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Abstract 
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The global ambitions to hamper the greenhouse effect has led to ambitious targets for 
increasing renewable energy use. This, in combination with recent years' vast development of 
wind and solar power, implies that there will be significant amounts of variable renewable 
electricity (VRE) in future energy systems. With the inherent variability in VRE production 
comes a need for increased contingency in power systems. This requires both controllable 
production and consumption of power to cope with VRE deficits and surpluses. The purpose 
of this doctoral thesis is to investigate the potential for providing such power balancing 
services from Swedish district heating systems (DHS). Analyses are made for different 
system levels: community, regional, and national. Computer simulations of DH production 
systems with combined heat and power (CHP) plants, heat pumps, and thermal energy storage 
(TES), operated to supply a power balancing demand, are here shown to potentially reduce 
VRE deficits and surpluses. The results further show that reducing peak deficits and/or 
surpluses mainly depends on the installed capacities in CHP units and/or heat pumps. 
However, annual deficits or surpluses are reduced more if the system includes a TES. Also, the 
shares of wind and solar power in VRE mixes are shown to be relevant for fuel use and system 
performance. Solar-dominated VRE promotes heat pumps, reduces fuel use in CHP, and 
motivates a seasonal operation of TESs. Wind-dominated VRE matches with high capacities 
in CHP units, yields increased fuel use and motivates short-term operation of TESs. A crucial 
limitation is competition for the heat load between heat pumps and CHP units, which reduces 
the potential for CHP production. Competition between stored heat and heat pumps also 
occurs in systems with smaller TESs and large amounts of surplus electricity. In order for 
power balancing services to be economically viable for DHS operators, changed market 
structures that appropriately value the delivered services are likely required. The overall 
conclusions are: DHSs can offer power balancing, a high share of PV is essential to reduce 
fuel use, and finally, seasonal TESs are needed to cope with large amounts of surplus heat and/ 
or replacement of peak load units. 
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“You may never know what results come of your actions, 
but if you do nothing, there will be no results.” 

-Mahatma Gandhi 
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Ethical considerations of research 

As a researcher you are on a quest for knowledge. Regardless of field you 
formulate a hypothesis and then you try to falsify it. Depending on the out-
come you might reformulate the hypothesis and the process continuous itera-
tively. Somewhere along the way a result emerges that can contribute to the 
community of science and knowledge. The result is presented and set out on 
the ocean of society’s applications. There it ends, from the researcher’s point 
of view. New knowledge has been put forth and what society uses this for lies 
in the hands of society. As long as you, as a researcher, have been truthful and 
clearly stated your methods, you are ethically immaculate. 

But where does a researcher’s responsibility really end? In the Uppsala 
Code of Ethics for Scientists researchers pledge to a codex stating that they 
will not participate in any research that may contribute to harmful applica-
tions, e.g., warfare or environmentally hazardous. This is noble, and in a way 
deeply responsible, but perhaps it is also, in a way, making it a bit too easy for 
oneself – from an ethical point of view. By simply stating that ‘I will not take 
part in this’, one is on one hand not to blame if things turn out to the worst, 
but on the other hand without any possibility to control the damage done, and 
perhaps, most importantly, should we let research subjects that may have dual 
effects (both potentially good and bad) be left to those with no scruples? To 
be ethically responsible is not always just to say no and turn your back on the 
problem, sometimes it requires that you get your hands dirty and really work 
with it to prevent the worst from happening. This is of course a jeopardy if 
you are alone in the project with your point of view. Then again, this is not an 
appeal for us to deliberately engage in research projects just because they 
might have a questionable outcome. It is an encouragement to all fellow re-
searchers to scrutinize their own work and responsibly try to take precautions 
to avoid ethical predicaments. 

It is easy to look back and determine what went well and what didn’t, but 
I’d say it could be more important to look forward instead. To be ethically 
responsible one should try to identify ethical impacts from one’s research. 
With an ethical impact assessment based on forecasting one can try to identify 
both the anticipated benefits and their ethical impacts, but also what can be 
less desirable, maybe even unwanted. Here it is of relevance to look at histor-
ical projects on similar tasks through literature studies and then document the 
findings. Next, one must evaluate the results, via expert consultation, desk 



 

  

 

 
 

                               

 
 

research or participatory methods. Determine the likelihood for different ef-
fects, try to grade the relative importance (i.e. might it happen once in a cen-
tury, but lead to draught? Or may it occur every year, but only cause disturbing 
noise?). Identify potential or actual value conflicts – try to see if these could 
be resolved. Conceptualize the relevant ethical impacts that needs to be ad-
dressed. Look for remedial actions that might be found within related research 
to reduce or avoid negative ethical impacts. Formulate design improvements 
and relevant recommendations for the project. Now go back and review the 
research project and audit the relevant sections. 

By performing such a self-assessment1 the researcher becomes aware of 
ethical issues in the project. It is only by becoming aware that we can make a 
difference. 

1 As suggested by the SATORI-project (http://satoriproject.eu/framework/section-5-ethical-
impact-assessment/) 

http://satoriproject.eu/framework/section-5-ethical
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Abbreviations 

BAPV Building applied photovoltaics 
CHP Combine heat and power 
DH(S) District heating (system) 
DSM Demand side management 
EES Electric energy storage 
GHG Greenhouse gas 
HoB Heat-only boiler 
HP Heat pumps 
IRR Internal rate of return 
IWH Industrial waste heat recovery 
MSW Municipal solid waste 
NPV Net present value 
NRL Negative residual load 
P2H Power to heat 
PI Profitability index 
PRL Positive residual load 
PV Photovoltaics 
PVR Present value ratio 
SA:V Surface-area-to-volume ratio 
TES Thermal energy storage 
V:SA Volume-to-surface-area ratio 
VPP Virtual power plant 
VRE Variable renewable electricity 
WtE Waste incineration (Waste-to-Energy) 



 



 
 

 

 

 
  

 

 
  

 
 

 

 

 

 

 

 

1. Introduction 

Since pre-industrial times, the use of fossil energy has contributed to a global 
greenhouse effect with drastically increased levels of CO2 in the atmosphere 
[1]. The majority of the members of the international community have, 
through ratification of the Paris Agreement, promised to reduce greenhouse 
gas emissions [2]. One way to achieve reduced emissions is by increasing the 
share of electricity production from renewable energy sources such as wind, 
solar, hydro, and biomass. However, in Sweden the hydro power capacity can-
not be further increased and biomass is a limited resource. Electricity produc-
tion from wind and solar is, however, weather dependent, which means that it 
is not the electricity demand that primarily determines when the electricity is 
produced. With a large-scale phasing out of non-renewable power (such as oil, 
coal, natural gas, and nuclear power), compensated by increased variable re-
newable electricity (VRE) production, a need for reserve power capacity to 
cover VRE power supply deficits will follow [3]. During favourable weather 
conditions, there is, on the other hand, risk for VRE production to exceed the 
power demand. Locally, this can lead to impairment of the power quality if 
the VRE production is not disconnected. To handle these VRE production and 
demand mismatches, various measures can be taken, such as strengthening 
transmission capacities, implementing storages, or creating flexible loads that 
can match electricity surpluses. 

Another challenge for future power supply is related to urbanization and 
transmission capacities. Cities with a growing population require increased 
access to electric power. As the electrification of transports and new establish-
ments of electricity-intensive industries are taking place, the load on the trans-
mission lines into the cities is increased [4]. However, the physical power ca-
bles into the cities have limited transmission capacity. This means that in-
creased power production capacity outside cities will not necessarily be able 
to supply increased power demands within the cities. Therefore, limited power 
generation capacity within urban areas is likely a future concern. A growing 
interest in installing photovoltaics (PV) in urban areas surely increases power 
production on “the inside” of the transmission capacity limitations. Some cit-
ies even require that new properties must be provided with PV (Paris, New 
York) [5]. However, the absence of temporal matching between PV produc-
tion and demand, as mentioned above, means that PV power generation is no 
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guarantee for alleviated capacity shortage. Additional power supply for cov-
ering production shortages is needed. 

In urban built environments with high heating demands, there may be eco-
nomically viable conditions for district heating systems (DHS). District heat-
ing is often produced in thermal plants by combustion of solid, liquid, or gas-
eous fuels [6]. In this work, the focus is on DHSs with biomass-based produc-
tion. In DHSs, it is common with combined heat and power (CHP) plants that 
co-produce heat and electricity, a way to reach a high overall fuel conversion 
efficiency. The production is potentially environmentally friendly depending 
on the type of fuel, the degree of flue gas cleaning, and the handling of the 
residual products. CHP is a controllable power production capacity that is typ-
ically placed within urban areas and therefore potentially contributes to reduc-
ing problems with the transmission capacity shortages. 

In a conventional heating plant, fuel is used to produce heat. However, 
compressor heat pumps and electric boilers are well-established large-scale 
alternative heat production technologies. Since electricity is consumed in 
these, there is a possibility to use heat pumps and electric boilers, often re-
ferred to as power-to-heat (P2H), as a flexible electric load (e.g., acting on the 
automatic primary reserve market) [7]. DHSs with heat pumps or electric boil-
ers and CHP units can potentially be operated to cover VRE production defi-
cits and to consume VRE production surpluses. However, a sufficient heat 
load is necessary for heat production from both CHP and heat pumps to be 
efficient. Heat loads in DHSs consist mainly of heat demand for space heating 
in buildings, and therefore, the load varies significantly between seasons. 
Thus, the heat load level limits the CHP and heat pump production. The in-
clusion of large-scale thermal energy storage (TES) can, however, increase 
the flexibility of the heat load [8]. This flexibility can also enable the DHS 
utility operator to easier reach production targets based on biddings set on the 
day-ahead market and/or as part of the reserve capacity market [9], [10]. The 
work presented in this thesis investigates if a DHS with CHP, heat pumps, and 
TES could be operated to contribute with increased power balancing flexibil-
ity in a future energy system with a large share of VRE. 

Typically, DHSs are operated to supply the heating demand [11], and if 
they include a CHP plant, these can co-produce electricity when electricity 
prices are high enough to cover the increased cost of fuel consumption. Elec-
tricity production is thus to some extent a by-product of the main business 
model, i.e., heat production. With the stated intention of setting electricity bal-
ancing services as the primary target of production, the system operation is no 
longer what can be considered typical for DHSs [12]. A DHS consisting of a 
CHP unit, heat pumps and large-scale TES operated in such a way is similar 
to what is often referred to as Smart Energy Systems. The term smart energy 
system implies that different energy sectors work in a coordinated way to 
achieve higher system efficiency [13]. This coordination could for example 
involve industrial waste heat used to supply heat demand in a DH network, or 
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it can involve the consumption of surplus electricity in heat pumps to produce 
heat while the electricity consumption contributes to electricity balancing. 
This holistic approach where resources from different sectors are coordinated, 
e.g., surplus power in the electricity system is used to power heat pumps in 
the DH sector, is used in all power balancing system configurations studied in 
this thesis. 

Further aspects that are relevant to consider, besides dimensioning produc-
tion units to cover specified demands, are, for example, costs and environmen-
tal impact. For example, using biomass as solid fuel for combustion, competes 
with other potential uses of biomass, such as petrochemical substitute, fuel for 
transports, and building materials. Since biomass is a limited resource this is 
an important aspect. Furthermore, storing heat comes with storage losses that 
inevitably must be covered by increased heat production. This could induce 
increased demand for biomass compared to a system where heat is produced 
without using a storage. To avoid such negative impacts, it becomes relevant 
with other carbon-neutral sources for heat production, e.g., heat pumps that 
use surplus electricity from wind and solar. 

The concept of Smart Energy Systems could be a key for DHSs to reach 
synergy effects as multi-carrier power balancing systems, i.e., heat production 
in heat pumps for power balancing services while also reduce the fuel demand 
for heat production in CHP units, in a future scenario with high shares of VRE. 
With the possibility to provide both positive and negative power balancing 
production in CHP units and heat pumps, enabled by TESs as a flexible heat 
load, such systems may remedy congestion and capacity related power issues 
in urban areas. 

1.1 Aims of the thesis 
The main purpose of this thesis is to examine if DHSs consisting of CHP, heat 
pumps (HP), TES and a DH distribution network can achieve increased flexi-
bility that promotes positive and negative power balancing and thereby con-
tribute to the integration of large shares of VRE generation in the energy sys-
tem. This is investigated on different system levels and with varying shares of 
VRE in the electricity production system. The following sub-aims has been 
formulated to reach the main aim: 

I. Investigate the possibility for DHSs in Sweden to provide power bal-
ancing with a production strategy that follows an electricity balancing 
demand. 

II. Identify factors that limits the power balancing services in such a 
power balancing system. 

3 



 
 

 

 
 

 

 

 
 

 

 

 

 

 

 

  

 

III. Analyse how the fuel use is affected when comparing a power balanc-
ing DHS including HPs and large-scale TES with a conventional DHS 
with a traditional heat production strategy. 

IV. Analyse the economic possibilities for implementing a power balanc-
ing system with CHP, HP and TES under current economic condi-
tions. 

1.2 Overview of the appended Papers 
Here follows a brief description of the main focus of research in respective 
appended Paper. 

Paper I present a residential community-level coupled heat and electricity 
system that couples thermal and electrical energy systems. The system is 
operated to follow an electricity balancing demand. The study investigates 
how this system can offer power balancing production under varying 
shares of VRE. 

Paper II makes a comparison between the system simulated in Paper I and 
two other storage-based energy system setups. These are evaluated regard-
ing power balancing performance, emissions of greenhouse gases (GHG) 
and economic feasibility. The two additional systems consist of one "Busi-
ness-as-usual" case with DH and a battery storage instead of a TES, and 
one fully electrified system with battery storage and, instead of DH, indi-
vidual heat pumps at end-user level. 

Paper III takes the power balancing services to a higher system level and 
investigates the potential for flexible power balancing services as well as 
impact on fuel demand for several aggregated DHSs within a common 
electricity price area in Sweden, SE3. A "Business-as-usual" case is com-
pared with the same setup, but with TES added and changed operational 
strategy that follows the electricity balancing demand, and a second sce-
nario where all heat-only-boilers (HoB) are converted to CHP units. 

Paper IV is a study of how existing rock caverns formerly used as depots for 
fossil oil, but converted into TESs, can act as flexible heat loads and enable 
the heating sector to provide power balancing services. The study investi-
gates the potential for this in all four electricity price regions of Sweden 
assuming that all rock caverns are in close vicinity to a sufficient heat load. 
A generic city scale heat demand is simulated with access to one or two 
rock caverns converted to TES. The study focuses on dimensioning the 
CHP and heat pumps for maximal reduction of the net load variability. 
Also, the fuel demand is considered. 
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Paper V investigates the potential for district heating utilities to place P2H-
capacities on the reserve capacity market. Three different DHS configura-
tions are simulated. One that only contains HoB, one system consisting of 
base load production from industrial waste heat (IWH) and waste incinera-
tion together with biomass fuelled CHP and peak demand HoB. The third 
configuration consist of only biomass fuelled CHP units. All systems apply 
P2H as a parallel production with access to rock cavern TESs. The eco-
nomic potential of bidding on the capacity market is investigated by calcu-
lating the cost changes of district heating operators when production, heat 
and electricity, is replaced by heat produced in P2H units. 

1.3 Definition of terms 
The following terminology occurs frequently in the following work and is 
therefore defined: 

- Throughout this work both heat and electricity will be discussed. To 
clearly differentiate between these two forms of energy it will always be 
indexed with el for electricity or th for thermal energy (heat). 

- Power balancing demand: The electricity consumption subtracted with 
the electricity production yields a theoretical intermediate net load pro-
file with either remaining electricity demand or surplus electricity. 

- Positive residual load, PRL: The remaining electricity demand that must 
be supplied with more electricity production. Measured in W (power 
demand) or Wh (electricity demand). 

- Negative residual load, NRL: The surplus electricity production (which 
becomes a negative value when defined as above) that needs to be con-
sumed by flexible load, stored or curtailed. Measured in W (power sur-
plus) or Wh (electricity surplus). 

- Power balancing services: Production or consumption of electricity de-
pending on whether the power balancing demand is positive, there is a 
PRL, or negative, there is an NRL. Units that may provide this service 
are for instance CHP plants (production) or heat pumps (consumption). 

- Smart Energy System: systems in which the coupling of different energy 
carrying sectors can achieve synergies. For instance, replacement of 
solid fuel for heat production by recovered waste heat from industry or 
power consumption in heat pumps to balance power systems. 
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- Power balancing system: a system with CHP, P2H, and large-scale TES, 
for production and/or consumption of electricity as a power balancing 
service, further enabled by the access to a TES. Such a system is here 
considered a variant of a smart energy system. 
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2 Background 

In this chapter a brief background is given to put the work presented in this 
thesis into a relevant context. Section 2.1 describes the transition the energy 
system is expected to undertake and what challenges this may bring due to 
variability and increased demand for power balancing services. District heat-
ing as system is briefly described in Section 2.2 along with its future possible 
part in the concept of Smart Energy Systems. In Section 2.3 relevant technol-
ogies applicable in a smart energy system used in the work presented in this 
thesis is presented. Finally, in Section 2.4 relevant research gaps identified is 
presented. 

2.1 Energy systems in transition 
As described in the introduction, we are in a time where the anthropogenic 
impact on the climate causes demands for changes in energy use. Changes that 
replace fossil energy resources adding GHG to the biosphere with renewable 
energy resources.  In its latest report [14], the IPCC stated that: 

It is unequivocal that human influence has warmed the atmosphere, ocean and 
land. Widespread and rapid changes in the atmosphere, ocean, cryosphere and 
biosphere have occurred. 

