within individual households and in a neighbourhood were
investigated. As in the previous paper, it was shown that selfish operation of energy
use control in individual houses may result in more significant problems with peak
demand than in case of the initial, non-scheduled load.

It should also be noted that there is a large existing body of knowledge concerning
TES systems both on the building and on the district heating level. Such systems are
commonly implemented and well-studied, in the context of system operation and
peak demand (Fazlollahi, Schüler, and Maréchal, 2015; De Gracia and Cabeza, 2015;
Real et al., 2014; Karaipekli and Sar, 2016). Heat storage tanks are widely used in do-
mestic hot water installations to decrease required capacity of the heat source (boiler
/ heat exchanger / heat pump etc.). The results from such studies can be applied
also in research on energy flexibility of thermal energy systems, even though most
of the studies do not mention this topic directly.

2.6 The district of Nordhavn and the case study area

Figure 2.4 shows the schematic layout of part of the district heating network in the
Nordhavn area that was used as a case study in all but one of the investigations
this thesis is based on. The investigated fragment of the grid is a part of the distri-
bution district heating supplying the districts of Østerbro and Nordhavn and con-
nected to the transmission grid of Greater Copenhagen through a heat exchanger.
It is a water-based network with a single supply and a single return pipe, with the
total pipe length of about 2.5 km. The original design supply temperature for the
network in Nordhavn area was 70 ◦C. However, currently the system is operated
at higher temperature levels – the supply temperature is between 70 and 80 ◦C for
most of the year. The part of the network used as a case study in the papers included
in this thesis supplies heat to 1 office building, 2 unrenovated commercial buildings,
16 multi-family residential buildings and to 31 row houses, of total ca. 135 260 m2

heated floor area. The multifamily residential buildings are either new or extensively
renovated and modernized buildings, the row houses are newly built as well. The
office building has been also renovated. The buildings are generally representative
for the new Danish building stock of their type and fulfil the requirements either
of building class 2015 or building class 2020 as set in Danish Building Regulations
2015 (The Danish Ministry of Economic and Business Affairs Danish Enterprise and
Construction, 2015). Based on the Building Regulations 2015, the building should
not use more than 30.0 kWh/m2 + 1000/A of primary energy per year, where A is
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the heated floor area. For the energy class 2020 the primary energy use should not
exceed 20.0 kWh/m2. For the network modelling purposes the heat use in the row
houses was aggregated and treated as one multifamily residential building.

FIGURE 2.4: Schematic of the grid investigated in detail in the case
study. AHM - area heat meter, RH – area with single-family row
houses, circles – building substations connected to the grid. [Paper

II]

Figure 2.5 shows the main heat meter (area heat meter, AHM) that was installed in 
the district heating network at the entrance to the case study area. The main heat 
meter measured water flow, temperature and pressure both in the supply pipe and 
in the return pipe. The nominal flow that could be measured by the meter was 400 
m3/h. The temperature was measured with precision of ± 0.1 ◦C. No information 
on the precision of pressure and flow measurements was available. Figure 2.6 shows 
an example of a building heat meter installed in one of the buildings in the investi-
gated area. The nominal flow that can be measured by the heat meters in Nordhavn 
varies, depending on the expected heat demand in the given substation, but in the 
investigated case the maximal value was 25 m3/h. The heat meters measure sup-
ply temperature, return temperature, energy delivered and flow. The resolution of 
available data regarding temperature measurements varied between buildings - in 5 
out of 12 the precision was 1 ◦C, in 6 0.1 ◦C and in 1 building 0.01 ◦C. In 2 buildings 
the cumulative flow measurements had the resolution of 0.1 m3, in 7  buildings the 
resolution of 0.01 m3. In 3 buildings the flow rate was measured instead, with the 
resolution of 0.01 m3/h.
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FIGURE 2.5: Main heat meter at the entrance of Århusgade, Nord-
havn

FIGURE 2.6: Example of building heat meter in Århusgade, Nord-
havn

The buildings connected to the district heating network in the Greater Copenhagen
area are equipped in district heating substations with hydraulic separation between
the district heating network and the internal building heating installation (indirect
space heating and closed hot water supply). A schematics of a typical district heat-
ing substation used in the Greater Copenhagen district heating system is shown in
Figure 2.7. Such a layout type results in high reliability at the cost of increased ini-
tial expenses (Frederiksen and Werner, 2013). All of the substations in the buildings
connected to the district heating network in Nordhavn are also of this type.
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FIGURE 2.7: Simplified schematics of a district heating substation in a
Danish building with an indirect heating substation, such as the sub-
stations in the Greater Copenhagen district heating system (Øster-

gaard and Svendsen, 2018)
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Chapter 3

Energy flexibility available for the
network operator

The following chapter focuses on the research done on energy flexibility that can
be obtained by the network operators on a district level from the thermal energy
systems operating current conditions. It is based on the assumptions, that the dis-
trict heating systems’ operators are not able to control the operation of buildings
connected to the network. The focus is primarily on district heating networks and
buildings with district heating substations. The first part of the chapter discusses in
general terms the current state of the district heating networks and existing possibil-
ities for flexible operation of the different systems. The second part of the study dis-
cusses the energy flexibility sources available for the district heating operator based
on the existing literature. The options included are as large scale heat storage, heat
storage in district heating pipes and building-level solutions already available in the
district heating systems (with focus on remote control of primary side of the substa-
tion).

3.1 Background

The potential benefits of eliminating daily load variations in the district heating sys-
tem listed by Gadd and Werner (2013) include less need for the peak load power
capacity, easier optimisation of operation and less use of expensive peak load power
(that often uses expensive fuels). In short term optimization of system operation,
the plants are according to their variable operation costs, so the plant with lowest
variable operating cost is activated first, and as the heat load increases, plants with
second, third etc., operating costs are brought online (Frederiksen and Werner, 2013).
The peak load plants can be very expensive to operate, sometimes more expensive
than the average revenue from the customers (Frederiksen and Werner, 2013). Elim-
inating daily load variations can be achieved through utilizing heat storage to even
out the production and partially decouple it from the demand. Different forms of
heat storage are used in the district heating systems to optimize their operation and
increase the security of supply, also in case of system malfunctions.
The most common currently existing possibilities of increasing the flexible operation
potential in the district heating systems have been discussed below based on a liter-
ature study. The options included are: large-scale heat storage, heat storage in the
district heating pipes and controlling the district heating substation operation (with-
out controlling the operation of the building heating system). The options available
in a given system are heavily dependent on the available technical infrastructure,
the ownership structure of a given district heating system and the legal regulations.
Available technical infrastructure determines e.g. the possibility of using large-scale
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centralized heat storage. The ownership structure, legal regulations and existing
heat tariffs may also limit the applicability of certain solutions, controlling the sub-
station operation in particular.

3.2 Sources of energy flexibility available for the network
operator

3.2.1 Large-scale heat storage

A solution already commonly used in the district heating systems is large-scale heat
storage. Large-scale heat storage used in the district heating systems is based on
sensible thermal energy storage and as such was already mentioned in Chapter 2,
Section 2.5.1. Large-scale heat storage can be divided into short-term and long-term
(interseasonal) storage (Frederiksen and Werner, 2013). Large-scale heat storage is
particularly beneficial for the network operator if the same entity owns also the heat
source in the system. Short-term heat storage is commonly used in existing district
heating systems, most frequently in the form of centralised heat storage tanks lo-
cated in the heat generation facilities (Frederiksen and Werner, 2013). Large-scale
short-term heat storage is generally a mature solution based on well-proven tech-
nology. As it was stated in section 2.5.1, heat storage tanks in the district heating
system can be used to support the system operation through e.g. covering quick
changes in the heat, and allow for optimization of electric power output of the CHPs
(Frederiksen and Werner, 2013). They can serve also to support the system during
system malfunction to increase the security of supply. Large-scale short term heat
storage can be used to increase the energy flexibility of a district heating system and
decrease both the primary energy use and the production costs (Verda and Colella,
2011). Many of the studies mentioned in section 2.3 conclude that the large-scale
thermal energy storage can also benefit energy system as a whole, e.g as a cost-
effective method of accommodating temporary oversupply (Schaber, Steinke, and
Hamacher, 2013) - resulting at the same time in cheap heat generation for the dis-
trict heating system. Inter-seasonal heat storage is often used in solar district heat-
ing plants to store heat generated during the summer to be used during the colder
months. Short-term and inter-seasonal heat storage can be applied in the same fa-
cility. For example, the large-scale solar heating plant in Marstal, Denmark with the
capacity of 23,300 kWth is equipped with water-based sensible TES of the size of 2
100 m3 (steel tank), 10 000 m3 and 75 000 m3 (pit heat storages). The storage capac-
ity as a whole can be used both as diurnal storage and seasonal storage. However,
inter-seasonal heat storage is generally used to even out, at least to some degree, the
heat delivery across the year (Frederiksen and Werner, 2013) and it is to a smaller
degree aimed at the short-term optimization of system operation. As such, it is less
relevant in the context of the research presented in this thesis.

3.2.2 Heat storage in district heating network pipes

Another source of flexibility available already in the district heating system is heat
storage in the district heating pipes. In (Wigbels, Bøhm, and Sipilä, 2005), the au-
thors reported the results of a project focused on heat storage possibilities in district
heating systems, focusing on heat storage in district heating pipelines and demand
side management using building thermal mass as storage. The heat storage study
described in detail was made for the district heating system in Næstved, Denmark,
and based on simulations with measurements used as input. The authors focused
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on economic optimisation of the heat storage strategy. Turski and Sekret (2018) also
analysed the potential of using buildings and district heating network as thermal
energy storages in district heating systems. However, they focused not on the eco-
nomic optimisation, but on energetic effect of using buildings and the district heat-
ing network to compensate for the reduced heat output of the district heating sys-
tem. A research on sensible heat storage in the district heating networks with differ-
ent control strategies was done also by Austrian Institute of Technology in the project
"SmartHeatNetworks". The study on sensible heat storage in the district heating net-
works with different control strategies constituting part of this project was done by
Basciotti et al. (2011). There, the authors proposed a control strategy for using the
pipe volume in the district heating system as short-term sensible heat storage. The
model developed and the choice of the simulation environment are described more
in detail in (Basciotti and Pol, 2011). Obtained results indicate 15% decrease in the
daily peaks and around 0.3% increase in the daily distribution losses. The conclu-
sions related to using the heat storage in the district heating pipes to reduce the peak
demand are further discussed in (Basciotti and Schmidt, 2014).

3.2.3 Substation control

If the district heating network operator is also the owner of building substations
and there is technical possibility of controlling the substation operation remotely, it
is possible to utilize the substation control as a method of direct load control. The
practical implementation of this solution is based changing the supply temperature
setpoint in the secondary side of the substation. It can be done either by changing
the required air temperature setting or by overriding the ambient temperature signal
received by the controller. Both of these possibilities result in the change in supply
temperature for the building heating system compared to the default settings pro-
grammed in the regulation curve in the controller. This, subsequently, results in an
increase or decrease in energy delivered to the building. An example case of chang-
ing the ambient air temperature signal coming into the regulator and its impact on
supply temperature of the building heating system have been shown in Figure 3.1.
It can be seen that e.g. for the heating curve slope of 1.6, the supply flow tempera-
ture for the building heating installation at 0 ◦C is 55 ◦C. If the ambient temperature
signal is overwritten as part of the control procedure and increased to 5 ◦C, the set
supply flow temperature drops to 48 ◦C.

Such a solution was implemented in the study described by Kensby, Trüschel,
and Dalenbäck (2015) and Olsson Ingvarson and Werner (2008). Pilot test based on
this kind of solution was also mentioned in (Basciotti and Schmidt, 2013). In the
first study, the ambient temperature signal sent to the controller was modified in
cycles. In the second study, the radiator supply temperature curve was shifted. In
the conclusions to the second study, the authors note that such a solution has a high
potential if the thermostatic valves are not operating ideally. In case of the buildings
where the heating system is equipped in new, quickly reacting thermostatic valves
using the thermal capacity of a building as short-term heat storage is limited to the
inertia range of these valves (typically about 0.5 ◦C). The pilot mentioned next to the
simulation study in the last article was also based on remote control of the supply
temperature. The pilot was largely unsuccessful due to the effects of control on the
building side (room thermostats counteracting the reduction in the supply temper-
ature). This could be prevented if the thermostatic valves were controlled as well.
This however requires the possibility of controlling the building behaviour by the
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district heating utility and as such is out of scope of the current chapter.

FIGURE 3.1: An example of a heating curve programmed in the regu-
lator (Viessmann, 2018) with indicated differences in supply temper-

ature dependent on outside temperature signal

The effectiveness of this strategy is heavily dependent on the effectiveness of the
control on the secondary side, as the secondary side control will act to keep the in-
door air temperature at the setpoint level. Moreover, in case the air temperature in
the building is not monitored there is also the risk of lowered thermal comfort for
the occupants. However, based on the findings from (Kensby, Trüschel, and Dalen-
bäck, 2015), such risk is low, particularly in heavy buildings. That in turn makes this
solution possible to implement in many buildings without additional significant in-
vestment.

3.3 Using district heating pipes as heat storage to reduce peak
heat demand – a case study

The investigation of the heat storage potential of the local district heating network
was based on the analysis of measurements taken in the district heating system dur-
ing a reference period and an experiment period and on further simulation study
aimed at determining the impact of different parameters on the study results. The
area of the case study was described in detail in section 2.6. The main goal of the
performed study was to analyse the possibility of utilizing an existing district heat-
ing network as short-term heat storage to reduce peak heat demand. The findings of
this study have been also summarized in:
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Katarzyna M. Luc, "Delivery 5.2b: Heat storage in the district heating network", project
report for EnergyLab Nordhavn

3.3.1 Methodology

As it was mentioned, the performed study consisted of two parts: the experiment
done in the district heating network in Nordhavn and the simulation study. The
performed experiment provided information on the reaction of the actual district
heating network on utilizing the strategy of using pipes as short-term energy stor-
age, including the impact on building substations’ operation. The simulation study
was aimed at supplementing the results from the experiment performed in the dis-
trict heating system. The simulation study allowed for investigating the impact of
individual factors, such as the temperature increase level or duration of the increase,
on the results.

3.3.2.a Performed field test

The study is based on measurements taken in the district heating system during a
reference period and an experiment period. During the period in question there was
no interruption in data collection neither in any of the buildings, nor in the area heat
meter, nor in the substation supplying the area further upstream in the network.
The measurements in the substations were made in 12 buildings in the area. Be-
cause of it, the heat use in the rest of the buildings and the return temperature from
the substations had to be estimated in the simulation, using the measurement data
from the area heat meter. During the experiment period, the supply temperature
was raised about 15 ◦C over usual supply temperature that would be used at that
air temperature. It was done to store heat in the pipes. The increase was introduced
through changing the setpoint of the supply temperature in the heat exchanger that
connects the district heating transmission network with the local heat distribution
network in Østerbro and Nordhavn. The level of temperature increase and its dura-
tion have been decided during the planning phase by the district heating company.
The increase of 15 K was chosen by the district heating company as the substan-
tial increase that was expected to result in visible change in network operation and
make it possible to investigate the impact of this strategy. At the same time, it was
still within the temperature range of system operation. Moreover, due to the district
heating network structure in the Greater Copenhagen area, where the transmission
grid is connected to local distribution networks via area heat exchangers, it was an
increase still possible to introduce without changing the supply parameters in the
transmission network. The measurements analysed were made over the period of
72 hours from Sunday 12:00 AM to Tuesday 12:00 PM in two consecutive weeks
(12-14.03 and 19-21.03). Between 12th and 14th of March, described in the study as
reference period, the network operation was as usual. In the period between 19th
and 21st of March (experiment period), supply temperature was increased about 15
K over usual supply temperature that would be used at that outdoor air tempera-
ture. The increase occurred around 1 a.m. on Monday and lasted until 6 a.m. on
Tuesday (29 hours). Then on Tuesday the normal supply temperature setpoint was
restored to release the stored heat and decrease the morning peak. It was decided,
that the increase should occur at night, when in the Greater Copenhagen district
heating system the heat demand is typically lower than during the day. This way
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TABLE 3.1: Basic building information

Building
Heated floor

area [m2]
Contracted heating

power [kW]
Energy use in

a typical year [MWh]

Building 1 4124 266 214.21
Building 2 2928 300 330.00
Building 3 1940 720 489.59
Building 4 8826 561 655.31
Building 5 12108 625 977.95
Building 6 9867 591 1072.88
Building 7 10654 657 819.47
Building 8 12076 757 705.12
Building 9 3933 248 195.71
Building 10 8170 520 402.57
Building 11 10125 637 816.23
Building 12 2679 177 169.53
Building 13 9007 513 -
Building 14 6550 431 -
Building 15 6407 400 -
Building 16 8752 490 -
Building 17 9392 595 -
Building 18 - 107 -
Building 19 1230 248 -
RH 4681 416 -

charging of the network did not contribute to creating additional peak in the sys-
tem. However, to make sure that the whole network gets charged with water at
increased temperature it was decided to introduce the temperature increase already
the night before the planned discharge. The drawback of this approach is increased
heat loss from the network due to higher temperature in supply pipes lasting for
a a significant time. During both the test and reference periods, water flow rate,
supply/return temperature and supply/return pressure were measured in the area
heat meter (AHM). Moreover, measurements of flow rate and supply/return tem-
peratures in 11 multi-family residential buildings and 1 office building in the area
investigated in detail were available. Table 3.1 presents the basic information on the
buildings connected to the investigated network. The data includes the heated area
of the building, substations’ contracted power (both for the space heating and do-
mestic hot water purposes) and, for the already operating buildings, energy use in
a typical year. The building substations in the study have been modelled only as
nodes and as such building characteristics such as building envelope, building area,
domestic hot water demand etc. have not been included in the model. The informa-
tion shown has been provided by the district heating utility. The data on heated floor
area of Building 18 has not been made available. Moreover, it should be noted that
many of the existing buildings listed in the table have been extensively retrofitted
during the course of the project.
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Figure 3.2 shows the ambient temperatures as well as the global solar radiation dur-
ing the reference and experiment period (Department of Civil Engineering; Techni-
cal University of Denmark, n.d.). It can be seen that the weather conditions have
been similar, but not identical during the reference and experiment periods. Aver-
age daily temperatures were 2.0, 3.7 and 6.6 ◦C during the reference period and 2.3,
6.4 and 5.9 ◦C during the experiment period. It can be seen that specifically during
the period of storage discharge, the air temperature and global solar radiation in the
experiment period were higher than at the corresponding time period in the refer-
ence period.

FIGURE 3.2: Ambient air temperature and global solar radiation dur-
ing the reference and experiment period [Paper II]

Thermal power delivered, water flow rate in the network and return temperature
from building substations

The measurements of thermal power in the network made in the AHM during the
experiment and reference periods were analysed to investigate the effect of apply-
ing the heat storage in the district heating grid. The peaks occurring during the
discharge period and in the corresponding time during the reference period were
compared. To try to take into account the effect of different weather conditions, the
number of degree-hours was calculated for the 4 h period around the peak demand
in the Reference and Experiment periods. The base ambient temperature at which
the building does not need space heating, assumed to be 17 ◦C (Danish Technolog-
ical Institute, n.d.). Equations 3.1 and 3.2 were used in the calculations of adjusted
peak heat demand in the experiment period.

Ppeak,exp,theor = Ppeak,re f ·
HDHexp

HDHre f
(3.1)

∆Ppeak,exp = Ppeak,re f − Ppeak,exp,theor (3.2)

where: ∆Ppeak,exp – theoretical peak heat demand in the experiment period, adjusted
for the difference in heating degree-hours, Ppeak,re f – peak heat demand in the refer-
ence period, HDHexp – number of heating degree-hours in the experiment period,
HDHre f - number of heating degree-hours in the reference period, ∆Ppeak,exp - differ-
ence in the peak demand between the reference period and the theoretical peak heat
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demand in the experiment period.

Moreover, the measurements of water flow rate and return temperature in the build-
ing substations were analysed. It was expected that the temperature increase would
result in a significant decrease in the flow rate through the substations and a slight
decrease of the return temperature. To check that, flow rate and return temperature
during the period of normal operation were compared with the flow rate and re-
turn temperature during the temperature increase. The data for each building was
aggregated, so that the analysis was made for the mean cooling values in each build-
ing over the investigated periods. The comparison was made for the measurements
between 26th and 62nd hour for both periods to exclude the period not affected by
experiment and to see the results more clearly. Figures 3.3 and 3.4 show the temper-
ature differences between the supply and return temperature from the substation
for the twelve buildings, where the measurements were available. It can be seen,
that indeed in the period of increased supply temperature between 26th and 62nd
hour, the cooling increases for most of the buildings. There are two buildings that
displayed clearly different characteristics than the rest of the set. In one of the build-
ings (Building 10), there was a problem with a control valve that resulted in the
valve being open all the time and, consequently, very high flow and very low tem-
perature cooling. In another one (Building 1), there was another test ongoing during
the investigated period that influenced the building’s behavior.

Paired t-test was used to check whether the return temperature from building
substations decreases significantly during the period with increased supply temper-
ature compared to the period of normal operation. The same comparison was done
also for the flow rates. The t-test calculations were performed using functions avail-
able in R. To make sure that the data fulfills the assumptions for paired t-test, it was
tested if the differences have the same variance and if differences are normally dis-
tributed.

FIGURE 3.3: Cooling (difference between supply and return temper-
ature from the substation) of the district heating water in buildings in

the area in question in the reference period
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FIGURE 3.4: Cooling (difference between supply and return temper-
ature from the substation) of the district heating water in buildings in

the area in question in the experiment period

Estimation of the heat storage potential

Table 3.2 shows the dimensions and heat transfer coefficient of the pipes in the mod-
elled DH network used as the simulation input, together with their calculated vol-
ume. Only the supply pipes were accounted for, as due to the used system set-up,
only the supply pipes were used as storage. Using the return pipes for heat storage
as well would result in greater heat storage capacity. However, it would come at
the cost of increased return temperature from the network and higher return tem-
perature from the network results in an efficiency decrease of condensing boilers.
HOFOR, district heating utility in Greater Copenhagen region is also interested in
lowering the return temperature from the district heating network, as can be seen
e.g. from the incentives for the customers in the form of price adjustment based on
the return temperature from the substation (on the network side) (HOFOR, 2020).
The total calculated supply pipe volume is 45 m3. The heat capacity of the network
was calculated using Equation 3.3, used in (Basciotti et al., 2011).

C =
N

∑
i=1

ρ · cp · Li · π
D2

i
4

(3.3)

where: ρ - density of the heating medium, cp - heat capacity of the heating medium,
Li - length of the i-th pipe segment in the district heating network, Di - diameter of
the i-th pipe segment in the district heating network.
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TABLE 3.2: Pipe dimensions and heat transfer coefficients in the
Århusgade area, Nordhavn

Diameter Heat transfer coefficient Pipe lenght Pipe volume
[m] [W/(m·K)] [m] [m3]

0.0160 0.152 142.6 0.03
0.0200 0.179 64.3 0.02
0.0256 0.192 29.5 0.02
0.0320 0.157 14.4 0.01
0.0372 0.166 11.6 0.01
0.0390 0.185 10.8 0.01
0.0503 0.265 26.8 0.05
0.0510 0.210 103.9 0.21
0.0545 0.211 96.2 0.22
0.0660 0.253 49.7 0.17
0.0703 0.237 308.9 1.20
0.0799 0.302 3.4 0.02
0.0825 0.219 319.4 1.71
0.0839 0.294 32.5 0.18
0.1071 0.260 210.5 1.90
0.1325 0.300 584.9 8.06
0.1603 0.341 64.4 1.30
0.2101 0.363 629.5 21.83
0.2630 0.354 154.9 8.41

SUM: 45.36

Charging time

Charging time was estimated as the time duration between the time at which the
temperature increase was registered in different parts of the network and the time
at which it stabilized. The locations investigated were the area heat meter (AHM in
Figure 3.5), the furthest building in the local network (Building 9) and two buildings
located close to the end of two shorter network branches (Building 8 and Building 3).
The network was considered fully charged when the supply temperature stabilized
in all three building substations investigated. As defined in this way, charging time
is also dependent on the speed of the temperature increase from the source (or entry
to the area).

