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Abstract
The transition of the whole energy system from the one relying on fossil fuels to the one extensively using
renewable energy, requires integration of all available energy sectors into a single integrated energy system
(IES) in a holistic way. Optimal deployment of available coupling technologies, e.g. combined heat and
power (CHP) units and power-to-heat (P2H) units, can significantly contribute to the operation of an IES.
Such an IES can achieve synergy between different energy sectors and obtain a sustainable, cost-effective,
flexible and reliable energy system. However, the transition to the high integration of renewable energy
sources into the existing system, as well as development of low-temperature district heating (LTDH) causes
generation-load imbalance and high energy losses related problems for both the electricity and heating
sectors. These problems can negatively influence reliable, secure and profitable system operation. In this
context, flexibility at generation and demand sides can be exploited to address the challenges mentioned
above. In parallel with the evident development of coupling technologies, such as CHP units, as well as P2H
units, the flexibility provided for heating and electricity sectors can be achieved through optimal operation
and control of the coupling units locating at both generation and demand sides of the electricity and heating
sectors. From the operation perspective, in the past very limited attention has been paid to approaches
linking mechanisms for flexibility provision from one hand and their application in an IES constructed of
heating and electricity sectors, from another hand. Therefore, new approaches are needed to 1) schedule
the operation of generation-side CHP and P2H units to optimally provide flexibility for integrated heating
and electricity sectors and 2) assess the techno-economic performance of demand-side P2H units to provide
flexibility for the district heating (DH) sector through the design of new control algorithms for controlling
heat load.

Hence, this Thesis is focused on flexibility provision for DH and electricity sectors during short-term
operation, considering availability and involvement of the following coupling technologies:

(1) generation-side large-scale extraction steam turbine CHP unit and backpressure steam turbine CHP
unit with bypass operation,

(2) generation-side heat accumulators (HAs) and heat pumps (HPs) connected to 1) as a CHP plant,

(3) demand-side P2H units particularly electric heat boosters (EHBs) in residential buildings and

(4) developed information and communication technology (ICT) infrastructure that enables real-time
monitoring and data sharing during the control of (3).

Acknowledging these scopes and technologies, the Thesis is proposing three novel and innovative frameworks.
The first two frameworks are for optimal scheduling the flexibility provision during the generation-side CHP
plant operation. The third framework is for assessing the flexibility provision during demand-side P2H units
control.

Generation-side CHP plants are characterised by co-generation of heat and power to the IES. Their flexibility
delivered to heating and electricity sectors during heat and power dispatch is connected. Moreover, the heat

ix
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market mechanism requires a day-ahead heat and power dispatch to be planned before the actual real-time
operation. Therefore, the real-time flexibility provision to provide balancing service to the electricity sector
is limited by the day-ahead plan. In this Thesis, a novel two-stage operation framework is applied to a CHP
plant to optimise both heat costs in day-ahead operation and real-time wind power balancing during the
flexibility provision. Different technologies and operation modes of the CHP plant are taken into account to
compare the performance with the above-mentioned operation framework observed from seasonal variations.
Simulation results showed that both connections with HA unit and bypass operation can improve the CHP
unit flexibility in different seasons.

In view of the challenges during the day-ahead and real-time operation mentioned above, a novel mutli-
timescale coordinated operation framework is proposed to optimise the flexibility provision of a CHP
plant-wind farm portfolio in both day-ahead heat and real-time balancing markets. Considering multiple
uncertainties of heat load, wind power generation, day-ahead, up-regulation and down-regulation electricity
prices, here stochastic optimisation technique is used for solving the two-stage operation problems. Simula-
tion results showed that the proposed framework can contribute to enhanced flexibility to reduce operation
costs and to improve the operation reliability of the IES in question.

In addition to the research related to generation-side coupling, the demand-side coupling is also considered
by examining the operation of P2H units. A novel techno-economic assessment framework is developed
to evaluate performance of flexibility provision by P2H units under the LTDH scheme, where the supply
temperature of the DH networks is no more than 60 degrees. Within the framework, technical aspects
of combined heat and power flow and economic aspects of levelized cost of EHBs are analysed from the
perspective of the two control algorithms used for EHBs. Simulation results and sensitivity analysis showed
that the fuel shift control can significantly contribute to improved flexibility by reducing DH peak load,
energy cost of the IES and levelized cost of EHBs. However, it was concluded that the energy losses on
electricity networks were slightly compensated.

This Thesis is investigating the broader topic of IESs, in the context of flexibility provision for both electricity
and heating sectors through optimal operation of coupling technologies of generation-side CHP and P2H
units, as well as control of demand-side P2H units. It was concluded that the proposed novel operation
and assessment frameworks for flexibility provision are feasible and can be utilised for real-time operation
purposes. These frameworks directly contribute to a more sustainable, cost-effective, flexible and reliable
operation of an IES constructed of heat and power sub-systems.



Resumé
Energisystemets overgang fra afhængighed af fossile brændsler til dreven af vedvarende energikilder
kræver en holistisk tilgang til integration af alle energisystemets sektorer. En optimeret implementering af
tilgængelige koblingsteknologier, såsom kraftvarmeværker og power-to-heat (P2H) enheder, kan bidrage
til en integreret drift af energisystemet. Med et integreret energisystem (IES) kan synergi mellem de
forskellige sektorer opnås, hvilket resulterer i et mere vedvarende, omkostningseffektivt, fleksibelt og
pålideligt energisystem. Overgangen til et energisystem med et højt niveau af vedvarende energi samt et
fjernvarme system med lav temperatur kan medføre ubalance mellem forbrug og produktion og øgede tab i
el- og varmesektorerne. Disse faktorer kan påvirke en pålidelig, sikker og profitabel drift af energisystemet,
men i denne kontekst kan produktions- og forbrugsfleksibilitet udnyttes til håndtering af de førnævnte
udfordringer. Parallelt med den oplagte integration af koblingsteknologier, såsom kraftvarmeværker og P2H
enheder, kan der opnås en vis fleksibilitet i el- og varmesektorerne gennem optimal drift og regulering af de
koblende enheder. Fra et driftsmæssigt perspektiv har der været et begrænset indsigt brugen af fleksibilitet
i både el- og varmesektorerne. Dertil er nye tilgange tiltrængt for 1) at planlægge driften af produktion
fra kraftvarmeværker og P2H enheder det leverer optimal fleksibilitet for el- og varmesektorerne og 2) at
vurderer den tekno-økonomiske præstation af P2H enheder, der på forbruger siden leverer fleksibilitet til
fjernvarmesystemet gennem design af nye reguleringsalgoritmer.

Denne afhandling fokuserer altså på tilgængeligheden af fleksibilitet til driften af el- og varmesektorerne på
kort sigt. Der tages højde for tilgængelighed og involvering af følgende koblingsteknologier:

(1) stor-skala udtags-dampturbine drevne og modtryks-dampturbine drevne kraftvarmeværker med omled-
ningsdrift,

(2) varmeakkumuleringstanke og varmepumper forbundet til (1) som et kraftvarmeværk på produktionssi-
den,

(3) P2H enheder på forbrugssiden, heriblandt elektriske varmeboostere i beboelses-bygninger og

(4) udviklet informations og kommunikationsteknologi (IKT) infrastruktur der muliggør realtids overvågn-
ing og deling af data til regulering af (3).

Med henblik på disse afgrænsninger og teknologier, foreslår denne afhandling to nye og innovative ram-
mebeskrivelser til optimal planlægning af fleksibilitet i driften af kraftvarmeværker. Derudover præsenteres
en ny rammebeskrivelse til vurdering af tilgængelig fleksibilitet i P2H enheder på forbrugssiden.

Kraftvarmeværker på produktionssiden er karakteriseret ved samproduktion af varme og el til IES. Disse en-
heders levering af fleksibilitet til el- og varmesektorerne er forbundet. Derudover kræver varme markedsmekanis-
merne en planlægning af varme og el produktion en dag i forvejen før egentlig drift. Dette begrænser realtids
tilgængeligheden af fleksibilitet fra kraftvarmeværker som en balancerings service til elsektoren. Denne
afhandling foreslår en ny rammebeskrivelse der består af to stadier og som kan anvendes til optimering af
kraftvarmeværker. Optimeringen omfatter både varmeudgifter samt realtids balancering af elproduktion fra
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vindmøller ved at gøre fleksibilitet tilgængelig. Der tages højde for forskellige teknologier samt forskellige
kraftvarmeværks driftsmetoder og præstationen af den førnævnte rammebeskrivelse sammenlignes ved
sæsonmæssig variation. Simulerings resultater viser at både varmeakkumuleringstanke og omledningsdriften
kan reguleres til at forbedre kraftvarmeværkers fleksibilitet i forskellige sæsoner.

I lyset af udfordringerne med dagen før og realtids planlægning af driften, foreslås en ny koordineret
rammebeskrivelse der spænder over flere tidsskalaer. Målet med denne rammebeskrivelse er at optimere
fleksibilitets tilgængeligheden fra et kraftvarmeværk i sammenhæng med en vindmøllepark i både varme
markedet og realtids balancering markedet. Der anvendes en stokastisk optimering tilgang for at tage højde
for adskillige usikkerheder, heriblandt varmeforbrug, elproduktion fra vindmøller og prissætningen fra
forskellige markedsmekanismer. Simuleringsresultater har vist at den foreslåede rammebeskrivelse kan
bidrage med en forstærket fleksibilitet til reduktion af driftsomkostninger og en forbedring af det forbundne
IES’ pålidelighed.

Ud over koblingen på produktionssiden, behandles forbrugssiden ved at undersøge driften af forbrugsfor-
bundne P2H enheder. En ny tekno-økonomisk rammebeskrivelse er udviklet til at evaluere præstationen
af disse enheder i forhold til at gøre fleksibilitet tilgængeligt i et lavtemperaturs fjernvarmesystem, hvor
forsyningstemperaturen ikke er højere end 60 grader. I denne rammebeskrivelse analyseres tekniske aspekter
af kombineret varme og el strømning, samt de økonomiske aspekter, fra et perspektiv hvor to reguleringsal-
goritmer bruges til at styre elektriske varmeboostere. Resultater fra simulering og følsomhedsanalyse viser
at brændselsskifte styring kan bidrage betydeligt til en øget fleksibilitet ved at reducere spidsbelastningen i
fjernvarmesystemet, energiomkostningerne i IES’et og de niveauriserede omkostninger for varmeboosterne.
Det observeres samtidig at energitabene i elnettet var en anelse kompenserede.

Denne afhandling undersøger det brede emne omhandlende IES i en fleksibilitets tilgængeligheds kontekst
til både el- og varmesektorerne gennem optima driften af kraftvarmeværk og P2H koblingsteknologier
på produktionssiden, samt styring af forbrugsforbundne P2H enheder. De forslåede drifts og vurderings
rammebeskrivelser af fleksibilitets tilgængelighed er realistiske og kan anvendes i realtids drift. Disse
rammebeskrivelser bidrager til en mere bæredygtigt, omkostningseffektivt, fleksibelt og pålideligt drift af
energisystemet.
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CBOS cost-based operational strategy

CHP combined heat and power

COP coefficient of performance

DH district heating

DHW domestic hot water

EBs electric boilers

EHBs electric heat boosters

FCs fuel cells
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O&M operation and maintenance
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P2H power-to-heat
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Definitions
This Section states and clarifies some definitions of functions, roles and responsibilities that are referred to
in this Thesis.

100% renewable energy goal: to create a secure, reliable and optimally and flexibly operating energy system,
completely independent from fossil fuels and relying on RESs only by 2050

Backpressure CHP unit: refers to the backpressure steam turbine CHP unit

Balancing service: balancing power delivery, to neutralise the difference between the day-ahead plan and
real-time delivery incurred by renewable energy sources

CHP plant: a combined heat and power plant including CHP units and other heating units such as HAs, HPs,
and EBs

CHP unit: a gas turbine or steam turbine unit which is used for combined heat and power generation

Critical nodes: the furthest heat nodes from the heat source along the district heating networks

District heating: a heating system which distributes thermal energy from production to consumption side
through a hydraulic system of pipelines with a regulated temperature

Extraction CHP unit: refers to the extraction steam turbine CHP unit

Flexibility: the ability of adapting schedules and/or profiles at generation and demand sides in reaction to
external signals to provide services to the energy system

Flexibility provision: the action to provide the flexibility for the energy sectors.

Fuel shift: provision of the same energy service with a shift between energy carriers, such as the supply of
domestic hot water with either district heating or electricity

Integrated energy system: an energy system in which electricity, heating, gas, and other sectors are integrated
through energy coupling technologies

Low-temperature district heating: a district heating system with the supply temperature range of 50− 70°C
and the return temperature range of 25− 40°C during operation

Substation: a unit in which temperature and pressure are transformed from a higher to a lower level

Synergy: the additional advantages and profits that can be achieved by coupling different energy sectors

xv





CHAPTER1
Introduction

1.1 Background

1.1.1 Motivation

One of the major challenges of modern civilisation is to ensure sustainable energy production without
negatively affecting the Earth’s climate, resulting as a consequence of global warming. Consequently,
over last decade, modern energy systems, involving electric power system, natural gas network, hydrogen
production and transportation, heating and cooling system, as well as the corresponding information and
communication infrastructure, are experiencing an obvious transition. Causing around two-thirds of the
global greenhouse gas emission, energy systems are being transformed from fossil fuel based and dominated
resources, to those based on renewable energy sources (RESs) [1]. In the year 2018 the global renewable
power capacity reached 2350 GW, which presents an increase of approximately 107%, compared to the
situation in 2009 [2]. The transition of energy systems is not only motivated by the climate change challenges,
but also by the target to ensure an affordable, secure, diverse and sustainable energy supply. Different energy
sectors, mainly including electricity, natural gas, hydrogen, heating, and cooling, contribute to this target at
various scales, starting from residential buildings level and ending at the national level.

From the international perspective, Denmark is a pure pioneer in pursuing a renewable, secure and cost-
effective energy system with a high penetration of wind generation. Since the 1980s, the Danish gross
domestic product (GDP) has been boosted by around 80%, while the CO2 emission has been dropped by
34% [3]. In Danish power system, wind power generation covers 46% of domestic electricity consump-
tion [4], whereas in heating system 61% of fuel supply originates from renewable energy such as solar
energy and biomass [5]. Denmark today has an ambitious energy agenda, driven by the climate change
related challenges, but also the motivation to optimally use all available energy sources. Selecting electricity
and heating sectors as an example, the ambitious energy agenda, focused on high penetration of RESs, is
shown in Tablei 1.1 [5] [6]:

Table 1.1: Danish energy agenda

2019 2020 2035 2050

Heating sector
61% residential
consumption from
renewable energy

——— electricity and
heat supply from
renewable energy

a secure, stable and
affordable energy system
completely independent
from fossil fuelsElectricity sector

47% domestic
consumption from
wind power

50% domestic
consumption from
wind power

The goal to create a secure, reliable and optimally and flexibly operating energy system, completely
independent from fossil fuels and relying on RESs only by 2050, is referred to as the 100% renewable energy
goal in this Thesis.

1
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1.1.2 Integrated energy systems

Among all energy sectors, the electricity sector has been the core of the transition with a global renewable
power penetration of around one quarter of the entire generation [7]. However, the transition progress of
other energy sectors, such as heating and gas, stayed relatively slow. Moreover, different energy sectors in
the past had relatively loose connections and were operated independently. In order to achieve a renewable
and cost-effective energy system, synergy among different energy sectors needs to be further explored and
understood. Here the term synergy means "the additional advantages and profits that can be achieved by

coupling different energy sectors". Examples of the existing coupling technologies that couple different
energy sectors are:

• combined heat and power (CHP) plants

• power-to-heat (P2H) units (e.g. using excess electricity generated from renewable energy to produce
heat)

• power-to-gas (P2G) units (e.g. using excess electricity generated from renewable energy to produce
hydrogen which is then converted to natural gas)

• fuel cells (FCs) (e.g. converting biogas into electricity and heat).

Figure 1.1 gives an example of the layout of future couplings between electricity, heating and gas sectors,
which are represented in yellow, red and green colours respectively.

Wind Solar Hydropower Biomass Biogas Waste
Solar 

Heat
Geothermal

CHP

Electricity 
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Figure 1.1: An example of future couplings among different energy sectors (Revised from [8])

The energy sectors in Figure 1.1 consist of the following six parts:

I RESs of the energy sectors, such as wind, solar and biomass

II energy networks/systems illustrated by coloured lines

III energy storage of power, heat, and gas

IV energy coupling technologies, which connect each energy sector, such as CHP plants, P2H units,
P2G units, and FCs
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V energy demand, where electricity, heat, and gas are utilised by the end customers

VI information and communication technologies (ICT), which plays an important role in data sharing
between different energy sectors.

The coupling technologies mentioned above enable a holistic way of integrating and operating all the energy
sectors as a whole. Such an integrated energy system (IES) can develop synergy among energy sectors and
achieve a renewable and cost-effective energy system. Recently, various IES definitions have been proposed.
Mancarella [9] referred to the concept of a multi-energy systems, "whereby electricity, heat, cooling, fuels,

transport, and so on, optimally interact with each other at various levels (for instance, within a district, or a

city, or at a country level)". Geidl [10] proposed the concept of multi-carrier energy system, which is defined
as "a system of energy hubs interconnected by different networks. Energy is transmitted via the networks and

converted and stored within the energy hubs". The IES concept in this Thesis is defined as an energy system

in which electricity, heating, gas, and other sectors are integrated through energy coupling technologies,

in order to increase RESs integration by minimising the costs of this critically important action [11]. The
concept and paradigm of IESs are a significant and revolutionary step towards future renewable, reliable and
cost-effective energy systems.

This Thesis mainly addresses the integration of heating and electricity sectors. So, here an IES refers to the
integration of heating and electricity systems, unless otherwise stated.

1.2 State of the art

Understanding the layout of an IES, which has energy sectors coupled by coupling technologies, can provide
a prerequisite for the synergy between different sectors. In this Section, the changes of existing IESs
are summarised. Furthermore, the concept of flexibility is addressed as the common background of the
Thesis. With this background, the current state-of-the-art in the field of the CHP and P2H technologies, their
applications and operational strategies, is evaluated and discussed from an IES operation perspective. The
state-of-the-art study leads to the identification of research questions within the flexibility provision by CHP
and P2H units in Section 1.3. Major thesis contributions will be elaborated in Section 1.4. Some parts of this
Chapter are based on [Pub. A] [Pub. B], with minor changes to coherently fit into the framework of this
Thesis.

1.2.1 Changes in the existing IESs

Driven by the 100% renewable energy goal, over the last decade the IES agenda is undergoing the following
five major changes:

(1) increased share of RESs, especially large wind power integrated in the electricity sector

(2) decarbonisation of the heating sector

(3) heat market development for heat dispatch

(4) balancing market establishment for power imbalance settlement

(5) ICT infrastructure development for data sharing and remote monitoring and control.
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Related to item (1) above, both the heating and electricity sectors are in the process of transformation to
be fully independent of fossil fuels. Wind, solar and biomass are expected to be the main RESs for the
two energy sectors. Regarding item (2), the integration of RESs in electricity sectors has facilitated a move
towards electrification of heating sectors through P2H units [12]. From the perspective of items (3) and (4),
energy markets are experiencing significant changes through the integration of RESs. Heat market is in
transition from a regulated to a deregulated market concept, where heat suppliers are motivated to increase
operation efficiency to decrease generation costs [13]. In the electricity sector, the balancing markets are
established to balance the difference between dispatch plan in spot markets and real-time energy delivery.
The balancing markets provide the last chance to balance generation and consumption [14]. Lastly, related
to item (5), the ICT has been deployed in electricity sector to support a plethora of applications at different
levels, e.g. monitoring, control, protection, asset management, particularly system operation in general terms,
ensuring by this a reliable, secure and optimised power delivery [15]. Future IESs will even more rely on
ICT, to enable a coordinated operation and data exchange across all energy sectors. For this purpose the role
of modern sensors will play a crucial role, for example smart meters, or Phasor Measurement Units [16] [17].

1.2.2 Flexibility

In view of recent developments of IESs in terms of policy and market mentioned above, the following
challenges can be brought up to an IES:

• Increased variability and uncertainty of power generation produced by RESs

• Coal and natural gas being phased out of power and heat plants

• Decreased power production from dispatchable power plants due to higher RESs integration

• Increased electricity load from electrification in heating and transport sectors

• Decreased heat demand, thanks to better insulated buildings/houses

• Changed conventional load profiles, as a result of decreased heat demand

• Increased active power imbalance between generation and consumption, in particular in the electric
power grid.

From the challenges stated above, both the generation and demand sides of the electricity and heating sectors
are changing their patterns with increased level of uncertainty and variability. In this sense, it is essential to
keep the balance between the generation and consumption sides for both electricity and heating sectors. In
particular, in the electricity sector the generation-load balance must be maintained all the time. Meanwhile,
the integration of RESs needs to remain high and the deployment of dispatchable power plants such as CHP
plants, needs to be profitable. This necessitates the increasing need for flexibility within the entire IES.

According to the definition of the Office of Gas and Electricity Markets (OFGEM) of the United King-
dom [18], flexibility is defined as "modifying generation and/or consumption patterns in reaction to an

external signal (such as a change in price) to provide a service within the energy system" [19].

In this Thesis, the flexibility is understood as the ability of adapting schedules and/or profiles at generation

and demand sides in reaction to external signals to provide services to the energy system.

Here, the external signals refer to energy prices in energy markets and operation requirements by system
operators. Furthermore, under the term services, contribution to more RESs integration, better system
balance between generation and demand sides and lower cost of the energy system operation have been
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addressed. The reason for choosing this definition of flexibility is that it is elaborated from the perspective
of the system components and technologies, namely from generation and demand sides, rather than the
system side, such as how a power system copes with the variability at both generation and demand sides was
proposed in [20]. The term flexibility understood in this Thesis explicitly describes the sources of flexibility
enablers, the ability required and the contribution to the energy system.

With the increasing flexibility provided by generation and demand sides, especially by the coupling tech-
nologies, the synergy among energy sectors is better achieved. The benefits of the synergy of an IES can be
identified as below:

• Increased energy efficiency

The co-generation technologies, such as CHP plants, are widely recognised as high potential solution
of improving energy efficiency compared to the separate power production [21]. Furthermore, an IES
enables a holistic way of operating different energy sectors optimally. The synergy among different
energy sectors can also help to obtain a high energy efficiency of the IES as a whole.

• Enhancement of the renewable energy integration and carbon emission reduction

A reduction of wind power curtailment has been verified through (a) coordinated operation of heating
and electricity sectors [22] and (b) electrification of domestic heat consumption [23]. Decarbonisation
of heating sector is realised through the utilisation of renewable fuels such as biomass and biogas. Here
a good example is that, the fuel of the largest Danish power station in Avedøre has been transformed
from coal to wood pellets [24].

• Lower primary energy consumption

The gross energy consumption is reduced due to the high operation efficiency of coupling technologies
and waste heat recovery in the heating sector. Furthermore, excess energy in an energy sector can be
utilised by another one through coupling technologies, such as P2H units using excess wind power to
produce heat [22].

• Increased energy supply reliability

The synergy created by the energy coupling technologies enables a more secure energy supply for
loads belonging to different energy sectors [25]. Approaches for improving the balance between
generation and demand sides of the electricity sector through optimal coupling of the heating sector
were discussed in [20]. Furthermore, reliable operation of an IES in an islanded mode can also be
guaranteed through optimal operation with energy storage [26].

• Profitable operation of IESs

Electrification of domestic energy consumption through optimal use of P2H and P2G units can increase
the value of RESs, especially during low electricity price periods [23]. Coupling of energy sectors can
optimally get a benefit from the low energy prices.

• Reduction of capital expenditure

The operation and maintenance (O&M) cost of assets in an IES is distributed across energy sectors
through deployment of coupling technologies. The congestion in electricity networks can be relaxed
by converting electricity to heat through P2H units, then storing heat in heat storage [21].

• Opportunities for business innovation

New opportunities for technology development and market collaboration among different energy
sectors do exist. For example, the manufacturing company CP Kelco in Denmark utilises P2H



6 CHAPTER 1. INTRODUCTION

technologies to recover waste heat during production to provide heat for heating sectors [27]. This
brings extra annual revenue for companies contributing to higher energy efficiency.

Making a contribution to the above-mentioned benefits, an IES can potentially coordinate the entire energy
sector in a holistic and optimal way. This is only possible if each of sectors, as well as the coupling
technologies, are adequately understood and modelled, as well as properly integrated into the approaches for
finding their optimal operation. In the context of electricity and heating sectors, the CHP and P2H units are
the main components providing the flexibility for the IES. At the generation side of an IES, a CHP plant,
including CHP units, heat accumulators (HAs) and heat pumps (HPs), is particularly investigated.

The HAs considered in this Thesis are large thermal tanks storing heat as hot water. As one type of P2H
units, the HPs studied in this Thesis are electrically driven HPs which are driven by electricity to produce
heat. Another type of P2H units is electric heat boosters (EHBs) installed at buildings to provide heat supply
with electricity. The role of EHBs will be explored in this Thesis when investigating the flexibility issues at
the demand side.

A particular ambition of this Thesis is to investigate the role of the CHP plants and P2H units in providing
flexibility to heating and electricity sectors, with the expected benefits seen by both the system operators
and plant owners. Flexibility provision refers to the action to provide the flexibility for the energy sectors.
Furthermore, representative case studies related to concepts contributing to the flexibility for the Danish IES
(integrated heat and power) are also one of the main focuses of this Thesis. The elaboration of the flexibility
provision from CHP plants and P2H units will be given in the following Chapters 2 and 3, as well as Chapter
4 respectively.

1.2.3 Danish IESs

Danish IES, dating back to the 1960s, consists of the electricity and heating sectors. It was created when
district heating (DH) got rapid development and when the two energy sectors were connected by CHP plants.
District heating (DH) is a heating system which distributes thermal energy from production to consumption
side through a hydraulic system of pipelines with a regulated temperature [28]. Currently, more than 60% of
Danish citizens are connected to the DH to get the heat supply [29]. The electricity and DH sectors are the
major developing energy sectors in Denmark and have been traditionally coupled to each other. However,
due to the following changes from Danish DH and electric power systems, and market operators, more
synergy between heating and electricity sectors is needed:

(1) Establishment of low-temperature district heating (LTDH) system

Low-temperature district heating (LTDH) system is defined as a DH system with the supply tempera-
ture range of 50− 70°C and the return temperature range of 25− 40°C during operation [30]. The
LTDH concept is becoming a lucrative option, supporting integration of RESs and overtaking an active
role of the Danish IES [31]. With a supply temperature slightly above 50°C, the LTDH reduces heat
losses in networks and improves the overall energy efficiency [30]. However, supplementary devices
are needed to raise the temperature for domestic hot water (DHW) use in buildings, i.e. hot water
supply in kitchens and bathrooms of buildings.

(2) Establishment of the Copenhagen heat market

In the heating sector, the current heat market in Copenhagen (Denmark), named Varmelast.dk, went
into operation in 2008. Before its establishment, the heat market has been rather concentrated and
dominated by three major heat supply companies. Varmelast.dk is responsible for daily joint power
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and heat dispatch. It ensures efficient production of both heat and power, and reliable heat supply for
all heat users twenty-four hours a day, seven days a week, i.e. all the time [32]. However, electricity
prices with high variations caused by RESs are considered in the heat marginal cost calculation.
Therefore, the electric power generation influences the heat marginal cost, as well as the heat and
power dispatch of CHP plants.

(3) Establishment of the two-price balancing power market

The Danish transmission system operator (TSO) Energinet, who is responsible for the generation-load
balance, settles the electric power system imbalance 30-45 minutes ahead of the energy delivery [33].
The two-price balancing model is adopted for generating units in Denmark to punish their incurred
imbalance, which can be caused by the intermittency and uncertainty of RESs.

The above-mentioned recent changes necessitate further research study on optimal provision of flexibility for
IESs and the utilisation of coupling technologies. Since 2010, a number of activities related to investigation
on how flexibility provided by coupling technologies can contribute to the RESs integration and cost-
effective operation, have been started across the entire Europe. In Table 1.2, selected ongoing and recently
accomplished Danish demonstration projects on enhancing provision of flexibility for IESs are shown.

Table 1.2: Danish projects on enhancing flexibility provision for IESs

Project name Coupled energy sectors Flexibility providers Demonstration location
EnergyLab Nordhavn electricity and heating HPs and EHBs Copenhagen Nordhavn
EcoGrid 2.0 electricity and heating HPs and P2H units Danish island Bornholm

EPIMES electricity, heating and gas P2G and CHP plants
Zhangjiakou and Beijing,
China

FLEX-TES electricity and heating CHP units and HAs Høje Taastrup

SMARTCE2H electricity and heating HPs
Residential areas in
Skive Municipality

CORE electricity, heating and gas HAs, P2H and P2G units PowerLabDK

A brief introduction of each listed project is elaborated below where coupled energy sectors and flexibility
providers are described.

(1) The EnergyLab Nordhavn project aims to develop a full-scale smart city energy lab in Copenhagen
Nordhavn area, where electricity, heating, and transport sectors are integrated as an intelligent, flexible
and optimised energy system [34]. In the project, LTDH concept and large wind power generation are
deployed with the utilisation of HPs and other P2H solutions. The modelling of CHP plants and P2H
units are mostly based on the real-life technologies deployed in this project.

(2) The EcoGrid 2.0 project develops a new electricity market for flexibility provided by residential
buildings. It aims to optimally control the electricity demand of one thousand individual HPs and
electric radiators located on the Danish island of Bornholm [35]. The concept of demand response
with P2H units is also further developed and addressed in this Thesis.

(3) The joint Sino-Danish research project, EPIMES (enhancing wind power integration through optimal
use of cross-sectoral flexibility in an integrated multi-energy system), utilises the flexibility across
different energy sectors to deal with the challenges by high penetration of RESs. Power-to-heat
solutions are demonstrated in an existing power grid near Beijing, China [36]. The state-of-the-art
study of the Thesis was partly based on the feasibility study of this project.

(4) The FLEX-TES project demonstrates large-scale HAs connected to DH sector to provide flexibility
for power grid and to increase value of CHP plants in electricity markets. Moreover, HAs can reduce
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the cost of peak production in the heat market [37]. The Thesis will further undertake the study of
flexibility provided by HAs in energy markets presented in this project.

(5) The smart citizen-centered local electricity to heat systems (SMARTCE2H) project demonstrates the
integration of electricity and heating sectors in a residential area in Skive Municipality. Traditional
heat supply with fossil fuel is transformed to P2H units like HPs to achieve CO2 neutral goal [38].
The demonstrated integration of demand-side P2H units into IESs provides further research interest of
the integration based on LTDH, which will be investigated in the Thesis.

(6) The coordinated operation of integrated energy system (CORE) project focuses on the potential of
HAs and P2G technologies in maximising the social welfare and improving the cost efficiency of the
IES of electricity, heating and gas sectors [39]. The operational strategies studied for P2H units in the
project provide a base for further investigation on the study for generation portfolios, which will be
proposed in the Thesis.

1.2.4 CHP technologies

Existing CHP technologies are initially classified by the types of their prime movers. Prime movers are

a part of the CHP unit, used to burn fuels. They convert primary energy into mechanical energy during
combustion process, which drives generators to produce electricity. During this process, the exhausted heat
is recycled by the heat exchangers and used as heat outputs. Classified by the types of prime movers, CHP
technologies include [40]:

• reciprocating engines

• gas turbines

• steam turbines

• fuel cells

• microturbines

Each type of technology has different practical applications in an IES, such as small commercial and
residential CHPs, industrial CHPs and DH CHPs [41]. Commercial and residential applications denote the
individual heat supply in buildings and family houses in rural areas which cannot be connected to DH system.
With this application, CHP units are commonly built close to or at the industrial or building sites. Typical
CHP technologies utilised are reciprocating engines, FCs, and microturbines [42]. With the application
of industrial use, intensive power and heat demand in industries such as food and chemical industries are
provided. The process-related heat demand necessitates high temperature heat up to 400°C [43]. In U.S.
industrial CHP plants dominate the domestic CHP capacities with a share of 87% [44]. Besides the two
applications described above, CHP plants, which are connected to DH networks and supply heat demand for
end users, are known as the DH application.

Following the classification and applications of the CHP technologies discussed above, in Table 1.3 the
technical data, financial data, flexibility data and applications of current CHP technologies are introduced
and compared for reciprocating engines, gas turbines, steam turbines, FCs, and microturbines.

Conventionally, the flexibility for IESs from generation side is supplied by part-loaded synchronous genera-
tors and gas turbines with quick startup and shutdown capabilities [45]. With the increasing integration of
RESs, an economic way is to exploit the flexibility potential of existing infrastructure such as CHP units as
much as possible. In Table 1.3 the CHP unit flexibility is assessed by the following flexibility characteristics.
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Table 1.3: CHP technologies and characteristics [Pub. B]

Characteristics
Technology

Reciprocating Engine Gas Turbine Steam Turbine FC Microturbine
Technical data

Size 10kW-10MW
Simple: 30kW-450MW
combined: 100-500MW

500kW-500MW 1kW-3MW 50-250kW

Electric efficiency (%) 30-45 24-36 5-40 30-50 22-28
Total efficiency (%) 77-83 66-71 80-90 70-90 63-70

Fuel natural gas, biogas natural gas, light oil coal, biomass, waste
hydrogen, natural
gas, methanol

natural gas,
liquid fuel

Financial data
Capital cost ($) 1500-2900 1200-3300 670-1100 5000-6500 2500-4300
O&M cost ($/MWh) 9-25 9-13 6-10 32-38 9-13
Flexibility data
Minimum load
(% of full load )

20-30 25-40 18-45 ca. 20 ca. 50

Startup time (h) 0.03-0.05 0.25-2.5 0.25-10 3-48 0.02-1
Ramp rate
(% per min )

100 15-25 4-10 100 100

Application
industrial/commercial
/residential/DH

industrial/DH industrial/DH commercial/residential
commercial/
residential

(1) minimum load

(2) ramp rate

(3) startup time

(4) operation region of heat and power outputs

Among the flexibility characteristics listed above, item (1), the minimum load, describes the potential
of CHP units to produce the minimum power, under the circumstances like utilised to reduce renewable
energy curtailment and to decrease operation cost during low energy price periods. Item (2), the ramp rate,
represents the capability of varying power output quickly on consecutive hours such as when contributing to
generation-load balance to the electricity grid. This also improves the security of electricity supply in such a
condition that high intermittency from RESs. During the delivery of quick ramp rates, benefits from energy
and power markets act as incentives for CHP units. Item (3), the startup time, describes the ability to respond
to the power system contingency such as sudden outage of a generator. Item (4), the operation region of
heat and power outputs, illustrates the area of the operations points can move. It indicates the variability
of power-to-heat ratios of a CHP plant and the degree of decoupling between heat and power outputs. The
capability of flexibility provision by the CHP unit during hourly operation is represented by the operation
region, which will be particularly investigated in Chapters 2 and 3 of this Thesis. Besides the flexibility
characteristics mentioned above, other measures utilised by a CHP unit during the combustion process to
enhance the flexibility were well discussed in [46], but are not within the scope of the Thesis.

Other than technical capability of CHP units themselves, the development of P2H technologies, such as
electric boilers (EBs) and HPs, can also enhance the operation flexibility by extending the operation regions
of CHP plants. The utilisation of generation-side P2H technologies to provide flexibility together with CHP
units will be further investigated in Chapter 3.

Another measure of expanding the operation region and increasing the flexibility of CHP units is to connect
HAs. The integration of HAs allows the CHP unit to change power output without compromising heat
supply during the operation. Furthermore, this can reduce the power generation of CHP units during off-peak
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electricity load period while maintaining the same heat supply by using the heat output from the HA. During
excess wind power generation period, this extra flexibility can help to reduce the wind power curtailment.
More details of utilising HA units to enhance the flexibility of CHP units will be further elaborated in
Chapter 2.

In this Thesis, in order to simplify the expressions, extraction CHP unit refers to the extraction steam turbine
CHP unit, and backpressure CHP unit refers to the backpressure steam turbine CHP unit, unless otherwise
stated.

1.2.5 Applications of the CHP provided flexibility in IESs

A CHP plant with above-mentioned flexibility characteristics and connected to the above-mentioned DH
units has massive potential of providing flexibility for IESs. In this Subsection, the flexibility is classified
by applications with different stakeholders of an IES, i.e., owners of the renewable power plant, system
operators and the end users. This classification helps to clarify how different roles of an IES can benefit
from the flexibility of a CHP plant. These applications are attainable both physically and economically.
From the physical perspective described in Section 1.2.4, CHP units are able to provide flexibility with the
characteristics of minimum load, startup time, ramp rate and operation region. Together with HAs and P2H
units, the level of the flexibility of the CHP plant is expanded. Economically, applications of flexibility
are driven by revenue from ancillary services, arbitrage in markets and emission reduction under different
market regulations.

The following paragraphs elaborate on benefits to (a) renewable energy plant owners and (b) system operators,
through different applications of flexibility.

(a) Renewable energy plant owners

Flexibility delivered by CHP plants can help the renewable power plants owners from different perspec-
tives, particularly for a company owning a generation portfolio of CHP plants and wind farms. The flexibility
delivered by the CHP plant can reduce the power imbalance incurred by the wind farm between day-ahead
plan and real-time delivery, which leads to lower penalty from balancing market [47]. From the plant owner’s
perspective, such as a renewable energy plant owner, or the owner of the generation portfolio, the following
benefits can be achieved during the flexibility provision of their plants.

• Reduced renewable energy curtailment

Renewable energy curtailment is a reduction of power output compared to the power output with available
energy defined in [48]. CHP plants can decrease the curtailment by lowering the power output. For example,
the turbine bypass enables lower power output with more heat generation. The resulting variation of heat
production can be resolved by decoupling the heat and power production through HA units. Another measure
of reducing the curtailment is to connect to P2H units such as EBs and HPs. In this way, the reduction of
minimum load can further lower RESs curtailment.

• Real-time power balancing

RESs have the nature of uncertainty and variability. These characteristics of RESs may cause the difference
between real-time energy delivery and day-ahead forecasts, leading to real-time generation-load imbalance
and therefore reliability problems for TSOs. Market regulations of real-time market are made to narrow and
penalise this imbalance prior to energy delivery [49]. Therefore, flexible CHP plants with a quick ramp rate
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and short startup time can deliver balancing service within required time, e.g. 30 to 60 minutes ahead of
energy delivery [14].

In this Thesis, the term balancing service means balancing power delivery, to neutralise the difference
between the day-ahead plan and real-time delivery incurred by RESs [33].

• Arbitrage in energy market

Arbitrage in energy markets aims to make a profit from price discrepancies by a purchase and sale of
electricity or other equivalent commodities such as heat simultaneously [50]. Since a CHP plant can couple
electricity and heating sectors, the arbitrage opportunity can be broadened to heat and electricity markets.
Arbitrage between heat and power is possible by employment of flexibility such as variable power to heat
ratios, connection to HA units and P2H units.

(b) System operators

Power balance between generation and load is needed in power system all the time. Variations in generation
and consumption can influence the system generation-load balance and lead to frequency deviations in the
grid. Therefore, flexibility is needed by system operators to pursue a secure system operation. Particularly,
ancillary services are needed by TSOs to ensure stable and reliable operation of the electricity system [51].

• Operational reserves

From the definition of ENTSO-E (the European Network of Transmission System Operators for Electricity),
operational reserves required by TSOs are categorised into three groups, frequency containment reserves,
frequency restoration reserves and replacement reserves [52]. These reserves procured by TSOs have
different activation time within a range from seconds to minutes. Ancillary service markets are key drivers
for CHP plants to deliver reserves. In this way, the reserves can improve the security of electricity supply for
TSOs and bring the plant owners more benefits.

• System inertia

According to the definition in [53], power system inertia is "the ability of a power system to oppose changes

in system frequency due resistance provided by rotating masses" [53]. Due to the increasing penetration of
inverter connected RESs, as well as high-voltage direct-current (HVDC) transmission, the system inertia
is not only decreasing, but also becomes time-variable [54]. Turbine-generators inside the CHP units are
important resources of rotating masses. Therefore the operation of CHP units can directly help the system
to contribute to the system inertia. In modern power systems a need for real-time monitoring of inertia is
becoming an important issue [55] [56] [57].

• Voltage control

Voltage control service can benefit the system to maintain the voltage setpoints and the power quality
when electric grids experience unexpected changes in generation, or demand, as well as sudden changes in
the system topology, resulting from faults in transmission power networks [58]. Large-scale CHP plants
connected to transmission networks can have must-run agreement with TSOs to deliver voltage control
service [59].
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1.2.6 Operational strategies of CHP plants

In this Thesis, the operational strategy of CHP plants is defined as an approach for determining their
heat and power outputs during short-term dispatch. This strategy is important for plant owners to have
optimal operation costs. It is also important for system operators to maintain the generation-load balance.
TThe flexibility is delivered during the adaptation of the dispatch plan to achieve more renewable energy
integration and/or to provide other services to the IES. In a power pool market, e.g. the one existing in
the USA, the power system dispatch actions aim to determine the hourly power output of each generating
unit with the minimum cost, satisfying by the operational constraints of transmission networks [60]. The
dispatch problem is a part of the responsibility of the independent system operator (ISO), realised through the
cost-based operational strategy (CBOS). With the CBOS, additional to the operation costs, the environmental
factors and security assessment of the system are considered to achieve environmental and secure operation
during the dispatch [61]. Meanwhile, in a power exchange market like the one existing in Europe, the
dispatch problem, also called self-scheduling, is carried out by plant owners. A price-based operational
strategy (PBOS) is used to maximise the operation profits of generating units, but without taking into account
the system security issues [50]. With the PBOS, the dispatch determines the offers of each generating unit
in the electricity market. Under the market regulation, the market operator determines which offers to accept
and also decides the market prices with the market clearing auction [62].

The CBOSs are critical for both the TSOs of power system and the DH system operators, to ensure secure
and cost-effective operation. On the other hand, as a coupling technology of heating and electricity sectors,
the CHP plant has arbitrage opportunities among heat and power, energy and capacities, by deploying the
PBOS [50]. Though the two operational strategies are carried out by different stakeholders, they share the
same properties during the optimisation problem development, such as modelling of flexibility providers.
Based on the above-mentioned discussion, in Table 1.4 a comparison between the two operational strategies
is given. In Table 1.4 the differences in terms of problem owner, objective function, operational constraints
and major challenges of solving the optimisation problem are particularly summarised.

Table 1.4: Comparison of CBOS and PBOS, revised from [Pub. B]

CBOS PBOS
Problem owner ISO Plant owners
Objective function minimise operation costs maximise operating profits

considering security and emission
considering revenue from energy
and reserve markets

Constraints
network security and technical constraints
of generation units

technical constraints of generation units

Major challenges nonlinearity from heat and power flow uncertainties from markets

In the following paragraphs, a state-of-the-art review on CBOSs and PBOSs of CHP plants during flexibility
provision in IES is given and extensively discussed.

(a) Cost-based operational strategy

Recent research on CBOS of the CHP plant is classified in terms of the following aspects:

(1) objective functions

(2) constraints
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(3) CHP plant modelling

(4) flexibility providers

(5) types of optimisation programs and optimisation algorithms used during the optimisation problem
development

Table A1 given in the Appendix A elaborates on classification through a detailed literature assessment.

• Objective functions

Objective function aims to achieve the minimal operation costs, which are consisted of fuel costs, startup
and shutdown costs of the CHP plant. Moreover, penalty costs of system insecurity such as generation-load
imbalance, load shedding, wind power curtailment, carbon emissions and power exchange with the main
grid for a micro-IES system, are considered in the operation cost for a secure and environmental operation
of the IES. For a centralised CHP plant connected to transmission level electricity networks, the fuel cost is
represented by a quadratic function of heat and power generation [63, 64, 65], a linear combination of fuel
consumption at extreme operation points of operation region [66, 67], and a linear function of heat and power
generation [68]. For the distribution level [69], or microgrid level CHP plant [70], the heat is considered as a
by-product, which is recovered from the electricity production. The objective function expressed by fuel
costs is solely related to power generation [71, 72].

Recently, a two-stage operational strategy has received much attention as an effective and realistic approach
to determine power and heat schedules. The two stages are generally connected to each other with decision
variables which cannot be changed. For example, the on/off status of centralised CHP unit cannot be changed
due to slow startup time. During the change of power and/or heat dispatch, flexibility is delivered to get the
optimal solution of one stage or the both stages.

In [73] a two-stage operational strategy to provide peak load regulation with different generation portfolios
was presented. During the two-stage operation, the first stage aimed to minimise the operation cost of CHP,
whereas the second stage aimed to maximise benefits of peak load regulation. Between the two stages, HAs
provide the flexibility of adapting the heat output from the first stage to the second one. Similarly, the HAs
(see [74]) connect the two stages and provide services of reducing wind power curtailment.

• Network constraints

Constraints of network regulation and CHP plant operation are particularly discussed in this section. Heat
and power generation-load balance in the network need to be considered for operational constraints. DC
power flow modelling was utilised for transmission level electricity networks in [75] and the AC power flow
for a distribution level grids in [71]. Some studies, e.g. [70, 76], took capacity reserve into account for a
more secure operation of the power system. In terms of heating networks, steady state modelling including
thermal-hydraulic model of the DH networks was proposed in [71]. Dynamic modelling of DH networks
with the node method was adopted in [63, 64, 77]. With this method, time delay and temperature dynamics
during water flowing in the pipelines are taken into account. In particular, results presented in [77] indicated
that with an optimised variable supply temperature in DH networks, the daily operation costs can be reduced
by 7.2%.

• CHP operational constraints

Regarding CHP operational constraints, the CHP unit is modelled by recognising flexibility such as ramp rates
and bypass operation. Traditionally, the ramp rates are described as power output variations on consecutive
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hours. In [78], the ramp rate limits were modelled in terms of variations of CHP boiler capacities, where
the ramping of the fuel consumption is taken into account. Since the variation limits of heat production
are also included, this method is realistic during the CHP operation in an IES. Moreover, the flexibility
capability in terms of startup time is modelled during the flexibility delivery in the research. Dimoulkas et
al. [68] considered three types of CHP startup, i.e., the hot, warm and cold startup, depending on the status
of the prior operation time. Some literature sources consider the heat transfer process of heat exchangers
between CHP units and DH networks during the CHP operation to investigate the flexibility provision, see
e.g. [63, 65, 70].

• CHP unit modeling

The convex region method, which describes the power and heat production with operation region of a CHP
unit, has been widely used for CHP modelling [68]. The method of linear combination of the power and heat
output of the extreme operation points is adopted in [66]. A linear function of operation boundaries lines
was employed to represent the operation region in [72]. A comparison of linear, mixed integer linear and
nonlinear modelling of CHP units was addressed in [79]. Compared to the linear model, the mixed integer
and nonlinear ones can benefit the generating units by 17% and 25% more operation time, however, the
latter two models both largely increased the computation time.

• Types of optimisation programming

The optimisation programming can be classified as follows:

(1) linear programming (LP)

(2) mixed integer linear programming (MILP)

(3) nonlinear programming (NLP)

(4) mixed integer nonlinear programming (MINLP)

(5) rolling horizon (RH)

(6) stochastic optimisation

(7) robust optimisation

Regarding the convex region method mentioned above, in [67] the non-convex operation region of an
extraction steam turbine was solved using MILP, by reforming the non-convex region into two convex
regions. Shui et al. [80] proposed a data-driven distributionally robust coordinated operational strategy.
Results showed the effectiveness of the proposed method by 7% and 4% lower operation costs, compared to
solutions obtained using stochastic or robust optimisation.

• Optimisation algorithms

Iterative solution and decomposition based methods are commonly implemented algorithms for solving
particularly large scale nonlinear problem. The nonlinearities in optimisation problems can originate from
different reasons, for example from the heat transfer constraints [63], quadratic objective functions [64, 65],
or heat flow constraints [71]. As one kind of iterative process, the Newton-Raphson method was employed
in [71] to determine the state of an integrated and decomposed electrical-hydraulic-thermal network model.
In [22], the complexity of optimisation was reduced by decomposing the original problem into two groups of
optimisation, where each group considered only variables related to electricity or heating sector. Furthermore,
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in [65] Benders decomposition based method was adopted to separate the operation problem for TSOs
and DH system operators individually. This method has some advantages over the decomposition method
of alternating direction method of multipliers. The Benders decomposition method has better calculation
performance with 76% less computation time.

• Flexibility providers

During the CHP dispatch, flexibility provision can help to achieve higher renewable energy integration.
Mathematically, this can be formulated by adding penalty costs of renewable energy curtailment in the
objective function. Besides studies on flexibility provider of CHP units, a practical three-layer model of a HA
was presented in [66]. Results showed that the connection of HAs and EBs with CHP units can effectively
reduce the wind power curtailment by 56% and 84% respectively. Optimal locations of HPs integration in
an IES were studied in [22]. Simulation results indicated that HAs locating at the end of DH networks can
contribute to the minimum heat loss. The operational strategies of EB and HA developed in [72] aimed to
follow the profiles of heat load, which can contribute to 74% lower wind power curtailment. In addition
to the flexibility provided by CHP plants, some studies focus on the flexibility provided by DH pipelines.
The thermodynamic model of DH networks describes the heat capacity of flowing water, which works as a
thermal energy storage decoupling the time of use and production of heat. The flexibility by DH pipelines
can contribute to 8% lower operation costs [64].

(b) Price-based operational strategy

The recent research on PBOS of the CHP plant is categorised in terms of objective functions, arbitrage
commodities, constraints, flexibility providers and types of optimisation programs during the optimisation
problem development. In Appendix A, in Table A2 the categories of each literature source are in detail
elaborated.

• Arbitrage in electricity and heat markets

Energy arbitrage in heat and electricity energy markets is one of the key incentives for generating units to
get more revenue from electricity and heat dispatch and to provide flexibility. Particularly, in heat market in
Finland [81] and Denmark [Pub. C], the electricity sale is considered as a part of the marginal cost of CHP
units. The extraction CHP unit and the backpressure CHP unit with bypass operation are characterised by
variable power-to-heat ratios. This flexibility provides opportunities for a CHP plant to get a benefit from
high electricity sale during high electricity price periods therefore lower marginal heat costs. On the other
hand, in wholesale electricity market the owners of the CHP plants can join in the day-ahead market and
real-time market sequentially. Haakana et al. [82] investigated the revenue of the CHP plant in the day-ahead
market, reserve market where capacity was saved for frequency reserves as an ancillary service, as well as
intraday market sequentially. The increasing flexibility from the turbine bypass operation contributes to a
more profitable trade-off between capacity and energy sale. Results indicated that it is 16% more profitable
to join in the reserve market at the cost of revenue in day-ahead electricity market.

• Types of optimisation programming and techniques

Robust and stochastic optimisation methods consider the uncertainties during the operation of CHP plants.
Zugno et al. [83] developed a two-stage operational strategy to maximise the operation profits in day-ahead
heat market and electricity market. The arbitrage in two energy markets was realised through stochastic and
robust optimisation. Uncertainties from heat demand and electricity prices were taken into account in the
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first-stage optimisation. The simulation results indicated that the proposed operational strategy can largely
decrease the load shading while the operation profits are slightly compensated.

Stochastic operational strategy proposed in [84] can solve the problem of over investment of HPs and EBs
capacity in deterministic programming, where the profits of HPs and EBs are overestimated. Simulation
results also indicated that EB and HP units operation with stochastic programming can lead to higher
flexibility by achieving maximum of 28% more profits than deterministic programming. Autoregressive
(AR) process of order four was used to predict the heat demand with the historic data during the scenario
generation procedure. Growe-Kusha et al. [85] investigated the arbitrage in electricity and heat markets
considering uncertainties of electricity prices. The paper employed the info-gap theory (IGDT) to enable
owners of the generation portfolios to evaluate the robustness of their operation plans against uncertainties,
such as low electricity prices, opportunities of windfall and high electricity prices [86]. With this method,
the probability density function (PDF) of uncertainties is not required but only unbounded gaps. Similarly, a
hybrid stochastic/IGDT optimisation method was proposed in [87], where the risk-averse strategy evaluated
the robustness against high operation cost of the IES and the risk-seeker strategy evaluated the opportunities
of low operation cost.