An area-graph showing that the share of fossil energy resources have been 
fairly stable during the last three decades. During the last ten years, the shares 
for renewables have increased slightly.Globally, the total energy supply has 

Figure 2.1. Relative shares of global energy supply between 1990 and 2019 [15]. 
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increased between 1990 and 2019 by 165%. With a share of fossil fuels con-
stantly about 80% of the total, as shown in Figure 2.1. Fossil energy resources 
all contribute to GHG emissions regardless of where, for what, and by whom 
they are used. According to the IEA, electricity and heat producers account 
for just over 40% of GHG emissions, the transport sector accounts for almost 
25%, and the industrial sector accounts for just under 20% [15]. In Figure 2.2 
it can be seen that the consumption of electricity has more than doubled since 
1990, mainly made possible by increased use of fossil fuels, but there has also 
been a significant increase in renewable energies during the same period. The 
proportion of renewable energies has tripled and VRE has increased almost 
exponentially. Relative to total electricity production, VRE accounts for 
merely 8%. Locally, this however varies significantly. In Denmark, for exam-
ple, the proportion of electricity produced by wind power has passed 50% of 
total electricity production. In 2019, Swedish wind power accounted for just 
over 10% of total electricity production, hydro and nuclear power each pro-
duced 40% and the remaining 10% was thermal power [16]. 

a) b) 

Figure 2.2. Global electricity generation where a) shows electricity generation by 
source and b) electricity generation from VRE in detail [15]. 

Variable renewable electricity (VRE) 
In an electricity system, production and consumption must always match in-
stantaneously [17]. Traditionally, the electricity system can be described as 
consisting of controllable production that supply a variable demand. However, 
in the future, the same variable demand is supposed to be supplied with an 
increasing share of likewise variable VRE production. Controllable power 
production can be planned, started, regulated, and stopped on the basis of de-
mand. Wind and solar power are limited in this respect to always being able 
to stop, sometimes to start, but not to be fully planned. Wind and solar power 
are both variable, but in different ways. 
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Solar power has seasonal and daily patterns that are partly linked to geo-
spatial circumstances. At high latitudes, for example, the seasonal variation is 
large. These patterns facilitate planning for when solar power can be expected 
to produce, however, there is always a risk that solar panels are shaded by 
clouds. These shadows cause power output variations, sometimes rapidly and 
randomly, and within seconds. 

Wind power also have seasonal patterns [18], but not as strongly accentu-
ated as solar power does and to some extent complementary to solar power 
[19]. Nevertheless, wind power, like solar power, is dependent on the weather, 
i.e. the wind conditions, but rarely has as rapid variations in production as 
solar power [18]. Production follows the wind speed, which is generally not 
abrupt but gradually variable. However, there is a wind speed limit (cut-out 
speed) where the wind turbines are shut down and turned in irons (alongside 
with the wind) as a protective measure to prevent the towers from breaking. 
In these cases, the power output is gradually increased up to maximum capac-
ity, after which the output is abruptly stopped [20]. This could lead to instant 
power shortage and requires a rapid increase in electricity generation from 
other technologies. 

Aggregated production variations for both solar and wind power are evened 
out with large numbers of generating units and, not least, significant geograph-
ical distribution, a so-called "smoothing effect" [18], [21]. This can be utilized 
to the extent that is allowed by the physical transmission capacities of the 
power system. Power distribution constraints exist at all levels of the power 
distribution system and the effects of these constraints are manifested in dif-
ferent ways. For example, there are so-called bottlenecks in the national trans-
mission lines that limit transmission capacity between the northern and south-
ern parts of Sweden, giving rise to Sweden's four electricity price areas [22]. 
Similar capacity constraints have been reported from several of Sweden's [23] 
and Europe's major cities [4]. These constraints mainly concern capacity 
shortages into the urban environment and means that grid owners cannot guar-
antee full capacity at all times, for electricity users. Furthermore, there are also 
a limit on the low voltage side for connection of PV installations, often re-
ferred to as "hosting capacity" in the literature [24]. If the hosting capacity 
level is exceeded, there is a risk of overvoltages and/or overcurrents which 
can damage electronic components that are connected to the grid [3]. 

In general, there are no politically defined goals for the shares of wind 
and/or solar power to be installed in Sweden. There was an energy agreement 
among most political parties represented in the Swedish parliament, stating 
that Sweden should achieve 100% renewable electricity production by 2040 
[25]. Recently, some parties have chosen to withdraw from the agreement. 
The agreement still exists, but does not provide explicit targets for the desired 
installed capacities for electricity supply. In 2020, wind and solar power pro-
duction accounted for 21% and 0.3% of Sweden's electricity demand respec-
tively [26], which for wind power corresponds to almost a doubling over the 
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last five years. The national transmission operator and the balance responsible 
authority, Svenska Kraftnät, describes a possible development to 2040 for the 
Nordic countries, see Table 2.1., where wind power produced electricity cor-
responds to 37% of the electricity demand [27]. The Swedish Energy Agency 
have made an analysis of four possible energy systems scenarios for Sweden 
in 2050. Two scenarios met 100% renewable electricity generation and in-
cluded 47% and 28% wind power, and 8% and 13% solar power of the elec-
tricity demand, respectively [28]. The Swedish Energy Agency also produce 
biennial scenarios of likely future developments for the Swedish energy sys-
tem. These scenarios are, of course, uncertain, but nevertheless give an indi-
cation of the direction in which governments and industry expect develop-
ments to go. The report ER 2021:6 presents seven different scenarios in which 
the share of wind power relative to electricity demand varies between 36% 
and 66% and the share of solar power varies between 4% and 6% [29]. It is 
fairly clear that there is no consensus on the likely shares of each type of 
power. Given the cost trend for wind and solar power, which for several years 
have had the lowest cost of all energy types [30], and the national and inter-
national commitments to climate targets, there is reason to assume that the 
share of wind and solar power in the Swedish energy system will increase. 
Levels of up to 60% and 10% for wind and solar power respectively relative 
to electricity demand are not inconceivable. This will, however, pose chal-
lenges for the electricity system in terms of reliability, power balancing capa-
bility, and reserve capacities. 

Table 2.1. Forecast on share of VRE relative the annual electricity demand in the 
Swedish energy system. 

Forecast Wind power Solar power 

Nordic Grid Development Plan 2019, SvK [27] 37% 

Four futures – The Energy system after 2020, SEA [28] 
47% 

28% 

8% 

13% 

Scenarios on the Swedish energy system 2020, SEA [29] 36 – 66% 4 – 6% 

Power balance services 
The Nordic electricity system is synchronously interconnected. This means 
that all generators, turbines and rotating machines connected to the grid rotate 
at the same speed or frequency, which is the “grid frequency” of 50 Hz [3]. If 
there is a change in the balance between power generation and power demand 
in the power system, the grid frequency is changed. It can be illustrated as a 
large rotating wheel to which a drive belt is attached. If the load to which the 
drive belt is connected is large, the wheel will slow down or stop. On the other 
hand, if the load is suddenly lifted off of the drive belt, the rotation of the 
wheel will rapidly increase, spinning loose. This allegory is applicable to the 
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power system in general. The tolerable range for the grid frequency to vary is 
merely within ±1% before risking damaging equipment and infrastructure 
[31]. Therefore, the frequency of the power system is constantly monitored 
and in case of deviations, various power balancing measures are activated 
[32]. These actions depend on the magnitude of the disturbance and whether 
the deviation is positive or negative, i.e., increased or decreased frequency. If 
the disturbance is a sudden increase in consumption the grid frequency will 
drop and the electricity production needs to increase, and vice versa, if the 
consumption suddenly drops the grid frequency will increase and electricity 
production must be reduced. The balance between production and consump-
tion is established through trading on different electricity market areas and for 
northern Europe this trading takes place at NordPool [33]. NordPool's short-
term market consists of three temporally differentiated market areas: the day-
ahead market (NordPool spot), the intraday market (Elbas) and the reserve 
capacity market. The reserve capacity market in turn consists of three market 
areas which are differentiated by the technical requirements for response time 
to frequency deviations, but also duration and repeatability [32]. When large 
shares of VRE are introduced in a power system, this leads to an increased 
need for flexible contingency in the rest of the power system, i.e., the power 
system must be able to handle an increasing share of deficits and surpluses in 
the electricity supply [17]. 

Under favourable conditions, windy and/or sunny weather, these power 
sources will produce large amounts of power. At such times, a high share of 
VRE will mean that more electricity could be produced than what is momen-
tarily needed leading to a surplus of electricity. This is typically handled by 
exporting the surplus power, provided that transmission capacity is available 
to a network or region without surplus [34]. The latter is a real dilemma in, for 
example, Denmark where there is occasionally a need to export surplus wind 
power and where, at the same time, there is surplus of German wind power 
[35], [36]. Other ways to deal with situations of surplus electricity are control-
lable loads that are activated when needed, or disconnection of the generating 
unit, i.e., curtailment [37]. There is a growing interest in the possibility of 
storing surpluses in different types of electricity storages [38]. In the longer 
term, expansion of transmission capacities is also possible. However, both 
electricity storage and grid reinforcement are both costly and the latter also 
time-consuming to plan and implement [39]. 

Unfavourable weather conditions, i.e. no sunlight and no wind, can lead to 
power shortages. These can be dealt with by increasing other power produc-
ers’ output, such as hydro or thermal power generation. Other ways to cover 
deficits are importing electricity or activating energy storage and/or interrupti-
ble load, i.e., demand side management. 

The means for power balancing production that are investigated in this the-
sis are power generation in CHP plants and large-scale heat pumps for power 
consumption, both technologies applied in the DH sector. Traditionally, 
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power balancing is not the main priority for DH operators [40], but DHSs 
equipped with CHP plants and/or heat pumps are part of the active electricity 
market and thus also currently a part of power balancing production/consump-
tion [41]. Today heat is generally produced to meet the DHS heat demand. 
This means that the level of heat demand limits the power production in CHP 
plants and/or power consumption in heat pumps. Svenska Kraftnät assessed 
the availability of different types of power at any given hour in an analysis of 
power balancing capacities within the Swedish power system [42]. The anal-
ysis showed that the CHP plants in the DHSs have a power balancing availa-
bility at any hour of the year of about 76.5%. This means that of all installed 
power generating capacity in the DH sector, a maximum of 76.5% is expected 
to be available at any hour of the year if more power is needed. 

2.2 District heating 
District heating systems are central for the work presented in this thesis. In the 
following section a general description of DHSs is given. This is followed by 
an overview of the development of DHSs to date and the role the sector ex-
pected to have in the future energy system according to the scientific literature. 
This will lead into the final section of this chapter and the concept of Smart 
Energy Systems, which, inter alia, is defined as the interaction between dif-
ferent energy systems to achieve desirable synergies. 

In very simple terms, a DHS can be described as consisting of three parts: 
(1) a central source of heat that can be produced, recovered, and/or is a natural 
resource, (2) a heat distribution system that transports the heat to (3) the heat 
users. The Swedish District Heating Act (2008:263) [43] defines a DHS as an 
activity that distributes hot water or another heat carrier in pipes to which an 
undefined group within a geographical area may be connected. The production 
and sale of heat is also included in the definition of a DHS if this is done by 
the same operator who also carries out the distribution. An important aspect 
here is the geographical area. This, in turn, relates to the heat losses in the 
distribution network. The losses correlate negatively with the heat density of 
the DH area, i.e., a low heat density (few customers over a large area) yields 
high relative losses and vice versa; high heat density reduce the relative losses 
[44]. Hence to the geographical distribution of the network becomes a matter 
of economic trade-off between the economic loss due to distribution losses 
and sufficient earnings from the area to supply. A DHS is designed based on 
the local conditions and needs. This means that systems differ from place to 
place in terms of production units, local heat resources, and heat load [45]. 
Common to all systems is that the dimensioning quantity for the operation is 
the local heat demand, which in turn is determined mainly by the local climate. 
However, the dimensioning can also be influenced by one or a few large cus-
tomers that for instance need process heat or district cooling [46]. 
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The mix of production units in a DHS is generally cost optimized [47]. 
Since heat demands vary throughout the year, it is usually justified to have 
several different production facilities serving different segments of the pro-
duction [48], [47]. For example, plants that are expensive to invest in but 
cheap to operate are usually so-called base-load units. These are, for example, 
waste incineration plants or CHP plants fuelled by difficult-to-burn residues 
with high moisture content from the forest industry [49]. Base-load plants gen-
erally have many operating hours over the year and are generally only shut 
down for maintenance in summer during low demand periods. Industrial waste 
heat is, if available, often part of the base-load production [50]. Base-load 
units are rarely dimensioned to cover peak load demand as this results in rel-
atively low utilization of the unit's capacity [51]. Normally, one or more units 
exist as intermediate load units. These are generally facilities with a higher 
operating cost than base-load units. Typical plants may be CHP plants fired 
with higher quality fuel (lower moisture content) such as wood chips, peat, or 
pellets [52]. Electric compressor heat pumps can also be part of intermediate 
load production [53]. These usually have a more variable operation cost com-
pared to solid fuel as it is determined by the electricity price [11]. Finally, peak 
load units are used to cover demand peaks in the coldest periods of the year. 
Typically, these are oil-fired hot water boilers, i.e. only heat is produced and 
no electricity as in a CHP plant. These units normally have few operating 
hours during the year due to low investment costs and relatively high operation 
costs [47]. 

Generations of district heating 
DHSs are generally considered to have been developed through three different 
generations, with most of the systems in Sweden today being of the third gen-
eration [49]. The 1st generation of DH used pressurised steam as energy carrier 
and was introduced in the 1880s in the USA [46]. This first generation was 
the main technology choice for almost all DH systems until the 1930s. It usu-
ally had coal-fired heating plants that produces steam distributed in concrete 
ducts. Special steam traps and compensators were required to maintain the 
pressure in the distribution system. This system is usually associated with high 
heat losses and is now considered obsolete. However, it is still in operation in 
Manhattan, New York (which is why steam comes out of the streets in films 
made in Manhattan). In addition to the problem of losses, the steam was re-
turned as condensate, which corroded the pipes and led to less return conden-
sate and reduced energy efficiency. Also, steam explosions could occur, lead-
ing to serious accidents and even fatalities [9]. 

With the introduction of the 2nd generation DH in the 1930s, pressurised 
hot water was introduced with a supply temperature often above 100 C [54]. 
The distribution networks still consisted of concrete ducts with in-situ insula-
tion, and the auxiliary equipment was typically material-intensive and large, 
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e.g., shell-and-tube heat exchangers and heavy-duty valves. This technology 
was dominant until the 1970s. The advantages of this generation were fuel 
savings and reduced costs compared to the 1st generation. The 2nd generation 
introduced hot water storage, central distribution pumps, CHP units and the 
use of oil as a fuel. On the end-user side, distribution water was circulated 
directly through the radiators. The 2nd generation was usually part of the gov-
ernment's policy to achieve a coordinated expansion of CHP plants [9]. 

From the 1970s until today all newly established DHSs are 3rd generation 
[9]. The introduction of prefabricated insulated twin pipes, is however major 
differences as well as highly efficient plate exchangers, supply temperatures 
typically below 100 C and less material-intensive components in general. As 
the 3rd generation systems were built there has also, in Sweden, been a change 
in fuel use [49]. Following the oil crisis in the 1970s, there was a shift from 
oil to coal and peat, but also to electric resistive boilers and compressor heat 
pumps due to the establishment of nuclear power which led to a surplus of 
electricity in Sweden [53]. Also, more lately, environmental awareness grad-
ually led to further changes in fuel use from fossil fuels to biomass and waste 
and to the inclusion of industrial waste heat as a heat source [49]. 

For future DHS, there are concepts such as 4th generation (4GDH) and 5th 

generation of DH and cooling (5GDHC). These are visions and concepts of 
how DHSs could be part of a sustainable future energy system and what tech-
nological transformation this might require [9]. As energy efficiency in the 
built environment leads to reduced heating demand, 4GDH is by [55] pro-
posed to utilize this by using low temperature distribution systems, where wa-
ter circulates at temperatures below 50-60C. At distributed substations, this 
low temperature water is raised to 70C via heat pumps. By lowering the sup-
ply temperature, the distribution losses will be significantly reduced. In addi-
tion, the lowered supply temperature opens up the possibility to include more 
low temperature waste heat from e.g., cooling processes in commercial build-
ings. This also means that the distribution network must allow bi-directional 
flows, which requires more advanced monitoring and more complex dynamic 
pressure performance, than what is used in the 3rd generation systems. Also, 
seasonal thermal storages are suggested to store local waste heat or heat from 
renewable sources. 

5GDHC is similar to 4GDH in many respects, for instance the deployment 
of heat pumps in every substation, but proposes even lower supply tempera-
tures of 30C and also double piping to allow bi-directional flow of both heat 
and cooling simultaneously [56]. For both generations, the use of surplus elec-
tricity from VRE is suggested to be an essential part of the heat production 
technology via electric boilers or heat pumps. Moreover, they are both con-
sidered as Smart thermal grids and as such integrated with Smart electrical 
grids into Smart Energy Systems [57]. 