3.3.2.b Modelling and simulations

The potential for heat storage in the local district heating network is investigated in
different scenarios using simulation.

Simulation setup

The model of the local district heating network was built in Termis (Schneider Elec-
tric, 2016). Termis is a simulation platform that can be used for design, operation and
energy planning of district heating networks. It can simulate both the thermal and



3.3. Using district heating pipes as heat storage to reduce peak heat demand – a
case study

27

FIGURE 3.5: Schematic of the grid investigated in detail in the case
study. AHM - area heat meter, RH – area with single-family row
houses, cirles - buildings connected to the grid, numbered black cir-

cles – buildings where detailed measurements were available.

hydraulic conditions in a district heating network and is capable of performing both
steady state and dynamic simulations. At the time the study was performed, Termis
was also the software utilized by HOFOR in the daily operation and planning and
as such it was deemed to be suitable to be used for the investigated purpose. More-
over, there was already available information on network geometry to be used as the
simulation input. The program was used in an offline-mode with historical measure-
ment data used as input. Main area heat meter was substituted in the model with a
plant. This was done to satisfy software requirements, as there has to be plant acting
as a heat source included in the model. Measurement data was then used where
possible as an input to the model. Supply temperature measured at the entrance to
the area was used as an input for supply temperature from the plant in the model.
In buildings where the hourly measurements were made, average hourly heating
power demand and return temperature from the building were used as input. The
procedure used to estimate the input data for the buildings where no measurements
were available is described in section "Assumptions regarding building energy use
data". The row houses in the area have been modelled as a single consumption point.

Subsequently, the results from the model were compared with the measurements
to ensure the model reproduced adequately behaviour of the district heating system.
Simulated heating power, return temperature from the system and flow rate in the
network were compared with measured values.

Assumptions regarding building energy use data

Measurements from part of the buildings were not available during the period when
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the experiment was performed. The exact availability of the measurements in the in-
vestigated network is shown in Figure 3.5. Because of this, assumptions have been
made regarding the heat demand and the return temperature in remaining build-
ings.

• Heat load

Heat load in the remaining buildings was distributed proportionally to the heat use
in a normal year expected in each of the buildings. Heat losses of 10% were taken
into account, so the heat used in the buildings is 90% of the heat supplied to the
area. The losses were divided between supply and return based on the average
supply and return temperatures. The average supply temperature was 77.5 ◦C and
the average return temperature 52.5 ◦C, so with the ambient temperature of 8 ◦C,
61% of the losses were attributed to supply and 39% to the return. For the three
buildings, where the expected heat use in a normal year was not known, the value
was assumed based on their design heat load and averaged relation between design
heat load and heat use during a normal year for other buildings of similar size in the
area. Moreover, heat demand for all the row houses was aggregated to simplify the
model. For the row houses where the heat use during a normal year was not known,
the heat use in a normal year was estimated using the same method as for the large
buildings. Heat load of individual buildings was calculated using Equation 3.4 and
3.5. Index a denotes the group of buildings where the measurements were made and
index b the buildings where measurements were not available.

Pb = Ptot − Pa (3.4)

Pi = ni · Pb(1 − 0.1 · 0.61) (3.5)

where: Ptot - total heat load of the buildings in the Århusgade area, including heat
loss from the grid, Pa - heat load of the buildings where measurements were avail-
able, including heat loss from the grid, Pb - heat load of the buildings where mea-
surements were not available, including heat loss from the grid, Pi - heat load of
building i, ni - share of the design heat load of building i in the total design heat load
of buildings where no measurements were made.

• Return temperature

Return temperature was assumed to be the same in all remaining buildings. Return
temperature was also calculated based on the measurements from area heat meter.
As it was stated before, the losses in the network during the normal operation period
were assumed to be 10%. The ambient temperature was assumed to be constantly
8 ◦C. The heat loss during the experiment period was calculated to be 12% based
on the increase in supply and return temperature compared to the normal operation
(91.8 ◦C and 61.6 ◦C, respectively). Equations 3.6-3.9 were used in the calculation:

Tretavga =
∑1

i=1 2Treti · ṁi

∑1
1 2ṁi

(3.6)

Tretahm = Tretavga · (1 − 0.1 · 0.39) (3.7)

ṁb = ˙mtot − ṁa (3.8)
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Tretbhm =
˙mtotTrettothm − Tretahmṁa

ṁb · (1 − 0.1 · 0.39)
(3.9)

where: Tretavga - average return temperature from the buildings where the measure-
ments were made, Treti - return temperature from building i, mi - mass flow through
the substation in building i, Tretahm - return temperature from the buildings where
measurements were made when the flow reaches area heat meter heat, ma - mass
flow through the substations in buildings where the measurements were made, mb
- mass flow through the substations in buildings where the measurements were not
made, mtot - total mass flow in the grid, Tretbhm - return temperature from the build-
ings where measurements were not made when the flow reaches area heat meter
heat, Trettothm - total return temperature from the area measured in the area heat me-
ter heat.

Model validation

As the first step, the initial results from the model (simulated heating power, total
mass flow and return temperature from the area) obtained with the assumptions de-
scribed above were compared against the measurements. This was done both for
the data from the reference period and from the experiment period. Results of this
comparison are shown in Figure 3.6 and Figure 3.7.

FIGURE 3.6: Comparison of simulated and measured heating power,
return temperature and mass flow in the reference period

FIGURE 3.7: Comparison of simulated and measured heating power,
return temperature and mass flow in the experiment period

Root mean square error (RMSE) and relative root mean square error (rRMSE) were
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TABLE 3.3: Root mean square error calculation for the for the district
heating network model

Power Mass flow Return temperature
RMSE rRMSE RMSE rRMSE RMSE rRMSE

Reference period 0.10 5.9% 1.77 11.4% 2.60 5.2%
Experiment period 0.29 17.3% 2.18 14.7% 3.98 7.1%
Period of temperature increase 0.31 18.7% 2.65 19.5% 5.24 8.8%

calculated to quantify the discrepancies between the measured and simulated heat-
ing power, return temperature from the system and flow rate in the network. The
results of the RMSE calculations are shown in Table 3.3.

To check the model performance more in detail, the simulated and measured supply
temperatures over time in a node at the beginning of the grid (Building 10) and two
nodes further down in the network (Building 2 and Building 8) were investigated.
The results of the comparison are shown in Figure 3.8. It can be seen that simulation
resembles the profile of the measurement.

FIGURE 3.8: Measured and simulated supply temperatures to Build-
ing 8, Building 10 and Building 2

The model validation has been performed only taking into account the data from
the area heat meter and supply temperatures in the substations for the selected sub-
stations. The possible variations at the level of individual branches of the network
were not considered and such validation was not possible, as there were no addi-
tional heat meters in the network that would provide measurement data. However,
it results in lacking information about possible variations between the branches. Due
to the lacking measurements from part of the buildings in the investigated area, the
assumptions had to be made about the distribution of the energy use and return tem-
perature from individual substations and e.g. return temperature was assumed to be
the same from all of the substations without available measurements. The branch-
level calibration and validation would make it possible to achieve more accurate
model performance.

Part of the issues with model accuracy were caused by the assumptions that were
made about the heat losses in the network and energy use distribution between in-
dividual buildings. Due to the lack of information about the energy use in all of
the buildings, the heat losses in the network also had to be based on theoretical val-
ues and information on the performance of the whole Greater Copenhagen district
heating network. In the comparison plot for the measured and simulated delivered
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power in the experiment period shown in Figure 3.7, the difference between the two
data series is greater during the charging and discharging period. This is due to
the fact that the effect of charging and discharging the network was included in the
buildings’ energy use for the buildings where the measurements were not available.
Another obstacle in the performed validation was the aforementioned malfunction
in one of the mentioned substations and also in one of the substations where the
measurements were not available. Access to the measurement data from all of the
substations or at least measurements at the level of network’s branches would allow
to avoid the issued mentioned above. However, based on the comparison plots and
calculated RMSE values, it was decided that despite the aforementioned issues the
model is still valid to be used for the current investigation.

Investigated case scenarios

The influence of three factors on the potential of heat storage in the pipes as a peak
reduction measure was investigated: level of temperature increase, duration of tem-
perature increase and heat demand in the area. The case with no temperature in-
crease was considered as a reference case. The case with 29 h long increase by 15 K
was considered to be a base experiment scenario. This was because the conditions
above reflected the situation during the actual experiment performed in the real sys-
tem. For the base experiment scenario (29 h long increase by 15 K), energy charged
during the charging period was compared with energy discharged to estimate the
simulated efficiency of the proposed solution. Because the setup of both simulations
was identical with the exception of supply temperature, all the differences in energy
supplied were caused by said difference in level of supply temperature. The energy
stored and discharged was calculated using Equation 3.10:

Qi,st,sim = Qi,exp,sim − Qi,re f ,sim (3.10)

where Qi, st, sim is heat stored or discharged from the grid during ith hour, includ-
ing possible change in the losses, Qi, exp, sim – simulated heat delivered to the net-
work in the ith hour in the base experiment scenario, Qi, re f , sim – simulated heat
delivered to the network in the ith hour in the reference scenario. Positive values
of Qi, st, sim indicate storage, negative values – discharge of the heat stored in the
grid. Subsequently, the positive values of Qi, st, sim were summed up together, and
so were the negative ones.

Influence of different levels of temperature increase

The first parameter investigated was influence of different levels of temperature in-
crease in the storage charging period. Three levels of temperature increase were
investigated: 5, 10 and 15 K. Fig. 3.9 shows the supply temperature profiles for
the three cases. Actual measured supply temperatures during the reference periods
were used as the reference case. The temperature increase was introduced in the
same period as in the experiment performed in the system.

Influence of charging duration

The second factor which influence on the peak demand reduction investigated was
the duration of temperature increase. The length of the charging was measured from
the start of the temperature increase in AHM to the moment, when the setpoint is
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FIGURE 3.9: Supply temperature in different scenarios regarding
temperature increase for heat storage in the grid

lowered again and the discharge starts. In the actual experiment the temperature
was increased for 29 hours. In the simulation, the increase for 29 h and for 6, 5, and
4 h (starting at 1 a.m., 2 a.m. and 3 a.m. on Tuesday, respectively) were investigated.
The significant difference in charging times is based on the fact that in the first case
the charging occurred during the night the day before the planned discharge, while
in the other three cases during the night directly before the discharge. In all the cases
the beginning of the increase was scheduled at night, as the charging results in ad-
ditional energy demand and could potentially lead to creating an additional peak
demand period during the day. In each of these cases the grid discharge occurred at
the same time. Heat losses in the grid in different scenarios were also compared.

Influence of heat demand in the area

The last factor which influence on the potential of heat storage in the grid was inves-
tigated was the heat demand in the area. To do so, scenarios with 150%, 75%, 50%
and 25% of reference heat demand were simulated. The shape of the heat demand
profiles in individual buildings was kept identical and no buildings were discon-
nected from the network. In all the cases the temperature was periodically increased
by 15 K. An indicator of storage capacity relative to the heat demand in the analysed
area is proposed. In reality, the pipe capacity might be larger in the area with higher
heat demand. However, in this study the pipe capacity is fixed, as the district heat-
ing grid in Nordhavn was used in all the cases. Equation 3.11 was used to calculate
the indicator for the cases investigated.

SC =
C · l · ∆T
Qtot,avg

(3.11)

where SC is the indicator of relative storage capacity in h (indicating how for how
long the heat stored in the grid can cover the heat demand in the area), C is the
storage capacity of the network calculated using Equation 3.3, l is the length of the
network in km, ∆T is the supply temperature increase in K and Qtot, avg is average
total heat demand in the area in kWh/h.
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3.3.2 Results

3.3.3.a Measurements from the field test

Thermal power delivered, flow rate in the network and return temperature from 
building substations

Thermal power and supply temperatures measured in AHM in the reference and 
experiment period are shown in Figure 3.10. It can be seen that the peak in the 
third day (Tuesday), during the experiment period when the storage discharge 
occurs is clearly lower than the corresponding peak in the reference period (1.88 
MW com-pared to 2.17 MW). That difference corresponds to 13.4% of delivered 
power de-crease. The average number of degree-hours in the 4 h period 
around the peak demand Reference period was 12.83 and in the Experiment 
period 11.91. Thus, as-suming the peak demand is directly proportional to that 
average number of degree-hours in the surrounding hours, the corrected peak 
demand in the Experiment pe-riod would be 2.01 MW. So, according to the 
assumptions made, the peak demand decreased by 0.16 MW (7.2%).

FIGURE 3.10: Supply temperature and power delivered to the Århus-
gade area in reference and experiment periods

During the measurement analysis it was discovered that one of the substations
had a control valve malfunction. For this reason, the measurements from that sub-
station were excluded from the analysis. For the return temperature from building
substations, the calculated p-value equals 0.069. The mean of the differences is 3.65
and the 95% confidence interval is between -0.34 and 7.64. So, the increase in cooling
of the district heating water in buildings in the experiment period is statistically sig-
nificant, however, the confidence interval includes 0. Thus, at the chosen confidence
levels the difference cannot be considered statistically significant with certainty. For
the flow rates through building substations, the calculated p-value equals 0.0002546
and the mean of the differences -0.76. The confidence interval is between -1.07 and
-0.45. So, the confidence interval does not include 0. So, at the chosen confidence
levels the decrease in flow rate of the district heating water in buildings in the ex-
periment period is considered statistically significant.
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Estimation of the heat storage potential

The theoretical storage capacity of the local network analysed in the case was cal-
culated to be 18.1 kWh/km·K, compared to 20 kWh/km·K for the network used 
as a case study in (Basciotti et al., 2011), so the investigated networks have similar 
theoretical storage capacities. The temperature increase of 15 K in the whole local 
grid results in the heat capacity of 774 kWh (2787 MJ). Average power delivered to 
the area in the reference period was 1.76 MW and 1.66 MW in the experiment period.

Charging time

The temperature increase was registered in the heat meter at the entrance to the area 
investigated in detail (AHM in Figure 3.5) at 2 a.m. Then, the increase was 
registered in Building 8 also at 2 a.m., and both in Building 3 and the furthest 
building in the local network, Building 9, at 3 a.m. The temperature increase 
stabilized in in AHM at 4 a.m., both in Building 3 and in Building 8 at 6 a.m. and 
in Building 9 at 7 a.m. Thus, it took ca. 1 h for the increase to reach the furthest 
point in the network. The charging time is estimated to be ca. 5 h with an average 
of 55.6 m3/h, which is the time period from the beginning of temperature increase 
in AHM to the temperature stabilized at Building 9. The charging time defined 
this way depends also on the speed of temperature increase at the entry point to 
the area.

3.3.3.b Simulation results

Subsequently, the influence of different factors on the potential of heat storage in the 
grid as peak reduction measure was investigated. Results for all the scenarios inves-
tigated are presented in Table 3.4 and Table 3.5.

Figure 3.11 shows the simulated thermal power from AHM delivered to the area in 
the reference case and in the scenario with 15 K increase. The first grey area in the 
plot indicates the charging period, while the second grey area indicates the discharge 
period. It can be seen that in the charging period the power delivered is higher in 
the case with heat storage than in the reference case. Then, in the discharge period, 
thermal power delivered to the area in the scenario with heat storage was lower than 
in the reference scenario (and lower than the peak heat demand in the buildings). 
The calculated additional energy supplied in the base experiment case was 2781 MJ 
and the energy discharged 1968 MJ. It indicated that for the base experiment case 
71% of the additional supplied energy was then discharged. For the case with 15 
K increase and lasted for 6 h, the additional energy supplied was 2118 MJ and the 
energy discharged 1959 MJ. Therefore, 92% of the additional energy supplied was 
then discharged.
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FIGURE 3.11: Heat demand of the buildings and heat delivered to the
area in the reference case and in the scenario with 15 K temperature
increase as simulated in the node representing AHM. The first grey
area in the plot indicates the charging period, while the second grey

area indicates the discharge period

Influence of different levels of temperature increase

The first factor investigated was the level of temperature increase during the storage
charging phase. The results of the simulations are shown in Table 3.4. It can be seen
that using the district heating pipes as heat storage and subsequently releasing the
stored heat in the peak demand period leads to a decrease in the peak. The greater
the increase, the greater the decrease in the peak demand and the decrease in heat
delivered in the discharge period. However, the temperature increase resulted also
in the increased total energy use.

TABLE 3.4: Simulation results for different levels of temperature in-
crease and different durations of the increase (simulation with 1 h

time step)

Scenario
Simulated
peak [MW]

Heat delivered in
discharge period [MJ]

Total heat
delivered [MJ]

Reference 2.135 41574 425751

Change compared to the reference scenario [%]

Long increase by 5 K -1.3% -1.1% 0.07%
Long increase by 10 K -2.4% -2.2% 0.13%
Long increase by 15 K -4.8% -3.4% 0.19%
6 h increase by 15 K -4.8% -3.4% 0.04%
5 h increase by 15 K -4.6% -3.4% 0.03%
4 h increase by 15 K -3.9% -3.4% 0.03%
3 h increase by 15 K -1.7% -3.3% 0.03%
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Influence of charging duration

The second analysed factor was the duration of temperature increase. The results of
the simulations are also shown in Table 3.4. It can be seen that the simulated peak
and the heat delivered in the discharge period remain the same for the increase that
lasted 29 h and the increase that lasted 6 h, and the 5-hour increase had the same
heat delivered in the discharge period, lower total heat delivered and only slightly
higher simulated peak demand (95.4% compared to 95.2% for 29 and 6 h increases).
This corresponds to the results of measurement analysis discussed in section 2.3. As
expected, shorter temperature increases resulted in general in lower total energy use.

TABLE 3.5: Simulation results for different levels of of the heat de-
mand in the area (simulation with 1 h time step). Results for simula-
tions with default supply temperature profile were described as Def,

and for simulations with heat storage applied as HS.

Scenario
Simulated
peak [MW]

Heat delivered in
discharge period [MJ]

Total heat
delivered [MJ]

150% heat demand Def 3.297 60196 747747
100% heat demand Def 2.135 41574 503601
75% heat demand Def 1.662 30951 384836
50% heat demand Def 1.113 21049 262280
25% heat demand Def 0.568 11085 139590

Change compared to the reference scenario [%]

150% heat demand HS -3.4% -2.2% 0.12%
100% heat demand HS -4.8% -3.4% 0.18%
75% heat demand HS -5.3% -4.8% 0.21%
50% heat demand HS -9.7% -7.2% 0.31%
25% heat demand HS -5.6% -13.9% 0.57%

Influence of heat demand in the area

The last scenario investigated included the analysis focused on the impact of the
heat density of the area on the viability of heat storage in the grid, as described in
section 5.3. The results for the cases analysed are shown in Table 3.5. Simulations
were made for a longer period than in cases presented in Table 3.4, what resulted in
greater total heat delivered in the cases with the demand left unchanged. The up-
per part of the table presents the results for the simulations with unchanged supply
temperature, while the lower part shows the change of the results that occurred as a
result of applying the heat storage strategy. It can be seen, that both the decrease in
simulated peak and the decrease in heat delivered in the discharge period are larger
for the case with lower heat demand. The exception here is the case with 25% of the
original heat demand, where simulated peak decreased proportionally less than for
the case with 50% of the original heat demand. However, as expected, the decrease
in heat delivered in the discharge period was still relatively larger than in cases with
higher heat demand. The storage capacity indicator calculated for different scenar-
ios ranged from 0.30 h for the case with 150% of the original heat demand the to 1.79
h for the case with 25% of the original heat demand. The larger values of relative
storage capacity indicator corresponded to larger decrease in heat delivered in the
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discharge period.

3.3.3 Discussion

The measurements from both tests indicate a decrease in power delivered to the
area during the period of storage discharge compared to the reference period. The
peak on Tuesday morning in the experiment period was 13.4% lower than the corre-
sponding peak in the reference period. After calculating a theoretical peak demand
in the experiment period, adjusted for the difference in degree-hours, the decrease
was estimated to be 7.2%. However, the air temperatures and the solar irradiance
during the storage discharge period in the experiment period were higher than the
temperatures in the corresponding reference period and the exact impact of different
weather conditions on the measurement results is difficult to estimate. The variabil-
ity of weather conditions is one of the reasons for the difficulties with using the
measurement data to identify the effectiveness of heat storage in reducing peak de-
mand.

The decrease in the flow that occurs during the period of increased temperatures
has to be taken into account while estimating the time it takes to charge the stor-
age. The charging and discharging of the network used as storage depends on the
flows in the network, and the flows are in turn dependent on the building substa-
tions’ control (and building heat use). Limitation of network storage capacity due to
adaptation of building side mass flow is mentioned in (Basciotti and Schmidt, 2014).
Additionally, using district heating network as heat storage is even more difficult
to control in meshed district heating networks, where the flow direction depends
on the pressure differences in piping nodes (Vesterlund, Toffolo, and Dahl, 2016). It
should also be noted, different district heating system operators may have internal
regulations regarding the maximal speed of temperature increase.

A factor that was not included in the simulations was the expected decrease in
return temperature from the buildings that should occur with increased supply tem-
perature. Based on the measurements, this effect can be seen in correctly operated
substations. The decreased return temperature from the building substations leads
to further decrease in the flow rates. The simulated energy stored in the network
was lower than calculated maximum storage capacity at the given temperature in-
crease. It was caused by the following reasons. The simulated network design was
simplified, which resulted in slightly decreased capacity. Additionally, the heat loss
results in the temperature increase lower than 15 K, especially in further branches of
the network or in branches with low flow.

The increased fatigue of pipes caused by the thermal expansion of pipes due to
the temperature increase was not found to be significant (Schmidt et al., 2013). How-
ever, a more detailed analysis was suggested, as the performed calculations are valid
only for straight pipes. The fatigue analysis of district heating system was the focus
of IEA Annex V Project 4 (Christensen et al., 1999). The report states that the tem-
perature variation due to normal production operation, such as variation in supply
temperature between summer and winter, as well as daily variations caused by heat
storage do not significantly reduce the lifetime of steel pipes. However, the impact
of small temperature changes on components such as welded casing joints is yet to
be examined. It has also been stated that there is a strong suspicion that a few large
temperature cycles is more damaging than many small variations, despite the two
resulting in identical number of full temperature cycles, especially for preinsulated
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bonded pipes, and the temperature variations used for heat storage in the network
qualify as small variations.