A two-level operational strategy of minimising consumers’ heat and electricity costs and generators’ operation
costs iteratively with the diagonalisation method was proposed in [88]. The two levels were connected by
electricity and heat load and their prices. In terms of microgrid CHP systems, Alipour et al. [89] proposed a
CHP-based microgrid operational strategy in both connected and isolated operation modes with stochastic
programming, considering uncertainties from electricity demand, power prices, and wind power generation.
Seasonal autoregressive moving average (SARIMA) method was employed for scenario generation procedure
considering daily and weekly seasonal profiles. Results highlighted that grid connected mode can create
207% more profits. Vasilj et al. [90] investigated a two-stage stochastic operational strategy in a residential
area by maximising the profits in the first stage and using real-time model predictive control in the second
stage. Uncertainties of electricity prices, outdoor temperature, solar irradiance, power load and indoor
temperature setpoints were taken into account. Scenario tree reduction technique was utilised to reduce
the scenarios by bundling scenarios with a short Kantorovich distance [91]. Furthermore, Zhang et al. [92]
proposed a robust operational strategy of maximising operation profits of a multi-energy microgrid from
the perspective of the community. Microgrid operator, generating units and consumers are assumed to
share the same operation goal. Therefore, the network constraints of linearised AC power flow and voltage
are considered together with the consumers’ indoor temperature comfort and demand response. Interval
prediction tools based on the extreme learning machine and the pairs bootstrap [93] were employed to
determine the upper and lower boundaries of uncertainties of renewable power generation, electric load, and
ambient temperature.

1.2.7 Demand-side P2H technologies

• Low-temperature district heating

Conventionally, the supply temperature in DH networks lies in the range of 70− 100°C, known as the 3rd
generation of DH [31]. In recent years, the development of low energy buildings contributes to high energy
efficiency and low DH consumption. However, heat losses on conventional DH networks increase due to
the low heat demand [30]. Therefore, in order to further increase the energy efficiency of DH sector, the
LTDH concept is proposed to reduce the heat losses during heat transmission and distribution over pipes.
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The LTDH is an energy-efficient solution and aims to be an active part of an IES. It can contribute to the
future renewable IES with the following benefits:

• Reduced energy losses on DH networks

Energy losses on DH networks can be significantly reduced with low supply temperature in the
pipelines [94]

• Increased utilisation efficiency of RESs and low-temperature resources

The utilisation of low-temperature heat supply enables an efficient operation of solar heating, HPs and
integration of low-temperature waste heat [95].

• Reduced risks of pipeline leakage

The variations of supply temperature along the pipeline are reduced due to the low supply temperature.
This leads to less thermal stress along the pipeline and lower risk of pipeline leakage [96].

Many European countries have initiated projects for implementing LTDH. Studies in [97] indicated that the
LTDH can satisfy the space heating demand of existing single-family houses in Denmark for most time of
the year. However, LTDH can hardly satisfy the DHW use with conventional DH supply temperature, which
includes water use in kitchens and bathrooms. Temperature of DHW at the end-user side is required to be
between 40 and 45°C [98]. Using LTDH with a supply temperature smaller than 50°C can hardly satisfy
this requirement with the consideration of temperature drop along the DH network. Therefore, to satisfy
comfort and hygiene requirements, additional supplementary heating devices are needed at the demand side,
such as solar collectors, P2H technologies of EBs, EHBs and HPs. Demand-side P2H technologies utilised
for DHW use are introduced and summarised in the following paragraphs.

• Demand-side P2H technologies and characteristics

Demand-side DHW supply from DH networks is carried out in DH substations which are usually located
inside the buildings. The term substation means a unit in which temperature and pressure are transformed

from a higher to a lower level [99]. It should not be mixed with the term distribution/transmission networks
substations. With the conventional DH system, the DHW supply in single-family houses and multi-storey
buildings can equally work properly without supplementary heating. A DHW substation includes either a
storage water tank or an instantaneous heat exchanger to supply hot water use. With P2H technologies as
supplementary devices for DHW supply, DHW substation layouts are changed but based on the previous
substation layouts. Some studies have been undertaken to investigate the technical performance of the P2H
technologies. These studies form a base for further investigation of their flexibility applications later.

In [100], two P2H technologies of electric heating tracing of supply pipes and hot water tanks with electric
heaters were employed for DHW supply in a community area in Denmark. Simulation results showed that
the two technologies can guarantee that the temperature at water tap maintained at the same level with the
supply temperature during DHW draw. In [101], a dynamic electric heating tracing system with LTDH
was modelled and applied to a multi-storey building. Results showed that with the smart control based on
the DHW load profiles, more than 20% of the total electricity consumption can be saved compared to the
normal control. In [102], an experiment on an instantaneous DHW production system including an electric
heater inside a water tank with different control strategies was carried out. Results showed that the control
strategies significantly influence the formation and maintenance of the thermal stratification in the water
tank. In [103], the technology of a solar collector and HP system was adopted for DHW use. Results showed
that the system is both economical and energy-efficient with LTDH supply compared to electricity-only
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hot water heaters. In [104], a HP with hot water tank technology was modelled for simultaneous heat and
cooling supply for different types of buildings. Results showed that DHW with a temperature of 40− 45°C
can lead to the highest COP of the HP. In [105], P2H technologies of direct electric heating and three layouts
of micro booster HPs with water tank utilised for DHW with LTDH were compared. The best HP system
with a secondary side water tank can reach exergetic efficiency of 25%. In [106], a ground source HP and an
immersion heater were investigated and simulated to supply DHW supply in a single household in the UK.
Results showed that the immersion heater has a better performance compared to HPs when combined with a
solar thermal system contributing to lower carbon emissions.

Furthermore, studies have been carried out to evaluate the economic performance of the P2H technologies
during their application. Brum et al. [107] analysed the economic performance of ground source HPs and
EBs applied in DHW supply for low-energy buildings in Northern California. Results showed that the HP
solution has the highest efficiency. In [108], five layouts of substations for single-family houses including
electric heaters with and without tank storage, and micro HPs were proposed and compared. In terms of
economic analysis, the layout with preheat by a heat exchanger plus an instantaneous electric heater on the
DHW pipe has the lowest investment costs. Among the layouts with the hot water tank solution, it is the
cheapest with preheat by DH and further heating by electric heater in terms of both investment, O&M and
levelized costs.

1.2.8 Applications of demand-side P2H provided flexibility in IESs

Demand-side P2H technologies utilised for DHW use are particularly discussed above. In this part, applica-
tions of flexibility provided by these technologies in an IES are discussed. The discussion is addressed from
the perspectives of P2H unit owners and system operators. The elaboration of the discussions is given in the
following paragraphs.

(a) P2H unit owners

• Maintain temperature of DHW use for end users

As discussed in the above-mentioned LTDH concept, P2H units are necessary supplementary devices
for heat supply with LTDH, especially for DHW use. These devices are of great importance to
maintain the same comfort and hygiene requirements as conventional DH [94], e.g. 45°C is required
for DHW use in kitchen in Denmark [30].

• Heat source for individual heating

Areas which are not covered by DH networks need P2H units built inside buildings for individual
heat supply. A domestic energy system which includes a HP and a hot water tank is efficient for
space heating and DHW use in an apartment which is located in a city without DH supply [109].
Similarly, an integrated FlexHeat energy system including a HP, EBs and a hot water tank is tested to
demonstrate heat supply for a shipping terminal which is too far to be covered by DH networks [110].

• Get revenue from flexibility provision

Conventionally, electricity demand at end-user side reacts to price signals to provide flexibility for
power system and to get benefits at the same time, known as demand response [111]. Users of P2H
units are seen as electricity demand and can also get a benefit by responding to electricity price
variations, e.g. electricity markets with real-time pricing scheme [112].
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(b) System operators

• Enabling LTDH scheme

The LTDH concept is applicable on such a condition in which user’s comfort cannot be compromised.
With demand-side P2H units, LTDH with lower supply temperature than temperature required for
DHW use is feasible. The enabling of LTDH leads to the benefits that DH system operators can
get, such as reduction of energy losses on networks, better utilisation of RESs and low-temperature
resources and lower risks of pipeline leakage as mentioned before.

• Peak shaving service for DH system operators

Peak loads in DH system depend on the load patterns and local conditions. Peak shaving, where peak
load cannot be supplied by DH system, exists during morning period in winter and when differential
pressure at critical nodes are too low, according to Cai [113]. The term critical nodes means the
furthest heat nodes from the heat source along the DH networks. Under the two circumstances peak
loads are shaved, because morning peak conventionally supplied by natural gas shall be phased out
due to renewable energy goal, and low differential pressure can result in technical limits in pipes to
extract heat for end users. P2H units as a replacement of DH production can help the DH system
operators to maintain heat supply for end users under the peak shaving period.

• Congestion management in DH system

Congestion in DH system is defined as the reduced quality of service that occurs when the heat

system is required to deliver more heat than its designed capacity [113]. This can happen under the
circumstances of expanding DH networks with more DH loads, the designed DH pipe diameters
cannot supply qualified heat for critical nodes [114]. Furthermore, this problem can be more critical
under LTDH scheme, where water velocity increased by heat nodes can result in higher pressure loss
in the networks. To eliminate congestion in DH networks, studies in [115] pointed out future study of
using P2H units to change space heating and DHW patterns to ensure the minimum pressure drop and
to provide congestion management for DH system.

• Operational reserves for power system operators

As mentioned before in Section 1.2.5, operational reserves are needed by TSOs as ancillary services to
keep power system generation-load balance. With quick response to frequency variations, P2H units
as an electricity load can contribute to the frequency reserves. Studies in [116] have demonstrated the
application of EHBs in providing frequency-controlled normal operation reserve services in a Danish
power grid.

1.2.9 Operational strategies of demand-side P2H units

The operational strategies of demand-side P2H units in this Thesis refer to the operational approaches that
the users consume electricity to use the P2H units. Traditionally in power system, the patterns of electricity
usage by end-users vary from normal behaviour in response to the change of electricity price or to incentive
payments when system reliability is endangered. This change is defined as demand response in [111].
Inspired by the categories of demand response in power system, two kinds of operational strategies are
introduced and summarised in the Thesis: (a) incentive-based operational strategy (IBOS) and (b) PBOS.
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(a) Incentive-based operational strategies

The above-mentioned IBOSs are proposed by system operators or utilities to fulfil their reliability needs. For
example, peak shaving is required when the operation of networks has reached the maximum capacity, or the
production for peak load with peak boilers is too costly. Regulation options for IBOSs are classified by the
following groups: direct load control, interruptible/curtailable service, demand bidding/buyback programs,
emergency demand response programs, capacity market programs and ancillary services market programs.
The following paragraphs elaborate on the direct load control and ancillary services market programs of
IBOSs.

• Direct load control

With direct load control strategy, system operators, or utilities, can remotely control the on/off (binary)
status of the P2H units for system security. For example, Torgeir [117] demonstrated the direct load
control of residential electric heaters with water tanks to reduce the peak load required by transmission
operators. Results indicated that a reduction of power consumption per house can reach 0.5kWh/h with the
disconnection of heaters. Meanwhile, the next hour has more consumption of 0.2kWh/h, which is referred
to the payback effect. Furthermore, other services such as balancing services, frequency support, voltage
control, load shifting by direct load control of electric heaters were studied in [118], [119] and [120].

• Ancillary services market programs

Ancillary service market accepts bid from load for load curtailment, e.g. loads are paid by the market for
requirement of standby [111]. For consumers with small capacity, to be active in ancillary service market, a
new role named aggregators is needed to collect a group of flexible loads to join the market. Studies in [121]
presented the bidding strategies of demand-side aggregated HPs providing flexibility through frequency
reserve market in the Netherlands. Further more, Cai et al. [122] undertook a literature review study on
ancillary services provided by electric heaters for distribution system operators and DH system operators,
such as emergency load shedding and DH operation with special schedule.

(b) Price-based operational strategies

The introduced PBOSs refer to the change in usage by demand-side P2H units reacting to electricity prices
that the end users should pay. With PBOS, customers adjust their profiles of P2H units usage to take advantage
of low-price periods and/or to prevent consuming in high-price periods. Change of demand profiles with
PBOS is totally voluntary. Tariff options for PBOS are summarised as the following groups: time-of-use,
real-time pricing and critical peak pricing. The following paragraphs elaborate on the time-of-use and
real-time pricing of PBOSs.

• Time-of-use pricing

Time-of-use pricing proposes different electricity prices for different time blocks of usage. For example,
different electricity prices for peak and off-peak hours during the day, high and low heat prices for different
seasons of the year. In [123], double-price tariffs were applied to the usage of electric water heaters with
water tanks. An operational strategy was developed to achieve the minimal energy costs while maintaining
the user comfort during the flexibility delivery of the heaters. Results showed that with the proposed
operational strategy, 20% of energy costs can be saved compared to the normal operation.
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• Real-time pricing

In [124], customers scheduled the operation of electric water heaters with day-ahead real-time pricing
scheme. During the operation, operation costs, comfort limits and energy prices were taken into account.
Results showed that energy costs are related to the maximum temperature of water tanks and electric heater’s
capacity. A comparison study of flexibility provision by electric hot water tanks with real-time pricing and
night tariff-switched schemes was presented in [125]. Results showed that both energy consumption and
energy costs are reduced.

By utilising the operational strategies of IBOSs and PBOSs mentioned above, demand-side P2H units decide
their electricity consumption and heat supply. By adaptation the electricity and heat load profiles, flexibility
can be delivered to the IES and provide services to the energy systems.

1.3 Objectives of the Thesis

With the increased penetration of RESs and development of LTDH in the existing IESs, to achieve a cost-
effective and reliable operation of the IESs, flexibility is necessary for system operators of both electricity
and heating systems and plant owners. Furthermore, establishment of heat and electricity markets provides
incentives for generating and load units to change their operation plans and profiles to provide services to
the system operators and to get a benefit at the same time. Due to their technical capability of adapting
their operation points, CHP and P2H units are critical technologies in providing flexibility. Because of their
coupling characteristics, changes in heat schedules may lead to unexpected adaptation in power schedules
when providing flexibility. The equivalent situation happens with changes in power schedules. From the
state-of-the-art studies presented in Section 1.2, which summarised the characteristics of existing CHP and
P2H technologies, it can be concluded that the existing CHP and P2H technologies are able to provide
flexibility to the IES. Furthermore, the state-of-the-art studies summarised the operational strategies utilised
for heat and power dispatch of CHP plants and P2H units. In addition, the flexibility provision for IES during
the dispatch was also discussed.

However, how CHP plants can provide flexibility for both electricity and heating sectors in an optimal way
has not been comprehensively explored by now. Moreover, the connections between flexibility provision for
electricity and heating sectors have not been studied in a systematic way. On the other hand, there is still a
need for a more holistic method of assessing techno-economic performance during flexibility provision by
demand-side P2H units. The mentioned challenges lead to the formulation of objectives of the Thesis, what
will be discussed below.

Utilising the energy coupling technologies, i.e. CHP and P2H units, at the generation and demand sides, to
provide flexibility for IESs, is one of the key objectives of future energy systems. Here, it is assumed that
future energy systems will have a high penetration of RESs, and will be operated using extensive deployment
of ICT and application of novel approaches for processing large quantities of data. In this context, to enhance
the flexibility for IESs using above-mentioned coupling technologies, optimal operational strategies and
control algorithms should be so designed to stimulate this process by incentivising the coupling technologies.
To this end, this Thesis is inspired by challenges stated in Section 1.2.2 and the remaining research study
stated above, and contributes to the 100% renewable energy goal. Furthermore, flexibility provided by
generation and demand sides is investigated and the following key technologies are studied:

1. steam turbine combined heat and power (CHP) units

2. generation-side power-to-heat (P2H) units using heat pumps (HPs)
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3. heat accumulators (HAs)

4. demand-side P2H units using electric heat boosters (EHBs)

Considering the above discussion, in the next Subsection research questions are formulated. Answers to
these research questions were a guidance leading to major Thesis contributions.

1.3.1 Research questions

This Thesis is focused on the flexibility between heat and electric power systems, which can be considered
as a general Thesis objective. To be more specific and to support the entire research undertaken over the
last decade, several key research questions have been identified as the critical and important questions to be
answered. The answers to these questions are considered to be the Thesis objectives, which will be listed
below.

Fundamental research questions considered in this Thesis and formulated on the basis of the above discussed
challenges related to flexibility provision for future IESs, are stated as follows:

Question: How can coupling technologies provide optimal flexibility between heating and electricity

sectors?

In order to answer the above-mentioned fundamental research question, which covers quite a broad topic,
the following three representative scenarios are defined as a technical environment in which the flexibility
provision will be investigated:

1. Scenario #1: CHP plants dispatched under a deregulated heat market and required to provide balancing
service to the electric power system. Such a scenario corresponds to the current heat market regulations
for CHP operation.

2. Scenario #2: CHP plant-wind farm generation portfolio dispatched under a deregulated heat market
and two-price balancing power market. Such a scenario corresponds to the current heat and electricity
market regulations for a generation portfolio operation.

3. Scenario #3: demand-side P2H units operate under the low-temperature district heating (LTDH)
concept. Such a scenario corresponds to the near-future LTDH regulations for heat supply.

Corresponding to the three scenarios defined above, the following sub-research questions are defined:

Question 1: How can different types of combined heat and power (CHP) plants provide flexibility under a

deregulated heat market and at the same time contribute to the wind power balancing service in the grid ?

For a centralised CHP plant, the participation in day-ahead heat market is required to be ahead of real-time
balancing service in terms of delivery time. Therefore, the real-time flexibility provision to deliver balancing
service to the electricity sector is limited by the day-ahead schedule. How can the remaining real-time
flexibility be provided after the delivery of day-ahead flexibility? What are the differences in flexibility
provision by CHP plants with different operation modes under different seasons? What is the role of HAs
during the flexibility provision?

Question 2: How can a CHP plant provide flexibility by operating in parallel with a wind farm as a

generation portfolio under deregulated heat market and two-price balancing market regulations?
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For a centralised CHP plant which is owned by the same plant owner of a wind farm, power imbalance
caused by the wind farm can be internally compensated by the CHP plant. In this context, how can a CHP
plant-wind farm generation portfolio develop a strategy for power and heat generation in electricity and heat
markets? At the same time, how can the operation maximise the operation profits and provide balancing
services in the grid? How can multiple uncertainties be considered during the flexibility provision?

Question 3: How can power-to-heat (P2H) units at demand side provide flexibility during the operation of

low-temperature district heating (LTDH)?

Demand-side P2H units at buildings are essential supplementary heating devices for LTDH. How can a
techno-economic assessment be conducted for P2H technologies with application of LTDH to evaluate the
cost-effectiveness of flexibility provision? What impacts can flexibility provision have on energy flow in
electricity and heat networks?

1.4 Major thesis contributions
In the context of the flexibility provision to IESs, major contributions of this Thesis are expressed below.
This has been done by addressing the research questions identified in Section 1.3.

1. Investigation of the flexibility of CHP plants at the generation side through:

Contribution 1: Creation of a novel operation framework for optimising heat and power outputs

during flexibility provision in day-ahead and real-time operation, suitable for a single CHP plant.

The proposed new operation framework for heat and power dispatch compares the capability of
providing flexibility by various steam turbine technologies and operation modes through a novel
two-stage optimisation approach. The flexibility is quantified by the performance of daily heat costs
and real-time wind power balancing throughout a year. The performance of the HAs integration during
the flexibility provision is also analysed. In addition, benefits in terms of daily heat cost reduction and
power system balancing are concluded.

Contribution 2: Creation of a novel multi-timescale coordinated operation framework for scheduling

CHP plant and wind farm portfolio in day-ahead and real-time markets.

The proposed novel framework for coordinated heat and power dispatch aims to achieve the optimal
operation profits of a real-life CHP-wind farm portfolio in the day-ahead heat market and real-
time balancing market. Through adequately selected stochastic optimisation approach, multiple
uncertainties of heat load, wind power generation, day-ahead electricity price, up-regulation and
down-regulation prices, are considered. Flexibility is quantified by the daily operation cost and
real-time infeasible case rate caused by insecure system operation.

2. Assessment of the flexibility of P2H units at demand side through:

Contribution 3: Design of a novel framework for techno-economic assessment of P2H technologies

applied in LTDH and IESs

A novel framework solution for P2H technologies is developed to address their techno-economic
assessment during flexibility provision in LTDH. Different control algorithms, as well as the network
and operational parameters, are taken into account. The framework facilitates decarbonisation of DH
sectors and transition to LTDH. Heat and power flow on networks and levelized cost of P2H units are
evaluated to carry out the techno-economic analysis. The proposed framework contributes to a holistic
and systematic understanding of parameters to be considered during the implementation of P2H units
in LTDH.
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Contribution 4: A series of case studies testing the fuel shift control algorithms and water tanks

sizes are demonstrated to verify the framework for techno-economic assessment of P2H technologies

applied in LTDH and IESs.

The P2H technology of EHBs applied in single residential houses is studied to demonstrate and verify
the framework for P2H technologies in LTDH. Particularly, fuel shift control of EHBs is developed
to supply peak shaving service to the DH system. The steady state combined heat and power flow
as well as levelized costs are studied with valuable sensitivity analysis of different levels of supply
temperature, control algorithms and water tank sizes.

1.5 Thesis outline

The Thesis is so structured, that it has the following five Chapters:

(1) Introduction, which defines the Thesis background, research questions and contributions.

(2) Generation-side flexibility provision using CHP plants, in which a novel two-stage operation frame-
work is proposed and verified.

(3) Generation-side flexibility provision using CHP-wind farm portfolio, in which a novel multi-timescale
coordinated operational strategy is proposed and verified.

(4) Demand-side flexibility provision using P2H units, in which a novel framework for techno-economic
assessment is proposed and verified.

(5) Conclusions and future work, where concluding discussion, addressing the research questions and
directions of future work, are given.
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CHAPTER2
Generation-side flexibility

provision using CHP plants
This Chapter focuses on the Thesis research question number #1, (Question 1), introduced in Section 1.3.1,
as a part of the investigation of approaches how flexibility can be provided using CHP plants. This Chapter
is also covering the scope related to key technologies of centralised steam turbine CHP units and HAs,
as discussed in Section 1.2.4. Based on the state-of-the-art study on CHP technologies and operational
strategies development (see Section 1.2), the following Question 1 is formulated:

Question 1: How can different types of combined heat and power (CHP) plants provide flexibility under a

deregulated heat market and at the same time contribute to the wind power balancing service in the grid ?

For a centralised CHP plant, the participation in day-ahead heat market is required to be ahead of real-time
balancing service in terms of delivery time. Therefore, the real-time flexibility provision to deliver balancing
service to the electricity sector is limited by the day-ahead schedule. How can the remaining real-time
flexibility be provided after the delivery of day-ahead flexibility? What are the differences in flexibility
provision by CHP plants with different operation modes under different seasons? What is the role of HAs
during the flexibility provision?

This Chapter starts with an introduction on shortcomings of existing operational strategies for CHP plants
delivering flexibility in IESs, as presented in Section 2.1. It was used as a background for development of
the proposed operation framework. This Chapter also presents a novel two-stage operation framework that
optimises the flexibility of CHP plants provided for both heating and electricity sectors, during the day-ahead
and real-time operation. The optimal flexibility provision problem is addressed using a novel two-stage
optimisation approach. In this Chapter, the mathematical formulation of CHP modelling and optimisation
development are presented. Case study of real-life CHP plants operating in a deregulated heat market is
presented. Lastly, discussion and summary of the Chapter are given. The majority of this Chapter is based
on results published in [Pub. C].

2.1 Introduction

As introduced in Section 1.2.4, steam turbines are typical example of CHP technologies utilised in DH
systems. According to Table 1.3, steam turbines have the following advantages over other technologies:

(1) large capacities suitable for centralised heat supply for DH systems

(2) high heat and power generation efficiency

(3) low capital and operation and maintenance (O&M) costs

(4) low minimum load, quick startup time and ramp rate.

27
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To simplify the flexibility provision by the generation side, the scope of the CHP technologies in this Thesis
focuses on application of steam turbine technology. A schematic diagram of an extraction steam turbine
CHP unit is illustrated in Figure 2.1 where CHP unit components are presented. The schematic diagram is
revised based on the real-life model of the extraction steam turbine unit utilised at Avedøreværket CHP plant
in Copenhagen [126].
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Figure 2.1: Schematic diagram of an extraction steam turbine CHP unit (IP: intermediate pressure) [Pub. B]

As discussed in Section 1.2.4, flexibility can be assessed by understanding operation region of heat and
power outputs. Compared to the fixed power-to-heat ratio of some CHP technologies, such as conventional
backpressure steam turbines without bypass operation [68], an adjustable power-to-heat ratio can lead to
flexible outputs of heat and power, with the same fuel consumption. Here the term power-to-heat ratio means
the ratio between power output over heat output of a CHP unit. The adjustable ratio can be achieved by
utilising extraction CHP unit and bypass operation.

A typical CHP plant includes one or more CHP units, and other DH units at the same plant site and possessed
by the same plant owner. Here the other DH units in a CHP plant consist of technologies like HAs and P2H
units, such as EBs and HPs. An example of flexibility depicted by the operation region of a CHP plant is
shown in Figure 2.2. This figure illustrates the operation regions of different types of steam turbine CHP
units, where the Heat axis represents the heat output, and Power axis represents the electric power output of
the CHP plant. Operation region A-B-C-D-E describes the heat and power outputs of an extraction steam
turbine. Especially, line AE denotes the condensing mode with only electric power output, where the electric
power efficiency is the maximum but the total heat and power efficiency is the minimum. Moreover, line CD
corresponds to the backpressure mode with the maximum heat extraction for DH supply under certain fuel
consumption, where the total heat and power efficiency is the maximum. Besides, the region between the
two lines represents the extraction mode of the CHP unit. The overload operation in Figure 2.2, enables
a higher maximum operation load of more than 100%, however, with a lower energy efficiency. Besides
the extraction CHP unit, bypass operation shown in Figure 2.2 is another option to extend the operation
region. Region H-I-F-G shows the operation region of a backpressure steam turbine. Line GH shows the
backpressure mode with bypass operation; line FI illustrates the heat only mode; the region between the two
operation modes represents the bypass mode realised by bypass operation of turbines. During the bypass
operation, the amount of steam for power generation is replaced by heat production for DH.

The physical procedure of moving operation points inside the operation region is controlled by the openness
of valves, such as V1, V2 and V3 in Figure 2.1. The amount of steam extracted by heat exchangers for
DH and the remaining steam for driving the generator rotors are changed in the control procedure. In this
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Figure 2.2: Operation regions of different steam turbine CHP and P2H units [Pub. B]

way, the adjustment of the power-to-heat ratio can be achieved and the flexibility can be provided physically.
More specifically, changes of V1a, V1b, V2a, V2b, and V3 can all influence the operation points of the
steam turbine. The condensing mode corresponds to V3, V2a and V2b fully closed, V1a and V1b open; The
extraction mode is realised by V2a, V2b, V1a, and V1b open; The backpressure mode corresponds to V2a
and V2b open, V1a and V1b almost fully closed. Regarding operation point B in Figure 2.1, V1a, V1b,
V2a, and V2b are fully open. This operation point is known as the no loss point [127]. On the other hand,
bypass mode can be achieved by passing the steam to the heat exchanger rather than the turbines, thus, V3 in
Figure 2.1 is open.

As introduced in Section 1.2.4, other measures of expanding the operation region to improve the flexibility
are integration of HAs and P2H technologies, such as EBs and HPs. By taking the operation region in
Figure 2.2 as an example, the HAs can enlarge the operation region of CHP units along Heat axis. For
limited space in Figure 2.2, the impact of HAs on operation region of CHP units is further emphasised in
Figure B1 in Appendix. A comparison of the extended operation regions of CHP units, connected to HA,
HP and both units, is also displayed in Figure B1 in the Appendix B.

Besides the HA units, Figure 2.2 also shows the flexibility extension through EBs and HPs. The consumption
of electricity to generate heat enables their operation region locating in the fourth quadrant of Figure 2.2.
With a higher efficiency compared to EBs, HPs have flatter operation slope in the figure [128]. The efficiency
of HPs is represented by coefficient of performance (COP) which is expressed as the ratio of heat production
over electricity consumption. However, the investigation on generation-side P2H technologies will be further
elaborated in Chapter 3, therefore, no further discussion will be addressed in this Chapter.

As introduced in Section 1.2.6, an operational strategy is adopted by a CHP plant or an ISO to determine
the bid of each generating unit in heat and electricity markets. With PBOS, the CHP plant develops an
operation plan to determine the amount of power and heat to dispatch, as well as the price for sale if the
market requires. Then the market operators collect the bid from all participants and determine which bid
to accept. The flexibility is delivered during the adaptation of the dispatch plan to achieve more operation
profits and/or to provide services to system operators. In this Chapter, the bidding strategy and market
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clearing procedure are out of the scope. The focus is only on the operational strategies of CHP plants to
schedule the heat and power dispatch and to deliver flexibility to an IES.

In [22], a CBOS was proposed for a CHP plant with the aim of minimising operation costs. Flexibility of
CHP plants is required to increase more renewable energy integration, such as wind power. The amount of
flexibility delivered is evaluated by the operation cost and the amount of wind power curtailment. Similarly,
a CBOS developed in [66] minimised the total operation cost for CHP operation. The flexibility is provided
by reducing wind power curtailment and assessed by the amount of primary energy use. The objective
functions in the above literature contain fuel costs which are related to both heat and power production of a
CHP plant. Therefore, the flexibility delivered is also evaluated by electricity and heating sectors as a whole.
However, the two energy sectors are operated by different system operators and market operators. Hence,
the flexibility delivered to the two energy sectors should be evaluated and utilised separately. This individual
flexibility assessment can help the system operators to utilise the flexibility more efficiently and help the
plant owners to better understand the value of flexibility delivery.

In recent studies, a two-stage PBOS for CHP dispatch in day-ahead heat market and day-ahead electricity
market was proposed in [129]. The flexibility for minimising heat costs is released in the first stage and then
for minimising electricity costs in the second stage. The two-stage flexibility provision is connected to each
other with electricity prices from the second stage, and day-ahead heat plan from the first stage. By this
two-stage operational strategy, the flexibility is evaluated by the heating and electricity sectors individually.
However, this study only investigated the flexibility provision by one type of extraction steam turbine. As a
CHP plant, different CHP units and HA units can be connected to the IES. Therefore, a study on broader
types of technologies in a CHP plant is more realistic and comprehensive. It can also help the CHP plant
owners to have a better understanding on the capability of flexibility provision by different DH technologies.

As introduced in Section 1.2.6, studies on modelling of steam turbine technologies are essential for developing
operational strategies. Ommen et al. [79] presented a comparison study of different modelling methods of
different CHP technologies, such as backpressure steam turbines and extraction steam turbines. However,
the role of HAs during the operation was not explicitly discussed. On the other hand, a detailed steam turbine
modelling based on the principles of heat transfer was adopted for CHP dispatch in [130]. However, the
operation of steam turbines with two power loss factors was ignored. The HAs and steam turbine CHP units
are commonly used technologies in CHP plants and comprehensive modelling of their operation is necessary.

A two-stage operational strategy for CHP units and HAs was adopted in [131] to increase the renewable
energy integration. The operation is divided into day-ahead heat and power plan in the first stage and
real-time monitoring in the second stage. The adaptation of HAs and CHP schedules is the connection of
the two operation stages. Flexibility provision in terms of wind power integration is analysed from heating
and non-heating seasons during the case studies. The hourly dispatch of HAs is also discussed for different
seasons. During winter and summer time, heat load is quite different and the analysis of HAs behaviour
with seasonal variations is needed. Though the real-time dispatch was monitored in [131], how flexibility
was provided for real-time wind power balancing was not mentioned. Authors in [35] elaborated on HAs’
seasonal behaviour with hourly dispatch for the whole year. However, the two-fold flexibility for day-ahead
operation and real-time operation is still not clearly demonstrated. The behaviour of different steam turbine
technologies and HAs during flexibility provision in different seasons is also not well discussed.

In this Chapter, a novel operational strategy for a CHP plant is developed. The strategy considers the
day-ahead Copenhagen heat market regulations and provides real-time wind power balancing. The CHP
plant consists of one CHP unit and one HA unit. During the hourly operation, a two-stage flexibility of
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the CHP plant is provided for both the DH sector and the electricity sector. Under the term two-stage

flexibility, the flexibility to reduce the CHP plant’s heat cost and the remaining flexibility to provide wind
power balancing to the electricity sector, have been meant. Furthermore, different types of steam turbine
CHP units with the same characteristics on backpressure line and the same boiler capacity are modelled,
in order to compare the operation behaviour with the same operational strategy. This study makes a major
contribution to the research on flexibility provision of CHP plants from the following three perspectives:

(a) A novel two-stage operation framework for a CHP plant to dispatch heat and power in a deregulated
heat market, and then to provide balancing services to the electricity grid is proposed.

(b) Two-stage flexibility of different CHP technologies is evaluated and compared in terms of heat costs
during the first-stage dispatch.

(c) The remaining flexibility provided for the electricity sector is evaluated and compared in terms of
system power imbalance in the second-stage dispatch. The flexibility provided by different CHP
technologies and HAs observed in each season is also investigated.

The study can help relevant stakeholders to make a more informed decision to select from different CHP
applications or to retrofit existing CHP units, with respect to their business or operational strategies. For
example, a CHP plant owner plans to provide the two-stage flexibility for an IES with benefits; a local
system operator of an IES aims to have reliable and cost-effective renewable energy integration.

2.2 A novel two-stage operation framework

This Section firstly introduces the system layout, which was used for studying the new two-stage operation
framework. The system layout clearly shows the scope of the study and the connection of the electricity
and heating sectors. Then a novel two-stage operation framework is presented. The inputs and outputs of
each operation stage are described. In the following paragraphs, the connection of the two stages is also
elaborated.

2.2.1 Integrated energy system involving district heating and electricity

The IES formed by electricity and DH sectors is coupled through a centralised CHP plant, including CHP
and HA units. The system layout is shown in Figure 2.3.
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Figure 2.3: System layout of a CHP plant in an IES [Pub. C]

In the DH sector, the heat outputs from a CHP unit QCHP
i and a HA unit QHA are transferred to end users

through local DH networks, in order to satisfy heat loads QLD. In electricity sector, the electric power
generation from the CHP unit PCHP

i and wind farms PWP are integrated into the electricity grid and
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transferred to end customers through transmission and distribution networks. The CHP plant owner owns
the CHP unit and the HA unit, and schedules the heat and power outputs. While the wind farms are owned
by other stakeholders to provide electricity to the grid.

With the operational strategy introduced in Section 2.1, CHP and HA units are joined in a deregulated
heat market to get day-ahead dispatch. After the heat market, they jointly provide balancing service to
the electricity sector. The term balancing service means that power outputs are adapted to neutralise the
imbalance between the day-ahead plan and the real-time delivery incurred by wind farms, which is the same
meaning as introduced in Section 1.2.5.

2.2.2 Two-stage operation framework

The day-ahead and real-time operation of a CHP plant are optimised through a novel two-stage operation
framework. The real-time dispatch is limited by the operation plan of one day ahead, and uses the remaining
flexibility to support wind power balancing. The proposed operational framework is depicted in Figure 2.4.
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Figure 2.4: Two-stage operation framework for a CHP plant [Pub. C]

The first stage operation is under the regulation of Copenhagen heat market Varmelast.dk as introduced in
Section 1.2.2. It aims to achieve the minimum cost of heat production. In the first stage, the day-ahead
hourly heat and power dispatch of the CHP unit and HA unit is optimised for 24 hours in the following
day. The input parameters of the first-stage optimisation include types of steam turbine CHP units, i.e.,
backpressure or extraction steam turbines. The operation mode in terms of bypass operation can be selected
for the backpressure CHP unit. Meanwhile, one or two power loss factors can be applied to the extraction
CHP unit. The heat cost rates and day-ahead electricity prices are essential inputs to optimise the heat costs.
Furthermore, heat load profiles are collected. The hourly generation-load balance of the heating sector
is required by the system operators. It is noted that the operation stage of day-ahead electricity market
following the day-ahead heat market is not explicitly shown in the figure, since it is not part of the operational
strategy. Providing that the CHP unit is fuelled by RESs like biomass, the day-ahead bid from the CHP unit
is assumed to be all accepted by the electricity market, such as Nord Pool. The prediction of wind power
production is also assumed to be completely accepted for its low operation costs.

In the second stage, the hourly-ahead (also called real-time in the framework) operation is optimised to
provide wind power balancing service to the electricity grid. The real-time wind power imbalance occurs
due to errors between the day-ahead and real-time forecast. The CHP and HA units have to adapt their heat
and power schedules to compensate the incurred wind power imbalance. Meanwhile, the total amount of
heat outputs from the two DH units cannot be largely changed in order to keep the generation-load balance
in heating sector. The second-stage operation can realise the flexibility delivery by changing the day-ahead
schedule. However, the real-time flexibility is restricted by the day-ahead heat schedule in order to keep the
generation-load balance in both electricity and DH sectors.
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The proposed operation framework addresses the connection of flexibility delivery between day-ahead and
real-time stages. During the two-stage operation, CHP and HA units are the enablers of flexibility provision
by adapting their day-ahead schedules to get real-time redispatch.

2.3 Two-stage optimisation problem formulation

2.3.1 First stage: day-ahead operation

According to market regulations of Varmelast.dk [132], the objective function of the first stage is to minimise
the heat costs of the CHP plant, i.e. the marginal cost of heat production. For a CHP plant, the fuel
consumption for heat and power outputs is coupled with each other. The steam for driving the electric
generators and for supplying DH are both originated from the boiler. So the cost for heat outputs is not
explicitly allocated for DH operator. With heat market regulations in Varmelast.dk, the allocation of heat
costs is observed as equal to the variable costs minus the expected revenue from power sales. By this way,
the first-stage objective function of minimising the heat costs is formulated in Eq. (2.1).

Θ∗ = arg min
Θ

∑
∀t∈T1,∀i∈I

CCHP
i,t + CHA

t + Cht
t −Rele

t (2.1)

where the objective function consists of variable costs of the CHP operation and the HA operation corresponds
to CCHP and CHA; the penalty cost from DH systems represented by Cht

t ; and the revenue from power sales
R(·). The expression of each term mentioned above is further elaborated with the following expressions:

CCHP
i,t = (cfuel + ctax + cCO2) · FCHP

i,t + cO&M · (PCHP
i,t +QCHP

i,t ), ∀i ∈ I , ∀t ∈ T1 (2.2)

CHA
t = cO&M· | QHA

t |,∀t ∈ T1 (2.3)

Cht
t = cdef ·QDEF

t + cexh ·QEXH
t ,∀t ∈ T1 (2.4)

Rele
t = (λS

t + λsub) · PCHP
i,t ,∀i ∈ I ,∀t ∈ T1 (2.5)

The first-stage operation horizon is denoted by T1. The backpressure and extraction CHP units are rep-
resented by I = {bkpr, extr}. Fuel consumption by the CHP unit of operation hour t is denoted by
FCHP

i,t . The cost factors of fuel, O&M, CO2 quota, fuel tax, deficit heat, and excess heat are expressed
by cfuel, cO&M, cCO2 , ctax, cdef and cexh, respectively. During the period of deficit heat, import of heat
supply outside the local DH system is necessary to meet the DH demand [47]. Meanwhile, the excess heat
production by the CHP plant which cannot be utilised by DH networks or HA units is penalised, in order to
ensure high operation efficiency of the IES. The decision variables of the first-stage optimisation, power
and heat output of CHP units, fuel consumption of CHP units, heat output of HAs, deficit heat supply and
excess heat supply, are denoted by the terms in the set Θ = {PCHP

i,t , QCHP
i,t , FCHP

i,t , QHA
t , QDEF

t , QEXH
t }

respectively. The optimal solutions are denoted by the set Θ∗. The day-ahead prediction of available wind
power generation is represented by PWP

t .

The optimisation problem is subject to generation-load balance in heating sector expressed by (2.6). Further-
more, the problem is subject to the modelling of DH units expressed in (2.7)-(2.10) with a compact way.
The details of CHP and HA modelling are further elaborated in the Appendix C. The modelling of CHP
unit in (2.7)-(2.8) is further explained in (C.1) for a backpressure CHP unit; or (C.2) for an extraction CHP
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unit with one power loss factor; or (C.3) for an extraction CHP unit with two power loss factors; and (C.4)
for CHP ramp rates. Moreover, modelling of HA unit is presented in (2.9)-(2.10) and elaborated in (C.5) in
Appendix C.

Particularly, the bypass operation considering partial load efficiency, is considered during the modelling of
backpressure CHP unit in (C.1). In addition, the convex region method is adopted to model the extraction
CHP unit in (C.2) and (C.3). The details of the method utilised are introduced in Appendix C.

s.t. QCHP
i,t +QHA

t +QDEF
t −QEXH

t = QLD
t , ∀i ∈ I , ∀t ∈ T1 (2.6)

hCHP(PCHP
i,t , QCHP

i,t , FCHP
i,t ) = 0, ∀i ∈ I ,∀t ∈ T1 (2.7)

gCHP(PCHP
i,t , QCHP

i,t , FCHP
i,t ) ≤ 0, ∀i ∈ I ,∀t ∈ T1 (2.8)

hHA(QHA
t , EHA

t ) = 0, ∀t ∈ T1 (2.9)

gHA(QHA
t , EHA

t ) ≤ 0, ∀t ∈ T1 (2.10)

2.3.2 Second stage: real-time operation

In the second stage, the CHP optimises heat and power outputs and to provide wind power balancing service.
The aim is to minimise the difference between the day-ahead power output plan and the real-time power
outputs of CHP plant and wind farms. Therefore, the objective function is so formulated that the import
from the grid P imp

t,re and export to the grid P exp
t,re outside the local IES are minimised. The objective function

is expressed in (2.11).

min
Θre

∑
∀t∈T2,∀i∈I

P imp
t,re + P exp

t,re (2.11)

The optimisation problem is subject to power balance in electricity sector expressed by (2.12)-(2.14), as
well as generation-load balance in heating sector denoted by (2.15). Moreover, (2.16)-(2.19) represent (C.1)
for a backpressure CHP unit or (C.2) for an extraction CHP unit with one power loss factor or (C.3) for an
extraction CHP unit with two power loss factors; (C.4) for CHP ramp rates and (C.5) for HAs, all stated in
Appendix C.

s.t. PCHP∗
i,t + PWP

t = PCHP
i,t,re + PWP

t,re + P imp
t,re − P

exp
t,re ,∀i ∈ I ,∀t ∈ T2 (2.12)

0 ≤ P imp
t,re ,∀t ∈ T2 (2.13)

0 ≤ P exp
t,re ,∀t ∈ T2 (2.14)

(QCHP∗
i,t +QHA∗

t ) · (1− δ) ≤ QCHP
i,t,re +QHA

t,re ≤ (QCHP∗
i,t +QHA∗

t ) · (1 + δ),∀i ∈ I ,∀t ∈ T2 (2.15)

hCHP
re (PCHP

i,t,re , Q
CHP
i,t,re, F

CHP
i,t,re ) = 0, ∀i ∈ I ,∀t ∈ T2 (2.16)

gCHP
re (PCHP

i,t,re , Q
CHP
i,t,re, F

CHP
i,t,re ) ≤ 0, ∀i ∈ I ,∀t ∈ T2 (2.17)

hHA
re (QHA

t,re, E
HA
t,re) = 0, ∀t ∈ T2 (2.18)

gHA
re (QHA

t,re, E
HA
t,re) ≤ 0, ∀t ∈ T2 (2.19)

where the subscript re denotes the heat and power outputs during the second-stage redispatch and T2 is the
operation horizon of the redispatch in real time. Equation (2.15) denotes that real-time heat outputs should
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be the same as the day-ahead plan while a maximum δ = 0.1 mismatch between the two plans is acceptable
for the inertia of buildings [92]. This mismatch is only acceptable in the case of infeasible solutions during
optimisation, e.g., the ramp rate abilities of the CHP and HA are limited between the two time steps; or
the energy of the HA is the same in the initial and last time steps. The real-time wind power generation
is assumed to be the same as real-time available wind power PWP

t,re . The decision variables in this stage
are expressed by Θre = {PCHP

i,t,re , Q
CHP
i,t,re, F

CHP
i,t,re , Q

HA
t,re, P

imp
t,re , P

exp
t,re } and Ω∗re is the optimal solutions of the

redispatch.

2.4 Case studies

2.4.1 Test system

The proposed two-stage operation framework is tested using a CHP plant located in Copenhagen and owned
by a Danish energy company. The CHP plant has one centralised steam turbine CHP unit and a HA unit
supplying a local IES with heat and electricity generation. The technical parameters of CHP units can be
found in Ommen et al. [79] [78]. The economic parameters of fuel cost, fuel tax, CO2 quota and subsidy
are collected from the Danish Energy Agency [133]. The subsidy for biomass fuelled CHP units is 20
EUR/MWh-ele [128]. The HA has a fixed energy capacity of 500 MWh and a power capacity of 200 MW
estimated according to the whole Copenhagen CHP units’ capacities [134]

In the IES, there are also wind farms owned by other companies to supply electricity. Three types of CHP
units are considered in the proposed operation framework: (1) backpressure steam turbine without bypass
operation (2) backpressure steam turbine with bypass operation (3) extraction steam turbine with one power
loss factor (4) extraction steam turbine with two power loss factors.

A modified version of heat load data from a typical residential building in Denmark is used for case study.
To simulate the load variations, heterogeneous load profiles are generated following normal distributions
of U(−0.1, 0.1) · QLD

t and U(−0.2, 0.2) · QLD
t , for winter and summer seasons respectively. After the

modification, the heat load factor is about 6.3 which is reasonable according to the heat load duration curve
by Petersen et al. [135]. The seasonal views with hourly performance in months are defined as: winter
(Jan., Feb. and Dec.), spring (Mar., Apr. and May), summer (Jun., Jul. and Aug.), and autumn (Sep., Oct.
and Nov.). The hourly heat load profiles viewed in four seasons are illustrated in Figure 2.5 (a) and (b),
respectively.
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Figure 2.5: Hourly heat load (a) viewed in a year (b) observed in four seasons [Pub. C]
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The figure shows the average values of peak load are the lowest in summer, due to DHW demand only and no
space heating demand. Meanwhile, the highest values occur in winter due to high demand of space heating.

The day-ahead forecast data for hourly wind power generation is simulated from profiles of the Danish island
of Bornholm, based on windPRO software [136]. The data used for case study is shifted and scaled to match
the power capacity of the CHP plant. The operation horizon is hourly with T1 = [h0, h23] in the first stage,
and T2 = [t, t+ 23h] with a rolling horizon in the second stage. Only the first-hour operation result at t out
of T2 is applied for real-time operation. The hourly profiles of day-ahead electricity price viewed from each
season are depicted in Figure 2.6 (a).
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Figure 2.6: Box plots of hourly profiles viewed in four seasons (a) day-ahead electricity prices (b) day-ahead
and real-time wind power forecast [Pub. C]

It shows that the minimum day-ahead electricity prices are negative and take place in winter, spring and
autumn. The hourly profiles of day-ahead and real-time wind power forecast are shown in Figure 2.6 (b). It
indicates higher average values of wind power generation in winter than in summer.

In order to compare the simulation performance of each type of CHP unit, it is assumed that the same values
of maximum and minimum fuel consumption, and maximum ramp rates of boilers for different types of CHP
technologies as well as the same operation mode are applied. Furthermore, the CHP units have the same
performance on backpressure line. According to the schematic diagram of CHP units shown in Figure 2.1,
the assumption is reasonable provided that the same physical units utilised for the boiler, high pressure,
intermediate pressure and low pressure 1 turbines.

The simulation is carried out on a PC with Intel i5-6200U CPU and 8 GB of RAM. The problem is solved
using the GUROBI solver [137] using MATLAB platform and YALMIP toolbox [138].

2.4.2 First-stage results

The optimisation is performed for the first-stage operation and the results of daily heat costs are illustrated in
Figure 2.7.

The figure shows the average, minimum, maximum, and 25%-75% values of the daily heat cost. The costs
evaluate the flexibility of the CHP plant to minimise its operation costs. For both cases of CHP units in
connection with and without the HA, the average daily heat costs of the backpressure CHP unit with and
without bypass operation are lower in winter than in summer. This is due to the limit of operation region
where the revenue from electricity outputs is lower and the heat costs are higher in the low heat output
period, i.e. in summer time. Regarding the case without bypass operation, the power-to-heat ratio on the
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Figure 2.7: Box plots of the daily heat costs of a CHP plant in first-stage optimisation observed in each
season (a) without HA (b) with HA [Pub. C]

backpressure line is constant, the flexibility is limited by the small operation region. Thus, bypass operation
enables higher flexibility with a larger operation region, leading to a lower average heat cost observed in
winter, spring and autumn. Particularly, the maximum heat output of the operation region is extended,
resulting in a large reduction of heat costs in winter (marked with the red circle). Furthermore, the extraction
CHP units with one or two power loss factors have their highest average heat cost in winter and the lowest in
autumn. Because the highest average electricity prices occur in autumn, the extraction CHP unit can benefit
the most from power sale. The CHP unit with two power loss factors has higher heat costs in summer and
autumn than the CHP with one power loss factor, but lower in winter and spring. A summary of the total
hourly heat costs in a year of each case is outlined in Table. 2.1, the extraction CHP unit with one power loss
factor has the lowest value while the backpressure CHP unit without bypass operation has the highest.

Table 2.1: Annual heat cost of different CHP technologies [Pub. C]

Backpressure
Backpressure
with bypass

Extraction with
one β

Extraction with
two β

No HA [MEUR] 27.45 26.89 12.75 12.86
With HA [MEUR] 24.49 24.46 11.90 12.08

The performance of the HA unit during the first-stage operation varies by heat loads and electricity prices, as
demonstrated in Figure 2.8. The charging, discharging, and idle status of the HA are characterised by blue,
red and black spots, respectively.

For all CHP technologies and operation modes, the HA discharges during the period with high heat loads,
e.g. more than the maximum heat production of the backpressure line. Furthermore, during low electricity
price periods, especially when the prices are negative (marked with the black circle in (b)), the backpressure
CHP unit with bypass operation has the flexibility of reducing electricity outputs and charging the HA unit to
minimise costs. With the extraction CHP, the HA has more idle time (represented by black spots) during high
electricity prices and low heat loads cases. This is due to the flexibility of the extraction CHP unit, which
is able to operate in condensing mode and decrease heat outputs during low load periods. The extraction
CHP unit with two power loss factors performs longer idle periods than the case with one power loss factor
(marked with the black circle in (d)). Because it performs lower heat outputs with the same electricity output
during low heat output periods, therefore, no excess heat to charge the HA.
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Figure 2.8: HA performances with the different CHP technologies and operation modes in first-stage
optimisation (a) Backpressure (b) Backpressure with bypass operation (c) Extraction (d) Extraction with two

power loss factors [Pub. C]

2.4.3 Second-stage results

In the second stage, hourly ahead prediction is applied to the operation framework and the real-time wind
power balancing is performed. The power system imbalance refers to the electricity import from and export
to the grid outside local IES, i.e. the value of second-stage objective function in Eq. (2.11). The values of
the imbalance evaluate the second-stage remaining flexibility after the flexibility delivery in the first stage. It
shows the ability of the CHP plant to balance the forecast errors of wind farms and to follow the day-ahead
heat plan at the same time. The results of power system imbalance between generation and consumption are
demonstrated in Figure 2.9.

The figure in (b) shows that with bypass operation can contribute to lower power system imbalance during
all four seasons than without it. It enables higher flexibility for real-time wind power balancing for its larger
operation region of power output. This can contribute to better adaptation of CHP power generation in real
time. Similarly, the extraction CHP unit with two power loss factors has higher flexibility for real-time wind
power balancing in summer because of lower power outputs during high electricity demand and low heat
demand period. This enables an operation region with lower minimum power outputs.

In order to show the flexibility delivery during the real-time operation, the adaptation of heat and power
outputs is shown in Figures 2.10 and 2.11.