14 



 
 

 

 
  

 
 

  
 

 

 
 
 

 

 
 

 
  

 
 

 

 
   

  

 

 

 

 

Smart Energy Systems 
Smart Energy System is a holistic concept for energy systems that include a 
focus on energy efficiency, end use savings, and sectorial integration of dif-
ferent systems e.g., electrical, thermal, gas, and transportation, to increase 
flexibility and the integration of VRE into the energy system [58]. The smart 
energy system concept is developed from the Smart Grids concept that focus 
on electric grids and how to make them more flexible. Within the literature, 
the concept of smart energy systems generally has two subcategories that em-
phasize different parts of the concept. In the first subcategory the focus is on 
“Smart” and aspects such as control management. In the second subcategory 
the focus is on “System” and the cross-sectorial approach [59]. The work pre-
sented in this thesis belongs to this second subcategory. 

One characteristic of a smart energy system is, as already mentioned, the 
cross-sectoral aspect that means integration of different systems to achieve 
synergies, but also the possibility to achieve optimal solutions for both each 
individual sector as well as the total energy system [60]. Figure 3a) shows a 
traditional non-integrated fossil fuel-based energy system with parallel energy 
flows. This system does not make use of any cross-sector flows of e.g. waste 
heat or any conversion of surplus energy for use or storage in the form of other 
energy carriers. Figure 3b) shows an example of a smart energy system. The 
system is integrated by linking the electric system with the transport system 
for fuel synthesis and also the thermal system for heat production via heat 
pumps, using surplus electricity from VRE. The thermal system also provides 
power production from CHP for the electric system. In addition, the fuel syn-
thesis is integrated with the heating sector by supplying excess heat from gas-
ifiers to supply the heat demand. To increase flexibility, a TES is connected 
to help manage the time-wise mismatches between heat demand and supply. 
The level of achieved integration between different energy systems, is to some 
extent dependent on access to energy storages for all sectors at different sys-
tem levels and for different energy carriers, i.e., electric, thermal, solid, liquid 
and gaseous fuels [62]. Electricity, for example, is primarily stored short-term 
in batteries or converted to chemical storage in the form of hydrogen or 

a) b) 
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Electricity 
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Figure 2.3. A schematic representation of a traditional non-integrated energy system, 
a) and an integrated smart energy system b). Based on [61]. 
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methanol, while fuel is stored as solid fuel or as synthesis gas after gasification 
[61]. The exact type of storage is not decisive, but rather the fact that energy 
storage will be crucial for the realization of smart energy systems. In addition, 
there are other aspects that must be considered for the need of a smart energy 
system to arise. First, the amount of VRE must be of such a quantity that power 
surpluses occasionally occur. Secondly, current market structures are not suit-
able for a multi-sector approach [58]. Tariffs and taxation of electricity are 
currently not designed to encourage the use of surplus electricity for the pro-
duction of heat and/or gaseous fuels. 

Here follow a few examples from studies investigating market incentives 
that could enable smart energy systems. In the literature several barriers to 
increased use of heat pumps and electric boilers to consume VRE surpluses 
has been highlighted: high electricity taxes [63], tax exemptions for biofuels 
that make biomass-based boilers more competitive [71], and network tariffs 
[63]-[73]. In [74] it is shown that with a dynamic tariff the consumption of 
electricity for heat production increases significantly compared to a rigid con-
stant tariff. When the electricity consumed is produced from fossil-free renew-
ables, this is beneficial for the decarbonization of the heating sector. The dy-
namic tariff directs electricity consumption to periods of low demand, thus 
alleviating capacity shortage problems. However, it does not steer electricity 
consumption to specifically target excess electricity from VRE. Reference 
[63] also concludes that a tariff designed to increase the use of P2H will come 
at the cost of reduced CHP power production due to less available heat load. 
This could lead to less flexible electricity generation if not considered in tariff 
design. 

2.3 Technologies for smart energy systems 
The following section provides background regarding some of the most rele-
vant technologies that can be used to achieve smart energy systems. The focus 
is on the challenges that these technologies face in providing the flexibility 
that is expected to be needed in a smart energy system. This is also the core 
subject of this thesis since it deals with the link between the electricity and 
heating sectors. Therefore, heat and power generation technologies are fo-
cused on here. Initially the CHP technology is presented. After that the most 
common P2H production units is presented followed by the introduction of 
TES and finally some introduction to biomass-based fuel. Other technologies 
may of course be of greater relevance when investigating other inter-sector 
linkages, such as transport, gas and/or building energy demand. 
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Combined heat and power 
CHP plants are generally costly investments, but the combined production of 
both heat and electricity results in a low net production cost [63]. This makes 
CHP typical base-load production units in DHSs [49]. If municipal solid waste 
is used as fuel, this results in even lower net production cost, as the DH oper-
ator is entitled to charge a depository fee for waste management when provid-
ing a waste management service for the municipalities [52]. Also, various 
types of biomass-based residues from the wood and pulp industry are rela-
tively cheap fuels that are common in CHP plants. More expensive fuels are 
refined biomass fuels, i.e. pellets and fossil fuels and are also used to some 
extent [65]. 

The choice of fuel also affects other aspects of the performance of a cogen-
eration plant. Different types of fuel vary in e.g. ash content, moisture and/or 
impurities, which requires specific adjustments of the whole plant. Therefore, 
furnace, fuel feed and flue gas management, are different in different plants to 
optimize combustion and production [66]. This also implies that once a co-
generation plant has been built, it has been optimized for a particular type of 
fuel, and cannot therefore easily be changed to a radically different type of 
fuel [67]. This is important to keep in mind when studying the potential for 
power balancing from CHP boilers in the DH sector. Converting a CHP plant 
to a different fuel type can, however, be done, and has been done, but it is 
generally expensive [68]. 

Some relevant flexibility parameters when examining the potential balanc-
ing power production from a CHP plant are given in Table 2.2. The start-up 
time refers to the time it takes for the boiler to reach 90 % of the rated thermal 
output from cold start. Here, a cold start is defined as the start-up of a plant 
more than 48 hours after the plant was shut down [35]. The start-up time is 
relevant at times when the electricity production from VRE generation de-
creases significantly. The power-to-heat ratio or value is a measure of the 
amount of electricity produced in relation to the amount of heat produced. If 
the -value is low, it means that small amounts of electricity are produced to 
meet an electricity balancing need and a large amount of heat is produced to 
meet the heat demand [47]. The ramp rate is a measure of how fast the CHP 
plant can change the power output per time unit. For ease of comparison, it is 
conventionally expressed as a relative per-minute change to the nominal elec-
tricity production capacity [%Pn/min] [69]. This parameter, as well as the start-
up time, is important in the event of a power shortage. Finally, the minimum 
load is a parameter for the lowest possible load at which the CHP unit can 
operate [70]. This can be considered as a standby level, where the CHP plant 
is ready to increase production if needed. During periods of high variation in 
electricity production from the VRE, the time between electricity deficits may 
be too short for a complete shutdown of the unit, in which case the unit can be 
operated at minimum load. Each start-up of a CHP plant is costly due to 
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inefficient fuel use [70]. Both start-up and ramp-up cause thermal expansions 
in the equipment that over time cause wear and tear [41]. A cogeneration plant 
may need to be partially adjusted or retrofitted to cope with these thermal 
stresses [78], [35]. 

As shown in Table 2.2, the key flexibility parameters vary between differ-
ent types of production plants, but it is important to remember that these pa-
rameters vary even if the same type of fuel is used depending on the furnace 
burner and auxiliary equipment used. These differ depending on the fuel used, 
the type of burner and other auxiliary equipment. The values given in the table 
are aggregated representative values. 

Table 2.2. Key flexibility parameters of thermal power plants. CP 
means condensing power, i.e., not connected to a DHS. Based on data 
retrieved from [35], [76] – [79]. 

Start-up  Ramp rate Min. load 
Fuel 

[h] [-] [%Pn/min] [%Pn] 

Municipal solid waste, CHP 12 0.2 2 0.35 

Biomass wood waste, CHP 3 0.4-0.6 4 0.15-0.25 

Lignite, CP plant 8-10 N/A 1-2 0.5-0.6 

In Sweden there are about 500 DHSs. In 2019, 135 of these contained CHP 
plants, 35 of which were waste incineration plants [80]. The total installed 
electrical capacity was 3,964 MWel with a net production of 8,924 GWhel 

which corresponded to approximately 7% of the annual electricity demand 
[75]. 

Power-to-heat 
Power-to-heat refers to technologies that use electricity to produce heat. Such 
technologies include electric resistive heaters (radiators, underfloor heating), 
domestic hot water heaters, compression-driven heat pumps and electric resis-
tive boilers. The first two technologies are typically at end-user level, which 
is also the case for small-scale heat pumps, and are in focus in studies on de-
mand side management in smart energy systems as in [81]. 

Compression-driven heat pumps and electric resistive boilers can be of 
large scale and used for heat production in a DHSs. In Sweden, these technol-
ogies are well established since the 1980s and represents a combined electric-
ity consumption capacity of 1.6 GWel [53], [82]. There are fundamental dif-
ferences between heat pumps and electric boilers in terms of how the heat is 
produced. This is also important for their applicability in smart energy sys-
tems. For example, an electric boiler has a nearly instantaneous response, 
while a heat pump has a lead time before it is fully operational [83]. This 
means, for example, that if the technologies are to help in controlling the grid 
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frequency, they are suitable for different segments of the reserve capacity mar-
kets because of the difference in response time. In addition, there is a signifi-
cant difference in investment cost between these two technologies with heat 
pumps being more expensive than electric boilers [84]. On the other hand, heat 
pumps are more efficient than electric boilers and can therefore produce more 
heat at a lower cost. In that sense, heat pumps have the characteristics of a 
base-load technology – high investment costs and low operational costs [85]. 
Electric boilers are best suited as a technology for fast frequency restoration 
service in the reserve capacity market and as peak load units to consume high 
power surplus peak [85]. 

Thermal energy storage 
Thermal energy storages can be categorized based on physical properties: 
Chemical, Latent, or Sensible. Chemical TES use the chemical reactivity of 
different medium to store heat. Thermal energy is stored without degradation 
[86]. Under required conditions, i.e., pressure and/or moisture, a reaction oc-
cur and heat is released [87]. The benefits with chemical TES are high energy 
density and no losses during storage. However, these storages are still cost-
intensive and further development is needed for the technologies to be fully 
commercialized [88]. 

Latent TES use the latent heat required for a storage medium to change state 
of phase from solid to liquid. When charging or discharging a latent TES the 
medium does not change in temperature, it changes state of phase which re-
quires significant amounts of energy [89]. It is often referred to as phase 
change materials, PCM. There are many different materials that can be used 
for latent TES [90]. They span over a large range of different temperatures 
which makes them suitable for different purposes. Typical difficulties with 
various latent storage materials are degradation over repeated cycling, poor 
thermal conductivity and containment due to toxicity or corrosiveness [91]. 
Nevertheless, the energy density of latent heat material is 50 – 100 times 
higher than the thermal storage capacity of sensible materials, giving compact 
storage solutions [92]. 

Sensible TES is the most mature storage technology available for storing 
heat [93]. When charging and discharging a sensible TES the storage medium 
change in temperature by sensible heating/cooling. The amount of energy that 
can be stored via sensible heating is described as 

 (2.1) Qstored = cV × ∆T × V

where cV is the volumetric heat capacity of the medium in (J/m3 K), T is the 
change in temperature of the medium in K, and V is the volume of the medium 
in m3 [94]. Sensible TESs are typically divided into two subcategories depend-
ing on the phase of the storage medium – liquid or solid. The most common 
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liquid storage medium is water, but the choice of medium depends on the pur-
pose of the storage [95]. For storing temperatures above 100C water needs to 
be pressurized to avoid boiling and with high enough temperatures this be-
comes difficult. Thus, other mediums are available such as thermal oils, mol-
ten salts, or liquid metals [92]. Within DHSs the storing temperature is typi-
cally below 95C. Common storage techniques are shown in table 2.3 where 
the most commonly applied technique is the insulated steel tank. Tanks are a 
well-established technology that, in different scales, are used to manage daily 
heat demand variations in DHSs [48] as well as domestically for hot tap water 
systems.  

For smart energy systems, the use of TESs will be slightly different than 
the typical current use of a TES within DHSs. As mentioned, TES is currently 
typically used to manage daily heat demand variations [48]. However, during 
high electricity prices the CHP unit can generate power even if the current 
heat demand is low and store heat in a TES. Thereafter, the heat demand can 
be supplied with stored heat when the thermal capacity of the CHP unit is not 
sufficient to cover the heat demand. For this purpose, tanks are very beneficial. 
In 2016 there were approximately 900,000 m3 of tank TESs installed in Swe-
den [96]. However, the currently used operational strategy is based on cost 
minimizing the heat production to supply the heat demand [46]. If instead, a 
DHS would be supposed to operate to primarily aid in power balancing, the 
co-produced heat will not necessarily meet the current heat demand level. 
There might be significant temporal mismatches between heat supply and de-
mand, hence a TES must be able to store high capacities to accommodate peak 
production and demand as well as have large storing capacity to cover long 
temporal shifts between production and demand [97]. 

Table 2.3. The most common sensible storage technologies. The +, 0, and - indi-
cates beneficial, moderate or poor performance for the given property. Synthesis 
based on [93], [98], [99], [100], [101], [102], [103]. 

TES Tank Cavern Ground pit Aquifer Bore hole Packed bed 

Energy density + + 0 - - 0 

Diurnal + + + 0 - + 
Cycling 

Seasonal - + 0 + + - 

Power capacity 0 + + - - + 

Energy capacity - + + 0 0 - 

Response + + + - - + 

Low loss + + + 0 0 + 

Low cost 0 - + + + 0 

As said before, energy storages are expected to be increasingly needed to bal-
ance VRE in smart energy systems. Sensible TES using water as storage me-
dium can potentially have economic advantages to do this [104]. 
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Biomass demand 
As mentioned in the introduction, there is currently an overarching ambition 
to combat climate change in the global community, and the use of biomass is 
important in this context. Biomass is biogenic carbon and thus part of the 
short-term carbon cycle based on photosynthesis, respiration and decomposi-
tion (70 – 100 years in sequestration time). Previous studies have pointed out 
the differences in access to biomass in different parts of the world [105] and 
the danger of overexploitation of biomass (deforestation, biodiversity, land-
use change) [106]. Also, there is competition for the use of biomass since it 
can be used for many purposes, e.g., construction material, pulp, petrochemi-
cal replacements, textiles, and fuel for transportation [107]. By replacing fossil 
fuels with biomass, emissions are shifted from the long-term to the short-term 
carbon cycle. This does not, however, mean that biomass alone is a possible 
way to eliminate fossil fuel use globally. Beside the competing use of biomass, 
several other factors such as competing land use, availability, and biodiversity 
affects the quantities of biomass available for fossil fuel substitution [108]. It 
has been suggested that biomass only should be considered a means to an end 
for reaching a fully electrified society based on 100% renewable energy [61]. 
A way to replace biomass used for heat production is to use P2H. In this mat-
ter, heat pumps are more efficient than electric boilers. P2H can partly reduce 
the demand on biomass. However, the use of biomass-fired CHP plants for 
power balancing production will still maintain some demand for biomass. 

2.4 Research gaps 
The following research gaps were identified when reviewing the scientific lit-
erature. All these identified gaps are addressed in this thesis, but to varying 
extent. 

• Power balancing production strategies in the heating sector is merely 
considered when it comes to P2H. Possible power balancing services 
that can be offered by DHSs have only been investigated on rudimen-
tary level. Peak electricity demand occurs at few occasions per year 
and typically require high capacity. It has not been fully investigated if 
the heating sector is best suited to supply peak electricity demand 
and/or if it should offer a base electricity production/consumption that 
follows the electricity demand. 

• Market barriers for the coupling of the electrical and thermal energy 
systems have been investigated, but mainly focused on obstacles that 
prevent a coupling via P2H due to tariffs, taxes, and grid fees. It has 
been suggested that DH utilities should offer P2H capacities on the 
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electricity reserve capacity market, but it has neither been fully inves-
tigated how such a market structure would look like nor what kind of 
compensations to DHSs for providing power balancing production this 
would require. 

• Heat production from P2H and CHP units in smart energy systems will 
be operated in an unconventional way. This is a crucial difference and 
could affect the potential for power balancing services. It has not been 
thoroughly investigated how heat pumps and CHP should be combined 
in different DHSs where the focus is to enhance the energy system flex-
ibility. 

• Solar and wind power have different variability and thus require dif-
ferent flexibility from the energy sectors. How the relative shares of 
PV and wind power, respectively, affects power balancing production 
from the heating sector has not been investigated in the literature. 

• P2H as means to decarbonize the heating sector and offer negative 
power balance to the electricity grid. In the literature there are no stud-
ies that investigate to what extent synergy effects from P2H when used 
in a smart energy system, operated to provide power balancing ser-
vices, depends on the distribution between PRL and NRL. It has not 
been investigated if there is a threshold where such a synergy effect no 
longer can be detected or if P2H always will contribute with both de-
carbonization and negative power balance. And furthermore, it has not 
been fully investigated if there is a point where P2H may outcompete 
the positive power balance production from CHP units. 

• The size of the TES is limiting the operational strategy of it. Large 
enough the TES can be operated on seasonal basis and replace costly 
peak load units, but with smaller dimensions it must be operated dif-
ferently. In the literature there are no studies investigating how this af-
fects the possible power balancing service. It has not been investigated 
if seasonal operation of the TES more likely can offer needed flexibility 
to balance positive and negative peak electricity demand, or if both 
short term and seasonal operation are equally efficient as flexible loads 
to promote power balancing. 
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3 Method 

This chapter presents the methods and data used in this thesis. The chapter 
starts with an overview of studied system components and systems interaction 
in Section 3.1.  In Section 3.2, the model for the electricity balancing demand 
used in the studies is described. Section 3.3 presents the energy balances based 
on which the technologies are modelled, and in Section 3.4 the scenarios stud-
ied are described. The methods used for assessing fuel use is given in Section 
3.5 and, finally, in Section 3.6 methods for economic assessment are de-
scribed. 