Heat storage in the grid may be useful as a supplementary method of energy
storage. The most common situation when this strategy can be used for the benefit
of the district heating system is avoiding starting up a peak-load heat-only boiler for
a short period of time. It can be also utilized in the periods when cheap, surplus
energy is available, e.g. in case of surplus electricity production from renewable
sources. This could be done e.g. in combination with heat pumps. Heat storage in
the grid can act also as additional heat storage for heat pumps, both facilitating their
operation and making it possible to optimize the operation based on the electricity
prices. It can be used also in case of capacity problems and when part of the system
requires repair or maintenance. This strategy does not require any additional invest-
ment costs and can be applied in the existing district heating systems.

3.3.4 Main conclusions

The case study shows that the district heating grid can be used as heat storage to
reduce peak heat demand. The measurements indicated a 13.4% decrease in peak
demand during the period of storage discharge. After taking into account the influ-
ence of different weather conditions by accounting for the difference in degree-hours
in surrounding period, the estimated change in peak demand was 7.2%. Addition-
ally, as expected, a significant decrease in the flow rate in the network was measured
during the period of increased supply temperature. The average return temperature
from most of the substations where measurements were made also decreased. The
simulation results have also shown potential of using heat storage in the district
heating pipes to decrease peak demand, however the obtained peak decrease was
lower than the one based on measurement analysis. In the base simulation scenario,
where the temperature was increased by 15 K compared to the reference setpoint for
29 h, the simulated peak demand decreased by 4.8% compared with the reference
peak demand, and the ratio of energy discharged from the network to additional
energy supplied was 0.71. For the 15 K increase lasting for 6 h, the ratio was 0.92.
This indicates that the temperature increase should not last longer than needed to
charge the network, as it leads to increased heat losses and consequently energy use
without any added benefits. The simulation results show also that using district
heating pipes as heat storage leads to the increase of total heat demand. However,
for the investigated network this demand increase was not significant compared to
the total heat delivered – for the case with long temperature increase by 15 K the
total heat delivered increased by 0.19%. The results of the simulation study indicate
also that this method leads to better results in networks with lower heat demand
– in scenarios where the heat stored in the pipe volume can cover the heat demand
over a longer period the decrease in heat supplied to the area in the discharge period
was larger. This conclusion is in agreement with the results from simulation studies
found in literature and indicates it could be of interest in network areas with lower
heat density and greater relative storage capacity. Based both on the results of the
measurement analysis and the simulation study it can be concluded that the strategy
can be potentially useful as a supplementary method of energy storage. It is partic-
ularly suitable in the periods when cheap, surplus energy is available, in areas with
optimized district heating substations. However, restrictions on the network side re-
garding the speed of temperature increase and the upper limits of the increase have
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to be taken into account.
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Chapter 4

Energy flexibility available in
districts with Demand-Side
Management

The following chapter focuses on the energy flexibility that can be obtained on a
district level from the thermal energy systems with buildings considered active el-
ements of the energy system. In contrast to the previous chapter, it is based on the
assumption that the district heating systems’ operators are able to control the op-
eration of buildings connected to the network. Because of it, the topic of control
strategies for building operation in such context is also discussed. The first part of
the chapter discusses the approaches to modelling of the residential energy use. The
second part describes two possible control signals that can be used in Demand-Side
Management strategies: schedules based on the typical heat load profile in a given
system and dynamic price-based control. The third part presents the investigation of
energy flexibility that can be provided for the system by a small district. The fourth
part of the chapter discusses existing challenges that hamper the wide-scale imple-
mentation of Demand-Side Response strategies in the district heating networks.

The Demand-Side Management has been defined in (Prindle and Koszalka, 2012) as
"the collective term used to describe non-generation demand side (or distributed)
resources". There, the demand response and the energy efficiency measures were
defined as a two strategies included in the demand-side management. Demand
response was further divided into dispatchable and non-dispatchable (e.g. time-
sensitive pricing). Similar division has been used in (Goy and Sancho-Tomás, 2019),
and mentioned by Pedersen, Hedegaard, and Petersen (2017) However, in the study
by Tsagarakis et al. (2014) the term DSM was used in the context of electrical system
while referring to the strategy of shifting non-critical residential loads in time.

The term used in the title of the paper main part of this chapter was based on was
demand-side management. According to the discussion above, the term is wider
than demand response and includes also the strategies that have been utilized in this
study. As such, it was decided to use the term throughout the chapter. However, the
narrower term of demand response could also be applied here.

4.1 Modelling of residential energy use

The techniques used for modelling the energy use in the residential sector can be
broadly divided into two categories: top-down approaches and bottom-up approaches
(Swan and Ugursal, 2009).
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In the top-down approaches residential sector is treated as an energy sink, with-
out distinguishing between the individual end uses. Top-down models estimate the
effects of long-term transitions in the residential sector on its energy use and are used
primarily to determine the required energy supply. Majority of the top down mod-
els relies on economic theory and similar statistical data – commonly used inputs
include macroeconomic indicators, such as (gross domestic product (GDP), employ-
ment rates, and price indices), climate conditions, housing construction/demolition
rates, and estimates of appliance ownership and number of units in the residential
sector (Swan and Ugursal, 2009). This reliance on commonly available aggregated
data is a significant advantage of top-down models. Because changes in residential
sector are generally slow and gradual (e.g. the replacement rate of building stock
in the European Union was estimated to be about 1% , a weighted model results in
accurate predictions for small changes in the existing situation. However, the same
reliance on historical data makes it difficult to model sudden technological advances
or supply shocks. Additionally, as the individual end-uses are not represented, it is
difficult to indicate key areas with potential for improvement.

Bottom-up approaches calculate the energy consumption of individual buildings
or groups of buildings and subsequently extrapolate the results to represent a city,
region or a whole country (Swan and Ugursal, 2009). Data used commonly as input
for bottom-up models includes building properties, climate conditions, indoor tem-
perature setpoints, occupancy schedules and equipment use. Bottom-up approaches
can be further divided into statistical and engineering approaches. Results from the
bottom-up methods have to be extrapolated to be used for the whole residential sec-
tor on a regional or national scale.

Bottom-up statistical methods rely on historical information and regression anal-
ysis used to attribute energy use to individual end-uses. This leads to both strengths
and weaknesses of this approach - it makes it possible to account for occupants’
behaviour, but at the same time the reliance on historical information makes it dif-
ficult to investigate the possible impact of technological changes, as in the case of
top-down approaches.

Bottom-up engineering approaches rely on information about the building phys-
ical characteristics, heat transfer and equipment use and power ratings. A significant
advantage of the bottom-up engineering approaches is their capability to model the
impact of new technologies on the energy use. A major draw-back of this approach,
in turn, is the assumption of occupant behaviour and required user expertise (Swan
and Ugursal, 2009).

Many of the methods listed as modelling approaches used for the simulation of
district-level energy systems in (Allegrini et al., 2015) can be classified as bottom-
up engineering approaches. As the investigation in the current chapter focused on a
new solution and no available measurement data was available at the time the study
was made, bottom-up engineering approach was utilized.

4.2 Control signals for the Demand-Side Management strate-
gies

Some of the findings presented in this section have been included in:

Katarzyna M. Luc, Rongling Li, Luyi Xu, Toke Rammer Nielsen and Jan L. M. Hensen
"Energy flexibility potential of a small district connected to a district heating system"
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In the building sector, the two main approaches to Demand-Side Response are direct
and indirect load management (Kärkkäinen et al., 2003). In case of direct load man-
agement, the utility directly influences the building operation. It can be executed
either at the level of a group of buildings or at the level of individual building. Cur-
rently, direct load control is not accepted as a solution in the European district heat-
ing systems. However, there have been pilot projects based on additional customer
agreements aimed at direct Demand-Side Management. In a pilot project realized as
part of the EnergyLab Nordhavn, control of individual room temperatures was ap-
plied in about 90 rooms to provide direct demand response for the district heating
system (Christensen, Li, and Pinson, 2020). Another project focused on demand-side
management has been developed also in Espoo, Finland, based on the Leanheat soft-
ware (Fortum, 2019; Danfoss, 2019). It focuses on end-to-end optimization of heat
usage and production and includes buildings with about 100 MW of connected ca-
pacity. A controller, developed in the STORM project, was tested in practice in two
pilot sites, by Växjö Energi in Rottne, Sweden and Mijnwater BV in Heerlen, The
Netherlands. The controller incorporates three business strategies (peak shaving,
interaction with the electricity market and cell balancing or balancing the energy
between buildings in districts) that can be activated depending on the needs of the
district heating system (EnergyVille, 2020). In turn, indirect load control is based
on incentives aimed at encouraging customers to utilise Demand-Side Management
and adjust the timing of their energy use and its magnitude. The incentives are usu-
ally based on special tariffs to influence customer behaviour.

The load control strategy that can be implemented in a given substation depends
on the existing level of communication between the substation or BMS and the heat
supplier. In case no such communication platform exists, the load control can be exe-
cuted solely based on available knowledge about the system operation and based on
pre-set schedules. In case such a communication platform is available, the load can
be controlled remotely based on the signal from the system. That way, the control
scheme can respond to the actual state of the district heating system.

4.2.1 Load-based signals

Load-based signals can be applied in load control strategies both using a signal sent
to substations and pre-programmed in the building or substation control equipment.

The discussion below is based on the heat load profile in the Greater Copenhagen
district heating system. The exact heat load profile may vary between different dis-
trict heating systems and between different parts of the network. The system shares
similar characteristics of the load with the typical heat load pattern from a study on
the load variations in Swedish district heating system by Gadd and Werner (2013).

As expected, heat load is characterized by a clear seasonal pattern with high heat
load in the winter period. In the summer the heat load is dominated by DHW. Figure
4.1 shows the averaged weekly profile of heat load in different seasons in the Greater
Copenhagen district heating system. It can be seen that in all of the seasons there is
a clear daily pattern in the heat load: two visible peaks, a larger one in the morning
and a smaller one in the afternoon, and a decrease in the heat load at night. Based
on that, the schedules aimed at smoothing the load curve should aim at shifting part
of the heat load from the morning and afternoon to the night-time.



44Chapter 4. Energy flexibility available in districts with Demand-Side Management

FIGURE 4.1: Heat load variations illustrated using averaged hourly
heat load in weekly profiles during a week in different parts of the

year [Paper II]

4.2.2 Price-based signals

Price-based control signals are frequently used as a control input in the studies on
energy flexibility in the context of electric power systems. As the load-based sig-
nals they can be both sent to substations and pre-programmed in the building or
substation control equipment. However, the second option is limited only to the
cases, where the control is based on on a pre-defined tariff, e.g. with different day-
time and night-time prices. However, differences between the thermal and electrical
systems make using price-based control for heating (or cooling) grids the way is
is done for electrical systems difficult or impossible. In the district heating system
of Greater Copenhagen, where a heat market has been implemented, the market is
cleared three times a day (Varmelast.dk), while the electricity market is cleared every
hour. Because of this, using the the price signal as an incentive to encourage con-
sumers to adjust their heat use may not be a viable option. The heat price as such (as
paid by the customer) does not have to be related to the heat production costs at a
given point in time. For example, in the Greater Copenhagen district heating system
includes the payment for contracted power, heat used and a price adjustment based
on the return temperature from the substation (on the network side) (HOFOR, 2020).
As such, costs for the customers depend on multiple factors. Furthermore, many
district heating systems, for example, in Central and Eastern Europe, heat is sup-
plied from one or two central sources, so that the market has the form of a regulated
monopoly. However, it is possible to create a corresponding signal that is based on
heat production costs. Such signal can be utilized in systems where installed equip-
ment makes the communication between the district heating system and building
substation or BMS possible. The production cots at a given time, neither average or
marginal costs, does not reflect the price paid by the customers, as the price paid by
the customers is set annually and depends on total costs of district heating system
operation.

In the district heating system of Greater Copenhagen, marginal heat production
costs also follow a clear seasonal pattern that corresponds to the seasonal pattern of
the heat load and is connected with the types of heat sources supplying heat to the
district heating system. Figure 4.2 shows the averaged weekly profile of the marginal
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heat production cost in different seasons. In the winter period, the profile of heat
production costs corresponds to the heat load profile (shown in Figure 4.1), with
higher prices during the day and lower during the night. Such a connection does
not seem to exist in other seasons. Changes in the marginal production prices tend
to occur rather rapidly. Figure 4.3 shows an example of marginal heat production
costs during a week in February. It can be seen that the price variation is visible not
only on a long-term, but also on a short-term basis. It is a further argument for using
dynamic control strategies when utilizing price-based signals.

FIGURE 4.2: Marginal heat production costs shown as averaged
hourly values during a week in different parts of the year [Paper II]

FIGURE 4.3: Marginal heat production costs in Greater Copenhagen
district heating system for a week in February; data for 2016 [Paper

II]

4.3 Energy flexibility offered by a small district with Demand-
Side Management

Findings of this study have been included in:

Katarzyna M. Luc, Rongling Li, Luyi Xu, Toke Rammer Nielsen and Jan L. M. Hensen
"Energy flexibility potential of a small district connected to a district heating system",

accepted for publication in Energy and Buildings

The investigation of the flexibility potential of the small district connected to a dis-
trict heating system was based on the simulation study. The main goal of the study
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was to assess the thermal energy flexibility that realistically can be offered to the
district heating system by a small local district heating network, taking into account
characteristics of buildings in the area, current heat market set-up and occupants’
comfort.

There is a number of studies focusing on the use of buildings heated with heat
pumps or heated and cooled using HVAC units as heat storage to support the op-
eration of power system. Many of the conclusions from these studies are relevant
in the general context of using buildings as heat storage for the energy system. It
has been e.g. shown that the redistribution of energy use in time can lead to higher
total energy use (Bruninx et al., 2013; Masy et al., 2015), but at the same time this
increase in total energy use does not have to lead to the increased procurement cost
(Masy et al., 2015). I was also suggested, that the electricity tariffs can be used to
incentivise the consumers to shift the heat pump load to off-peak hours (Masy et al.,
2015; Halvgaard et al., 2012). A similar conclusion has been reached in (Knudsen
and Petersen, 2017) regarding the heat pump used for raising domestic hot water
temperature in ultra-low temperature district heating system.

The thermal storage capacity of buildings connected to the district heating sys-
tem can also be utilized as short-term heat storage to support the operation of this
system. The pilot tests performed in Finland (Kärkkäinen et al., 2003) have shown,
that the maximum heat load can be reduced by 20-25% for 2-3 hours on average
without compromising thermal comfort in the buildings. A later pilot test performed
in five Swedish multifamily residential buildings has shown that buildings with con-
crete structure can tolerate relatively large variations in heat delivery without com-
promising the thermal comfort (Kensby, Trüschel, and Dalenbäck, 2015). Activating
thermal energy storage in building thermal mass has also been shown to be an ef-
fective measure of compensating the temporarily reduced heat output of the district
heating system (Turski and Sekret, 2018). The current study includes load control
strategies based both on the heat load in the district heating system and on the heat
generation costs. To the best knowledge of the authors, not many studies have in-
cluded the active demand response based on the heat production costs to benefit
the district heating system. Moreover, most of the studies on flexibility focus on the
level of a single building, not on the level of a district. The utilized approach allowed
also for comparing the results of applied strategies in different building types. The
results of the study can help to optimize district heating system operation and can
potentially impact future operation of the district heating systems.

4.3.1 Methodology

The study was performed using Modelica (Modelica Association, 2012), a domain-
neutral object-oriented modelling language for component-oriented modelling. The
model was compiled and simulated using Dymola (Dassault Systèmes, 2018) and
the solver used in the simulation was a DASSL solver included in the software. It
has been decided to use Modelica, as the tool offers the possibility of modelling both
buildings and district heating network together, an option not available in Termis
used in the study on heat storage in the district heating pipes.

The description of the case study area is provided in section 2.6, including a schemat-
ics of the grid shown in Figure 2.4. The building substations connected to the net-
work were represented with black circles. Pipe component used in the grid model
was included in the IBPSA library and described in detail in (Heijde et al., 2017). In
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reality, there is no local heat generation or pump raising pressure in the analysed
area. The heat source (representing the connection to the rest of the district heating
network) was modelled as an ideal heater with no set maximum power – it was as-
sumed that the source supplies the heat required by the buildings in the area. The
circulation pump was controlled to maintain the pressure difference of 1 bar in the
critical substation.

Customer substation models

FIGURE 4.4: Schematics of the substation model [Paper II]

The concept of the model of the customer substation used in the current study was
based on the concept used in (Kauko et al., 2018). As the analysis was focused on the
flexibility that can be available through changing the internal temperature setpoint
and activation of building thermal mass, only space heating load was included. For
all of the setpoint schedules, the indoor temperature has been controlled using a PI
controller by comparing the indoor temperature with the indoor temperature set-
point. The allowed error was set to 0.25 ◦C, both up and down. The substation mod-
elled in the study is an indirect substation and the efficiency of the heat exchanger
was assumed to be constant 80%. This assumption does not influence the main parts
of the study related to the flexibility that can be provided by a small district for a
district heating system. It is a simplification that was made due to the difficulty of
creating detailed substation models for all of the substations in the study, including
data gathering.

The supply temperature on the secondary side was determined based on the
ambient temperature and a building type using a weather compensation curve. The
parameters of the weather compensation curve were chosen to represent a heating
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system with high temperature radiators in the old buildings and low temperature
radiators in the new residential and office buildings. -12 ◦C was used as the nominal
outside temperature for the weather compensation curve, as it is the recommended
outdoor temperature for design heat load calculations in Denmark (Dansk Standard,
2011). The heat exchange between the building and the substation was modelled
using radiators with heat ports connected to the heat ports in building models. The
maximum mass flow in the secondary loops was calculated based on the design heat
load of the building and design temperature difference.

The summary of the input parameters for the substation models is shown in Ta-
ble 4.1. The schematic of substation model is shown in Figure 4.4.

TABLE 4.1: Input parameters for the district heating substation model

Parameter Value

Design temperatures in the secondary loop – new and renovated buildings 55/45/20 ◦C
Design temperatures in the secondary loop – old buildings 75/65/20 ◦C
DH supply temperature Constant 80 ◦C
Heat exchanger efficiency Constant 80%

Building models

To make the investigation of the interaction between the buildings and the district
heating system possible, simplified building models were used in the model. The
models were based on MixedAir component from the Buildings library (Wetter, Zuo,
Nouidui, and Pang, 2014). The model includes temperature, pressure and species
balance equations inside the room volume (Nouidui et al., 2012). The model was
validated using different cases of the BESTEST building envelope test (Wetter, Zuo,
and Nouidui, 2011) – light-weight and heavy-weight test cases 600 and 900, and free-
floating cases 600Ff and 900FF. Annual heating and cooling energy consumption for
all cases were within the range reported in the ANSI/ASHRAE Standard 140-2007
envelope test. Furthermore, the model was further validated in (Nouidui et al., 2012)
using also ANSI/ASHRAE Standard 140 cases 610, 620, 630, as well as 600, 600FF
and 900 and 90FF for a low and high mass building. Moreover, the same model was
used also in (Schmitz et al., 2017), where it was used to model the reference room
that was used in a study on desiccant assisted air conditioning system. It was also
used in (Aoun et al., 2019) to model zones in a residential building. The model was
later parametrized and used for designing a reduced-order building model for the
development of demand-side management control strategies. Therefore, the model
has been deemed suitable to be used in the study.

Figure 4.5 shows the schematics of the building model (including the external
inputs to the model). Each of the buildings was modelled as a single thermal zone
with four external walls, a floor slab and a roof. Based on the floor plan of one
of the buildings in the area, the area of heavy internal walls was estimated to be
1.2 times the area of external walls. Ventilation rate was assumed to be constant
in all of the buildings modelled and equal to 0.3 l/s per m2, according to Danish
Building Regulations 2015 (The Danish Ministry of Economic and Business Affairs
Danish Enterprise and Construction, 2015). In the new buildings, the heat exchanger
efficiency in the ventilation unit was assumed to be 80%.

The buildings in the case study area were divided into 3 categories: old build-
ings, new residential buildings and new office building. For the new buildings, the
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FIGURE 4.5: Schematics of the building model [Paper II]

data used was based on the information about constructions in one of the represen-
tative buildings. In case of the old buildings, the constructions were assumed based
on the data available in TABULA database (TABULA Web Tool). Table 4.2 summa-
rizes input data used for different building groups.
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TABLE 4.2: Input for the building model for different building groups

New
residential buildings

Old buildings –
internal gain
like the office

Office
building

External
wall construction

108 mm brick,
25 mm air gap,

275 mm mineral wool,
150 mm concrete

U-value 0.125 W/(m2·K)

360 mm brick
U-value 1.50 W/(m2·K)

108 mm brick,
25 mm air gap,

275 mm mineral wool,
150 mm concrete

U-value 0.125 W/(m2·K)

Internal wall and
floor construction

200 mm concrete
200 mm brick,

internal floors not included
200 mm concrete

Roof
construction

10 mm gypsum,
200 mm air gap,

150 mm concrete,
380 mm mineral wool,

40 mm render
U-value 0.085 W/(m2·K)

20 mm wooden planks,
50 mm mineral wool

U-value 0.62 W/(m2·K)

10 mm gypsum,
200 mm air gap,

150 mm concrete,
380 mm mineral wool,

40 mm render
U-value 0.085 W/(m2·K)

Floor
slab construction

10 mm wooden flooring,
40 mm render,

15 mm hard insulation,
290 mm foam concrete,

100 mm concrete,
150 mm hard insulation
U-value 0.094 W/(m2·K)

20 mm wooden planks,
90 mm air gap

U-value 1.45 W/(m2·K)

10 mm wooden flooring,
40 mm render,

15 mm hard insulation,
290 mm foam concrete,

100 mm concrete,
150 mm hard insulation
U-value 0.094 W/(m2·K)

Window
glazing

3-layer energy pane
U-value 0.67 W/(m2·K)

Double pane
U-value 1.45 W/(m2·K)

3-layer energy pane
U-value 0.67 W/(m2·K)

Window
frame U-value

1.4 W/(m2·K) 1.4 W/(m2·K) 1.4 W/(m2·K)

Ventilation 0.3 l/s per m2 - 0.6 l/s per m2

Infiltration 0.1 l/s per m2 0.3 l/s per m2 0.1 l/s per m2

Data from the district heating system and boundary conditions

The internal gains in the buildings were set according to the values from standard
DS/EN ISO 13790:2008, Appendix G.8 (Dansk Standard, 2008) and are shown in
Table 4.3. They include both radiative and convective heat gains coming from occu-
pants, lights and equipment. Because the buildings were modelled as a single zone,
assumptions were made about the surface ratio of different zones. It was assumed,
that the ratio of the living room and kitchen area to other conditioned areas in resi-
dential buildings was 50:50. For the office buildings, a ratio of 60:40 of office spaces
to other rooms, lobbies and corridors was used, as recommended in the standard.
The profiles were based on the weekday internal gains pattern. The profiles given
in the standard DS/EN ISO 13790:2008, Appendix G.8 (Dansk Standard, 2008) are
different for weekdays and weekends. Such a distinction was not introduced in the
study – the internal heat gain profiles set were the daily profiles for weekdays.
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TABLE 4.3: Values of internal gains during the day in a residential
and in an office building (Dansk Standard, 2008)

Hours
Residential Offices

Living room
plus kitchen

[W/m2]

Other conditioned
areas [W/m2]

Office spaces (60% of
conditioned floor area)

[W/m2]

Other rooms lobbies,
corridors (40% of

conditioned floor area)
[W/m2]

07:00 to 17:00 8.0 1.0 20.0 8.0
17:00 to 23:00 20.0 1.0 2.0 1.0
23:00 to 07:00 2.0 6.0 2.0 1.0

The weather data from the Copenhagen Test Reference Year (TRY) file with the
dry bulb ambient temperature substituted with the air temperature measurements
from 2016 were used in the simulations (Department of Civil Engineering; Techni-
cal University of Denmark, n.d.). The air temperature was substituted to have the
weather data matching the period for which the heat production data was available.
The heat load in the Greater Copenhagen system and the district heating production
prices that were used as the base for the control schemes used in this study were
discussed more in detail in section 4.2.