The figures illustrate the results of hourly power and heat outputs on a typical winter day and a typical
summer day during the first-stage and second-stage optimisation. Figure 2.10(d) indicates that the day-ahead



2.4. CASE STUDIES 39

0

10

20

30

AutumnSummerSpringWinter

S
y
st

em
 p

o
w

er
 i
m

b
al

an
ce

 [
M

W
]

 25%~75%Backpressure  25%~75%Extraction
 25%~75%Backpressure with bypass 10%~90%

 25%~75%Extraction with two β  Mean Line

(a)

25%~75%Backpressure 25%~75%Extraction
25%~75%Backpressure with bypass 10%~90%

25%~75%Extraction with two β  Mean Line

0

10

20

S
y
st

em
 p

o
w

er
 i
m

b
al

an
ce

 [
M

W
]

Winter Spring Summer Autumn

(b)

Figure 2.9: Box plots of power system imbalance in second-stage optimisation observed in each season (a)
without HA (b) with HA [Pub. C]
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Figure 2.10: System performance of backpressure CHP unit with bypass operation in two-stage optimisation
(a) CHP plant power output (b) Power system imbalance (c) Wind farm power output (d) CHP operation

region [Pub. C]

operation prefers to operate on the backpressure line in order to obtain the maximum subsidies for power
sales. Meanwhile, in real time the flexibility provision by bypass operation enables power reduction, e.g.
hours 8 and 9 in Figure 2.10(a), to balance the overproduction of wind farms in Figure 2.10(c). Similarly,
in Figure 2.11(c), the underproduction of wind farms in hours 40 and 44 is balanced by increasing power
output of the CHP unit in Figure 2.11(a). Therefore, by adapting its heat and power plan in day ahead, the
flexibility is delivered and demonstrated by the operation region in Figures 2.10 and 2.11(d).
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Figure 2.11: System performance of extraction CHP unit with two power loss factors in two-stage
optimisation (a) CHP plant power output (b) Power imbalance (c) Wind farm power output (d) CHP

operation region [Pub. C]

2.5 Discussion

The modelling of steam turbine CHP units in this Section can be validated by results in the existing literature.
Elmegaard and Houbak [127] modelled the same steam turbine unit by considering the thermodynamics
performance of the same CHP unit with DNA software, particularly the extraction steam turbine with
two power loss factors. The simulated operation region was obtained under the circumstances that DH
supply temperature is 100°C and return temperature is 50°C. The results are close to the operation region
demonstrated in Figure 2.11 (d). The modelling of the bypass operation of a backpressure steam turbine
unit is based on a real-life backpressure CHP unit in Copenhagen [139] [140]. Regarding the operational
strategy of a CHP plant, the current optimisation method considers the ramp rate constraint as the limit of
material properties of high-pressure boilers. Therefore, the maximum change of boiler fuels is considered as
the ramp rate constraint.

2.6 Chapter summary

In this Chapter, research question Question 1 is answered through the proposal of a novel two-stage operation
framework for flexibility delivery and case studies.

In the first stage, flexibility provision for the plant owner is evaluated by the performance on daily heat costs
under the heat market. Higher flexibility provided can result in lower daily heat costs. In the second stage,
the remaining flexibility provision for the IES is evaluated by the power system imbalance. Higher flexibility



2.6. CHAPTER SUMMARY 41

provided can contribute to lower system imbalance. Here the term remaining flexibility, means feasible
operation region limited by DH generation-load balance in real time and day-ahead heat plan. In other words,
in the second stage, the total heat production from HA and CHP units cannot be changed in a certain range for
keeping the real-time generation-load balance. The remaining flexibility also reflects the operational strategy
presented in the operation framework that, the first-stage operation limits the second-stage flexibility delivery.
However, thanks to the technical capability of CHP units such as bypass operation, and the connection of
HA units, the flexibility in the second stage has been released.

Results of case studies show that both HA unit and bypass operation can increase the flexibility of the CHP
unit during both day-ahead and real-time stages and in different seasons. In the first stage, a HA can cut
down the daily heat cost by as much as 11.45%, indicating an increase of flexibility delivery in the day-ahead
heat market. Bypass operation can also increase the flexibility particularly in winter, spring and autumn
time, when heat loads are high. The CHP unit with two power loss factors can also enhance the flexibility
observed in spring and winter time. During the second-stage operation, a HA unit can reduce the power
system imbalance by as much as 48.94%. Bypass operation can contribute to higher flexibility viewed in all
seasons. The CHP unit with two power loss factors can especially increase the flexibility in summer.





CHAPTER3
Generation-side flexibility

provision using CHP-wind
farm portfolio

This Chapter focuses on the research question number #2, Question 2, introduced in Section 1.3.1, within
the flexibility provision by a CHP-wind farm portfolio. This Chapter is within the scope of key technologies
of centralised steam turbine CHP units, generation-side P2H units using HPs and HAs, as discussed in
Section 1.2. Based on the state-of-the-art study on CHP technologies and operational strategies presented in
Section 1.2, the following Question 2 is formulated:

Question 2: How can a CHP plant provide flexibility by operating in parallel with a wind farm as a

generation portfolio under deregulated heat market and two-price balancing market regulations?

For a centralised CHP plant which is owned by the same plant owner of a wind farm, power imbalance
caused by the wind farm can be internally compensated by the CHP plant. In this context, how can a CHP
plant-wind farm generation portfolio develop a strategy for power and heat generation in electricity and heat
markets? At the same time, how can the operation maximise the operation profits and provide balancing
services in the grid? How can multiple uncertainties be considered during the flexibility provision?

In this Chapter, the shortcomings of existing operational strategies of CHP plants delivering flexibility in IESs
will be discussed in Section 3.1. The defined research gaps are formulated as a background of the proposed
operation framework. Next, the development of a novel multi-timescale coordinated operation framework,
which investigates the two-stage flexibility potential of a CHP plant-wind farm portfolio considering multiple
uncertainties, is proposed. Then, mathematical formulation of the CHP modelling and the optimised
operation are presented. Case study of a real-life energy company is utilised to test the proposed framework.
Lastly, discussion and summary of the Chapter are addressed. The majority of this Chapter is based on
content of the work in [Pub. D], with minor changes to coherently fit into the framework of this Thesis.

3.1 Introduction

As introduced in Section 1.2.6, a price-based operational strategy (PBOS) is utilised by plant owners to
maximise the operation profits in different markets, by optimally scheduling the on/off status and production
of generating units. However, as introduced in Section 1.2.1, balancing markets have been established to
settle the power imbalance. The imbalance between the day-ahead plan and real-time generation is penalised
in the two-price balancing market [14]. In this context, the owners of renewable power plants such as
wind farms are facing the problems of low operation profits, because of variable power generation and
high uncertainties of market prices. Furthermore, as introduced in Sections 1.2.4 and 1.2.5, a controllable
generating unit coupling the electricity and heating sectors, such as CHP plant, is able to provide flexibility
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to help real-time power balancing, by compensating the forecast errors of renewable power plants in real
time. Therefore, in order to achieve high renewable energy integration and system generation-load balance,
the portfolio operational strategy of a CHP plant and renewable power plant as a generation portfolio, has
been recently proposed. Here the term portfolio operation, means a combination of different generating

units as a single entity in a market, which can take advantages of each unit and contribute to the maximal

overall profits [47]. In this Chapter, a portfolio operational strategy of a CHP plant-wind farm portfolio to
schedule the heat and power dispatch and to deliver flexibility to an IES is discussed.

In [141], a group of generating units, CHP units, energy storage and renewable power plants, was operated
as a generation portfolio in day-ahead market. The proposed bidding strategy for a virtual power plant,
consisting of conventional and renewable energy generators in energy markets, was applied in [142]. Recently,
an operational strategy developed for a shared plant owner of a wind farm and a CHP plant was presented to
be dispatched in day-ahead and real-time markets [47]. Compared to the independent operational strategy
where the wind farm and CHP plant join in the markets individually, the proposed portfolio operational
strategy contributes to a lower joint power deviation in the balancing market.

Although the proposed portfolio operational strategy mentioned above can utilise the flexibility of CHP plants
to enable more renewable energy integration, CHP plants are facing the challenges of low operation profits
due to the low electricity sale, as discussed in Section 1.2.2. In order to solve this problem, a hierarchical
operational approach of a CHP unit was proposed in [129] to study the impact of variable electricity prices
on heat dispatch. Furthermore, CHP plants can get more benefits by joining in different markets to be
dispatched and to earn revenue. In [82], an operational strategy of a CHP plant was proposed to maximise
the operation profits in day-ahead, reserve and intraday markets.

Meanwhile, uncertainties during operation of an IES need to take account of electricity prices, wind power
generation, electricity and thermal loads, etc. In the above-mentioned literature [47, 82, 141, 142], accurate
predictions of renewable energy generation, electricity prices and loads are considered, which is not realistic.
Uncertainties from electricity prices and wind power generation during day-ahead dispatch are considered
with stochastic and robust optimisation methods in [129] [143]. A three-stage operational strategy of a
CHP plant-wind farm portfolio was developed with hybrid stochastic/information gap decision theory
optimisation in [87] to solve uncertainties. However, the real-time stage of operation is neglected, which is
necessary for power redispatch in balancing markets. Without taking real-time dispatch into account, the
real-time imbalance can occur. The balancing prices and renewable power generation can have negative
influence on the operation profits. Therefore, a coordinated operation of the day-ahead and real-time
operation is needed to consider the influence of uncertainties of the balancing prices and renewable power
generation [144, 145, 146]. The term coordinated, refers to the consideration of uncertainties in day-ahead
operation and recourse action to apply the day-ahead plan in real time.

Recently, some studies focus on two-stage operational strategies considering uncertainties. A two-stage
stochastic operational strategy of a CHP plant-renewable power plant has been developed in [147][90].
However, only one-price balancing market has been taken into account. A two-price balancing market can
penalise the real-time power imbalance and the balancing price for up or down regulation is decided by the
system imbalance status. This two-price market scheme is widely used, particularly in Spain, Switzerland
and Nordic countries. Since a CHP plant coupling the electricity and heating sectors, the two-price market
scheme can influence both heat and power outputs in real time, as well as the operation profits of a CHP
plant-wind farm portfolio. Based on the literature review mentioned above, a CHP plant-wind farm portfolio
operational strategy in day-ahead heat market and real-time two-price balancing markets considering multiple
uncertainties, has not been taken into account.



3.2. A NOVEL MULTI-TIMESCALE COORDINATED OPERATION FRAMEWORK 45

This Chapter deals with the remaining research challenges that a centralised CHP plant-wind farm generation
portfolio has not been coordinated well on different timescales. Moreover, the flexibility provision from
multiple DH technologies such as HPs is not well discussed and multiple uncertainties from the IES are
not fully considered during the operation. Therefore, aiming to handle the existing challenges in the
above-mentioned research, the main contributions of Chapter are listed as below:

(a) A portfolio operational strategy is proposed for a shared plant owner of a CHP plant and wind farm in
day-ahead heat market and two-price balancing electricity market.

(b) A multi-timescale coordinated operation framework which coordinates day-ahead and real-time
operation of the wind farm and CHP plant, to maximise the operation profits of the generation
portfolio is presented.

(c) Multiple uncertainties of heat load, wind power generation, day-ahead, up-regulation and down-
regulation prices are considered and handled by a stochastic optimisation method. In particular, the
two regulation prices are modelled considering realistic market regulations.

(d) A real-life case study is carried out. Operation profits of the generation portfolio and independent
operational strategies, stochastic and deterministic optimisation methods are compared and discussed.

3.2 A novel multi-timescale coordinated operation framework
3.2.1 Integrated energy system involving district heating and electricity
In this Chapter, the research scope focuses on a CHP plant-wind farm portfolio which is connected to an IES
of DH and electricity sectors as shown in Figure 3.1.
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Figure 3.1: System layout of a CHP plant-wind farm portfolio in IES [Pub. D]

The IES in the figure contains DH units of HPs, HAs, CHP units and wind farms. The energy company owns
one CHP plant and one wind farm, which can join in the balancing market together as a portfolio to mitigate
the power system generation-load imbalance. The CHP plant includes CHP units, HAs and HPs, and the
CHP units consist of backpressure and extraction steam turbines. The CHP plant is required to provide heat
and electricity to local customers in the IES, for example domestic hot water (DHW) and space heating
need. Under the circumstances of not enough supply from the CHP plant, limited amount of energy can be
imported from external DH networks and a limited mismatch between generation and demand sides can be
acceptable, considering the thermal inertia in buildings [92]. In the electricity sector, CHP units, HP units
and the wind farm provide electricity supply through the transmission grid to end customers. It is possible
that the electricity supply for HP units is provided by the CHP units and electricity grid, in the situation that
the supply temperature is under certain value, for example 85°C [84].
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3.2.2 Multi-timescale coordinated operation framework

As introduced in Section 3.1, the portfolio operational strategy is naturally adopted by an energy company
that owns both the wind farm and the CHP plant. The uncertainties of wind power generation, heat load,
day-ahead, up-regulation and down-regulation prices can all influence the day-ahead schedule of CHP and
HP units, because they are coupling technologies of heating and electricity sectors. These uncertainties
can also lead to violations of system reliable operation and market regulations in real time. Therefore, the
day-ahead and real-time schedules of a CHP plant and a wind farm are coordinated by considering the
uncertainties.

Regarding the day-ahead electricity dispatch in a large market such as European electricity market Nord
Pool, it is assumed that the day-ahead bid from the CHP-wind farm portfolio can always be accepted for
their utilisation of renewable energy. Furthermore, the wind farm is assumed to have a negligible influence
on the direction of real-time imbalance of the whole grid due to its low capacity.

During the day-ahead dispatch, real-time uncertainties are taken into account. The real-time schedules need
be adjusted based on the updated uncertainties and limited by the day-ahead plan. The multi-timescale
coordinated operation framework for the proposed operational strategy is demonstrated in Figure 3.2.

Day-ahead operation model Real-time operation model

Day-ahead uncertainties  
parameters: heat load, wind 

power generation, day-ahead, 
up- and down-regulation prices

Plant parameters: CHP 
technical parameters, cost 

parameters

Hourly-ahead updated uncertainties  
parameters: heat load, wind power 

generation, day-ahead, up- and
down-regulation prices

Input Data

On/off status and day-ahead schedule 
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Real-time schedule adjustment

Multi-timescale coordinated operation
Day-ahead heat market Real-time two-price balancing market

Yellow-coloured blocks: uncertain parameters; Blue-coloured block: deterministic parameters 
Green-coloured blocks: day-ahead operation; Pink-coloured blocks: real-time operation

Figure 3.2: Multi-timescale coordinated operation framework [Pub. D]

In the first stage, the day-ahead heat and power dispatch of CHP units, HAs and HPs is optimised for the
hourly operation during 24 hours of the following day. The dispatch is scheduled based on a deregulated
heat market regulation before 10:00 of one day ahead of the heat delivery on the operation day [132]. The
day-ahead dispatch aims to minimise the heat costs by deciding the on/off status of CHP units, day-ahead
heat and power outputs of the CHP plants. For high capacity CHP units with a long startup time, the on/off
status is hard to be adapted in the operation day. The day-ahead CHP heat and power plan is implemented
in each hour of the following day. The day-ahead plan is optimised based on the prediction of wind power
generation, heat load, day-ahead electricity price, up-regulation price and down-regulation price, which are
uncertain variables in the first-stage optimisation process.

During the operation in the second stage, an hourly-ahead operation is optimised in real-time energy markets.
Due to the hourly correction of uncertainties, the day-ahead heat and power schedules need adjustment
to keep the real-time generation-load balance in both electricity and heating sectors. The CHP units are
flexible to change their power and heat outputs within the operation regions. Furthermore, HPs and HAs
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are controllable units for thermal power generation and can follow the updated heat load. Thus, together
with the wind farm as a portfolio, CHP units and HPs can adjust their power generation and consumption to
deal with the power imbalance in the balancing market. Therefore, the real-time operation model is built to
maximise the profits of real-time adjustment, which means the unsatisfied heat load and power imbalance
by the portfolio are penalised. The real-time operation also considers the revenue from the energy sale in
the balancing market. In other words, the second-stage operation can adapt the day-ahead plan following
the hourly updated uncertainties and maximise the operation profits. Furthermore, both the unsatisfied heat
load and bid for balancing power in the balancing market limit the flexibility for real-time adaptation. The
second-stage optimisation is implemented with the rolling horizon method, with the optimisation horizon
from the next hour to the end of the day, while only the first hour result is operated.

The proposed operation framework addresses the impacts of real-time uncertainties of wind power generation,
heat load, day-ahead electricity price, up-regulation price and down-regulation price on day-ahead operation.
Since the framework is proposed for the scheduling of an energy plant based on an European electricity
market, the generation-load balance required by a system operator and the uncertainty of electricity loads are
not taken into account.

3.3 Two-stage stochastic optimisation problem formulation

As illustrated in Figure 3.1, the Chapter considers a real-life centralised CHP plant including different
controllable DH units: backpressure steam turbine CHP units with bypass operation, extraction steam turbine
CHP units, HAs and HPs. Furthermore, the plant owner owns a large-scale wind farm close to the CHP plant
site.

3.3.1 Portfolio operational strategy

The mathematical formulation for the proposed multi-timescale coordinated operational strategy is expressed
as follows,

min
Θ

∑
∀t∈T

(
∑
∀i∈I

(cCHP
ss,i |y0

i,t − y0
i,t−1|+ CCHP

i,t ) + CHA
t + CHP

t + CDEF
t + λU

t ∆PU
t − λD

t ∆PD
t

+cPK∆QU
t ) (3.1)

s.t. CCHP
i,t = cfuel · FCHP

i,t + cO&M
CHP · (PCHP

i,t +QCHP
i,t )−λS

tP
CHP
i,t ,∀t, i (3.2)

CHA
t = cO&M

HA · |QHA
t |,∀t (3.3)

CHP
t = (λS

t + cnet + ctax + cPSO + cO&M
HP ) · PHP

t ,∀t (3.4)

CDEF
t = cdef ·QDEF

t ,∀t (3.5)

The parameters of the objective function and its terms are listed in Table 3.1.

The objective function (3.1) is to minimise the total operation costs in day-ahead and real-time operation,
which consists of the heat cost in day-ahead heat market, the real-time penalty cost minus the real-time
revenue. The hourly power and heat plan of the CHP plant for the next operation day is obtained during
24-hour operation horizon T . The optimisation problem aims to decide the on/off status, power and heat
outputs as well as the fuel consumption of CHP units, denoted by y0

i,t,P
CHP
t , QCHP

t , and FCHP
t ; thermal

power and energy stored for HAs, denoted by QHA
t , EHA

t ; heat and power plan for HPs, denoted by PHP
t

and QHP
t ; heat deficit denoted by QDEF

t ; real-time heat and power adaptation ∆PU
t , ∆PD

t and ∆QU
t . The
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Table 3.1: Objective function parameters

Symbol unit description
cfuel e/MWh Cost of fuel for CHP
cO&M
(·) e/MWh Operation and maintenance cost
cCHP

i,ss e Startup/shutdown cost of CHP
cnet e/MWh Tariffs for electricity distribution
ctax e/MWh Tax rate for electric heating
cPSO e/MWh Public Service Obligation (PSO) fee
cPK e/MWh Cost of unsatisfied heat load
cdef e/MWh Cost of importing thermal energy due to heat deficit

λS
t , λ

U
t , λ

D
t e/MWh Day-ahead/up-/down-regulation electricity price

set of CHP units includes backpressure and extraction CHP units, i ∈ I = {bkpr, extr}. Equation (3.1)
includes terms that represent the startup and shutdown cost of the CHP units; heat cost of CHP units CCHP

i,t

denoted by the total operation cost minus the revenue from electricity sale (3.2); heat cost of HA (3.3)
CHA

t ; heat cost of HP (3.4) CHP
t ; import cost from external DH networks due to heat deficit CDEF

t (3.5).
Furthermore, the last three terms of (3.1) address the penalty cost of deficit power production, sale of excess
power production in the two-price balancing market, and penalty cost of deficit heat production, respectively.

In addition to the expression of each term in the objective function, the optimisation problem is subject to
units modelling, energy balancing and market regulations. Where (3.6)-(3.7) represent the modelling of a
backpressure steam turbine in a compact way. Details of the modelling are elaborated in Appendix D, (D.1)-
(D.3), (D.8)-(D.13). Bypass operation is considered for backperssure CHP unit modelling. Meanwhile, (3.8)-
(3.9) denote the modelling of an extraction steam turbine in a compact way. Details of the modelling
are elaborated in Appendix D, (D.4)-(D.7), (D.8)-(D.13). The convex region method is utilised to model
the extraction CHP unit. Equations (3.10)-(3.11) correspond to the modelling of a HP unit in a compact
way (details in (D.14)-(D.15), Appendix D). Equations (3.12)-(3.13) express the modelling of a HA unit
in a compact way (details in (D.16)-(D.19), Appendix D). The above-mentioned discussions on detailed
equations are given in Appendix D. The additional parameters in constraints below are power bypass of CHP
units P bypass

t , HA energy storage EHA
t , wind power generation PWF

t and heat load QLD
t .
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∆QLD
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0 ≤ ∆PU
t ≤ ∆PU,max

t , 0 ≤ ∆PD
t ≤ ∆PD,max,∀t (3.23)

∆PD
t ·∆PU

t = 0,∀t (3.24)

The constraints also include the requirement of sufficient heat supply for heat load in local areas and the limit
of heat import from external DH regions in (3.14) (3.15). Equations (3.16) and (3.17) denote the deviations
between day-ahead and real-time prediction of wind power and heat load. The generation deviation of a CHP
plant is represented by ∆(·) = (·)re − (·)0. Equation (3.18) expresses the deviation of heat plans, and the
the day-ahead heat import plan cannot be adapted (3.19). The real-time heat deficit is also restricted (3.20)
where ∆QU,max is the boundary of unsatisfied heat load. Heat surplus is assumed acceptable since it can
be reused for an industrial process. Furthermore, the real-time on/off status of CHP units should keep the
same as the day-ahead status shown in (3.21). The generation-load balance in electricity sector is denoted
by (3.22)-(3.24), where the deviation between day-ahead and real-time power generation of the CHP plant-
wind farm portfolio must be zero. Furthermore, each up-regulation and down-regulation bid in the balancing
market is restricted by ∆PU,max and ∆PD,max for the CHP-wind farm portfolio, respectively [33].

Within the optimisation problem, Θ = x ∪ y = {PCHP
i , P bypass

i , QCHP
i , FCHP

i , y0
i , P

HP, QHP, QHA,

EHA, QDEF,∀i } ∪ {∆PCHP
i ,∆QCHP

i , ∆P bypass
i , ∆FCHP

i , ∆PHP, ∆QHP, ∆QHA, ∆EHA, ∆PU,

∆PD, ∆QU, ∀i} is the set of decision variables in the first and second stage.

3.3.2 Model linearisation

It is noted that the objective function (3.1) has a nonlinear term of cCHP
ss,i |y0

t − y0
t−1|which can be linearised to

improve the computational efficiency. With extra binary variables ui,t, vi,t, the nonlinear term is substituted
with cCHP

ss,i (ui,t + vi,t) and extra three constraints are added to the original optimisation problem as

y0
i,t − y0

i,t−1 ≤ ui,t (3.25)

y0
i,t−1 − y0

i,t ≤ vi,t (3.26)

ui,t, vi,t ∈ {0, 1} (3.27)

When the CHP unit is shutdown, the extra variables vi,t = 1, ui,t = 0; meanwhile, when the CHP unit is
startup, the extra variables ui,t = 1 and vi,t = 0, and the term cCHP

ss,i (ui,t + vi,t) is equal to cCHP
ss,i . Thus, the

linearised term can substitute the nonlinear one effectively with the additional constraints.

Another nonlinearity is from the bilinear term ∆PD
t · ∆PU

t in (3.24) which is linearised by the big-M
technique [148]. The constraint is substituted with the following equations,

∆PD
t ≤ αt ·M, (3.28)

∆PU
t ≤ (1− αt) ·M (3.29)

αt ∈ {0, 1} (3.30)
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where αt is a binary variable and M is a sufficiently large constant. When αt = 1, ∆PU
t = 0, and when

αt = 0, ∆PD
t = 0. Thus, ∆PU

t and ∆PD
t cannot be more than zero at the same time and the bilinear

constraint can be effectively replaced.

With the above linearisation, the proposed model is a mixed integer linear programming model and can be
solved by commercial solvers such as GUROBI [137].

3.3.3 Two-stage stochastic programming

To address the uncertainties of heat load, wind power generation, day-ahead, up-regulation price and down-
regulation price, a stochastic optimisation method is employed to solve the proposed two-stage optimisation.
In the first stage, the day-ahead heat and power outputs under the deregulated heat market are optimised,
with the consideration of the uncertainty realisation in the second stage. As part of the decision variables,
the on/off status of CHP units is determined in the first stage. In the second stage, the flexibility of the
CHP plants is delivered by adjusting the day-ahead schedules under the restrictions of operation and market
regulations. The uncertainties are modelled by using a finite number of scenarios and their probabilities. The
proposed stochastic optimisation method is described in detail in the following subsections.

• Stochastic modelling

With a random vector ξ representing the set of uncertain data, the uncertainty is denoted by a finite number of
scenarios ω ∈ Ω, and the probability of each scenario is represented by ρω . The above-mentioned two-stage
stochastic problem with the following expression:

min
Θ

∑
∀t∈T1

(
∑
∀i∈I

cCHP
ss,i (ui,t + vi,t) +

∑
∀ω∈Ω
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t,ω∆PU
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t,ω)) (3.31)

s.t. (3.2)− (3.23), (3.25)− (3.30), ∀ω (3.32)

The random vector ξ(ω) := {PWF,re
ω , QLD,re

ω , λS
ω, λ

U
ω , λ

D
ω ,∀ω ∈ Ω}. In the first stage, a "here-and-now"

decision x is determined before the realisation of the uncertain vector ξ. In the second stage, a "wait-and-see"
decision, y, is optimised after the realization of ξ.

In the first stage, the objective function describes the startup and shutdown costs of CHP units considering
the heat costs of real-time operation, penalty costs of heat and power plan adaptation and revenue from
the two-price balancing market in the second stage. Where C (·),re = C (·),0 + ∆C(·) in the objective
function represents the real-time operation costs, which is equal to the day-ahead plan in x plus the real-time
adaptation in y. The optimisation horizon is T1 = 24h. For the second-stage operation, y represents the
hourly real-time adaptation with a rolling optimisation horizon of [24h, 23h, ..., 1h]. With one hour-ahead
updated prediction, the second-stage operation is realised by deterministic optimisation which is modelled
as below:

min
y

∑
∀t∈T

(
∑
∀i∈I

CCHP,re
i,t + CHA,re

t + CHP,re
t + CDEF,re

t + λU
t ∆PU

t − λD
t ∆PD

t + cPK∆QU
t )(3.33)

s.t. (3.2)− (3.23), (3.25)− (3.30), ∀ω (3.34)

During the second-stage operation, additional to the determined on/off status decided in the first stage, the
flexibility of adapting power and heat outputs is also limited by the first-stage decision within the operation
region.



3.4. CASE STUDIES 51

• Scenario construction

The Monte Carlo sampling (MCS) method is utilised to generate scenarios representing the uncertainties.
To capture the stochasticity of uncertainties, wind power generation, heat load, day-ahead price, up- and
down-regulation prices are assumed to follow the probability of normal distribution N(µ, σ2) [149][83].

The heat load, wind power and day-ahead electricity prices are assumed to be independent of each other.
Since the installed capacity of the wind farm is rather small compared to the capacity in whole electricity
market, it is assumed that the wind power generation has no effects on the electricity prices [150]. However,
the day-ahead, up-regulation and down-regulation prices are practically related to each other depending on
the system imbalance status expressed as follows:

Pr(λU
t = λS

t , λ
D
t ≤ λS

t ) = prD, ∀t (3.35)

Pr(λU
t ≥ λS

t , λ
D
t = λS

t ) = 1− prD, ∀t (3.36)

Under the circumstances that the power system has a positive net imbalance that generation is more than
load, the down regulation is needed. The two-price balancing market follows the price scheme in (3.35)
with a probability of prD based on the yearly historical data. On the contrary, the negative net imbalance
follows (3.36) when the up regulation is required.

In terms of the scenario generation of the electricity prices, each set of the three prices λS
t , λ̂

U
t , λ̂

D
t is firstly

generated with the normal distribution probability stated above. Then, a random number at ∼ U(0, 1)
is generated to simulate the probability of need for down regulation at time t. If 0 ≤ at ≤ prD, a
binary parameter bt = 1. In this context, the balancing prices follow the scheme in (3.35) and down
regulation is needed. Otherwise, prD < at ≤ 1, bt = 0, which means the balancing prices follow the
scheme in (3.36) and up-regulation is needed. By this way, the two balancing prices are reformulated with
λU = λSb+ λ̂U(1− b), λD = λS(1− b) + λ̂Db. Therefore, the three prices λS, λU, λD following the price
schemes in (3.35), (3.36) are generated.

In order to decrease the computational burden of the proposed optimisation problem (3.31), (3.32), the
scenario simultaneous backward reduction technique is applied. The backward reduction method is adopted
to effectively decrease the number of original scenarios generated for representing uncertainties. The
representative scenarios are efficient approximation of original scenarios [151].

3.4 Case studies

3.4.1 Test system

The proposed multi-timescale coordinated operation framework is tested on a power plant located in
Copenhagen Denmark, which has a CHP plant-wind farm generation portfolio and owned by a Danish
energy company. By the year of 2030, the CHP plant will have two backpressure steam turbine CHP units
and one extraction steam turbine CHP unit, with a total boiler capacity of 1458 MW. Furthermore, HP
units with a total heat capacity of 300 MJ/s will be constructed. The CHP units also connect to HAs with
thermal power of 300 MJ/s and energy of 750 MWh. In addition, the existing wind farm will be expanded
to installed capacity of 360 MW.

A modified version of wind power production data from a wind farm southeastern to Copenhagen, heat
load from residential buildings in Copenhagen [Pub. C], day-ahead, up-regulation and down-regulation
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electricity prices from Nord Pool power market [152], is employed as the expected value µ of hourly profiles
for scenario generation.

The limits of wind power and heat load variations are±20%, and the day-ahead electricity prices are assessed
as ±40% from the historical data. The normalised standard deviation varies in the range of [0.06, 0.09] for
heat load, [0.08, 0.09] for wind power, [0.1, 0.3] for day-ahead electricity price, 0.2 for up-regulation and
down-regulation prices, respectively. ∆QU,max is assessed as 10% of the peak heat load [Pub. C]. The plant
parameters are demonstrated in Table 3.2.

Table 3.2: CHP plant parameters [Pub. D]

Name Value Name Value

cfuel 21.6e/MWh R 0.25

cO&M
CHP 1.98e/MWh τon, τoff 5 h
ηi,tot [0.92, 1.10, 0.89] F min

i

F max
i

[0.4, 0.3, 0.42]
ηbp

i,ele [0.20, 0.30, 0.34] Fmax
i [358, 500, 600] MW

cCHP
i,ss [6040, 6040, 7383]e cO&M

HP 1.83e/MWh
QHP,max 300 MJ/s ηHP 3.2

cnet 0.48e/MWh ctax 20.7e/MWh
cPSO 0e/MWh cO&M

HA 1.98e/MWh
kloss 0.01 QHA,max 300 MJ/s

EHA,max 750 MWh cdef 80e/MWh
cPK 135e/MWh QDEF,max 180 MJ/s

∆QU, max 210 MJ/s ∆PU, max,∆PD, max 100 MW

The CHP plant supplies heat to part of eastern Copenhagen area which is connected to other parts of
Copenhagen. The CHP plant and wind farm supply electricity to areas that are connected to transmission
lines through substations near the plant. The CHP plant join in the heat market Varmelast.dk [132] to get
heat dispatch. It joins in ELSPOT day-ahead and two-price balancing power market to get day-ahead and
real-time power dispatch, and the same to the wind farm.

The simulation is carried out on a PC with Intel i5-6200U CPU and 8 GB of RAM. The problem is solved
using the GUROBI solver [137] using MATLAB platform and YALMIP toolbox [138].

3.4.2 First-stage results

Taking the forecast of wind power, electricity prices and heat load into consideration, the first-stage decision
is obtained by solving the optimisation problem proposed in (3.31), (3.32). The optimisation is performed
by considering 400 representative scenarios after reduction from 2000 original scenarios. The result of daily
operation cost is 0.737 Me. It is noted that the revenue of heat sale is not included in the operation profit
during the dispatch according to the heat market regulation.

The day-ahead schedule of heat production and heat import, as well as the energy storage of HA units is
shown in Figure 3.3.

The peak load hours of heat load are during the period of 6h− 9h, 19h− 21h, when users have high demand
of space heating and DHW. The CHP units are operated as base load due to their low marginal heat costs.
Since the test case is in a typical winter day with high heat demand, all the CHP units have to keep the
on status and deliver high thermal power. The HP units also operate with full capacity due to their high
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Figure 3.3: First-stage thermal power generation of the generation portfolio [Pub. D]

power-to-heat efficiency. The thermal power output of HP units is not related to the trend of the day-ahead
electricity price since electricity tax is also a large portion of their operation costs. During the peak hours of
heat load, HA units discharge meanwhile charge in off-peak hours. The energy stored in HA units at the last
operation hour has to be equal to the initial operation hour. The peak heat load that cannot be satisfied by the
CHP plant has to be supplied by the external heat import with a high price.

The power outputs of the CHP units are demonstrated in Figure 3.4. The electric power outputs of the two
backpressure CHP units with bypass are zero because their heat outputs are the maximum. The figure also
illustrates that CHP unit 3 has a constant power output without no variation with electricity prices. Because
the CHP unit has higher total operation efficiency on the backpressure line compared to moving to the
extraction mode. Therefore, the electric and thermal power outputs are restricted by the operation boundary
and affected by the operation efficiency. The electricity prices in this context are not high enough for CHP
units to move from high efficiency and high heat output points to high electricity output operation points.
Regarding computational efficiency, the solver time takes 235.729 s which is fully compatible for practical
day-ahead operation planning usage.
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Figure 3.4: First-stage electric power generation of the generation portfolio [Pub. D]

3.4.3 Second-stage results

In the second stage, one hour ahead prediction is adopted as the real-time uncertainty realisation and the
optimisation problem expressed in (3.33), (3.34) is performed. The second-stage daily operation cost is
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0.742 Me for one set of uncertainty realisation. With the real-time uncertainty realisation, a comparison of
first-stage and second-stage P-Q operation points inside the operation regions of the CHP units, during one
day is illustrated in Figure 3.5. It shows that CHP units 1 and 2 adapt their operation points through bypass
operation during certain hours of real-time operation. CHP unit 3 adapts its operation along the backpressure
line to maintain the maximum total operation efficiency.
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Figure 3.5: First-stage and second-stage P-Q operation region of CHP (a) unit1; (b) unit2; (c) unit3 [Pub. D]

In order to show the adaptation of heat and power outputs more clearly, the change of thermal power of each
generating unit and heat load is shown in Figure 3.6. Furthermore, the adaptation of electric power of each
generating unit and electricity prices is illustrated in Figure 3.7.
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Figure 3.6: Second-stage thermal power adaptation [Pub. D]

In Figure 3.6, DH units increase their heat outputs shown as positive values and reduce their heat outputs
shown as negative values, and their summation should be equal to the heat load variations shown as the red
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Figure 3.7: Second-stage electric power adaptation [Pub. D]

dashed line at each hour. In Figure 3.7, the real-time positive and negative power variations of generating
units, power deficit and surplus of the generation portfolio are represented by the positive and negative values
of the bar plot. The summation of power adaptation that the positive values minus the negative values in the
figure should be zero, in order to follow the day-ahead power plan. The electricity prices are demonstrated
with line chart. At 3h, the CHP plant-wind farm portfolio buys balancing power with up-regulation price
while the other hours sells the balancing power with down-regulation price. The up-regulation price at 3h
has the lowest value in the day and is close to down-regulation price. Therefore, it is a cost-effective way to
balance the deficit wind power by buying balancing power from the market rather than internally increasing
the CHP generation. During hours with high down-regulation prices such as 15h, despite the fact that wind
power is surplus, CHP units 2 and 3 both increase the production resulting in the sale of surplus output
represented by the dark green bar. In this way, the portfolio can balance the real-time wind power imbalance
and also achieve profits from the two-price balancing market.

3.4.4 Monte Carlo feasibility check

Based on the first-stage decision, MCS method is employed to the second-stage operation in order to check
the feasibility of the proposed multi-timescale coordinated operation method with portfolio operational
strategy. A total number of 2000 sets of uncertainties is generated by MCS method and adopted for
uncertainty realisation. Three operational strategies are tested with the same set of uncertainty realisation.
The independent operational strategy that the wind farm and CHP plant join in the market individually as
two separate market actors, and the deterministic optimisation method that multiple uncertainties are ignored,
are modelled for comparison [47]. The results of daily operation cost and infeasible case rate are shown in
Table 3.3. Here the infeasible case rate means the proportion of infeasible optimisation out of the 2000 tests
with the uncertainty set. The infeasibility can be caused by the limits of real-time flexibility provision by
dispatchable units, market regulations and generation-load balance.

Compared with the independent operational strategy, the deterministic method with portfolio operational
strategy can reduce the daily operation cost by 4.9% and decrease the infeasible case rate by 85.5%.
Regarding the proposed multi-timescale coordinated operational strategy, though the daily operation cost is
the same compared to the deterministic method, the infeasible case rate is largely reduced by 77.3%.
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Table 3.3: Feasibility check results [Pub. D]

Method

Deterministic
method with
independent

operational strategy

Deterministic
method with

portfolio
operational strategy

Proposed multi-
timescale coordinated
method with portfolio
operational strategy

Optimised daily
operation cost

(Me)
0.782 0.744 0.744

Infeasible case
rate 60.6% 8.8% 2.0%

3.5 Discussion

In the proposed operational strategy, the heat cost of HPs consists of tax rate for electric heating, which is
a large share of the heat cost. Therefore, from the two-stage operation results, the operation of HPs is not
well motivated by low electricity price. To support the decarbonisation of DH sector, the tax rate for electric
heating is gradually decreased, e.g. in Denmark. This reduction can stimulate the flexibility provision by
generation-side P2H units, such as centralised HPs in our case studies. Hence, the performance of HPs during
flexibility provision can be further investigated in the future work through sensitivity analysis with different
market schemes. Variable capacities of generating units and price signals can also be considered in the
sensitivity analysis to test the robustness of the proposed operation framework. Moreover, in the future work,
advanced uncertainty sampling and optimisation methods can be developed, such as robust optimisation of
the proposed operational strategy. The results of the comparison between different optimisation methods can
be further discussed.

3.6 Chapter summary

In this chapter, the research question Question 2 is answered by proposing a novel multi-timescale coor-
dinated operation framework for flexibility delivery. Real-life case studies are undertaken to verify the
effectiveness of the proposed framework.

To address the operation in two energy markets, in this Chapter a multi-timescale coordinated operation
method with portfolio operational strategy is proposed for a CHP-wind farm portfolio. The multi-timescale
operation refers to the day-ahead operation in the first stage and real-time operation in the second stage.
A deregulated heat market is employed in the first stage and a two-price balancing market is adopted in
the second stage. A portfolio operational strategy where the generating units can join in the balancing
market together as a portfolio to mitigate the power system generation-load imbalance is presented. The
coordinated operation refers to the consideration of the other stage, namely, the first-stage operation takes
the real-time multiple uncertainties into account, and the real-time realisation is limited by the first-stage
operation of on/off status and the generation schedules. Therefore, the flexibility provision of the two stages
is coordinated, namely, to obtain the minimum day-ahead heat costs and maximum real-time profits during
balancing service delivery.

Furthermore, the multiple uncertainties considering heat load, wind power generation, day-ahead, up-
regulation and down-regulation electricity prices in the first stage are addressed by stochastic optimisation
method. The multiple uncertainties are realised by generating scenarios with MCS method, particularly the
day-ahead, up-regulation and down-regulation prices are related to each other.
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The proposed operational strategy is performed on a real-life energy company in Copenhagen to check
the operation performance. The results of the proposed multi-timescale operational strategy, deterministic
method and independent operational strategy are tested by Monte Carlo feasibility check and compared.

Compared to the independent operational strategy, the portfolio operational strategy can mitigate the power
imbalance within the CHP-wind farm portfolio and get more profits from the two-price balancing market.
Furthermore, compared to the deterministic operation method, the proposed multi-timescale coordinated
operation method can result in higher feasible real-time operation. Without increasing the operation cost, the
system reliability of generation-load balance is increased to a higher degree, which indicates a higher level
of flexibility provision to the IES.





CHAPTER4
Demand-side flexibility

provision using P2H units
This Chapter is focused on the Thesis research question #3, Question 3, stated in Section 1.3.1: how to
provide flexibility using demand-side P2H units. This Chapter is within the scope of key technologies of
electric heat boosters (EHBs) mentioned in Section 1.2.7. Based on the state-of-the-art study on demand-side
P2H technologies and operational strategies discussed in Section 1.2, the following Question 3 is elaborated:

Question 3: How can power-to-heat (P2H) units at demand side provide flexibility during the operation of

low-temperature district heating (LTDH)?

Demand-side P2H units at buildings are essential supplementary heating devices for LTDH. How can a
techno-economic assessment be conducted for P2H technologies with application of LTDH to evaluate the
cost-effectiveness of flexibility provision? What impacts can flexibility provision have on energy flow in
electricity and heat networks?

This Chapter is firstly assessing the remaining challenges in flexibility provision using demand-side P2H
units, as presented in Section 4.1. This assessment is further used as a starting point in creating a new
framework. Next, a novel framework for techno-economic assessment of demand-side P2H units applied
in LTDH is proposed. Afterwards, electricity and DH networks modelling, EHB modelling, and control
methods are studied. Case studies and sensitivity analysis are performed, as well. Lastly, discussion and
summary of the Chapter are given. The majority of this Chapter is based on the content of the research
presented in [Pub. E].

4.1 Introduction

In order to employ the LTDH, demand-side P2H units are employed as supplementary heating units. Recently,
the coupling of the distribution level IES through P2H units in residential buildings’ substations has been
studied. Alternative substation designs of P2H units in buildings connected to LTDH were performed [153],
where the connection among P2H units, supply and return DH pipes are configured and analysed. Electric
heating units with thermal storage providing demand-side flexibility for retails to get more revenue from
markets was discussed in [154]. However, the impact of connecting P2H units on DH networks was not
discussed in [153, 154]. In reality, the coupling between DH and electricity networks at the demand side
through the P2H units can change both load profiles and heat and power flow in the networks. Such changes
can result in operational problems of low supply temperature and large pressure drop along the networks.
In the context of DH networks, Elmegaard et al. [105] investigated the energy efficiency of different HPs
applied in LTDH considering the losses on DH networks. Results showed that the best P2H performance
can contribute to high system energy efficiency of 89% with LTDH. Furthermore, studies of booster HPs
in DH indicated that the coupling units can bring benefits of improving the COP of HPs and lowering the

59
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DH networks losses significantly [155]. However, during these studies the impact of P2H units on the
electricity network is not explicitly addressed, and the interactions between electricity and DH networks are
not discussed. Extra electricity consumption caused by P2H units can lead to operational problems, such as
high peak electricity load and large voltage drop on the electricity network.

In [156], technical assessment of the coupling units between the electricity and DH sectors at demand side
through P2H units was adopted. Furthermore, the power and heat flow in LTDH networks and distribution
grids were studied. Next, our recent study [157] proposed a technical assessment method for EHBs, where
energy balance in DH networks and energy losses along the electricity networks were explicitly analysed.
However, the economic analysis of the P2H units has not been sufficiently considered. The cost-effectiveness
of P2H units compared to conventional DH substation solutions is critical for making an investment of new
P2H technologies. From the perspective of the economic analysis, to compare the effectiveness for DHW
preparation, Yang et al. [108] conducted an economic analysis using different P2H units through levelized
cost. Results indicated that the EHB solution has the best economic performance among all water tank
solutions. However, the conducted economic analysis ignored the influence on extra network energy losses
caused by P2H units. Therefore, a systematic evaluation method for P2H units considering both technical
and economic aspects is necessary. This method can help both the unit owners and system operators to have
a holistic assessment of the P2H units.

With short response time of P2H units, flexibility provided for the DH and electricity sectors are technically
possible as discussed in Section 1.2.7. In the Danish EnergyLab Nordhavn project [158], a new concept for
flexibility provision, the fuel shift control, is proposed . The fuel shift means the provision of the same energy
service with a shift between energy carriers, such as the supply of DHW with either DH or electricity [158].
This novel control strategy adopted by DH networks indicates a broader application of flexibility provision
from P2H units, especially to LTDH which requires temperature boosting at demand side. Employing the
fuel shift control, experimental results in [159] demonstrated a reduction of DH peak load and reduction of
peak boiler usage. However, the adopted fuel shift control of P2H units brings extra consumption for the
electricity grid. Therefore, whether the peak load shaving service through the fuel shift control of P2H units,
is an economic solution for the IES and unit owners requires further investigation.

In order to implement the transition from conventional DH to LTDH, it is critical to understand how the
supplementary heating units are being operated and controlled, what impacts can be generated on DH
and electricity networks, and the cost-effectiveness of these units. Though many algorithms and studies
mentioned above are proposed for these issues, these solutions are applied to individual P2H units. A
framework solution is needed to have a holistic approach to the evaluate efficiency and cost-effectiveness of
the supplementary heating devices at buildings/houses. By providing heat with electricity, P2H units connect
the electricity and DH sectors and can provide services to both energy sectors. Therefore, the scope of the
framework proposed in this Thesis is focused on the P2H units applied to LTDH.

In this Chapter, an assessment framework for P2H units operation based on LTDH is proposed, where
technical and economic operation performance are evaluated systematically. The contribution to the research
on flexibility provision by demand-side P2H units is twofold. Firstly, an assessment framework based on
the techno-economic analysis of the IES is proposed to evaluate the performance of P2H units’ operation
and flexibility provision. The flexibility delivered to DH operator through fuel shift control of P2H units is
investigated. The proposed framework contributes to a holistic and systematic understanding of parameters
need to be considered during the employment of P2H units with practical applications in LTDH. Moreover,
comprehensive case studies are performed to verify the proposed assessment framework. Especially, the
impact of supply temperature levels and P2H units parameters on heat and electricity costs of the system is



4.2. A NOVEL TECHNO-ECONOMIC ASSESSMENT FRAMEWORK 61

discussed. Levelized cost of P2H units considering costs of network losses is utilised to quantify the impact
of units on networks. Different supply temperature levels and water tanks sizes are considered in sensitivity
analysis to test the robustness of the performance.

4.2 A novel techno-economic assessment framework

4.2.1 Integrated energy system involving district heating and electricity

A typical layout of an IES with single-family houses is illustrated in Figure 4.1. The houses are supplied
by heat and electricity sources through transmission and distribution networks of DH and electric power
systems, power transformers and heat exchangers. The demand side of the DH networks is represented by a
substation located at each house, where DHW and space heating are supplied. The electricity and heating
sectors are coupled through demand-side P2H units which installed in the substations. For critical nodes,
minimum differential pressure control and minimum supply temperature control are employed to ensure
sufficient mass flow rate and supply temperature respectively. As introduced in Section 1.2.8, the critical
nodes are heat nodes that are the furthest from heat sources.

Minimum 

differential 

pressure control

S S S
Minimum 

supply 

temperature 

control

Heat
source

Electricity
source

SCirculation pump Substation Heat exchanger Power transformer Heat radiator Domestic hot waterBypass valve

Transmission
network
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network
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Figure 4.1: System layout of an IES system with P2H units inside single-family houses [Pub. E]

In this system, P2H units are critical for implementing LTDH by boosting the supply temperature determined
by the heat source. The conventional substation configuration is therefore changed. By applying different
control strategies to P2H units, the heat flow in DH networks and power flow in electricity networks are
both influenced. Through different control strategies, potential services can be delivered to DH networks by
changing the flow in DH networks, i.e. peak shaving service with fuel shift control. The cost-effectiveness
of investing such P2H units is therefore required.

4.2.2 Techno-economic assessment framework

To perform a holistic techno-economic assessment of P2H units, a systematic approach that evaluates the
P2H units operation is adopted in a novel framework. The flow chart of the whole assessment procedure
is shown in Figure 4.2. The proposed framework performs the related techno-economic assessment from
an IES aspect, where the first step is to collect data from networks and system operators not varying by
scenarios. The term "regulation" in the upper block of the figure means the rules and principles of system
operation defined by DH and electricity system operators. In order to study the impact of P2H units on
the IES, the network related data including system topologies and dimensions, substation and transformer
capacities, and measured load profiles is collected. Besides the network data, operation data from the system
operators is also collected. Regarding DH networks, the minimum pressure drop and supply temperature at
critical nodes are both controlled by DH operators. The control of critical nodes can therefore guarantee



62 CHAPTER 4. DEMAND-SIDE FLEXIBILITY PROVISION USING P2H UNITS

reliable operation of the whole networks [115]. In the context of electricity network, variation boundaries of
voltage magnitude, frequency and network congestion are controlled and monitored by the power system
operator to ensure reliable operation. After the regulated parameters of the energy system are defined and
collected, scenarios are generated to test the performance of different P2H units applied to the IES. Scenario
related parameters of P2H units are collected, in terms of the P2H unit type, capacity, the size of equipped
water tank, operation efficiency, control objectives, investment cost and lifetime. Furthermore, sensitivity
analysis is performed to test the robustness of the units performance under different supply temperature
levels. Different levels of the DH peak load required by the system operator are also investigated to study
the performance of fuel shift control adopted by P2H units, which will be further explained in Section 4.3.

The next step of workflow in Figure 4.2, combined heat and power analysis of networks, is applied by
solving the heat and electric power flow in a sequential way. The heat flow is modelled through the iterative
calculation of hydraulic and thermal models of the DH networks, where the minimum pressure drop and
supply temperature at critical nodes are controlled through bypass operation. From the above-mentioned
discussion on the workflow of the framework, technical analysis of the networks is developed by assessing
the energy loss on both networks and the energy balance of the IES. Besides the technical analysis, economic
assessment of the P2H units is also presented in the framework, from the perspective of levelized cost of
P2H units and annual energy costs of the whole IES.
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Figure 4.2: A framework for technical and economic assessment of P2H units [Pub. E]
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The above-mentioned data collection, data monitoring and control application in the proposed framework
can be achieved through an integration of information and communication technologies (ICT). The ICT
works as a fundamental element to enable the proposed assessment framework. Since the Chapter only
focuses on the control algorithms of P2H units and network modelling, the ICT utilised for the proposed
framework is further explained in Appendix E.

4.3 Modelling of district heating and electricity networks

4.3.1 District heating network modelling

The DHN modelling has two parts: a hydraulic model and a thermal model. The hydraulic model describes
the mass flow rate and pressure drops along the DH networks. It is formulated according to the continuity
of flow and head loss of supply pipes s ∈ S, expressed in (4.1) and (4.4) respectively [71] [99]. The
mathematical formulation is elaborated as follows:

Aṁs = ṁq (4.1)

ṁq,c = ṁq,c,SH + ṁq,c,DHW + ṁq,c,bypass, ∀c ∈ C (4.2)

ṁq,b = ṁq,b,SH + ṁq,b,DHW, ∀b ∈ B (4.3)

BKṁs|ṁs| = 0 (4.4)

∆pl = − 8λL
d5π2ρ

· ṁl
2, ∀l ∈ L (4.5)

∆ppump =
∑
∀s∈S

∆ps +
∑
∀r∈R

∆pr + ∆pmin (4.6)

where A denotes the DHN incidence matrix; ṁs and ṁq represent vectors of mass flow rate of DH supply
pipes and nodal mass flow rate of nodes respectively; B corresponds to the DHN loop incidence matrix and
K is the vector of the resistance coefficients of each pipe. Equations (4.2) and (4.3) correspond to the nodal
mass flow rate of load nodes for critical nodes c ∈ C and for non-critical nodes b ∈ B respectively. ṁq,SH

and ṁq,DHW describe the space heating and DHW use of end customers. For critical nodes, e.g. the furthest
house from the heat source in Figure 4.1, bypass DH pipes are regulated to ensure the required minimum
differential pressure with the mass flow rate of bypass flow, ṁq,c,bypass. Without considering the thermal
dynamic of water flow in pipes, the mass flow rate of return pipes ṁr, r ∈ R is assumed to be the same in
the corresponding supply pipe. The pressure drops along pipes, supply pipes s ∈ S , and return pipes r ∈ R
are expressed by ∆pl, ∆ps and ∆pr respectively. The pressurisation by the circulation pump correspond
to ∆ppump and the minimum pressure difference for the most peripheral substation is described as ∆pmin

in (4.6).