3.1 The studied energy systems 

In general, it can be said that the studied aspects of the systems are the inter-
action between the thermal and the electrical energy systems and the capacity 
to reduce the VRE-induced power net-load variability. All systems presented 
in the appended Papers contain production units (CHP and/or heat pumps), 
that either produce or consume electricity in combination with production of 
heat. Furthermore, different types of large-scale TESs are modelled in the 
studies. All components are not included in all system, partly because they are 
studied at different system levels. This is further explained in Section 3.4. 
However, all studies include the restriction that CHP and heat pumps must 
not, on annual basis, produce more heat than the system heat load, i.e. no heat 
is allowed to be intentionally wasted. Energy flows and relationships between 
components and other energy systems included in the studies are shown sche-
matically in Figure 3.1. The Roman numbers refer to the respective studies/Pa-
pers in which the components are included.  The grey boxes represent supply 
of VRE to the electrical transmission system (yellow lines). White boxes rep-
resent controllable devices that either produce electricity (CHP) or consume 
electricity (heat pumps) electricity. These units produce heat that is delivered 
to the district heating network (red lines), to which heat-storing units (TES) 
also is connected. The EES-box in Figure 3.1 represents an electric energy 
storage (EES), i.e., a flow-battery.  End-users are represented by the black 
boxes and they consume both electricity and heat. Industrial and commercial 
actors are represented by the “Ind/com”-box. These are potentially both heat 
consumers and heat suppliers. For all energy flows, the arrows show the 
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Cooling network 
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hp 

Ⅰ – V  

II 

Ⅰ – V  

Ⅰ, II II Ⅰ V III – V 

Ⅰ – V  

III – V 

III – V III, V Ⅰ – V  

Figure 3.1. The energy flows, components and their correlation with respectively 
energy transmission network of the systems that are studied in this thesis. Abbrevia-
tions: BAPV = building applied photovoltaics, SfB = single family buildings, MfB = 
multifamily buildings, Ind/com = industrial and commercial buildings, DCN = dis-
trict cooling network, HP and hp = LARGE- and small-scale heat pumps. 

direction of the flow (i.e. an arrow out from a unit indicates production and an 
arrow in to a unit indicates consumption). Arrows in both directions indicate 
a storage, combined producer and consumer, or bi-directional flows as for im-
port/export of electricity.  The dotted lines and symbols are not active compo-
nents of the system studies in this thesis, but represent either important system 
boundaries (e.g. import/export), alternative costs (e.g. Thermal power in Paper 
II), or relevant system expansions and/or alternative thermal systems (cooling 
district network) that are addressed in the discussion. 

The control signal for the simulations in the studies is the electricity bal-
ancing demand which is described in Section 3.2. This signal initiates produc-
tion in CHP units or large-scale heat pumps. If the electricity balancing 
demand is positive, there is a deficit of VRE and the CHP will co-produce 
electricity and heat. The heat is delivered to the district heating network and 
any surplus heat is stored in the thermal storage. If the electricity balancing 
demand is negative, there is a surplus of VRE and the heat pumps consume 
electricity. The heat produced from these is managed in the same way as heat 
from CHP. If the electricity balancing demand is zero, neither CHP nor heat 
pumps are producing heat. In that case, heat demand is supplied by stored heat 
from TESs. Models and energy balances for the units included in the 
calculations/simulations are described in Section 3.3. 

For all studies, a full year is simulated with an hourly time-resolution. Sim-
ulations have been made in MATLAB, SIMULINK and HEAT3. In addition, 
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extensive pre- and post-processing of the data has been done in Excel as most 
of the input data is available as Excel spreadsheets. 

3.2 Modelling the electricity balancing demand 
As described in Section 2.1.1, electricity production and consumption need to 
be momentarily balanced. In Section 2.1.2, the maintenance of this balance is 
described. In Papers I – IV it is assumed that the systems studied are active on 
the day-ahead market primarily. In Paper V, systems that are acting on the 
reserve capacity market is studied. The work presented in this thesis investi-
gates the power balancing potential in the heating sector mainly from a tech-
nical point of view. This means that even though DH utilities are active on one 
or several electricity markets, the studies do not include simulations of the 
actual trading on the markets. This is because of that the primary focus in this 
thesis is the technical potential of DHSs to provide power balancing services. 
However, the understanding of the functions of power markets is important 
for the analyses of these potentials. In order to illustrate a capacity market 
control-signal for electricity production and consumption, an electricity bal-
ancing demand profile was derived for the Swedish power system with large 
shares of VRE. The derived demand does not include dispatchable electricity 
generators, such as hydro or thermal power generation. This means that the 
electricity balancing demand used in the work presented here is a theoretical 
intermediate electricity demand. The main benefits are that such a theoretical 
demand clearly exemplifies the potential imbalances and when in time posi-
tive and/or negative power balance production would be most required. 

In Paper I and II, the systems studied are in local and small residential areas 
and thus, the focus is on the local power balance. However, since the low 
voltage grid in the residential area is connected to upstream electric network, 
there will be effects from power imbalances in the upstream network affecting 
the local grid. The electricity balance demand model, M1, used in these two 
Papers are different than in the other Papers. The local electricity balancing 
demand for each timestep i is expressed as 

el el el i  = PLD i  (3.1) Pbal 
el i  + C1P

bal* i  – PBAPV 

elwhere PLD  is the local electricity demand, C1 is a scaling factor for the national 
el elelectricity balancing demand, P
bal* . PBAPV  is the local building applied PV 

el(BAPV) electricity production. P
bal*  is the difference between the national 

el el electricity demand, PND , and the produced VRE, PVRE , on national level, thus 

el el el Pbal* i  = PND i  – PVRE i .  (3.2) 
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el elIn Paper I Pbal  and P
bal*  include parameters that are used to increase the 

amount of BAPV and reduce the amount of nuclear power in the national 
power production, this also is used for Paper II. 

The scaling factor C1 in (3.1) is used to get a proportional representation of 
elthe P
bal*  on local level and is defined as the ratio between local and national 

electricity demand, thus described as 

el ∑ i PLD i  
C1 = el  (3.3) 

∑ i PND i
.

el el PVRE  in (3.2) represents the aggregated national production from wind, PW , 
and solar power, PPV 

el , and is defined as 

el PVRE i  = C2PW 
el i . el i  + C3PPV (3.4) 

Production from wind and solar power are scaled by the factors C2 and C3 

to represent a production corresponding to 60% and 10%, respectively, of the 
national electricity demand. These two scaling factors are defined as 

el ∑ i PND i  
C2 = 0.6 el  (3.5) 

∑ i PW i  
,

and 

el ∑ i PND i  
C3 = 0.1 el  (3.6) 

∑ i PPV i
.

In Papers III – V, simulations are applied on a higher system level and for 
this a second electricity balance demand model, M2, was derived. The major 
difference between M1 and M2 is that M2 is based on aggregated production 
and consumption data for each electricity price area in Sweden. Hence, M2 
does neither contain specific consumption data for a local area nor electricity 
production from BAPV, as these are both represented in the aggregated data. 
Furthermore, another significant difference is that M2 considers transmission 
capacity limitations between the different electricity price areas. For every 
time step i, the studied system responds to an electricity balancing demand 

level, Pbal 
SEj , in electricity price area j in Sweden. This is defined as 

SEj i  = PPRL 
SEk i j, k = 1, 2, 3, 4 j ≠ kPbal 

SEj i  + PNRL 

j, k i iff  PNRL  (3.7) SEk i  ≤ Tcap 
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where Tcap
 j, k is the transmission line capacity from electricity price area SEj to 

area SEk. Electricity transmission capacities between areas are considered in 
SEkthe model. PNRL  is the negative residual load (excess electricity) in area k, and 

SEj  is the positive residual load (remaining electricity demand) in area j. PPRL 

These two loads are given by 

SEj i  = 
SEj i , iff > 0 PPRL 

PL
SEj i  – PVRE j = 1, 2, 3, 4  (3.8) 

0,     iff ≤ 0 

and 

SEj i = PL 
SEj i , iff < 0 PNRL 

SEj i  – PVRE j = 1, 2, 3, 4 . (3.9) 
0,      iff ≥ 0 

SEj is the electricity consumption per hour i in the electricity price area j in 
SEj

PL 

Sweden. PVRE  is the electricity production from wind and solar power in area 
j as defined in (3.4). The priority of transmitting any NRL in one region to 
supply an existing PRL in another region follows a predetermined order based 

exporton annual figures for highest production, Tcap = SE2 SE1 SE3 SE4 , respective 
importhighest demand, Tcap = 𝑆𝐸  𝑆𝐸  𝑆𝐸  𝑆𝐸 , in all regions. This means that, for 

every time step, if there is an NRL in region SE2 this will be transmitted to the 
importfirst region, where there is a PRL, following the predetermined order in Tcap . 

If there is no NRL in SE2, or all has been fully transmitted, the next region in 
export starts to transmit NRL and so forth until either all NRL has been trans-

mitted in all regions up till the limit of the transmission line capacities, or until 
all PRL is fully supplied. In Paper V, the transmission capacities are assumed 
to be sufficiently expanded to cover required transmission demand. Hence, for 
Paper V, the ‘if and only if’ condition in (3.7) is not valid. 

Figure 3.2 a) shows how the local electricity demand, PLD
el , is added with 

el 

Tcap 

the national electricity balancing demand, P
bal* , and subtracted with the local 

el BAPV electricity production, PBAPV , resulting in the electricity balancing de-
mand, Pbal 

el , used as control signal for the system simulations in Paper I and II. 
Figure 3.2 b) shows how the aggregated electricity demand for electricity price 
area 3, PL 

SE3 , SE3, is subtracted with the VRE generation from the same area, PVRE 
SE3 resulting in Presidual . After transmission to and from other electricity price areas 

this intermediate residual profile results in the electricity balancing demand, 
SE3, used as control signal for Papers III – V. Pbal 
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Figure 3.2. Figure a) show the constituent parts of the electricity balancing demand, 
Pbal, used in Papers I and II. Figure b) shows ditto for Papers III - V. 

3.3 Simulation approaches 
For all the appended studies, rule-based algorithms are used that are based on 
energy balances and physical constraints. The algorithms respond to the con-
trol signal, 𝑃  , by simulating production and/or consumption of electricity in 
designated facilities. Also, the co-produced heat is simulated and how this heat 
is stored and/or used to supply the heat demand of the DHS. The algorithm 
used in Paper I and II has an overarching goal of using the TES and/or the 
EES to supply the annual thermal or electrical peak demands. In the other Pa-
pers there is no such seasonal peak shaving strategy for the operation of the 
TES. In all Papers, algorithms prioritize consumption of NRL in heat pumps, 
when possible. Furthermore, for all studies the PRL activates the operation of 
a CHP unit to co-produce electricity and heat. No heat is allowed to be wasted. 

Energy balances 
The heat demand is a boundary condition in all appended Papers. This means 
that the produced heat must be used and the annual heat demand sets the limit 
for production in CHP and/or heat pumps. For every time-step i, the heat de-

th mand, PHD , is supplied according to 

N K 
th th th th PHD i  =  PCHPn 

i  +  PHoBk 
i  + PHP i . (3.10) th i  + PTES 

n k 

th thPCHPn 
 is the heat produced in CHP-plant n, and PHoBk 

 is heat produced in heat-
th thonly boiler k, PHP  is heat produced in heat pumps, and PTES  is heat discharged 

from TES. For as long as the heat demand is supplied, the heat production 
from technologies are operated to also reduce an electricity balancing demand, 

el which contribute to a resulting net electricity demand, Pnet , as 
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N 
el el el i  = Pbal 

el i  – Pdc (3.11) 
n 

Pnet 
el i  + PHP i  + Pch 

el i  –  PCHPn 
i  . 

elHere Pbal  equals the electricity balancing demand, i.e., control signal of re-
elspective study as defined in (3.1) or (3.7). PCHPn 

 is the produced electricity in 
el elCHP-plant n, and Pdc  electricity discharged from EES. PHP  is electricity con-

sumed in heat pumps, and Pch 
el  is electricity used to charge the EES. 

The TES acts as a flexible load that enables operation of CHP units and 
heat pumps to produce more heat than the present heat demand level as long 
as there is storage capacity available in the TES. The energy balance of the 
TES is defined as 

th th th PTES i  = PTES i – 1  + Pin 
th i  – Ploss i . (3.12) th i  – Pout 

thPloss  represent the losses in the TES and the calculation of these losses depend 
on the type of storage (see Section 3.4.3). The surplus heat supplied to the 
TES, Pin 

th, is described as 

N 
th th i  – th Pin i  + PHP i  (3.13) th i  =  PCHPn 

PHD 
n 

and heat discharged from the storage to supply the heat demand is 

N 
th th th i . th i  = PHD i  –  PHP (3.14) Pout i  –  PCHPn 

n 

Available capacity in the TES is directly affected by the use of the TES which 
in turn depends on the operational strategy of the TES. In this thesis, three 
different strategies have been applied. In Papers I and II the operation of the 
TES uses a Seasonal peak shave-strategy, which means that the TES is itera-
tively in the algorithm dimensioned to have enough capacity to cover 50% of 
the thermal peak demand. At the same time, the producing units needs to pro-
duce sufficient amounts of heat to cover the heat demand and the losses in the 
TES during seasonal storing. This also means that the dimensioning of the 
CHP unit’s capacity can be reduced. The strategy prioritizes consumption of 
NRL which requires a large capacity in heat pumps. In Papers III and IV, a 
different operational strategy of the TES is applied, i.e., a Rigid strategy, 
which omits the seasonal peak shaving aspect. In this Rigid strategy the TES 
mainly adds flexibility to the system without requirements for other produc-
tion technologies to be dimensioned to match the TES capacity. This means 
that production capacities can be higher than what is conventional since these 
can be dimensioned for power balancing production. Paper V applies a third 
operational strategy for the TES, namely the Naïve strategy. This means that 
the stored heat is prioritized to be used if the heat demand level at hour i is 
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higher than at hour i – 1. If the stored heat is insufficient the currently active 
production unit increase the rate of production, if possible. Otherwise a new 
production technology is activated for production of heat. The major differ-
ence with this strategy compared to the previous two strategies is that the 
stored heat is not allowed to replace heat from other active heat production, 
i.e., “forcing” a producing unit to ramp down. 

Summary of data and algorithms 
Table 3.1 provides an overview of the type of data used in the different studies 
and Table 3.2 presents overall production algorithms used in each study. De-
tails are given in the respective section referred to. 

Table 3.1. Data and type used in the Papers of this thesis. 

Data  Section Paper 
I II III IV V 

Heat demand Simulated 3.8.1     
Thermal production capacities Public data 3.8.1 

Assumed capacities    
BAPV Simulated 3.8.2  
VRE production, national Public data 3.8.2     
Transmission constraints Public data 3.8.2  

Assumed capacities   
Power consumption Public data 3.8.2     

Simulated  
Economic data 3.8.3  
Outdoor temperature Public data     

Table 3.2. Algorithmic models applied in each of the studies in the thesis. 

Algorithmic model Section Paper
 I II III IV V 

TES volume Fixed 3.4.3 
Dynamic    

Storage strategy Naïve 3.3.1 
Rigid  

Seasonal peak shave  
CHP capacity Fixed 3.4.2    

Min net load variability 
Heat pump capacity Maximized 3.4.1   

Discrete steps 
Min net load variability 

Transmission limit 3.2  
Electricity balancing demand M1 3.2  

M2   
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3.4 Technologies for power balancing and heat 
production 

The different technologies simulated in the appended Papers are modelled on 
a high system level. This means that there have been no considerations of de-
tailed components, but all technologies are considered as separate systems that 
can be described with efficiencies, rate of change in production, and energy 
balances. 

Power-to-Heat 
In all studies, P2H is represented by large-scale central heat pumps, except for 
Paper II which also includes small-scale air-to-air heat pumps at the end users. 

The large-scale heat pumps are modelled by the coefficient of performance 
(COP) which is defined as 

COP= η
TH  (3.13) carnot TH – TC

where η  is the efficiency of the system compared to the ideal Carnot pro-carnot

cess, for large-scale systems typically around 0.65 [109]. TH is the temperature 
at the heat sink (hot side) and TC is the temperature at the source (cold side), 
both in K. The relation between electricity consumption in the heat pumps, 
PHP

el th , is defined by using the COP as , and heat production, PHP 

el th = PHP ⁄COP. (3.14) PHP 

In Paper II, small-scale air-to-air heat pumps are simulated with a model based 
on laboratory test data from the Swedish Energy Agency [110] and an empir-
ically derived formula presented in [111]. This formula includes factors re-
lated to the internal and mechanical efficiencies of the compressor, as well as 
the Carnot efficiency and electromotor efficiency of the process and using the 
reported data from [110] the following equation was derived to estimate the 
COP of actual air-to-air heat pumps 

TH COPair= 1.58+0.082 . (3.15) 
TH – TC 

Combined Heat and Power (CHP) 
In Table 2.2, key flexibility parameters for CHP units were given. These are 
applied for CHP units performing power balancing production in all the stud-
ies presented in this thesis. The start-up time for a CHP unit performing a cold 
start is defined as 
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t th nomPCHP  = f × PCHP  × 
τ 
,  t = 1, 2, …, τ, (3.16) 

where f is a value between 0 and 1 representing the fraction of nominal thermal 
capacity, PCHP 

nom , to reach, f = 1 when operated at maximum capacity. τ is the 
total start-up time in h, and t is time in hours that has passed after start up. 