Simulations

Two types of control schemes were analysed in the investigation: schedule-based
control and dynamic price-based control. In all of the investigated scenarios, the air
temperature setpoint changes did not exceed 1 ◦C above or below the reference set-
point of 22 ◦C. Figure 4.6 presents the temperature setpoints in investigated scenar-
ios for both types of control schemes. As the initial simulations resulted in increased
peak demand, it was decided to run another scenario based on Scenario 2, but with
the setpoint change in the evening distributed over time between three groups of
buildings.

The 5 pre-defined scenarios have been chosen based on the earlier investigation
by Foteinaki et al. (2020) using a building in Nordhavn as a case study. There, 10
scenarios, 4 with fixed schedules and 6 dynamic price-based scenarios were imple-
mented. The fixed-schedule scenarios were introduced in two sets: one with the
temperature range of 21-23 ◦C and the other with the temperature range of 20-24
◦C. The dynamic scenarios were implemented only with the temperature range of
21-23 ◦C due to the setpoint fluctuations occurring more times during the day than
in fixed schedules. The results did not clearly indicate the best performing scenario,
but four scenarios performing best taking into account different indicators. These
4 scenarios have been selected for the current investigation. Scenario 1, where the
temperature was allowed to drop below the reference setpoint was introduced to
model the situation, where no pre-heating was introduced.
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(A) Schedule-based scenarios

(B) Dynamic price-based scenario

FIGURE 4.6: Temperature setpoint profiles in different investigated
scenarios [Paper II]

The parameters used to evaluate how the system performed in different scenarios
were based on (Foteinaki et al., 2020).

1. Total energy delivered to the system for the whole simulated heating season
for space heating.

2. Marginal production cost of the energy delivered to the system for space heat-
ing.

3. Peak heating power in the simulated scenario.

4. The indoor air temperatures in the modelled buildings. Indoor air tempera-
tures were compared as an indicator of thermal comfort, to reflect differences
between simulated scenarios. Neither the operative temperature, that requires
information on mean radiant temperature, as it was done in (Foteinaki et al.,
2020) nor the thermal comfort indices, such as e.g. predicted mean vote (PMV)
and predicted percentage dissatisfied (PPD) have not been calculated due to
the fact the building models used were heavily simplified.

5. Potential for flexible operation, estimated using two indicators, equivalent to
the flexibility indicator defined in (Le Dréau and Heiselberg, 2016):
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• F1 - indicator of the energy used in the low demand period compared to
the energy used on the high demand period.

• F2 - indicator of total energy use during the low marginal production cost
period compared to the energy used on the high marginal production
cost.

4.3.2 Results

When analysing the results, two aspects of system performance under investigated
scenarios were taken into account: operation of different building types and system-
level operation.

Input-output analysis

Figure 4.7 shows the free-floating indoor air temperatures in two of the buildings
with no heat supply – the buildings shown are the same buildings that have been
shown also in Figure 4.9. The internal gains and ventilation rates used were also
identical as in the main investigation. It can be seen that the temperature in the old
building drops lower and fluctuates more significantly than in the new building.
This is due to greater heat losses (also due to natural ventilation witout heat recov-
ery) and greater heat gains during the day.

FIGURE 4.7: Indoor air temperatures without heat supply for a new
residential building and an old commercial building

Figure 4.8 shows the air temperature in two buildings, one new residential build-
ing and one old commercial building during 7 days of operation with preheating
period at night and decreased temperature setpoint during the day (Scenario 2).
As expected, the temperature in the non-retrofitted building decreased quicker and
dropped from 23 to 21 ◦C in 1-1.5 hours. In case of the new building the time of the
decrease varied between 3 to 6 hours in the colder days in the beginning of the in-
vestigated period and lasted more than 9 hours in the warmer days, so the building
did not cool down to 21 ◦C before the internal heat gains increased in the afternoon.

Moreover, the energy use for space heating in the modelled buildings during the
heating season has been calculated. For the majority the new residential buildings,
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FIGURE 4.8: Indoor air temperatures without heat supply for a new
residential building and an old commercial building

TABLE 4.4: Heating season duration in buildings of different types

Building type Heating season duration [days]

Old commercial building 212
New residential building 130
New commercial building 129

the resulting energy use per m2 was between 9.1 and 12.3 kWh/m2, one of the build-
ings had the energy use of 16.3 kWh/m2. The energy use in the two modelled old
commercial buildings was 82.7 kWh/m2 and 128 kWh/m2. For the first of these two
buildings, according to the data available data from the district heating utility, the
energy use during a standard year was 49.3 kWh/m2.

The results of the input-output analysis are discussed more in detail in section 4.3.3
Discussion.

Evaluation of building operation under investigated scenarios

The results of the simulation were analysed with focus on the building models to
gain additional insight on how the applied scenarios impact the buildings in the
area.

The simulation results clearly indicated that the heating season for the new or
renovated buildings is significantly shorter than in the old, poorly insulated build-
ings. For the old buildings, the heating season lasts for the whole investigated period
(with short periods in October and April when the heat supply was not needed). In
the new and renovated buildings (both residential and office buildings) the heating
season starts in the beginning of November and ends mid-March.

Different types of buildings were also shown to react differently to the changes
of temperature setpoint. Figure shows the air temperature in relation to the setpoint
temperature for different building types included in the model for one day in Jan-
uary. It can be noticed, that after the preheating period the temperature in the old
building decreases significantly faster than in the new building. The air tempera-
ture in the old building fluctuated also more than the air temperature in the new
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building. It is caused by the way the heating system is controlled combined with its
significant heating power and greater heat losses than in the new buildings. In all
of the buildings there is a visible impact of the internal heat gains. In the old build-
ing (used for commercial purposes), the temperature decrease between 7 a.m. and 5
p.m. is slower than outside of that period. For the new office building, internal heat
gains between 7 a.m. and 5 p.m. were shown to mitigate the indoor temperature de-
crease. In the new residential building there is a visible increase in air temperature
after 5 p.m., when the internal heat gains increase.

The control method and the setup for the PI controller used in the study resulted
in significant fluctuations of the simulated indoor temperature, in particular in the
unrenovated buildings. The resulting temperature fluctuations are greater than ex-
pected indoor temperature fluctuations stemming from heating system control. Ad-
ditional attempt to improve the initially utilized PI controller and to use PID con-
troller has been made. However, it did not result in more stable operation. The
indoor temperature, however, was shown to be more stable when utilizing P con-
troller instead of previously used PI controller, as can be seen in Figure 4.10 (the
additional temperature increase around 12 is related to the solar heat gains). The
issue of control has been discussed further in section 4.3.3 Discussion.

FIGURE 4.10: Air temperature in old commercial building with P con-
troller used

System-level evaluation of investigated scenarios

Figure 4.11 presents the first 3000 hours of the load duration curves for the initially
investigated 5 scenarios. It can be noticed that all of the investigated load shifting
scenarios resulted in a steeper duration curve shape and higher peak heat demand
than in the Reference case. As expected, the peak increase is the smallest in in Sce-
nario 1, where the temperature setpoint was only lowered. However, compared to
the findings from (Foteinaki et al., 2020), also Scenario 1 where the temperature set-
point was only decreased resulted in an increase in peak heat demand. This is related
to the fact that the heating systems in majority of the buildings switch on at the same
time. Generally speaking, the increased peak demand is not considered beneficial
for the system operation. Additionally, higher peak demand results possibly in the
need for higher installed system capacity.
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(A) Old commercial building

(B) New residential building

(C) New office building

FIGURE 4.9: Air temperature in different building types over the
course of one day in January [Paper II]
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FIGURE 4.11: Load duration curves for different scenarios [Paper II]

An important factor in evaluating the investigated scenarios is the daily distribution
of the heat load, as shown in Figure 4.12. The Reference case is characterized by the
flattest shape of the averaged heating load during the day out of all the investigated
scenarios. The decrease in the heat load that is visible also in the Reference scenario
is caused by the solar heat gains and internal heat gains, as the investigated model
includes space heating demand only. Because most of the buildings in the investi-
gated area are residential buildings, their demand profile had the largest impact on
the aggregated results. The decreased temperature setpoint during the day in the
schedule-based scenarios results in a further demand decrease during the day and
the decrease is more significant for the scenarios with pre-heating. However, achiev-
ing the goal of shifting the load to the low-load period comes at the cost of increased
heat around the time of setpoint increase. The dynamic price based Scenario 4 is
characterized by the shape of averaged heating power during the day closer to the
Reference case. However, in case of Scenario 4 the load decrease in the afternoon
does not occur. Instead, the heat demand during night-time is higher than for the
Reference case, but the heat demand in the morning is lower (ca. 27% difference at 8
a.m.).
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FIGURE 4.12: Averaged hourly heat load in the investigated system
from the beginning of December to the end of February [Paper II]

Table 4.5 summarizes main results of the performed study. It can be seen that each of
the proposed scenarios was effective in achieving an improvement in at least some
of the chosen indicators. At the same time, none of the scenarios performed clearly
better than all of the others in all of the included categories. Scenario 1 was re-
sulted in the lowest total energy use and lowest costs (a decrease of -6.6% and -9.0%,
respectively, compared to the Reference case). However, the average indoor air tem-
perature in the control building in that scenario was by 0.53 ◦C lower than in the
reference scenario. Scenario 2 and 3 performed relatively similarly. However, as
Scenario 2 was characterized by lower average air temperature, it was characterized
by lower total costs and lower energy use than Scenario 3. The best F2 indicator was
achieved in Scenario 4. However, it was also Scenario 4 that was characterized by
the greatest energy use and an increase in the energy use in the morning. Distribut-
ing the moment of setpoint increase in Scenario 2 distributed allowed for decreasing
the raise in peak power demand from 49% to 40% compared to the Reference case.
This is discussed further in section 4.3.3. For each of the schedule-based scenarios,
the highest peak demand was registered before the time of the setpoint change.

TABLE 4.5: Summary of the key indicators used for scenario evalua-
tion

Scenarios
Difference from reference scenario

F1 F2
Total energy

[%]
Costs
[%]

Average temperature
[◦C]

Energy use
in the morning

[%]

Peak power
demand

[%]

Reference - - - - - 0.05 0.20
Scenario 1 -6.6% -9.0% -0.53 -41% 35% 0.27 0.17
Scenario 2 2.0% -2.5% 0.19 -51% 49% 0.39 0.21
Scenario 3 2.9% -0.8% 0.37 -49% 47% 0.38 0.21
Scenario 4 4.2% -1.8% 0.48 18% 48% 0.03 0.39
Scenario 2 distributed 2.0% -2.4% 0.15 -46% 40% 0.40 0.20

4.3.3 Discussion

The results of the study show a significant potential for the buildings to be used
as thermal energy storage for the district heating system. All of the investigated
scenarios resulted in shifting the heating load to periods with lower heat load and /
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or lower heat production prices. It is difficult, however, to choose the scenario that
performed best and such choice is a decision based on several factors.

Moreover, the exact results of the study are heavily dependent on the quality
of the building models used in the simulations. As the models used in the simula-
tions were single zone models with uniform air temperature distribution, the inter-
nal and solar heat gains were used more efficiently than they would be in used in
real buildings. This would generally result in greater and more evenly distributed
space heating (SH) demand in the modelled buildings. Additionally, the geome-
try of the modelled buildings was simplified and the windows were assumed to be
evenly distributed between all four external walls. All this led to more homoge-
neous building thermal behaviour than what would take place in reality. It should
also be noted, that the indoor air temperature was calculated to drop faster than in
case of (Foteinaki, Heller, and Rode, 2016), where a more detailed simulation model
was used. It should also be noted, that the control of the building operation in the
study did not perform in a realistic way. The two probable reasons for that are the
inertia of the modelled heating system lower than in reality due to the simplified
modelling and the poor choice of controller setup in the context of the simulation
time step.

The results of the study point also to the importance of proper management of
the DSM strategies if they are to benefit the district heating system as a whole. Still,
it can be argued that the increase in energy use during the low-load period or, par-
ticularly, in periods with particularly low energy prices should not be problematic
for the system. The periods of particularly low energy prices correspond often to
the periods of particularly high energy supply form fluctuating renewable energy
sources. Because of it, the increased energy use in such periods should not result in
increased CO2 emissions. Additionally, as the inertia of the buildings and building
heating systems was likely underestimated, peaks in the real system should be less
significant than the ones simulated. It should also be noted that it was only space
heating demand that was included in the study. Moreover, the new peaks occur in
late evenings, which is out of the peak hours of the district heating system in Copen-
hagen. Second of all, these strategies have been investigated only for a fragment of
the network. The obtained results indicate that, if such operation can be conducted
in part of the entire network and controlled well, peak heating demand for space
heating can be shifted e.g. to the late evening and, consequently, make the total
daily load curve of the entire network flatter.

In the performed study, the distribution of the setpoint change over time was
introduced using a rule-based control. Another possibility would be to use for this
purpose model-predictive controller (MPC). MPC is based on optimization and a
model of the controlled system and it can address a number of thermal load man-
agement cases (Goy and Sancho-Tomás, 2019). In the analysed case, it could have
been utilized to distribute the setpoint increase over time so that the resulting heat
demand peak would be as low as possible. A similar concept has been developed by
Alizadeh, Chang, and Scaglione (2012) in the context of electrical networks. There, a
model predictive control was used to modulate the aggregated load of both heating
and cooling loads and deferrable loads, such as washing machines and dishwashers,
to follow a dynamically forecasted power supply. The results of the study highlight
the advantages of using he coordinated energy management compared to the indi-
vidual energy management systems operating selfishly. Similar concept could be
also applied in the district heating context.

Another issue highlighted by the current study was the suitability of proposed
strategies to be applied in different building types. The results indicate, that it is
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well insulated buildings with significant thermal mass are the most suitable for the
strategies including preheating combined with interrupted heat supply. Increasing
the temperature setpoint in poorly insulated buildings with smaller thermal mass
leads to greater heat losses and the heat stored can cover the heat demand only for
a relatively short time. On the other hand, buildings with small thermal mass were
determined to be the most suitable for load shifting aimed at limiting the impact of
night set-back (Basciotti and Schmidt, 2014).

The results of the study are less promising than the findings the single new resi-
dential building presented in (Foteinaki et al., 2020), where both load shifting in the
morning and costs savings were shown to be more significant than in the current
study. This, however, ties in with the two issues discussed above: the suitability
of different building types for the proposed load shifting strategies and the simpli-
fied modelling of the building and building heating system. However, even after
taking into account these differences, the flexibility potential of heat storage in the
buildings’ thermal mass to support the district heating system operation is still sig-
nificant.

4.3.4 Conclusions

The presented study analysed the potential of a small district with buildings con-
nected to a district heating network for a flexible operation according to the needs
of the district heating system. The activation of the thermal mass was achieved by
changing the indoor temperature setpoint. It has been shown that the proposed
strategies are an effective method of load shifting and that the buildings’ thermal
mass can be utilized as short-term heat storage. In particular the schedule-based
strategies resulted in significant decrease of energy use in the morning (between -
41% and -51%). However, in case of the strategies with pre-heating this comes at a
cost of increased total energy use (from 2.0% to 4.2% increase) and in case of scenario
with no pre-heating with lower average air temperature that may decrease occu-
pants’ comfort. All of the investigated scenarios resulted in a decrease in total costs
compared to the reference case, as well as an increase in peak heat demand. How-
ever, it was also shown that distributing the setpoint increase can partially mitigate
the peak demand increase, as well as the simulated peak demand may be overes-
timated. The choice of the optimal strategy requires a multi-factorial analysis and
should take into account the characteristics and needs of the system where it should
be implemented, substation equipment available and acceptability by occupants.

4.4 Implementation challenges

Many of the strategies for utilising the flexibility of thermal energy systems to fa-
cilitate the operation of both thermal energy systems and energy system as a whole
are already at the stage of pilot tests (or are to some degree being used on the sys-
tem operation). One of practices utilising the flexibility of thermal energy systems
currently used in the district heating systems is planned deviations from the supply
temperature control curve. It is typically utilized in case of an increase in the heat
demand in the network expected based on the weather forecast or an increase in heat
demand expected due to daily demand characteristics (such as the morning or after-
noon peak). The grid is then used as short-term heat storage, as heat is supplied
before the expected increase in the heat demand occurs (Frederiksen and Werner,
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2013). Another method is using flow limiters in the substations. They can be utilized
to prevent a situation when during a period of limited supply consumers located
closer to the heat source increase their flow rates and consumers in the peripheral
parts of the grid would experience the full reduction in supply capacity. Thus, the
flow limiters can ensure more equal distribution of supply (Frederiksen and Werner,
2013). The pilot projects related to utilising the flexibility of thermal energy systems
via Demand-Side Management have been discussed in section 4.2. However, wide
implementation of these strategies in practice brings certain challenges that have to
be addressed before these operational schemes are widely applied in the operation of
the district heating systems. Moreover, the solutions that are possible to implement
in a given system are heavily dependent on the ownership structure of the system
in question. If the ownership of different parts of the district heating system (heat
source, district heating network, substations) is divided between different entities
the implementation of some of the strategies may be more complicated or require
additional contracts and agreements.

As it was shown in (Masy et al., 2015; Bruninx et al., 2013), as well as in the anal-
ysis of flexibility provided in section 4.3 of this chapter, Demand-Side Management
strategies result in greater total energy use than the operation without load control.
At the same time, district heating tariffs are often based on ordered capacity and on
the total energy used by the customer. Because of it, using the Demand-Side Re-
sponse strategy without including it in customer contracts is likely to result in the
increased expenses for the customers. As such, introduction of the DSM strategies
would require e.g. offering the customers participating in the DSM more beneficial
pricing scheme that would take into account the increase in total heat use and the
possible increase of peak power. The issues related to heating tariffs are common
for all of the solutions aimed at utilizing buildings’ flexibility, both at the level of
substation and at the level of the building itself.

If the district heating network operator is also the owner of building substations
and there is technical possibility of controlling the substation operation remotely, it
is possible to utilize the substation control as a method of direct load control, as it
was described in section 3.2.3. However, implementing substation operation control
without any available information on the indoor climate of the building brings in
the risk of decreased thermal comfort for the occupants and with no connection to
the building management system (BSM) district heating network operator lacks in-
formation on the actual building behaviour. However, it has been shown that heavy
buildings can be controlled using direct load control strategies without indoor tem-
perature measurements if certain restrictions regarding the change in the signal and
its duration are not exceeded (Kensby, Trüschel, and Dalenbäck, 2015). This makes
the large-scale implementation of such strategies potentially much more affordable.
At the same time, if the indoor climate was continuously monitored it would make
it possible to utilize the building’s heat storage potential to a larger degree, while
still ensuring satisfactory indoor temperature.
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Chapter 5

Conclusions

This project aimed at investigating the following main hypothesis:

Operational schemas for thermal energy system on a district level can facilitate the incorpo-
ration of greater share of fluctuating renewable energy sources into the overall energy system
by utilizing the potential flexibility in the thermal energy system.

The hypothesis was addressed by investigating four research objectives listed in sec-
tion 1.2. The results of addressing the research objectives are summarized below.

1. The first research objective was to identify how thermal energy systems can
support the flexible operation of integrated energy systems based on exist-
ing literature.
Thermal energy systems are characterized by significant inertia compared to
electrical systems and lower cost of heat storage compared to electricity stor-
age. As such, it was concluded that the integration between thermal and
power systems has a significant potential to increase the flexibility of energy
systems treated as a whole. Solutions and technologies that can facilitate that
include: large-scale heat storages in CHP plants used to optimize plant op-
eration, thermal energy storages combined with power-to-heat solutions to
accommodate surplus power production from fluctuating renewable energy
sources, Demand-Side Management of buildings’ heat load to even out heat
load profile in a district heating system and avoid the use of peak boilers. How-
ever, when investigating the flexibility potential offered by these solutions, the
properties of thermal energy systems and heat storage have to be taken into
account.

2. The second objective of this thesis was to evaluate if the district heating pipes
themselves can be used as heat storage to decrease the peak heat demand.
Heat storage in the district heating pipes, achieved by increasing the supply
temperature, was shown to lower the peak heat demand. The finding was
confirmed both based on the results of the pilot test and the results of the sim-
ulation study. Based on the pilot test results, the peak demand in the exper-
iment period was 13.4% lower than the corresponding peak in the reference
period. However, after accounting for the difference in air temperature in the
surrounding period, the decrease in peak demand was adjusted to 7.2%. In
the simulation study, the calculated decrease was 4.8%. Proper timing of the
charging and discharging of the network requires taking into account flows
in the network and how they change if the supply temperature changes. The
simulation study showed that the strategy was more effective if the tempera-
ture increase lasted only long enough to charge the network, so that additional
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heat loss caused by the increased temperature was minimized. It was also in-
dicated, that the proposed solution can be more suited for areas with greater
relative storage capacity, where the heat stored in the pipe volume can cover
the heat demand over a longer period. This conclusion is in agreement with
the results from simulation studies found in literature. As such, heat storage
in district heating pipes can be used as a supplementary method of peak re-
duction, in particular during the periods either when cheap, surplus energy is
available or utilizing the additional capacity makes it possible to avoid switch-
ing on expensive peak production boilers.

3. The third research objective was to analyse how using district heating net-
work as heat storage affects network operation.
Heat storage in the district heating pipes during the pilot test was implemented
through the increase of supply temperature about 15 K above the temperature
level used normally during operation at corresponding ambient air tempera-
tures. As expected, during the period of temperature increase, mass flow in
the network decreased to about 85% of the value outside of the test period. At
the same time, a slight decrease in the return temperature was observed in the
properly functioning substations. The decrease in return temperature led to a
further decrease in the flow. However, neither of these changes was registered
in the one substation in the area where a malfunction of control equipment
occurred. Significant flow through that substation combined with high return
temperature resulted in an increase in return temperature from the investi-
gated local network during the experiment period. This indicates the impor-
tance of proper operation of building substations if short-term heat storage in
district heating pipes should be utilized as a peak shaving strategy. This shows
also a significant impact individual large buildings and substations can have
on the operation of local district heating networks.

4. The fourth objective was to model how the flexible operation of buildings
can facilitate flexible operation of the energy system on a district level.
To be able to investigate the flexibility potential of a small district heating heat-
ing network fragment, a network model including connected buildings was
built. Three different building types were included in the model to reflect the
diversity of the building stock in the case study area. Heat stored in build-
ings’ thermal mass was discharged and charged via changing the air tempera-
ture setpoint. Both load-based schedules and dynamic price-based signal were
used as the control method for building operation. The solution was shown to
be highly effective at load shifting - the achieved decrease in heat load dur-
ing the morning peak period in all of the investigated schedule-based scenar-
ios was between 41% to 51%. All of the investigated scenarios resulted also
in a decrease in total energy cost (between -0.8% and -9.0%). This happened
despite the fact that all of the scenarios that included preheating resulted in
slightly increased total energy use (between 2.0% and 4.2%). However, the
applied solution led also to increased peak energy demand. It should also
be noted that the exact results of the study depend heavily on the quality of
the building models used and the simplifications in the modelling led to more
homogeneous behaviour regarding thermal energy use than what would take
place in reality. Moreover, the building heating system model has been simpli-
fied and its behaviour was characterized by smaller inertia than it would be in
actual buildings. None of the investigated scenarios performed clearly better
than the other ones in all of the indicators included in the analysis. Because of
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that, choice of the optimal control strategy requires a multi-factorial analysis
that takes into account characteristics of the district heating system in question.
Results of the study indicate, that flexible operation of buildings can provide
significant load-shifting potential for the district heating system. Choice of the
optimal control method depends on the characteristics of the district heating
system in question. Well-insulated buildings with large thermal mass were
shown to be the most suitable for the proposed strategy.