The thermal model is presented to solve the supply and return temperature at each node. Equations (4.7)
and (4.8) correspond to the mixing temperature at each node and temperature drop along the pipes [71].
Where node n flows water to the pipes are represented by L+

n and from the pipes are represented by L−n
respectively. The temperature of the start and end of pipe l is expressed by T+

l and T−l respectively. Ta

represents the ambient temperature and ṁl means the mass flow rate of the pipe. The thermal power
delivered by heat source at source node set SRH is expressed in (4.9), where Ts,n and Tr,n are the supply
and return temperature at node n respectively. Similarly, the heat load of space heating at each load node
n is shown in (4.10). The mass flow rate injected to node n is a summation of flow for DHW and space
heating in (4.11). For each operation time t, the total heat loss on DH networks φloss,DH is represented by
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the total thermal power from the heat sources, minus the total heat load for space heating and DHW at each
heat node, which is expressed in (4.12) as below.

(
∑
∀n∈L+

n

ṁn)Tn =
∑
∀n∈L−n

(ṁnTn), n ∈ C ∪ B ∪ SRH (4.7)

T−l = (T+
l − Ta)e−

λL
cwṁl + Ta, ∀l ∈ L (4.8)

φn,DH = cwṁq,n(Ts,n − Tr,n), n ∈ SRH (4.9)

φn,SH = cwṁq,n,SH(Ts,n − Tr,n), n ∈ C ∪ B (4.10)

ṁq,n = ṁq,n,DHW, DH + ṁq,n,SH, n ∈ C ∪ B (4.11)

φloss,DH =
∑

∀srh∈SRH

φsrh,DH −
∑

n∈C∪B
φn,SH −

∑
m∈C∪B

φm,DHW,DH (4.12)

4.3.2 Instantaneous heat exchanger modelling

The instantaneous heat exchangers applied in buildings’ substations are modelled to simulate the DHW
supply with conventional DH temperature. The configuration of the instantaneous heat exchangers for
DHW is demonstrated in Figure 4.3, where a counter-flow heat exchanger in the substation is utilised for
hydraulic separations of the primary and secondary sides of a heat exchanger, as shown in Figure 4.3(a). The
temperature variations of the primary and secondary sides along the water flow length is demonstrated in
Figure 4.3(b), where the x axis is the length from the outlet of the primary side. It is assumed that sensors
and monitors for collecting data of heat load consumption, node pressure, temperature and mass flow rate
have a time step of 15 minutes, which is practical in real application [158]. Since the time step of 15 minutes
is used, the heat transfer dynamic between A and B has been ignored in the modelling of instantaneous heat
exchangers. That is because the mentioned dynamics is described through much shorter time constants than
15 minutes, so that this dynamics could not be monitored using the 15-minute time step.

B

A

(a) Counter-flow heat exchanger

Temperature

B A Length

(b) Temperature graph

Figure 4.3: Schematic diagram of an instantaneous heat exchanger [Pub. E]

The thermal power during the heat transfer process is described in (4.13) and (4.14) for the primary and
secondary sides of the heat exchanger shown in Figure 4.3. Since DH coil is immersed in the water tank,
energy extracted from DH coil is 100% transferred to water inside the tank. Hence, heat transfer rates given
in (4.13) and (4.14) are the same. The heat transfer rates during hot water cooled by Ts,n − Tr,DHW and
cold water heated by TDWD − Tcw are assumed to be the same [160]. The heat transfer rate is expressed as
follows,

H = cwṁq,n,DHW(Ts,n − Tr,n,DHW) (4.13)

H = cwṁq,n,DWD(TDWD, n − Tcw,n) (4.14)
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During the DH operation, the return temperature of the primary side of the heat exchanger, Tr,DHW, is
assumed to maintain a constant value to simplify the model. The mass flow rate and temperature of DHW
draw at building side correspond to ṁq,n,DWD and TDWD. The cold water input to the secondary side has a
constant temperature of Tcw. The thermal power released during the heat transfer process to supply DHW is
defined as follows,

φn,DHW,DH = cwṁq,n,DHW(Ts,n − Tr,n,DHW) (4.15)

4.3.3 Distribution electric power network modelling

In this Section, the electric power flow in the distribution network is modelled to study the impact of EHBs
on electricity networks. The AC power flow method is employed to model the nodal active and reactive
power balance [22]. The active power at each bus i ∈ I includes the electricity load denoted by Pi,LD and
load from EHBs denoted by Pi,EL = oEHφmax

EL,DHW in (4.16). The reactive power Qi,LD only includes the
reactive power load at each bus. The power flow depends on the conductance Gij and susceptance Bij of
distribution lines connecting buses i and j. The detailed mathematical formulation is expressed as follows,

Psr − Pld − Pi,EL = |Vi|
∑
j∈J
|Vj |(Gij cos θij +Bij sin θij) (4.16)

Qsr −Qld = |Vi|
∑
j∈J
|Vj |(Gij sin θij −Bij cos θij) (4.17)

Ploss =
∑
∀sr∈SR

Psr −
∑
∀ld∈LD

Pld −
∑
∀i∈I

Pi,EL (4.18)

4.4 Modelling of electric heat boosters

In this Chapter, an EHB as a typical demand-side P2H unit is modelled to provide flexibility to the IES.
Therefore a detailed modelling of EHBs is described in this Section. The EHB unit includes a DHW tank
with electric heating resistance installed inside. The schematic diagram of an EHB is demonstrated in
Figure 4.4, where the heat supply for DHW can be either from DH or electric heating with the electric
heating resistance, controlled by variables oDH and oEH respectively. When the DH supply is selected, water
supply from DH pipes is injected through the coil mounted from the upper to lower part of the tank. When
the electric heating supply is selected, the tank water is heated with the electric heating resistance. The DHW
is used by drawing water from taps with the temperature of TDWD, meanwhile, cold water is injected to the
water tank and heated from the temperature of Tcw, as illustrated in Figure 4.4.

Electric heating
resistance

DH pipe

Figure 4.4: Schematic diagram of an electric heat booster [Pub. E]
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Equations (4.19)-(4.22) describe the modelling of EHBs as a single-layer water tank [157]. The temperature
change of the water tank, with a mass of M, is described in (4.19). U is the heat transfer coefficient and A is
the water tank surface area as given in (4.19). Furthermore, the water tank has the input thermal power of
φDHW, output thermal power of DHW draw and power loss from the tank wall. oDH and oEH are binary
variables expressing the on/off status of the two heating sources, and the two heating sources cannot be used
at the same time. The input thermal power for DHW is a summation of heat supply from DH φt,DHW,DH

and electric heating φmax
EL,DHW. The above-mentioned modelling of the EHBs is expressed as follows,

cwM(Tt+1 − Tt) = φt,DHW − cwṁDWD(TDWD − Tcw)−UA(TDWD − Ta) (4.19)

φt,DHW = φt,DHW,DH + oEH
t φmax

EL,DHW (4.20)

φt,DHW,DH = cw o
DH
t ṁmax

q,DHW(Tt,s,n − Tt,r,n,DHW) (4.21)

oDH
t oEH

t = 0 (4.22)

4.4.1 Control design of electric heat boosters

In this part, two control algorithms for EHBs are proposed. The first control algorithm is modelled as a
benchmark for EHBs. The second control algorithm is modelled to perform peak shaving service to DH
operators.

• Control algorithm 1

By applying control algorithm 1, the on/off status of heat sources oDH and oEH only depends on the supply
temperature. In other words, with high supply temperature, only DH is activated to boost the temperature
of the water tank in states when TDWD is below the setpoint Tset. Under the circumstances of low supply
temperature, control algorithm 1 is applied by boosting the water temperature with electric heating up tp
60°C, and then re-boost it with DH supply until the water is cooled below Ts − 14°C. The boosting status
bst shows whether the EHB unit has been heated to the maximum temperature of 60°C. If bst = 1, then the
maximum temperature has achieved and no more heating is needed, otherwise either DH or electric heating
is needed to heat the water tank. The detailed work flow of control algorithm 1 is explained in Table 4.1.

• Control algorithm 2

With control algorithm 2, the fuel shift control is proposed to control the operation of EHBs. The proposed
fuel shift control aims to redistribute the thermal power of DHW provided from DH source only to part of
nodes n = 1, 2, ...,m, which are closest to the heat source geographically. These nodes have higher priority
to get heat supply from DH for their shorter distance of heat delivery. The summation of DHW supply from
DH among these heat nodes cannot be higher than the power quota φquo, which is determined by the DH
system operator based on peak load calculation. Therefore, with fuel shift control, peak heat load is shaved
up to φpk and the shaved part of DHW is provided by electric heating through EHB units.

The detailed work flow of control algorithm 2, the fuel shift control, is depicted in Table 4.2.

4.5 Modelling of combined heat and power flow in networks

In this Section, combined heat and power flow analysis of networks is conducted to perform the technical
assessment of P2H units. The flow chart of the combined heat and power simulation is shown in Figure 4.5.
In addition, the corresponding Sections modelling the models are shown in the ellipses in Figure 4.5.
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Table 4.1: Work flow of control algorithm 1 [Pub. E]

Algorithm 1
Input: Supply temperature Ts

1 if Ts > 60°C, conventional DH
2 goto step 6
3 else low-temperature DH
4 goto step 11
5 end
6 If Tset − ε ≤ TDWD
7 no heating, oEH = 0, oDH = 0
8 else
9 only DH, oEH = 0, oDH = 1
10 end
11 Initiate EHB status bst
12 If Ts − 10°C < TDWD ≤ 60°C and bst = 0,
13 only electric heating, oEH = 1, oDH = 0, bst = 0
14 elseif Ts > 60°C
15 no heating, oEH = 0, oDH = 0, bst = 1
16 elseif Ts − 14°C < TDWD ≤ 60°C and bst = 1
17 no heating, oEH = 0, oDH = 0, bst = 1
18 elseif TDWD ≤ Ts − 14°C
19 only DH, oEH = 0, oDH = 1, bst = 0
20 elseif Ts − 14°C < TDWD ≤ Ts − 10°C and bst = 0
21 only DH, oEH = 0, oDH = 1, bst = 0
22 end
23 Output: oEH, oDH, φDH,DHW, φEL,DHW

Table 4.2: Work flow of control algorithm 2 [Pub. E]

Algorithm 2
Input: peak load φpk, power quota for DHW is φquo,DHW = φpk −

∑
∀n∈N

φn,SH

1 Calculate DHW supplied from DH φn,DH,DHW or electricity φn,EL,DHW through
control algorithm 1 in Table. 4.1 for each node

2 Redistribute DHW load from DH among closest nodes n = 1, 2, ...,m and
m∑

n=1
φn,DH,DHW ≤ φquo,DHW <

m+1∑
n=1

φn,DH,DHW, n ∈ N . These nodes get DHW supply

from DH with the power of φn,DH,DHW

3 The rest of the load nodes n shift to electric heating with the power of φmax
EL,DHW,

n = m+ 1,m+ 2, ..., N
4 Output: oEH, oDH, φDH,DHW, φEL,DHW
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Figure 4.5: Flow chart of combined heat and power analysis [Pub. E]

During the work flow in Figure 4.5, parameters of electricity and DH networks are firstly collected from the
test IES. Then, parameters of the substations and control algorithms of EHBs are defined by the scenarios in
case studies. After collecting the system and units data, the technical analysis of combined heat and power
flow starts with the initialization of ṁq, o

EH, oDH, Ts, Tr, φSH and φDHW. Then supply temperature and
differential pressure control are employed to critical DH nodes to satisfy the reliable operation in terms of
minimum supply temperature and pressure drop. Bypass flow is activated to add the flow rate between supply
and return networks with ṁq,bypass if the reliability is not satisfied. After the bypass flow is updated, the
work flow is proceeded to the inner loop. The hydraulic model expressed in (4.1)-(4.6) and thermal model
in (4.7)-(4.12) introduced in Section 4.3.1 are developed. If the substation is equipped with conventional
ITHE, φDH,DHW is updated with (4.13)-(4.15). If the substation is equipped with EHB units, the control
algorithms of EHB substations are employed and variables of φDH,DHW, φEL,DHW, o

EH and oDH in (4.19)-
(4.22) are updated. After the update of hydraulic and thermal related variables converges in the inner loop,
the outer loop is iterated again to check the update of critical nodes’ performance until the convergence
requirements are met. After the heat flow analysis is completed, the results of variables ṁl, o

EH, oDH,
Ts, Tr, φSH and φDHW are updated. It is noted that electric loads caused by EHBs φEL,DHW are utilised
for next step study. Then, the work flow forwards to the next step AC power flow. Network variables of
Ploss, Psr and |V | are solved. Power flow of electricity networks are applied through (4.16)-(4.18). After
completing the AC power flow study, the technical assessment of EHB units is accomplished through the
sequential calculation of combined heat and power flow of networks.
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4.6 Levelized cost of electric heat boosters

Besides the technical assessment, the economic assessment of EHB performance in an IES is carried out
in this Section. To compare the economic performance of the EHB with different control algorithms and
supply temperature levels, the levelized cost of the total n EHBs is studied to deliver a comprehensive study
on its cost-effectiveness. The levelized cost of EHBs is determined by the total capital and variable costs
of providing DHW for end users over its lifetime. The levelized cost is modelled based on investment
costs Ccap, fixed lifetime O& M costs CO&M, and the variable costs Cvar during the operation lifetime a.
The methodology of levelized cost calculation is revised based on study carried out in [107] and expressed
in (4.23)-(4.25) as follows,

LC = anCcap CRF + nCO&M + aCvar

a
∑

t∈T ,n∈N
φt,n,DHW

(4.23)

CRF = k(1 + k)a

(1 + k)a − 1 (4.24)

Cvar =
∑

t∈T , n∈N
(cDH, t · (φt,n,DH,DHW + ∆φt,loss) + cEL,t · (Pt,n,EL + ∆Pt,loss)) (4.25)

wherein CRF refers to the capital recovery factor. In (4.25), the variable costs include thermal and electric
energy costs of powering EHB units for providing all end users’ DHW, costs of DH and electricity network
loss difference compared to high-temperature instantaneous heat exchanger, represented by ∆φt,loss and
∆Pt,loss.

4.7 Case studies

4.7.1 Test system

The proposed novel assessment framework is applied to a distribution level IES with 23 terraced single-family
houses. The tested system topology is demonstrated in Figure 4.6, which has the same network dimensions
in our previous research work [157].

In Figure 4.6, each house is represented by a heat load node of the DH system and an electricity load
of the electricity system. It is noted that the orange-coloured houses are marked as critical nodes for
their long distance from the heat source. The houses are assumed to be newly-built and their energy
consumption all fulfills the energy framework of BR18, where the total energy demand per year is within
30 + 1000

heated floor area kWh/m2/year [161]. The pressure drop and temperature drop at each heat node along the
network is assumed as a constant of 50kPa and 30°C. Regarding parameters defined by system operators,
the minimum supply temperature and differential pressure at critical nodes are assumed as Ts,c,min = 40°C
and ∆pc,min = 30kPa. Regarding parameters of demand side, the normalized DHW and space heating
profiles are shifted and scaled based on profiles given by Danish water standard DS439 and typical Danish
residential house profiles respectively [157]. Regarding cost data, the cost of DH and electricity supply for
each time step is emulated from historical data stated in [162] and [163]. Regarding EHB parameters, two
popular types of commercial EHB untis in the market, which have a volume of 92L and 51L DHW tanks
are applied to our case study [164]. Both types of water tanks are equipped with electric heating resistance
and water coils of φmax

EL,DHW = 3kW/400V and mmax
q,DHW = 0.0414kg/s. The controllers of EHB units are

implemented with a time step of 5min and a total operation horizon of one year. Two control algorithms in
Section 4.3.5 are applied to the same IES test system with different supply temperature levels, to compare
the EHB and system performance.
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Figure 4.6: Schematic diagram of the test IES [Pub. E]

4.7.2 Scenario definition

In case study conducted in this Chapter, the following scenarios and sub-scenarios are defined in Table 4.3 to
perform the sensitivity analysis of the techno-economic assessment framework.

Table 4.3: Scenarios and sub-scenarios [Pub. E]

Sub-scenario 1 Sub-scenario 2
Scenario 1: control algorithm 1 of EHBs Tank size: 92L Tank size: 51L
Scenario 2: control algorithm 2 of EHBs Tank size: 92L Tank size: 51L

In the table, different scenarios are generated based on variable control algorithms and tank sizes, in order to
to compare their impact on the performance of the proposed assessment framework. The scenarios 1 and
2 are conducted with the employment of control algorithms 1 and 2 of EHBs respectively, to quantify the
impact of control algorithms on the assessment framework. For each scenario, two sub-scenarios of 92L and
51L tank sizes are generated to compare the impact of water tank sizes on the performance. The reference
scenario is defined as the application of instantaneous heat exchangers with supply temperature of 80°C as
the reference scenario, to quantify the difference of variable costs on both networks in (4.25).

4.7.3 Results

• Scenario 1

In scenario 1, the control algorithm 1 in Section 4.4.1 is implemented to the EHB units in all 23 single family
houses. The flexibility of changing heat load profiles is obtained by selecting electric heating or DH heating
of EHB units, through the proposed control algorithms. This flexibility ensures user comfort for DHW use
under LTDH conditions. The techno-economic analysis is performed for the flexibility provision of EHBs.
In scenario 1, sensitivity analysis with different supply temperature levels and water tank sizes are conducted
in the two sub-scenarios. The results of DH system energy balance in scenario 1 are illustrated in Figure 4.7
as below.
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Figure 4.7: DH energy balance of scenario 1 [Pub. E]

The figure demonstrates the ratio of energy supply for space heating, DHW and energy loss on DHN,
expressed as follows, ∑

n∈C∪B
φn,SH∑

∀srh∈SRH
φsrh,DH

,

∑
m∈C∪B

φm,DHW,DH∑
∀srh∈SRH

φsrh,DH
,

φloss,DH∑
∀srh∈SRH

φsrh,DH
(4.26)

The results obtained indicated that the share of DH losses decreases by increasing supply temperature for
both 92L and 51L sub-scenarios. In the case of high supply temperature of more than 60°C, the ratios of
DHW energy are increased by the supply temperature drop, due to the reduction of total thermal energy
supply. In the case of low supply temperature of less than 65°C, the ratios of DHW energy decrease due to
the higher consumption of electricity for EHB use. Compared to the 92L water tank, the 51L water tank
requires more energy supply from DH to supply DHW use. This is due to the smaller water tank requires
more frequent energy charge from DH when the temperature drops to Ts − 14°C, as the control algorithm 1
described.

The impact of EHB integration on electricity network is investigated by applying the proposed assessment
framework. System performance of total electric energy, peak load of electricity, minimum voltage magnitude
and electric energy losses under different supply temperature levels, is compared to the reference scenario
with instantaneous heat exchanger and Ts = 80°C. The results of the comparison with different temperature
levels are illustrated in Figure 4.8, The results of the comparison with different temperature levels are
illustrated in Figure 4.8, where the ratios of total electric energy, peak load, minimum voltage magnitude
and energy loss during one year operation are defined as follows,∑

∀t

Psr,t −
∑
∀t

Psr,t, ITHE, 80∑
∀t

Psr,t, ITHE, 80
,

maxPsr, t −maxPsr, t, ITHE, 80

maxPsr, t, ITHE, 80
,

min |Vi, t| −min |Vi, t, ITHE, 80|
min |Vi, t, ITHE, 80|

,

∑
∀t

Ploss,t −
∑
∀t

Ploss, t, ITHE, 80∑
∀t

Ploss, t, ITHE, 80
(4.27)

Figure 4.8 demonstrates that with temperature levels higher than 60°C, the ratios are zero due to no use of
EHB units. Furthermore, the performance of total electric energy delivered to the system is increased by the
lower supply temperature level. This is due to the thermal energy provided by EHB units is increased by the
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Figure 4.8: Impact of EHB units on electricity network of scenario 1 [Pub. E]

lower DH energy supply. The total electric energy losses are increased by the decreasing temperatures due
to the higher electric loads integrated to the electricity network. In terms of power, the peak load is increased
by decreasing supply temperature due to more electricity consumption by EHB units. This increased peak
load also contributes to slightly lower minimum voltage magnitude as shown in the figure, therefore, slightly
less secure operation of the electricity networks.

In addition to the technical analysis of the IES, economic analysis in terms of annual energy cost of electricity
and heat supply of the IES is conducted. The results are shown in Figure 4.9 and indicate that the total
energy cost drops by the decreasing supply temperature. For case study with high supply temperature, since
electric heating is not activated for EHB units, the electricity costs are the same. Meanwhile, with LTDH,
since electric heating is turned on for DHW use, electricity cost is increased but the total energy cost is
decreased due to the lower energy loss on DH networks and higher energy efficiency of the IES. Regarding
the case with a smaller water tank, since the setpoint of the maximum water temperature is fixed as 60°C,
lower total electric energy is consumed for electric heating.
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Figure 4.9: Annual total energy cost of scenario 1 [Pub. E]
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• Scenario 2

In Scenario 2, flexibility of EHB units is delivered through control algorithm 2 to provide peak load service to
the DH networks. The required peak power of the DH network is φpk = 20kW. The ratios of energy supply
for space heating, DHW and energy loss over the total thermal energy expressed in (4.26), is illustrated in
Figure 4.10.
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Figure 4.10: DH energy balance of scenario 2 [Pub. E]

Compared to the energy balance of control algorithm 1 shown in Figure 4.7, the ratio of DH loss is higher
especially in high supply temperature conditions. This is due to the heat supply from DH is decreased since
the total heat consumption is limited by the peak load. The heat load that has to be shaved is supplied by
EHB units through fuel shift control. Therefore, with conventional high temperature DH, the reduction of
DH consumption contributes to higher DH loss. For LTDH, such as supply temperature of 50°C, the DH
loss ratio is almost the same for the two control algorithms. Therefore, the low DH consumption, due to
new energy solutions such as fuel shift, can cause high DH loss ratio for conventional DH with high supply
temperature. However, this loss can be further decreased by lowering the supply temperature. With the low
supply temperature of 50°C, the DH loss ratios for the two control algorithms are almost the same.

The impact of EHB units integration to electricity networks is studied and the results of the comparison with
different temperature levels represented by (4.27) are demonstrated in Figure 4.11.
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Figure 4.11: Impact of EHBs on electricity network of scenario 2 [Pub. E]
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The figure demonstrates that in terms of electricity sector, both the energy losses and total energy supply from
electricity sources are increased by lower supply temperature, due to lower DH energy supply. However, in
contrast to scenario 1, the peak load of electricity is decreased by lower supply temperature, leading to higher
minimum voltage magnitude by lower supply temperature. This can be explained that with fuel shift control,
the peak load of heat is fixed. The fuel shift control leads to lower thermal power loss on DH networks
and the heat load supply by DH is more with a decreasing supply temperature. Therefore, the shaved peak
load of heat supplied by EHBs is decreased and the electricity consumption is decreased. Therefore, the
peak load of electricity is lower with supply temperature reduction. The two control algorithms with supply
temperature of 50°C both contribute to a minimum voltage magnitude of around 0.91p.u.

By implementing the fuel shift control, the results of annual total energy cost with different supply tempera-
ture levels are shown in Figure 4.12.
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Figure 4.12: Annual total energy cost of scenario 2 [Pub. E]

The figure shows that compared to control algorithm 1 in Figure 4.9, with fuel shift control the electricity
costs are increased but the total energy costs are reduced for all supply temperature levels and tank sizes
cases. Furthermore, the peak load of DH is reduced and the energy costs are also saved, though the DH
energy efficiency is slightly compensated. The figure also shows that with the fuel shift control, the EHBs
with 51L water tanks can contribute to the lowest annual energy costs among all case studies.

• Levelized cost of electric heat boosters

In this part, levelized cost analysis of EHB units based on methodologies in Section 4.6 is conducted. A
comparison of the levelized cost among different control algorithms and water tank sizes is demonstrated in
Figure 4.13.

The figure shows that the 92L EHB units with the control algorithm 1 have the highest value of levelized cost
with Ts = 80°C, meanwhile, the 51L ones with the fuel shift control have the lowest value with Ts = 50°C.
For all supply temperature levels, the 51L EHB units have lower levelized cost compared to 92L EHB units
for both control algorithms conditions. The lower values are obtained because of both lower investment cost
of a smaller water tank and lower energy cost of energy consumption. Therefore, the 51L type EHBs are
more cost-effective investment from the perspectives of the levelized cost of the units and the energy cost of
the whole IES.
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Figure 4.13: Levelized cost of EHBs [Pub. E]

4.8 Discussion

This section discusses about the sensitivity analysis of the proposed assessment framework for EHB units
in terms of operation security. This discussion can provide awareness of secure operation for users and
operators who utilise the flexibility of EHB units following the proposed assessment framework.

Regarding the security of the entire solutions, general discussions can be addressed on scenarios and
sub-scenarios with LTDH from two perspectives:

(1) Acceptable temperature of DHW from water tanks

A larger capacity of EHB water tank can contribute to a longer period of DHW draw with a temperature
satisfying the requirement. Therefore, it is a more secure solution to provide heat supply for DHW
with required temperature.

(2) Acceptable minimum supply temperature at critical nodes in DH networks and minimum voltage
magnitude in electricity networks.

Figures 4.7 and 4.10 illustrate slightly lower ratio of DH losses on networks with a smaller capacity of
EHB water tank (sub-scenario 2). In this case, the volume of bypass flow is smaller. The difference
indicates that a smaller capacity of water tank helps to achieve more secure supply temperature at
critical nodes. Furthermore, Figure 4.8 demonstrates the minimum voltage magnitude in electricity
networks is lower with larger water tank (sub-scenario 1). This indicates that a smaller capacity of
water tank can lead to more secure operation of electricity networks. Therefore, a smaller capacity of
water tank can achieve more secure operation of both DH and electricity networks. On the other hand,
the security of user comfort has to be compensated.

In terms of the discussion on security mentioned in (1) and (2) under contingency situations, such as a
sudden outage of DH supply, the following discussion on the proposed control algorithms is presented.
Referring to (4.20)-(4.22), when only DH supply is enabled oDH

t = 1, the thermal power supply to the water
tank is equal to 5.2kW with a constant temperature drop of 30 °C. Meanwhile, when only electric heating is
utilised, the thermal power supply to the water tank is equal to 3kW. Without DH supply, the water tank is
only heated by electric heating with 3kW all the time. Therefore, in order to maintain the same security level
in terms of (1) as mentioned above, the following measures can be taken under the outage of DH supply:
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(a) Regarding control algorithm 1, the original maximum temperature setpoint of 60°C has to be increased,
to obtain a longer charging time of the water tank with electric heating and higher tank temperature.
This option is practical by changing the maximum temperature setpoint of the EHB controller.

(b) Regarding control algorithm 1, the original electric power of the heating resistance inside the EHB
units can be increased to achieve a quicker charging of the water tank to the temperature setpoint. This
option can be realised by replacing the current EHB unit with other available commercial types, such
as with electric heating capacity of 5.5 kW.

(c) Regarding control algorithm 2, because no DH is connected to the buildings, the fuel shift control is
no longer usable to provide service to DH networks.

With the above-mentioned change of control algorithms, the DH system security is improved. However, the
following influence on networks of IES may occur:

(1) No flexibility such as peak shaving service can be provided from individual houses through EHB units.

(2) with the measure (a) mentioned above, the longer time of charging with electric heating can cause
longer period of voltage drop at each bus. This can also lead to longer period that users are consuming
electricity for heating simultaneously. Furthermore, larger voltage drop at the furthest customers in
the networks can happen during the operation.

(3) with the measure (b) mentioned above, the higher electric power of the heating resistance can cause
larger voltage magnitude drop at each bus. Again, the simultaneous situation can lead to larger voltage
drop at the furthest customers than using the current 3kW EHB units.

Therefore, with the measures of (a) and (b), the EHB units can have a better ability of providing flexibility to
ensure secure heat supply for end customers with DH outage condition. On the other hand, these measures
can influence the secure operation of electricity networks, such as serious drop of voltage magnitude at end
customers.

4.9 Chapter summary

In this Chapter, the research Question 3 is answered by presenting a novel techno-economic assessment
framework for demand-side P2H units providing flexibility during the real-time operation of P2H units.
EHB units are modelled as a typical P2H unit to verify the proposed framework during the case study.

The novel techno-economic assessment framework for demand-side P2H units applied in LTDH is presented.
EHB units with applied two control algorithms are modelled as an example of P2H units. During the
deployment of EHB control, the demand-side flexibility is delivered to the DH sector through adaptation of
DH consumption. Particularly, the peak shaving service is provided to the DH network by implementing
fuel shift control of the EHB. To consider the impact on network losses, the conventional demand-side heat
supply with instantaneous heat exchanger is modelled as a reference scenario.

The technical perspective of the framework is assessed through the combined heat and power flow analysis of
DH and electricity networks. The economic perspective is investigated through levelized cost of EHB units
and annual energy cost of the IES under different supply temperature conditions. Comparing the simulation
results of the two proposed control algorithms, control algorithm 1 leads to smaller ratio of DH energy
loss over the total energy supply for the DH network. With fuel shift control, heat consumption at the end
customers is largely reduced, leading to the increasing loss ratio on DH networks. However, this increased
loss ratio can be resolved by lowering supply temperature to 50°C. In this context, the DH energy loss ratios
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of the two control algorithms are almost the same. Regarding the influence on electricity network, control
algorithm 1 contributes to higher electric power losses and peak load with lower DH supply temperature.
Both control algorithms 1 and 2 can reach the minimum voltage magnitude of 0.91p.u. at Ts = 50°C, which
is considered as reliable operation of electricity system. Therefore, the integration of EHBs can have a
slightly impact on electricity networks. On the other hand, control algorithm 2 contributes to lower energy
cost of the system and levelized cost of EHBs.

Moreover, two sub-scenarios of 92L and 51L tank size EHB units are presented to carry out the sensitivity
analysis. Results indicate that the DH loss ratios are hardly changed by EHB’s tank sizes. However, the
51L EHB units have lower energy cost and lower levelized cost of EHBs. Therefore, the 51L EHB units are
more cost-effective solutions for the low-energy buildings.

Therefore, the proposed assessment framework can provide a holistic method to investigate the impact of
flexibility provision by demand-side P2H units on network flow and the levelized cost of the units.





CHAPTER5
Conclusions and future work

This Thesis is focused on investigating mechanisms for flexibility provision using coupling technologies,
CHP plants and P2H units, in integrated energy systems (IESs) involving heating and electricity sectors.

As a result of the research undertaken within this Thesis, two general conclusions are drawn.

The first general conclusion is that the generation-side coupling technologies, such as combined heat and
power (CHP) plants and power-to-heat (P2H) units, can provide optimal flexibility for coupled electricity
and district heating (DH) sectors. This was realised by proposing the following two new frameworks:

(a) two-stage operation framework for a single CHP plant and

(b) multi-timescale coordinated operation framework for a CHP-wind farm generation portfolio.

The second general conclusion is that demand-side P2H units can provide flexibility for low-temperature
district heating (LTDH) systems. This was realised by proposing the third framework:

(c) techno-economic assessment framework for demand-sdie P2H units.

In the following Sections, the four research questions stated in Section 1.3.1 are answered in more details.
These answers present major contributions of this Thesis. In Section 5.1, which follows below, major
conclusions obtained when answering the four research questions are given. Furthermore, in Section 5.2
future research directions are discussed.

5.1 Conclusions

Contribution 1: Creation of a novel operation framework for optimising heat and power outputs during

flexibility provision in day-ahead and real-time operation, suitable for a single CHP plant.

In the novel two-stage operation framework, flexibility provision for DH and electricity sectors has been
optimised through a two-stage optimisation model.

In the first stage, the model optimises the daily heat costs of a CHP plant through mixed integer linear
programming. The extraction CHP unit is modelled by the convex region method. The backpressure CHP
units is modelled by considering partial load efficiency and turbine bypass operation.

In the second stage, the model minimises the difference between day-ahead and real-time power generation,
through mixed integer linear programming. This difference caused by wind farms can lead to real-time
generation-load imbalance. In this way, the flexibility provision for heating and electricity sectors is modelled
by two optimisation problems. The two optimisation problems are connected by using the first-stage heat
outputs as the second-stage optimisation constraints.

To validate the novel framework, extensive case studies of a real-life CHP plant with one year operation
were undertaken. Simulation results indicated that in the first stage, the connection of HA units to CHP
plants can help to reduce the daily heat costs by a maximum of 11.45%. Moreover, it was shown that the
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bypass operation of a backpressure CHP unit can contribute to lower heat costs particularly in winter, spring
and autumn seasons. In the second-stage operation, both the HA and bypass operation can lead to higher
flexibility by reducing the system imbalance in all seasons. Particularly, the HA connection can reduce the
imbalance by a maximum of 48.94%.

Therefore, with the proposed novel framework, the flexibility provision is explicitly quantified for heating and
electricity sectors separately. The flexibility provided by various types of CHP technologies and operation
modes were compared by seasonal performance.

Through Contribution 1 described above, the research Question 1 was answered.

Contribution 2: Creation of a novel multi-timescale coordinated operation framework for scheduling CHP

plant and wind farm portfolio in day-ahead and real-time markets.

In the novel multi-timescale operation framework, the flexibility provision for DH and electricity sectors has
been optimised through a two-stage stochastic optimisation model. The optimisation model was developed
with a day-ahead heat market and two-price balancing market regulations.

In the first stage, the optimisation problem aims to minimise the daily heat cost of a CHP plant, considering
the cost and revenue during real-time realisation. This problem was modelled as a stochastic optimisation
problem, formulated as a mixed integer linear problem derived after linearising the original non-linear model.
For scenario generation and reduction, Monte Carlo sampling method and scenario simultaneous backward
reduction technique, are used.

In the second stage, real-time uncertainty realisation was undertaken. This was realised by minimising the
real-time operation cost of the CHP plant-wind farm generation portfolio, and applying the mixed integer
linear programming. In this way, the operation cost of the generation portfolio are optimised. Meanwhile,
the flexibility for wind power balancing was achieved by minimising costs in the balancing market. The
two stages are connected to each other by using the day-ahead heat output as the real-time optimisation
constraints. In addition, real-time uncertainties during the day-ahead optimisation were considered.

For testing of the novel multi-timescale coordinated operation framework, extensive case studies using the
real-life CHP plant-wind farm generation portfolio were undertaken. The effectiveness of the proposed
framework was verified by comparing to the deterministic and individual operational strategies for one-year
operation. Results showed that the proposed framework can contribute to lower daily operation costs by
4.9% and a lower infeasible case rate by 85.5%.

Therefore, the proposed multi-timescale operation framework can hep the plant owners with a lower daily
operation costs of electricity and heat. Furthermore, it can benefit the electricity sector with more reliable
operation in terms of real-time generation-load balance.

Through the contribution 2 described above, the research Question 2 was answered.

The research Question 3 was answered too, whereas the answer is given through Contributions 3 and 4
elaborated below.

Contribution 3: Design of a novel framework for techno-economic assessment of P2H technologies applied

in LTDH and IESs.

In this framework, the flexibility provision for DH sector was assessed through techno-economic analysis. In
terms of technical analysis, in this assessment combined heat and power flow in networks was modelled.
This model was developed by considering the hydraulic and thermal models of DH networks, and AC power
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flow of electricity networks. Especially, minimum supply temperature and pressure drop at critical nodes
were considered by controlling the bypass valve. Netwon Raphson method was utilised to solve the nonlinear
problem model, i.e. the system of nonlinear equations. In terms of economic analysis, the levelized cost
analysis of P2H units and annual energy cost of IES, were carried out to evaluate the cost-effectiveness
during their flexibility provision.

Case studies with electric heat boosters (EHBs) applied to LTDH were undertaken. The fuel shift control
algorithm applied to EHBs was modelled to provide peak shaving service to DH operators. The case studies
undertaken, verified the feasibility of peak load service by EHBs. Simulation results indicated that the peak
shaving service can contribute to lower levelized cost of EHBs but slightly higher energy losses on electricity
networks.

Therefore, the proposed techno-economic assessment framework can evaluate the performance of P2H units
during flexibility provision, in a holistic way.

Contribution 4: A series of case studies testing the fuel shift control algorithms and water tanks sizes are

demonstrated to verify the framework for techno-economic assessment of P2H technologies applied in LTDH

and IESs.

Comprehensive sensitivity analyses were carried out to verify the effectiveness and robustness of the proposed
framework for techno-economic assessment of P2H technologies applied in LTDH and IESs described in
more details when discussing Contribution 3. Different scenarios in terms of variable control algorithms,
water tanks sizes and supply temperature levels were investigated. Results showed that during the flexibility
provision with fuel shift control, the ratio of DH energy loss was increased, compared to conventional DH
substation solutions. This loss in DH networks can be reduced by further reducing the supply temperature.
Furthermore, the lower supply temperature can contribute to improved performance of EHBs in terms of
peak load of electricity and minimum voltage magnitude. Through sensitivity analysis, it was shown that the
fuel shift control with 51 litre tank size and supply temperature of 50°C solution can contribute to the lowest
levelized cost of EHBs.

By creating the above-mentioned and described novel frameworks elaborated in Contributions 1-4, the
fundamental research Question stated in Section 1.3.1 has been successfully answered.

5.2 Future work

During the research undertaken within this Thesis, a number of new research ideas have been identified. In
this Section some of them will be more specifically addressed.

The central point of this Thesis was a challenge focused on flexibility provision delivered using coupling
technologies. To further explore this challenge, additional research activities are needed. Such activities
can further extend the contribution of this Thesis and further improve the operation of generation-side CHP
plants and the control of demand-side P2H units.

In the text below future research directions are systematically given.

5.2.1 Treatment of uncertainties when modelling the flexibility provision challenge

Using stochastic optimisation based approaches for the assessment of flexibility provision using coupling
technologies in IESs, uncertainties must be taken into account when modelling operation of CHP plants.
From the case studies presented in Chapter 3, in which stochastic optimisation was applied, compared to
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deterministic optimisation approach ignoring the uncertainties, the daily operation costs can be slightly
compensated but the reliability is highly improved. However, the real-time operation reliability is still not
fully guaranteed. The real-time generation-load balance is critical for TSOs and end users to get power
supply, especially the electricity supply. Recently, robust optimisation based approaches have been proposed
to solve operation problem in an electricity system. Here the goal was to achieve a conservative and robust
system operation. This robust optimisation based strategy could be further extended to solve operation
problems in IESs. In this case, reliability aspects related to the supply temperature and pressure drop in DH
networks should also be considered, to guarantee the operation reliability of the heating system.

On the other hand, robust optimisation based approaches only utilise the worst-case scenarios and ignore
the stochastic properties of uncertainties, e.g. its probability distribution. Approaches based on robust
optimisation could result in over-conservative solutions and/or overestimate of the operation costs. In
recent years, distributionally robust convex optimisation approaches are proposed to investigate the optimal
operation of power system. Instead of optimisation based on worst-case scenario, the optimisation is
based on worst-case distribution over a number of probability distributions of uncertainties. In this way,
distributionally robust optimisation can deliver the optimal solution, which is more robust than the solution
which would be obtained using stochastic optimisation. At the same time, such a solution would be less
conservative than the one obtained using robust optimisation. Again, the distributionally robust optimisation
approach can be further extended to solve the operation problem of an IES, by considering operational
constraints of heating networks.

From the perspective of scenario generation techniques during optimisation, data-driven based approaches
have recently been proposed to approximate the actual probability distribution. Conventionally, probability
distributions of scenarios are generated based on mean and covariance values of historical data. In order to
obtain better out-of-sample performance, e.g. the second-stage feasibility check in Chapter 3, the metric-
based ambiguity sets are used to formulate distributions of uncertainties. Wasserstein distance is a typical
metric- based ambiguity describing the distance between actual and estimated distributions of uncertainties.

5.2.2 Flexibility provision in integrated energy systems incorporating electricity, heating
and gas sectors

To optimise operation of IESs and to investigate flexibility provision mechanisms, coupling technologies are
studied in different cases. In this Thesis the focus was on the synergy between electricity and heat sectors.
The mentioned synergy could be further extended by integrating the gas sector into the assessment. The
integration of gas sector can be obtained through existing coupling technologies such as gas turbines and
electrolysers. Gas turbines utilise natural gas to generate electricity, whereas electrolysers are employed
to consume electricity to generate natural gas by mixing with carbon emissions. Therefore, the proposed
novel operation and assessment frameworks presented in this Thesis could be further extended to IESs
incorporating electricity, heating and gas sectors.

Few observations how to implement the proposed frameworks in an IES incorporating electricity, heating, and
gas sectors, are elaborated here. Regarding the first framework proposed in Chapter 2, the CHP technology
of gas turbines with the same boiler capacity can be investigated and compared with the existing studies.
The results of daily heat cost and power balancing can be obtained with the existing operation framework.
By extending the proposed framework to gas sector, flexibility provided by gas turbines to electricity sector
should be studied. Regarding the framework presented in Chapter 3, the CHP plant-wind farm portfolio can
include the gas turbine CHP units. Additional operation uncertainty of gas prices can be taken into account
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in the framework. Regarding the framework presented in Chapter 4, the assessment procedure can be further
expanded to P2G units such as electrolysers. Technical assessment of combined electricity and gas networks
has to be further studied.

5.2.3 Flexibility for integrated energy system involving electricity, heating and gas sectors

Flexibility provided by coupling technologies is studied to explore the synergy among different energy
sectors. Further synergy among energy sectors can be explored by integrating gas sector into the electricity
and heating sectors. The integration of gas sector can be obtained through existing coupling technologies
such as gas turbines and electrolysers. Gas turbines utilise natural gas to generate electricity and electrolysers
are employed to consume electricity to generate natural gas by mixing with carbon. Therefore, the proposed
operation and assessment frameworks in this Thesis can be further extended to an IES of electricity, heating
and gas.

More details of implementing the frameworks in the IES of electricity, heating, and gas is elaborated here.
Regarding the first framework proposed in Chapter 2, CHP technology of gas turbines with the same boiler
capacity can be investigated and compared with the existing studies. The results of daily heat cost and power
balancing can be obtained with the existing operation framework. By extending the proposed framework to
gas sector, flexibility provided by gas turbines to electricity sector is studied. Regarding the framework in
Chapter 3, the CHP plant-wind farm portfolio can include the gas turbine CHP units. Additional operation
uncertainty of gas prices can be taken into account in the framework. Regarding the framework presented in
Chapter 4, the assessment procedure can be further expanded to P2G units such as electrolysers. Technical
assessment of combined electricity and gas networks has to be further studied.
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B. Operation regions of CHP
plants
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Figure B1: Comparison of extended CHP unit operation region with (a) heat accumulator (b) electric boiler
(c) heat pump (d) heat accumulator and electric boiler [Pub. B]

101





C. CHP plant modelling in
Chapter 2

In this Chapter, different types of steam turbines and their corresponding operation modes are elaborated,
i.e.:

a) backpressure CHP units with and without bypass operation mode;

b) extraction CHP units in backpressure, extraction, and condensing operation modes;

c) extraction CHP units in extraction mode can have one or two power loss factors.

C.1 Backpressure CHP modelling
Backpressure CHP operation without bypass just follows the backpressure line, whereas with bypass, the
CHP can operate between the backpressure line and the heat-only generation. Operation on the backpressure
line is expressed in Eqs. (C.1a), (C.1b), (C.1h) and (C.1i); operation of the backpressure CHP unit with
bypass is expressed in Eqs. (C.1c)-(C.1i).

P bp
i1,t = F bp

i1,t · η
bp
i1,t,ele,∀i1 ∈ I ,∀t ∈ {T1,T2} (C.1a)

Qbp
i1,t = F bp

i1,t · η
bp
i1,t,total − P

bp
i1,t,∀i1 ∈ I ,∀t ∈ {T1,T2} (C.1b)

PCHP
i1,t = P bp

i1,t − P
bypass
i1,t · obypass

i1 ,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (C.1c)

QCHP
i1,t = F bp

i1,t · η
bp
i1,t,total − P

CHP
i1,t , ∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (C.1d)

FCHP
i1,t = F bp

i1,t,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (C.1e)

Fmin
i1 ≤ FCHP

i1,t ≤ Fmax
i1 ,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (C.1f)

0 ≤ PCHP
i1,t , QCHP

i1,t , P
bypass
i1,t ,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (C.1g)

ηbp
i1,t,ele = ηfull,bp

i1,t,ele + ηred,bp
i1,t,ele,∀i1 ∈ I ,∀t ∈ {T1,T2} (C.1h)

ηred,bp
i1,t,ele = (

F bp
i1,t

Fmax
i1

− 1) · kbp
i1 ,∀i1 ∈ I ,∀t ∈ {T1,T2} (C.1i)

where in Eqs. (C.1a) P bp
i1,t, Q

bp
i1,t and (C.1b) F bp

i1,t correspond respectively to the power, heat production
and fuel consumption of the CHP unit on the backpressure line. Bypass mode operation is introduced in
Eq. (C.1c) through the binary variable obypass

i1 . If the bypass mode is activated, obypass
i1 = 1 and the heat

bypass corresponds to the amount of electric power production reduced P bypass
i1,t . The heat generation is

calculated as the residual of the total use of fuel F bp
i1,t and electricity generation in Eq. (C.1d). With bypass

operation, the amount of fuel consumption remains the same as the backpressue line before bypass mode
was activated, as shown in Eq. (C.1e). The bypass mode is only available for the backpressure CHP and
∀i1 ∈ {bkpr}. The fuel consumption is bounded by the maximum and minimum values in Eq. (C.1f).
ηbp

i1,t,ele is the electric power efficiency on the backpressure line and ηbp
i1,t,total is the total electric and heat

power efficiency. ηbp
i1,t,total is considered as a constant, and electric power efficiency is linearly reduced in

accordance with the fuel reduction by the full load, with a constant factor of kbp
i1 shown in Eqs. (C.1h)-(C.1i).
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C.2 Extraction CHP modelling

For extraction CHP units, the condensing, extraction and backpressure modes are all included. The linearized
form of the backpressure line in Eqs. (C.1h)-(C.1i) is obtained by connecting the maximal and minimal
points to reduce the computational time and is represented by (Qbp

i2,t, P
bp
i2,t). The operation process from

condensing to extraction mode is formulated in Eqs. (C.2a)-(C.2f). CHP units with both one and two power
loss factors are considered; the operational characteristics of the latter are illustrated in Figure C1.

P

Q

D
C′

C

A

B′ B

I
II

β1
β2

No loss
lin

e

Back
pres

sure
lin

e

Maximum fuel consumption

Minimum fuel consumption

Figure C1: Extraction CHP unit with two power loss factors (β1 and β2) [Pub. C]

With the same amount of fuel consumption, electric power production is replaced by heat production during
steam extraction. The replacement rate is represented by the power loss factor β [165]. With steam extraction
characterized by two β (see β1 and β2 in Figure C1), the electric and heat power operational region consists
of two regions, I and II, which are divided by the "No loss line" C′B′ [78]. On this line, the valves V2a
and V2b for extracting steam to the DH exchangers, and V1 for passing steam to the generator in Figure 2.1
in Chapter 2, are fully open without pressure drop. For a given fuel consumption, the electricity reduction
rate during heat extraction is at minimum on this line. According to the modeling of the same CHP unit in
Ommen et al. [79] and Friis-Jensen [166], the backpressure line runs parallel with the no loss line, which
has a constant heat ratio of knoloss

i2 in Eq. (C.2e). The extraction and condensing modes can be formulated in
Eq. (C.2).

P ext
i2,t = P cond

i2,t − β2 ·Qext1
i2,t · (1− otwoloss

i2 )− (β1 ·Qext2,I
i2,t + β2 ·Qext2,II

i2,t ) · otwoloss
i2 ,

(Qext2,I
i2,t , P ext

i2,t) ∈ I, (Qext2,I
i2,t +Qext2,II

i2,t , P ext
i2,t) ∈ II,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2a)

PCHP
i2,t = P ext

i2,t,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2b)

Qext
i2,t = Qext1

i2,t · (1− otwoloss
i2 ) + (Qext2,I

i2,t +Qext2,II
i2,t ) · otwoloss

i2 ,

(Qext2,I
i2,t , P ext

i2,t) ∈ I, (Qext2,I
i2,t +Qext2,II

i2,t , P ext
i2,t) ∈ II,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2c)

QCHP
i2,t = Qext

i2,t,∀i2 ∈ {extr},∀t ∈ {T1,T2}, (C.2d)

Qnoloss
i2,t

Qbp
i2,t

= knoloss
i2 ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2e)

0 ≤ Qext
i2,t ≤ Q

bp
i2,t, P

bp
i2,t ≤ P

ext
i2,t ≤ Pmax

i2 ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2f)

In Eqs. (C.2a)-(C.2d), Qext
i2,t, P

ext
i2,t are respectively the heat and power production of the extraction CHP unit.

When the CHP unit is characterized by one β, the binary variable otwoloss
i2 = 0, otherwise otwoloss

i2 = 1. In
Eq. (C.2c), for two-β operation, the heat production is the sum of the heat extraction in region I, Qext2,I

i2,t , and
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region II, Qext2,II
i2,t . The two regions are separated by the no loss line where the heat production is represented

by Qnoloss
i2,t . In Eq. (C.2f), the heat extraction has to be within the heat production on the backpressure line

(Qbp
i2,t, P

bp
i2,t) and electric power is constrained by Pmax

i2 .

Eq. (C.2a) also expresses the electric power as a reduction from the condensing mode P cond
i2,t where no

heat is produced. The fuel consumption is the same during the heat extraction from condensing mode
to backpressure mode following the power loss factor of β. As with Eq. (C.1i), a nonlinear model is
considered with partial load efficiency during condensing mode operation. The electric power efficiency is
also proportionally scaled in accordance with the fuel reduction by the full load with another constant factor
kext1

i2 in one-β mode and kext2
i2 in two-β mode:

ηcond
i2,t,ele = ηfull,cond

i2,t,ele + ηred,cond
i2,t,ele ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2g)

ηred,cond
i2,t,ele = (

F ext
i2,t

Fmax
i2

− 1) · (kext1
i2 · (1− otwoloss

i2 ) + kext2
i2 · otwoloss

i2 ),∀i2 ∈ {extr},∀t ∈ {T1,T2}

(C.2h)

The fuel consumption of the extraction CHP in condensing mode, extraction mode and backpressure line can
all be formulated as:

FCHP
i2,t = F ext

i2,t =
P cond

i2,t

ηcond
i2,t,ele

,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2i)

Fmin
i2 ≤ F ext

i2,t ≤ Fmax
i2 ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (C.2j)

In the implementation of the extraction CHP unit model when considering two β operation, the non-linearity
of fuel consumption and binary variables of operation in regions I or II take a lot of computation time to
solve. The extraction CHP unit with two β was therefore linearized by a convex combination of extreme
points using combination coefficients α. The power generation and fuel consumption at extreme points, i.e.
A, B′ , B, C, C′ and D are first calculated in accordance with Eq. (C.2). PmI

i3 , QmI
i3 and FmI

i3 correspond to
extreme points A, B′ , C′ and D in region I of Figure C1, while PmII

i3 , QmII
i3 and FmII

i3 correspond to B′ , B,
C and C′ in region II. A, B′ , B and C, C′ , D correspond respectively to the minimum fuel Fmin

i2 and the
maximum fuel Fmax

i2 . The model can be expressed as Eq. (C.3) [66].