The relation between thermal and electrical production is modelled using 
the conventional power-to-heat ratio, i.e., the -value accordingly 

el PCHP α = th . (3.17) 
PCHP 

When assuming an ideal steam-turbine cogeneration plant, the relation be-
tween the boiler thermal output, PCHP 

boiler, is the sum of electrical power and pro-
cess heat output [112] and can be expressed as 

boiler = PCHP 
th PCHP 

el + PCHP. (3.18) 

Combining (3.17) and (3.18) allows expressions of the electrical power and 
process heat output as 

boiler 
th PCHP PCHP = (3.19) 

α + 1 

and 
boiler 

el PCHP PCHP  = , (3.20) 1 α  + 1

which are used in Paper IV. The ramp rate, φ, is expressed as the time deriva-
tive of the power output divided by the nominal electrical power of the gener-

nomator, Pgen , as 
el dPCHP  

dtφ =  × T × 100, (3.21) nomPgen 

where t is in seconds and T is seconds per minute. However, with simulations 
using averaged values per hour this formula becomes a constant used to con-
trol that increase in production not exceeds the nominal power output or the 
rated ramping speed. Finally, the minimum load is expressed as a set share, ξ, 
of the rated boiler output: 

min boiler PCHP  = ξ × PCHP . (3.22) 

CHP units that act as part of a base load production, i.e., waste incineration 
plants, or as part of a “Business-as-usual” reference case, are modelled slightly 
different. The difference is that they are simulated to follow a heat demand 
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and thus they are neither assumed to ramp the production excessively (3.21) 
nor to operate at minimum load (3.22). 

Thermal Energy Storage 
There are four different models used for simulating the operation of a TES in 
the appended Papers (see Figure 3.3). In Papers I and II, the TES (a) is simu-
lated as a buried cylindrical tank, uniformly insulated where a mathematical 
model developed by the Swedish Built Environment Research Council [94] is 
used to calculate the thermal losses. In Paper III, the TES (b) is simulated as 
a ground pit TES. The model used to simulate the thermal losses in this case 
is based on Fourier’s law on heat conduction implemented with operational 
data from a pit TES in Dronninglund in Denmark [113]. In Papers IV and V, 
the TESs are simulated as rock caverns. The TESs in Paper IV (c) are of fixed 
sizes and the losses from these TESs are simulated with an averaged thermal 
loss over one year. In Paper V, the sizes of the TESs are iteratively derived 
and thus the thermal losses from the rock cavern (d) are instead simulated 
using formulas from [94]. 

For the thermal loss in TES (c) the software Heat3 was used [114]. It is a 
software for 3D transient and steady-state heat conduction. The partial differ-
ential heat equation in three dimensions for the temperature T(x,y,z,t) is ex-
pressed numerically by discrete approximation in a Cartesian mesh. This al-
lows transient and steady-state problems to be solved with the method of ex-
plicit forward differences (for details the reader is referred to [115]). The soft-
ware is validated according to the standard EN ISO 10211. True equilibrium 
takes long time (see Figure 3.4) and is not easily determined. According to the 
simulation in Heat3 an equilibrium with the surrounding rock could be ex-
pected after some 25 years of operation. A semi-equilibrium, when the losses 
are reduced less than 1% compared to previous year, occurs after some 14 
years of operation. After 6 years of operation the losses are reduced with less 
than 5% compared to previous year. 

To assess performance of the storages, they will be evaluated with respect 
to relative losses, i.e., the annual losses relative annual amount of heat charged 
to the TES, but also the energy efficiency defined as 

 a) b) c) d) 

Figure 3.3. Different types of TES simulated in the appended Papers. a) is used in 
Paper I and II, b) is used in Paper III, c) and d) is used in Paper IV and V respectively. 
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th i  ∑ i Pout ηE = th i  
. (3.23) 

∑ i Pin 

thHere Pout  and Pin 
th are heat charged and discharged to the TES as described 

in 3.13 and 3.14, respectively. The degree of utilization indicates to what ex-
tent the TES is used relative its capacity and is defined as 

th i  ∑ i Pout ηU = cap . (3.24) 
PTES 

Where PTES 
cap  is defined according to (2.1). 
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Figure 3.4. Transient heat flow out from rock caverns simulated in Heat3. 

3.5 Studied system configurations 
Table 3.3 shows the system levels studied and the aspects covered by the re-
search questions in the appended Papers. Figure 3.5 shows the systems simu-
lated in order to answer the research questions. In Figure 3.5, the first row 
represents Paper I and II, the second row represents Paper III, and the third 
and fourth row represents Papers IV and V. The maps over Sweden, to the left 
in the Figure, show geographical coverage of the studied systems. For Paper 
IV, the map indicates the amount of systems in each region. In the flowcharts, 
the electric networks are represented by yellow lines and the thermal network 
by orange lines. In II-C, however, there is no DH network included, so for this 
case the orange lines represent domestic distribution systems. For the electric 
network, the upstream grid is connected bi-directionally and marked with an 
acronym. The acronym indicates if the Pbal is represented as an aggregated 
demand for the entire Sweden, e.g., ‘SE’, or with respect taken to transmission 
capacity limits between regions, e.g., ‘//SE3//’. 

For Paper I and II, the same local community of 111 single-family homes 
is studied, while in Paper III, all DHSs in electricity price area SE3 are studied 
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Table 3.3. Matrix illustrating how the appended Papers relate to the re-
search questions put forth in the aim of this thesis. 

 R
es

ea
rc

h 
qu

es
ti

on
 __

_ 
Local District Aggregated

 Power balancing I, II IV III, V

 Heat production I, II IV III, V
 Heat storage I, II IV III, V
 Fuel demand I, II IV III, V
 Economic II V

in an aggregated form. In Paper IV, a DHS is studied on city-level for different 
electricity price areas and aggregated to national level. Paper V simulates three 
different configurations of DHSs with P2H capacities, i.e., heat pumps, active 
on the reserve capacity market, for one city in SE4. 

In all studies, two different production strategies are used. The first strategy 
follows the heat demand, typical for how DHSs are currently operated – this 
is referred to as the ‘Heat Strategy’ and constitutes the reference case. The 
second strategy is, for DHSs, a theoretical production strategy where CHP 
units and heat pumps are operated to supply the electricity balancing demand, 
as described in Section 3.2. This is referred to as the ‘Electricity Strategy’. 
The systems studied in Paper V, however, applies only the ‘Heat Strategy’ for 
the operation of the DHS, while the P2H-capacities is operated according to 
the ‘Electricity Strategy’. 

The power balancing supply consists of CHP electricity production to sup-
ply PRL (deficits), and of heat pump electricity consumption to reduce NRL 
(surpluses). The heat produced in CHP units and heat pumps is either used to 
supply DH demand, or stored in a TES for later use 

The TES technologies, described in Section 3.4.3, vary between the sys-
tems as shown in Table 3.4, but also in terms of capacities as shown in Table 
3.5. Also, the production technologies vary between the eleven studied sys-
tems as shown in Table 3.4. All systems have biomass-fired CHP except II-C 
and V-HoB, and all but three systems (II-B, III-ref, and II-C) have large-scale 
ground-source heat pumps. However, for the systems simulated in Paper V, 
only V-BioCHP include heat pumps in the DHS production assets. Neverthe-
less, all systems in Paper V do include heat pumps, but as P2H capacities op-
erated to provide electricity balancing services. In system II-C, individual 
building air-to-air heat pumps are simulated at end user level. In the three sys-
tems simulated in Paper III and also system V-WtE, there is base-load heat 
supply from industrial waste heat recovery, IWH, and waste incineration, 
(waste-to-energy, WtE). These systems also contain peak heat load units in 
the form of heat-only boilers, HoB. System V-HoB is the only system with 
HoB as main heat producing technology. 
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« Figure 3.5. Representation of all simulated scenarios. Yellow lines are electricity 
networks, orange are thermal networks. Upstream electricity network is represented 
with a bi-directional feed. All acronyms are given in text. 

Table 3.4 shows what technologies are applied in respective study and Table 
3.5 shows how they differ between the studies in terms of installed nominal 
thermal output capacity relative the peak heat demand for respective study. 

Table 3.4. All systems constituting technologies. HP is heat pumps, ES is energy 
storage either as thermal, TES, or electrical, EES, IWH is industrial waste heat, 
WtE is waste incineration (Waste-to-Energy), HoB is heat-only boiler. 

Paper System CHP HP ES IWH WtE HoB 
I I-132   Tank TES – – – 

II II-A   Tank TES – – – 

II-B  – Flow battery, EES – – – 

II-C –  Flow battery, EES – – – 

III III-ref  – –   

III-sc1   Ground-pit TES   

III-sc2   Ground-pit TES   – 

IV IV-1   Oblong cavern TES – – – 

IV-2   Oblong cavern TES – – – 

V V-HoB –   Cylindric cavern TES – – 

V-WtE    Cylindric cavern TES   

V-BioCHP    Cylindric cavern TES – – 

Table 3.5. Nominal thermal output relative the peak thermal demand for all 
systems constituting technologies for heat production. For Paper V both a 
reference case and a case with 40 MWth P2H capacity for the reserve 
capacity market are shown. 

Paper System CHP HP TES IWH WtE HoB 
I I-132 0.50 1.68 1.33 – – – 

II II-A 0.50 1.68 1.33 – – – 

II-B 1.00 – – – – – 

II-C – 1.00 – – – – 

III III-ref 0.38 – – 0.04 0.13 1.11 

III-sc1 0.38 0.20 2.00 0.04 0.13 1.11 

III-sc2 1.49 0.20 2.00 0.04 0.13 – 

IV IV-1 1.30 1.48 1.48 – – – 

IV-2 1.24 1.61 1.61 – – – 

V V-HoB ref – – – – – 1.01 

V-HoB 40 – 0.35 0.49 – – 1.01 

V-WtE ref 0.35 – 0.06 0.10 0.35 0.35 

V-WtE 40 – 0.35 0.61 0.10 0.35 – 

V-BioCHP ref 0.49 0.20 0.04 – – 0.49 

V-BioCHP 40 0.49 0.55 0.60 – – 0.25 
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3.6 Fuel 
In this thesis, calculations of fuel use are mainly focused on the use of bio-
mass, i.e., no calculations are done regarding fossil fuels. In the appended 
studies that consider fuel use, it is assumed that wood chips are used. It has an 
averaged net calorific value of 2.88 GJ/m3 or 16.92 GJ/tonne [116]. The fuel 
consumption in heat and/or power producing units is a function of boiler en-
ergy conversion efficiency and for CHP units also mechanical efficiencies re-
garding turbine, generator, and auxiliary system components. Thus, the fuel 
use is calculated using the boiler efficiency for HoB and the total production 
efficiency for CHP units as 

∑ Pth i  + ∑ Pel i  i i Qf = . (3.25) 
ηtot 

Biomass is considered carbon neutral, but combustion of biomass still 
causes emissions of other GHG [117]. GHG-emissions are calculated as 
(CO2,eq) according to 

GHGbio= Qf ϕCH4 
GWPCH4 

+ ϕN2OGWPN2O  (3.26) 

where ϕ is the emission factor for the indexed GHG in kg/MWh and GWP is 
the global warming potential for the GHG indexed according to Table 3.4. 

Table 3.4. Emission factors and global warming potential (GWP) for 
GHGs in a 100-year perspective [116], [118]. 

GHG 
Emission factors and GWP100 

CO2 CH4 N2O 

Emission factor ϕ [kg/MWh] 345.6 0.0396 0.0108 

Global warming potential, GWP100 [CO2, eq] 1.0 25.0 298.0 

3.7 Economic assessment 
Different economic aspects are investigated in two of the appended Papers (II 
and V). In Paper II, the economic-viability for investment and operation are 
investigated for three different storage-based heating solutions. In Paper V, it 
is investigated how DH utilities can operate P2H capacities on the reserve ca-
pacity market. 

The economic performance of the systems is evaluated by the net present 
value (NPV), internal rate of return (IRR), profitability index (PI) [119], and 
the present value ratio (PVR) [120]. The NPV is the current value of the dif-
ference between all expected cash inflows and outflows over a defined time 
period. A negative NPV is considered as non-profitable and should, out of a 
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capitalisation point of view, be discarded. NPV is based on assumed cash in-
flows and discount rate which, of course, gives uncertainties to the assessment. 
It is then useful to calculate the IRR to determine required discount rate that 
makes the NPV equal zero. Any project for which the IRR is greater than its 
required discount rate (i.e., rate of return), is considered profitable. Even with-
out a specified required rate of return, the IRR is useful to determine the ex-
pected profitability of an investment. The higher the IRR, the greater the ex-
pected revenue. Negative IRR indicates loss of investment. It can thus also be 
used for reducing costs of e.g., large infrastructural projects that are not ex-
pected to bring profit. When calculating the IRR, any residual economic value 
at the end of the defined time-period is discounted. This gives different cash 
flows in comparison to the NPV and can thus give somewhat contradictory 
results in some cases. Therefore, two complementary measures, PI and PRV, 
can be used. The PI is a measure of the expected profit per monetary unit 
invested in the project and should be greater than 1 to indicate economic via-
bility. The PVR is a measure of the economic efficiency of the project and 
should be greater than zero to indicate economic viability. The PI and PVR 
can be used to determine which project that gives the best economic return 
alternatively reduces the cost the most. Projects with the same PVR are indi-
cated to be equally efficient in capitalisation or cost reduction (assuming a 
similar discount rate). Typically, it is unfair to compare projects with very 
different magnitude of investment costs. Therefore, it is relevant to use several 
measures to assess the economic outcome of a project from different aspects. 

NPV is defined as the current total value of a future stream of payments 
and is calculated according to 

T Ct NPV =   – C0. (3.27) 
t=1 1 + r t

Ct is the net cash inflow during the time-period t, C0 is total initial investment 
cost, and r is discount rate. The IRR is calculated by setting the NPV to equal 
zero and solve for the discount rate, 

T Ct 0 = NPV =   – C0 (3.28) 
t=1 1 + IRR t

which then will be the IRR. The PI is the ratio between the future predicted 
revenues in present value, NPV, and the initial investment, and calculated as 

NPV 
PI = 1 + 

C0 
. (3.29) 

PVR is the ratio of NPV and the initial investment calculated as 

PVR = 
NPV 

C0 
. (3.30) 
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In Paper V, a “willingness-to-pay” is defined to identify the bidding price 
a DH utility can accept for placing a bid on the reserve capacity market for the 
purchase of surplus electricity as negative power balance. If the price on the 
reserve capacity market is higher than the identified bidding price, it is not 
economically feasible for the DH utility to participate. A production baseline 
is used for comparison of production cost for every level l of P2H capacity. 
This baseline production has no P2H capacity active on the reserve market. 
Total production cost, Ctot, per level l is given by 

l k Ctot = ∑ k c × Qf , (3.31) 

Where c is the net cost for heat production with fuel Qf and technology k. The 
specific values can be found in the appended Paper V. By comparison with 
the baseline cost for respective case, a “willingness-to-pay”, i.e., “the highest 
average bid-price to remain profitable”, can be determined. This is estimated 
by calculating an average cost of bid, cbid 

avg, for purchasing electricity from the 
reserve market to P2H for every level of P2H capacity as 

bl l L Ctot – Ctot avg l=2, l=3, ⋯ , L  =  . (3.32) cbid el 
l=2 ∑ i PP2H i  

bl lCtot  is the net production cost for the baseline, Ctot  is the net production cost 
elfor each level of P2H capacity above the baseline, and PP2H  is electricity pur-

chased via the reserve market. cbid 
avg is to be interpreted as the willingness-to-

pay, or the average bid the utility can place for purchasing electricity from the 
reserve market before the baseline becomes cheaper. 

3.8 Data sources 
This section gives an overview of the data used in this thesis. In the appended 
Papers specific assumptions and numbers can be found. 

Thermal data 
For all Papers, the heat demands for the systems are simulated. Major reasons 
not to use measured data are the difficulties of getting actual data from the 
utilities, that aggregated regional heat demand data is not accessible, but also 
the fact that, to some extent, none of the studied systems exist today. In Paper 
I and II, the heat demand was simulated in the software VIP-Energy1 with 

1 VIP Energy is validated according to ASHRAE 140-2007 and EN 1526-2007. 
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separate calculation of the distribution losses for the thermal distribution. This 
heat demand data was previously used in [121] and [122]. For Papers III-V, 
the DHS heat load was generated from outdoor temperature data and DHS 
annual heat production, according to a method described in detail in [123]. 
Outdoor temperatures for each location were retrieved from the Swedish me-
teorological and hydrological institute, SMHI [124]. In Paper IV, however, 
temperature measured by the local DH utility at the site of Hudiksvall was 
used. 

The thermal capacities of the production units are, for all Papers except 
Paper III, dimensioned according to thermal loads and local climate of the 
specific study. Data on power production capacities in CHP plants is retrieved 
from the Swedish balance authority, Svenska Kraftnät [42], and the thermal 
capacity is based on data from the Swedish Environmental Protecting Agency 
[125]. 