The research focused on the listed research objectives supports the main hypothesis
investigated in the project.

Overall it can be concluded that the findings of the study support the rising con-
sensus that the inherent inertia of thermal energy systems in districts can offer a
significant flexibility potential to be utilized for balancing of an energy supply based
on intermittent renewable energy sources. Moreover, specific operational schemes
taking into account the building characteristics, residents’ needs, type of the heat-
ing systems, as well as characteristics of the district heating system and heat source
are needed to fully utilize the flexibility potential provided by the thermal energy
systems.
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Chapter 6

Future investigations and
recommendations

Based on the findings of the work presented in this thesis, as well as its limitations
and simplifications that were made, there is a number of topics that can be consid-
ered worthwhile of further investigation. The list is not exhaustive and focuses on
the topics the most connected to the studies presented in the thesis.

• In the studies analysed in the literature review a number of different flexibil-
ity metrics were used. A comparative analysis of the results of these studies
would make it possible to identify trends and possible synergies, as well as to
correlate the results of different investigations between each other.

• The results of the study on heat storage in district heating pipes indicated that
the solution might be more suitable for areas with greater relative storage ca-
pacity. A study focused on the potential of heat storage in district heating pipes
in areas with large relative storage capacity, especially in the context of areas
located at the ends of the distribution network could follow.

• The study on the potential of a small district for flexible operation included
only the space heating heat demand and the activation of building thermal
mass as heat storage. A study including both the space heating and domestic
hot water demand would provide a better representation of actual flexibility
potential that can be provided to the district heating system.

• In the study on the potential of a small district for flexible operation the dis-
tribution of the setpoint change in time aimed at decreasing the demand peak
caused by the setpoint change was introduced using rule-based control. As it
has been discussed in Chapter 4, another possibility would be to use for this
purpose model-predictive controller and investigate the performance of coor-
dinated energy management compared to the individual energy management
in the context of district heating networks.

• In the study on the potential of a small district for flexible operation the sup-
ply temperature was kept constant. However, in the earlier study it was de-
termined that the heat storage in district heating pipes can be useful as sup-
plementary method of energy storage. An optimization study including both
heat storage in the network as well as heat storage in the building thermal mass
would be a next step in investigating the full potential of the district heating
system for flexible operation.

• The presented work did not include a comprehensive analysis of current dis-
trict heating regulations in different countries and heat tariffs in different dis-
trict heating systems in the context of the possible introduction of demand
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response. However, such work identifying the possible obstacles and required
changes would be beneficial in the context of the implementation of demand
response strategies in district heating systems.
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Introduction

Context

It has been estimated that the energy consumption of buildings accounts for over one-
third of the total energy consumption worldwide and that in Europe the building stock
is responsible for around 40% of all energy used (Lechtenböhmer & Schüring, 2011;
Schmidt, 2014). Reducing the environmental impact of buildings and energy systems
would be a significant step towards reaching the goals set by national and international
agreements, such as the Kyoto Protocol or the European 20-20-20 Targets (Schmidt, 2014).

Replacing traditional fuels with renewable energy sources is one way to reduce the
environmental impact of energy systems. However, renewable energy sources, such as
wind and solar power, are fluctuating with the weather conditions and hereby their
output is not fully controllable. So, with the growing share of fluctuating renewables in
our energy systems, flexibility in energy supply and especially energy demand is becoming
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increasingly important. This is valid also in the context of the emergence of Smart Grid
(Valsomatzis, Hose, Pedersen, & Šikšnys, 2015), defined as a grid ‘that incorporates infor-
mation and communications technology into every aspect of electricity generation, deliv-
ery and consumption in order to minimize environmental impact, enhance markets,
improve reliability and service, and reduce costs and improve efficiency’ (EPRI – Smart
Grid Resource Center, n.d.). Moreover, the growing popularity of heat pumps and air-con-
ditioning units may lead to consumption peaks and the need for load-shedding (Valsomat-
zis et al., 2015). Concentration on electricity-only solutions will not provide sufficient
system flexibility, so the next focus will be on electrical and thermal solutions (heat
pumps, electrical heating and cooling) and thermal system components (Heller, Gianniou,
Katsigiannis, Mortensen, & Hun Woo, 2014).

CHP plants, the traditional part of the electrical grid, co-produce electricity and heat.
Because a large share of both the electricity and heat demand comes from buildings, flexi-
bility at these consumers will enable the CHPs to optimize their operation. Additionally,
decentralized electricity-based heat sources, such as heat pumps and electric boilers in
both buildings and district heating, can influence this optimization at the supply side
and increase the need for demand-side management (DSM). Moreover, planning for
groups of buildings rather than just individual buildings will enable even more flexible
operation and provide greater system efficiency and better control (Pitts, 2008).

Previous reviews and ongoing research projects

Most of the existing reviews on energy flexibility have concentrated on flexibility in power
systems, not on flexibility in thermal systems or buildings, as the discussion on the flexi-
bility of energy systems originated in the context of electrical engineering and the
Smart Grid. However, as the integration between electrical and thermal systems can
increase the flexibility of energy system as a whole, the flexibility that can be provided
by thermal part of the energy system is increasingly relevant.

Closest to that topic has been a review by Lopes, Chambel, Neves, Aelenei, and Martins
(2015) that focuses on methodologies for assessing the energy flexibility of buildings with
electrical heat sources. The authors present several approaches to quantifying the flexi-
bility of electrical energy demand in buildings and conclude that electrical energy flexi-
bility can be quantified on the basis of variations in consumption under different
scenarios. They state also, that two approaches used to deviate electricity consumption
from the normal pattern are: thermal energy storage (TES) and shifting appliance
operation.

Alizadeh, Moghaddam, Amjady, Siano, and Sheikh-El-Eslami (2016) review the literature
on flexibility in the context of power systems, focusing on the additional flexibility required
in power systems due to the introduction of non-dispatchable renewable energy technol-
ogies. The authors categorize the temporal impact of fluctuating renewable energy
sources and propose a classification of potential solutions increasing flexibility in power
systems. The directions for future research they indicate include newmethods for schedul-
ing generating units, more detailed modelling with greater temporal resolution, and
incentives that could encourage increased flexibility.

Lund, Lindgren, Mikkola, and Salpakari (2015) also focus on the flexibility in the context
of facilitating the integration of fluctuating renewable electricity sources. However, they
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concentrate on the flexibility of the energy system as a whole, not only on the power
system. Unlike Alizadeh et al. (2016), Lund et al. discuss individual measures for increasing
flexibility in detail. Both supply and demand sides are considered, and the measures dis-
cussed include both traditional solutions (pumped hydro storage, grid extension), and
recent proposals (advanced batteries and ‘P2Y’ strategies). P in ‘P2Y’ stands for surplus
power from renewable energy sources and Y for another form of energy, such as heat,
gas, etc. P2Y strategies are potentially important in the context of district heating
systems and solutions that focus on the demand side. They conclude that electrical
system combined with other energy systems already provide significant flexibility and
can incorporate a large share of fluctuating renewable energy sources, and that additional
increases in energy system flexibility can be obtained by treating electrical and thermal
systems as a whole.

Kondziella and Bruckner (2016) review the methodologies and results of the ‘flexibility
demand’ and the flexibility requirements of an electricity system based on variable renew-
able energy sources. To enable comparison, the studies were classified into different cat-
egories based on the flexibility potential considered (theoretical, technical, economic and
market). The evaluation of the literature findings was subsequently used to propose
further research directions. The paper concludes that, for accurate comparison and evalu-
ation of research results, a set of consistent terms and definitions is needed, because it is
difficult to compare results of studies from the different categories.

The first of the reviews mentioned in this section focused on the energy flexibility of the
buildings defined in terms of electricity use, while the other three concentrated on the
system perspective, still focusing on the electrical grid. None of the reviews found
focused on thermal energy systems, whether in buildings or at the system level.

Work currently being carried out as part of the International Energy Agency’s (IEA)
Energy in Buildings and Communities Programme (EBC) Annex 67 is focused on energy
flexible buildings. The objectives of the project include developing a common terminology
and definition for ‘energy flexibility in buildings’, analysing energy flexibility potential in
different kinds of buildings, and investigating the possible influence that aggregated
energy flexibility in buildings can have on energy networks (EBC Executive Committee
Support Services Unit, 2014). However, at the time of writing this paper, results of the
work in the Annex were not published yet.

Overview of this paper

The current paper concentrates on flexibility provided by thermal energy systems, support-
ing the electrical only Smart Grid flexibility. The first section of the paper focuses on the
theoretical definitions of flexibility in the context of energy systems, its quantification
methods and indicators used to measure it. These definitions and theoretical background
are in general inherited from the electrical systems literature. Then, the connection
between electrical and thermal energy systems and the reasons why an integrated
system approach is needed are discussed. The last part examines sources of flexibility in
heat demand at the system and building level and discusses technological solutions that
can be used for increasing it. The benefits offered by these solutions were also analysed.

The review has two main goals. First, it aims to summarize the existing theory on energy
flexibility in buildings and district heating systems, including definitions and flexibility
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indicators. Second, it states why an integrated energy system approach is needed in the
discussion on energy flexibility and aims to identify challenges related to utilizing build-
ings and district heating systems as possible flexibility sources for an energy system.

Energy flexibility – theory

Most of the definitions of flexibility and its quantification methods origin from the litera-
ture on electrical systems. Still, many of these concepts are also applicable for integrated
and thermal energy systems. The following chapter aims to summarize existing flexibility
definitions in the context of energy systems, flexibility quantification methods and the
investigation methods applied in the analysed studies.

Definitions of energy flexibility

According to Lund et al. (2015), there is no one single recognized definition of flexibility in
the literature. Alizadeh et al. (2016) cite the definitions of flexibility used in other engineer-
ing fields, such as transportation (‘adaptability of a system in response to external changes,
while maintaining satisfactory system performance’) and manufacturing (‘flexibility […]
allows the system to react in case of changes, whether predicted or unpredicted’) and con-
clude that the term ‘flexibility’ has no general definition and its exact meaning depends on
the system in question. The authors also state that attempting to create such a definition
for all engineering subjects seems irrational.

Cochran et al. (2014) define flexibility in the context of power systems as ‘the ability of a
power system to respond to change in demand and supply’, i.e. a system-specific property.
Based on Petersen, Edlund, Hansen, Bendtsen, and Stoustrup (2013), De Coninck and
Helsen (2016) conclude that flexibility is ‘the ability to deviate from the plan’ and they
define the flexibility of a building as ‘the ability to deviate from its reference electric
load profile’. Bertsch, Growitsch, Lorenczik, and Nagl (2012) define flexibility in a power
system as ‘the capability to balance rapid changes in renewable generation and forecast
errors within a power system’. Denholm and Hand (2011) argue that ‘system flexibility can
be described as the general characteristic of the ability of the aggregated set of generators
to respond to the variation and uncertainty in net load’. D’hulst et al. (2015) define flexi-
bility of appliances as ‘the power increases and decreases that are possible within these
functional and comfort limits, combined with how long the changes can be sustained’.
Six, Desmedt, Van Bael, and Vanhoudt (2011) define the term ‘flexibility’ in the context
of a heat pump with thermal heat storage as ‘the ability to shift the consumption of a
certain amount of electrical power in time (number of hours or kWh)’. This can be done
either by delaying the electricity consumption (or part of it) over a limited period or by
forcing the electricity consumption to take place when the heat demand is low or zero
(by forcing the heat pump to operate and charge the heat storage). This definition is
also used by Nuytten, Claessens, Paredis, Van Bael, and Six (2013). Lund et al. (2015)
discuss the definition of flexibility, but conclude from the literature that no single flexibility
indicator is applicable for all cases. So, they use different descriptions for different cases –
for example, for storage technologies, they compare power and discharge times, while for
generation technologies they use start-up and ramp-up times. Masy, Georges, Verhelst,
Lemort, and André (2015) use two definitions of flexibility, one for each control strategy.
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In the case of rule-based control (RBC), they state that ‘the flexibility of the building space
heating demand characterizes its ability to shift the heat pump electric loads from peak to
off-peak hours’. For the optimal predictive control (OPC), ‘flexibility is quantified in terms of
load volumes shifted and in terms of procurement costs avoided in the context of the
Belgian day-ahead electricity market’. A report prepared as part of the IEA Task 40/
Annex 52 ‘Towards Net Zero Energy Solar Buildings’ (Salom et al., 2014) presents an analy-
sis of load match and grid interaction indicators for net zero energy buildings. Here, the
term ‘flexibility’ is connected with the ability of buildings to contribute in a positive
way, in the context of a system with a high share of renewables, because net zero
energy buildings also constitute part of such system.

It should also be noted that the term flexibility has been used in several other papers
(Bruninx, Patteeuw, Delarue, Helsen, & D’haeseleer, 2013; Colella, Sciacovelli, & Verda, 2012;
Costanzo, Sossan, Marinelli, Bacher, & Madsen, 2013; Kiviluoma & Meibom, 2010; Kond-
ziella & Bruckner, 2016; Oldewurtel, Sturzenegger, Andersson, Morari, & Smith, 2013; Val-
somatzis et al., 2015), without being formally defined.

A proposal for a hierarchical classification of technical flexibility definitions found in the
literature is made in Figure 1. It can be seen that both general definition, as well as
definitions for demand side and supply side can be used both in the context of electrical
and thermal systems. Specific technical definitions are applicable only in specific context,
but on the other hand, it is these definitions that are used for establishing different flexi-
bility calculation methods.

Energy flexibility indicators

Based on the different definitions of energy flexibility, also are different methods of quan-
tifying flexibility are used.

Cochran et al. (2014) propose different flexibility metrics, depending on the analytic fra-
mework used for measuring operational power system flexibility. For the quick estimates,
the metric proposed is the ‘percent of GW installed (power; by red.) capacity of generation
type relative to peak demand’. The metric suggested for the analyses using time-series
data is the ‘maximum upward or downward change in the supply/demand balance that
a power system is capable of meeting over a given time horizon and a given initial

Figure 1. Hierarchical classification of technical flexibility definitions.
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operating state (i.e. operation level of different power plants)’. For the most comprehen-
sive analyses in the context of detailed electrical system planning, they propose as a suit-
able metric the ‘expected percentage of incidents in a time period when a power system
cannot cope with changes in the net load’. De Coninck and Helsen (2016) quantify flexi-
bility in energy (in kWh) shifted over a specified timespan. Valsomatzis et al. (2015) quan-
tify flexibility on the basis of shifted load volumes and costs avoided. They propose several
flexibility definitions for measuring offers of flexibility (flex-offers) that capture the amount
and/or time dimensions of flexibility. The concept of the flex-offer was first described by
Boehm, Dannecker, and Doms (2012). Valsomatzis et al. (2015) propose eight ways of
quantifying flexibility and they discuss the advantages and disadvantages of each
method. They conclude that none of the measures proposed has all the characteristics
desired, so they discuss the specific circumstances in which each of the measures can
be used. In the context of the electric grid, O’Connell, Pinson, Madsen, and O’Malley
(2016) proposed a method of representing the capabilities of the flexible load in the
system dispatch algorithm, introducing a concept of asymmetric block offer. The block
offer describes the ability of a flexible electrical load to provide a response to the
system and the need to recover afterwards. This approach was then demonstrated in
case studies.

In the IEA Task 40/Annex 52 report (Salom et al., 2014), the analysis was done using data
from monitored and simulated buildings using a resolution of one hour or less. While the
main focus of the report was on load match and grid interaction indicators, the ‘flexibility’
of buildings was investigated as well. Equivalent hours of storage were then proposed as a
potential indicator of flexibility. The equivalent hours of storage correspond to storage
capacity expressed in hours:

Nh S = Sdes
Ldes

,

where Nh S is the equivalent hours of storage, Sdes is the physical design capacity of
storage, Ldes is the power design load.

In the paper by Le Dréau and Heiselberg (2016), the flexibility factor reflects the ability
to shift energy use from periods with high energy prices to periods with low energy prices
and is calculated using the equation below:

Flexibility factor =
�
low price time qheatingdt −

�
high price time qheatingdt�

low price time qheatingdt +
�
high price time qheatingdt

.

The paper focused on the potential of the thermal mass of a building to modulate the
thermal or electrical energy use of the heating system. The authors state that one of the
limitations of this approach is that changes in climatic conditions or different pricing will
result in different values for the flexibility factor.

Flexibility is also closely related to Demand Response or Demand Side Response (DSR)
(De Coninck & Helsen, 2016) and DSM. Norton et al. (2014) define DSR as ‘load demand
that can be actively changed by a trigger’, and they define DSM as ‘the utilization of DSR
for a purpose such as system security (i.e. balancing and congestion), or system adequacy’.

In the field of demand response in electrical grids, extensive work was done by Olsen
et al. (2013). Five different ancillary services were taken into account: regulation, flexibility,

6 K. M. LUC ET AL.



contingency, energy and capacity. Loads were divided into three categories: commercial,
residential and non-manufacturing industrial and four different end-uses: heating, cooling,
ventilation and indoor lighting. The demand response available for ancillary services was
also calculated in the paper.

Reynders, Diriken, and Saelens (2015) propose a generic method of quantification for
the Active Demand Response (ADR) potential of the heat storage in a building structure.
Starting from the existing literature on storage technology, they base their methodology
on three characteristics: storage capacity, efficiency of the storage process and power
shifting capability. A schematic of the experiment is shown in Figure 2. They define avail-
able structural storage capacity as ‘the amount of heat that can be added to the structural
mass of a dwelling, in the time-frame of an ADR event, without jeopardizing thermal
comfort’. It was calculated using the formula below:

CADR =
∫l ADR

0

(QADR − QRef)dt,

where CADR is the available structural storage capacity, lADR is the duration of the ADR
event, (s), QADR is the heating power during the ADR event, (W), QRef is the heating
power in normal operation, (W).

They define storage efficiency as ‘the fraction of the heat that is stored during the ADR
event that can be used subsequently to reduce the heating power needed to maintain
thermal comfort’. Storage efficiency was calculated using the formula below, in which
the numerator in the equation represents storage thermal losses and the denominator
is equal to the heat stored in the storage event or available storage capacity.

hADR = 1−
�1
0 (QADR − QRef)dt�l ADR
0 (QADR − QRef)dt

.

Figure 2. Schematic of the Reynders et al. simulation experiment explaining their quantification meth-
odology for available storage capacity and storage efficiency. Source: Reynders et al. (2015).
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Power shifting capability was defined as ‘the relation between the change in heating
power (Qδ) and the duration (tδ) that this shift can be maintained before the normal oper-
ation of the system, i.e. thermal comfort, is jeopardized’. Power shifting capability was cal-
culated using the formula below:

Qd = QADR − QRef.

Oldewurtel et al. (2013) focused on the Demand Response of buildings. Their aim was to
investigate electricity demand flexibility in buildings and create an index for use by the
aggregator to choose buildings that could provide a service for the grid cost-effectively.
The index describes additional energy used to create requested changes in electricity con-
sumption for each of the buildings at each hour of the day. Two setups were investigated:
simulation and experimental. The Model Predictive Control (MPC) presented in the paper
was used in both of them. (Detailed descriptions of the experiments and models can be
found in (Sturzenegger, Gyalistras, Morari, & Smith, 2016) and (Sturzenegger, Gyalistras,
Morari, & Smith, 2012).) The experiment showed that part of the energy consumption
can be shifted in time, so further research was carried out using the simulations, on the
basis of which a standardized building assessment methodology was established. It was
also found that the power shifting potential (which can be understood as flexibility) and
efficiency vary depending on the hour of the day and the weather conditions. Such
results are in agreement with the results of Six et al. (2011).

Another problem is connected with establishing building energy flexibility indicators
simultaneously for electricity and heat demand. In the case of buildings supplied with
heat using heat pumps or direct electrical heating, or cooled using air conditioning, as
in the case of, for example, the studies by Masy et al. (2015), Bruninx et al. (2013), Costanzo
et al. (2013) and De Coninck and Helsen (2016), there is a direct connection. However, in
the case of buildings supplied with heat from a district heating network it is more difficult
to make such a direct connection and describe the total energy flexibility with one indi-
cator. Moreover, differences between the heat and electricity markets make using some
of the solutions appropriate for power systems difficult or impossible for heating (or
cooling) grids. This is the case for, for example, price-based control of consumption. In
Copenhagen, where a heat market has been implemented, the market is cleared three
times a day (Varmelast, n.d.), whereas the electricity market is cleared every hour. This
means that the price signal may not be a viable option for use as an incentive to encou-
rage consumers to adjust their heat use. Furthermore, many district heating systems, for
example, in Central and Eastern Europe, heat is supplied from one or two central
sources, so that the market has the form of a regulated monopoly.

Based on the literature reviewed, the most general definitions of flexibility used in the
context of energy systems focus on the system’s ability to react to changes in energy
demand and supply. This includes both the ability of the production side and storage
to balance changes in load and fluctuating renewable generation, and the ability of the
demand side to shift the energy consumption from a planned or reference state. The
most specific, technical definitions of flexibility used in the literature are related to
specific technology and research methodology. It is this level of definitions that is con-
nected to different flexibility quantifications methods. In case of quantifying technical
flexibility, the metrics are commonly based on calculating energy that can be shifted
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over timespan. Another approach widely used is based on financial indicators, such as
costs avoided thanks to utilizing energy flexibility.

Investigation methods

The studies investigating flexibility in buildings and energy system use different method-
ologies and different software to evaluate the flexibility of the investigated buildings and
systems. A short review on this subject below documents the wide variety of approaches
where almost any study has its own methodology and tool set.