F ext
i3,t =

4∑
mI=1

αmI
i3,t · F

mI
i3 +

4∑
mII=1

αmII
i3,t · F

mII
i3 ,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (C.3a)

P ext
i3,t =

4∑
mI=1

αmI
i3,t · P

mI
i3 +

4∑
mII=1

αmII
i3,t · P

mII
i3 ,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (C.3b)

Qext
i3,t =

4∑
mI=1

αmI
i3,t ·Q

mI
i3 +

4∑
mII=1

αmII
i3,t ·Q

mII
i3 ,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (C.3c)

4∑
mI=1

αmI
i3,t = oI

i3,

4∑
mII=1

αmII
i3,t = oII

i3,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (C.3d)

oI
i3 + oII

i3 = 1,∀i3 ∈ {extr with two β} (C.3e)

0 ≤ αmI
i3,t ≤ 1,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (C.3f)

0 ≤ αmII
i3,t ≤ 1,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (C.3g)
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C.3 CHP ramp rate modelling

For both types of CHP unit and in all operation modes, the ramp rate limit for the boiler load kramp
i is

described by Eq. (C.4). The ramp up and ramp down of the total load is represented by its burned fuel:

− Fmax
i · kramp

i ≤ FCHP
i,t − FCHP

i,t−1 ≤ Fmax
i · kramp

i , i ∈ I , t ∈ {T1,T2} (C.4)

C.4 HA modelling

The HA is considered as an energy storage with heat power of QHA
t and heat energy of EHA

t , as expressed
in Eq. (C.5). To ensure the availability of the HA for the next scheduling period, the heat energy at the end
of the schedule period EHA

end is assumed to be the same as the initial heat energy EHA
ini . The heat energy is

considered to have a loss rate factor of kHA.

EHA
t = EHA

t−1 · (1− kHA) +QHA
t ,∀t ∈ {T1,T2} (C.5a)

EHA
ini = EHA

end,∀t ∈ {T1,T2} (C.5b)

−QHA,max ≤ QHA
t ≤ QHA,max,∀t ∈ {T1,T2} (C.5c)

0 ≤ EHA
t ≤ EHA,max,∀t ∈ {T1,T2} (C.5d)



D. CHP plant-wind farm
portfolio modelling in Chapter

3
This Chapter elaborates on the modelling employed in Chapter 3 on CHP-wind farm portfolio operation.
The details of CHP unit, HA unit, HP unit and wind farm modelling in the operation are give as follows,

PCHP
i,t = FCHP

i,t · ηbp
i,ele − P

bypass
i,t ,∀t, i ∈ {bkpr} (D.1)

0 ≤ P bypass
i,t ,∀t, i ∈ {bkpr} (D.2)

PCHP
i,t +QCHP

i,t = FCHP
i,t · ηi,tot,∀t, i ∈ {bkpr} (D.3)

PCHP
i,t =

∑
∀l

βi,l,tP
CHP
i,l,t ,∀t, l, i ∈ {extr} (D.4)

QCHP
i,t =

∑
∀l

βi,l,tQ
CHP
i,l,t ,∀t, l, i ∈ {extr} (D.5)

FCHP
i,t =

∑
∀l

βi,l,tF
CHP
i,l,t ,∀t, l, i ∈ {extr} (D.6)

0 ≤ βi,l,t ≤ 1,
∑
∀l

βi,l,t = 1, ∀t, l, i ∈ {extr} (D.7)

0 ≤ PCHP
i,t , QCHP

i,t ,∀t, i (D.8)

y0
i,tF

min
i ≤ FCHP

i,t ≤ y0
i,tF

max
i , ∀t, i (D.9)

FCHP
i,t − FCHP

i,t−1 ≤ (2− y0
i,t−1 − y0

i,t)Fmin
i + (1 + y0

i,t−1 − y0
i,t)RFmax

i , ∀t, i (D.10)

FCHP
i,t−1 − FCHP

i,t ≤ (2− y0
i,t−1 − y0

i,t)Fmin
i + (1− y0

i,t−1 + y0
i,t)RFmax

i ,∀t, i (D.11)

y0
i,t − y0

i,t−1 ≤ y0
i,k, ∀k ∈ {t, t+ 1, ...,min{τED, t+ τon − 1}}, ∀t, i (D.12)

y0
i,t−1 − y0

i,t + y0
i,k ≤ 1, ∀k ∈ {t, t+ 1, ...,min{τED, t+ τoff − 1}}, ∀t, i (D.13)

QHP
t = ηHPPHP

t ,∀t (D.14)

0 ≤ QHP
t ≤ QHP,max,∀t (D.15)

EHA
t = EHA

t−1 · (1− kloss)−QHA
t ,∀t (D.16)

0 ≤ EHA
t ≤ EHA,max,∀t (D.17)

−QHA,max ≤ QHA
t ≤ QHA,max,∀t (D.18)

EHA
t0

= EHA
tend

, (D.19)

Constraints (D.1)-(D.3) mean the modeling of the power and heat production of backpressure CHP units.
The amount of power reduced P bypass

i,t due to bypass in (D.1) is equal to the amount of heat increased,
when the fuel consumption is the same in (D.3). The electric power generation and total power generation
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are represented by (D.1) and (D.3). Besides, the constraints indicate the modeling of extraction CHP
units (D.4)-(D.7), which is the linear combination of corner points in convex operation boundaries [66].
PCHP

l , QCHP
l , FCHP

l are the power and heat outputs, and fuel utilization of the corner point l. For all
CHP units, the constraints include minimum power production (D.8), fuel utilization limits (D.9), ramp
up and ramp down limits (D.10), (D.11). The on/off status denoted by (D.12), (D.13) is limited by the
minimum on/off time τon, τoff and the length of operation horizon τED. Equation (D.14) expresses the
energy conversion of HPs from electricity to thermal power. The heat output limit of HPs is represented
by (D.15). Equation (D.16) denotes the energy conversion process in HAs. Equations (D.17)-(D.18) mean
the power and heat energy limits of HAs. The energy storage of HA at the beginning and end of operation
horizon, t0 and tend, is the same as expressed in (D.19).



E. Information and
communication technologies

used for P2H technologies
Compared to the reference ICT-Architectures, called smart grid architectural model (SGAM) developed
for smart grids [167], a similar concept named district heating architectural model (DHAM), applied
to the DH system is proposed. The model is a mixture of four interoperability layers, i.e. component,
communication, information and function layers. Two dimensions of the DH plane are across each layer, i.e.
zones representing the levels of DH management, process, field, station and operation, and domains covering
the DH energy conversion, generation, transmission, distribution and buildings. The proposed component
layer, communication layer, information layer and function layer for electric heat booster control in building
sides are presented in Figure E1. Since the physical units are on the P2H units in building levels and their
impact on distribution networks, the focus of the framework is in the domain of distribution and buildings.

Component layer describes the physical distribution of components in the DH context. It includes DH
actors, application, DH equipment and devices, and network infrastructure. Heat supply is produced from
the generation side, transferred along transmission and distribution DHN through substations. Bypass flow
valves are equipped to maintain the pressure difference and supply temperature at the critical nodes. The
measurement of differential pressure is transmitted to the central supervisory control and data acquisition
(SCADA) system and data center through pressure transmitter. The command of setpoints and control of
bypass valves are required from SCADA through router and PLC. The P2H units are installed at the substation
of each building. Electricity meters which measure the power consumption of P2H units, temperature sensors
which measure the temperature in water tanks, electricity relays which control the on/off status of power
supply, and heat meters which measure the supply and return temperature, are equipped at each building
substation. The substation controllers actuate the input valves of DH flow, relay for electric heating and
access to the temperature measurements. All the data are sent to SCADA through routers and commands
from the SCADA are sent to the substation controllers to control the relay through the settings of distributed
controller.

Communication layer describes the protocols and mechanisms for the information exchange between physical
components. Signals from the pressure meters of critical nodes are sent directly to the SCADA system of
DH operators via GSM. Flow control of valves are implemented by PLC via Modbus protocol. In substations
of buildings, except for electricity meter connected directly to a distributed controller with RS232, other
measurement data of the substation are read through substation controllers with Modbus-TCP protocol. The
heat meters are connected to the substation controller via M-Bus. The communication system between
SCADA and routers is built based on MQTT protocol [168]. One advantage of the MQTT protocol is the
reduced traffic through publish/subscribe message pattern, which provides one-to-many message distribution
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and decoupling of applications. Information layer describes the information exchanged between physical
components and functions via communication protocols.
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Figure E1: DHAM of control of electric heat boosters in buildings’ substations [167]
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Abstract
The current status of wind power and the energy infrastructure in Denmark is reviewed in this paper. The reasons 
for why Denmark is a world leader in wind power are outlined. The Danish government is aiming to achieve 100% 
renewable energy generation by 2050. A major challenge is balancing load and generation. In addition, the current 
and future solutions of enhancing wind power penetration through optimal use of cross-energy sector flexibility, 
so-called indirect electric energy storage options, are investigated. A conclusion is drawn with a summary of 
experiences and lessons learned in Denmark related to wind power development.

Key words:  energy system flexibility; high wind power penetration; integrated multi-energy system; Danish wind 
energy

1 Current status of Danish wind power 
and energy system
Denmark is an international leader in the implementation 
of a renewable, secure and cost-efficient energy system 
using a high share of wind power. In 2016, Denmark 
achieved a wind power penetration of 38%; while supplying 
99.996% of domestic electrical power throughout the year, 
resulting in one of the highest energy security levels 
in Europe [1]. The Danish economy since the 1980s has 
grown by around 80% while maintaining constant energy 
consumption and, at the same time, decreasing CO2 
emission by 34% [2]. Danish knowledge and development 
of green energy has also attracted foreign economic 
investment in renewable energy. In 2017, Apple announced 
the establishment of one of the largest international data 
centers in Western Denmark. The Apple data center will be 
powered by renewable energy and its surplus heating will 
be injected into the local district heating system [3].

In Denmark, the first commercial 30 kW wind turbine was 
installed in 1979. The first offshore wind farm in the world, 11 
turbines of 450 kW each, was built near Vindeby, Denmark, 
in 1991, and recently retired [4]. In 2015, Denmark broke the 
world wind power production record and achieved around 14 
TWh, providing 42.1% of the Danish gross electricity consump-
tion. Denmark is the only European country that consists of 
two synchronous areas, Western Denmark (DK1) and Eastern 
Denmark (DK2), which are connected through the Great Belt 
Power Link (see Fig. 10). In 2015, DK1 and DK2 achieved a wind 
power penetration of 55 and 23%, respectively. Fig. 1 shows 
the Danish onshore and offshore wind power capacity and 
the penetration level of wind power in Danish electricity con-
sumption between 2009 and 2016. The average capacity factor 
of Danish offshore wind turbines can achieve up to 48% [5].

Onshore wind farms still constitute a major percentage 
of the total wind farm installations; however, new onshore 
wind farms are limited in Denmark due to a lack of land. 
New onshore installations are now typically associated 

Clean Energy, 2017, 1–13

doi: 10.1093/ce/zkx002
Homepage: https://academic.oup.com/ce

Downloaded from https://academic.oup.com/ce/advance-article-abstract/doi/10.1093/ce/zkx002/4657150
by DTU Library user
on 25 November 2017



with an upgrade of old installations. The higher wind speed, 
more stable wind conditions on the sea and the relatively 
shallow water around Denmark make it more economi-
cally attractive to build offshore wind farms. In 2016, there 
were 13 offshore wind farms with a total capacity of 1.27 
GW in Denmark [6]. Three new offshore wind farms are 
planned to be commissioned by 2021, namely Horns Rev3 
with 406.7 MW, Nearshore 350 MW and Kriegers Flak 600 
MW [4]. The power transmission from offshore to main-
land options are being investigated due to the increasing 
installation capacity of offshore wind farms and the longer 
distance between the wind farms and the grid. One option 
being considered is providing voltage support to the grid 
through high-voltage direct current (HVDC) technology [7].

In 1981, Denmark introduced subsidies for the 
construction and operation of wind turbines to increase 
the competitiveness of renewable energy plants during the 
oil crisis [10]. The support schemes since then have been 
restructured several times to encourage the investment 
and operation of wind power with a lower levelized cost 
of energy (LCOE). In 2014, the Danish subsidy scheme for 
new onshore wind power was renewed. A nominal feed-in 
premium of 250 DKK/MWh is added to the spot price for 
the full load operation of the first 22 000 h [11].

New wind turbine concepts are currently being tested 
in Denmark in order to further reduce the LCOE of wind 
turbines. In 2012, a 3.6-MW two-bladed offshore wind 
turbine owned by a Chinese green energy company, Envision 
Energy, was built in Denmark for testing [12]. By having only 
two blades, the turbine is cheaper to transport and install 
in comparison with three-bladed turbines. The two-bladed 
wind turbine development by Envision Energy reduces the 
construction cost by 20% and increases operation reliability 
by using segmented blades and carbon fiber main shaft 
technologies [13]. Additionally, the segment design allows 
for customization of the blade length by changing the tip 
length to match the prevailing wind speed at specific sites. 
The transformers and converters are also located at the 

tower base which enables easier maintenance of offshore 
wind turbines [14]. Envision Energy in cooperation with the 
Technical University of Denmark (DTU) is also developing 
a superconducting wind generator which was successfully 
tested at DTU and is expected to be installed in Thyborøn, 
Denmark, by 2019 [15, 16]. The consequent-pole rotor with 
superconducting coils is capable of conducting electricity 
more efficiently in comparison with conventional copper 
coil, resulting in a higher torque density and 50% reduction 
in the number of windings. Therefore, a reduced generator 
volume and mass with the same power can be achieved 
resulting in a lower cost of transportation, installation and 
foundation of large wind turbines [17].

In 2016, the Danish wind turbine manufacture company, 
Vestas, installed a multi-rotor wind turbine prototype with 
four 225 kW nacelles on one tower at the Risø campus of DTU, 
as shown in Fig. 2 [18]. The aim of the prototype is to increase 
the wind power output with smaller and lighter size rotors. 
This new prototype, if successful, could reduce the cost of 
transport and installation of wind turbines. In addition, new 
technologies such as the rotor arm structure and turbine 
control system were tested with the Vestas multi-rotor 
turbine. The rotor arms are linked with steel cables in order 
to make the multi-rotor structure more stable. The wind 
turbine exhibits variable speed operation with a full-power 
converter and control mechanism for each turbine [19].

In 2016, a 9-MW offshore turbine was tested at the 
Danish national test center in Østerild for large wind 
turbines. The 9-MW turbine produced 216 MWh in 24 h, a 
new world record [20]. Large and powerful offshore wind 
turbines with optimized rotor-to-generator ratio enables 
less turbines with the same power output and higher 
energy efficiency, therefore decreasing the operational 
and maintenance costs. The Østerild large wind turbine 
test center is a DTU facility and annually receives 50 000 
visitors [21]. Another element of Danish wind farms is 
community ownership with the Middelgrunden offshore 
wind farm; 50% is owned by 8700 Danish local residents 
[22] and the other 50% is owned by the local distribution 
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grid operator (DSO). The close collaborations between 
research and product, universities and companies, and 
the awareness and support from citizens provide strong 
incentives for wind power technology development in 
Denmark.

Wind power is characterized by its uncertainty and 
limited prediction, which leads to the inadequacy of 
generation and imbalance between power generation and 
consumption in the grid. In order to integrate more wind 
power into the power system Denmark has developed 
efficient measures to ensure it is secured and balanced. 
Flexibility allows the management of a power system 
to maintain a reliable operation and power balance on 
different time scales, even with variable and uncertain 
generation and consumption [23]. In order to significantly 
increase wind power production, further flexibility to 
keep the system secure and balanced all the time will be 
required.

The flexibility provided by interconnectors to 
neighboring countries helps Denmark to integrate a 
high penetration of wind power. Fig. 3 shows the current 
capacities of interconnectors between DK1 and DK2 to 
Norway, Sweden and Germany, respectively. DK1 has a 
higher capacity of interconnectors than DK2 for more wind 
power penetration. Due to the annual peak load of less than 
6.5 GW in Denmark, the capacity of the interconnectors is 
sufficient to allow for a high fluctuation in wind power and 
to enable the system to balance.

The flexible power generation from conventional power 
plants is another important way of balancing wind power. 
High wind power fluctuations require high ramp rates 
and low minimum loads by conventional power plants in 
order to balance the sudden surplus or deficit of power 
generation, i.e. the net load, which defines the demand 
minus the renewable power generation [24]. A  typical 
Danish coal-fired or biomass fuel power plant can currently 
provide a ramp rate of 4%/min (percentage of full capacity 

in a minute) and a minimum load of 18% (percentage of 
full capacity) [25].

The Danish power system also has a close connection 
with the heating sector through combined heat and power 
(CHP) plants. The use of CHP plants offers a potential 
option for flexibility in integrating wind power in the power 
system by coupling to the heating system. Furthermore, 
CHP plays an important role in the Danish district heating 
(DH) network, where around 70% of DH generation is from 
CHP. Together with heat storage, CHP can provide optimal 
dispatch of their cogeneration of electricity and heat into 
the electricity market, e.g. during a period of high wind 
power and low electricity prices. CHP can decrease the need 
for power generation and meet heat demand through heat 
storage [26]. Additionally, in 2013, the electricity tax was 
significantly reduced, resulting in an incentive to generate 
heat through electric boilers and heat pumps (HPs) [27]. The 
increasing flexibility from the heating sector provides a good 
opportunity for Denmark to accommodate more wind power 
[28]. In 2017, the new highly energy efficient waste-to-energy 
plant Amager Bakke (Amager Hill/Slope) began operation. 
The plant can provide 310-MW power and heat with low 
emissions. The unique architecture of the power plant 
follows a long Danish tradition attempting to create esthetic 
integration with local landmarks. The new waste-to-energy 
power plant is shown in Fig. 4 [29]. Other examples are the 
Avedøre power plant south of Copenhagen and the Energy 
tower (waste-to-energy plant) near the city of Roskilde.

High wind power penetration is driven economically by the 
mature electricity market, Nord Pool, and ancillary services 
procured by the Danish Transmission System Operator 
(TSO). The day-ahead spot market Elspot offers electricity  
trading in Nordic and Baltic countries and prioritizes power 
generation at the lowest cost [30]. Therefore, when there is an 
excess of wind power, Denmark is able to sell the electricity 
to neighboring countries via interconnectors. Similarly, 
when the wind speed is low, inexpensive hydro power can 
be imported from Norway to ensure a reliable operation 
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of the Danish grid. Ancillary services are procured by the 
Danish TSO in order to keep the grid balanced, e.g. reserves 
which drive the flexibility provided by interconnectors 
and voltage control which drives the flexibility provided 
by central power plants [31, 32]. Furthermore, as wind 
power generation is increasing so are ancillary services 
from wind turbines through control strategies [33]. In 
Denmark, the ongoing project RePlan aims for integration 
of more wind power into the future Danish power system. 
The RePlan project researchers are investigating the 
coordination of ancillary services provided by wind power, 
such as frequency reserve and voltage control [34]. The 
provision of ancillary services from wind power could 
benefit both the TSO with a more secure energy supply  
and the wind farm owner/operators economically [33].

The success of Danish high wind power penetration 
depends on the accurate forecast of power generation. An 
accurate forecast can help the generation units to offer prof-
itable bids in the day-ahead market and also help the TSO 
to schedule reserves to balance the power system. Forecast 
methodology was studied in Denmark from the early 1990s 
and an ‘Operational Planning Tool’ was developed by the 
Danish TSO to forecast wind power generation, as well as CHP 
generation and heat demand [36, 37]. A wind resource simu-
lation tool, WasP, was also developed at the planning stage 
by DTU for estimating the potential wind power resources of 
prospective new wind turbine installations [38]. Additionally, 
using the two-price regulation in the balancing market penal-
izes the forecast error, which can result in a system imbalance 
[39]. All these measures work as incentives to keep the power 
system balanced with high wind power generation.

2 Potential challenges of wind power in 
Denmark
The ongoing development of the Danish wind power sector 
is challenging. An increasing share of wind power potentially 
may increase the imbalance between power generation and 
consumption with the result of lower electricity prices. The 
Danish government energy strategy aims to achieve 50% of 
electricity consumption by wind power in 2020; coal and oil 
burners phased out of the power system by 2030 and electric-
ity and heat supply from renewable energy sources by 2035. 
If all these steps are accomplished, the Danish government 
expects to have a secure, stable and affordable energy system 
completely independent from fossil fuels by 2050 [40].

The increasing wind power penetration in the power 
system may lead to increasing challenges in three cases, 
namely lower wind power than consumption (e.g. deficit 
shown in Fig. 5), higher wind power than consumption (e.g. 
surplus shown in Fig. 5) and system balancing during real 
time (e.g. up- and down-regulating power shown in Fig. 5).

The first challenge is to ensure enough production 
when there is little wind. Fig. 1 shows that 2016 wind power 
capacity increased while the wind power penetration was 
the lowest since 2014, because 2016 was a low wind speed 

year. During the low wind power period, power balancing 
from interconnectors and conventional power plants is 
of great importance. Fig. 6 shows the peak generation of 
power plants in Denmark between 2009 and 2016. The 
weak wind resources in 2016 resulted in peak power 
generation from conventional power plants operating at 
their maximum level since 2014. As a result, the lowest 
cost dispatch in the electricity market  also pushes the 
conventional power plant from a base load to intermediate  
or peak load generation resulting in lower revenues for the 
conventional power plants [28]. An enhanced flexibility  
from conventional power plants, interconnectors and 
demand response measures can be used to ensure suf-
ficient generation as a response to a low wind power 
period.

Another challenge is to ensure wind power profitability 
during higher wind speed periods. Factors influencing prof-
itability include the increasing installation capacity of wind 
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power in North Germany and the resulting internal conges-
tion problem in the German grid. Electricity exports from DK1 
to Germany via the interconnector decreased to an average 
of around 200 MW in 2016 [9, 41]. Fig. 7 shows periods with 
export power less than half of the transmission capacity.

The excess of electricity is a technical and economic 
problem which can result in low or negative spot prices 
for electricity. The spot price could be decreased by the 
increased production of renewable power which has a low 
marginal price, e.g. wind power [42]. Fig. 8 illustrates the 
wind power and power plant generation, consumption and 
spot price during two typical days in Denmark (25 and 26 
December in 2016) with a minimum negative spot price of 
−47.03 USD/MWh. The main reasons for the negative spot 
price were the high wind speed, low power consumption 
and higher cost for conventional power plants to stop oper-
ation or change to heat-only production [43]. The current 
regulation and market for CHP plants limit its flexibility by 
first requiring CHP plants to meet the primary heat demand 
with electricity considered as a byproduct [44]. Therefore, it 
is challenging to make wind power profitable during high 
wind speed and low consumption periods.

The last challenge of increasing wind power penetration 
is fast system balancing during real time, i.e. ancillary ser-
vices. Wind power forecasts are well studied in Denmark; 
however, the wind power production is still variable in real 
time. The load and generation imbalance may result in 
frequency deviations and consequently system insecurity. 
A faster ramp rate from conventional power plants, increas-
ing capacity of interconnectors, flexible power consumption 
and ancillary services from wind farms can further provide 
real-time balancing for the grid.

3 Current flexibility measures of the 
Danish energy system
In recent years, the investigation of the flexibility from the 
cross-sectoral energy system, also known as indirect electric 

energy storage, was undertaken to meet the above-men-
tioned challenges. The forecast error and fluctuation of wind 
power require the flexibility to accommodate a larger share of 
wind power. The current measures have been implemented 
to ensure flexibility at a high level from interconnectors, con-
ventional power plants and integration of the heating sec-
tor, and are discussed below. The current Danish solution 
includes the flexibility from both cross-sectoral energy sys-
tems and power generation of neighboring countries.

3.1 Flexibility from interconnectors

One major reason for successful large scale integration of 
wind power in Denmark is the grid connection to neighbor-
ing countries, i.e. interconnectors, which provides adequate 
capacity to meet Danish energy needs. Denmark’s key advan-
tage is flexibility with its location between other Nordic 
countries and continental Europe, where DK1 and DK2 are 
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connected, respectively. Fig. 9 shows that, from 2014, the total 
capacity of interconnectors has exceeded the Danish peak 
load, leading to adequate capacity for the Danish load.

The link to neighboring power systems provides 
Denmark with more energy security and contributes to a 
cost-effective utilization of excess wind power through the 
electricity market Nord Pool [45]. As illustrated in Fig. 10, 
there are six interconnectors currently used for electricity 
exchange between Denmark and its neighbors, i.e. Norway 
(1), Sweden (3) and Germany (2). The six interconnectors are 
controlled by TSOs in these countries, namely Energinet.
dk (Denmark), Statnett SF (Norway), Svenska Kraftnät 

(Sweden), TenneT TSO GmbH and 50 Hertz (Germany) [46, 
47]. Further information about the live power exchange 
between Denmark and other countries through the 
interconnectors is available in reference [48].

The physical exchange across the interconnectors is 
driven by market integration, i.e. Nord Pool. DK1 and DK2 
joined Nord Pool in 1999 and 2000, respectively [49]. The 
cross-border tariff between Sweden and Denmark ended 
in 2002. Since then, there has been a free electricity market 
between Nordic countries [50].

The interconnectors between Denmark, Germany and 
Sweden utilize both HVDC and high-voltage alternat-
ing current (HVAC) technologies; between Denmark and 
Norway, only HVDC technology is used. Several technolo-
gies are deployed to increase the interconnector’s capacity 
to provide a more flexible transmission system, including 
voltage source converter (VSC)-based HVDC lines. These 
technologies can independently control voltage and power 
as well as reduce the harmonics [51]. The cost of insulated-
gate bipolar transistors, which is the key component of 
VSC, has decreased by 67% during the last 9  years [52]. 
Skagerrak 4, the most recently installed interconnector 
between DK1 and Norway, uses the VSC-based HVDC tech-
nology and is also capable of performing black starts.

3.2 Flexibility from conventional power plants

The increasing Danish wind power penetration requires a 
more flexible backup generation from conventional power 
plants to keep a consistent load generation balance with 
the power surplus and deficit. The flexibility of Danish 
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power plants has been optimized for more than 20 years, 
e.g. ramp rate and minimum load. This flexibility is a result 
of responding to the increasing wind power penetration 
and to the different market regulations. As a result of the 
100% renewable energy goal, fossil fuel is being replaced 
by renewable fuels such as biomass for power plants. An 
example of this is the largest Danish coal fired power plant 
Avedøre Power Station which has converted from coal to 
sustainable wood pellets. It has a total generation capacity 
of 797 MW electric power and 932 MJ/s heat [53].

The increasing flexibility from power plants is shown in 
Table 1. The table compares operational characteristics of 
central power plants of DK1 in 2010 and 2016. During that 
period, there was a decrease in total base load generation, 
a lower total peak generation, a shorter total base load 
period, a lower total minimum generation, a longer total 
minimum generation period and a lower total annual 
generation. Additionally, a steep negative ramp rate is 
required when a sudden surplus of wind power occurs; 
while also requiring a steep positive ramp rate when 
a deficit in power occurs as shown in Fig. 5. The current 
Danish standard ramp rate for coal fired power plants is 
4% (percentage of full capacity in a minute), for open cycle 
gas turbines 3% and for gas fired power plants 9% [54].

Danish coal fired power plants reduce the minimum 
load by decreasing supplemental firing that is associated 
with using expensive auxiliary fuel to stabilize the flame in 
the boiler during the start up [55]. Typically, the boiler maxi-
mum continuous rating (BMCR) can be as low as 15–25%. 
The high ramp rate is often limited by the combustion 
dynamics that can damage equipment. The ramp rate can 
be improved through control systems that control the rate 
of change of energy and vary fuel-to-air ratio [55].

3.3 Flexibility from integration with the 
heating sector

The flexibility from the heating sector is currently related 
to the cogeneration of heat and power in CHP plants. The 
capacity of centralized CHP plants covers around 85% of 
the centralized power plants [56]. Additionally, both the 
electrical and heating sectors are aiming at transferring to 
renewable energy based fuel by 2035. The strong coupling 
between the electric power and the heating sector offers a 
good opportunity to increase wind power penetration.

The flexible production from CHP plants can be achieved 
by optimization of cogeneration through the utilization of 
heat storage. One challenge from increasing wind power 
penetration is the surplus of production as shown in Fig. 5. 
Electricity production can be decreased while the heating 
demand can be satisfied with heat-only production from 

heat storage. During a period when there is a higher heat 
production than demand, heat accumulation can occur. 
Danish CHP plants currently in the central and decentral-
ized DH areas are equipped with a total heat storage of 65 
GWh [57, 58]. The heat storage can only operate for a short 
period of up to 8 h of demand in winter due to its limited 
size [28]. An alternative to cogeneration could be the use of 
seasonal heat storage from solar collectors that has been 
used in four DH plants in Denmark [59].

In 1992, a subsidy was implemented for electricity pro-
duction from natural gas and renewable fueled CHP plants, 
which resulted in more investment in renewable power in the 
heat and electric power system [60]. However, the fixed feed-
in tariffs discourage CHP plants generating electricity as they 
must first meet heat demand. The regulatory framework for 
CHP generation will change in 2018 from being supported by 
feed-in tariffs to reliance solely on the electricity market. All 
centralized CHP plants and most decentralized CHP plants 
are currently part of the electricity market, Nord Pool and can 
sell their electricity generation. This incentive stimulates CHP 
plants to optimize their power and heat dispatch according 
to the variation on the spot price [61]. Additionally, in 2013, 
the electricity tax was significantly reduced, which encour-
aged the electrification of DH generation, i.e. replacing oil and 
natural gas boilers with HPs and electric boilers [62]. Denmark 
currently integrates only around 400 MW electric boilers and 
20 MW HPs for DH supply with the main economic driver 
being the ancillary services for the Danish TSO. The capacities 
of electric boilers and HPs are expected to be 1500 and 900 
MW, respectively, in 2020 [54, 63].

Danish CHP plants are built with separate high pressure 
and intermediate pressure casings with individual bear-
ings and designed for short startup time and quick ramp 
rate. Additionally, the CHP plants are equipped with asym-
metric intermediate-pressure (IP) turbine sections in order 
to extract heat that enables some decoupling of heat and 
power generation with a wide output range [28].

4 Future flexibility measures of the 
energy system
Wind power will continue to increase in the short term and 
cover 50% of domestic electricity consumption in order 
to achieve the long-term goal of 100% renewable energy. 
The increasing fluctuation of wind power generation will 
 challenge the system balancing and security. Therefore, it 
is important to enhance the current and future flexibil-
ity of the power system. Denmark is undertaking several 
studies and implementing projects to improve power sys-
tem flexibility.

Table 1 Comparison of operational characteristics of central power plants (data from [9])

Year
Base load  
generation [GW]

Base load 
period [h]

Peak generation 
[GW]

Minimum  
generation [GW]

Minimum  
generation period [h]

Annual  
generation [GWh]

2010 1.5 416 2.98 0.33 16 13062
2016 0.91 409 2 0.023 28 5502
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The EnergyLab Nordhavn project started to test the 
flexibility of the electric power system through electrical 
energy storage as a demand response in 2017. The project 
includes a 460-kWh (630 kW converter) grid connected 
battery with a goal of providing balancing services for a 
Danish residential area in the future [64].

The vehicle to grid (V2G) of electric vehicles (EVs) has also 
been studied [65–67]. In 2016, the world’s first real live test 
of V2G was achieved by using 10 grid-connected EVs in the 
Frederiksberg municipality in Copenhagen. The EVs were 
able to inject back power from the battery of the cars to the 
grid and provided balancing support to the grid, which was 
demonstrated in the ongoing Parker project [68, 69].

4.1 Enhancing flexibility from interconnectors

To respond to the increasing fluctuation from wind power, 
there is an investigation into increasing the capacity of 
interconnectors to neighboring countries. The Danish TSO, 
Energinet, is planning to build new interconnectors to the 
Netherlands, the UK and Germany together with the TSOs 
in each country [70]. The COBRAcable, a 325-km-long 0.7 
GW interconnector between DK1 and the Netherlands, is 
expected to be completed in 2018. The new transmission 
line will contribute to a stronger grid connection between 
DK1 and continental Europe. It will balance the variable 
supply of wind power, provide a backup power in case of 
the failure of other interconnectors and further integrate 
the European electricity market [71]. The Viking Link, a 
760-km-long 1.4 GW interconnector between Denmark 
and the UK, is expected to be operational by 2022. This 
will improve the security and balancing capability of 
the Danish grid and benefit the UK grid by connecting 
it to cheaper electricity production in Nordic countries 
[72]. Options are also being developed to overcome the 
decreasing power exchange between Germany and DK1. 
By 2020, the minimum capacity of its power exchange in a 
day-ahead market will be raised to 1.1 GW and the current 
interconnector will be extended further inside Northern 
Germany [73]. Thus, the total capacity of interconnectors 
to neighboring countries is planned to be expanded by 
around 3.2 GW in the near future. This expansion will 
further reinforce the ability to absorb and integrate more 
wind power in the Danish grid.

The demand for HVDC transmission lines will increase 
in the near future. In comparison to HVAC, HVDC has no 
problem with reactive power or synchronization of voltage 
and frequency. The cost of an HVDC link is also lower 
than an HVAC link. Based on current technologies, the 
cost of HVDC is lower when the distance is longer than 
600 km [74], such as the Viking Link. The HVDC system 
tends to become more cost-effective with higher voltage 
and capacities [75]. The Krigers Flak multi-terminal VSC 
technology is currently under development as a pilot 
project utilizing multi-terminal VSC-based HVDC link to 
connect the asynchronous area between DK2 and Germany 
with offshore wind power integration [76].

4.2 Enhancing flexibility from conventional 
power plants

Due to the increased amount of wind power, conventional 
power plants will be required to further improve on 
parameters such as minimum load and ramp rate. 
According to DONG Energy, a Danish energy company, 
the lower minimum load and quicker ramp rate can be 
achieved by a stepwise optimization approach. The load is 
reduced slowly stepwise until the technical limitation is 
reached. It will require that the power plant is completely 
protected by alarms and warning sensors [77]. The 
operation of conventional power plants tends to shift from 
base load to intermediate and peak load.

4.3 Enhancing flexibility from the heating and 
power sector

In order to meet the year-round heat demand covering both 
the space heating and the domestic hot water sector, CHP 
plants may lead to inflexible power production, especially 
during the surplus period as shown in Fig. 5. In this situation, 
the utilization and bypassing of power turbines will enable 
CHP plants to work at a heat-only mode. Increasing energy 
capacity of heat storage at CHP plants will enable flexible 
power generation and increase flexibility into the power 
system. In addition to the CHP plants, electrical-driven 
heating, such as electric boilers, electric heaters and HPs, 
will all play a more important role in the future DH system. 
In this manner, a significant amount of future heating 
supply will come from wind power and in return address 
the challenge of surplus wind power generation [61].

The electrification of heating is also being studied 
in Denmark. Zong et  al. [78] investigated and tested an 
economic model predictive control strategy for electrical 
heaters in Danish residential buildings [79]. The results 
indicated that as a flexible demand, control of electrical 
heaters could enable wind power integration. Cai et al. [80] 
proposed a framework for integration of electric heaters in 
the demand side of the electric power and heating sectors. 
Examples of different situations that can be addressed 
by this framework are frequency excursion and volatile 
electricity market prices caused by renewable generation. 
A  coordinated optimization of heat and power through 
HPs and CHP plants has demonstrated a reduction in wind 
power curtailment [81]. The electrification of domestic 
consumption during a surplus period technically provides 
flexibility and also increases the value of wind power, e.g. 
decrease the period with a low electricity price [82].

4.4 Enhancing flexibility from the gas and 
power sector

The main focus of this section is on the potential flexibility 
of a power system, including power to gas (P2G) technology 
and gas storage. P2G is an emerging technology that 
converts electricity into hydrogen by means of electrolysis. 
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The hydrogen generated could be further converted to 
methane by using methanation reaction and gas upgrade. 
Electricity supplied from renewable energy, such as wind 
power, could be converted into methane through this 
process with the product considered as a biomethane 
equivalent in quality to natural gas. The biogas can be 
further stored in gas storage in the long term. The P2G 
technology has a large potential in helping to absorb the 
surplus wind power generation and providing long-term 
indirect electrical energy storage. This multi-energy system 
is where the electric power sector, the heating sector and 
natural gas system is coupled. Li et  al. [83] conducted a 
study on optimal power dispatch of P2G in combination 
with CHP plants and storage in a multi-energy system. The 
CO2 for methanation is recycled from the CHP plant and 
used to generate biogas together with the P2G technology. 
The results show that the P2G system can operate during 
a low consumption period with surplus wind power, e.g. 
0–7 h, and decrease the CO2 emission level by capturing the 
emissions from CHP plants.

In Denmark, the newly finished BioCat project demon-
strated the generation of biogas as well as injection into a 
local gas distribution and storage network. The electrolyzer 
is capable of drawing electricity during the low spot price 
periods, which indicates a surplus of wind power. Moreover, 
it provides an ancillary service through frequency regula-
tion to the power system due to its fast response time [84]. 
The ongoing European QualyGridS project is also expected 
to establish a standard test for electrolyzer to perform elec-
trical grid services such as frequency regulation and volt-
age support for both TSO and DSO [85].

4.5 Ongoing Danish projects for cross-energy 
sector flexibility

Table  2 highlights selected Danish projects enhancing 
wind power penetration through using flexibility from an 
integrated multi-energy system.

The EnergyLab Nordhavn project aims to establish a 
real-life integrated energy laboratory in the Copenhagen 
Nordhavn, a city development area. The project includes 
a large share of renewable energy and an optimal inte-
gration of district heating and power through the utiliza-
tion of centralized and decentralized HPs, heat storage 
and heat boosters [86, 89]. DTU as part of this project has 
developed prototypes of heat boosters, HPs and heat stor-
ages which serve as sampled measurements transferred 
to a data warehouse. The EcoGrid 2.0 project demonstrates 

an electricity market for flexible power consumption in 
private homes. It will control 1000 HPs and electric radia-
tors to optimize the electricity consumption on the Danish 
island of Bornholm. It will demonstrate aggregators to link 
the flexibility provided by residential electrical heating. 
The project also aims at coupling the demand response to 
the electricity market to keep the load and generation bal-
anced at all times [90]. The EPIMES (Enhancing wind Power 
Integration through optimal use of cross-sectoral flexibil-
ity in an integrated multi-energy system) project is a joint 
bilateral research project between China and Denmark. The 
aim of the research was to utilize cross-sectoral flexibility 
to address wind power integration challenges in China 
through strong academia–industry collaboration. These 
activities include the development of P2G solutions for the 
city of Zhangjiakou where the 2022 winter Olympics will be 
hosted. The research project will also address local ‘wind 
energy curtailment’ issues, and develop power to heat solu-
tions in an existing smart grid demo site near Beijing [91].

5 Conclusion
Internationally, wind power integration in Denmark is 
recognized as world-class with further research ensuring 
that status continues. Danish wind power technology 
development has received considerable support over 
many years from local government, industries, research 
institutes and the wider community. The increased 
uncertainty and limited predictability of wind power has 
induced new requirements and challenges with power 
system flexibility. The current flexibility solutions rely on 
a combination of adequate capacity of interconnectors, 
optimal dispatch from the heating and power sector, 
flexible operation of conventional power plants and a 
mature electricity market. To achieve the 100% renewable 
energy goal, the current flexibility from integrated 
multi-energy systems will need further development 
and research advances. A  stronger connection with 
neighboring countries is being developed. The flexibility 
of conventional power plants such as the minimum 
load and the ramp rate need to be further improved. 
The electrification of heat generation will also play an 
important role in balancing wind power fluctuation 
and realizing the 100% green target for the power and 
heating systems. Emerging technology with gas systems 
will establish in the long-term electrical energy storage 
and future ancillary services provide power balancing. 
The Danish experience and lessons from their past and 

Table 2 Ongoing Danish projects on enhancing wind power penetration through system flexibility [86–88]

Project name EnergyLab Nordhavn EcoGrid 2.0 EPIMES

Flexibility provider HPs, electric boilers and DH system HPs, electric radiators and  
electricity market

P2G and DH system

Demonstration location Copenhagen Nordhavn Danish island Bornholm Zhangjiakou and  
Beijing, China
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current research projects can be applied elsewhere and 
further improve the development and utilization of 
wind power.
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Abstract

With an increasing penetration of renewable energy, combined heat and power (CHP) plants
play an important role in connecting different energy sectors of an integrated energy system
(IES). Technical flexibility is an essential ability for CHPs to provide a secure and economic
operation of the IES, as well as implement a profitable arbitrage in different markets. Op-
eration strategies (OSs) are adopted to utilize the existing technical flexibility in an optimal
way. The delivered flexibility is evaluated in terms of the system performance and opera-
tion profits. In this paper, a literature review on technical flexibility and characteristics of
different CHP technologies is summarized. Moreover, the applications of CHP system flexi-
bility in the IES are discussed from the perspectives of plant owners, system operators and
demand side. Literature classified by cost-based and price-based OSs is studied for system
operators and generation plant owners respectively. Characteristics of the OSs in terms of
the CHP modeling, optimization objectives, constraints and algorithms, etc. are discussed
and compared. The study is beneficial to achieve a more economic operation of the IES
and a more profitable operation of the CHP system by system operators and plant owners.
Future research work regarding this topic is investigated in the last part.

Keywords: Combined heat and power, flexibility, operation strategy, energy market,
optimization

1. Introduction

In order to deal with the global climate change and reduce the carbon emissions, a high
share of renewable energy of the primary energy supply is required [1]. Conventionally,
renewable energy has been greatly developed in electricity sector, i.e. the smart grid con-
cept [2]. In recent years, concepts of integrating renewables in an integrated energy system
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substantial extension of the short version of the conference paper.
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Nomenclature

Abbreviations

ADMM alternating direction
method of multipliers

AR autoregressive

BD bender decomposition

CBOS cost-based operation
strategy

CHP combined heat and
power

DH district heating

DHN district heating net-
work

DHO district heating opera-
tor

DHW domestic hot water

EB electric boiler

FC fuel cell

HA heat accumulator

HEX heat exchanger

HP heat pumps

IES integrated energy sys-
tem

IGDT info-gap theory

IP intermediate pressure

ISO independent system
operator

LP linear programming

MCS Monte Carlo simula-
tion

MILP mixed integer linear
programming

MINLP mixed integer nonlin-
ear programming

NLP nonlinear program-
ming

O&M operation and mainte-
nance

OS operation strategy

PBOS price-based operation
strategy

PDF probability density
function

RH rolling horizon

SARIMA seasonal autoregres-
sive moving average

SPHP solar power heat pump

TSO transmission system
operator

UCTE union for the coordi-
nation of the transmis-
sion of electricity

VPP virtual power plant

(IES) that is an integration of different energy sectors, are proposed. Different perspectives
of the IES are investigated, such as an integration of electricity, transport, gas and cyber
physical sectors of the energy internet concept [3], electricity, heating and gas sectors of the
smart energy system concept [4, 5, 6], and electricity, heat, cooling, fuels, transport sectors
of the multi-energy system concept [7].

Among different energy technologies that integrate different energy sectors, combined
heat and power (CHP) plant is of great importance thanks to its high efficiency. Typically,
a gas fired CHP which generates heat and electricity is a good example of integrating gas,
electricity and heating sectors. Various technologies and sizes of CHP units can satisfy
different power and heat demand, such as a centralized CHP connected to district heating
(DH) system and transmission level grid, a decentralized CHP connected to DH and distri-
bution level grid, and a micro-CHP in building level [8]. In addition, CHP units connected
to district heating network (DHN) can supply space heating and domestic hot water (DHW)
which have been widely used in Nordic countries [9].

Flexibility is the ability of a generation unit or a system to respond to the change of
demand and supply [10]. More specifically for power system, operational flexibility is the
ability to adapt its operation to fluctuations and variations of generation and demand side
in an economical and affordable way [11]. Traditionally, the flexibility is provided by part-

2



loaded synchronized generators and fast startup and shutdown plants, such as gas turbines.
With an increasing penetration of renewable energy, more flexibility needs to be provided by
plants with less marginal costs. Technical flexibility of plants is the capability of changing
power output and delivering flexibility to the system physically [12]. In order to utilize the
exiting technical flexibility in an optimal way, an adequate system regulation and market
design are needed [13, 14]. Technical flexibility is assessed in terms of their capability to
contribute to system operational flexibility, such as renewable energy integration, energy
system secure and economic operation as well as profits in different markets [15]. Therefore,
an optimal operation strategy (OS) of a CHP plant can provide a profitable and secure
operation of both electricity and heating sectors. By improving the flexibility of the CHP
with measures of integrating heating accumulators (HAs), electric boilers (EBs) and heat
pumps (HPs), the renewable penetration can be further increased in the electricity sector [16,
17].

Several literature reviews on CHP operation and technologies have been studied. Nazari-
Heris et al. [18] presented a comprehensive review on dispatch problem of CHPs with heuris-
tic and meta-heuristic optimization methods. The scope of the research was within the
strategy of minimizing the total fuel cost of the power and heating units. The perfor-
mance of different heuristic methodologies was analyzed. Cho et al. [19] summarized the
methodologies that are used to evaluate the energetic and exergetic performances, field tests
performances and optimal OS of the CHP systems. The paper classified the OSs of the CHP
power dispatch by three groups, following the electric load, the thermal load and based load
operation. Liu et al. [20] grouped the CHP technologies by different scales of the CHP sys-
tems. A comprehensive review of planning and operation optimization was introduced. The
paper focused on the optimization algorithm and types of objective functions, while paying
less attention to regulations of dispatch. Salgado and Pedrero [21] proposed a classifica-
tion of researches on operational planning of cogeneration by mixing of objective function
types (mono- or multi-objective functions), optimization problem, methods and algorithms
of solving optimization problems. Gu et al. [22] gave a comprehensive review on modeling
different types of CHP in a microgrid categorized by prime movers. Planning methods of
the CHP systems were classified by the optimization methods, such as linear, nonlinear and
mixed integer methods. OSs of the CHP system were grouped by continuous operation,
peak shaving and based load operation. However, due to the capacity limit, the small scale
CHPs are not allowed to join in the market to get dispatch. Therefore, market regulation is
not related to those OSs. An aggregation of the distributed energy resources named virtual
power plant (VPP) gives the small scale CHPs a good opportunity to join in the energy
market, and provide services in the same way as the large scale CHPs. A novel concept of
multi-energy price arbitrage was proposed for the VPPs in [7].

In the previous review study, the applications and technical flexibility of the CHP system
in terms of their sizes and technologies are rarely discussed. In addition, the relationship
among the OS of the CHP system and the energy system constraints, market incentives and
arbitrage opportunities are not analyzed systematically. The classification of cost-based and
price-based OS is therefore proposed in this paper to investigate the secure, economic and
profitable operation for system operators and plant owners respectively.
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The IES and CHP concept has been widely studied in recent years. We particularly limit
our discussions to the recent research within the following areas:

a) Technical flexibility and characteristics of CHP technologies.

b) Applications of CHP flexibility in IES.

c) OSs of CHPs for a cost-based and price-based operation.

The rest of the paper is organized as follows. The next section presents a literature review
on different types of CHP technologies. Section 3 reviews the CHP system applications in
IES. A comprehensive survey on OS of the CHP system in IES is provided in Section 4. The
last part draws the conclusion and future research possibilities.

2. CHP Technologies

2.1. Characteristics of CHP units

In this section, CHP technologies are firstly classified by the prime movers of CHPs. The
technical, financial and flexible operation characteristics are summarized. Applications of
different types of CHP technologies are also discussed.

Prime movers of CHPs are used to combust fuels and create mechanical energy to drive
generators to produce electricity. Heat exchangers recover the heat exhausted by the prime
mover and the generator as thermal output. CHP technologies classified by their types of
prime movers includes reciprocating engines, gas turbines, steam turbines, fuel cells (FCs)
and microturbines [23]. Classified by the applications, there are three groups of CHPs,
industrial CHPs, small commercial and residential CHPs and DH CHPs [24]. For industrial,
small commercial and residential applications, the CHPs are located near or at the existing
industrial or building sites. While for DH applications, CHPs provide heat for the end
users through DHNs. Industrial CHPs are used to supply intensive power and heat demand
of industrial sectors, like food, chemical and refining industries. The process-related heat
demand has a high temperature requirement up to 400 ℃ and is rarely varied by seasons [25].
In the U.S., industrial CHPs can cover 87% of national installed capacities of CHPs [26].
Small commercial/residential applications refer to the individual heating in buildings and
households that are not connected to DHNs, such as hotels and family houses in rural
areas. The CHPs installed at the individual building levels are typically ‘micro-CHPs’, which
mainly include CHP technologies like reciprocating engines, FCs and microturbines [27]. The
micro-CHPs supply space heating, DHW and electricity need. The buildings can also have
power exchange with the power grid.

Technical flexibility of the CHPs that can provide to the IES refers to the minimum
load, startup time and ramp rate. The minimum load is the ability of CHP units to pro-
duce minimum power in order to reduce the renewable energy curtailment and decrease the
financial loss during low energy price periods. The ramp rate is the ability of changing the
power output in order to realize the generation-load balance of the IES. Market incentives
of delivering the quick ramp rates are the variable energy prices that the CHPs can follow
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quickly. The startup time is the ability of reacting to a sudden power imbalance like de-
mand increase and outage of generation units. Some other technologies utilized during the
combustion process to increase the technical flexibility are well mentioned in [28] but not
discussed in this paper.

Technical data, financial data, flexibility data and applications of reciprocating engines,
gas turbines, steam turbines, FCs and microturbines are introduced and compared in Table 1.
In the table, typical CHP sizes, efficiencies, capital costs, operation and maintenance (O&M)
costs, and applications are listed.

Table 1: CHP technologies and characteristics [23] [29] [30]

Characteristics
Technology

Reciprocating Engine Gas Turbine Steam Turbine FC Microturbine
Technical data

Size 10kW-10MW
Simple: 30kW-450MW
combined: 100-500MW

500kW-500MW 1kW-3MW 50-250kW

Electric efficiency (%) 30-45 24-36 5-40 30-50 22-28
Total efficiency (%) 77-83 66-71 80-90 70-90 63-70

Fuel natural gas, biogas natural gas, light oil coal, biomass, waste
hydrogen, natural
gas, methanol

natural gas, liquid fuel

Financial data
Capital cost ($) 1500-2900 1200-3300 670-1100 5000-6500 2500-4300
O&M cost ($/MWh) 9-25 9-13 6-10 32-38 9-13
Flexibility data
Minimum load
(% of full load )

20-30 25-40 18-45 ca. 20 ca. 50

Startup time (h) 0.03-0.05 0.25-2.5 0.25-10 3-48 0.02-1
Ramp rate
(% per min )

100 15-25 4-10 100 100

Application
industrial/commercial
/residential/DH

industrial/DH industrial/DH commercial/residential commercial/residential

2.2. Operation region of CHP system

A CHP system in this paper is defined as a CHP plant including one or multiple CHP
units and other DH units at the same plant site, which are owned by the same plant owner.
Other DH units include HAs, EBs and HPs. The technical flexibility can be represented
by the operation region of heat and power output of the CHP system when the heat-to-
power ratio is various. The adjustment of the ratio is realized by controlling the physical
components inside the CHP unit. The schematic diagram of an extraction steam turbine
CHP is shown in Figure 1 as an example, which is adapted from Ommen et al. [31]. It shows
that the steam generated from the boiler enters the high pressure, intermediate pressure
(IP) and low pressure part of the turbine train. The control of the opening degree of valves
before the heat exchangers and low pressure turbines can change the heat and power output.

An example of the operation region of a steam turbine CHP system is illustrated in
Figure 2. The operation region shows the flexibility of heat and power output. An extraction
steam turbine includes different operation modes, line AE for condensing mode, line ABC
and ED for extraction mode and line CD for backpressure mode. The three modes are
connected to the valve control in Figure 1. They corresponds to V3, V2a and V2b fully
closed, V1a and V1b open (condensing mode); V2a, V2b, V1a and V1b open (extraction
mode); V2a and V2b open, V1a and V1b almost fully closed (backpressure mode). Point
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Figure 1: Schematic diagram of an extraction steam turbine CHP

B is referred to ‘no loss point’ where V1a, V1b, V2a and V2b are fully open [32]. Similar
to the valve control of extraction steam turbine, backpressure steam turbine operates in
backpressure mode on line GH.