Electrical data 
Electricity production from BAPV in Paper I and II is simulated using a model 
based on the Hay and Davies model for irradiance on a tilted plane; the model 
is described in [98] and applied in [126]. Wind and solar power production on 
national level are in all Papers based on data retrieved from the Swedish bal-
ance authority, Svenska Kraftnät [127]. In Paper III and IV, the national power 
transmission capacity data for different electricity price regions for 2018 are 
obtained from Svenska Kraftnät [42]. 

The household electricity consumption in Paper I and II is simulated on 
minute resolution and then averaged to hourly resolution using the Widén 
Markov-chain model [128]. Data for national and electricity price regional 
electricity consumption are consumption data retrieved from NordPool [129]. 

Economic data 
The discount rate used in Paper II is obtained from the Swedish Energy Market 
Inspectorate [130]. Investment cost for a DH distribution network is based on 
actual costs from Göteborg Energy AB in Sweden during their expansion of 
DH to sparsely built areas [44] and the cost for the end-user substation is re-
trieved from [64]. Investment costs for the CHP unit, large-scale heat pumps, 
TES, and EES as well as the operation and maintenance costs associated with 
these are obtained from literature [64], [131] - [134]. The purchase cost of 
electricity in Paper II is rudimentarily treated as a fixed cost based on the av-
erage price of the Nordic power system [33] and the selling price is assumed 
to be the same with a supplement charge of 15%. 

In Paper V, the electricity price is based on hourly bidding profiles from 
NordPool [135], but adjusted to contain the volume of VRE used in the ap-
pended study. The cost of biomass, pellets, and natural gas is based on 
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forecasts made by the Danish Energy Agency [65]. Data for the depository fee 
for municipal solid waste used as fuel in CHP units is obtained from the in-
dustry organization Svenskt Avfall [80]. The cost for industrial waste heat as 
heat source is typically a contractual agreement and not based on market com-
petition. In Paper V the cost for IWH use a figure from [123]. The cost for 
participating in the EU emission trade scheme (EU ETS) is based on personal 
correspondence with administrator at the Swedish Environmental Protection 
Agency [136]. The trading cost for green certificates to compensate for non-
renewable production/consumption is based on estimates given by [137]. Nat-
ural gas taxation follows the CO2-emission tax as well as the energy tax of 
Sweden [138]. Utilities using waste as fuel is subject to a waste incineration 
tax retrieved from the Swedish Government [139]. Finally heat pumps con-
suming electricity must pay electricity tax which is retrieved from the Swedish 
Tax Agency [140]. 
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4 Results 

In this chapter, the main results from the appended Papers are presented and 
compared. More detailed presentations of the results are found in the Papers. 
The comparison of the results follows the order of the research questions pre-
sented with the aim of the thesis (Section 1.1), and the investigated system 
levels of the individual studies as shown in Table 3.3. The following chapter 
is organized as follows; Section 4.1 summarizes results on power balancing 
services from the studied systems, Section 4.2 summarizes results for heat 
production, Section 4.3 presents performance of the heat storages, Section 4.4 
presents results for biomass demand and GHG emissions. Finally, results for 
economic aspects from Paper II and V are provided in Section 4.5. 

4.1 Power balancing 
In this section, results for the supply of a VRE-induced power balancing de-
mand (described in section 3.2) are presented. The results are presented for 
eight different heat production and supply systems, in five different contexts. 
Three systems (studied in Papers I and II) respond to one type of power bal-
ancing demand (Pbal), the five systems simulated in Papers III and IV respond 
to a somewhat differently defined Pbal, as explained in Section 3.2. The geo-
graphical location affects the share of wind/solar power in the VRE-mix as 
well as the transmission capacities to/from the area. This means that the mag-
nitude of peaks and total amounts of surpluses and deficits vary between the 
different studies, see Table 4.1. This in turn, has an impact on the comparison 
of the results from the studies. It is, however, still reasonable to make an over-
all comparison of the potential for the systems to contribute with power bal-
ancing services. This comparison points out the general impact of the differ-
ences between systems configurations, i.e., production unit capacities, TES 
capacity and type, as well as amount of local VRE production and the shares 
of wind and solar in the VRE mix. 
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Table 4.1. Peak and annual balancing demand in the different Papers. 

Paper 
Year of 

data 
Region 

PRL
Annual Peak

 NRL 
 Annual Peak 

GWhel MWel GWhel MWel 

I & II 2016 Local 0.4 0.2 0.1 0.2 

TWhel  GWel TWhel  GWel 

III 2018 SE3 36.2 14.6 0.9 0.8 

IV 2020 SE1 2.8 1.6 2.1 2.8 

SE2 2.3 2.7 3.0 7.2 

SE3 32.5 13.6 0.3 4.6 

SE4 8.5 3.9 1.3 4.8 

Electricity production and consumption 
Figure 4.1 shows the share of Pbal supplied by the systems. The results are 
presented in four different “clusters”: 

• PRL, peak – the peak electricity demand, 
• PRL, annual – the annual electricity demand, 
• NRL, peak – the peak surplus electricity, 
• NRL, annual – the annual surplus electricity. 

Each of these four clusters include results from the eight studied systems in 
the appended Papers. The suffix of each Paper number refers to the studied 
system of the Paper as presented in Figure 3.5. The system’s ability to cover 
PRL and NRL, as shown in Figure 4.1, are presented, respectively, in the fol-
lowing sections. 

Positive residual load 
The first cluster in Figure 4.1 shows the share of PRL peak demand in Pbal 

covered by the systems. The II-B system covered the largest share of the peak 
PRL demands among the studied systems. Systems III-sc2 and II-C also cov-
ered a significantly higher share of their PRL peak demand compared to the 
other five systems. The three systems with the largest coverage of the peak 
PRL are also the systems with the highest nominal electric output in CHP (II-
B and III-sc2) and/or in flow batteries (II-B and II-C) which is shown in Table 
4.2. The lowest share of the peak PRL was covered by system IV-2. This sys-
tem had a theoretical possibility to supply between 2.5% and 9.4% of the peak 
PRL in Pbal depending on electricity price area. In Figure 4.1 error bars indi-
cated the variation in balancing performance depending on electricity price 
area. The values for IV-1 and IV-2 are average values representing all four 
price areas. The reason why the error bar indicates that no PRL peak is reduced 
for some electricity price area in IV-2 is for temporal reasons. This matter will 
be further explained in the end of this section (on negative residual load). 
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The simulated system in III-ref was operated according to the ‘Heat Strat-
egy’ and represents a theoretical maximal production for this setup. In reality, 
there are several factors impairing the achieved electricity production such as 
staffing, continuous fuel access, malfunctions, but also planned production 
targets set by biddings on the day-ahead market. In the simulations, it is as-
sumed that the production can reach theoretical maximum potential without 
constraints. This becomes apparent when comparing the difference in supplied 
power balancing demand between the systems III-ref and III-sc1. Despite the 
fact that the electricity strategy, used in III-sc1, is designated to supply the 
power balancing demand, the III-sc1-system supplies only a 3% larger share 
of the peak balancing demand compared to the III-ref-system. However, pro-
duction data for 2018 shows that electricity production from CHP units in SE3 
during peak hour was only 51% of the nominal capacity. The reason why the 
CHP units do not operate at full capacity during peak demand hours is not 
known to the author, but can possibly be assumed to be related to the simpli-
fications mentioned above regarding the assumption that production reaches 
the theoretical maximum. In comparison with production data, the simulation 
results in III-sc1 indicate that operating the CHP units according to the elec-
tricity strategy doubles the electricity supply during peak demand hour. 

The second cluster of bars in Figure 4.1 shows that the annual power bal-
ancing demand (PRL, annual) is supplied to the largest extent (>30%) by sys-
tems II-B, I-132/II-A, III-sc1, and III-sc2. The lowest share of supplied annual 
power balancing demand is seen for system II-C. The reason for the poor per-
formance for system II-C is that this system does not include a CHP unit, only 
an EES with a high-power output capacity, but with a low storing capacity. 
For the I-132/II-A-system, priority is given to the TES to supply the thermal 
peak demand. This means that less CHP heat capacity is required. The conse-
quence of this is, however, a reduced power generation capacity to supply the 

Table 4.2. Nominal electric output (CHP, WtE, EES) and consumption 
(HP) relative to peak PRL/NRL for respective scenario. 

Paper System CHP WtE EES HP 
I I-132 0.21 – – 1.00 

II II-A 0.21 – – 1.00 

II-B 0.43 – 0.76 – 

II-C – – 0.41 0.47 

III III-ref 0.12 0.03 – – 

III-sc1 0.12 0.03 – 1.00 

III-sc2 0.57 0.03 – 1.00 

IV IV-1, average 0.06 – – 0.05 

(range) (0.03 – 0.09) (0.02 – 0.13) 

IV-2, average 0.06 – – 0.07 

(range) (0.03 – 0.09) (0.02 – 0.19) 
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Figure 4.1. Shares of Pbal supplied by the power balancing services in all different 
simulated systems presented in Paper I - IV. PRL, peak is peak electricity demand; 
PRL, annual is annual electricity demand; NRL, peak is peak surplus electricity; and 
NRL, annual is annual surplus electricity. 

peak power balancing demand (as previously described for the first cluster in 
Figure 4.1). For I-132/II-A, the ‘Electricity Strategy’ was applied and despite 
the low nominal power output, the system supplied 41% of the annual power 
balancing demand. In II-B, 64% of the annual balancing demand is supplied 
by the system. This means that an increase in nominal power output with 
100% only gave a 49% increase in supplied annual electricity demand. This is 
due to the ‘Heat Strategy’ where co-generation only occurs when heat and 
power demand coincide. The II-B-system does not contain a TES, which 
means that the CHP unit is dimensioned to cover the thermal peak demand. A 
larger heat output capacity also means that the CHP power output is larger, in 
this case doubled compared to system I-132/II-A, which enables the possibil-
ity to supply the electricity balancing demand to a greater extent.  

Figure 4.1 shows that the III-sc2-system reduced the peak power balancing 
demand to a significantly greater extent than the III-sc1-system. However, the 
annual power balancing demand supply was almost the same for both systems. 
The reason is that the nominal CHP power output capacity for the III-sc2-
system is about four times higher for the III-sc1-system. In III-sc1, the lower 
CHP capacity means that heat needs to be produced more continuously over 
the year to cover the annual heat demand, this despite operating according to 
the electricity strategy. In III-sc2, on the other hand, the CHP capacity is high 
enough for operating CHP plants shorter time spans and still cover the annual 
heat demand by using TESs. This explains the similar supply of annual power 
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balancing demand combined with a significant difference in supplied peak 
balancing demand. 

The annual PRL supplied by III-ref is 20%. However, production data re-
ported by the Swedish Energy Market Inspectorate [141] for 2018 on electric-
ity generation in CHP units within the DHSs in SE3 shows that reported pro-
duction merely corresponds to 13% reduction of the PRL in the study. This 
indicates that the potential for power balancing service from CHP units in the 
DHSs is used significantly less than their technical potential in terms of deliv-
ered electricity. When comparing reported production data with the results 
from III-sc1, it can be seen that electrical production increased by 58% in III-
sc1. 

The difference in the averaged annually supplied power balancing demand 
is quite small between systems IV-1 and IV-2, even though the TES capacity 
is doubled for IV-2. For both scenarios, the error bars indicate the variation in 
power balancing performance with respect to the different electricity price ar-
eas. For SE2, the annual PRL is reduced by 15%, while for SE1 it is only 
reduced by 3% for both IV-1 and IV-2. The reason to this variation is the 
different amounts of systems in the respective region, as shown in Figure 3.5, 
but also, more importantly, the different magnitudes of PRL to supply, as 
shown in Table 4.1. In Table 4.2 it also is shown that the capacity in heat 
pumps is higher in IV-2 compared to IV-1. The opposite is true for CHP 
plants, i.e., in IV-2 they have a slightly lower nominal capacity compared to 
IV-1. However, this difference is so small that it does not show up in Table 
4.2. Nevertheless, these capacity changes in heat pumps and CHP plants con-
tribute to the fact that there is no significant increase in PRL reduction for IV-
2 compared to IV-1 despite the doubled TES capacity. With increased capac-
ity in the heat pumps for IV-2, more heat is produced and also stored, becom-
ing a competing heat supply to the DH network, which has a dampening effect 
on the output of the CHP plants. 

Negative residual load 
The third and the fourth clusters of bars in Figure 4.1 shows the supply of 
negative power balancing demand, NRL. For five of the studied systems, i.e., 
I-132/II-A, II-B, II-C, III-sc1, and III-sc2, all NRL is consumed. For II-B and 
II-C, the NRL is stored in an EES. For the I-132/II-A, III-sc1, and III-sc2, the 
NRL is used in heat pumps for heat production. The capacity of the heat pumps 
in these three systems is defined by the size of the NRL. System III-ref con-
tains no heat pumps and no NRL is therefore reduced. 

In Paper IV, the results vary between the four electricity price areas, as 
indicated by the error bars. For the peak NRL, the average reduction is 4% 
and 9.5% in scenarios IV-1 and IV-2, respectively. In SE2, peak NRL is re-
duced by about 3% for both systems, while in SE3, peak NRL is reduced by 
12.5% and 15.5% for the same systems. For SE1 and SE4, however, peak NRL 
was not reduced at all. The fact that no peak reduction occurs in SE1 and SE4 
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is temporal. For example, in SE4, peak NRL occur in mid-June when the low 
heat demand is fully supplied by the already fully charged TES in both sys-
tems IV-1 and IV-2. Even though some heat is discharged from the TES, the 
amount of heat discharged is not enough to allow charging of the TES with 
heat from heat pumps (the TES is at this point filled to 99.75% which is con-
sidered full in the algorithm). Hence, the heat pumps are not activated since 
there is no possibility to use the produced heat. This is also the case for SE1. 
There are two aspects that are relevant here. (1) the magnitude of the NRL 
peak vary significantly between the regions, with the smallest value for SE1 
and the largest for SE2, as shown in Table 4.1, (2) the capacities in heat pumps 
vary with, again, the smallest capacities in SE1 and the largest in SE3 (Table 
4.2). Regarding the reduction of annual NRL, in the fourth cluster in Figure 
4.1, differences in capacities and loads is important. SE3 has the smallest 
amount of annual NRL and SE1 has the smallest peak NRL values (Table 4.1). 
On average, the annual NRL is reduced by 16% and 18.5% for systems IV-1 
and IV-2, respectively. The error bars indicate a significant spread in reduction 
between the regions. SE3 reduced the largest share, 38.5% and 47% for the 
two systems, this is due to the relation between heat pump capacities and mag-
nitude of NRL, as previously described. The smallest reduction of NRL occurs 
in SE1, which again, relates to the small capacities in heat pumps simulated 
for this region. 

4.2 Heat production 
This section presents and compares heat production results from the simula-
tions in the appended Papers. Initially, general findings are presented, fol-
lowed by more specific explanations for each study. 

Figures 4.2 and 4.3 are central for this section and will be referred to re-
peatedly. In Figure 4.2, the shares of heat produced from different heat pro-
duction technologies are shown. Figure 4.3 shows how the heat supplied to 
DH distribution networks is allocated between the different technologies in 
each study. The production strategies and simulated technologies for the dif-
ferent studied systems are explained in Section 3.5. 

The actual values used for Figure 4.2 are greater than the actual values used 
for Figure 4.3, for all but three systems (II-B, II-C, and III-ref, where none 
include TES). This is because Figure 4.2 includes TES losses and 4.3 only 
represents heat supplied to the DH distribution network. For system III-sc1 
and III-sc2, the amount of produced heat in heat pumps is similar for the two 
systems (Figure 4.2) and the same goes for the amount of heat from heat 
pumps directly delivered to supply the DH load (Figure 4.3). This is expected 
since the amount of NRL is the same for these two systems. However, the 
share of heat delivered to DH distribution networks from TESs is significant 
(Figure 4.3). This indicates that for both systems the access to a storage 
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Figure 4.2. Allocation of heat production between different production technologies 
in the eight simulated systems, for IV-1 and IV-2 the four electricity price areas are 
shown also. The included technologies are heat pumps (HP) large-scale ground-
source based or distributed air-to-air (in II-C only), combined heat and power (CHP), 
heat-only boilers (HoB), industrial waste heat recovery (IWH), and waste incinera-
tion (WtE). 
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Figure 4.3. Allocation of heat supplied to DH between different production technol-
ogies in the eight simulated systems. In system II-C no DH is present. TES means 
thermal energy storage and all other abbreviations are as described in Figure 4.2. For 
IV-1 and IV-2 the four electricity price areas of Sweden are shown as the allocation 
vary significantly. 

enables heat production at times without a sufficient heat demand. Figure 4.2 
also shows that for system III-sc2, the CHP production is significantly higher 
than for system III-sc1. This is because of the flexibility given by the storage 
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that can enable a high nominal power output capacity in III-sc2. For IV-1 and 
IV-2, the results significantly differ between the electricity price areas, which 
is shown by the stacked bars in both Figures 4.2 and 4.3. Figure 4.2 shows that 
a major difference between the different electricity price areas is the amount 
of heat produced in heat pumps, where SE3 has the lowest amount of heat 
from heat pumps. This is a direct effect of the available amount of NRL in 
each respective area. Figure 4.3 show that the excessive use of heat pumps in 
SE1, SE2, and SE4 also lead to an extensive use of the TESs in comparison to 
SE3, which shows a significantly lower usage of the TESs. It can also be seen 
in Figure 4.2, when comparing IV-2 to IV-1, that the share of heat produced 
in heat pumps increase with access to larger TESs. Figure 4.3 further shows 
that the amount of heat produced in heat pumps to directly supply the heat 
demand, does not change significantly with increased size of TES. Just as for 
III-sc1 and III-sc2, this means that more NRL has been consumed in heat 
pumps at times where the heat demand is low and the produced heat is stored. 
This is also seen for system I-132/II-A, where 24% of the heat is delivered to 
the DH distribution network from the TES. This indicates a flexibility that is 
non-existing in systems without a TES, i.e., II-B, II-C, and III-ref. 