Costanzo et al. (2013) used Continuous-Time Stochastic Modelling (CTSM) software,
based on maximum likelihood estimation, to create a model that can be used for both pre-
dicting the unit consumption of refrigeration systems and controlling them as flexible con-
sumption units. The study by Masy et al. (2015) used two models: a detailed dynamic
simulation model for three RBC strategies, and a simplified grey-box model for OPC strat-
egies. For the OPC control strategies, the goal was to minimize the cost of electricity and
thermal discomfort during occupancy periods. The resulting problem was solved using the
Matlab-compatible Yalmip Toolbox (Lofberg, 2004). Bruninx et al. (2013) coupled Matlab
with the General Algebraic Modelling System (GAMS), which is a high-level modelling
system for mathematical programming problems. They created a detailed description of
the physical behaviour of the thermal and electrical demand side in Matlab and used
the Mixed Integer Linear Programming model combining unit commitment and economic
dispatch on the supply side modelled in GAMS. Yang, Wu, Yan, Gao, and Long (2015) pro-
posed a method for integrating the heating load and TES control, using a model created in
GAMS with MOSEK used as a solver. In this case, the optimization objective was to mini-
mize the standard deviation of the equivalent load. Scholz and Müsgens (2015) evaluated
the flexibility gained by including a power-to-heat unit in a system with a CHP unit and a
gas-fired boiler by using a mathematical model for the optimization of the hourly dispatch
of all three technologies included. The maximization of profit was used as the objective
function in the model. However, the software used is not stated explicitly. Capuder and
Mancarella (2014) also used an optimization model solved using Mixed Integer Linear Pro-
gramming to evaluate different multi-generation systems, with the minimization of oper-
ational cost as an objective function. Again here, no specific software is mentioned.
Kiviluoma and Meibom (2010) used Balmorel, a model developed for analyses of the
power and CHP sectors in an international perspective, to investigate the benefits of com-
bining different technologies in a district heating network when the share of fluctuating
RES increases significantly. In the context of thermal systems, De Coninck and Helsen
(2016) describe a bottom-up methodology for the quantification of flexibility in buildings
using cost curves that show the amount of flexibility and the costs associated with it. Le
Dréau and Heiselberg (2016) used EnergyPlus software for the building simulation in com-
bination with an external interface called Building Controls Virtual Test Bed (BCVBTB) to
control heating set points. In the IEA Task 40/Annex 52 report (Salom et al., 2014), data
from monitored and simulated buildings with a resolution of one hour or less were
used for the analysis. The authors state that using information about equivalent hours
of storage and analysis of net exported energy and grid interaction indexes allowed
them to study whether loads can be reduced or generation curtailed for a certain percen-
tage of time. They conclude that sub-hourly analysis should be used when working with

ADVANCES IN BUILDING ENERGY RESEARCH 9



the grid integration of individual buildings, whereas in the case of clusters of buildings,
hourly values are usually sufficient.

The choice of investigation method depends on the approach chosen in the study. It
can be seen that in many of the studies the modelling approach have been based on
overall planning, practices from systems’ engineering and only in a few of them, the
heat demand side has been modelled in a more detailed way.

Connections between electrical and thermal systems: the need for an
integrated system approach

Flexibility of electric and thermal systems – characteristics

As mentioned earlier, it was found (Kiviluoma &Meibom, 2010; Lund et al., 2015) that treat-
ing electrical and thermal energy systems as a whole can increase flexibility of the whole
energy system. The reason for it is significant differences between the flexibility features of
electric and thermal systems. In case of electric systems, a mismatch between supply and
demand has significantly more severe consequences than in case of thermal systems, as it
can lead to interrupted supply, in the extreme cases causing a major power outage (black-
out). Examples of major wide-scale power outages include, for example, the incidents in
2012 in India (Report on the Grid Disturbance on 30th July and Grid Disturbance on 31st
July, 2012), in 2003 in North-eastern United States and Eastern Canada (New York Indepen-
dent System Operator, 2005) and in 2003 in Italy (UCTE, 2004). In case of thermal systems,
there is no risk of equivalent of a blackout. Additionally, due to the thermal inertia of build-
ings, short decrease in the supply will not be noticed by customers. Moreover, storage of
thermal energy at temperatures used in district heating and heating systems is signifi-
cantly cheaper than electricity storage with currently used technologies. This capability
of thermal system to easily store a large amount of energy was mentioned also by
Talebi, Mirzaei, Bastani, and Haghighat (2016) in their review. They discussed, among
other things, categorization of heat sources for the district heating systems into perma-
nent (e.g. CHP, biomass and geothermal sources) and non-permanent (e.g. wind and
solar-based sources) and the possibility of using heat storage systems to store surplus
heat in off-peak period to be utilized during at the peak hours.

Studies on integration of energy system

There are several studies showing that integration between electrical and thermal systems
can be beneficial for the operation of energy systems. Kiviluoma and Meibom (2010) show
that district heating systems can support the integration of fluctuating renewable energy
sources into power systems by offering cost-effective flexibility. According to their results,
heat storage, electric boilers and flexible operation of CHP units are the best technologies
for increasing the flexibility of power systems. Schaber, Steinke, and Hamacher (2013)
examined options for managing temporary electricity oversupply from variable renewable
energy sources. They compared electricity storage with energy sector integration, where
the electricity, heat, natural gas and hydrogen systems would be interconnected. They
conclude that integration of the energy system performs better than electricity storage
on its own. They show also that the heat sector can accommodate a large amount of
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temporary oversupply and is more attractive from an economic point of view than the
hydrogen or gas sectors. Scholz and Müsgens (2015) evaluate the flexibility gained from
a power-to-heat installation added to a district heating facility consisting of a CHP unit
and a gas-fired boiler. Their results show that the regulatory framework has a significant
influence on the profitability of installing power-to-heat units because the contribution
of the power-to-heat unit depends on the additional costs. Nuytten et al. (2013) investi-
gated the results of including heat storage tanks in the CHP system, using a generic
model for flexibility assessment. This gave good flexibility in the heat supply, but such
decentralized TES was shown to yield significantly less flexibility than a fully centralized.

In addition to system-level solutions, measures that facilitate energy system operation
at the level of the individual consumer, for example, ADR, have also been investigated in
the context of Smart Grids. For example, such research has been done by Pedrasa,
Spooner, and MacGill (2010), Li, Chen, and Low (2011) and Mohsenian-Rad, Wong, Jatske-
vich, and Schober (2010). One technology in focus here is electrical heating systems, which
in this context are also described as thermostatically controlled loads (Bruninx et al., 2013;
Kara, Tabone, MacDonald, Callaway, & Kiliccote, 2014).

Bruninx et al. (2013) analysed how ADR in electrical heating systems can contribute to
the improved operation of the power system, taking into account both supply and
demand side. Their results confirm the need for an integrated approach in simulations.
This is because the behaviour of the demand side (heat losses that depend on the state
of the storage and boundary conditions) is not captured by the virtual generator
models and price-elasticity models typically used in the smart-grid-focused literature. In
market models, where price-elasticity represents the price-responsiveness of customers,
responsiveness of storage-type customers is not modelled properly when losses from
storage do not depend linearly on the energy stored or power supplied. Virtual generator
models, where demand is modelled as negative electricity generation, can be used to rep-
resent the technical limitations of demand-side technologies, but in the context of mod-
elling electrical heat sources, they do not take into account the way thermal losses depend
on weather conditions and user behaviour.

Masy et al. (2015) assessed the flexibility potential of six building types with different
heating systems supplied by air-to-water heat pumps, with five different control strategies
and three different tariffs. They show that using prices to promote load shifting in an
energy system with the characteristics of a Belgian energy system can be an effective
way to encourage load shifting to off-peak hours. Their results indicate that smart-grid
control strategies can lead to increased electricity use and that flexibility is higher for build-
ings that are more energy-efficient, if the building thermal mass is large and easily acces-
sible. Bruninx et al. (2013) also note that the redistribution of electricity consumption in
time may result in higher total use. In the case of buildings with electrical heating
systems, this may be because of thermal storage losses. However, this increased energy
use does not have to cause increased environmental impact. Low electricity prices
usually occur in periods with high power generation from fluctuating renewable
sources, so the environmental impact would be minimal. Moreover, as Masy et al.
(2015) point out, procurement costs decrease for both supplier and consumer.

Six et al. (2011) focus on the flexibility potential of residential heat pumps combined
with heat storage, which can be used to support smart grids. They concluded that an indi-
vidual residential heat pump of 10 kWth with a 400 l water storage tank for space heating
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in the scenario analysed could provide about 1 h of flexibility. The authors also state that
the amount of flexibility available for the same storage capacity is influenced by the heat
demand (stored heat gets used up faster, but at the same time more forced consumption
is possible). Flexibility also depends on the time period analysed, because the flexibility
available changes over time and is influenced by previous actions.

Sources of energy flexibility in the built environment

As stated in the previous sections, increasing the flexibility of heat demand at both build-
ing and system level can be beneficial for the energy system. Large-scale storage is attrac-
tive for energy utilities and system operators thanks to easy communication and control
strategies. With the emergence of Smart Grid, the built environment itself can be used
as virtual energy storage (Hewitt, 2012).

Heier, Bales, and Martin (2015) reviewed the literature on combining TES with buildings.
They list ‘peak shaving’ and ‘peak shifting’ as the advantages of using TES in buildings and
provide an overview of TES technologies, focusing on the combination of storage technol-
ogies with building types. Basecq, Michaux, Inard, and Blondeau (2013) also reviewed
short-term TES systems for buildings, taking into account their passive or active nature,
their usage conditions and their performance. Such systems can increase demand shifting
potential of buildings and offer solution to use the renewable energy sources more
efficiently. The review includes both sensible and latent storage technologies. The
authors concluded also, that exhaustive comparison of TES systems encounters difficulties
because the studies analysed differ in regard to weather data and experimental measure-
ments used, as well as in regard to comparison factors used. Arteconi, Hewitt, and Polonara
(2012) analysed state-of-the-art TES applications for DSM. The technologies discussed
include sensible TES (including thermally stratified TES tanks, concrete TES, rock and
water/rock TES), latent TES, cold thermal energy storage (CTES) and thermochemical
energy storage. This section uses the same classification to discuss the role of these
storage technologies in increasing the flexibility of building energy demand. However,
thermochemical energy storage was omitted due to the lack of examples of flexibility
studies in built environment using this technology. Control of appliances and switching
between energy sources are discussed instead.

It should be noted that, when comparing and discussing the suitability of different
storage technologies for a given case, both the energy density of the storage system and
the available power during discharge should be taken into account (Arteconi et al., 2012).

Figure 3 presents a proposed simplified schematic of flexibility sources in the built
environment. The figure shows the system theoretical approach, defining a system by
its boundaries (dotted line), the inputs and outputs and the inside of the system. In the
current model, the inside consists of appliances demanding energy, energy storages
and control.

Three different parts of the model were indicated as (a), (b) and (c) in the Figure 3. (a)
Fuel shifting relates to flexibility available through switching the energy source (inputs) for
the system (input side to the system). This is described in more detail in section ‘Switching
between energy sources’. (b) Control and DSM for the ‘system inside’ for the combination
of appliances and storage, is further elaborated in section ‘Control schemes of appliances’.
(c) For thermal systems, flexibility can be provided by heat or cold sources in combination
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with different storage technologies. Application of these technologies, their benefits for
the energy system and user, as well as related definitions are presented in Table 1.

In the Smart Grid focused research, such systems can be electrical only by applying, for
example, batteries to store electricity or they can include energy conversion technologies
from electricity to thermal energy and thermal storage.

The following subsections discuss flexibility with respect to different types of thermal
systems as defined in Figure 3.

Sensible TES

Sensible TES is the most common form of heat storage in buildings. Its two most common
forms are heat storage in the building mass and heat storage tanks. Heat storage in
thermal mass is possible in any building and does not require installing additional techni-
cal systems. However, unlike energy storage in, for example, batteries and storage tanks,
the flexibility potential provided by the building thermal mass depends on several factors,
such as weather conditions and user perception of indoor climate. Moreover, activating
thermal mass through changing the temperature set point has a direct impact on the
thermal comfort of the occupants.

Kensby, Trüschel, and Dalenbäck (2015) present results from a pilot test in Gothenburg,
Sweden, where five multi-family residential buildings were used as TES for the district
heating grid. The results of the study show that buildings with large thermal mass can tol-
erate relatively large changes in heat supply: the calculated average temperature vari-
ations did not exceed ±0.4°C in any of the buildings. They also show that a fixed time
constant is not sufficient to describe changes in indoor temperatures caused by a decrease
in heat supply, so the authors propose using degree hours instead. They also list similar
tests done previously in Sweden and Finland.

Le Dréau and Heiselberg (2016) assessed the potential of buildings to modulate heating
power and developed control strategies that make it possible to use the flexibility potential
of buildings. Two buildings with different levels of insulation and air-tightness were mod-
elled and two strategies were investigated: heat storage (i.e. increasing the temperature
set point) and heat conservation (i.e. decreasing the temperature set point). Different
heating systems were also taken into account (radiators, floor heating). They conclude
that the modulation potential of the thermal mass is dependent on several factors, such
as insulation level, type of heating system, and weather conditions (so it also varies over
time). These findings correspond to the results of Six et al. (2011) and Oldewurtel et al.
(2013). For buildings that meet passive house standards, the amount of heat that can be
modulated is relatively small, but the modulation can occur over a long period of time.
The results of the simulations show that the heat supply can be shut down for more than
24 hours under Danish climatic conditions. However, strategies based on heat storage in
the building mass should not be applied in such buildings with simple control systems,
because there is a significant risk that this would result in overheating. In the case of
poorly insulated buildings, the amount of heat that can be modulated is large, but the
modulation can occur for significantly shorter periods of time (2–5 hours). Both heat modu-
lation and heat storage could be applied in the scenarios for poorly insulated buildings.

Weiß, Fulterer, and Knotzer (2017) investigated the flexibility of different types of resi-
dential buildings in Austria. To do so, they used simplified dynamic simulations performed
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in IDA ICE. The authors found a large load shifting potential – for the buildings adhering to
building standards after 1980, at least 50% of domestic heat peak load can be shifted to
off-peak hours. The findings regarding the relation between building’s insulation level,
amount of energy that can be shifted in time and the duration of that shift match the
findings by Le Dréau and Heiselberg (2016). The authors conclude also that the peak
load reduction comes at the cost of greater energy use for heating in the off-peak
period because of a rebound effect.

Heat storage in building mass was also studied by Hajiah and Krarti (2012a, 2012b).
The first of their studies examines the simulation environment to evaluate the benefits
of using building thermal mass and ice storage systems to reduce energy costs. In
their second study, a parametric analysis was carried out of the factors affecting
the effectiveness of the combined use of building thermal mass and ice storage
systems. This is described in more detail in section ‘Cold thermal energy storage’.
The analysis was made for an office building located in Chicago, Illinois, USA. In
the investigation, three optimal control strategies aimed at minimizing costs were con-
sidered: the first focused on minimizing energy charges, the second on minimizing
demand charges, and the third at minimizing total costs. The greatest savings were
achieved with demand charge optimization, which could save up 40% of total
energy costs.

Heller et al. (2014) propose a design methodology for buildings that can offer flexibility to
the energy system. The emphasis is on the flexibility provided by the buildings’ thermal
capacity. This paper does not include a methodology to compute average energy flexibilities.

Chen et al. (2015) investigated heat storage in stratified heat storage tanks used to
increase flexibility of CHP unit. Heat storage in tanks was included also in previously men-
tioned articles by Schaber et al. (2013) and Kiviluoma and Meibom (2010). Verda and
Colella (2011) investigated the possible primary energy savings that can be obtained
through thermal storage in district heating grids. They used one-dimensional models of
the tanks in the analysis. The results indicate that, for the Turin district heating system,
which was the subject of the study, primary energy use can be reduced by up to 12%,
with total costs being reduced by up to 5%.

Figure 3. Simplified schematics of flexibility sources in the built environment. El: electricity; Th: thermal
energy heat.
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Latent TES

Another option for TES in buildings is latent TES. Latent specific heat is generally greater
than sensible specific heat.

Zhao, Verbic, and Fiorito (2014) investigated the effects of increasing thermal inertia in
lightweight buildings through adding phase change materials (PCMs) to the insulation
layer. PCMs were considered by the Smart Home Energy Management System (SHEMS)
as additional distributed energy resource. The authors show that the thermal inertia of
lightweight buildings can be increased through the use of PCMs to obtain 37.5%
energy savings and 43.5% cost reduction. Hewitt (2012) also lists TES systems utilizing
PCMs as a way of increasing the thermal storage capabilities of buildings.

In the context of energy systems, Colella et al. (2012) analysed a medium scale latent
heat storage unit for district heating systems and discuss the need to improve the
thermal conductivity of PCMs. Khudhair and Farid (2004) review the possibility of
energy savings in buildings through the utilization of TES with PCMs. They conclude
that PCM walls can be used to capture a large share of the solar radiation incident on
the walls or roof and minimize the effects of large temperature fluctuations by increasing
building thermal inertia. PCMs can also be also used to shift the heating or cooling load to
off-peak periods, thus increasing the flexibility of the heat demand.

There are also more general reviews focused on the possible application of PCMs in
buildings. Zalba, Marıń, Cabeza, and Mehling (2003) also discuss using PCMs to increase
the thermal mass of buildings as one possible application, and they also mention the
possibility of using PCMs for cold storage in air-conditioning applications. Zhou, Zhao,
and Tian (2012) focus solely on the possibilities for TES using PCMs in building appli-
cations. They summarize previous work on latent TES in buildings and analyse the
thermal performance of those applications and numerical simulation methods.

Cold thermal energy storage

Another state-of-the-art TES group listed by Arteconi et al. (2012) is CTES (it could be also
considered a sub-group of both sensible and latent TES, since ice/water can be considered
both a PCM and a method for TES). It is commonly used in air-conditioning systems in
warm climate areas and is economically beneficial if the day-time electricity prices are
higher than night-time prices.

Two common, commercially available TES strategies, chilled water storage and ice
storage are discussed in a review by Hasnain (1998). The same review also mentions
studies on using CTES technologies for the DSM of electricity in Saudi Arabia. As men-
tioned before, Hajiah and Krarti (2012a, 2012b) discuss TES using ice storage and
analyse the impact of ice chiller size and ice tank size on the results. The ice storage
was charged by operating the chiller during low charge periods. While the paper does
not discuss energy flexibility as such, the methodology can also be applied in this context.

Control schemes of appliances

In all the studies mentioned below, it was assumed that the source of heat for the building
is electricity based.
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Ben-Nakhi and Mahmoud (2017) investigated the thermal performance of air-con-
ditioning control system in an educational building and compared it with alternative
control systems in terms of thermal comfort, energy consumption and peak load. In
relation to peak load reduction, the results showed a reduction of nearly 14% with pro-
portional control system and up to 8% when using PID (proportional–integral–derivative)
control, as compared to individual control system.

D’hulst et al. (2015) focus on the flexibility of demand response and flexibility potential of
domestic appliances and electric cars. Flexibility fromfive types of applianceswasmeasured
and quantified: washingmachines, tumble dryers, dishwashers, domestic hot water buffers
and electric vehicles. They calculated the maximum flexibility potential for each type of
appliance and showed that the flexibility potential of the devices analysed (with the excep-
tion of electric vehicles) is asymmetrical and that the maximum power increase at any time
of the day is significantly greater than the maximum possible power decrease.

Alizadeh, Chang, and Scaglione (2012) discuss the use of coordinated demand response
to integrate distributed renewable energy sources. They introduced a neighbourhood-
level demand response programme to coordinate the individual home energy manage-
ment systems (HEMS). Scenarios with both centralized and decentralized control were
tested. Each of the HEMS units aims at minimizing electricity costs. The results indicate
that the coordinated control technique used could better absorb fluctuations in electricity
generation than the individual energy management approach. In the first part of the simu-
lation, where price signals reflecting the congestion status of the grid were used, rebound
peaks were greater than in the initial profile with the unscheduled load. In the second part,
Coordinated Home Energy Management (CoHEM) algorithm was used and it was assumed
that the aggregator has access to dynamically updated generation forecasts. This led to a
significant decrease in peaks and a large improvement over the unscheduled load.

The findings from (Alizadeh et al., 2012) indicate the importance of proper manage-
ment of demand response and flexibility resources if the results are to benefit the
system. It corresponds to the results from (Kishore & Snyder, 2010), where they investi-
gated mechanisms to optimize electricity use both within individual households and in
multiple households in a neighbourhood. As in the previous paper, they show that
selfish operation of energy use control in individual houses may result in greater problems
with peak demand than with the initial, non-scheduled load.

Switching between energy sources

In addition to studies focusing on technologies that increase the flexibility of heat demand,
power-to-heat solutions have also been investigated, such as electric boilers, electric water
heaters and heat pumps. While these technologies do not increase the flexibility of the
heat demand, they create a connection between the electrical and thermal systems and
can increase the flexibility of the electricity demand due to the inertia of thermal
systems. District heating systems with different heat generation technologies are operated
to produce heat at the lowest generation cost possible. This is the case also for Danish dis-
trict heating systems with operation scheduled based on varying electricity prices.

Examples of such studies include (Masy et al., 2015) and (Kara et al., 2014), which have
been mentioned above. Grønnegaard, Morales, Zugno, Engberg, and Madsen (2016)
emphasize the option of using heat pumps and electric boilers to increase the flexibility
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of the energy system. They carried out an economic valuation of these technologies for the
case of the Greater Copenhagen area using a stochastic model that accounts for the fore-
cast uncertainty. Additionally, a model based on deterministic optimization of the system
using point forecast for heat demand and power prices was built. A comparison of the
results from those two models showed that the stochastic operational model used in
the study resulted in smaller added benefits from the installation of heat pumps and elec-
tric boilers than the deterministic model, used normally in economic assessment.

Moreover, technologies that can utilize different forms of energy, such as water heaters
that can use both heat from a district heating network and direct electricity, have also
been studied (Yang, Li, & Svendsen, 2016). While such solutions do not increase the
load shifting capabilities of a system, they do increase the system’s flexibility with
regard to the exact form of energy used.

The above findings were summarized in Table 1. The table is structured according to
the methodology from Figure 3 where ‘Fuel shift’ represents the input to the system,
the second row represents the ‘Control’ of the implicit subsystems consisting of both
appliances and thermal storage, and then the different storage types are summarized.

Conclusions

In the face of the changes in energy systems and the growing share of fluctuating renew-
able energy sources, it is becoming crucial to ensure system flexibility on the demand side.
Since electricity-only solutions are not sufficient to achieve this, considerable research has
been done on the possible integration between electrical and thermal systems and on the
flexibility provided by thermal systems and buildings.

This paper gives an overview of the definitions and methods of quantifying flexibility
used in the literature in the context of energy systems. Currently, there is no agreement
on one formalized definition. The existing technical flexibility definitions in the context
of energy systems can be put in order by their level of detail (Figure 1). Even though
the definitions encountered origin in the literature focused on electrical grids, the
general definitions encompassing whole energy system or definitions for its supply or
demand side are applicable for centralized heat supply systems as well. Specific technical
definitions, on the other hand, are relevant in the specific context in which they were
applied. Flexibility is defined also on the basis of the decrease of the costs in comparison
to a reference scenario. However, due to differences in pricing strategies for electricity and
heat, this option is more difficult to implement in heat demand flexibility investigations.

Different methods of quantifying flexibility are connected to different specific technical
definitions of flexibility. As mentioned before, two approaches are possible. The first one
focuses on the technical aspects of flexibility and is expressed, for example, as energy that
can be shifted over time or power and discharge time of storage technologies. In the
second approach, flexibility is quantified on the basis of financial indicators, for
example, costs avoided due to shifting consumption to periods with low energy prices.

Thermal energy systems are characterized by greater inherent inertia than electrical
systems and they can increase the flexibility of the energy system as a whole. It is also
easier to store thermal energy than electrical energy. This is why treating electrical and
thermal systems as an integrated whole can increase an energy system’s flexibility. Never-
theless, while investigating the possibility of using thermal energy demand flexibility, we
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need to take into account the physical characteristics of the heat demand side and TES,
where energy consumption depends on weather conditions, occupants’ behaviour, and
storage losses. It should also be noted that, while TES can increase the energy flexibility
of a system, load shifting may lead to increased energy consumption due to thermal
losses from the storage. Even so, the environmental impact, primary energy consumption
and the resulting energy costs may be lower, for both supplier and consumer.

The final section of the paper focused on sources of energy demand flexibility in the
built environment. It was not meant to be a comprehensive literature review of the sol-
utions mentioned, but it does show that there is already a large body of knowledge
related to energy storage and demand shifting in the built environment. Most of these
studies do not explicitly mention energy demand flexibility, but their results can still be
used in this context.