The operation region of the extraction steam turbine is extended by the overload oper-
ation, where the load capacity is more than the rated load with a lower energy efficiency.
Another illustration in the figure is the bypass operation of a backpressure steam turbine,
where the heat to power ratio is varied. This can be realized by passing the steam to the
heat exchanger rather than the turbines, such as V3 open in Figure 1. For electric heating
like EB and HP which utilize electricity to generate heat, the operation region is in the
fourth quadrant.

Power

Heat

Extraction steam 

turbine CHP

Backpressure 

steam

turbine CHP

Overload operation

HP

EB
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operation

0
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Figure 2: Operation region of a steam turbine CHP system
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A comparison of changed operation region of CHP unit is demonstrated in Figure 3,
where the original operation region of a steam turbine CHP unit is described by solid lines.
The thermal power capacity of HA, EB and HP is assumed as 50 MJ/s and the operation
region is represented by the dashed line after integrating DH units. The EB and HP are
assumed to operate with constant heat to power ratios. Figure 3 (a) shows that with HA,
the operation region of CHP is shifted horizontally. For example, point D is moved to D′

and D′′ when HA is charging and discharging with full capacity, respectively. It enables the
CHP unit to have a larger operation capacity of heat when equipped with HA. In addition,
Figures 3 (b) and (c) show the EB and HP allow the CHP to increase heat production and
decrease the minimum electricity output. For example, the operation point can move from
D to D′ when the EB and HP are turned on in backpressure operation. In comparison with
the operation point D′ in (b), the minimum power generation point D′ in (c) is higher for
the high heat to power ratio of HP. Equipped with both HA and EB, the operation region
of CHP in (d) is extended both vertically and horizontally. For example, the maximum heat
output is shifted from C to C ′, which largely increases the heat output.
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Figure 3: Comparison of changed CHP unit operation region with (a) HA (b) EB (c) HP (d) HA and EB

Therefore, a portfolio of CHP unit, EB and HP enables an extension of operation area
along both ‘Power’ and ‘Heat’ axis [33]. A HP with variable heat to power ratios enables
a larger operation region. Compared to EB, a HP with the same heat capacity can reduce
the wind power curtailment more, and increase the revenue for wind power producers more,
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Figure 4: Percentage of DH supply from CHPs (data from [38])

while reduce the penalty of wind power imbalance in regulating power market less [34]. In
addition, equipment with HA can increase the operation region of CHP units along ‘Heat’
axis. During the off-peak load period, the power generation can be reduced while maintain
the heat production by utilizing the heat from HA. The reduction of power generation from
CHP can lead to the reduction of wind power curtailment [35]. Compared to HA with the
same heat capacity, EB can help CHP units with a better integration of wind power. This
is due to the operation point can be shifted vertically to a place with lower power output
in the region [36]. However, due to high taxes on electrical heating like in Denmark, the
profitability of using EB and HP is limited [33].

3. CHP system applications in IES

As a key component connecting DH and electric power system, CHPs play an important
role in both DH and electric power systems with a high generation efficiency. Figures 4 and 5
depict the share of CHPs in DH and electricity supply worldwide in 2015 respectively. CHPs
can provide heat and power with a share of up to 90% and 66% of DH and power system
respectively. And there is still a great potential of increasing CHP capacities worldwide [25].
DH can help the electric power system with a higher penetration of renewable energy and
generation-load balance, through the interaction between two energy systems such as CHPs
and electric heating units [12] [37].

The following sections discuss about the applications of the CHP system’s flexibility in
IES. The applications are grouped by different stakeholders of the energy system, i.e., owners
of the renewable power plant, system operators and the end users. These applications are
feasible both physically and economically. Physically, as the technical parameters introduced
in Section 2, CHP units are capable to increase the technical flexibility in terms of the
ramp rate, minimum output, startup time and overload capability on their own. With
the integration of HAs and electric heating, the dimension of the technical flexibility of the
CHP system is extended. Economically, revenue from ancillary services, arbitrage in markets
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and emission reduction can be achieved by utilizing the flexibility under different market
regulations.

3.1. Renewable energy plant owner

The CHP system can help the owners of the renewable power plant from different per-
spectives. Especially, for an energy company that owns the renewable power plant and the
CHP plant together, a portfolio OS of the two plants can help the integration of renewable
energy economically [39].

3.1.1. Reduce renewable energy curtailment

The renewable energy curtailment is a reduction in power output in comparison with
the power output with available energy, according to the definition in [40]. The curtailment
is caused by different reasons, such as transmission and distribution congestion, excess gen-
eration during low load hours and high minimum output of conventional generators. CHP
systems can reduce the renewable energy curtailment by reducing the power production.
This reduction is available by utilizing the technical flexibility. The turbine bypass allows
power generation reduction with increasing heat generation. Another measure of reducing
the curtailment is to utilize electric heating such as EBs and HPs. The change of heat
production can be solved by decoupling the heat and power production through HAs. In
addition, the reduction of minimum load can contribute to less renewables curtailment.
Technical options of indirect firing, switching from two-mill to single-mill operation and
upgrade of control system are available to reduce the minimum load [41].

3.1.2. Real-time power balancing

Renewable energy is characterized by its uncertainty and variability. This may cause
problems of real-time generation-load imbalance and therefore reliability problems for TSOs
(transmission system operators). The real-time market to penalize this imbalance usually
closes 5 to 45 minutes ahead of operation time [42]. Therefore, a quick ramp rate and
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short startup time of CHP systems can adjust the scheduled power output and balance
the forecast error from renewables in a short time. Technology renovations of repowering,
optimized control systems and thin-walled components can lead to a shorter startup time
and quicker ramp rate.

3.1.3. Arbitrage in energy market

The objective of the arbitrage in energy market is to make profit from price discrepancies
by a purchase and sale of electricity or other equivalent commodity like heat simultane-
ously [43]. Since electricity cannot be stored, energy storage can help to arbitrage in energy
and ancillary services markets and help renewable integration [44]. For CHP systems, the
arbitrage can extend to cross-commodity arbitrage, where arbitrage between heat and power
is possible by flexible power to heat ratios, HAs and electric heating.

3.2. System operator

Power and heat system transmission operators are responsible for a reliable and secure
delivery of energy. With a high penetration of renewable energy, ancillary services are needed
to keep generation and load balanced all the time.

3.2.1. Reserves

According to the definition of UCTE (union for the coordination of the transmission
of electricity), reserves can be classified into primary, secondary and tertiary reserves [45].
These reserves have different action time varying from seconds to minutes and are procured
by TSOs to maintain the generation-load balancing. Ancillary service markets are the
incentives for CHP systems to provide frequency reserves. According to study in [46], for
CHP units and HPs, it is more profitable to provide frequency reserves to the grid rather
than join in the energy market only.

3.2.2. System inertia

Power system inertia is defined as the capability of a power system to resist the frequency
variations, which is dependent on the kinetic energy in rotating masses [47]. With an
increasing integration of renewables which are connected to the grid through inverters, the
system inertia and stability are decreasing. Turbine-generators inside the CHP units are
important resources of system inertia.

3.2.3. Voltage control

Voltage control service is required to maintain the voltage setpoints and the power quality
when the power system has fluctuation from renewables [48]. Some countries in Europe
require the CHP plants connected to the transmission network to provide mandatory voltage
control [49].
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3.3. Demand side
Demand side management can be realized by utilizing the building level electric heating

and HAs. Arteconi et al. [50] investigated that a coordination of electric heating and HAs
can reduce the operation cost by providing load shifting. In addition, the study in [51]
showed that heat storage of building’s thermal mass can reduce the temperature of heating
supply.

4. Operation strategies of CHP system in IES

OSs of a CHP system in this section refer to the utilization of flexibility during a short
term dispatch in markets. In a power pool market like in the U.S., the dispatch problem in
power system determines the hourly power output of each generating unit at the minimum
cost, subject to the technical constraints of the transmission networks [52]. The dispatch
problem is calculated by the independent system operator (ISO) through cost-based OS
(CBOS). Environmental matters and security constraints of the system are added to the op-
timization problem to achieve environmental and secure operation during the dispatch [53].

While in a power exchange market like in Europe, the dispatch problem is implemented
by plants owners, also called self-scheduling. A price-based OS (PBOS) is developed to
maximize the profits of the generation units without considering the security of the sys-
tems [43]. The dispatch determines the offers of each generation unit in the electricity
market. The market operator decides the offers to accept and market prices with market
clearing auction [54].

For a CHP system, the OS is important for both the TSO and district heating operator
(DHO) to ensure a secure and cost-efficient operation. Electricity and heat are commodities
to sell in the electricity and heat markets respectively. The two energy markets are coupled
by CHP and electric heating units. Energy and ancillary services in the markets are also
different commodities for the CHP system to arbitrage. Therefore, CHP systems have
arbitrage opportunities among heat and power, energy and capacities, based on the price
based operation [43]. A comparison between the two strategies is firstly listed in Table 2
according to the statement above. The differences in terms of objective function, problem
owner, constraints and major challenges are compared.

In this section, recent researches on CBOS and PBOS of CHP systems in IES are re-
viewed. For CBOS, the costs considered in the objective function of the references are
classified in Section 4.1. The flexibility is evaluated in terms of fuel costs, startup and shut-
down costs, system security, carbon emissions, wind curtailment, etc. Constraints of system
operation, CHP model methods, optimization methods and flexibility providers to integrate
renewables, etc., are classified. In addition, recent researches on PBOS are reviewed in Sec-
tion 4.2. The markets considered for revenue, the commodities for arbitrage, optimization
methods and flexibility providers to integrate renewables, etc., are classified. The flexibility
is evaluated in terms of operation costs and sale revenue from electricity and heat markets.

4.1. CBOS
Figure 6 shows the framework of CBOS that is studied in this section. Load profiles, se-

curity requirements such as system reserves, emission limits, technical and cost data of each
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Table 2: Comparison of CBOS and PBOS

CBOS PBOS
Problem solved by ISO Plant owners
Objective minimize operation costs maximize operation profits

considering security and emission
considering revenue from energy
and reserve markets

Constraints
network security and technical constraints
of generation units

technical constraints of generation units

Major challenges nonlinearity from heat and power flow uncertainties from markets

Load profile

Security requirement 

Emission limit
Technical and cost 

data of generation 

units

Optimization

Uncertainties

update

Input

Commercial

solvers

Decomposition 

and iteration algorithms

Rolling horizon, robust, 

stochastic optimization

Basic unit commitment 

and economic dispatch

consider

uncertainties

large scale

nonlinearity

Figure 6: Framework of CBOS

generation unit provided by the plant owner are inputs for ISO to calculate the dispatch. A
basic unit commitment and economic dispatch is investigated in some research with no un-
certainty considered and solved directly with commercial solvers such as GUROBI, CPLEX
and DICOPT, etc. With uncertainties such as wind power production, load profiles and
temperatures considered and updated, rolling horizon, stochastic and robust optimization
are utilized to make a more secure and economic dispatch close to real time. Decomposition
and iteration algorithms are adopted to deal with the large scale optimization and nonlinear
problem caused by the energy flow in networks as well as coupling of heat and power. Then
the problem is easier to be solved by the solvers.

4.1.1. Objective functions

Table 3 shows the recent research on CBOS of the CHP system. The CBOS aims
to supply the heat and power load with maximal security and minimal cost. The objective
function is to minimize the operation cost, which includes the fuel cost, startup and shutdown
cost of the CHP system. Penalty costs of system insecurity such as generation-load imbalance
and load shedding, wind power curtailment, carbon emissions and power exchange with the
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main grid for a micro-IES system, are considered for a secure and environmental operation
of the IES. For a centralized CHP system connected to a transmission level grid, the fuel
cost is expressed with a quadratic function of heat and power generation [55, 56, 57], a linear
combination of extreme points of the fuel consumption [36, 58], and a linear function of heat
and power generation [59]. For a distribution level or microgrid level CHP system, heat is
recovered from the electricity production such as a gas turbine and the fuel cost is a function
of power generation only [60, 61]. The power exchange with the main grid is considered for
a microgrid level CHP system, such as a industrial park [62] and a residential area [63]. The
power exchange with the main grid was represented as a constant electricity price in [63].
Two objective functions are considered in a two-stage OS. Peng et al. [64] proposed a two-
stage OS to realize peak load regulation with different generation groups. The first stage
aimed at the minimum cost of CHP dispatch and the second stage was to maximize benefits
of peak load regulation and shifting from the first stage plan by utilizing the flexibility of
HA. Similarly, Peng et al. [65] proposed a two-stage OS to reduce wind curtailment with
different generation groups. The first stage minimized the operation and penalty cost on
wind power curtailment. The second stage redispatch aimed to reduce the curtailment with
the dispatch priority of internal generation units first then the other portfolios, by utilizing
the flexibility of HA.

4.1.2. Network constraints

Regarding optimization constraints, the network and CHP system constraints are in-
cluded. For the IES operation, both heat and power generation-load balance in the network
need to be considered. Typically, the DC power flow limit is bounded in a transmission
level grid [66] and the AC power flow limit is bounded in a distribution level grid [60]. For
security need, the power output is larger than the demand and capacity reserve is required
in some studies [62, 67]. Results showed that with the more reserve provided by CHP, the
less operation cost is obtained.

For heat network constraints, steady state and dynamic heat flow have been proposed to
limit the temperature and pressure in the DH pipelines. Liu et al. [60] studied the thermal-
hydraulic model of the DHN, where the heat loss due to the difference between water and
ambient temperature during heat transmission in the pipeline was considered. While the
node method utilized in [55, 56, 68], took the time delay of heat transmission into account,
which has a good accuracy in calculating temperature dynamics during the water flowing in
the pipeline. Results showed that the DHN with an optimized variable supply temperature
can reduce 7.2% daily operation cost and 0.9% pump power [68].

4.1.3. CHP system constraints

For CHP operation constraints, ramp up and ramp down limit of CHP boilers rather than
the power output was considered in [69], where the ramping of fuel utilization was modeled.
Dimoulkas et al. [59] modeled three startup types of CHP units, hot, warm and cold startup
depending on the status of the prior operation time. Heat exchangers (HEXs) between the
CHP unit and the DHN were modeled in [57] and [55, 62] to consider the steady state and
dynamic heat transfer process. The results in [55] indicated that with a 35% larger heat
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transfer area of the HEX respectively, a maximum of 14.3% more wind power integration
can be achieved.

4.1.4. CHP unit modeling

CHP units modeled in the OS typically have a steady state model, and the convex
region method which describes the power and heat operation boundary of a CHP unit is
widely used. This method is typically used for centralized extraction steam turbine and
backpressure steam turbine CHPs with bypass operation, which have a variable power to
heat ratios [59]. A linear combination of the power and heat output of the extreme operation
points [36], and linear functions of the boundaries lines are used to represent the operation
region [61]. For backpressure CHP units and gas turbines, a constant power to heat ratio is
typically used for modeling the steady state operation [63]. A comparison of linear, mixed
integer linear and nonlinear model of CHP units was discussed in [70]. Compared to the
linear model, the mixed integer and nonlinear ones can increase operation hours of selected
units by 17% and 25%, however, increase the computation time of 143% and 219030%,
respectively.

4.1.5. Types of optimization program

The types of optimization program of the papers are grouped as linear programming
(LP), mixed integer linear programming (MILP), nonlinear programming (NLP), mixed
integer nonlinear programming (MINLP), rolling horizon (RH) and stochastic or robust
optimization. Especially Chen et al. [58] considered a non-convex operation region of an
extraction steam turbine, which was cut into two convex regions to convert the problem
into MILP. Shui et al. [71] proposed a data-driven distributionally robust coordinated OS.
Results showed that considering the uncertainty of wind power output, a 7% and 4% lower
operation costs compared to stochastic and robust optimization can be obtained.

4.1.6. Optimization algorithms

Optimization algorithms of iteration solution and decomposition method are used to solve
the large scale nonlinear problem. Nonlinearity can be from the heat transfer constraints [55],
quadratic objective functions [56, 57] and heat flow constraints [60]. In [60], the Newton-
Raphson method was adopted for the iterative process to solve both the integrated and
decomposed electrical-hydraulic-thermal model. The optimization problem was cut into two
groups where each group considers only variables in electrical or heating system in [72].
Similarly, bender decomposition (BD) method was utilized to cut the problem for TSO and
DHO operation separately in [57]. The result showed that compared to the decomposition
method of alternating direction method of multipliers (ADMM), the BD had a 76% better
calculation performance.

4.1.7. Flexibility providers

Flexibility for a higher renewable energy integration during the dispatch can be real-
ized by adding penalty costs of renewable energy curtailment in the objective function and
utilizing the technical flexibility of the CHP system. As shown in Figure 2, the operation
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region is extended by adjusting heat to power ratio of CHP units. The flexibility of the CHP
system can be further extended by HA and EB. A practical three layer model of the HA was
proposed in [36] and the utilization of HA and EB can reduce the wind power curtailment by
56% and 84% respectively. The optimal locations of HPs in the system to minimize the heat
loss was studied in [72]. The results showed that the minimum heat loss was obtained when
the HP was connected to the end of the DHN. A proposed start and stop strategy of EB and
HA in [61] can help the CHP units to follow the variation of heat load and reduce the wind
power curtailment by 74%. The thermodynamic model was adopted for DHN, where the
heat capacity of flowing water contributed to a type of thermal energy storage decoupling
the time of use and generation of heat. The results indicated a 8% lower operation cost
compared to the operation without considering the DHN [56].
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Figure 7: Framework of PBOS

4.2. PBOS

A PBOS is usually utilized by plant owners, aiming to get the maximal profits with
the revenue from different energy and ancillary service markets. Technical constraints of the
portfolio of the generation units need to be considered while the operation security constraint
is not covered by the plant owner but the system operators.

A framework of PBOS investigated in this paper is shown in Figure 7. Instead of system
security, the market prices such as electricity, heat, gas and ancillary service prices are pre-
dicted as inputs. Based on the PBOS, the generator owners have the arbitrage opportunities
in different markets considering purchase and sale simultaneously. Arbitrage in electricity
markets can explore the same-commodity arbitrage and cross-commodity arbitrage. Same-
commodity arbitrage in electricity market refers to explore the profits from the variation
of electricity spot prices. For a CHP system, this arbitrage is available when it joins in a
deregulated heat market [73] and heat and electricity co-clearing market [39] to get dispatch.
In a deregulated heat market, the pricing method and dispatch method are based on the
marginal heat costs. For a CHP unit, the power and heat production are related to each
other since the fuel is utilized to generate heat and power simultaneously. The cost alloca-
tion for heat and power of a CHP unit can be realized by eliminating the expected electricity
sale in the spot electricity market, e.g., in Denmark and Finland, by dividing the heat and
electricity costs according to the electricity-to-heat ratio of the CHP unit, e.g. in Sweden,
and according to deficiencies of stand-alone electricity and heat generation [74]. With a high
penetration of renewable, the variation of electricity price is high. Thus, the CHP unit can
arbitrage in the electricity market by shifting the time of electricity production. In order to
keep the heat system generation-load balance, the heat generation can be adapted by using
the flexibility of the CHP system, such as the variable heat to power ratios of a steam turbine
CHP unit and utilization of HAs to decouple the time of heat generation and consumption.
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In addition, the cross-commodity arbitrage between heat and power, and energy and
ancillary services are possible for a CHP system. For a CHP system getting revenue from
selling both heat and electricity, arbitrage opportunities are available when both prices are
variable. A CHP system owner can also seek maximal profits across capacity reserve in
ancillary service market and energy in day-ahead and balancing market. A literature review
on PBOS is shown in Table 4.

4.2.1. Arbitrage in electricity and heat markets

Energy arbitrage in heat and electricity energy markets is possible for generation units
to get more revenue from electricity and heat sale. Typically, in heat market in Finland [73]
and Denmark [75], the electricity revenue is considered as part of the marginal cost of CHP
units. Variable power to heat ratios are available for an extraction CHP and a backpressure
CHP with bypass operation, which provides opportunities for the CHP system to benefit
from high electricity sale therefore low marginal heat costs. A gas turbine fueled by natural
gas with variable gas prices can introduce more arbitrage opportunities in these three energy
markets [76]. A decision making tool for the DHO was proposed in [77], where a two stage
stochastic hierarchical optimization in heat market was used. Compared to current OS, the
stochastic hierarchical model can help the DHO to anticipate the electricity revenue and to
reduce the heat cost by 3.8%.

In wholesale electricity market, the generator owner can join in the day-ahead market
and real-time market sequentially. Hellmers et al. [39] proposed a two-stage portfolio OS for
a CHP plant and wind farm co-owner to arbitrage in both day-ahead and real-time market.
Results showed that the portfolio can take advantages of the two-price balancing market,
increase the operation profits by 12% and decrease the net balance by 54% compared to
the independent operation. Haakana et al. [78] investigated the revenue of the CHP system
in the day-ahead market, reserve market where capacity was reserved to provide frequency
regulation as an ancillary service, and intraday market sequentially. The increasing flexibility
of the steam turbine bypass contributed to a more profitable trade-off between capacity and
energy sale. Results indicated that it was 16% more profitable to join in the reserve market
at the cost of revenue in day-ahead market.

4.2.2. Types of optimization program and techniques

Robust and stochastic optimization considers the uncertainties in the OS. Zugno et
al. [79] developed a two-stage decision making model to maximize the profits in day-ahead
heat market and electricity markets. Arbitrage in two energy markets was realized through
stochastic and robust optimization. Uncertainties from heat demand and electricity prices
were taken into account in the first stage decision. The results indicated that the robust and
stochastic optimization can decrease the load shading by 88.7% and 96.9% in winter, 88.5%
and 96.9% in spring, 100% and 100% in summer, and 96.9% and 95.5% in autumn; while
reduce the profit by 1.4% and 1.5% in winter, 3.6% and 1.4% in spring, 6.3% and 2.2% in
summer, and 3.7% and 1.3% in autumn, respectively. The robust model slightly reduced the
opportunities of using the flexibility of the CHP system to perform arbitrage in electricity
market due to the conservativeness of heat balance. A two-stage stochastic hierarchical
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optimization in heat market was proposed in [77], where the uncertainties from wind power
production and rival participants offers were considered in the day-ahead electricity market
clearing. Karush-Kuhn-Tucker and duality theorem were adopted to linearize the bilinear
problem in the objective function. Results showed that the stochastic hierarchical model
can decrease the average marginal heat cost by 3.8% compared to the nominal model.

Stochastic programming in [80] can solve the problem of over investment of HP and EB
capacity in deterministic programming, where the profits of HP and EB were over estimated.
Results also indicated that EB and HP can help the stochastic programming to obtain a
maximum of 28% more profits than deterministic programming. A 50% and 100% of EB and
HP capacity can result in a reduction of heat cost by 4% and 5% respectively. Autoregressive
(AR) process of order four was used to predict the heat demand with the historic data.

Growe-Kusha et al. [81] investigated the arbitrage in electricity and heat markets con-
sidering uncertainties of electricity prices. The paper utilized the info-gap theory (IGDT) to
let owners of the generation portfolios to evaluate the robustness of its decisions against fail-
ures, the low electricity prices, and opportunities of windfall, the high electricity prices [82].
The probability density function (PDF) of uncertainties was not required but modeled as
unbounded gaps. Results indicated that higher profits require a higher favourable price devi-
ations from the the forecast values. Similarly, a hybrid stochastic/IGDT was utilized in [76],
where the risk-averse strategy evaluated the robustness against high operation cost of the
energyhub and the risk-seeker strategy evaluated the opportunities of low operation cost.
The energyhub included a gas fired CHP which can do arbitrage in gas fuel consumption
and electricity sale. The optimization was in three stages, with the two-stage stochastic and
last stage of IGDT for each scenario. Monte Carlo simulation (MCS) was used to generate
scenarios and the fast backward reduction method was used for scenario reduction. Results
indicated that the hybrid approach increased the operation profits by 3% and 5% compared
to the stochastic and deterministic strategy respectively.

A two level optimization of minimizing consumers’ heat and electricity costs and genera-
tors’ operation costs iteratively with the diagonalization method was proposed in [83]. The
two levels were connected by electricity and heat load, electricity and heat prices. The upper
level aimed to minimize the consumers’ electricity and heat costs and investment costs in
solar power HP (SPHP), according to the prices cleared from the lower level. The lower level
operators aimed to calculate the marginal prices with updated demand using DC optimal
power flow. The results showed that the SPHP can decrease the annual operational costs
by 0.42% from the generation side and reduce the costs by 0.37% for consumers.

For a microgrid CHP systems, Alipour et al. [84] proposed a CHP-based microgrid OS
in both connected and isolated operation modes with stochastic programming considering
uncertainties from electricity demand, power prices and wind power generation. Seasonal
autoregressive moving average (SARIMA) method was utilized for scenario generation pro-
cedure of load and prices considering the daily and weekly seasonal patterns. Results high-
lighted that grid connected mode can contribute to 207% more profits. Vasilj et al. [85]
investigated a two-stage stochastic OS in a residential area by maximizing the profits in the
first stage and using real-time model predictive control in the second stage. Uncertainties of
electricity prices, outdoor temperature, solar irradiance, power load and indoor temperature
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setpoints were considered. Scenario tree reduction technique was implemented to reduce the
scenarios by bundling scenarios with a short Kantorovich distance [86]. Results indicated
that the proposed OS can save the operation cost by 5.5% compared by the deterministic
one.

Zhang et al. [87] proposed a robust OS of maximizing profits of a multi-energy microgrid
from the perspective of the community. The microgrid operator, generation units and con-
sumers were considered to share the same economic goal. Therefore, the network constraints
of linearized AC power flow and voltage were considered together with the consumers’ indoor
temperature comfort and demand response. Interval prediction tools based on the extreme
learning machine and the pairs bootstrap [88] were adopted to determine the upper and lower
boundaries of uncertainties of renewable power generation, electric load and ambient tem-
perature. The two stage robust optimization was cut with a modified column-and-constraint
generation algorithm, where the master problem optimized the day-ahead profits under the
worst case scenario and the slave problem found the worst scenario among the uncertainties.
Compared to the single stage OS, the robust OS can ensure a 100% satisfaction of voltage
limit and user comfort.
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5. Conclusion and future research

With an increasing renewable energy integration, conventional generation units like CHP
plants still remain their values in the energy system in terms of keeping the electricity and
heating sectors a more reliable and cost-effective operation. In order to target the renewable
energy goal, technical retrofits are available for CHP plants to transform from coal fired
to biomass fired units. However, with the increasing penetration of renewables, CHPs face
many challenges both technically and economically. An OS is essential for both TSO and
DHO to have a secure and economic operation, and for plant owners to have an optimal
profits. This paper reviews the flexibility characteristics and DH applications of current CHP
technologies with applications in IES. Based on the technical flexibility, CBOS and PBOS
of the CHP system are summarized from the following issues: objective functions, network
constraints, CHP modeling, arbitrage in markets, optimization algorithms and flexibility
providers. Therefore, this study is beneficial to a more secure operation of the IES system
and profitable operation of the CHP system by system operators and plant owners. We
point out possibilities of technologies and research as follows.

5.1. Increasing CHP technical flexibility

Technically, variability and uncertainty from renewables require the CHPs a faster ramp-
ing, lower minimum load, shorter startup time and overload capability. In addition, power
to heat ratio is flexible for an extraction steam turbine and backpressure steam turbine with
bypass operation. The flexibility of power to heat ratio is increased by being equipped with
electric heating units and HAs which enable a decoupling between the heat and power gen-
eration. Overload capability and reduced minimum load can help the CHP units to change
the capacity when price is preferable. With an increasing penetration of renewable energy,
a lower electricity price during the offpeak hours and more frequent generation-load imbal-
ance may occur. A faster ramp rate and shorter startup time enable a lower loss in startup
time and quicker response to power imbalance. In addition, the energy storage in DHN has
been investigated recently. The time delay during hot water transmission in DHN enables
a further time shift of energy generation and consumption. A coordinated utilization of
electric heating units, energy storage, DHN and CHP units flexibility can help to reduce the
renewable curtailment and a more cost-effective operation.

5.2. Increasing IES operational flexibility

With a further electricity and heat market design that has a trend of lower minimum
bid, decentralized CHP and electric heating units have more opportunities to join in the
market to transact energy and provide ancillary services, such as micro-IES. An optimal OS
for generation units owners to arbitrage in different energy markets such as gas, electricity
and heat, as well as ancillary services market can bring more profits for the CHP system.
Decomposition methods and iteration solution are effective techniques to solve the nonlin-
earity caused by the fuel utilization equation and dynamic of heat networks. Uncertainties
of electricity prices, heat and power demand, coupling of heat and power and fuel prices
are key factors that need to be considered for a generation plant owners to arbitrage in
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energy and capacity markets. Scenario generation and reduction techniques are essential to
consider the uncertainties within an efficient computational performance in stochastic pro-
gramming. IGDT develops a better risk analysis for the generation units owner to evaluate
the robustness against higher cost and the opportunities of higher profits.
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Abstract

Denmark has the ambitious goal of achieving 100% renewable electricity and heating sectors
by 2035. Coupling these two energy sectors, combined heat and power (CHP) plants play an
important role in providing flexibility in terms of economic dispatch of heat production and
balancing power systems with high penetration of intermittent renewable like wind power. In
this paper, a two-fold flexibility potential of different CHP applications in the Danish district
heating systems was investigated and compared based on a proposed two-stage optimal
dispatch model. In the first stage, the heat production plan of a CHP plant was derived to
minimize the system heat cost in a deregulated heat market by using its flexibility; in the
second stage, the CHP plant was redispatched to provide real-time balancing service with
the remaining flexibility. The diversified applications include different types of CHP plant,
various operation modes, and the inclusion of heat accumulator (HA) or not. A case study
using information collected from Denmark was presented to validate the proposed algorithm
and to quantitatively illustrate the flexibility difference of various CHP applications in real
time. The results provide a practical guide to activities aiming to take advantage of the
flexibility potential of CHPs for both minimizing the heat cost and balancing a local energy
portfolio.

Keywords: Combined heat and power plant, flexibility, heat market, optimal dispatch,
wind power balancing

1. Introduction

Denmark aims to supply domestic electricity and heat consumption using only renewable
energy by 2035 [1] and have an energy system independent of fossil fuels by 2050 [2]. In
pursuit of this ambitious goal, integration of renewable energy has been significantly en-
hanced, e.g., 43% of Danish power consumption was supplied by wind power in 2017 [3].
Nevertheless, the uncertainty and variability of renewable resources require flexibility across
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Nomenclature

Abbreviations

CHP combined heat and power

DH district heating

HA heat accumulator

HP high pressure

IP intermediate pressure

LP low pressure

O&M operation and maintenance

WF wind farm

Greek letters

α combination coefficients

β power loss factor

η efficiency

λ electricity revenue (EUR/MWh)

I set of CHP steam turbine type

T schedule period

Ω set of decision variables

Superscripts

∗ optimal value

bp backpressure operation mode

bypass bypass operation mode

cond condensing operation mode

def deficit

exc excess

exp export

ext1 extraction operation mode with one β

ext2 extraction operation mode with two β

ext extraction operation mode

fuel fuel consumption

full operation with full load

ht heat

II region II of extraction CHP unit

imp import

I region I of extraction CHP unit

LD load

max maximum

min minimum

noloss no loss line in two-β operation

ramp ramp rate

sub subsidy

S spot price

tax fuel tax

twoloss extraction operation mode with two β

WP wind power

m extreme points

Subscripts

ele electricity

end end hour of scheduled period

ini initial hour of scheduled period

red reduction by partial load

re redispatch

total power and heat

i CHP unit index

t time index

Roman letters

bkpr backpressure CHP

extr extraction CHP

o binary variable

C cost rate (EUR/h)

c cost factor (EUR/MWh)

F fuel (MWh)

k reduction rate

P electric power (MW)

Q heat power (MJ/s)

R revenue (EUR/h)

U normal distribution

energy sectors, i.e., smart energy systems [4]. Forming a key link between the electricity and
heating sectors are the combined heat and power (CHP) plants, which are highly efficient in
power and heat generation, e.g., Avedøre power station in Copenhagen can achieve a total
efficiency of up to 93% [5]. Moreover, the fuel used in CHP plants needs to change from coal
and oil to renewables to phase out fossil fuels in both energy sectors. Economic dispatch
for heating system with CHP plants fulled by renewables, such as biomass, is encouraged
by subsidies being paid to CHP plants in proportion to sales of electricity [6]. As a result,
coal consumption by Danish CHP plants was notably reduced by 27% in 2017 [7], and 35%
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of Danish CHP plants are now fuelled using biofuels, including biomass and biogas, which
are considered as CO2 neutral.

In Denmark, the two energy sectors of heat and electricity have been interconnected by
the CHP technology since the 1900s, when the heating system started using the surplus heat
from electric power plants and the first CHP plant was built [8]. The rapid development of
the district heating (DH) system in Denmark can be dated back to the 1970s after the oil
crisis. Today, more than 60% of Danish household heating consumption is covered by DH,
one of the highest percentages in the EU. CHP plants contribute to around 70% of Danish
DH generation [9] and 50% of electricity generation [7]. Conventionally, electricity is treated
as a by-product of heat production, with the result that the electrical flexibility potential of
CHPs is often overlooked in the electrical power system, and their main operational purpose
is seen as delivering economical heat production. Following the rapid increase in intermittent
renewable fuels, the potential for CHP plants to offer balancing power is becoming more
and more recognized [10]. Where CHPs run on extraction steam turbines, rapid changes in
electricity generation can be achieved by extracting varying amounts of steam for producing
heat through DH heat exchangers. Alternatively, implementing full or partial bypass mode in
CHPs could expand the maximum heating output and deliver more flexible electricity [11] or
a heat accumulator (HA) could be added to the CHP unit to decouple the production of heat
and electricity [12]. Haakana et al. [13] have investigated the feasibility and methodology of
CHP providing frequency regulation services to achieve economic operation. Kumbartzky et
al. [14] have studied the potential of using HAs to increase the profitability for CHP plants
when bidding in the day-ahead and reserve electricity markets.

1.1. Energy market in Denmark

Energy markets are commodity markets that enable optimal utilization of energy re-
sources and technologies. In contrast to electricity markets, which have been successfully
operated for decades in many countries, there are few examples of heat markets because
heat is a rather localized energy product. However, the rapid development of district en-
ergy solutions and new ways of energy trading (like peer-to-peer energy trading) will very
likely enable localized energy market solutions. In Copenhagen, a heat market has been
in existence since 2008. And this localized heat market has a strong connection with the
Scandinavian electricity market, because CHP plants are major producers of heat. There
are currently two main types of heat market: regulated and deregulated. The deregulated
market provides incentives for producers to reduce heat costs and increase generation effi-
ciency. One of the main dispatch methods in this market is based on marginal heat costs,
for example in the Nordic countries [15]. However, the allocation of the heat costs of a CHP
plant varies from country to country, for example, by excluding the revenue from electricity
production in Denmark and Finland [16], and by defining the electricity-to-heat ratio in
Sweden [17]. The paper was applied to the Danish heat market based on marginal heat
costs due to both its relevance to this study and the fact that the deregulated market mod-
els fit well with the trend towards high share distributed generation-based future energy
systems [18].
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1.1.1. Copenhagen heat market

The current heat market in Copenhagen, Denmark, is known as Varmelast.dk and is
responsible for the daily joint heat and power dispatch [19]. The heat and power dispatch is
optimized based on the marginal heat cost, i.e. Variable costs - Power sales. Fuel costs, CO2

quotas, operation and maintenance (O&M) costs and energy tax are all included in Variable
costs. Both the subsidy and electricity sales in the power market are included in the Power
sales [20]. Payments for heat production are defined outside Varmelast.dk through bilateral
contracts, not determined or known by Varmelast.dk during the dispatch [21].

1.1.2. Day-ahead joint heat and power dispatch

The day-ahead dispatch regulation of heat and power that the study followed in the first
stage is illustrated in Figure 1, which is adapted from Nielsen et al. [22]. Before 7:45 of

Daily heat 
demand 

prediction

Daily heat bid 
submission

Daily heat optimal 
dispatch with system 

marginal cost 

Hourly heat and 
power dispatch

Hydraulic constraints 
check and final heat 

plan assignment

Make bids to 
Nord Pool

7:45 8:45 9:00 9:45 10:30 12:00

Hourly power 
dispatch settled and 

price  calculated

12:45

Heat market Power market Producers

Figure 1: Day-ahead heat and power dispatch in Copenhagen

day-ahead energy delivery, the daily heat demand is predicted by Varmelast.dk and sent to
each heat producer. Then, the producers submit their daily bid for each unit based on the
marginal heat cost given their own day-ahead electricity price prediction. The daily bids
of all producers are aggregated by Varmelast.dk. The total marginal cost of the system is
minimized and the daily heat production of each producer is ordered by 9:00. Then, the
hourly optimal dispatch of heat and power for each unit is calculated by the producers and
sent back to Varmelast.dk by 9:45.

After the iterations, the aggregated hourly day-ahead heat plan for each unit is deter-
mined by Varmelast.dk as the preliminary heat plan. The hydraulic requirements of the
transmission network are checked. By 10:30, the hourly heat dispatch for each unit is ob-
tained, i.e. the final heat plan. Then, the producers can adjust their power production and
bids in the day-ahead power market Elspot before 12:00 provided the heat production is
satisfied. This means that the electric power dispatch can be adjusted only if the units have
the flexibility. The Elspot price is calculated and the trade in Elspot is settled before 12:45.

The heat and power day-ahead markets are connected with the CHP units in the following
respects: a) The preparation of bidding in the power and heat markets runs in parallel.
Prediction of the electricity price is part of the bidding in the day-ahead heat market. After
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the heat plan is determined, the bidding in the day-ahead power market is kept within
the limits of the heat plan. b) Heat is regarded as the main product while electricity is
a by-product since electricity production is determined by the heat production required.
c) Bidding in the day-ahead power market is carried out after the day-ahead heat plan is
complete.

There are also some differences between the heat and power markets in day-ahead trading:
a) Scale of the market: Varmelast.dk is a heat market only for the Copenhagen area with
an annual consumption of around 34500TJ, whereas Nord Pool involves trading among 20
countries with an annual trade of 505TWh [23] [24]. b) Mechanism: The heat market in
Copenhagen is cleared based on bidding curves from heat providers, which are calculated
based on the marginal heat cost of each unit without heat distribution companies or end
users involved. Whereas in Nordic electricity market, it is cleared based on bids from both
buyers and electricity providers.

1.2. State-of-the-art optimal dispatch of CHP plants and their flexibilities

Economic dispatch is an important and widely investigated research topic [25]. For CHP-
relevant applications, optimal dispatch is often applied as a short-term operational planning
approach to derive the hourly schedule for power and heat production [26]. The objective
function of the dispatch problem is traditionally formulated to minimize the operation cost
of electricity and heating generation together during the schedule period. Ommen et al. [27]
have investigated an optimal dispatch problem for different types of CHP plants together
with other heating generation units by minimizing DH system operation cost. However, they
do not deduct the electricity revenue of CHP plants from the system cost following the heat
market regulation. Liu et al. [28] propose a comprehensive analysis of combined heat and
power flow in the network, but it is not realistic to relate the fuel cost of CHP plants only
to power generation. Li et al. [29] develop an optimal dispatch by considering the operation
cost of CHP plants together with other heating and electricity generation units, but they
neglect the sequence of heat and power dispatch in the CHP plant. Furthermore, they add
the penalty cost of wind power curtailment to the operation cost to increase the integration
of wind power to the grid.

Flexibility of operation of a power system is understood as the ability of the system
to respond to change in demand and supply, according to Cochran et al. [30]. For its
application in DH, Li et al. [31] and Lin et al. [32] investigate the flexibility of the DH
network by integrating wind power during CHP optimal dispatch. Chen et al. [33] claim
that the flexibility of a CHP plant is increased by integrating HAs to the DH system. They
evaluate the flexibility in terms of wind power integration. However, the penalty of wind
curtailment is added to the dispatch of heating and electricity generation units together. In
practice, the curtailment cannot be considered by the DH operator and the power market
simultaneously. Dimoulkas et al. [17] highlight their research by considering the dispatch of
the main units of the DH system including extraction, backpressure with full bypass steam
turbines, and HAs. However, they do not analyse how each type of CHP unit contributes
to wind power integration. They implement an annual scheduling, but do not investigate
the flexibility provided by HAs during seasonal variation of wind power and heat load. Ma
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et al. [34] present a new research direction of separating the schedule of CHPs from that
of HAs in order to deal with the problem that the power system has no ability to schedule
HAs. Moreover, they propose a two-stage optimization of dispatching CHP units day-ahead
and adjusting HAs for wind power integration in real time.

In addition to the cost of fuel and the penalty cost of wind curtailment, electricity market
revenue is considered during the day-ahead dispatch of CHP plants. Mollenhauer et al. [35]
discuss the utilization of an HA to facilitate the flexibility of a CHP plant by responding
to the fluctuating electricity price. On the other hand, they do not investigate the use of
HAs in connection with the bypass operation of backpressure CHP units. Fang et al. [36]
investigate the dispatch of CHP plants using rolling-horizon methodology. They implement
the redispatch of both heat and power from a CHP plant every operation hour to deal with
wind power forecast error. However, this error only affects the TSO (Transmission System
Operator) in reality, and heat redispatch is out of their scope. Mitridati et al. [37] propose
a two-level hierarchical optimization of CHP units in the day-ahead heat and power market
and consider the DH operator and the power market separately. However, the flexibility of
using HAs during redispatch is not considered.

The increasing value of CHP plants can also be realized by providing flexibility to the
grid. Zugno et al. investigate the optimal dispatch of CHP plants with the aim of providing
services with balancing power [38]. Hellmers et al. [39] highlight their research by showing
that the joint operation of a portfolio of a Danish CHP plant and a wind farm (WF) leads to
less system power imbalance and is more profitable than separate operation during real-time
power balancing.

1.3. CHP unit modelling

Steady-state modelling of the CHP unit is often utilized for hourly optimal dispatch to
investigate the schedule of the fuel consumption, heat and power output of the CHP unit.
Chen et al. [40] and Wang et al. [41] linearize the electric and heat power operation of
an extraction CHP unit by combining the extreme points of a convex region. Ommen et
al. [27] develop both linear and nonlinear models of CHP units considering the partial load
efficiency of boilers. Dimoulkas et al. [17] only consider constant electric power and heat
efficiency in their CHP modelling. Dai et al. [42] propose the modelling of heat exchangers
during steam extraction of steam turbines. However, they do not consider using a two-stage
steam extraction in their modeling, and the operation region is still represented by a convex
region.

The literature comparing the flexibility of various types and operation modes of CHP
plants is limited. The two-fold flexibility considered in this paper is evaluated for both the
DH sector and the electricity sector. The capability to reduce the system heat cost with
variable heat loads and electricity prices is considered as the flexibility provided to the DH
sector. The remaining capability to reduce the system power imbalance caused by variable
wind power forecast error is considered as the flexibility provided to the electricity sector.
More specifically, in this paper, different types of steam turbine CHP units with the same
characteristics in terms of backpressure line and boiler capacity are modelled by considering
their partial electric power efficiency. Partial and full bypass operation are considered for
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backpressure CHP units. Different power loss factors are modelled for extraction CHP units.
The dynamic constraints of the boiler ramp rate and the use of HAs are also taken into
account. A two-stage joint heat and power optimal dispatch of a CHP plant is implemented
in the context of the Copenhagen heat market and real-time wind power balancing.

This study makes a major contribution to the research on CHP dispatch from the follow-
ing perspectives: a) A two-stage decision-making process for a CHP plant to get dispatch in
a deregulated heat market and then provide balancing services to the grid. b) The two-fold
flexibility of different CHP plants is evaluated and compared in terms of system costs dur-
ing the first-stage dispatch. c) The remaining flexibility provided for the electricity sector
is evaluated and compared in terms of system power imbalance in the second-stage dis-
patch. The flexibility provided by different CHP technologies observed in each season is also
investigated.

Furthermore, the results presented in the current study have practical implications. The
decision-making model developed could help relevant stakeholders to make a more informed
decision when they have to select from different CHP applications or retrofit existing CHP
applications with respect to their business or operation strategies. The relevant stakeholders
include: a) CHP plant owners or investors who are interested in understanding the potential
benefits for the CHPs when they offer one-fold or two-fold flexibilities; b) virtual power
plants (VPPs), which may need to consider the flexibility potential of CHPs for balancing
their aggregated energy portfolio over different time scales [43]; c) local energy communities,
where the potential contribution to local balancing can be essential for achieving reliable
and cost-effective green energy integration.

The rest of the paper is organized as follows. The next section presents the system
configuration and model development. Case studies are performed and results are analysed
and compared in Section 3. Finally, conclusions are drawn and future work is outlined in
Section 4.

2. Model development

2.1. General modelling framework

The framework of the two-stage CHP optimal dispatch is illustrated in Figure 2. The
two-stage model provides a decision-making process for a CHP plant to get dispatched in
the day-ahead heat market and provide real-time balancing service. The first stage follows
the existing heat market mechanism in Denmark and aims to achieve the minimum cost of
heat supply. The second stage extends the first stage by using its remaining flexibility to
support wind power integration in real time.

In the first stage, the input parameters of the optimization model mainly include two
steam turbine types of the CHP unit, i.e., backpressure and extraction steam turbines. The
model allows for bypass operation of the backpressure CHP unit and for one or two power
loss factors to be applied to the extraction CHP unit. The heat cost rate and day-ahead
electricity price are utilized to optimize the marginal heat cost, and the heat load profile is
used for the hourly generation and consumption balance of the heating system. The forecast
wind power is assumed to get dispatch in the day-ahead electricity market. In the second
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stage, the wind power imbalance due to forecast error between the day-ahead and the real-
time forecast is considered. The redispatch model based on the limitations of the day-ahead
dispatch results is implemented to reduce the system power imbalance.

Day-ahead 
dispatch

Real-time 
redispatch

First stage Second stage

Input
Steam turbine type

Operation mode
Heat cost rate

Electricity price
Heat load profile

Optimization model

CHP unit model
HA model

Heat system balance

Output

Hourly heat and 
power generation

Heat cost

Input

Wind power forecast
Day-ahead dispatch 

results
Real-time wind 

power

Optimization model
CHP unit model

Heat accumulator 
model

Heat system balance
Power system 

balance

Output

Hourly heat and 
power generation

 System power 
imbalance

CHP plant heat& 

Wind power 
forecast

power generation

Figure 2: Framework of two-stage heat and power optimal dispatch of the CHP plant

A more detailed system configuration is shown in Figure 3. The heat generation from
a CHP unit QCHP

i and a HA QHA delivers heat energy through the local DH network and
satisfies the heat load QLD. Meanwhile, the electric power generation from the CHP unit
PCHP
i and a WF PWP are integrated into the grid and connected to the external power grid.

QCHP
i QHA

QHA

PCHP
i

PWP
External Grid

QLD

HA
CHP Unit

Electric network

DH network

Figure 3: System configuration of the CHP plant in the electric power and DH network

2.2. Two-stage hourly optimal dispatch

The hourly optimal dispatch of the CHP plant is implemented in two stages. The heat
plan during day-ahead dispatch is determined first, and the corresponding hourly power
bidding in Elspot market is assumed to be accepted, because the focus of CHP power
output is on real-time balancing. The bidding of the predicted wind power is also assumed
to be accepted since marginal cost is low. During the second-stage real-time operation, the
wind power forecast is adjusted, and the heat and power generation of the CHP plant needs
a redispatch to satisfy the real-time generation-load balance.

2.2.1. Day-ahead joint optimal heat and power dispatch

According to Varmelast.dk, the objective of the first-stage optimal dispatch of the CHP
plant is to minimize the cost of heat, i.e. the marginal cost of heat generation. Since the
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heat and power generation of a CHP plant are related to each other, the cost allocation for
heat generation is not explicit for the DH operator. Vamelast.dk therefore defines the cost
of heat as equal to the variable costs minus the expected revenue from power sales. It is
expressed in Eq. (1).

Ω∗i = arg min
Ωi

∑

∀t∈T1,∀i∈I

CCHP
i,t + CHA

t + Cht
t −Rele

t (1a)

CCHP
i,t = (cfuel + ctax + cCO2) · FCHP

i,t + cO&M · (PCHP
i,t +QCHP

i,t ),∀i ∈ I , ∀t ∈ T1 (1b)

CHA
t = cO&M· | QHA

t |, Cht
t = cdef ·Qdef

t + cexc ·Qexc
t ,∀t ∈ T1 (1c)

Rele
t = (λS

t + λsub) · PCHP
i,t , ∀i ∈ I ,∀t ∈ T1 (1d)

subject to Eqs. (1e), Eq. (3) for backpressure CHPs or Eqs. (4) and (5) for extraction CHPs
and Eqs. (6) and (7) in Section 2.3.

QCHP
i,t +QHA

t +Qdef
t −Qexc

t = QLD
t , ∀i ∈ I , ∀t ∈ T1 (1e)

where C(·) denotes the variable costs and R(·) denotes the revenue from power sales with
the predicted Elspot price λS

t and subsidy on renewable fuel λsub. T1 corresponds to the
schedule period of the dispatch in the first stage. I = {bkpr, extr} represents the CHP
steam turbine types of backpressure and extraction. FCHP

i,t corresponds to the hourly fuel
consumption of the CHP unit. The cost factors of fuel, O&M, CO2 quota, fuel tax, deficit
heat, and excess heat are denoted by cfuel, cO&M, cCO2 , ctax, cdef and cexc, respectively. The
cost of deficit heat is the purchase of heat from other producers when the CHP plant cannot
meet the demand. Heat can be imported through the DH network [39]. The cost of excess
heat is the penalty fee for excess heat produced by the CHP plant. The excess generation
is penalized in order to realize the heat balance of the system in Figure. 3 internally [16].

The value of QHA
t is positive when the HA discharges heat to the DH system, but negative

during charging. Ωi = {PCHP
i,t , QCHP

i,t , FCHP
i,t , QHA

t , Qdef
t , Qexc

t } is the set of decision variables,
and Ω∗i is the set of optimal values. The day-ahead prediction of available wind power is
represented by PWP

t .

2.2.2. Real-time wind power balancing

In this section, the redispatch of the CHP plant is formulated for real-time balancing
of the wind power forecast error between the day-ahead and the real-time prediction. The
aim of the redispatch is to balance the forecast error with the CHP plant first, and then
with the external grid. In other words, the aim is to minimize the deviation of the day-
ahead production plan from the real-time production of the portfolio of CHP plant and
WF, provided that the day-ahead schedule is the best solution. The balancing power of
import from and export to the external grid are denoted by P imp

t,re and P exp
t,re , respectively.

The objective is to minimize the total system power imbalance as in Eq. (2a).

min
Ωre

∑

∀t∈T2,∀i∈I

P imp
t,re + P exp

t,re (2a)
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subject to Eqs. (2b)-(2d), Eq. (3) for backpressure CHP or Eqs. (4) and (5) for extraction
CHP, and Eqs. (6) and (7) in Section 2.3.

PCHP∗
i,t + PWP

t = PCHP
i,t,re + PWP

t,re + P imp
t,re − P exp

t,re , ∀i ∈ I ,∀t ∈ T2 (2b)

(QCHP∗
i,t +QHA∗

t ) · (1− δ) ≤ QCHP
i,t,re +QHA

t,re ≤ (QCHP∗
i,t +QHA∗

t ) · (1 + δ),∀i ∈ I ,∀t ∈ T2

(2c)

0 ≤ P imp
t,re , 0 ≤ P exp

t,re ,∀t ∈ T2 (2d)

where the subscript re represents the heat and power generation during real-time redispatch
and T2 is the schedule period of the redispatch in real time. In Eq. (2c), heat production
shall follow the day-ahead plan and a maximum mismatch margin of δ = 0.1 is acceptable
since the DH network can exchange heat with other generation units. This mismatch is
implemented only in the case of infeasible solutions during optimization, e.g., the ramp
rate ability of the CHP and HA is limited from the last time step; or the energy of the
HA is the same in the initial and last time step in Section 2.4. The real-time wind power
integration to the grid is assumed to be the same as real-time available wind power PWP

t,re .