For the systems presented in Paper III, the base-load supply to the DH load 
from IWH and WtE is similar for all three systems (see Figure 4.3). With a 
TES in III-sc1 and III-sc2, the total heat production is increased due to losses 
from the storage. This explains what looks like a relative decrease of heat pro-
duced in the base-load units in Figure 4.2 for these two systems, since the 
TESs losses are included, as explained previously. When comparing III-sc1 
with III-ref, Figure 4.2 shows that the heat produced in the heat pumps pri-
marily replace heat produced in CHP, but to some extent also heat produced 
in HoBs. When comparing system III-sc2 with III-sc1, Figure 4.2 furthermore 
shows that the production in CHP units is increased significantly, which is an 
effect of the system set-up as described in Section 3.5. In Figure 4.3, the same 
comparison shows that the TESs is used much more in III-sc2 (supply 28% of 
the heat demand), which imply an increased flexibility in this system com-
pared to both III-sc1 and III-ref. 

For the IV-1 and IV-2 systems, Figure 4.2 shows that the heat pumps ac-
count for between 5% and 47% of the total heat production in IV-1, depending 
on electricity price area. For system IV-2, with a doubled sized TES compared 
to IV-1, the heat pump share of total heat production is between 6% and 50%. 
For SE3 the heat pump capacity is changed from 13% of peak NRL in system 
IV-1 to 19% in IV-2, as indicated in Table 4.2. This partly explains the in-
creased production from heat pumps in SE3. For all other electricity price ar-
eas, however, the heat pump capacity did not change between system IV-1 
and IV-2. This means that the larger size of TES in itself enabled more pro-
duction in the heat pumps since more NRL could be consumed and stored if 
the heat demand was too low. Figure 4.3 shows that TES supplied heat to DH 
between 9% and 52% of the time for system IV-1 and IV-2. 
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4.3 Heat storage 
In the following section, results regarding the use and performance of TESs 
are presented and compared. Five out of the eight previously presented sys-
tems include TESs, hence these five systems are discussed here. The three 
systems studied in Paper V (V-HoB, V-WtE, and V-BioCHP) also use TESs 
and results for these will thus be presented here as well.  The configurations 
of the different TESs simulated are presented in Section 3.5. From Paper V 
results are included for the scenario with 40 MWel capacity in heat pumps. 
This is because in this scenario all stored heat was used, and the results are 
thus comparable with the other studied systems. 

The results from the studies are presented and compared for four different 
parameters; storage capacity (4.3.1), thermal losses (4.3.2), degree of utiliza-
tion (4.3.3), and efficiency (4.3.4). All four sections will refer to Figure 4.4 
which shows above given parameters for the simulated systems. Figure 4.5 
shows the hourly energy content in the TESs for a full year. 

Storage capacity 

Figure 4.4 a) shows the TESs storing capacity, PTES 
cap , relative to the annual heat 

demands, PHD 
ann, for the eight systems. The smallest system, I-132/II-A, has 

amongst the largest TES capacity relative to the annual heat demand (see also 
fourth column, Table 4.3). This is partly because the nominal thermal output 
of the CHP unit only is 0.5PHD 

max (162 kWth), but mainly due to a seasonal ap-
plication of the TES. This measure indicates large TES capacities is required 
for quite small power balancing capacity. Similarly, the III-sc1-system had a 
total nominal thermal output in the CHP units of only 0.38PHD 

max (3,618 MWth), 
hence also requiring relatively large capacity of TES per annual heat demand. 
Comparing the I-132/II-A and III-sc1 systems with the other systems studied, 
a significantly lower capacity of TES is required in relation to the nominal 
thermal output of the respective CHP units, PCHP 

nom,th (see column five, Table 
4.3). Systems III-sc2, IV-1, and IV-2 have a thermal output in the CHP units 
closer to PHD 

max or above (see Table 3.5).  This means that these systems have 
higher capacities in their CHP units enabling an operational strategy that sup-
ply higher levels of PRL demand compared to systems with smaller capacities 
in the CHP units. With lower CHP capacities the production is required to be 
more continuous in order to fully cover the heat demand. With high capacity 
in the CHP units follows also a larger amount of surplus heat that is stored, 
and longer time periods when the CHP units are shut down during which the 
TES, and/or heat pumps, supply the heat demand. Hence, the retention time in 
the TES is shortened and thereby also the required storage capacity per nom-
inal thermal output in the CHP unit. 
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Table 4.3. TES volumes, thermal capacities (PTES 
cap ) for the TESs, capacities relative 

annual thermal demands (PHD 
ann) and installed nominal thermal outputs of CHP and 

heat pumps, HP, as well as surface-area-to-volume ratio (SA:V) for the systems. 
cap cap cap 

cap PTES PTES PTES Volume PTES ann nom,th nom,th SA:V 
PHD PCHP PHP 

 
GWh GWh 

m3 GWhth   %  HP CHPMWth MWth 

I-132/II-A 3,250 0.18 16.0 1.11 0.33 0.37 

III-sc1 74.8106 4 345.7 17.7 1.20 0.18 363.68 

III-sc2 72.8106 4 225.7 17.2 0.25 0.18 353.63 

IV-1 average 90,000 4.21 1.0 0.09 0.08 0.18 

(range) 0.08 – 0.09 0.07 – 0.11 

IV-2 average 180,000 8.42 2.0 0.18 0.14 0.18 

(range) 0.21 – 0.17 0.14 

V-HoB 1.68106 95.0 6.7 NA1 0.68 0.05 

V-WtE 2.50106 140.9 9.9 NA1 1.01 0.04 

V-BioCHP 1.60106 90.4 6.4 NA1 0.65 0.05 
1In Paper V the CHP units are not operated to provide power balance 

In Paper V, the TESs is used to only store heat from heat pumps. Hence, it is 
reasonable to make a comparison for the TESs capacity relative the nominal 
thermal output in the heat pumps, PHP 

nom,th instead of relative the CHP units as 
for the previous systems. Column six in Table 4.3 shows that V-WtE has the 
highest required TES capacity per nominal thermal output from the heat 
pumps compared to V-HoB and V-BioCHP, respectively. For system V-WtE, 
base-load supply from IWH and WtE (see Table 3.5) limits the possibility to 
use the TES on short-term, and instead requires longer storage times. In Figure 
4.4 a), the TESs capacity relative the annual heat demand for the systems sim-
ulated in Paper V, is shown. It can be seen that these values are lower than for 
systems I-132/II-A, III-sc1 and III-sc2, but higher than for systems IV-1 and 
IV-2. This is mainly a result of the operational strategy applied in this study 
where only heat from heat pumps is stored in TES as described in Section 3.5. 

The sizes of the TESs have been derived differently in the studies. For I-
132/II-A, III-sc1, and III-sc2, the size was iteratively derived to enable con-
sumption of all NRL and maximize the power balancing production in CHP 
units. For the two systems IV-1 and IV-2, the TES size is fixed and the storage 
size in IV-2 is two times the size in IV-1 (see Table 4.3). For systems V-WtE, 
V-HoB, and V-BioCHP, the storage size is iteratively derived to enable oper-
ation of P2H capacities on the power reserve capacity market. Depending on 
if the TES can be designed from optimization or if it is based on existing in-
frastructure, the operational flexibility of the system will vary. Furthermore, 
the operational priorities will impair the flexibility, i.e., depending on if the 
priority is to replace costly fossil-based peak load units for seasonal peak loads 
or to maximize the power production in CHP units. Or as in Paper V, to 

52 



 
 

 

 
 

 
 

  

 
 

 

 
 

  
 

 
 

  
 

 

 

maximize the use of P2H capacities as negative power balance. These differ-
ent priorities imply different types of storage operation for seasonal or short-
term time-horizon. Furthermore, whether stored heat is allowed to compete 
with other heat production units or only used as complementary resource, af-
fects the required storage capacity. 

Thermal losses 
In Figure 4.4 b), the relative TES losses for the studied systems are shown. 
The TES in system III-sc1 have the highest relative losses (33%), while the 
lowest relative losses is for system V-BioCHP (0.6%). Differences in TES 
losses are explained by: the storage operation, physical properties of the stor-
age, and the surface area-to-volume ratio (SA:V). For storages with high SA:V 
ratio, i.e., small volume relative the surface area, the operational strategy be-
comes crucial for the minimisation of losses. For all but the systems studied 
in Paper V, the average time that heat remains in the storage, i.e., the length 
of the storage cycles, thus has the greatest impact on the size of the storage 
losses. For systems I-132/II-A and III-sc1, the operation of the TESs is typi-
cally long-term, i.e., seasonal, which implies that the storage is only charged 
and discharged a few times per year. Long storage periods in general cause 
heat losses above 20% (see also Figure 4.5). For systems IV-1 and IV-2, the 
TESs are operated on shorter term, with storage cycles of weeks up to months. 
Short storage times yield annual losses of in general less than 10%. For III-
sc2 the TES is operated with storing times between seasonal and monthly, thus 

th ending up with relative losses in the mid-range 10% < Ploss < 20%. 
In Figure 3.3 the different physical forms of the simulated storages are 

shown. The TESs simulated in I-132/II-A, III-sc1, and III-sc2 ( a) and b) in 
Figure 3.3) all have the top of the storage levelled with the ground surface. 
This means that there will be significantly higher losses through the top of the 
storage for these storages when compared to the TESs simulated in Papers IV 
and V ( c) and d) in Figure 3.3), with the top of the storage >20 m below 
ground surface. This contributes to explain the significant difference in rela-
tive losses between the first three presented systems storages and the last five. 
For the storages simulated in system I-132/II-A and the two systems in Paper 
III, the losses up through the top of the storage represents a larger share of the 
storage losses compared to the losses through the other surfaces of the storage 
relative the surface areas. For I-132/II-A the losses through the top represent 
about 22% of the total losses through an area representing about 17% of the 
total surface area of the storage. Furthermore, the SA:V ratio is also contrib-
uting to the differences. With a large volume, there will be less surface area 
per unit volume through which heat can dissipate and this enables a more ef-
ficient TES. This, of course, strongly correlates with the actual geometric 
shape of the TES. As Table 4.3 show, the SA:V ratio correlates positively with 
the losses shown in Figure 4.4 b), i.e., high SA:V ratio yields high losses. The 
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reason to why the losses is so low for the systems studied in Paper V is that 
these TESs have optimal relation between height and radius to minimize the 
SA:V ratio, a geometric form that promotes a low SA:V ratio, and finally a 
position of the TES >25 m below ground surface. 

Degree of utilization 
Figure 4.4 c) shows the TESs degree of utilization, U, as described in Section 
3.4.3, for the eight systems. A seasonal operational strategy of the TES, with 
a few cycles per year, yields a low U and a short-term TES yields a high U. 
A relatively small TES compared to DH demand coincides with high U. This 
is reasonable since small TES relative the annual heat demand is less suitable 
for long term storage. The heat is more efficiently used in short term perspec-
tive since the losses will be less. 
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Figure 4.4. Key performance values for the simulated TESs in the appended Papers. 
In a) the TES capacity relative the heat load is shown. In b) the thermal losses are 
shown and in c) and d) the degree of utilization and energy efficiency is shown re-
spectively. The error bars for IV-1 and IV-2 indicates the spread between the regions 
simulated in that study. 
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The SA:V ratio for IV-1 and IV-2 (Table 4.3) are the same which could 
lead to the assumption that these two systems should have similar relative 
losses, but as Figure 4.4 b) show they do not. This is explained by the higher 
U for IV-1 compared to IV-2. A higher U means that more heat is cycled 
through the storage, which reduce losses in relation to the stored heat. The 
systems simulated in Paper IV with high U have the smallest storages capac-
ities. 

Figure 4.5 shows the normalized energy content over one year in TESs 
simulated for all systems. Figure 4.5 a) shows the TES for system I-132/II-A, 
Figure 4.5 b) shows the corresponding for systems III-sc1 and III-sc2. In 4.5 
c) and d) is the energy content in TESs for all four electricity price areas in the 
two systems IV-1 and IV-2 shown. Finally, in Figure 4.5 e) is the TES for the 
three systems simulated in Paper V shown. The most pronounced short-term 
storage operation is represented by IV-1 and IV-2 as can be seen in Figure 4.5 
c) & d). The III-sc2-system, shown in Figure 4.5 b), with a storage operation 
mixed between seasonal and short-term have a U of 2.6, which is slightly 
more than what is to be expected from a seasonal storage, i.e., only cycled 1-
2 times over the year. This indicates that the storage has been used to a higher 
degree than just to supply seasonal peak heat demand, i.e., more flexibly op-
erated. In Figure 4.5 b), the more flexible usage of TES in III-sc2 can be com-
pared with the more typically seasonal operation of the TES in III-sc1 with a 
U of 1.06. When comparing III-sc2 with III-sc1 it can be seen that the storage 
in III-sc2 has a more irregular charge/discharge-pattern with more frequent 
charging/discharging. A similar charge/discharge-pattern can also be seen in 
Figure 4.5 e) for the TESs simulated in Paper V with V-BioCHP having the 
highest U of 3. This mix of seasonal and irregular pattern indicates a high 
flexibility in the operation of the TESs that distinguish these larger TESs from 
the highly pronounced short-term TESs in systems IV-1 and IV-2. 

Energy efficiency 

The energy efficiencies, E, of the eight systems are shown in Figure 4.4 d). 
The energy efficiency is given in Section 3.4.3 and indicates how efficiently 
the TES have stored the heat. For seasonal TESs, the E can be as low as 50% 
[142]. In relation to this, the results presented in this thesis are indicating fairly 
high performing storages. The lowest E is seen for the III-sc1-system (highest 
losses, lowest U) and the highest E is seen for the V-WtE and V-BioCHP-
systems from Paper V. These systems have an E above 95%. The reason to 
why V-HoB have a lower E compared to the other two systems in Paper V 
can be seen in Figure 4.5. e). The black line for V-HoB indicate that the stor-
age heat is not fully used during the year and also that there is a slight tendency 
for accumulation of heat, i.e., more heat in the TES at the end of the year than 
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Figure 4.5. Energy content in normalized values for all simulated TESs. Figure a) 
shows system I-132/II-A, and Figure b) shows TESs simulated in Paper III. Graphs 
c) and d) shows the TESs in systems IV-1 and IV-2, respectively. Finally, in e) the 
TESs simulated in Paper V are shown. 

in the beginning. This, in turn, relates to the operational strategy of the TESs 
in the systems studied in Paper V. Regardless of this, however, the fact that 
not all heat is used lead to increased losses which reduces the E. 

th In Figure 4.6, the relation between relative losses, Ploss , and the inverse of 
SA:V, i.e., the volume-to-surface-area ratio, is shown. This means that oppo-
site to the SA:V-ratio, a high V:SA-ratio instead indicates low losses. The size 
of the circles illustrates the degree of utilization, U, for all eight systems. The 

thdistribution of the circles shows how high V:SA give low Ploss  and similarly 
th low V:SA gives high Ploss . The two system with the highest losses is also the 

two most pronounced seasonally operated storages, I-132/II-A and III-sc1. 
The two systems with the highest U IV-1 and IV-2 are also the two systems 
with the most pronounced short-term TES operation. The high U for these 
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Figure 4.6. Relations between the relative losses in storage and the volume-to-sur-
face-area ratio (the inverse of surface-area-to-volume ratio SA:V). The size of the 
circles represents the degree of utilization, U, of the storage. 

two TESs reduces the relative losses and thus somewhat counterweight these 
storages low value of V:SA that otherwise would imply high losses. The III-
sc2-system, however, with a storage operation in between seasonal and short-
term, is situated somewhat in the middle of these two groupings, but with a 
tendency of seasonal operated storages regarding the quite low U and relative 
high losses compared to IV-1 and IV-2. With increasing V:SA follows a large 
storage capacity and hence also a reduced possibility for high U, illustrated 
in the Figure with reduced areas of the circles. With smaller storage size, i.e., 
smaller V:SA ratio, increases the possibility for high U. This can be seen with 
the increasing areas of the circles the closer to origo they are. The TESs with 
seasonal operational strategies, i.e., III-sc1, III-sc2, and I-132/II-A, are simi-
larly showing a decreasing U the further away from origo in the diagram they 
are which is in line with the expected U of seasonally operated TESs. 

4.4 Green-house gas emissions and fuel demand 
This section presents results for the GHG-emission and fuel demand calcula-
tions for the eight studied systems. The systems in Paper V is not included 
since these systems are not operated according to the ‘Electricity strategy’ 
(described in Section 3.5). First, some general remarks are given, and after 
that more detailed results for each system are presented. The emissions ac-
counted for are biomass use in CHP units and HoBs. Electricity produced by 
wind and solar are considered carbon neutral and do not cause emissions. No 
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life cycle assessment has been performed. Furthermore, the emissions from 
national base-load power production is constant for all simulation and not con-
sidered, as the analysis is focused on GHG from the DHSs power balancing 
supply. 