This paper proposes a model for a system that enables flexibility in the built environ-
ment in Figure 3 and summarizes knowledge about flexibility for such systems in Table 1.

The flexibility potential that can be activated by utilizing building thermal mass
depends on the insulation level, the type of heating system and the weather conditions.
In the case of low energy buildings, the energy demand that can be shifted is relatively
low, but the periods are long (over 24 hours). In the case of poorly insulated buildings,
the situation is opposite and the shifting periods are between 2 and 5 hours. Moreover,
in the case of low energy buildings with simple control systems, there is a risk of overheat-
ing if energy storage through preheating is used.

A possible future research direction that can be indicated based on the literature
review, are studies focusing on the flexibility that can be provided by a group of buildings,
a district etc., especially in the context of thermal energy systems, while taking into
account both physical characteristics of the buildings and the possible benefits for the dis-
trict heating systems.
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* - corresponding author, a - Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, 3 
Denmark; b - Department of the Built Environment, Eindhoven University of Technology, Eindhoven, 4 

The Netherlands 5 

Abstract 6 

The flexibility of thermal energy systems can support the energy system as a whole in integrating a large share of 7 
fluctuating renewable energy sources. The current paper investigates the flexible operation potential of a small 8 
district with buildings connected to a district heating network. In the study, the thermal mass of the buildings 9 
was utilized as heat storage and the investigation was performed for the heating season. The load shifting 10 
scenarios used were created based on the available information on heat load and dynamic heat production cost 11 
in the Greater Copenhagen district heating system. The results of the study indicate that the applied strategy of 12 
load shifting is highly effective. The achieved load shifting in all schedule-based scenarios was between 41% and 13 
51%. The applied scenarios resulted in an increased peak demand and energy use. However, the increased 14 
energy use occurs mostly during the low-load periods, when the heat production prices are lower. It was also 15 
shown, that the increased peak can be partially mitigated by using the appropriate control strategies. 16 

Key words: Energy flexibility, District heating, Building thermal mass, Load shifting 17 

 18 

1. Introduction 19 

The growing share of fluctuating renewable energy sources, such as wind and solar power, in the energy system 20 

production mix creates a challenge for the system, as the energy supply can no longer be fully controlled. District 21 

heating has been shown to have a significant potential to support the integration of fluctuating renewable energy 22 

sources into power systems by offering cost-effective flexibility (Kiviluoma & Meibom, 2010; Münster et al., 23 

2012) and to be able to accommodate temporary large power oversupply (Schaber, Steinke, & Hamacher, 2013). 24 

This is due to the characteristics of the thermal energy systems that have both greater inertia than power 25 

systems and are significantly less sensitive to the mismatch between the demand and supply. Utilizing this 26 

flexibility potential can also have significant benefits for the district heating systems. The sources of flexibility in 27 

thermal networks are the heat (or cold) of the heat (or cold) carrier, thermal storage devices (e.g. heat storage 28 

tanks) and thermal inertia of the buildings connected to the system (Vandermeulen, van der Heijde, & Helsen, 29 

2018). 30 

Peak and reserve boilers in district heating systems are typically heat-only boilers using natural gas or oil 31 

(Basciotti, Judex, Pol, & Schmidt, 2011; Danish Energy Agency, 2015), so limiting their use is beneficial both from 32 

the financial and environmental point of view. Eliminating daily load variation would lead also to less need for 33 



peak power capacity and thus potentially lower investment costs, improved utilization of industrial excess heat, 34 

easier optimization of system operation and potentially less need for maintenance thanks to the smoother 35 

operation (Gadd & Werner, 2013). Thermal energy storage using storage tanks in the district heating system was 36 

shown also to be a method to obtain both primary energy savings and cost savings (Verda & Colella, 2011).  37 

The thermal storage capacity of buildings connected to the district heating system can also be utilized as short-38 

term heat storage to support the operation of this system. In contrast to the traditional heat storage methods as 39 

the heat storage tanks and water pits located on the supply side of the system, such solution does not require 40 

further capital investment in the storage capacity and it is readily available already in the existing systems. 41 

A research performed in two residential buildings with large thermal mass in Finland indicated the maximum 42 

heat load can be reduced for 2-3 hours by 20-25% on average (Kärkkäinen et al., 2003). A later pilot test 43 

performed in five Swedish multifamily residential buildings has shown, that buildings with concrete structure 44 

can tolerate relatively large variations in heat delivery without compromising the thermal comfort (Kensby, 45 

Trüschel, & Dalenbäck, 2015). There, the results indicate that activating storage of 0.1 kWh/m2 of floor area 46 

in buildings with large thermal mass will only sporadically result in indoor temperature variations greater than 47 

±0.5 °C. On the scale of a whole district heating system it has been shown, that the demand side management 48 

(DSM) can be used to mitigate the effect of night set back (Basciotti & Schmidt, 2013) For that purpose, it was 49 

determined that buildings with short heating up time are the most suitable for the peak load reduction due to 50 

load shifting. The significant potential of thermal energy storage in the buildings’ thermal mass has also been 51 

shown in the context of compensating the reduced heat output of the district heating system (Turski & Sekret, 52 

2018). 53 

The flexibility and storage capacity of the thermal energy systems can be used to support power-to-heat 54 

solutions and utilize the oversupply of energy generated from fluctuating renewable energy sources. The 55 

strategies and technologies coupling thermal and electrical systems, such as flexible operation of CHP units, heat 56 

storage and electric boilers were determined to be the most cost-effective for this purpose (Kiviluoma & 57 

Meibom, 2010). Heat storage in stratified heat storage tanks was shown to be an effective method of supporting 58 

the wind power integration (Chen et al., 2015). Due to the growing interest in the demand-side management and 59 

system integration, the storage potential of the building sector is also extensively researched. There are many 60 

studies focusing on the use of buildings heated with the use of heat pumps or heated and cooled using HVAC 61 



units as heat storage, as such technologies result in direct connection to the power system. As such, they have the 62 

potential to be used to support the power system. It has been suggested, that electricity tariffs can be used as 63 

incentive to shift the heat pump load to off-peak hours (Masy, Georges, Verhelst, Lemort, & André, 2015), It was 64 

also concluded that the redistribution of energy use in time can lead to higher total energy use (Bruninx, 65 

Patteeuw, Delarue, Helsen, & D’haeseleer, 2013; Masy et al., 2015). However, the increased energy use does not 66 

have to lead to increased procurement costs, neither for a supplier, nor a consumer (Masy et al., 2015).  67 

The case study was based on an existing area of an urban district heating network with total heated floor area of 68 

135 257 m2. Two studies using the same area as a case study were done by Foteinaki et al. (Foteinaki, Li, Heller, 69 

& Rode, 2018) and by Cai et al. (Cai et al., 2018). The first of them focused on the energy flexibility of an 70 

individual low-energy residential building, while the second presented a Demand-Side Management (DSM) 71 

method for a district heating network aimed at improving the network efficiency and congestion management.  72 

The current study includes load control strategies based both on the heat load in the district heating system and 73 

on the heat generation costs. The main goal of the current study was to investigate the thermal energy flexibility 74 

that realistically can be provided for the district heating system by a local district heating network, taking into 75 

account characteristics of buildings in the area, occupants’ comfort and current heat market setup. Two methods 76 

of control were applied – schedule-based and price-based indoor temperature setpoint control. Thermal 77 

characteristics of the buildings were also accounted for. To the best knowledge of the authors, not many studies 78 

have included the active demand response based on the heat production costs to benefit the district heating 79 

system. Moreover, most of the studies on flexibility focus on the level of a single building, not on the level of a 80 

district. The utilized approach allowed also for comparing the results of applied strategies in different building 81 

types. The results of the study can help to optimize district heating system operation and can potentially impact 82 

future operation of the district heating systems.  83 

 84 

2. Methods 85 

This section describes the case study area, the model used in the investigation and the steps of the performed 86 

analysis.  87 



 88 

2.1. Modelling approach 89 

The model was implemented in Modelica (Modelica Association, 2012). Modelica is an object-oriented, multi-90 

domain modelling language for component-oriented modelling. It is domain neutral and allows for modelling of 91 

systems containing subcomponents from different domains, including their control. A detailed description of the 92 

advantages and disadvantages of using equation-based languages for building energy modelling is described by 93 

Wetter, Bonvini, & Nouidui (2015). The model was compiled and simulated with Dymola (Dassault Systèmes, 94 

2018). The solver used in the study was the standard DASSL solver included in Dymola.  95 

2.2. Building models 96 

To be able to investigate the interaction between the buildings and the district heating system and model 97 

thermal inertia of buildings, simplified physical models of buildings in the study area were used in the model. 98 

The part of the network investigated in detail supplies heat to 1 office building, 18 multi-family residential 99 

buildings and to 31 row houses, of total 135257 m2 heated floor area. The buildings are representative for the 100 

Danish building stock. Most of the buildings supplied are new residential buildings and fulfil the requirements of 101 

building class 2015 or building class 2020 as set in Danish Building Regulations 2015 (The Danish Ministry of 102 

Economic and Business Affairs Danish Enterprise and Construction, 2015). According to the Building Regulations 103 

2015, the building should not use more than 30.0 kWh/m2 + 1000/A of primary energy per year, where A is the 104 

heated floor area. For the energy class 2020 the primary energy use should not exceed 20.0 kWh/m2.  105 

The building models used were based on the MixedAir component from the Buildings library (Wetter, Zuo, 106 

Nouidui, & Pang, 2014). A detailed description of the assumptions made in the room model can be found in 107 

(Wetter, Zuo, & Nouidui, 2011). The model includes temperature, pressure and species balance equations inside 108 

the room volume and was validated using ANSI/ASHRAE Standard 140 cases 610, 620, 630, as well as 600, 109 

600FF and 900 and 90FF for a low and high mass building (Nouidui, Phalak, Zuo, & Wetter, 2012; Wetter et al., 110 

2011). Each of the buildings was modelled as a single zone with four external walls, a floor slab and a roof. 111 

Missing building geometry data, such as total window area, was generated using TEASER package (Remmen et 112 

al., 2018). In each model, the window area was distributed equally between all four walls and modelled as 113 

a single window on each wall, with no overhangs, side fins or shading. As the investigation focuses on the heating 114 



season, the lack of additional shading and simplified window modelling should not have a significant effect on 115 

the results of the study. The area of the thick internal walls was estimated based on the floor plan of one of the 116 

representative residential buildings in the area and was assumed to be 1.2 times the area of external walls for all 117 

of the modelled buildings. The area of the internal floors was assumed to be the area of the floor slab multiplied 118 

by (n-1), where n is the number of floors. Both thick internal walls and internal floors were included in the 119 

internal walls area in the model. Ventilation rate was assumed to be constant in all of the buildings modelled and 120 

equal to 0.3 l/s per m2, according to Danish Building Regulations 2015 (The Danish Ministry of Economic and 121 

Business Affairs Danish Enterprise and Construction, 2015). In the new buildings, the heat exchanger efficiency 122 

was assumed to be 80%. In the old buildings, all the ventilation was modelled as infiltration and no heat recovery 123 

was assumed. To reflect the impact of the furniture mass on the thermal capacity of the buildings, the air thermal 124 

capacity was set to 2.5 of the default value. 125 

The input data used in the building models for the different building groups is summarized in Table 1. The 126 

buildings in the area were divided into 3 groups: new residential buildings, old buildings and an office building. 127 

For the new buildings, constructions based on the data for one of the buildings in the area representative for the 128 

rest of the new building stock were used. For the old buildings, the constructions were assumed based on the 129 

data available in TABULA database (“TABULA Web Tool,” n.d.). For the old buildings, the thermal mass of 130 

internal floor was ignored, as the floor construction in such buildings is usually made of wood and has no 131 

significant storage capacity.  132 

Figure 1 presents the schematics of the building model together with external inputs to the model.  133 



 134 

Figure 1. Schematics of a building model 135 

 136 

Table 1. Input for the building model for different building groups 137 

 New residential 
buildings 

Old buildings – 
internal gain like the 

offices 

Office building 

External wall 
construction 

108 mm brick, 25 mm air 
gap, 275 mm mineral wool, 

150 mm concrete 
U-value 0.125 W/m²K 

360 mm brick, 
U-value 1.50 W/m²K 

108 mm brick, 25 mm air 
gap, 275 mm mineral wool, 

150 mm concrete 
U-value 0.125 W/m²K 

Internal wall and floor 
construction 

200 mm concrete 200 mm brick, internal 
floors not included 

200 mm concrete 

Roof construction 10 mm gypsum, 200 mm 
air gap, 150 mm concrete, 
380 mm mineral wool, 40 

mm render 
U-value 0.085 W/m²K 

20 mm wooden planks, 
50 mm mineral wool 
U-value 0.62 W/m²K 

10 mm gypsum, 200 mm air 
gap, 150 mm concrete, 380 
mm mineral wool, 40 mm 

render 
U-value 0.085 W/m²K 

Floor slab construction 10 mm wooden flooring, 
40 mm render, 15 mm 

hard insulation, 290 mm 
foam concrete, 100 mm 
concrete, 150 mm hard 

insulation 

20 mm wooden planks, 
90 mm air gap 

U-value 1.45 W/m²K 

10 mm wooden flooring, 40 
mm render, 15 mm hard 
insulation, 290 mm foam 

concrete, 100 mm concrete, 
150 mm hard insulation 



U-value 0.094 W/m²K U-value 0.094 W/m²K 

Window glazing 3-layer energy pane 
U-value 0.67 W/m²K 

Double pane 
U-value 1.45 W/m²K 

 3-layer energy pane 
U-value 0.67 W/m²K 

Window frame U-value 1.4 W/(m2·K) 1.4 W/(m2·K) 1.4 W/(m2·K) 

Ventilation 0.3 l/s per m2 - 0.6 l/s per m2 

Infiltration 0.1 l/s per m2 0.3 l/s per m2 0.1 l/s per m2 

 138 

2.3. Customer substation models 139 

The concept of the customer substation model used in the current study is similar to the concept used in (Kauko, 140 

Kvalsvik, Rohde, Nord, & Utne, 2018). As the investigation was focused on the flexibility available through 141 

changing the internal temperature setpoint and activation of building thermal mass, only space heating load was 142 

included. The substation modelled is an indirect substation, with primary and secondary side hydraulically 143 

separated. Mass flow on the primary side was controlled with a valve based on the required supply temperature 144 

on the secondary side. For the heat exchanger model, a constant efficiency of 80% is assumed.  145 

The required supply temperature for the buildings' heating system was determined using a weather 146 

compensation curve and depended on the ambient temperature and on the building type. The parameters of the 147 

weather compensation curve were chosen to represent a heating system with low temperature radiators for the 148 

new residential buildings and the office building and high temperature radiators in the old buildings. The highest 149 

supply temperatures were used at the temperature of -12 °C and below (design temperature for Denmark). The 150 

heat exchange between the building model and the substation was modelled with the use of radiators that were 151 

set to exchange heat with the heat ports in the building models. The radiators were sized based on building heat 152 

demand. The mass flow in the secondary loop was controlled by comparing the air temperature in the building 153 

with the temperature setpoint. The maximum mass flow in the secondary loops was calculated based on the 154 

design heat load of the building and design temperature difference. The design heat loads of the modelled 155 

buildings were based on the results obtained from the TEASER models. It was decided to use these values 156 

instead of contracted power of the substations because domestic hot water heat load was not included in the 157 

investigation. The indoor temperature was controlled using a PI controller by comparing the indoor temperature 158 

with the indoor temperature setpoint. The allowed error was set to 0.25 °C above or below the setpoint. 159 



The summary of the input parameters is shown in Table 2. The schematic of substation model is shown in 160 

Figure 2.  161 

Table 2. Input parameters for the district heating substation model 162 

Parameter Value 
Design temperatures in the secondary loop – 
new and renovated buildings 

55/45/20 °C 

Design temperatures in the secondary loop – old 
buildings 

75/65/20 °C 

DH supply temperature Constant 80 °C 
Heat exchanger efficiency Constant 80% 

 163 

 164 

Figure 2. Schematics of the substation model 165 

 166 

2.4. Grid model 167 

The district heating system analysed in the study is the distribution district heating network supplying the 168 

neighbourhood of Nordhavn in Copenhagen, Denmark. The distribution grid is connected to the transmission 169 

grid through a heat exchanger. It is a water-based grid, with single supply and single return pipe and district 170 



heating substations installed in buildings. The network was designed with 70 °C as the design temperature. 171 

However, currently the system is operated at higher temperature levels, with supply temperatures between 70 172 

°C and 80 °C for most of the year. The simplified schematics of the grid investigated can be seen in Figure 3. The 173 

area heat meter (AHM) at the entrance to the area is represented in the schematics with a circle with an arrow. 174 

The area heat meter was installed at the entrance to the modelled area to measure the heat supply based on the 175 

flow and supply and return temperatures in the network, together with supply and return pressures. The 176 

building substations connected to the network are represented with circles and the circle described as RH 177 

represents the aggregated heat demand from the row house area. The pipe dimensions and characteristics were 178 

based on the existing network used as the case study.  179 

 180 

Figure 3. Schematic of the grid investigated in detail in the case study. AHM - area heat meter, RH – area 181 
with single-family row houses, circles – building substations connected to the grid. 182 

Pipe component used in the grid model comes from the IBPSA library and is described in detail in (van der 183 

Heijde et al., 2017). The pipe model is a thermo-hydraulic model suitable for representation of thermal network 184 

behaviour and includes calculation of heat losses based on input data on pipes’ technical characteristics. 185 



2.5. Heat source 186 

In reality, the modelled area is a part of larger distribution network connected to the Greater Copenhagen DH 187 

network and there is no heat generation or supply pressure control on site. The critical substation in the area is 188 

not located in the modelled part of the network.  189 

The heat source for the network was modelled as ideal heater with no set maximum power – it was assumed that 190 

the source supplies the heat required by the buildings in the area. The substation furthest away from the 191 

entrance to area was considered a critical substation in the modelled area. The pressure difference in this critical 192 

substation was set to be kept at 1 bar to reflect that the modelled part of the network operates at higher 193 

pressures than the critical area of that distribution network. The circulation pump was controlled to maintain 194 

the pressure difference in the critical substation.  195 

 196 

2.6. Boundary conditions 197 

The weather data used for the simulation were the weather data from the Copenhagen Test Reference Year 198 

(TRY) file with the dry bulb ambient temperature substituted with the air temperature measurements from 199 

2016 (Department of Civil Engineering; Technical University of Denmark, n.d.). It was done to have the weather 200 

data matching the period for which the heat production data was available. Ambient air temperature and 201 

horizontal solar radiation in the simulated period are shown in Figure 4.  202 

 203 

Figure 4. Ambient air temperature and solar radiation in the simulated period 204 
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The ground temperature was assumed to be constant over the simulated periods and to be 8 °C, based on the 205 

annual average ground temperature value at ground depth of 0.5 m, as shown in (Dalla Rosa, Li, & Svendsen, 206 

2011). As mentioned before, the same value was assumed for the ground temperature in contact with building 207 

floor slab.  208 

The internal gains were set according to the standard DS/EN ISO 13790:2008, Appendix G.8 (Dansk Standard, 209 

2008). They include both radiative and convective heat gains coming from occupants, lights and equipment. The 210 

profiles were based on the weekday internal gains pattern. For the residential buildings it was assumed that the 211 

ratio between the living room and kitchen area and other conditioned areas is 50:50. The total average heat flow 212 

rate from internal gains in residential buildings is 5.8 W/m2. For the offices, it was assumed that the ratio 213 

between the office spaces and other rooms, lobbies and corridors is 60:40, as suggested in the standard. The total 214 

average heat flow rate from internal gains in office buildings is 7.3 W/m2. Values of the internal gains per m2 for 215 

both residential and office buildings are shown in Table 3.   216 

Table 3. Values of internal gains during the day in a residential and in an office building (Dansk Standard, 217 
2008) 218 

Hours 

Residential Offices 

Living room 
plus kitchen 

[W/m2] 

Other 
conditioned 

areas  
[W/m2] 

Office spaces (60% of 
conditioned floor area)  

[W/m2] 

Other rooms, lobbies, 
corridors (40% of 

conditioned floor area) 
[W/m2] 

07:00 to 17:00 8.0 1.0 20.0 8.0 
17:00 to 23:00 20.0 1.0 2.0 1.0 
23:00 to 07:00 2.0 6.0 2.0 1.0 

 219 

2.7. Data from the district heating system 220 

The district heating system in the Greater Copenhagen area is supplied by prioritised production units (3 waste 221 

incineration plants, a sewage treatment plant and a geothermal unit), base load units (3 CHP plants supported by 222 

2 heat accumulators) and peak and reserve load units (4 large boilers located in the CHP plants and 223 

approximately 30 smaller peak load units). The peak and reserve load units are heat-only boilers that run on 224 

fossil fuels (mostly natural gas) (Varmelast, n.d.). Varmelast, a cooperative staffed by employees of 3 district 225 

heating companies, is responsible for planning the heat production for the system. The heating plans are 226 



prepared based on forecasts disclosed by the district heating companies and take into account fuel prices, 227 

operating and maintenance costs, energy taxes on heat production, CO2 quota costs and income from the power 228 

market.  229 

The data on heat load and marginal heat production costs in the district heating system of Greater Copenhagen 230 

were provided by HOFOR (“HOFOR A/S, Greater Copenhagen Utility,” n.d.). The marginal heat production cost is 231 

the change in total heat production cost caused by producing one additional heat unit. The marginal cost of heat 232 

production does not reflect the price paid by the customers, as the price paid by the customers is set annually 233 

and depends on total costs of district heating system operation.  234 

 235 

Figure 5. Marginal heat production costs in Greater Copenhagen district heating system; data for 2016. 236 
The black line is the monthly average marginal heat production costs, the values above the average were 237 

marked in red, the values below – in blue. 238 
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 239 

Figure 6. Averaged weekly heat production cost patterns (hourly marginal heat production costs during 240 
a week) for different seasons of the year.  241 

 242 

Figure 7. Marginal heat production costs in Greater Copenhagen district heating system during a single 243 
week in February; data for 2016.  244 
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 245 

Figure 8. Heat load in the Greater Copenhagen district heating system. The black line is the annual 246 
average heat load, the values above the average were marked in red, the values below – in blue. 247 

 248 

 249 

Figure 9. Heat load variations illustrated using averaged hourly heat load in weekly profiles during a 250 
week in different parts of the year. 251 

There is a clear seasonal pattern visible in the marginal heat production costs, as can be seen in Figure 5. This 252 

pattern corresponds to the seasonal heat load pattern shown in Figure 8. The marginal heat costs tend to be the 253 

highest in the periods with the highest heat consumption, decreasing in the intermediate season and are the 254 

lowest in the summer, when the heat demand is the lowest. This pattern is connected with the types of heat 255 

sources supplying heat to the district heating system. Figure 7 shows an example of marginal heat production 256 

costs during a week in February. It can be seen that the price variation is visible not only on a long-term, but also 257 

on a short-term basis. Figures 6 and 9 show, respectively, the averaged weekly profile of the marginal heat 258 

production cost and heat load in different seasons. It can be seen that there is a clear daily pattern in the heat 259 
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load with two visible peaks, a larger one in the morning and a smaller one in the afternoon, and a decrease in the 260 

heat load at night. In the winter period, the profile of heat production costs corresponds to the heat load profile, 261 

with higher prices during the day and lower during the night. Such a connection does not seem to exist in other 262 

seasons. The lack of visible connection between heat production costs and the heat load profile is, most likely, 263 

related to the production units operating. During winter, in the periods of high heat demand, marginal heat 264 

production costs are based on heat production costs using expensive heat-only boilers. In the other seasons, the 265 

marginal costs are based on heat production costs using units with lower costs, such as CHP plants. 266 