Ωre = {PCHP
i,t,re , Q

CHP
i,t,re , F

CHP
i,t,re , Q

HA
t,re, P

imp
t,re , P

exp
t,re } is the set of decision variables, and Ω∗re is the

set of optimal values in this stage.

2.3. CHP unit modelling

In this paper, the steam turbine is considered as the main component of the CHP unit.
Different types of steam turbines and their corresponding operation modes are investigated:
a) backpressure CHP units with and without bypass operation mode; b) extraction CHP
units in backpressure, extraction, and condensing operation modes; c) extraction CHP units
in extraction mode can have one or two power loss factors. The steam turbine CHP unit
used in Copenhagen is illustrated in Figure 4, which is adapted from Ommen et al. [44].

IP1HP1 IP2 LP1 LP2Biomass 
Boiler GBiomass

DH
return

DH 
supply

Sea
waterFuel flow

Steam flow
Water flow
Heat exchanger

Valve Steam turbine

Part I Part II Part III
V1

V2a V2bV3

Figure 4: Schematic diagram of steam turbine of the CHP unit

The extraction CHP unit comprises Parts I, II and III, as depicted in Figure 4, whereas
the backpressure CHP unit comprises only Parts I and III. Detailed mathematical models
for both CHPs are presented in Sections 2.3.2 and 2.3.1, respectively. In the backpressure
CHP, unless the bypass valve V3 is open, the operation is only on the backpressure line.
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If V3 is partially or fully open, the backpressure CHP can operate in bypass operation
mode. In the extraction CHP, if V3, V2a and V2b are closed and V1 is open, it operates
in condensing operation mode. With V1 closed and V2a and V2b open, it operates in
backpressure mode and, in this paper, is assumed to have the same backpressure line as the
backpressure CHP. During the extraction mode, V1, V2a and V2b are partially or fully open.
In our assumption, with the three valves open at the same time, the CHP is characterized
with one power loss factor β. With V2a and V2b opened first and V1 closed afterwards, the
CHP is characterized with two power loss factors β1 and β2, respectively. Bypass operation
with V3 is not considered for extraction CHP, so V3 is always closed.

2.3.1. Backpressure CHP

Backpressure CHP operation without bypass just follows the backpressure line, whereas
with bypass, the CHP can operate between the backpressure line and the heat-only gen-
eration. Operation on the backpressure line is expressed in Eqs. (3a), (3b), (3h) and (3i);
operation of the backpressure CHP unit with bypass is expressed in Eqs. (3c)-(3i).

P bp
i1,t = F bp

i1,t · ηbp
i1,t,ele, ∀i1 ∈ I ,∀t ∈ {T1,T2} (3a)

Qbp
i1,t = F bp

i1,t · ηbp
i1,t,total − P bp

i1,t,∀i1 ∈ I ,∀t ∈ {T1,T2} (3b)

PCHP
i1,t = P bp

i1,t − P bypass
i1,t · obypass

i1 ,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (3c)

QCHP
i1,t = F bp

i1,t · ηbp
i1,t,total − PCHP

i1,t , ∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (3d)

FCHP
i1,t = F bp

i1,t,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (3e)

Fmin
i1 ≤ FCHP

i1,t ≤ Fmax
i1 ,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (3f)

0 ≤ PCHP
i1,t , QCHP

i1,t , P
bypass
i1,t ,∀i1 ∈ {bkpr},∀t ∈ {T1,T2} (3g)

ηbp
i1,t,ele = ηfull,bp

i1,t,ele + ηred,bp
i1,t,ele,∀i1 ∈ I , ∀t ∈ {T1,T2} (3h)

ηred,bp
i1,t,ele = (

F bp
i1,t

Fmax
i1

− 1) · kbp
i1 , ∀i1 ∈ I , ∀t ∈ {T1,T2} (3i)

where in Eqs. (3a) P bp
i1,t, Q

bp
i1,t and (3b) F bp

i1,t correspond respectively to the power, heat
production and fuel consumption of the CHP unit on the backpressure line. Bypass mode
operation is introduced in Eq. (3c) through the binary variable obypass

i1 . If the bypass mode
is activated, obypass

i1 = 1 and the heat bypass corresponds to the amount of electric power
production reduced P bypass

i1,t . The heat generation is calculated as the residual of the total use

of fuel F bp
i1,t and electricity generation in Eq. (3d). With bypass operation, the amount of fuel

consumption remains the same as the backpressue line before bypass mode was activated,
as shown in Eq. (3e). The bypass mode is only available for the backpressure CHP and
∀i1 ∈ {bkpr}. The fuel consumption is bounded by the maximum and minimum values in
Eq. (3f). ηbp

i1,t,ele is the electric power efficiency on the backpressure line and ηbp
i1,t,total is the

total electric and heat power efficiency. ηbp
i1,t,total is considered as a constant, and electric

power efficiency is linearly reduced in accordance with the fuel reduction by the full load,
with a constant factor of kbp

i1 shown in Eqs. (3h)-(3i).
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2.3.2. Extraction CHP

For extraction CHP units, the condensing, extraction and backpressure modes are all
included. The linearized form of the backpressure line in Eqs. (3h)-(3i) is obtained by con-
necting the maximal and minimal points to reduce the computational time and is represented
by (Qbp

i2,t, P
bp
i2,t). The operation process from condensing to extraction mode is formulated

in Eqs. (4a)-(4f). CHP units with both one and two power loss factors are considered; the
operational characteristics of the latter are illustrated in Figure 5.

P

Q

D
C

′

C

A

B
′

B

I
II

β1
β2

No
los

s lin
e

Bac
kpre

ssu
re

lin
e

Maximum fuel consumption

Minimum fuel consumption

Figure 5: Extraction CHP unit with two power loss factors (β1 and β2)

With the same amount of fuel consumption, electric power production is replaced by
heat production during steam extraction. The replacement rate is represented by the power
loss factor β [45]. With steam extraction characterized by two β (see β1 and β2 in Figure 5),
the electric and heat power operational region consists of two regions, I and II, which are
divided by the ‘No loss line’ C

′
B

′
[44]. On this line, the valves V2a and V2b for extracting

steam to the DH exchangers, and V1 for passing steam to the generator in Figure 4 are fully
open without pressure drop. For a given fuel consumption, the electricity reduction rate
during heat extraction is at minimum on this line. According to the modeling of the same
CHP unit in Ommen et al. [27] and Friis-Jensen [46], the backpressure line runs parallel
with the no loss line, which has a constant heat ratio of knoloss

i2 in Eq. (4e). The extraction
and condensing modes can be formulated in Eq. (4).

P ext
i2,t = P cond

i2,t − β2 ·Qext1
i2,t · (1− otwoloss

i2 )− (β1 ·Qext2,I
i2,t + β2 ·Qext2,II

i2,t ) · otwoloss
i2 ,

(Qext2,I
i2,t , P ext

i2,t) ∈ I, (Qext2,I
i2,t +Qext2,II

i2,t , P ext
i2,t) ∈ II,∀i2 ∈ {extr},∀t ∈ {T1,T2} (4a)

PCHP
i2,t = P ext

i2,t , ∀i2 ∈ {extr},∀t ∈ {T1,T2} (4b)

Qext
i2,t = Qext1

i2,t · (1− otwoloss
i2 ) + (Qext2,I

i2,t +Qext2,II
i2,t ) · otwoloss

i2 ,

(Qext2,I
i2,t , P ext

i2,t) ∈ I, (Qext2,I
i2,t +Qext2,II

i2,t , P ext
i2,t) ∈ II,∀i2 ∈ {extr},∀t ∈ {T1,T2} (4c)

QCHP
i2,t = Qext

i2,t,∀i2 ∈ {extr},∀t ∈ {T1,T2}, (4d)

Qnoloss
i2,t

Qbp
i2,t

= knoloss
i2 ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (4e)
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0 ≤ Qext
i2,t ≤ Qbp

i2,t, P
bp
i2,t ≤ P ext

i2,t ≤ Pmax
i2 , ∀i2 ∈ {extr},∀t ∈ {T1,T2} (4f)

In Eqs. (4a)-(4d), Qext
i2,t, P

ext
i2,t are respectively the heat and power production of the

extraction CHP unit. When the CHP unit is characterized by one β, the binary variable
otwoloss
i2 = 0, otherwise otwoloss

i2 = 1. In Eq. (4c), for two-β operation, the heat production is
the sum of the heat extraction in region I, Qext2,I

i2,t , and region II, Qext2,II
i2,t . The two regions

are separated by the no loss line where the heat production is represented by Qnoloss
i2,t . In

Eq. (4f), the heat extraction has to be within the heat production on the backpressure line
(Qbp

i2,t, P
bp
i2,t) and electric power is constrained by Pmax

i2 .

Eq. (4a) also expresses the electric power as a reduction from the condensing mode P cond
i2,t

where no heat is produced. The fuel consumption is the same during the heat extraction
from condensing mode to backpressure mode following the power loss factor of β. As with
Eq. (3i), a nonlinear model is considered with partial load efficiency during condensing mode
operation. The electric power efficiency is also proportionally scaled in accordance with the
fuel reduction by the full load with another constant factor kext1

i2 in one-β mode and kext2
i2 in

two-β mode:

ηcond
i2,t,ele = ηfull,cond

i2,t,ele + ηred,cond
i2,t,ele ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (4g)

ηred,cond
i2,t,ele = (

F ext
i2,t

Fmax
i2

− 1) · (kext1
i2 · (1− otwoloss

i2 ) + kext2
i2 · otwoloss

i2 ),∀i2 ∈ {extr},∀t ∈ {T1,T2}
(4h)

The fuel consumption of the extraction CHP in condensing mode, extraction mode and
backpressure line can all be formulated as:

FCHP
i2,t = F ext

i2,t =
P cond
i2,t

ηcond
i2,t,ele

,∀i2 ∈ {extr},∀t ∈ {T1,T2} (4i)

Fmin
i2 ≤ F ext

i2,t ≤ Fmax
i2 ,∀i2 ∈ {extr},∀t ∈ {T1,T2} (4j)

In the implementation of the extraction CHP unit model when considering two β opera-
tion, the non-linearity of fuel consumption and binary variables of operation in regions I or II
take a lot of computation time to solve. The extraction CHP unit with two β was therefore
linearized by a convex combination of extreme points using combination coefficients α. The
power generation and fuel consumption at extreme points, i.e. A, B

′
, B, C, C

′
and D are

first calculated in accordance with Eq. (4). PmI
i3 , QmI

i3 and FmI
i3 correspond to extreme points

A, B
′
, C

′
and D in region I of Figure 5, while PmII

i3 , QmII
i3 and FmII

i3 correspond to B
′
, B, C

and C
′

in region II. A, B
′
, B and C, C

′
, D correspond respectively to the minimum fuel
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Fmin
i2 and the maximum fuel Fmax

i2 . The model can be expressed as Eq. (5) [33].

F ext
i3,t =

4∑

mI=1

αmI
i3,t · FmI

i3 +
4∑

mII=1

αmII
i3,t · FmII

i3 ,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (5a)

P ext
i3,t =

4∑

mI=1

αmI
i3,t · PmI

i3 +
4∑

mII=1

αmII
i3,t · PmII

i3 , ∀i3 ∈ {extr with two β}, ∀t ∈ {T1,T2} (5b)

Qext
i3,t =

4∑

mI=1

αmI
i3,t ·QmI

i3 +
4∑

mII=1

αmII
i3,t ·QmII

i3 ,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (5c)

4∑

mI=1

αmI
i3,t = oI

i3,
4∑

mII=1

αmII
i3,t = oII

i3,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (5d)

oI
i3 + oII

i3 = 1,∀i3 ∈ {extr with two β} (5e)

0 ≤ αmI
i3,t ≤ 1,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (5f)

0 ≤ αmII
i3,t ≤ 1,∀i3 ∈ {extr with two β},∀t ∈ {T1,T2} (5g)

2.3.3. CHP ramp rate

For both types of CHP unit and in all operation modes, the ramp rate limit for the
boiler load kramp

i is described by Eq. (6). The ramp up and ramp down of the total load is
represented by its burned fuel:

− Fmax
i · kramp

i ≤ FCHP
i,t − FCHP

i,t−1 ≤ Fmax
i · kramp

i , i ∈ I , t ∈ {T1,T2} (6)

2.4. HA modelling

The HA is considered as an energy storage with heat power of QHA
t and heat energy of

EHA
t , as expressed in Eq. (7). To ensure the availability of the HA for the next scheduling

period, the heat energy at the end of the schedule period EHA
end is assumed to be the same as

the initial heat energy EHA
ini . The heat energy is considered to have a loss rate factor of kHA.

EHA
t = EHA

t−1 · (1− kHA) +QHA
t ,∀t ∈ {T1,T2} (7a)

EHA
ini = EHA

end,∀t ∈ {T1,T2} (7b)

−QHA,max ≤ QHA
t ≤ QHA,max,∀t ∈ {T1,T2} (7c)

0 ≤ EHA
t ≤ EHA,max,∀t ∈ {T1,T2} (7d)
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3. Case studies

3.1. Case study definition

The modelling of a backpressure and extraction CHP unit in different operation modes
was investigated in two case studies. In the first case study, summarized in Section 3.2, the
optimal dispatch of heat and power of different CHP plants according to the current Copen-
hagen day-ahead heat market mechanism was implemented for an 8760h year to observe
the hourly performance in each season. The second case study, summarized in section 3.3,
analysed the redispatch of the CHP plant in real time for the operation day based on the
results of the day-ahead schedule.

The DH load profile of a typical residential building during 2017 was used for the joint
heat and power dispatch. The hourly heat load profiles observed in one year and for each
season are shown in Figure 6(a) and (b), respectively. The load data is shifted and scaled up
to the CHP unit heat capacity range to match the load power with the generation capacity.
To model the load variation, heterogeneous load profiles were created by randomizing the
typical load profile based on normal distributions, U(−0.1, 0.1) ·QLD

t and U(−0.2, 0.2) ·QLD
t

for winter and summer periods respectively. After up-scaling, the load factor was about 6.3
according to the duration curve in Petersen et al. [47]. The average and peak heat loads
are lowest in summer with only domestic hot water use, and highest in winter due to space
heating.
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Figure 6: Hourly heat load (a) observed in one year (b) observed in each season

The data for the wind power forecast was based on windPRO software [48], which uses
the hourly wind power prediction over the next 24 hours for the Danish island of Bornholm.
The data is shifted and scaled to match the CHP plant capacity for power balancing. It
is assumed that the day-ahead wind power forecast is accepted as the production schedule
which does not change during the operation day, and the intra-day forecast is made on
hourly basis. The amount of balancing power needed in real time is the difference between
the day-ahead and hour-ahead forecast.

The schedule period is T1 = [h0, h23] of each day in the first stage, and T2 = [t, t+ 23h]
with a rolling horizon in the second stage. Each schedule period is limited by Eqs. (6) and (7).
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The operation period of the first stage is [h0, h23] each day and follows the optimization
results in T1, whereas for the real-time redispatch, only the result of the first hour t out of
T2 is implemented for operation. The operation in each operation hour is also coupled and
limited by Eqs. (6) and (7).

The case study was performed for the whole year in 2017 to take into account seasonal
observations: winter (Jan., Feb. and Dec.), spring (Mar., Apr. and May), summer (Jun., Jul.
and Aug.), and autumn (Sep., Oct. and Nov.). The hourly variations in day-ahead electricity
price observed in each season are shown as box plots in Figure 7(a). The negative minimum
day-ahead electricity prices occur in winter, spring and autumn. The hourly variations in
day-ahead and real-time prediction of hourly wind power are shown in Figure 7(b). They
show higher average wind power production in winter than summer.

Winter Spring Summer Autumn
-100

-50

0

50

100

150

 25%~75% of spot price  Min~Max
 Mean Line

Sp
ot

 p
ric

e 
[E

U
R/

M
W

h]

(a)

 25%~75% Forecast  Min~Max
 25%~75% Real-time Mean Line

Winter Spring Summer Autumn

25

75

125

175

225
W

in
d
 p

o
w

er
 [

M
W

]

(b)

Figure 7: Box plots of hourly profiles observed in each season (a) day-ahead electricity price (b) day-ahead
and real-time wind power forecast

Two case studies were carried out. Case 1 refers to the CHP plant optimal dispatch with
the regulation of the day-ahead heat market in Copenhagen in the first stage. The heat cost
and HA performance were evaluated for each type of CHP unit.

In order to make the results of each type of CHP unit comparable, the following assump-
tions were predefined: a) Maximum, minimum fuel and maximum ramp rates of boilers for
the different CHP models are the same. The characteristics of the backpressure line are also
the same. This is feasible as shown in Figure. 4, where Part I of each CHP has the same
operation characteristics. b) The HA has a fixed energy capacity of 500 MWh and a power
capacity of 200 MW, which are obtained by scaling the real-life HA tank size according to the
Copenhagen CHP units’ capacities [49]. The initial and last time step of HA energy in the
scheduling horizon is half of the energy capacity. c) The technical parameters of the different
CHP types and modes can be found in Ommen et al. [27] [44]. The economic parameters
of fuel cost, fuel tax, CO2 quota and subsidy are from the Danish Energy Agency [50]. The
subsidy for biomass fired CHP units is 20 EUR/MWh-ele [51]. Other variable costs are the
same for the different CHP models and values are from the Danish Energy Agency [50].
d) The bidding in the day-ahead electricity market is assumed to have a single volume for
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each unit and always to be accepted.

3.2. Case 1 - dispatch in day-ahead heat market

3.2.1. Results of daily heat cost

Box plots of the daily heat cost of the system observed in the four seasons are shown
in Figure 8. They show the average, minimum, maximum, and 25%-75% of the daily heat
cost.
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Figure 8: Box plots of the daily heat cost of CHP plant in first-stage optimization observed in each season
(a) without HA (b) with HA

For both with and without HA, the average daily heat cost of backpressure CHP plants
with and without bypass operation is lower in winter than in summer. This is due to the
generation limit of the backpressure CHP in the low heat demand period, which leads to
the high cost of heat import in summer. Without bypass operation, the heat-to-power ratio
is a constant, and flexibility is limited by the minimum load. Bypass operation leads to a
lower average heat cost observed in winter, spring and autumn. Bypass operation can only
extend CHP heat generation during a high demand period, so it results in a large reduction
in heat cost only in winter (marked with the red circle). In contrast, the extraction CHP
plants with one or two β have their highest average heat cost in winter and their lowest in
autumn. This is due to the highest average electricity prices coming in autumn, when the
extraction CHP can benefit from their high power generation. The two-β CHP has higher
heat cost in summer and autumn than the one-β CHP, but lower in winter and spring. As
for the performance of total annual heat cost shown in Table. 1, the extraction CHP with
one β has the lowest total annual heat cost while the backpressure CHP has the highest.

3.2.2. HA performance

The HA performances of CHP plants vary by heat load and electricity price, as shown
in Figure 9. The charging, discharging and idle behaviours of HA are marked with blue, red
and black spots, respectively. For all the CHP types, the HA discharges during heat loads
above the maximum heat production of the backpressure line, 321MJ/s. On the other hand,
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Table 1: Annual heat cost of different CHP plants of 2017

Backpressure
Backpressure
with bypass

Extraction with
one β

Extraction with
two β

No HA [MEUR] 27.45 26.89 12.75 12.86
With HA [MEUR] 24.49 24.46 11.90 12.08

during low spot price periods, and particularly when the price is negative (marked with the
black circle in (b)), the backpressure CHP with bypass is capable of reducing electricity
generation and charging HA to save cost. With the extraction CHP, the HA has more
idle time (represented by black spots) in the periods of high electricity price and low heat
demand. This is due to the flexibility of the extraction CHP unit, which is capable of using
condensing mode to decrease heat generation during low load periods. The extraction CHP
with two β is characterized with more idle time than the CHP with one β (marked with the
black circle in (d)). This is due to its lower heat generation with the same electric power
output during low heat generation periods, and no heat extraction to charge the HA.
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Figure 9: HA performances with the different CHP types and modes in first-stage optimization (a)
Backpressure (b) Backpressure with bypass (c) Extraction (d) Extraction with two β
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3.3. Case 2 - redispatch for real-time wind power balancing

The seasonal variation in system power imbalance is illustrated in Figure 10. The power
imbalance refers to the electric power import and export with the external grid, i.e. the
value in Eq. (2a). The value of the electric power imbalance indicates the capability of the
CHP unit to balance the forecast error in wind power and follow the day-ahead heat plan in
real time. This means that, the backpressure CHP with bypass operation in (b) can achieve
a lower average energy imbalance during all four seasons than the backpressure CHP unit
without bypass operation. It has a higher capability for real-time wind power balancing
because it has a bigger range of power output and therefore has the capability of shifting
the power generation in real time. Similarly, the extraction CHP unit with two β has a
higher capability for real-time wind power balancing in summer than the extraction CHP
with one β because the two power loss factors enable a lower power output during the high
power and low heat generation range, which therefore reduces the power generation.
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Figure 10: Box plots of system power imbalance in second-stage optimization observed in each season (a)
without HA (b) with HA

The system performances of the backpressure CHP unit with bypass operation and HA,
and the extraction CHP unit with two β and HA are shown in Figures 11 and Figure 12
respectively. The figures show the results of hourly power and heat dispatch on a typical
winter day and a typical summer day during the two-stage optimization.

Figure 11(d) shows the day-ahead operation favours the backpressure line in order to gain
the subsidy in power sales, whereas in real time, the flexibility of bypass operation enables
a power reduction, e.g. hours 8 and 9 shown in Figure 11(a), to balance the overproduction
of WF in Figure 11(c). Similarly, in Figure 12(c), the underproduction of WF in hours 40
and 44 is balanced by more power output of the CHP unit shown in Figure 12(a). This
flexibility is expressed by the operation region in Figure 12(d).

3.4. Discussion

The validity of the model in the present study can be confirmed by the existing literature.
Elmegaard and Houbak [52], who modelled the thermodynamics of the same CHP unit using
DNA software, validate the extraction CHP model with two β operation. Their operation
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Figure 11: System performance of backpressure CHP unit with bypass in two-stage optimization (a) CHP
plant power output (b) Power imbalance (c) WF power output (d) CHP operation region

region, with a supply temperature of 100℃ and a return temperature of 50℃, is close to the
results in Figure 12(d). The model of the heat and power relationship during the bypass
operation is based on a real-life backpressure CHP unit in Copenhagen [53] [54].

As for the hourly dispatch of a CHP plant, the current study considers the ramp rate of
high-pressure boilers due to the limits of material properties. The steam turbines of the CHP
unit are assumed to have similar ramp rate constraints for cyclic loads and start-ups [27] [55].
The constraint on the ramp rate of boiler is therefore considered sufficient. The ramp rate
represents the maximum change of boiler fuel input every hour.

In Case 1, flexibility was evaluated in terms of daily heat cost and a higher flexibility
could contribute to lower daily heat cost. Case 2 took the analysis further by evaluating the
remaining flexibility’s contribution to reducing the hourly system power imbalance. A higher
level of flexibility could reduce the system power imbalance. In summary, the results provide
insights into flexibility’s sensitivity to CHP unit type, operation mode, HA integration, heat
load, and electricity price variation.

From the results presented in previous sections, both HA and bypass operation could
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Figure 12: System performance of extraction CHP unit with two β in two-stage optimization (a) CHP
plant power output (b) Power imbalance (c) WF power output (d) CHP operation region

increase CHP’s flexibility level in both stages. In the first stage, an HA can reduce the daily
heat cost by as much as 11.45% and can therefore increase the flexibility of a CHP plant
with different technologies in the day-ahead heat market. Bypass operation can increase
the flexibility observed in winter, spring and autumn, which corresponds to periods of high
average heat demand. The two β extraction technology can increase the flexibility observed
in spring and winter. In the second stage, an HA can reduce the system power imbalance
by as much as 48.94%. Bypass operation can increase the flexibility observed in all seasons.
The two β extraction technology can increase the flexibility in summer.

Several limitations must be noted. Firstly, network constraints have been ignored and
the focus has been on the power and load balance. This will improve with the extension of
the system to cover a wider area and the inclusion of a network limit on power and heat
transport. Secondly, the uncertainty of electricity price prediction in the day-ahead heat
market has been ignored. The focus has been on the forecast error in real-time operation.
This will be improved by considering stochastic optimization in the first stage.
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4. Conclusion

The optimal dispatch of CHPs and their flexibilities in balancing the fluctuating re-
newables could contribute to optimized energy conversion and increased renewable energy
integration for a sustainable energy system. The main goal of the current study was to
study the two-fold flexibility of different types and operation modes of CHP units and HA
units provided to the DH and power systems. The flexibility was explored by a two-stage
optimal dispatch considering the day-ahead Copenhagen heat market and real-time wind
power balancing. Two case studies were carried out to evaluate the flexibility of different
CHP units in terms of daily heat cost and hourly power imbalance observed in each season
over the whole year in 2017.

The results show that backpressure CHP units achieve a higher average daily heat cost
reduction in winter than in summer, while the results for extraction CHP units show the
opposite. The utilization of an HA benefits the operation of different CHP technologies
with a lower daily heat cost on average over the year, which indicates higher flexibility has
been provided. For real-time wind power balancing, bypass operation enables the lowest
average system power imbalance and an HA unit enables a lower average system power
imbalance for all four seasons. A lower system power imbalance indicates higher flexibility
has been provided. The flexibility provided by the CHP plant therefore depends on the CHP
technologies used, HA integration, and seasonal variations in load and objectives.

For future work, it is proposed to investigate a stochastic optimization that will consider
the predicted electricity price on day-ahead dispatch in the heat market. It will be interesting
to explore the flexibility of CHP plants with the stochastic optimization.
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Appendices

Appendix A Parameters of the HA

The technical parameters of the HA are shown in Table A.1.

Table A.1: Parameters of HA

Unit kHA[%] QHA,max [MJ/s] EHA,max [MWh]
HA 1 200 500
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Appendix B Parameters of the CHP units

The technical parameters shared by all the CHP units are shown in Table B.1.

Table B.1: Parameters of all CHP units

Unit kramp[%] Fmin [MWh] Fmax [MWh]
CHP 25 238 595

The technical parameters of the backpressure CHP unit are shown in Table B.2.

Table B.2: Parameters of backpressure CHP units

Unit ηfull,bp
ele ηbp

total kbp

Backpressure CHP 0.35 0.89 0.08

The technical parameters of the extraction CHP unit with one β are shown in Table B.3.

Table B.3: Parameters of extraction CHP units with one β

Unit β2 kext1 ηfull,cond

Backpressure CHP with one β 0.14 0.0689 0.4256

The technical parameters of the extraction CHP unit with two β are shown in Table B.4.

Table B.4: Parameters of extraction CHP units with two β

Unit β1 β2 knoloss kext2 ηfull,cond

Backpressure CHP with two β 0.1 0.14 0.5 0.0492 0.4131

Appendix C Economic parameters of dispatch

The economic parameters of optimal dispatch implemented are shown in Table C.1.

Table C.1: Parameters of economic dispatch

cfuel

[EUR/MWh]
ctax

[EUR/MWh]
cCO2

[EUR/t]
21.6 0 11
cO&M

[EUR/MWh]
cdef

[EUR/MWh]
cexc

[EUR/MWh]
1.98 135 50
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Abstract

This paper proposes a multi-timescale coordinated operation approach which coordinates
the combined heat and power (CHP) plant and wind farm operation in a deregulated day-
ahead heat market and a real-time balancing electricity market. This approach aims to
achieve the optimal operation profits of the CHP-wind farm portfolio by considering energy
sale in the day-ahead heat market and penalty in the real-time two-price balancing market.
Multiple uncertainties of heat load, wind power generation, day-ahead electricity price, up-
and down-regulation prices are taken into account for the optimal operation. A stochastic
optimization method is applied to solve the proposed coordinated operation problem. The
proposed multi-timescale coordinated operation approach is simulated on a real-life system
in Copenhagen Denmark where an energy company owns both a CHP plant and a wind farm.
The simulation results verify that the proposed method can achieve a profitable operation
in the markets and a highly robust operation against the multiple uncertainties.

Keywords: Combined heat and power, district heating, portfolio operation, stochastic
optimization, wind power

1. Introduction

Integrated energy systems (IESs) which include different energy sectors such as elec-
tricity, heating, and gas, are proposed in the energy internet concept [1] and We-Energy
concept [2]. The plant owners in the IESs aim to maximize the profits in different markets
by optimally scheduling the on/off status and production of generation units. However,
the owners of renewable power plants such as wind and solar farms, face the challenges of
low profits due to power generation and price uncertainties. The imbalance between the
day-ahead and real-time generation is penalized in the two-price balancing market [3]. As a
controllable generation unit coupling the electricity and heating sectors, combined heat and
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Nomenclature

Acronyms

CHP Combined heat and power

EXH External heating supply

HA Heat accumulator

HP Heat pump

O&M Operation and maintenance

WF Wind farm

Sets and Indices

bkpr Set of CHP operation in a backpressure
mode

extr Set of CHP operation in an extraction
mode

I , i Set/Index of unit numbers

L , l Set/Index of corner points of operation
boundaries

T , t Set/Index of time periods

Ω, ω Set/Index of uncertainty scenarios

Parameters

()max, ()min Maximal/minimal limit of genera-
tion/fuel utilization/energy storage

ηHP HP heat-to-power ratio

ηbp
i,ele CHP electric power efficiency in a back-

pressure mode

ηi,tot CHP total efficiency

R Ramp rate of fuel utilization

τED Operation horizon for dispatch (hour)

τon, τoff Minimum on/off time (hour)

c
(·)
O&M Operation and maintenance cost

(e/MWh)

cCHP
f Cost of fuel for CHP (e/MWh)

cCHP
i,ss Startup/shutdown cost of CHP (e)

cexh Cost of importing external thermal en-
ergy (e/MWh)

cnet Tariffs for electricity distribution
(e/MWh)

cPK Cost of unsatisfied heat load (e/MWh)

cPSO Public Service Obligation (PSO) fee
(e/MWh)

ctax Tax rate for electric heating (e/MWh)

kloss Heat loss rate of HA

Pr(·) Probability of (·)
prD Probability of need for down regulation

Variables

(·)0, (·)re Day-ahead/real-time schedule
(MWh,MJ/s,MW)

αt Binary decision of surplus/deficit power

βi,l,t Combination coefficients of corner points

∆PU
t , ∆PD

t Power output deficit/surplus (MW)

∆QU
t Heat output deficit (MJ/s)

∆(·) Real-time schedule adaption (MWh, MJ/s,
MW)

λS
t , λ

U
t , λ

D
t Day-ahead/up-/down-regulation

electricity price (e/MWh)

EHA
t Energy stored of HA (MWh)

FCHP
i,t Fuel utilization of CHP boiler (MW)

P bypass
i,t Bypass power of CHP (MW)

PCHP
i,t , QCHP

i,t Power/heat generation of CHP
(MW, MJ/s)

PHP
t , QHP

t Power consumption/heat generation
of HP (MW, MJ/s)

PWF
t Power output of wind farm (MW)

QHA
t Heat charge/discharge of HA (MJ/s)

vi,t, ui,t Binary decision of startup/shutdown of
CHP units

yi,t Binary decision of on/off status of CHP
units

power (CHP) plants can enhance the renewable energy integration by utilizing district heat-
ing (DH) units such as heat accumulators (HAs) and heat pumps (HPs) [4], and compensate
the forecast errors in real time [5]. Therefore, in order to achieve high renewable energy in-
tegration and system power balance, the operation of a CHP system and renewable power
plant as a portfolio is proposed. The portfolio operation strategy that combines different
generation units as a single entity in a market can take advantages of each unit, leading to
the maximal overall profits [6]. For instance, a cluster of CHP units, energy storage and
renewable energy is managed as a portfolio in day-ahead market in [7]. In [8], the bidding
strategy of a virtual power plant composed of conventional and renewable generators in
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energy market is proposed. In addition, a shared plant owner of a wind farm and CHP
plant operates the generation portfolio jointly in day-ahead and real-time markets in [6].
Compared to independent operation strategy where the wind farm and CHP join in the
market individually, the portfolio operation strategy can reduce the joint power deviation
in the balancing market.

Though the portfolio operation strategy can utilize the flexibility of CHP plants to
increase the renewable energy integration, CHP plants are facing low profits due to the
electricity sale with low electricity prices in the market caused by high renewable energy
penetration. To solve this problem, a hierarchical approach of CHP dispatch is proposed
in [9] to consider the impact of variable electricity prices on heat dispatch. Moreover, CHP
plants can join in different markets to be dispatched and earn revenues. Operation strategies
of a CHP plant participating in day-ahead, reserve and intraday markets are proposed to
maximize the operation profits in [10].

In the mean time, operation uncertainties need to be considered before and during the
operation under different market regulations. For instance, uncertain electricity prices, wind
power generation, electric and thermal loads, etc. can influence the operation of IESs. In the
above literature, references [4]–[8], [10] all assume accurate predictions of renewable power
generation, electricity prices and loads, which is not practical. References [9] [11] consider
uncertainties from the electricity price and wind power generation during the day-ahead dis-
patch through stochastic and robust optimization, respectively. A three-stage operation of a
CHP-wind farm portfolio is investigated through hybrid stochastic/information gap decision
theory optimization in [12] to address uncertainties. However, they all ignore the real-time
dispatch which reschedules the hourly power outputs in balancing markets. Not considering
real-time dispatch can lead to real-time power imbalance. The real-time balancing prices
and renewable power generation can negatively impact the operation profits. Therefore,
a coordinated operation of the day-ahead and real-time operation is essential to address
the impact of uncertainties of the real-time balancing prices and renewable power genera-
tion [13, 14, 15]. The coordinated operation considers the uncertainties in real time during
the day-ahead operation; in the real-time operation, after the realization of uncertainties,
the generation is redispatched as a recourse action to complement the day-ahead schedules.

In recent research, a two-stage stochastic operation of a CHP-renewable generation port-
folio considering the day-ahead and balancing markets has been proposed in [16][17]. How-
ever, only one-price balancing market is considered. A two-price balancing market, where
the balancing price for up or down regulation depends on the system imbalance status, can
penalize the real-time power imbalance [18]. This pricing scheme is widely used, such as in
Nordic countries, Spain and Switzerland. For a CHP plant including different units cou-
pling the electricity and heating sectors, the pricing scheme can impact the reschedule of
power and heat outputs in real time, and operation profits of the CHP-wind farm portfolio.
Based on the literature review, CHP plant-wind farm portfolio operation in day-ahead heat
and real-time two-price balancing markets considering multiple uncertainties, has not been
adderssed.

This paper aims to fill the research gap that a large-scale CHP plant and wind farm
have not been efficiently coordinated on different timescales. The flexibility of multiple
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types of DH units is not well investigated and multiple uncertainties from the IES are
not fully addressed in different energy markets. Thus, this paper proposes an optimal
operation approach for a real-life energy company with practical concerns. In addition, the
paper considers practical uncertainty realization of balancing prices under power market
regulations.

To deal with the remaining challenges in the existing research, the main contributions
of this paper are:

1) A portfolio operation strategy for a shared plant owner of a wind farm and CHP plant
in day-ahead heat market and two-price balancing electricity market is proposed.

2) A multi-timescale coordinated operation approach which coordinates day-ahead and
real-time operation of the wind farm and DH units to maximize the operation profits
of the portfolio is modeled.

3) Multiple uncertainties of wind power generation, heat loads, day-ahead, up- and down-
regulation prices are considered and addressed by a stochastic optimization method.
Particularly, the two regulation prices are modeled with practical concerns.

4) A real-life case study is conducted. Operation profits of portfolio and independent
operation strategies, stochastic and deterministic methods are compared and discussed.

2. Multi-Timescale Coordinated Operation of Integrated Energy System

2.1. Integrated Energy System of DH and Electricity Sector

An IES of DH and electricity sector with a CHP-wind farm portfolio is demonstrated
in Figure 1. The IES includes units from DH and electricity sectors. The energy company
owns the wind farm and CHP plant, and they can join in the balancing market together as
a portfolio to alleviate the imbalance issue.

Heat 

Accumulators

Combined 

Heat and 

Power Units

Wind Farm

Heat 

Pumps

Local District 

Heating 

Network

Transmission 

Network

Local District

Heating 

Customers

Distribution

Networks

And Loads

District 

Heating 

Sector

Electricity Sector

Heat Flow

Power Flow

External 

District Heating 

Networks

Figure 1: System setup of a CHP-wind farm portfolio in IES

In the DH sector, hot water as the form of heat energy is dispatched via the heat flow
in the DH networks. The CHP plant connected to the local DH network includes large-
scale biomass-fueled CHP units such as extraction steam turbines and backpressure steam
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turbines, HPs, and HAs acting as thermal energy storage. The CHP plant is required to
supply thermal energy to local customers in part of the city, i.e. domestic hot water and space
heating. When the local supply is not sufficient, limited energy from external DH networks
can be imported and a limited mismatch between supply and demand is acceptable due to
the thermal inertia of buildings [19]. Regarding the electricity sector, the CHP units, HPs
and wind farms are connected to a transmission level grid. The electricity supply for HPs
can be from the CHP units and the grid when the required supply temperature is below
specific temperature, e.g. 85°C [20]. The electricity is supplied to the load connected to the
transmission network.

By the portfolio operation strategy defined in the introduction part, the CHP plant
and the wind farm join in the two-price balancing market as a single actor to deal with
the imbalance and maximize the profits. This strategy is naturally utilized by an energy
company that owns the wind farm and CHP plant together. With the CHP units and HPs
coupling the two energy sectors, uncertainties of heat load, wind power generation, day-
ahead, up- and down-regulation prices can all cause the violations of operation constraints
and market regulations.

2.2. Multi-Timescale Coordinated Operation Framework

The day-ahead and real-time schedules of a CHP plant and a wind farm are coordinated.
In a large market such as an European electricity market Nord Pool, the day-ahead bids
from the wind farm and the CHP plant portfolio can be accepted for their utilization of
renewable energy. The day-ahead dispatch is scheduled considering the real-time uncertain-
ties. The real-time complement is applied based on the day-ahead plan. The framework of
the proposed operation method is illustrated in Figure 2.

Day-ahead operation model Real-time operation model

Day-ahead uncertainties  
parameters: heat load, wind 

power generation, day-ahead, 
up- and down-regulation prices

Plant parameters: CHP 
technical parameters, cost 

parameters

Hourly-ahead updated uncertainties  
parameters: heat load, wind power 

generation, day-ahead, up- and
down-regulation prices

Input Data

On/off status and day-ahead schedule 
of CHP plant and wind farm

Real-time schedule adjustment

Multi-timescale coordinated operation
Day-ahead heat market Real-time two-price balancing market

Yellow-coloured blocks: uncertain parameters; Blue-coloured block: deterministic parameters 
Green-coloured blocks: day-ahead operation; Pink-coloured blocks: real-time operation

Figure 2: Multi-timescale coordinated operation framework

In the first stage, the day-ahead heat and power dispatch of CHP units, HAs and HPs
is optimized for a 24-hour operation in the following day. The dispatch is formulated based
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on the deregulated heat market regulation before 10:00 of the day ahead of the dispatch im-
plementation [21]. The day-ahead operation aims to minimize the heat cost by determining
the on/off status of CHP units, day-ahead heat and power dispatch of the CHP plant. For
large-scale CHP units with a long startup time, the on/off status cannot be changed in the
operation day. The CHP heat and power outputs from the day-ahead schedule are imple-
mented in each hour of the following day. The day-ahead schedule is optimized based on
the predicted wind power generation, day-ahead electricity price, up- and down-regulation
prices, and heat loads which are uncertain variables in the optimization process.

In the second stage, an hourly-ahead operation is optimized in real-time energy markets.
Due to the hourly update of uncertainties, the day-ahead heat and power schedules have to
be adjusted to keep the heat and power balance in real time. The CHP units are flexible
to change their power and heat dispatch within the operation regions. In addition, HPs
and HAs are also controllable to follow the updated heat loads. Moreover, CHP units and
HPs can adjust their power generation and consumption to handle the power imbalance in
the balancing market with the wind farm as a portfolio. Therefore, the real-time operation
model is built to maximize the real-time adjustment profits, which means the unsatisfied
heat load and power imbalance by the portfolio are penalized. The revenue from the energy
sale in the balancing market is also taken into account. In other words, the second-stage
operation can adapt the day-ahead schedule following the hourly updated uncertainties and
maximize the operation profits. Besides, the real-time adaption is limited by the unsatisfied
heat loads and bids for regulating power in the balancing market.

The proposed framework addresses the impacts of real-time uncertainties such as heat
loads, wind power generation, day-ahead electricity price, up- and down-regulation prices
on day-ahead schedules. Since the framework is proposed for the scheduling of an energy
plant based on an European electricity market, the uncertainty of electricity loads solved by
a system operator is not taken into account.

3. Mathematical Formulation

As shown in Figure 1, the paper considers a real-life centralized CHP plant which consists
of multiple controllable units: backpressure steam turbine CHP units with bypass operation,
extraction steam turbine CHP units, HAs and HPs. Besides, the plant owner also owns a
large-scale wind farm.

3.1. Portfolio Operation Strategy

The proposed multi-timescale coordinated operation with CHP-wind farm portfolio op-
eration strategy is mathematically formulated as follows,

min
Θ

∑

∀t∈T

(
∑

∀i∈I

(cCHP
ss,i |y0

i,t − y0
i,t−1|+ CCHP

i,t ) + CHA
t + CHP

t + CEXH
t + λU

t ∆PU
t − λD

t ∆PD
t

+cPK∆QU
t ) (1)

s.t.

6



CCHP
i,t = cCHP

f · FCHP
i,t + cCHP

O&M · (PCHP
i,t +QCHP

i,t )−λS
tP

CHP
i,t , ∀t, i (2)

CHA
t = cHA

O&M ·QHA
t ,∀t (3)

CHP
t = (λS

t + cnet + ctax + cPSO + cHP
O&M) · PHP

t ,∀t (4)

CEXH
t = cexh ·QEXH

t ,∀t (5)

PCHP
i,t = FCHP

i,t · ηbp
i,ele − P bypass

i,t ,∀t, i ∈ {bkpr} (6)

0 ≤ P bypass
i,t ,∀t, i ∈ {bkpr} (7)

PCHP
i,t +QCHP

i,t = FCHP
i,t · ηi,tot,∀t, i ∈ {bkpr} (8)

PCHP
i,t =

∑
∀l
βi,l,tP

CHP
i,l,t , ∀t, l, i ∈ {extr} (9)

QCHP
i,t =

∑
∀l
βi,l,tQ

CHP
i,l,t ,∀t, l, i ∈ {extr} (10)

FCHP
i,t =

∑
∀l
βi,l,tF

CHP
i,l,t ,∀t, l, i ∈ {extr} (11)

0 ≤ βi,l,t ≤ 1,
∑
∀l
βi,l,t = 1, ∀t, l, i ∈ {extr} (12)

0 ≤ PCHP
i,t , QCHP

i,t ,∀t, i (13)

y0
i,tF

min
i ≤ FCHP

i,t ≤ y0
i,tF

max
i , ∀t, i (14)

FCHP
i,t − FCHP

i,t−1 ≤ (2− y0
i,t−1 − y0

i,t)F
min
i + (1 + y0

i,t−1 − y0
i,t)RF

max
i , ∀t, i (15)

FCHP
i,t−1 − FCHP

i,t ≤ (2− y0
i,t−1 − y0

i,t)F
min
i + (1− y0

i,t−1 + y0
i,t)RF

max
i ,∀t, i (16)

y0
i,t − y0

i,t−1 ≤ y0
i,k, ∀k ∈ {t, t+ 1, ...,min{τED, t+ τ on − 1}}, ∀t, i (17)

y0
i,t−1 − y0

i,t + y0
i,k ≤ 1, ∀k ∈ {t, t+ 1, ...,min{τED, t+ τ off − 1}}, ∀t, i (18)

QHP
t = ηHPPHP

t ,∀t (19)

0 ≤ QHP
t ≤ QHP,max,∀t (20)

EHA
t = EHA

t−1 · (1− kloss)−QHA
t ,∀t (21)

0 ≤ EHA
t ≤ EHA,max,∀t (22)

−QHA,max ≤ QHA
t ≤ QHA,max,∀t (23)

EHA
t0

= EHA
tend

, (24)∑
∀i
QCHP

i,t +QHP
t +QHA

t +QEXH
t ≥ QLD

t , ∀t, i (25)

0 ≤ QEXH
t ≤ QEXH,max,∀t (26)

∆PWF
t = PWF,re

t − PWF,0
t ,∀t (27)

∆QLD
t = QLD,re

t −QLD,0
t , ∀t (28)∑

∀i
∆QCHP

i,t + ∆QHA
t + ∆QHP

t + ∆QEXH
t + ∆QU

t −∆QLD
t ≥ 0, ∀t, i (29)
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∆QEXH
t = 0,∀t (30)

0 ≤ ∆QU
t ≤ ∆QU,max,∀t (31)

y0
i,t = yre

i,t,∀t (32)

∆PWF
t +

∑
∀i

∆PCHP
i,t −∆PHP

t −∆PD
t + ∆PU

t = 0,∀t (33)

0 ≤ ∆PU
t ≤ ∆PU,max

t , 0 ≤ ∆PD
t ≤ ∆PD,max,∀t (34)

∆PD
t ·∆PU

t = 0,∀t (35)

The objective function (1) aims to minimize the total operation costs including the heat
cost in day-ahead heat market, the penalty cost minus the revenue in real time. The hourly
power and heat dispatch of the CHP plant is obtained during 24-hour operation horizon.
Equation (1) includes the startup and shutdown cost of the CHP units, heat cost of CHP
units which is the total operation cost minus the revenue from electricity sale (2), heat cost
of HA (3), heat cost of HP (4), import cost from external DH networks (5). In addition,
the last three terms of (1) represent the penalty of deficit power production, sale of surplus
power production in the two-price balancing market, and penalty of deficit heat production,
respectively.

Constraints (6)-(8) mean the modeling of the power and heat production of backpressure
CHP units. The amount of power reduced P bypass

i,t due to bypass in (6) is equal to the
amount of heat increased, when the fuel consumption is the same in (8). The electric
power generation and total power generation are represented by (6) and (8). Besides, the
constraints indicate the modeling of extraction CHP units (9)-(12), which is the linear
combination of corner points in convex operation boundaries [4]. PCHP

l , QCHP
l , FCHP

l are the
power and heat outputs, and fuel utilization of the corner point l. For all CHP units, the
constraints include minimum power production (13), fuel utilization limits (14), ramp up
and ramp down limits (15), (16). The on/off status denoted by (17), (18) is limited by
the minimum on/off time τ on, τ off and the length of operation horizon τED. Equation (19)
expresses the energy conversion of HPs from electricity to thermal power. The heat output
limit of HPs is represented by (20). Equation (21) denotes the energy conversion process
in HAs. Equations (22)-(23) mean the power and heat energy limits of HAs. The energy
storage of HA at the beginning and end of operation horizon, t0 and tend, is the same as
expressed in (24). The sufficient heat supply for heat loads is modeled in (25) and the limit
of heat import from external regions in (26).

Besides, deviations between day-ahead and real-time prediction of wind power and heat
loads are described in (27), (28). For CHP plant, the generation deviation is represented by
∆(·) = (·)re − (·)0. Equation (29) indicates the deviation of heat schedule, and the the day-
ahead heat import plan cannot be changed (30), and real-time heat deficit is limited (31).
∆QU,max is the boundary of unsatisfied heat load. Heat surplus is allowed for other use such
as an industrial process.

Equation (32) denotes that the real-time on/off status of CHP units must remain the
same as the day-ahead one. Equations (33)-(35) denote the power balance, that the deviation
between day-ahead and real-time power generation of the CHP-wind farm portfolio must be
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zero. Each up- and down-regulation bid in the balancing market is limited by ∆PU,max and
∆PD,max for the portfolio, respectively [22].

In addition, Θ = x∪y = {PCHP
i , P bypass

i , QCHP
i , FCHP

i , ui, vi, y
0
i , P

HP, QHP, QHA, EHA, ∀i}
∪ {∆PCHP

i ,∆QCHP
i , ∆P bypass

i , ∆FCHP
i , ∆PHP, ∆QHP, ∆QHA, ∆EHA, ∆PU, ∆PD, ∆QU, ∀i}

is the set of decision variables in the first and second stage.

3.2. Model Linearization

Equation (1) has a nonlinear term of cCHP
ss,i |y0

t − y0
t−1| which can be linearized to improve

the computational efficiency. By adding binary variables ui,t, vi,t, the term is replaced by
cCHP

ss,i (ui,t + vi,t) and three constraints are added to the original problem as

y0
i,t − y0

i,t−1 ≤ ui,t (36)

y0
i,t−1 − y0

i,t ≤ vi,t (37)

ui,t, vi,t ∈ {0, 1} (38)

When the CHP unit is shutdown, vi,t = 1, ui,t = 0, when the CHP unit is startup,
ui,t = 1 and vi,t = 0, and the term is equal to cCHP

ss,i . Thus, the linearized term can replace
the nonlinear one effectively with the additional constraints.

Another nonlinearity is from the bilinear term in (35) which is linearized by the big-M
technique [23]. The constraint is replaced by the following equations,

∆PD
t ≤ αt ·M, (39)

∆PU
t ≤ (1− αt) ·M (40)

αt ∈ {0, 1} (41)

where αt is a binary variable and M is a sufficiently large constant. When αt = 1, ∆PU
t = 0,

and when αt = 0, ∆PD
t = 0. Thus, ∆PU

t and ∆PD
t cannot be more than zero at the same

time and the bilinear constraint can be effectively replaced.
With the above linearization, the proposed model is a mixed integer linear programming

model and can be solved by commercial solvers such as GUROBI [24].

4. Two-Stage Stochastic Programming

To address the uncertainties of wind power generation, heat loads, day-ahead, up- and
down-regulation prices, a stochastic optimization method is adopted to solve the proposed
problem. In the first stage, the day-ahead heat and power schedules under the heat market
regulation is optimized, considering the uncertainty realization in the second stage. The
on/off status of CHP units is determined. In real time, the adjustment of day-ahead schedule
has to satisfy the operation and market regulations. The uncertainties are modeled with
a finite number of scenarios and their probabilities. The proposed method is described in
detail in the following subsections.
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4.1. Stochastic Modeling

With a random vector ξ describing the uncertain data, the uncertainty is represented by
a finite number of scenarios ω ∈ Ω, and the probability of each scenario is denoted by ρω.
The two-stage stochastic problem mentioned above is modeled as follows:

min
Θ

∑

∀t∈T

(
∑

∀i∈I

cCHP
ss,i (ui,t + vi,t) +

∑

∀ω∈Ω

ρω(
∑

∀i∈I

CCHP,re
i,t,ω + CHA,re

t,ω + CHP,re
t,ω + CEXH,re

t,ω

+ λU
t,ω∆PU

t,ω − λD
t,ω∆PD

t,ω + cPK∆QU
t,ω)) (42)

s.t. (2)− (34), (36)− (41), ∀ω (43)

The random vector ξ(ω) := {PWF,re
ω , QLD,re

ω , λS
ω, λ

U
ω , λ

D
ω ,∀ω ∈ Ω}. At the first stage, a

”here-and-now” decision x is determined before the realization of the uncertain vector ξ. In
the second stage, a ”wait-and-see” decision, y, is optimized after the realization of ξ.

The first-stage objective function is the startup and shutdown cost of CHP units consid-
ering the heat cost of real-time operation, penalty cost of heat and power plan adaption and
revenue from balancing market in the second stage. C (·),re = C (·),0 + ∆C(·) in the objective
function denotes the real-time operation cost which is equal to the day-ahead decision in x
plus the real-time adaption in y. The optimization horizon is 24h. For the second-stage op-
eration, y corresponds to the hourly real-time adaption with a rolling optimization horizon
of [24h, 23h, ..., 1h]. With one hour ahead prediction, the second-stage operation is realized
by a deterministic model with the following expression:

min
y

∑
∀t∈T

(
∑
∀i∈I

CCHP,re
i,t + CHA,re

t + CHP,re
t + CEXH,re

t + λU
t ∆PU

t − λD
t ∆PD

t + cPK∆QU
t )(44)

s.t. (2)− (34), (36)− (41), ∀ω (45)

In the second-stage operation, besides the unchangeable on/off status, the power and
heat outputs are also limited by the first-stage decision within the operation region.