 267 

2.8. Simulations 268 

In the building sector, the two main approaches to demand-side response are direct and indirect load 269 

management (Kärkkäinen et al., 2003). Direct load management is based on the direct intervention by the utility. 270 

It can be executed and done either at the levels of individual buildings or at the level of a group of buildings. It 271 

should be noted that direct load control at the level of the customer is not currently accepted as a solution in the 272 

European district heating systems. However, some of the district heating operators are introducing pilot projects 273 

based on customer agreements aimed at direct load control. Indirect load control is based on incentives aimed at 274 

encouraging customers to utilise Demand-Side Management and adjust the timing of their energy use and its 275 

magnitude. Usually such incentives are based on special tariffs to influence customer behaviour. Li, Dane, Finck, 276 

& Zeiler (2017) reported that based on the survey results, the respondents in the Netherlands were generally 277 

willing to adopt smart technologies and change energy use behaviours, including e.g. reducing the room 278 

temperature setpoint.   279 

The possible strategy of load control depends on the level of communication between the building and the heat 280 

supplier. If there is no communication platform between the building and the heat supplier, the load control can 281 

be executed only based on available knowledge about the system operation and based on pre-set schedules. If 282 

there is a communication platform between the building and the heat supplier, the load control can be executed 283 

based on the signals from the system. In that way the control scheme can take into account the actual state of the 284 

district heating system. 285 



In the case of this study, it was assumed that the indoor temperature setpoint was changed in all apartments in 286 

all of the buildings at the same time, what would be more typical for direct load control. However, it could also be 287 

assumed that all of the occupants adjusted the temperature setpoint schedules in their apartments thanks to the 288 

applied incentives.  289 

The operation of the system was simulated for the period from the 1st of October to 30th of April. The base 290 

scenarios simulated were chosen based on the results from (Foteinaki, Li, Rode, & Salom, 2020) and included 3 291 

scenarios with schedule-based setpoint control and 1 scenario with dynamic price-based setpoint control.  292 

The case with constant setpoint of 22 °C in all of the buildings was used as the reference case.  293 

 294 

Schedule-based control:  295 

Three of the investigated scenarios are based on pre-set schedules created taking into account usual load patter 296 

in the Greater Copenhagen district heating system. In Scenario 1 the temperature setpoint was lowered by 1 °C 297 

during the day, with the setpoint decrease occurring at 7 a.m. and the setpoint increase at 10 p.m. In Scenario 2, a 298 

similar pattern was applied, but the temperature setpoint during the night was increased to 23 °C. In Scenario 3 299 

the temperature setpoint was also increased during the night to 23 °C the same as in Scenario 2, but there was 300 

also an additional setpoint change in the middle of the day (from 1 p.m. to 5 p.m.), when the setpoint 301 

temperature was increased to 22 °C. The scenarios investigated are aimed at decreasing the morning peak load 302 

by using the heat stored in the building in the preceding period. The temperature setpoint schedules for all of the 303 

schedule-based scenarios are shown in Figure 10.  304 

As the initial simulations indicated that implementing the load control strategies resulted in increased peak 305 

demand which is generally disadvantageous for the energy system, it was decided to run another simulation for 306 

the most promising scenario so far (Scenario 2), with setpoint changes in the different buildings distributed over 307 

time to mitigate the increase in peak demand. The new scenario was named “Scenario 2 distr”. As the old 308 

buildings were shown to cool down quicker and have less thermal capacity, the time of the setpoint increase 309 

there was moved 30 min earlier. Simultaneously, the setpoint change in the 5 largest new buildings was moved 310 



by 30 mins forward. For the rest of buildings the schedule remained the same as in the initial simulations. The 311 

subsequent simulation was done using identical setup as in the initial simulations. 312 

 313 

Figure 10. Temperature setpoint profiles in schedule-based control scenarios with temperature  314 
range of 21-23 °C 315 

 316 

 317 

Dynamic price-based control:  318 

The last investigated scenario is a dynamic scenario with setpoint control based on the marginal heat production 319 

costs. As it was mentioned before, such solution would require communication between the energy system and 320 

building management system. The temperature setpoint was adjusted based on the signal from the energy 321 

system: when the signal value is lower than a low threshold (Clow), the temperature setpoint is kept at the 322 

increased value (23 °C); when the value of the signal is higher than the high threshold (Chigh), the setpoint is kept 323 

at the low value (21 °C). Between the Clow and Chigh, the setpoint is interpolated. In Scenario 4, the Clow value was 324 

set at 25 and Chigh at 50 percentiles of marginal heat production costs. The temperature setpoint control based on 325 

the marginal heat production cost is illustrated in Figure 11. Dynamic price-based control relying on price 326 
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signals with hourly resolution will generally results in more setpoint changes per day than the schedule-based 327 

setpoint profiles proposed above.  328 

 329 

Figure 11. Temperature setpoint profiles in schedule-based control scenarios 330 

 331 

2.9. Performance evaluation 332 

The following parameters were used to evaluate the performance of the system in different scenarios. The 333 

parameters were based on the work by Foteinaki et al. (2020), and calculated using equations listed there. 334 

However, in the current paper they were adjusted to refer to the whole investigated network not for an 335 

individual building.  336 

1. Total energy delivered to the system for the whole simulated heating season for space heating. 337 

2. Marginal production cost of the energy delivered to the system for space heating.  338 

3. Peak heating power in the simulated scenario and rebound effect - the highest power peak that occurred 339 

after the temperature setpoint returned to the reference settings.  340 

4. The indoor air temperatures in the modelled buildings. Indoor air temperatures were compared as an 341 

indicator of thermal comfort, to reflect differences between simulated scenarios.  342 

5. Potential for flexible operation, estimated using two indicators, equivalent to the flexibility indicator 343 

defined in (Le Dréau & Heiselberg, 2016):  344 
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a. F1 - indicator of the energy used in the low demand period compared to the energy used on the 345 

high demand period. The low demand hours were defined as between 21:00 and 6:00 the 346 

following day, based on the district heating daily load variation. 347 

b. F2 - indicator of total energy use during the low marginal production cost period compared to 348 

the energy used on the high marginal production cost. The low production cost hours were 349 

defined as the hours, when the marginal production cost was below the monthly median. 350 

Correspondingly, the high production cost hours were the hours with marginal production cost 351 

above the monthly median. 352 

 353 

3. Results  354 

The following section presents the simulation results. Section 3.1 looks at the performance of the building 355 

models used in the study and the effects different applied scenarios have on buildings. Section 3.2 focuses on the 356 

system-level evaluation of individual scenarios. 357 

3.1. Evaluation of building operation under investigated scenarios 358 

To gain additional insight on how the applied scenarios impact the buildings in the area the results of the 359 

simulation of the building models was analysed.  360 

The results of the initial simulations indicated, that the heating season in the old, poorly insulated buildings is 361 

much longer than in the new buildings. The results are summarized in Table 4 that shows heating season 362 

duration in the Reference scenario for a representative old commercial building, a representative new 363 

residential building and an office building. The heat demand in the old building lasts for the whole investigated 364 

period (with short periods in October and April when the heat supply was not needed). In the new residential 365 

building the heating season starts in the beginning of November and ends mid-March. In the new office building, 366 

it was one day shorter than in the new residential building. The most likely reason for the difference are the 367 

greater heat gains in the commercial building.  368 

 369 



Table 4. Heating season duration in buildings of different types 370 

Building type Heating season  
duration [days] 

Old commercial building 212 
New residential building 130 
New commercial building 129 

 371 

The different types of buildings in the study were shown to react differently to the temperature setpoint changes. 372 

Figure 12 a-c shows the air temperature in relation to the setpoint temperature for one day in the heating season 373 

for different building types included in the model for one day in January. It can be seen that the temperature in 374 

the new buildings (both residential and the office building) decreases slower than in the older building. The 375 

modelled temperature in the older building fluctuates more significantly than in the new buildings. It is caused 376 

by the way the heating system is controlled combined with its large heating power. For all of the buildings, there 377 

is a visible impact of the internal heat gains. In case of the old building used for commercial purposes it is 378 

indicated by the slower internal temperature decrease between 7 a.m. and 5 p.m. For the new office building 379 

(Figure 12c), it can be seen that the internal gains in that period mitigate the indoor temperature decrease. The 380 

drop in air temperature in this figure around 17:00 corresponds to the decrease in internal heat gains in office 381 

buildings at that time. The impact of internal heat gains is also visible for the new residential building, where the 382 

temperature starts to increase after 5. p.m., when the internal heat gains increase (compare with Table 3 – the 383 

increase in heat gains here the heat gains coming from occupants’ activities at home such as e.g. cooking, 384 

electronic device use and heat gains from occupants’ themselves). The lack of temperature fluctuations in Figure 385 

12b in the middle of the day is caused by the slow cooling down and the temperature not dropping below the 386 

indoor temperature setpoint (taking into account the allowed control error).  387 

  388 



a) 389 

 390 

b) 391 
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c) 394 

 395 

Figure 12. Air temperature in different building types over the course of one day in January together 396 
with the ambient air temperature; a) old commercial building, b) new residential building, c) new office 397 

building 398 

The average hourly temperatures during the day in the representative new residential building under all of the 399 

main investigated scenarios are shown in Figure 13. To exclude the impact of shorter heating season in the 400 

newer buildings, only the data from the period from December to February was taken into account. For the 401 

schedule-based scenarios, there is a clearly visible temperature decrease during the day. As it was also shown for 402 

the single day in January in Figure 12 b, there is also a visible impact of increased internal heat gains starting at 5 403 

p.m. Scenario 4 with dynamic price-based temperature setpoint has the profile shape closer to the Reference 404 

case. However, the indoor air temperature in Scenario 4 was higher than in the Reference scenario by 0.46 °C on 405 

average. This can be explained by the fact that the building retains the heat stored during the periods when the 406 

air temperature setpoint is at 23 °C. The difference between these two scenarios is greater during the night-time, 407 

as the heat production costs are in general lower during night time, so more of the periods with increased 408 

setpoint in Scenario 4 occurred at night-time. 409 
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 410 

Figure 13. Average air temperature in the representative new residential building during a day in the 411 
period from December to February 412 

 413 

3.2. System-level evaluation of investigated scenarios 414 

Figure 14 presents the first 3000 hours of the load duration curves for the initially investigated 5 scenarios. All of 415 

the investigated load shifting scenarios resulted in a higher peak demand than the Reference case and in a 416 

steeper shape of the load duration curve with more high-load hours and fewer lower load hours, compared to 417 

the Reference scenario. As expected, the peak increase is the smallest in Scenario 1, where the temperature 418 

setpoint was only lowered. However, compared to the findings from (Foteinaki et al., 2020), also the scenario 419 

where the temperature setpoint was only decreased resulted in a peak heat demand increase. This is related to 420 

the fact that the heating systems in majority of the buildings switch on at the same time. Scenarios with heating 421 

setpoint both decreased and increased resulted in peak higher than in case of the scenario with only setpoint 422 

decrease. The simulated peaks are still within the capacity of the local district heating network and there still is a 423 

remaining capacity for domestic hot water preparation. Usually, the increased peak demand is not considered 424 

beneficial for the system operation. Additionally, higher peak demand results possibly in the need for higher 425 

installed system capacity. However, in case the investment in the additional capacity can be avoided, in the CHP-426 

based systems the increased heat demand coinciding with high electricity prices can be advantageous from the 427 

business perspective 428 
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 429 

Figure 14. First 3000 hours of the load duration curves for different scenarios together with the zoomed 430 
in plot for the first 500 hours 431 

Another important factor in evaluating the investigated scenarios is the daily distribution of the heat load (Figure 432 

15). The Reference case is characterized by the flattest shape of the averaged heating load of all the investigated 433 

scenarios. The decrease in the heat load that is visible also in the Reference scenario is caused by the fact that the 434 

investigated model includes space heating only and there the solar heat gains during the day cover part of the 435 

heat demand. This is most visible in the late afternoon and evening and is caused by the profile of the internal 436 

heat gains used as input for the residential building model. As most of the buildings in area are residential 437 

buildings, their characteristics affect the aggregated heat demand the most. The decreased temperature setpoint 438 

during the day in the schedule-based scenarios results in a further demand decrease during the day. The 439 

schedule-based scenarios achieve the goal of shifting the load to the low-load period. However, it comes at the 440 

cost of an increased heat demand at the time of the setpoint increase in the evening. The decrease is more 441 

significant for the scenarios with increased temperature setpoint during the night-time. It can be seen, that the 442 

Scenario 4 shape of the daily averaged heat load is similar to the Reference daily averaged heat load. However, 443 

the heat load decrease in the afternoon that occurs for the Reference case does not occur for Scenario 4. Instead, 444 

the heat demand during night-time is higher than for the Reference case, but the heat demand in the morning is 445 

lower (ca. 27% difference at 8 a.m.).  446 
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 447 

Figure 15. Averaged hourly heat load in the investigated system from the beginning of December to the 448 
end of February 449 

The main results of the study, including the flexibility indicators F1 and F2, are summarized in Table 5. It can be 450 

seen that the values of indicator F1 clearly improved for all of the schedule-based scenarios, compared to the 451 

Reference case. Scenario 2 is characterized by the highest value of indicator F1. This is a scenario with pre-452 

heating during the night time and a constant decreased temperature setpoint during the day. Indicator F2 for 453 

Scenario 1 decreased slightly compared to the Reference case (0.17 compared to 0.20) and increased minimally 454 

for Scenario 2 and 3 (0.21 compared to 0.20). Dynamic price-based Scenario 4 is characterized by the highest 455 

value of indicator F2. of 0.39. However, the F1 indicator for this scenario decreased slightly compared to the 456 

Reference case (nearly the same amounts of energy were used in the high-load period as in the low-load period). 457 

Modified Scenario 2 with distributed setpoint increase performed, in regard to F1 and F2 indicators, nearly 458 

identically to initial Scenario 2. Based on the results presented in Table 5 it can be seen that each of the proposed 459 

scenarios resulted in an improvement in at least some of the chosen indicators. However, none of the scenarios 460 

performed clearly better than the other ones in all of the categories. Scenario 1 resulted in the highest energy 461 

and cost savings, 6.6% and 9.0% respectively. However, the average indoor air temperature in the control 462 

building in that scenario was by 0.53 °C lower than in the reference scenario. Scenario 2 and Scenario 3 463 

performed relatively similarly regarding the decrease in energy use in the morning, increase in peak demand 464 

power and F1 and F2 flexibility indicators. However, Scenario 2 resulted in greater cost savings than Scenario 3 465 

(2.5% compared to 0.8%) and lower total energy use, that was related to the lower average air temperature. 466 

Scenario 4 resulted in the best F2 indicator. However, it was also characterized by the greatest increase in energy 467 
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use compared to the Reference case an increase in energy use in the morning. The last of the investigated 468 

scenarios, Scenario 2 with distributed setpoint increase as expected performed similarly to Scenario 2. However, 469 

the peak power demand increase was reduced from 49% to 40%. For each of the schedule-based scenarios, the 470 

highest peak demand was registered before the time of the setpoint change.  471 

Table 5. Summary of the key indicators used for scenario evaluation 472 

Scenarios Difference from reference scenario F1 F2 
Total energy 

[%] 
Costs 

[%] 
Average 

temperature [°C] 
Energy use in the 

morning [%] 
Rebound 
effect [%] 

Reference - - - - - 0.05 0.20 
Scenario 1 -6.6% -9.0% -0.53 -41% 35% 0.27 0.17 
Scenario 2 2.0% -2.5% 0.19 -51% 49% 0.39 0.21 
Scenario 3 2.9% -0.8% 0.37 -49% 47% 0.38 0.21 
Scenario 4 4.2% -1.8% 0.48 18% 48% 0.03 0.39 
Scenario 2 distr 2.0% -2.4% 0.15 -46% 40% 0.40 0.20 

 473 

4. Discussion  474 

The results of the study show a significant potential for the buildings to be used as thermal energy storage for the 475 

district heating system. All of the implemented load scenarios resulted in load shifting on the level of the 476 

investigated district heating network area. However, the choice of the optimal scenario is a decision based on 477 

several factors and should be influenced by the characteristics of the district heating system in question. In case 478 

of the price-based strategies, such as Scenario 4, one of the methods to limit their negative impact would be 479 

optimizing the indoor temperature setpoint profile while limiting the number of setpoint changes that can occur 480 

during the day and setting a minimal duration of the setpoint.  481 

The results of the investigation are heavily dependent on the performance and accuracy of the building model. In 482 

the proposed model the internal and solar gains are used more efficiently than they would be used in a real 483 

building. This is because the building was modelled as a single zone with perfect mixing and uniform air 484 

temperature distribution. In real buildings the solar gains would not be distributed evenly in the whole building. 485 

Moreover, the solar radiation would not reach the interior of all of the rooms at all times during the day, as the 486 

rooms would have generally windows only with one or two orientations. This would generally result in greater 487 

and more evenly distributed space heating (SH) demand in the modelled buildings. Additionally, all of the 488 

buildings modelled were assumed to have square floor plan with windows evenly distributed among the four 489 



external walls. This resulted in a more homogenous thermal behaviour of buildings than what would take place 490 

in reality. Domestic hot water (DHW) was not included in the investigation. It is typically DHW preparation that 491 

causes the morning and afternoon peak in heat demand. Because only SH was included in the study, also the 492 

Reference case was characterized by decreased heat use during the day caused by solar heat gains. The observed 493 

periods when heating could be cut off in the new buildings were shorter than in (Foteinaki, Heller, & Rode, 494 

2016), where a more detailed simulation model was used.  495 

The results indicate the importance of proper control of demand-side management strategies if they are to 496 

benefit the district heating system without causing additional potential difficulties in its operation by increasing 497 

the peak energy demand. On the other hand, it can be argued that the increase in energy use during the low-load 498 

period or, particularly, in periods with particularly low energy prices should not be problematic for the system. 499 

As the low energy prices in systems with high share of renewable energy sources often correspond to the 500 

periods with high availability of energy generated from such energy sources, this increase should not result in 501 

increased CO2 emissions. Moreover, in the case of the systems supplied with the CHP plants peak heat demand 502 

that occurs during a period of high electricity prices can be beneficial for the utility company, as it can allow for 503 

profiting from increased electricity production. The control strategies discussed in the paper focused on the 504 

needs of the district heating system and its optimal operation, not on the customers’ profit. The actual payment 505 

scheme for the customers in the Greater Copenhagen district heating system includes the payment for contracted 506 

power, heat used and a price adjustment based on the return temperature from the substation (on the network 507 

side) (HOFOR, 2020).  508 

Despite the promising results of using building mass as thermal energy storage for the district heating system (or 509 

integrated energy system), implementation of this solution widely in practice remains problematic. In case of the 510 

study performed, the challenge in the practical implementation is the way the district heating substations and 511 

heating systems in the buildings are controlled. In the current setup, if the decreased or increased heat supply is 512 

introduced only on the system level, the heating system of a building will try to compensate. In case of new and 513 

active thermostatic valves counteracting the charge and discharge of the heat storage, the change in indoor 514 

temperature will be limited to the dead zone of the thermostatic valves (Olsson Ingvarson & Werner, 2008). This 515 

effect was mentioned in (Basciotti & Schmidt, 2013), where the initial attempt to implement load shifting 516 

through the control of secondary side supply temperature was unsuccessful due to secondary control in the 517 



buildings. In the current study it was assumed that the building indoor temperature setpoint is controlled 518 

according to either pre-set schedule or a signal from the district heating system. The strategy implemented in the 519 

current study is in fact more typical for the direct than indirect load control and could be implemented by 520 

controlling the building management system. However, district heating operators do not have a possibility to 521 

influence the operation of the building management systems. A method that is easier to implement in current 522 

conditions is control of the supply temperature on the secondary side of the substation – this method was used 523 

e.g. in the study by Kärkkäinen et al. (2003). 524 

It should be considered, what types of buildings should be included in the load shifting strategies. Based on the 525 

results of the current study, well insulated buildings with large thermal mass are the most suitable for the 526 

strategies including preheating combined with interrupted heat supply. In poorly insulated buildings with 527 

smaller thermal mass increased temperature setpoint leads to greater heat losses (and consequently heat use) 528 

and the amount of heat stored is able to cover the demand for much shorter time. On the other hand, buildings 529 

with small thermal mass were determined to be the most suitable for load shifting aimed at limiting the impact 530 

of night set-back (Basciotti & Schmidt, 2014). 531 

The results of the study for the investigated area are slightly less promising than in the investigation for the 532 

single new residential building presented in (Foteinaki et al., 2020), as both the load shifting in the morning and 533 

cost savings were shown to be smaller. This is connected both to the fact that there are also older buildings with 534 

lower thermal capacity connected to the network and to the fact that in the current study the building heating 535 

system was not modelled in detail and the thermal capacity of the heating system itself was then 536 

underestimated. However, even after taking into account these differences, the flexibility potential of heat 537 

storage in the buildings’ thermal mass to support the district heating system operation is still significant. 538 

 539 

5. Conclusions 540 

The current paper investigated the potential of a small district with buildings connected to a district heating 541 

network for a flexible operation according to the needs of the district heating system. The investigation focused 542 

on space heating demand and used buildings’ thermal mass as the thermal energy storage. The activation of the 543 

thermal mass was achieved by changing the indoor temperature setpoint. Based on the shape of the demand 544 



curve in the Greater Copenhagen district heating system and the marginal heat production costs, it was generally 545 

considered beneficial for the system to shift the energy use to the night-time and decrease the energy use during 546 

the day, especially in the mornings. The implemented control strategies were chosen to reflect that. The results 547 

indicate that there is a significant potential for flexible operation of buildings connected to the district heating 548 

systems and for the building thermal mass to be utilized as short-term thermal energy storage. The proposed 549 

strategies have shown to be effective at load shifting – in particular, all of the schedule based scenarios resulted 550 

in the energy use in the morning decreased by 41% to 51%, as compared to the reference case. All of the applied 551 

strategies with pre-heating resulted in increased total energy use (by 2.0% to 4.2%). Still, despite of this 552 

increase, the total costs in all of the investigated cases were lower than in the Reference case (decrease by 0.8% 553 

to 2.5%). The scenario where the pre-heating was not applied resulted in a decrease of both total energy use and 554 

total costs (by 6.6% and 9.0%, respectively). All of the applied scenarios resulted in an increase in peak heat 555 

demand (by 35% up to 49%). However, it was also shown that distributing the setpoint increase can partially 556 

mitigate the peak demand increase. After distributing the setpoint change over time in Scenario 2, the peak 557 

increased by 49% to 40%, without decreasing other performance indicators. The choice of the best performing 558 

scenario requires an analysis of multiple factors and taking into account the characteristics of the district heating 559 

system in question, substation equipment in the connected buildings and users’ acceptability of proposed 560 

strategies. All of these factors require further analysis in the context of implementing the load-shifting in the 561 

district heating systems. Moreover, the exact strategies of mitigating the peak demand increase as a consequence 562 

of the demand response should be investigated further, preferably including also tests in the real systems.  563 

 564 
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