4.2. Scenario Construction

The Monte Carlo sampling (MCS) method is utilized to generate scenarios of the un-
certainties. To capture the stochasticity, wind power generation, heat loads, day-ahead price,
up- and down-regulation prices are assumed to follow the normal distributionN(µ, σ2) [25][26].

The wind power, heat load and day-ahead electricity price are assumed to be indepen-
dent of each other. Since the capacity of the wind farm is rather small compared to the
whole electricity market, it is assumed that the wind power generation has no effects on the
electricity prices [27]. However, the day-ahead, up- and down-regulation prices are related
to each other depending on the system imbalance status:

Pr(λU
t = λS

t , λ
D
t ≤ λS

t ) = prD, ∀t (46)

Pr(λU
t ≥ λS

t , λ
D
t = λS

t ) = 1− prD, ∀t (47)
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When the power system has a positive net imbalance that generation is more than load,
the down regulation is needed. It follows the price scheme in (46) with a probability of prD

based on the yearly historical data. On the contrary, the negative net imbalance follows (47).

Regarding the scenario generation of the prices, each set of the three prices λS
t , λ̂

U
t , λ̂

D
t is firstly

generated with the normal distribution stated above. Then, a random number at ∼ U(0, 1) is
generated to simulate the probability of need for down regulation at time t. If 0 ≤ at ≤ prD,
a binary parameter bt = 1. In this condition, the balancing prices follow the scheme in (46).
Otherwise, prD < at ≤ 1, bt = 0, which means the balancing prices follow the scheme
in (47). Then the two balancing prices are reformulated with λU = λSb + λ̂U(1 − b), λD =

λS(1− b) + λ̂Db. Therefore, the three prices λS, λU, λD following (46), (47) are generated.
In order to decrease the computational burden of the proposed model (42), (43), the

scenario simultaneous backward reduction technique is employed. The backward reduction
method is used to effectively reduce the number of scenarios. The representative scenarios
are efficient approximation of original scenarios [28].

5. Case Study

5.1. Test System

The proposed multi-timescale coordinated operation strategy is tested on a CHP plant-
wind farm portfolio located in Copenhagen and owned by a Danish energy company. By
year 2030, the CHP plant will include two backpressure steam turbine CHP units and one
extraction steam turbine CHP unit with a total boiler capacity of 1458 MW. In addition,
HPs with a total heat capacity of 300 MJ/s will be built. The CHP plant is also equipped
with HAs with thermal power of 300 MJ/s and energy of 750 MWh. In addition, the wind
farm will be expanded to a capacity of 360 MW.

A modified version of wind power data from a wind farm southeastern to Copenhagen,
heat load from residential buildings in Copenhagen [5], day-ahead, up- and down-regulation
electricity prices from Nord Pool [29], is used as the expected value µ of hourly profiles.
The boundary of wind power and heat load variation is ±20%, and the electricity price is
±40% estimated from the historical data. The normalized standard deviation is assumed
with a range of [0.06, 0.09] for heat load, [0.08, 0.09] for wind power, [0.1, 0.3] for day-ahead
electricity price, 0.2 for up- and down-regulation prices, respectively. ∆QU,max is assumed
to be 10% of the peak load [5]. The plant parameters are shown in Table 1.

The CHP plant supplies heat to part of eastern Copenhagen area which is connected to
other parts of Copenhagen. The CHP plant and wind farm supply electricity to areas that
are connected to transmission lines through substations near the plant. The CHP plant
join in Varmelast.dk [21] to get heat dispatch. It joins in ELSPOT day-ahead and NOIS
regulating power market to get day-ahead and real-time power dispatch, and the same to
the wind farm.

The simulation is carried out on a PC with Intel i5-6200U CPU and 8 GB of RAM. The
problem is solved using the GUROBI solver [24] using MATLAB platform and YALMIP
toolbox [30].
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Table 1: CHP Plant Parameters

Name Value Name Value
cCHP

f 21.6e/MWh R 0.25
cCHP

O&M 1.98e/MWh τ on, τ off 5 h

ηi,tot [0.92, 1.10, 0.89]
Fmin
i

Fmax
i

[0.4, 0.3, 0.42]

ηbp
i,ele [0.20, 0.30, 0.34] Fmax

i [358, 500, 600] MW

cCHP
i,ss [6040, 6040, 7383]e cHP

O&M 1.83e/MWh
QHP,max 300 MJ/s ηHP 3.2
cnet 0.48e/MWh ctax 20.7e/MWh
cPSO 0e/MWh cHA

O&M 1.98e/MWh
kloss 0.01 QHA,max 300 MJ/s

EHA,max 750 MWh cexh 80e/MWh
cPK 135e/MWh QEXH,max 180 MJ/s

∆QU,max 210 MJ/s ∆PU,max,∆PD,max 100 MW

5.2. First-Stage Result

Considering the forecast of wind power, electricity prices and heat load, the first-stage
decision is obtained by solving the optimization problem in (42), (43). The optimization
is performed by considering 400 representative scenarios after reduction from 2000 initial
scenarios. The result of daily operation cost is 0.737 Me. It is noted that the revenue of heat
sale is excluded from the profit during the dispatch according to the heat market regulation.

The day-ahead schedule of heat production and HA energy is shown in Figure 3. The
peak hours of heat load are during 6h− 9h, 19h− 21h, when space heating and domestic
hot water are needed. The CHP units work as base load due to its low marginal heat cost.
Since the case is in a typical winter day with high heat demand, all the CHP units have
to switch on with high heat outputs. The HP also works with full capacity due to its high
power-to-heat efficiency. The heat output of HPs does not follow the trend of the day-ahead
electricity price since the tax is also a large portion of its cost. During the peak hours, HA
discharges while charges in off-peak hours. The energy stored in HA at the last hour has to
be equal to the initial status. The peak load that cannot be supplied by the CHP plant has
to be provided by the external heating supply with a high price.

The power outputs of the CHP units are illustrated in Figure 4. The electric power
outputs of the two backpressure CHP units with bypass are zero since their heat outputs
are full capacity. It also shows that unit 3 has a constant power output without varying
with electricity prices, due to its higher total operation efficiency on the backpressure line
rather than moving to the extraction mode. Therefore, the electric and thermal power
outputs are limited by the operation boundary and influenced by the operation efficiency.
The electricity prices in this case are not beneficial enough for CHP units to shift from
high efficiency and high heat output to high electricity output operation points. In terms of
computational efficiency, the solver time is 235.729 s which is fully compatible for practical
day-ahead operation planning use.
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Figure 3: First-stage thermal power generation of portfolio operation strategy
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Figure 4: First-stage electric power generation of portfolio operation strategy

5.3. Second-Stage Result

In the second stage, one hour ahead prediction is utilized as the uncertainty realization
and the optimization problem of (44), (45) is performed. The second-stage daily operation
cost is 0.742 Me for one uncertainty realization. With the uncertainty realization, a com-
parison of first-stage and second-stage P-Q operation region of the CHP units during one
day is illustrated in Figure 5. It shows that units 1 and 2 change their operation points
through bypass operation during certain hours of real-time operation. Unit 3 changes its
output along the backpressure line to maintain the maximum total operation efficiency.

In addition, the adaption of thermal and electric power of each generation unit and
load is shown in Figure 6 and Figure 7, respectively. In Figure 6, generation units increase
their outputs shown as positive values and reduce their outputs shown as negative values,
and their sum should satisfy the heat load variations shown as the red dashed line at each
hour. In Figure 7, the real-time positive and negative adaption, portfolio deficit and surplus
are represented by the positive and negative values of the bar plot. The sum of power
adaption that the positive values minus the negative values should be zero, in order to
follow the day-ahead plan. The electricity prices are shown with line chart. At 3h, the
CHP-wind farm portfolio purchases regulating power with up-regulation price while other
hours sells with down-regulation price. The up-regulation price at 3h is the lowest in the
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Figure 5: First-stage and second-stage P-Q operation region of CHP (a) unit1; (b) unit2; (c) unit3

day and close to down-regulation price, therefore, it is cost-effective to balance the deficit
wind power by purchasing regulating power from the market rather than increasing the CHP
generation. During periods with high down-regulation price such as 15h, though the wind
power is surplus, units 2 and 3 increase the production leading to the sale of surplus output
represented by the dark green bar. In this way, the portfolio can balance the wind power
imbalance and also achieve profits from the balancing market.
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Figure 6: Second-stage thermal power adaption
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Figure 7: Second-stage electric power adaption

5.4. Monte Carlo Feasibility Check

Based on the first-stage decision, MCS is performed to check the feasibility of the pro-
posed multi-timescale coordinated method with portfolio operation strategy applied to the
second-stage operation. A total number of 2000 sets of uncertainties is generated by MCS
and utilized for uncertainty realization. Three methods are tested with the same uncertainty
realization. The independent operation strategy that WF and CHP join in the market indi-
vidually as two separate actors, and the deterministic method that multiple uncertainties are
ignored, are modeled for comparison [6]. The results of daily operation cost and infeasible
case rate are shown in Table 2.

Compared with the independent operation strategy, the deterministic method with port-
folio operation strategy can decrease the operation cost by 4.9% and reduce the infeasible
case rate by 85.5%. Regarding the proposed multi-timescale coordinated method, though
the operation cost is the same compared to the deterministic method, the infeasible case
rate is reduced by 77.3%.

Table 2: Feasibility check Results

Method

Deterministic
method with
independent

operation strategy

Deterministic
method with

portfolio
operation strategy

Proposed multi-
timescale coordinated
method with portfolio

operation strategy
Optimized daily
operation cost

(Me)
0.782 0.744 0.744

Infeasible case
rate

60.6% 8.8% 2.0%
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6. Conclusion

In this paper, a multi-timescale coordinated operation method with portfolio operation
strategy is proposed for a CHP-wind farm portfolio. The proposed approach is demonstrated
on a real-life energy company in Copenhagen to check the operation performance in the day-
ahead Copenhagen heat market and real-time two-price balancing market. The uncertainties
including wind power generation, heat loads, day-ahead, up- and down-regulation prices are
considered. Prices are efficiently modeled and addressed in the proposed approach. The
results of the proposed approach, deterministic method and independent operation strategy
are tested by Monte Carlo feasibility check and compared.

Compared to the independent operation strategy, the portfolio operation strategy can
balance within the CHP-wind farm portfolio and benefit more from the two-price balancing
market. In addition, compared to the deterministic operation method, the proposed multi-
timescale coordinated operation method can lead to a higher feasible real-time operation.
Without increasing the operation cost, the reliability of system operation is increased to a
higher degree.

In conclusion, the proposed multi-timescale stochastic operation with portfolio operation
approach can achieve profitable and highly robust operation performance under uncertain-
ties.
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Abstract

In this paper, technical and economic assessment of power-to-heat (P2H) solutions installed
at the building side is presented. A framework solution including different control algorithms,
network and operational parameters, is proposed to conduct techno-economic assessment
for P2H technologies in low-temperature district heating (LTDH) from an integrated energy
system perspective. The framework facilitates the transition from conventional DH to LTDH
solution with demand-side P2H technologies. Electric heat booster (EHB), as a typical
demand side P2H solution, is modelled with different control algorithms and tank sizes and
applied to a 23 single-family test energy system. Steady state combined heat and power flow
is studied to investigate the impact on networks. Moreover, minimum differential pressure
and supply temperature control of critical nodes are applied to ensure reliable DH operation.
The results show the effectiveness of fuel shift control, where the ratio of DH loss is decreased
by lowering supply temperature to 50℃. Furthermore, the minimum voltage magnitude
is improved to be closer to 1 p.u., meanwhile, the power loss on electricity networks is
increased. For the test energy system, the 51L EHBs contribute to lower energy cost of the
system compared to the 92L ones, and can provide the lowest levelized cost solution with
the supply temperature of 50℃.

Keywords: Economic assessment, Electric heat booster, Low-temperature district heating,
Power-to-heat

1. Introduction

An integrated energy system (IES) of heating and electricity sectors has been studied to
support the renewable energy integration and energy efficiency [1] [2]. In the district heating
(DH) sector, low-temperature district heating (LTDH) with supply temperature of 50−60℃
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Nomenclature

Abbreviations

CRF capital recovery factor

DH district heating

DHN district heating network

DHW domestic hot water

EHB electric heat booster

HEX heat exchanger

IES integrated energy system

ITHE instantaneous heat exchanger

LTDH low-temperature district heating

P2H power-to-heat

Subscripts and superscripts

max,min maximum, minimum of power/pressure

pump circulation pump

cw cold water

DWD domestic hot water draw

EH electric heating

EL electricity

loss network heat/electricity loss

Sets and Indices

B, b Set/Index of non-critical load nodes

C, c Set/Index of critical load nodes

I, i Set/Index of buses

LD, ld Set/Index of load bus

L,L+
n ,L−

n , l Set/Index of district heating pipes,
flowing from and to node n

N , n Set/Index of load nodes

R, r Set/Index of return pipes

SRH, srh Set/Index of bus with heat source

SR, sr Set/Index of bus with power source

S, s Set/Index of supply pipes

T , t Set/Index control time horizon

Parameters

λ friction factor [-]

A network incidence matrix

B loop incidence matrix

K resistance coefficient matrix of pipes

ρ fluid density [kg/m3]

a lifetime of EHBs [year]

Bij susceptance matrix

cDH, cEL heat and electricity price [DKK/kWh]

cw specific heat of water [J/kg℃]

d inner pipe diameter [m]

Gij conductance matrix

L pipe length [m]

Ta ambient temperature [℃]

Tst setpoint of DHW [℃]

A water tank surface area [m2]

M water tank mass [kg]

U heat transfer coefficient [W/m2℃]

Variables

ṁq mass flow rate at nodes [kg/s]

ṁ mass flow rate in pipes [kg/s]

φ thermal power [W]

bst boosting status

Ccap, CO&M, Cvar capital, operation and mainte-
nance, variable cost [DKK]

H heat transfer rate in heat exchangers [W]

k interest rate [%]

o valve status [-]

p pressure [bar]

Q reactive power [Var]

T temperature [℃]

LC levelized cost [DKK/kWh]

is an energy-efficient solution, which has been developed to reduce network losses [3] and
increase renewable heat integration [4]. In recent years, the development of low energy
buildings contributes to high energy efficiency and low DH consumption. However, the
heat loss on conventional district heating networks (DHNs) increases due to the low heat
demand [5]. Therefore, in order to further increase the energy efficiency, LTDH is proposed to
reduce heat losses during heat transmission and distribution. The LTDH concept also aims
to integrate more renewable energy and be an active part of an IES [6]. Many European
countries have initiated projects implementing LTDH. Studies in [7] indicate that LTDH
can satisfy the space heating demand of existing single-family houses in Denmark for most
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time of the year. However, LTDH can hardly satisfy the domestic hot water (DHW) use
as conventional DH. Temperature of DHW at the end-user side is required to be between
40 and 45℃ [8]. LTDH with a supply temperature of below 50℃ can hardly satisfy this
requirement with the consideration of temperature drop along the network. Therefore, to
satisfy comfort and hygiene requirements, supplementary heating devices are needed at the
demand side, such as solar collectors, power-to-heat (P2H) solutions of electric heating and
heat pumps.

1.1. Background

Existing P2H technologies, including electric boilers and heat pumps, are scalable and
mature options for coupling the electricity and heating sectors. In the past, several studies
have been focused on the technical potential of system integration of P2H devices in a city
or country level IES. Yilmaz et al. [9] assess the potential of P2H technologies in European
DH system and results show that P2H solutions can play an important role in renewable en-
ergy targets. Schweiger et al. [10] suggest a high potential of electric boilers integration with
thermal storage in Sweden. However, the operation of distribution level DHN and electricity
networks is not well addressed. In recent years, the coupling of the distribution level IES
through P2H units in buildings’ substations has been studied. Alternative substation designs
of P2H units in buildings based on LTDH are proposed in [11], where the connection between
P2H units and supply and return DH pipes are configured and analysed. Electric heating
units with thermal storage providing demand-side flexibility is discussed in [12]. However,
the impact of integrating P2H units on DHN is not addressed in [9, 10, 11, 12]. The coupling
of DH and electricity networks on the demand side with P2H technologies can change the
load profiles therefore heat and power flow in the networks. The change can result in oper-
ational problems of low supply temperature and large pressure drop. Elmegaard et al. [13]
investigate the energy efficiency of different heat pumps in LTDH considering DHN loss.
Results show that the best P2H solutions can achieve energy efficiency of 89% with LTDH.
Moreover, integration of booster heat pumps in DH has benefits of improving the coefficient
of performance of heat pumps and lowering the DHN losses significantly [14]. However, the
influence of P2H technologies on the electricity network is not explicitly addressed, and the
interactions between electric power and DH systems are not discussed. Extra electricity load
caused by P2H units can cause operational problems of high peak electricity load and large
voltage drop.

In recent studies, technical assessment of the coupling between electric power and DHNs
in demand side through P2H is presented in [15], where energy flow in LTDH networks
and distribution level grids is studied. Our recent research [16] proposes the technical as-
sessment of electric heat boosters (EHBs), where DHN energy balance and electric power
loss are particularly discussed. However, the economic analysis of the P2H solution has not
been sufficiently addressed. The cost-effectiveness of P2H units compared to conventional
DH substation solutions is essential for the investment of new technologies. Yang et al. [17]
present economic analysis of different P2H solutions through levelized cost to compare the
energy cost for DHW preparation. Results show that EHBs have the best economic per-
formance among water tank solutions. However, the economic analysis on extra network
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energy losses compared to conventional DH solutions is ignored. Therefore, a systematic
analysis of P2H solutions considering both economic and technical aspects is necessary for
both the units and system to have a holistic assessment.

Due to the short response time of P2H solutions, services provided for the DH system
and power grid are technically possible. A new concept of fuel shift service is investigated in
the Danish EnergyLab Nordhavn project [18]. Fuel shift is the provision of the same energy
service with a shift between energy carriers, such as the supply of DHW with either district
heating or electricity [18]. This new concept provides a novel service to DHN, especially to
LTDH which requires temperature boosting in demand side. With the fuel shift service to
DH, experimental results in [19] show that there is a reduction of DH peak and reduction
of peak boiler usage. However, this fuel shift control of P2H solutions brings extra demand
for the power grid. Therefore, whether the fuel shift service is an economic solution for the
IES and end-users needs further investigation.

In order to support the transition from conventional DH to LTDH, it is essential to
understand how the supplementary heating devices are being operated and controlled, what
are their impacts on DH and power system, and what is their cost-effectiveness. Though
many algorithms and studies stated above are proposed for these issues, they are applied
to individual P2H solutions. A framework solution is needed to have a holistic approach
to the evaluate efficiency and cost-effectiveness of the supplementary heating devices. By
supplying heat with electricity, P2H solutions connect the electricity and DH sectors and
can provide services to both sectors. Therefore, the scope of the framework presented in the
paper is concentrated on the P2H solutions applied to LTDH.

1.2. Paper contributions

This paper proposes an assessment framework of P2H units based on LTDH, where
technical and economic performance are evaluated systematically. The contribution of the
paper is twofold. First, an assessment framework based on the techno-economic analysis of
the IES is proposed to evaluate the performance of control strategies of P2H units. The
proposed framework contributes to a holistic and systematic understanding of parameters
need to be considered during the implementation of P2H units with practical applications
and transition to LTDH. Moreover, economic analysis is presented to evaluate the impact
of supply temperature levels and P2H technology parameters on heat and electricity costs
of the system. Levelized cost of P2H technologies considering costs of network losses is used
to quantify the impact on networks. Different supply temperature levels and water tanks
sizes are considered in sensitivity analysis to test the robustness of the performance.

The rest of this paper is summarized as follows: Section 2 describes the framework for
assessment of P2H solutions in an IES. Section 3 presents the methodology of modelling an
IES and EHBs. Section 4 presents the controller design and evaluation criteria of EHBs. Sec-
tion 5 provides case studies with different control algorithms and types of EHBs. Conclusion
and future work are drawn in the last section.
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2. Framework for P2H technologies evaluation

In order to have a holistic technical and economic assessment of the P2H solutions, a
systematic approach that evaluates the P2H units is proposed in a framework. The flow
chart of the assessment procedure is illustrated in Figure 1.
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Figure 1: A framework for technical and economic assessment of P2H technologies

Since the framework aims at performing the related techno-economic assessment from
an IES aspect, the first step is to collect data from network and system operators, which
is not changed by scenarios. The term ‘regulation’ in the upper block means rules and
principles of system operation defined by DH and electricity system operators. In order to
study the impact of P2H units on IES, the network data including system topologies and
dimensions, substation and transformer capacities, and measured load profiles is collected.
Besides the network data, operation data from the system regulators is also defined. As
for DHNs, the minimum pressure drop and supply temperature at critical nodes should be
controlled by DH operators. The control of critical nodes which are furthest from heat
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sources can guarantee safe operation of the whole network [20]. From the perspective of
electricity network, variation limits of voltage magnitude, frequency and network congestion
are monitored and controlled by the system operator to ensure safe operation. After the
fixed parameters of the system are defined and collected, scenarios are defined to test the
performance of different P2H units applied to the IES. Scenario specific parameters related
to P2H units are collected, such as the unit type, capacity, the size of equipped water tank,
operational efficiency, control objectives, investment cost and lifetime. Moreover, sensitivity
analysis is performed to investigate the robustness of the units performance under different
temperature levels. Levels of the DH peak load required by the system operator are also
studied to test the performance of fuel shift control applied to P2H units which will be
further explained in Section 4.2.

After the input data is collected and components are modelled, combined heat and
power analysis is applied by solving the heat and electric power flow sequentially. The
heat flow includes the iterative calculation of hydraulic and thermal model of the DHN,
where the minimum pressure drop and supply temperature are controlled through bypass
operation. Technical analysis of the network is therefore developed by evaluating the loss on
both networks and the energy balance of the IES. After the combined heat and power flow
analysis, economic assessment of the P2H technologies is presented, from the perspective of
levelized cost of P2H units and annual energy cost of the whole IES.

The above-mentioned data collection, data monitoring and control application in the
proposed framework can be achieved through an integration of information and communi-
cation technologies (ICT). The ICT works as a fundamental element to enable the proposed
assessment framework. Since the paper only focuses on the control algorithms of P2H units
and network modelling, the ICT utilised for the proposed framework is further explained in
the Appendix.

3. Integrated energy system modelling

3.1. Structure of integrated energy system

A typical structure of an IES with single-family houses is illustrated in Figure 2. The
houses are supplied by heat and electricity sources through transmission and distribution
networks of DH and electric power systems, power transformers and HEXs. The demand
side of the DHN is represented by a substation located at each house, where DHW and
space heating are supplied. For critical nodes, minimum differential pressure control and
minimum supply temperature control are implemented to ensure mass flow rate and supply
temperature respectively.
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Figure 2: Schematic diagram of an IES system with single-family houses

3.2. District heating network modelling

The DHN modelling includes a hydraulic model and a thermal model. The hydraulic
model describes the mass flow rate and pressure drops along the DH pipes. It is represented
by continuity of flow and head loss of supply pipes s ∈ S in (1) and (4) respectively [21] [22].

Aṁs = ṁq (1)

ṁq,c = ṁq,c,SH + ṁq,c,DHW + ṁq,c,bypass, ∀c ∈ C (2)

ṁq,b = ṁq,b,SH + ṁq,b,DHW, ∀b ∈ B (3)

BKṁs|ṁs| = 0 (4)

∆pl = − 8λL

d5π2ρ
· ṁl

2, ∀l ∈ L (5)

∆ppump =
∑

∀s∈S
∆ps +

∑

∀r∈R
∆pr + ∆pmin (6)

where A is the DHN incidence matrix; ṁs and ṁq are vectors of mass flow rate of DH supply
pipes and nodal mass flow rate of nodes respectively. B denotes the DHN loop incidence
matrix and K denotes the vector of the resistance coefficients of each pipe. Equations (2)
and (3) describe the nodal mass flow rate of load nodes for critical nodes c ∈ C and non-
critical nodes b ∈ B respectively. ṁq,SH and ṁq,DHW represent the space heating and DHW
use of houses. For critical nodes, e.g. the furthest house in Figure 2, bypass pipes are added
to ensure the required minimum differential pressure with the mass flow rate of ṁq,c,bypass.
Since the thermal dynamic of water flow in pipes is not considered, the mass flow rate of
return pipes ṁr, r ∈ R is assumed to be the same as the corresponding supply pipe. The
pressure drops along pipes, supply pipes s ∈ S, and return pipes r ∈ R are denoted by
∆pl, ∆ps and ∆pr respectively. The pressurisation by the circulation pump is denoted by
∆ppump and the minimum pressure difference for the most peripheral substation is denoted
by ∆pmin in (6).

The thermal model determines the supply and return temperature at each node. Equa-
tions (7) and (8) represent the mixing temperature at each node and temperature drop
along the pipes [21]. Where node n flows water to the pipes L+

n and from the pipes L−n
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respectively. The temperature of the start and end of pipe l is represented by T+
l and T−l

respectively. Ta denotes the ambient temperature and ṁl denotes the mass flow rate of the
pipe. The thermal power delivered by heat source at source node set SRH is expressed
in (9), where Ts,n and Tr,n are the supply and return temperature at node n respectively.
Similarly, the heat load of space heating at each load node n is shown in (10). The mass
flow rate injected to node n is a summation of DHW and space heating in (11). For each
operation time t, the total heat loss on networks φloss,DH is denoted as the total thermal
power from the heat sources, minus the total heat load for space heating and DHW at each
heat node and expressed in (12).

(
∑

∀n∈L+n

ṁn)Tn =
∑

∀n∈L−n

(ṁnTn), n ∈ C ∪ B ∪ SRH (7)

T−l = (T+
l − Ta)e

− λL
cwṁl + Ta, ∀l ∈ L (8)

φn,DH = cwṁq,n(Ts,n − Tr,n), n ∈ SRH (9)

φn,SH = cwṁq,n,SH(Ts,n − Tr,n), n ∈ C ∪ B (10)

ṁq,n = ṁq,n,DHW,DH + ṁq,n,SH, n ∈ C ∪ B (11)

φloss,DH =
∑

∀srh∈SRH
φsrh,DH −

∑

n∈C∪B
φn,SH −

∑

m∈C∪B
φm,DHW,DH (12)

3.3. Instantaneous heat exchanger modelling

The ITHE used in buildings’ substation is modelled to simulate the DHW supply with
conventional DH. The configuration of the ITHE for DHW is illustrated in Figure 3, where
a counter-flow heat exchanger (HEX) in the substation is used for hydraulic separations of
the primary and secondary sides of a HEX shown in Figure 3(a). The temperature change of
the primary and secondary sides along the water flow length is shown in Figure 3(b), where
the x axis is the length from the outlet of the primary side. It is assumed that sensors and
monitors for collecting data of heat load consumption, node pressure, temperature and mass
flow rate have a time step of 15 minutes, which is practical in real application [18]. Since
the time step of 15 minutes is used, the heat transfer dynamic between A and B has been
ignored in the modelling of ITHE. That is because the mentioned dynamics is described
through much shorter time constants than 15 minutes, so that this dynamics could not be
monitored using the 15-minute time step.

B

A

(a) Counter-flow heat exchanger

Temperature

B A Length

(b) Temperature graph

Figure 3: Schematic diagram of an instantaneous heat exchanger
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The thermal power during the heat transfer process is expressed in (13) and (14) for
the primary and secondary sides of the HEX. Since DH coil is immersed in the water tank,
energy extracted from DH coil is 100% transferred to water inside the tank. Hence, heat
transfer rates given in (13) and (14) are the same. The heat transfer rates during hot water
be cooled by Ts,n − Tr,DHW and cold water be heated by TDWD − Tcw are assumed to be the
same [23]. The heat transfer rate is expressed as follows,

H = cwṁq,n,DHW(Ts,n − Tr,n,DHW) (13)

H = cwṁq,n,DWD(TDWD, n − Tcw,n) (14)

The return temperature of the primary side of the HEX, Tr,DHW, is assumed as a constant
value to simplify the model. The mass flow rate and temperature of DHW draw at user
side are denoted by ṁq,n,DWD and TDWD. The cold water input is a constant value of Tcw.
The thermal power released during the heat transfer process to supply DHW is defined as
follows,

φn,DHW,DH = cwṁq,n,DHW(Ts,n − Tr,n,DHW) (15)

3.4. Electric heat booster modelling

The EHB model includes a DHW tank with electric heating resistance inside. The
schematic diagram is illustrated in Figure 4, where the DHW can be provided either by
DH or electric heating controlled by oDH and oEH respectively. When the DH supply is
selected, water from DH is injected through the coil mounted from the upper to lower part
of the tank. When the electric heating is selected, the tank water is heated with the electric
heating resistance. The DHW use is drawn through taps with the temperature of TDWD and
cold water is heated from the temperature of Tcw as shown in Figure 4.

Electric heating
resistance

DH pipe

Figure 4: Schematic diagram of an electric heat booster

The model of EHBs is considered as a single-layer water tank [16] modelled in (16)-(19).
The temperature change of the water tank, with a mass of M, is expressed in (16). U is the
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heat transfer coefficient and A is the water tank surface area as given in (16). Where the
tank has the input heat power of φDHW, output power of DHW draw and power loss from
the tank wall. oDH and oEH are binary variables, and the two heating sources cannot be used
at the same time. The input thermal power for DHW is a summation of heat supply from
DH φt,DHW,DH and electric heating φmax

EL,DHW. The detailed expressions are shown as follows,

cwM(Tt+1 − Tt) = φt,DHW − cwṁDWD(TDWD − Tcw)− UA(TDWD − Ta) (16)

φt,DHW = φt,DHW,DH + oEH
t φmax

EL,DHW (17)

φt,DHW,DH = cw o
DH
t ṁmax

q,DHW(Tt,s,n − Tt,r,n,DHW) (18)

oDH
t oEH

t = 0 (19)

3.5. Distribution electric power network modelling

The electric power flow in the distribution network is modelled to study the influence of
EHBs on electricity network. The AC power flow is modelled considering the nodal active
and reactive power balance [2]. The active power at each bus i ∈ I includes the electricity
load Pi,LD and load from EHBs Pi,EL = oEHφmax

EL,DHW in (20). The reactive power Qi,LD only
includes the reactive power load at each bus. The power flow depends on the conductance
Gij and susceptance Bij of lines connecting bus i and j.

Psr − Pld − Pi,EL = |Vi|
∑

j∈J
|Vj|(Gij cos θij +Bij sin θij) (20)

Qsr −Qld = |Vi|
∑

j∈J
|Vj|(Gij sin θij −Bij cos θij) (21)

Ploss =
∑

∀sr∈SR
Psr −

∑

∀ld∈LD
Pld −

∑

∀i∈I
Pi,EL (22)

4. Control design of electric heat boosters

4.1. Control algorithm 1

In control algorithm 1, the on/off status of oDH and oEH solely depends on the supply
temperature. With high supply temperature, only DH is used for boosting the temperature
of water tank when TDWD is below the setpoint Tset. With low supply temperature, the
control algorithm is applied to boost the temperature with electric heating until 60℃, and
then re-boost it with DH until the water is cooled below Ts − 14℃. The boosting status
bst indicates if the EHB has been heated to the maximum temperature of 60℃. If bst = 1,
then no heating is needed, otherwise either DH or electric heating is needed. The detailed
control algorithm is described in Table 1.
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Table 1: Work flow of control algorithm 1

Algorithm 1
Input: Supply temperature Ts

1 if Ts > 60℃, conventional DH
2 goto step 6
3 else low-temperature DH
4 goto step 11
5 end
6 If Tset − ε ≤ TDWD

7 no heating, oEH = 0, oDH = 0
8 else
9 only DH, oEH = 0, oDH = 1
10 end
11 Initiate EHB status bst

12 If Ts − 10℃ < TDWD ≤ 60℃ and bst = 0,
13 only electric heating, oEH = 1, oDH = 0, bst = 0
14 elseif Ts > 60℃
15 no heating, oEH = 0, oDH = 0, bst = 1
16 elseif Ts − 14℃ < TDWD ≤ 60℃ and bst = 1
17 no heating, oEH = 0, oDH = 0, bst = 1
18 elseif TDWD ≤ Ts − 14℃
19 only DH, oEH = 0, oDH = 1, bst = 0
20 elseif Ts − 14℃ < TDWD ≤ Ts − 10℃ and bst = 0
21 only DH, oEH = 0, oDH = 1, bst = 0
22 end
23 Output: oEH, oDH, φDH,DHW, φEL,DHW

4.2. Control algorithm 2

In control algorithm 2, fuel shift control is applied to control the status of EHBs. Fuel
shift control aims to redistribute the thermal power of DHW provided from DH only to
nodes n = 1, 2, ...,m, which are closest to the heat source geographically. These nodes have
higher priority to get heat supply from DH for low distance of heat delivery. The summation
of DHW supply from DH among these nodes cannot be more than the power quota φquo

modelled from the peak required by DH system operator. Therefore, with fuel shift control,
peak heat load is shaved up to φpk and the shaved part of DHW is provided by electric
heating.

The detailed fuel shift control method is explained in Table 2.
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Table 2: Work flow of control algorithm 2

Algorithm 2
Input: peak load φpk, power quota for DHW is φquo,DHW = φpk −

∑
∀n∈N

φn,SH

1 Calculate DHW supplied from DH φn,DH,DHW or electricity φn,EL,DHW through
control algorithm 1 in Table. 1 for each node

2 Redistribute DHW load from DH among closest nodes n = 1, 2, ...,m and
m∑

n=1

φn,DH,DHW ≤ φquo,DHW <
m+1∑
n=1

φn,DH,DHW, n ∈ N . These nodes get DHW supply

from DH with the power of φn,DH,DHW

3 The rest of the load nodes n shift to electric heating with the power of φmax
EL,DHW,

n = m+ 1,m+ 2, ..., N
4 Output: oEH, oDH, φDH,DHW, φEL,DHW

5. Methodologies

5.1. Combined heat and power flow analysis

The technical assessment of P2H units is developed by modelling the heat and power
flow in the networks. The flow chart of the combined heat and power simulation and the
corresponding sections elaborating on the models are shown in Figure 5.

Firstly, parameters of electric and DHNs are predefined by the provided test IES system.
The parameters of the substations and control algorithms of EHBs are selected by the
scenarios. After collecting the system and units data, the combined heat and power flow
starts with the initialization of ṁq, o

EH, oDH, Ts, Tr, φSH and φDHW. Then supply temperature
and differential pressure control are applied to critical DH nodes to fulfill the requirements
of minimum supply temperature and pressure drop. Bypass flow is open to add the flow
rate with ṁq,bypass if the requirements are not satisfied. After the bypass flow is updated,
the flow goes to the inner loop. The hydraulic model described in (1)-(6) and thermal
model in (7)-(12) in Section 3.2 are developed. If the substation is applied with ITHE,
φDH,DHW is updated with (13)-(15). If the substation is applied with EHBs, the control of
EHB substations is implemented to update variables of φDH,DHW, φEL,DHW, o

EH and oDH in
(16)-(19). After the hydraulic and thermal variables converge in the inner loop, the outer
loop is iterated again to check the critical nodes until the requirements are met. After the
heat flow analysis is completed, the results of variables ṁl, o

EH, oDH, Ts, Tr, φSH and φDHW

are obtained. The electric loads by EHBs φEL,DHW are utilized for AC power flow simulation
modelled in Section 3.5. Network variables of Ploss, Psr and |V | are solved. Therefore, the
technical assessment is completed through the sequential calculation of combined heat and
power flow.
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Figure 5: Flow chart of combined heat and power analysis

5.2. Levelized cost of electric heat boosters

To compare the economic performance of the EHBs with different control algorithms
and supply temperature, the levelized cost of the total n EHBs is studied. The levelized
cost of EHBs is determined by the total capital and variable costs of providing DHW for
end users over its lifetime. It is calculated based on the investment costs Ccap, fixed lifetime
operation and maintenance costs CO&M, and the variable costs Cvar during the lifetime a.
The methodology revised based on [24] is expressed in (23)-(25).

LC =
a nCcap CRF + nCO&M + aCvar

a
∑

t∈T ,n∈N
φt,n,DHW

(23)

CRF =
k(1 + k)a

(1 + k)a − 1
(24)

Cvar =
∑

t∈T , n∈N
(cDH, t · (φt,n,DH,DHW + ∆φt,loss) + cEL,t · (Pt,n,EL + ∆Pt,loss)) (25)

where CRF is the capital recovery factor. In (25), the variable costs include thermal and
electric energy costs of using EHBs for all end users’ DHW, costs of network loss difference
compared to high-temperature ITHE.
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6. Case Study

6.1. Test System

The proposed model is applied to 23 terraced single-family houses with the system topol-
ogy shown in Figure 6, which has the same network dimensions in our previous work [16].
Each house is considered as a heat load node of the DH system and an electricity load
of the electricity system. Especially, the orange-colored houses are critical nodes for their
long distance from the heat source. The newly-built houses fulfill the energy framework of
BR18, where the total energy demand per year is within 30 + 1000

heated floor area
kWh/m2/year.

The pressure and temperature drop at each heat node is assumed as a constant of 50kPa
and 30℃. The minimum supply temperature and differential pressure at critical node are
assumed as Ts,c,min = 40℃ and ∆pc,min = 30kPa. The normalized DHW and SH profiles are
shifted and scaled based on Danish water standard DS439 and typical Danish residential
house profiles respectively, following our previous work [16]. The cost of heat and electricity
for each time step is emulated from historical data in [25] and [26].

Two popular types of commercial EHBs with a volume of 92L and 51L DHW tanks are
considered in our case study [27]. Both are equipped with heating elements of φmax

EL,DHW =
3kW/400V and mmax

q,DHW = 0.0414kg/s. The EHB controllers are implemented with a time
step of 5 minutes and a total operation of one year. Two control strategies in Section 4 are
applied to the same IES system with different supply temperature levels to compare.

Heat 
Source

Main

Grid

Electricity load Heat load node Heat load critical node Heat exchanger

Figure 6: Schematic diagram of the test IES

6.2. Scenario definition

In case study, the following scenarios and sub-scenarios are defined in Table 3 to perform
two sensitivity analysis. Variable control algorithms and tank sizes are selected to compare
their influence on the performance of assessment. The scenarios 1 and 2 are studied with
the application of control algorithms 1 and 2 respectively to quantify the impact of control
algorithms on the assessment. For each scenario, two sub-scenarios of 92L and 51L tank
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Table 3: Scenarios and sub-scenarios

Sub-scenario 1 Sub-scenario 2
Scenario 1: control algorithm 1 Tank size: 92L Tank size: 51L
Scenario 2: control algorithm 2 Tank size: 92L Tank size: 51L

sizes are simulated to compare the impact of water tank size. The reference scenario of
ITHE with supply temperature of 80℃ is selected as the reference scenario to quantify the
variable costs in (25).

6.3. Results

6.3.1. Scenario 1

In scenario 1, the control algorithm 1 is implemented to the EHBs in 23 single family
houses. The results of two sub-scenarios in terms of DH system energy balance with different
supply temperature are shown in Figure 7. It illustrates the ratio of energy supply for SH,
DHW and energy loss on DHN, represented by the following three terms respectively:

∑
n∈C∪B

φn,SH

∑
∀srh∈SRH

φsrh,DH

,

∑
m∈C∪B

φm,DHW,DH

∑
∀srh∈SRH

φsrh,DH

,
φloss,DH∑

∀srh∈SRH
φsrh,DH

(26)

The results indicate that the DH loss decreases by the supply temperature for both 92L and
51L sub-scenarios. In the case of high supply temperature of more than 60℃, the ratios of
SH and DHW are increased by the supply temperature drop, due to the decreasing of total
thermal power supply. In the case of low supply temperature of less than 65℃, the ratios
of DHW decrease due to the utilization of electricity for DHW. Compared to the 92L water
tank, the 51L water tank requires more energy supply from DH for DHW. This is due to
the smaller water tank requires more frequent heat supply from DH when the temperature
drops to Ts − 14℃.
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Figure 7: DH energy balance of scenario 1
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The impact of EHB integration on electricity network is investigated. System perfor-
mance of total electric energy, peak load of electricity, minimum voltage magnitude and
electric energy losses is compared to reference scenario with ITHE and Ts = 80℃. The
results of the comparison with different temperature levels are illustrated in Figure 8, where
the ratios of total electric energy, peak load, minimum voltage magnitude and energy loss
during one year operation are defined as follows,

∑
∀t
Psr,t −

∑
∀t
Psr,t, ITHE, 80

∑
∀t
Psr,t, ITHE, 80

,
maxPsr, t −maxPsr, t, ITHE, 80

maxPsr, t, ITHE, 80

,

min |Vi, t| −min |Vi, t, ITHE, 80|
min |Vi, t, ITHE, 80|

,

∑
∀t
Ploss,t −

∑
∀t
Ploss, t, ITHE, 80

∑
∀t
Ploss, t, ITHE, 80

(27)
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Figure 8: Impact of EHBs on electricity network of scenario 1

It shows that with temperature levels higher than 60℃, the ratios are zero due to no use
of EHBs. The total electric energy provided to the system is increased by the lower supply
temperature, because the thermal energy provided by EHBs is increased with the lower DH
energy supply. The total electric energy losses are increased by the decreasing temperatures
due to the higher electric loads. In terms of electric power, the peak load is increased by
decreasing supply temperature due to more electricity consumption by EHBs for electric
heating. The increased peak load leads to lower minimum voltage magnitude, therefore, a
less secure operation of the electricity networks.

Besides the technical analysis of the IES, annual energy cost of the electricity and heat
supply of the IES is investigated. The results demonstrated in Figure 9 indicate that the
total energy cost drops by the decreasing supply temperature. For high supply temperature,
since the electricity is not used for EHB, the electricity costs are the same. With LTDH,
since electric heating is turned on for DHW use, the amount of electricity cost is increased
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but the total amount is decreased due to the lower energy loss on DHN and higher energy
efficiency. For a smaller water tank, since the setpoint of the maximum water temperature
is fixed as 60℃, lower electric energy is utilized for electric heating.
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Figure 9: Annual total energy cost of scenario 1

6.3.2. Scenario 2

The fuel shift service by EHBs is applied to the system with peak power of φpk = 20kW,
the results of energy ratios expressed in (26) are illustrated in Figure 10. Compared to
control algorithm 1, the ratio of DH loss is increased especially in high supply temperature
scenarios. This is due to the heat supply from DH is decreased since the fuel shift service is
provided by the EHBs. The reduction of DH consumption leads to increasing DH loss with
high supply temperature. For LTDH, such as 50℃, the DH loss ratio is almost the same
for the two control algorithms. Therefore, the low DH consumption, due to new energy
solutions such as fuel shift, can cause high DH loss ratio in the conventional DH supply
network. However, this loss can be reduced by reducing the supply temperature. With the
supply temperature of 50℃, the DH loss ratios for the two control algorithms are almost
the same.
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Figure 10: DH energy balance of scenario 2
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The impact of EHB integration on electricity network is investigated and the results
of the comparison with different temperature levels represented by (27) are illustrated in
Figure 11.
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Figure 11: Impact of EHBs on electricity network of scenario 2

It illustrates that in terms of electric energy, both the energy losses and total energy are
increased by lower supply temperature due to lower DH energy supply. However, in contrast
to scenario 1, with lower supply temperature the peak load of electricity is decreased leading
to higher minimum voltage magnitude, which is closer to 1 p.u. In other words, the electricity
networks can have a more secure operation with lower supply temperature. The utilization
of fuel shift control makes sure the peak load of heat is fixed and with lower power loss on
DH networks, the heat load supply by DH is more with a decreasing supply temperature.
Therefore, the shaved peak load of heat supplied by EHBs is decreased and the electricity
supply is decreased. Therefore, the peak load of electricity is lower with decreasing supply
temperature. This also leads to higher minimum voltage magnitude.

The results of annual total energy cost with different supply temperature are shown in
Figure 12. It shows that compared to control algorithm 1 in Figure 9, the electricity costs
are increased but the total energy costs are decreased for all supply temperature and tank
sizes scenarios. With the fuel shift control of EHBs, the peak load of DH is reduced and
the energy costs are also saved, though the DH energy efficiency is slightly compensated.
Results also show that with the fuel shift control, the 51L EHBs can contribute to the lowest
annual energy costs among all scenarios.
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Figure 12: Annual total energy cost of scenario 2

6.3.3. Levelized cost of electric heat boosters

A comparison among the levelized cost of EHBs with different control algorithms and
tank sizes is illustrated in Figure 13. The 92L EHBs with the control algorithm 1 have the
highest value of levelized cost with Ts = 80℃ while the 51L ones with the fuel shift control
have the lowest value with Ts = 50℃. For all supply temperature, the 51L EHBs have lower
levelized cost compared to 92L for both control algorithms. The lower values are results of
both lower investment cost of a smaller water tank and lower energy cost. Therefore, the
51L type EHBs are more economic investment from the perspectives of the levelized cost of
the units and the energy cost of the whole IES.
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Figure 13: Levelized cost of EHBs
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7. Discussion

This section discusses about the security of the proposed control algorithms of EHBs.
This discussion can provide awareness of secure operation for users when following the
proposed assessment framework.

Regarding the security of the entire solutions, general discussions can be addressed on
cases with LTDH from two perspectives: (a) acceptable temperature of DHW from water
tanks and (b) acceptable minimum supply temperature at critical nodes in DHNs and voltage
drop in electricity networks. Regarding (a), a larger capacity of water tank can lead to a
longer period of hot water draw with a temperature around the setpoint. Therefore, it is
a more secure solution to satisfy required temperature for DHW. Regarding (b), Figures 7
and 10 show slightly lower ratio of DH loss on networks with a smaller capacity of water
tank (sub-scenario 2), because of using less volume of bypass flow. This indicates that a
smaller capacity of water tank contributes to more secure supply temperature at critical
nodes. Furthermore, Figure 8 shows the minimum voltage magnitude in electricity networks
is lower with larger water tank (sub-scenario 1). This indicates that a smaller capacity of
water tank contributes to more secure operation of electricity networks. Therefore, a smaller
capacity of water tank can contribute to more secure operation of both DH and electricity
networks, however, the security of user comfort has to be compensated.

In terms of security discussion on (a) and (b) under contingency situations, such as the
outage of DH supply, the following discussion is presented. Referring to (17)-(18), when only
DH supply is enabled oDH

t = 1, the thermal power supply to the tank is equal to 5.2kW with
a constant temperature drop of 30 degree. Meanwhile, when only electric heating is enabled,
the thermal power supply to the tank is equal to 3kW. Without DH supply, the water tank
is only provided by electric heating with 3kW all the time. Therefore, in order to maintain
the same security level in terms of (a) as mentioned above, the following measures can be
taken: (1) Regarding control algorithm 1, the original maximum temperature setpoint of 60
degree has to be increased, to enable a longer period of charging with electric heating and
higher tank temperature. This measure is practical by changing the maximum temperature
setpoint of the EHB controller. (2) Regarding control algorithm 1, the original electric
power of the heating resistance inside the EHB 3kW has to be increased, to enable a quicker
charging of the water tank to the temperature setpoint. This measure can be realised by
replacing the EHB with other available commercial types, such as 5.5 kW. (3) Regarding
control algorithm 2, since no DH is connected to the house, the fuel shift control is no longer
valid to provide service to DHN.

With the above-mentioned change of control algorithms, the following influence on net-
works of IES can occur: (i) No services such as fuel shift can be provided from individual
houses through EHB units. (ii) with the measure (1) mentioned above, the longer period
of charging with electric heating can result in longer period of voltage drop at each bus.
The longer period charging can also result in longer period that customers are consuming
electricity simultaneously. This can lead to larger voltage drop at the furthest customers in
the networks. (iii) with the measure (2) mentioned above, the higher electric power of the
resistance can lead to larger voltage drop at each bus. Again, the simultaneous condition
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can lead to larger voltage drop at the furthest customers. Therefore, with the measures
of (1)(2)(3), the EHBs can have a better capacity of providing secure heat supply for end
customers with DH outage. However, these measures can influence the secure operation of
electricity supply, such as maximum drop of voltage magnitude.

8. Conclusion and future work

In this study, techno-economic assessment of demand side P2H technologies is carried
out for P2H technologies in LTDH from an IES aspect. Electric heat boosters (EHBs) with
two control algorithms are modelled as an example of P2H solutions. To consider the impact
on network loss, conventional ITHE without P2H technology is modelled to compare. The
technical aspect of the solution is assessed through combined heat and power flow analysis.
The economic aspect is investigated through levelized cost of EHBs and annual energy cost
of the system under different supply temperature conditions.

Comparing the simulation results of the two control algorithms, control algorithm 1
contributes to smaller ratio of DH loss. With fuel shift control, heat consumption at user
end is largely reduced resulting in the increasing DHN loss ratio. With reduced supply
temperature to 50℃, the DH loss ratios of the two control algorithms are almost the same.
Regarding the impact on electricity network, control algorithm 1 leads to higher electric
power losses and peak loads with lower supply temperature. However, control algorithm
2 contributes to lower peak loads. On the other hand, fuel shift control can contribute
to smaller DH peak, lower energy cost of the system and lower levelized cost of EHBs.
Moreover, two studies of 92L and 51L EHBs are carried out. Results show that the DH
loss ratios are hardly varied by EHB’s tank sizes. However, the 51L EHBs have a lower
energy cost of the system and levelized cost of EHBs. Therefore, the 51L EHBs are more
cost-effective for the low-energy buildings. With supply temperature lower than 50℃, fuel
shift control can contribute to a lower levelized cost of the 51L EHBs.

In this study, since the tax of electric heating, transmission and distribution fee of electric-
ity are ignored, the electricity price is lower than the heat. With different costs of electricity
and heat per unit of energy, the economic analysis of utilizing EHBs can be investigated in
the future.

Appendix

Compared to the reference ICT-Architectures, called smart grid architectural model
(SGAM) developed for smart grids [28], a similar concept named district heating archi-
tectural model (DHAM), applied to the DH system is proposed. The model is a mixture
of four interoperability layers, i.e. component, communication, information and function
layers. Two dimensions of the DH plane are across each layer, i.e. zones representing the
levels of DH management, process, field, station and operation, and domains covering the
DH energy conversion, generation, transmission, distribution and buildings. The proposed
component layer, communication layer, information layer and function layer for electric heat
booster control in building sides are presented in Figure 14. Since the physical units are on
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the P2H units in building levels and their impact on distribution networks, the focus of the
framework is in the domain of distribution and buildings.

Component layer describes the physical distribution of components in the DH context.
It includes DH actors, application, DH equipment and devices, and network infrastructure.
Heat supply is produced from the generation side, transferred along transmission and distri-
bution DHN through substations. Bypass flow valves are equipped to maintain the pressure
difference and supply temperature at the critical nodes. The measurement of differential
pressure is transmitted to the central supervisory control and data acquisition (SCADA)
system and data center through pressure transmitter. The command of setpoints and con-
trol of bypass valves are required from SCADA through router and PLC. The P2H units
are installed at the substation of each building. Electricity meters which measure the power
consumption of P2H units, temperature sensors which measure the temperature in water
tanks, electricity relays which control the on/off status of power supply, and heat meters
which measure the supply and return temperature, are equipped at each building substation.
The substation controllers actuate the input valves of DH flow, relay for electric heating and
access to the temperature measurements. All the data are sent to SCADA through routers
and commands from the SCADA are sent to the substation controllers to control the relay
through the settings of distributed controller.

Communication layer describes the protocols and mechanisms for the information ex-
change between physical components. Signals from the pressure meters of critical nodes
are sent directly to the SCADA system of DH operators via GSM. Flow control of valves
are implemented by PLC via Modbus protocol. In substations of buildings, except for elec-
tricity meter connected directly to a distributed controller with RS232, other measurement
data of the substation are read through substation controllers with Modbus-TCP protocol.
The heat meters are connected to the substation controller via M-Bus. The communication
system between SCADA and routers is built based on MQTT protocol [29]. One advantage
of the MQTT protocol is the reduced traffic through publish/subscribe message pattern,
which provides one-to-many message distribution and decoupling of applications. Informa-
tion layer describes the information exchanged between physical components and functions
via communication protocols.
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