System II-B is the reference system for all the systems in Paper I and II. In 
Paper III, system III-ref is the reference system, and in Paper IV, a system 
operated according to the ‘Heat Strategy’, without TES and heat pumps, and 
averaged for the four electricity price areas is the reference system (note that 
this reference system from Paper IV is not explicitly presented in this sum-
mary of the results). All reference cases should be considered ‘business as 
usual’-cases. 

Figure 4.7 shows the shares of fuel use and indirectly also GHG-emissions 
allocated to electricity and heat production, respectively. The single-building 
and electricity-based heat supply for system II-C renders a significantly larger 
electricity demand compared to the other systems. This electricity demand is 
partly supplied by a condensing power plant fired with biomass. This, together 
with the lack of a DHS in the system explains the full allocation of fuel and 
emissions to electricity production. 

For all other studied systems, except II-C, the shares of used fuels and 
GHG-emissions are similar. However, there are small, but notable differences 
between the systems operated according to the ‘Heat Strategy’, i.e., the refer-
ence systems, and the systems operated according to the ‘Electricity Strategy’. 
The difference is that systems operated with the ‘Electricity Strategy’ have a 
slightly larger share of fuel use and GHG-emissions from electricity produc-
tion. This is because when CHP is operated according to the ‘Electricity Strat-
egy’ the amount of produced electricity is higher compared to when operated 
according to the ‘Heat Strategy’. In the latter case, heat is occasionally pro-
duced without co-generation of electricity. For systems IV-1 and IV-2, the 

A
ll

oc
at

io
n 

of
 f

ue
l 

us
e 

an
d 

G
H

G
 [

%
]

100 

90 

80 

70 

60 

50 
Heat 

40 
El 

30 
IV-ref 

20 

10 

0 

Figure 4.7. Allocation of fuel use and GHG-emissions between electricity and heat 
production in the biomass fired CHP units for each simulated system. 
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allocation for the averaged reference system for all four electricity price re-
gions is indicated with the dashed black line (23%). 

In Figure 4.8, four different metrics for GHG-emissions are shown. In dia-
gram a), GHG-emissions per produced unit of energy (i.e., both heat and elec-
tricity) are shown. In diagram b), the differences in fuel demand, as well as 
GHG-emissions, between the reference systems and the power balancing sys-
tems are shown. In diagram c), the GHG-emissions when allocated to electric-
ity production are shown. Finally, in diagram d) emissions when allocated to 
heat production are shown. 

The GHG-emissions per produced unit of energy in system II-C is signifi-
cantly higher compared to the other systems (Figure 4.8 a). This is explained 
by the low efficiency of the condensing power plant. The difference in GHG-
emissions is small for the other systems. In Paper III, GHG-emissions are cal-
culated only for the biomass fired CHP and HoB units, i.e., the base load pro-
duction from waste incineration and IWH is not included. The emissions for 
III-sc1 is slightly higher than for III-sc2. The difference between GHG-emis-
sions between the systems from Paper I and II, and the systems in Paper III 
and IV, is mainly caused by different levels of energy conversion efficiencies 
of the boilers and generators in the simulations. The systems in Paper IV have 
the highest efficiency, they are assumed to be equipped with flue gas conden-
sers, while the systems in Paper III have the lowest efficiencies as they repre-
sent an aggregate of CHP units in the entire electricity price area SE3. 
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Figure 4.8. GHG-emissions for the eight simulated systems. Diagram a) shows the 
specific GHG-emissions per unit useful energy (i.e., both heat and electricity). b) 
shows changed fuel use and GHG-emissions when compared to respectively reference 
system. In diagrams c) and d), the specific GHG-emissions when allocated to elec-
tricity or heat production respectively are shown. 
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The impacts on fuel demand and GHG-emissions from operating the sys-
tems according to the ‘Electricity Strategy’ are shown in Figure 4.8 b). In three 
of the systems (I-132/II-A, IV-1, and IV-2), is the heat production from the 
heat pumps sufficient to cover losses in the storage and to reduce heat produc-
tion from biomass, thus reducing the fuel use compared to if operating the 
systems according to the ‘Heat strategy’. On the other hand, for system II-C 
there is a significant increase in fuel use in comparison to the reference system 
II-B, this since the electricity demand in II-C is supplied by a condensing 
power plant. In Paper III, fuel use for the balancing systems is higher than for 
the reference system because the amount of NRL is insufficient for heat pro-
duced in heat pumps to replace heat from biomass. However, as indicated by 
the error bars for III-sc1and III-sc2, the fuel use is strongly dependent on the 
shares of PV and wind power in the VRE generation mix. High shares of PV 
promote heat pumps that replace fuels used in CHP units, but this is at the cost 
of reduced power balancing potential. The error bars for systems IV-1 and IV-
2 represents the variations between the four electricity price areas. For SE3, 
fuel use is increased with 5% and 2%, and for SE1 decreased with 37% and 
41% respectively for the different storage sizes compared to the averaged ref-
erence system. 

When considering GHG-emissions relative the electricity production (Fig-
ure 4.8 c), the ‘Heat Strategy’-reference systems have higher emissions com-
pared to the ‘Electricity Strategy’ systems. This confirms, as seen in Figure 
4.7, that more GHG emissions are allocated to electricity production for the 
‘Electricity Strategy’-systems as a result of the larger amount of electricity 
produced compared to for the ‘Heat Strategy’ systems. The averaged reference 
system for Paper IV is indicated with a dashed line in Figure 4.8 c) and d). 
The system with lowest emissions per produced unit of electricity is II-C with 
the condensing power plant. When considering GHG-emissions relative to 
produced heat (Figure 4.8 d), the magnitude of emissions in the results is re-
versed compared to Figure 4.8 c). That is, low emissions for the reference 
systems and high emissions for systems simulated with the ‘Electricity Strat-
egy’. This is expected since heat is the main product in the reference systems 
and thus more heat is produced. 

4.5 Economic aspects 
In the following section, results for economic-viability are presented for three 
of the storage-based systems. In the end of the section, a summary of the re-
sults from Paper V is presented for the economic potential of DHSs to offer 
P2H capacities on the electricity reserve capacity market. 

Figure 4.9 shows the economic viability results for the three storage-based 
systems A, B, and C (the same notation as in previous sections). An asterisk 
(*) means that the costs for the DHS distribution infrastructure in systems A 
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and B are excluded from the investment costs, i.e., assuming an existing dis-
tribution network. Systems B and C, which contain flow batteries are evalu-
ated for two different cost scenarios for the flow batteries; one near-term, with 
a 20-year life time expectancy; and one optimistic scenario with a reduced 
cost and a life time expectancy of 30 years based on expected developments 
according to [134]. This optimistic scenario is indicated with the plus-sign (+). 

Figure 4.9 a) presents the net present value, NPV, for the systems. In dia-
gram b), the internal rate of return, IRR, is shown, diagram c) shows the prof-
itability index, PI, and in d) the present value ratio, PVR, is shown. The system 
with the lowest NPV is II-B, i.e., the ‘Business as usual’, Figure 4.9 a). This 
is because this system is assumed to invest in a high capacity CHP unit, in-
vestment costly flow batteries, as well as a DH distribution network. The NPV 
is higher if the investment cost for the distribution network for DH is excluded 
(II-B*). Nonetheless, the substantially negative NPV still indicates that the 
system is economically unviable, which is explained by the remaining re-
quired high investment cost in high capacity CHP and flow batteries. 

a) b) 

Figure 4.9. Economic results from Paper II. The Figure shows the net present value 
in a), the internal rate of return in b), the profitability index with the threshold >1 
marked with a dashed line in c), and the present value ratio in d). * means the system 
was applied to an existing DH distribution infrastructure. + means an optimistic cost 
scenario for the flow batteries with 30-year life-time expectancy. 
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However, for system II-A, exclusion of the investment costs for the DH dis-
tribution network the crucial difference for economic feasibility. 

The IRR (Figure 4.9 b) shows return on investment for both II-A and II-
A*. Also, the system II-B*+, with the optimistic price scenario for EES, shows 
an IRR of zero. If EES in this system is used for other services, e.g., smart-
charging or automatic frequency control, this might increase IRR since the 
initial capital cost could be partly or fully covered. All the other systems have 
negative IRR, meaning that the investment will not be able to cover the initial 
capital costs for the following 30-years. System II-C+, shows a significantly 
lower IRR compared to II-C, which is somewhat counter intuitive, since II-
C+ is an optimistic scenario with reduced costs and long life-time expectancy 
for the EES. For II-C a reinvestment in EES is assumed after 20 years, and at 
the end of the assessed 30-year span, the residual value in the EES is deducted 
from the costs, i.e., assumed to be sold. This makes the IRR appear more eco-
nomically viable for II-C compared to II-C+. This is not seen for the II-B-
systems, because of the small positive cash flow, i.e., income, in II-C (only 
sold electricity). In the II-B-systems, income also comes from sold heat. This 
makes the impact of the reinvested EES much more apparent in the II-C-sys-
tems. 

The PI indicates expected return per invested monetary unit and is shown 
in Figure 4.9 c). The highest PI (1.48) is seen for the II-A*-system, and implies 
that this power balancing system, when implemented in an existing DHS, re-
turns 148% of the investments made. If, however, the investment costs for the 
distribution infrastructure is included, i.e., system II-A, the PI is 0.86. This 
indicates negative return and non-profitability for the system. For the fully 
electrified system, II-C, the PI is negative. This is because the revenue for this 
system is merely from electricity bought from and later supplied back to the 
power grid, i.e., small marginal for profit. 

In Figure 4.9 d) is the PVR-values for the systems shown. For systems II-
B and II-B*, the equal PVR-values show that the high investment costs for 
flow batteries are so high that the excluded investment costs for the DH dis-
tribution network in II-B* are not noticeable, making the systems equally eco-
nomically inefficient in terms of capitalisation of the investment. Also, since 
no TES is included in system II-B, a larger and therefore more expensive CHP 
unit is required to supply the thermal peak demand. For II-B*+, with an exist-
ing DH distribution network and with an optimistic cost perspective for the 
EES, a capitalisation efficiency slightly lower than for the II-A system and 
economic infeasibility, is shown. As for the case of the IRR, this might be 
alleviated if other services for the EES are included in the business model, i.e., 
smart-charging or automatic frequency control. 

In Table 4.4, an overall ranking is presented for the economic feasibility of 
the studied systems. According to the presented economic metrics here, sys-
tem II-A*, i.e., a system with CHP, heat pumps and TES in an existing DHS 
distribution network, is the only economically feasible system. However, if a 
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TES is not possible to implement, II-B or II-C must be considered, i.e., ‘busi-
ness-as-usual’ or a fully electrified system without DH.  

Table 4.4. The systems ranked according to the different economic metrics used in 
the evaluation study, as well as a combined rank. 

Ranking aspect 1 2 3 4 5 6 7 8 

According to NPV A* A B*+ B+, C+ B* C B 

A* A B*+ B+ B, B* C C+ 

A* A B*+ B+ B, B*, C+ C 

According to IRR 

According to PI 

According to PVR 

Combined assessment 

A* A B*+ B+ B, B*, C+ C 

II-A* II-A II-B*+ II-B+ II-B* II-C+ II-B II-C 

In Figure 4.10, cost balances and maximum average bidding costs for the sys-
tems studied in Paper V are shown. The amount of P2H-capacity active on the 
electricity reserve capacity market is shown on the x-axis. The y-axis shows 
cost, either net cost for production, or maximum average price per MWel for 
bids on the reserve capacity market. The results show that all three systems 
can reduce the net-cost (solid lines) when bids for P2H-capacity on the reserve 
market is placed. This assumes that the average bidding price is the same or 
lower than the dashed lines in Figure 4.10. The dashed lines show the maxi-
mum average bidding price that is reasonable for the utilities, i.e. “willingness-
to-pay”. The baseline, i.e., the reference case, indicates the level where no 
P2H capacity is traded on the reserve capacity market. For V-BioCHP, the 
“willingness-to-pay” is continuously increased with an increased P2H-capac-
ity (dashed line). The reason for this is that the heat produced in P2H mainly 

-80 

-40 

0 

40 

80 

120 

160 

C
os

t
bi

ll
io

n 
U

S
D

 (
so

li
d 

li
ne

s)
[$

/M
W

el
 ] 

(d
as

he
d 

li
ne

s)
 

0  10  20  30  40  50  60  

P2H-capacity [MWel] 

V-HoB, net cost V-WtE, net cost V-BioCHP, net cost 
V-HoB, bid V-BioCHP, bid V-WtE, bid 

Figure 4.10. Net production costs (solid lines) for three different DHSs with P2H-
capacities on the electricity reserve capacity market. The dashed lines show the 
maximum average cost per MWel for P2H. 
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replace cost-intensive heat produced from fossil and pellets-based HoB, and 
heat pumps. For V-HoB and V-WtE, the “willingness-to-pay” is reduced with 
increased P2H-capacity. In the most extreme case of 60 MWel P2H-capacity, 
this reduction is mainly caused by heat being produced and accumulated in 
TESs, i.e., a cost. The reason to why the “willingness-to-pay” is decreasing 
for V-HoB is that the relative impact of the electricity tax increase with the 
P2H-capacity. For V-WtE, there is a shift from expensive fossil fuels in HoB 
and biomass in the CHP unit, to P2H. This results in that the income from 
municipal solid waste (MSW) management is similar to the additional cost of 
electricity tax for increasing consumption of electricity in P2H. Hence, the 
willingness-to-pay for V-WtE appears fairly constant until the highest capac-
ity of P2H, where the surplus heat is a cost due to accumulation of heat in the 
TES. It should, however, be pointed out that any price per MWel below the 
bidding costs as shown in Figure 4.10 (dashed lines), is always economically 
beneficial for the DH utility. The investment cost for TES is not included in 
these results as the study only considers operational costs. 

In Paper II, the prices for buying and selling electricity price are represented 
by an average system price. In Paper V, an hourly based electricity price is 
modelled, as described in Section 3.8.3, giving a more accurate representation 
of the earnings from sold electricity as well as costs for purchasing electricity 
(to heat pumps in V-BioCHP). Regardless of this discrepancy, it is possible to 
discuss and compare the outcome of the two studies. Given the results from 
Paper II, the economic potential for P2H on the reserve capacity market, 
shown in Paper V, further promotes a Smart Energy concept from a economic 
perspective when compared to a “business-as-usual”-case, or a fully electri-
fied scenario. The operational strategy of the TESs as well as handling of com-
peting heat production is of significant importance to further enhance eco-
nomic feasibility of these power balancing sector-coupling systems. 
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5 Discussion and future work 

In the following chapter, the findings presented are discussed in relation to the 
aims of the thesis. The results are also analysed from a systems perspective. 
The chapter ends with a reflection on future research targets. 

Previous studies within the field are mainly focusing on the potential for 
P2H to manage VRE production surpluses. This is, however, merely a minor 
part of the overall aim of this thesis. In [143], the potential for accommodating 
large shares of VRE in Germany by using P2H as a flexible load is investi-
gated. A similar study was performed for Sweden and is presented in [144]. 
Both of these studies indicate that there is a significant technical potential for 
flexible P2H production, which is also in line with the findings presented here. 
However, neither of these two studies investigate the impact of the variable 
nature of VRE and how this affects the potential for P2H in the context of 
smart energy systems. An interesting finding in this thesis is that the respective 
shares of wind and solar in the VRE production mix, as well as temporal dis-
tribution and annual share of PRL and NRL, have significant impact on the 
P2H potential to manage VRE surpluses. This also influences the optimal ca-
pacity and operation of TESs, and how to dimension CHP units. With a solar-
dominated VRE production mix, a seasonal TES operation is necessary to ac-
commodate the produced heat (as shown in Paper I). With a wind-dominated 
VRE production mix, however, the capacity needed and the operation of a 
TES rely on the temporal distribution of the VRE production. For example, 
the results in Paper III show that seasonal storing is preferably combined with 
low nominal capacity in CHP, when the latter is used for power balancing 
production. Furthermore, during low heat demand hours (typically in sum-
mer), CHP co-produces surplus heat when producing electricity for power bal-
ancing, and the heat from the TES is later used to supply peak heat demand. 
If the nominal capacity of the CHP units is higher, the operational scheme is 
rather “intra-seasonal”, i.e., with shorter retention times in the TES. This was 
also shown in Paper IV where heat production is frequently shifted between 
CHP and heat pumps, and the storage is therefore cycled more frequently. 

In [145], the use of a TES was shown to introduce an increased flexibility 
to the heat production as it decouples heat production from the heat demand. 
This is also clearly in line with the findings in this thesis, especially in Paper 
I and IV, where it is shown that a CHP can be controlled by an electricity 
balancing demand instead of the local heat demand. A TES also increases the 

65 



 
 

  

 

 

 

   
 

  
  

 

 
 

 
 

  
 

 
 

 
 

 
 

potential to use heat produced in P2H as shown in [97]. However, in this the-
sis, the importance of competition for the local heat load among different heat 
supply technologies within a DHS is identified. Thus, an increased possibility 
to produce heat from P2H to manage VRE surpluses, comes with an inevitable 
competition for the heat demand with the other heat producing units, for ex-
ample CHP. In a system where P2H production is primarily intended to be 
used as a power balancing service, i.e., to consume excess electricity, and a 
CHP is operated to cover power deficits, competition for the heat load will 
occur. If electric boilers are used, this competition will be less due to their 
lower heat production efficiency compared to heat pumps. Electric boilers 
simply consume more surplus electricity to produce a certain amount of heat 
compared to heat pumps. However, the lower efficiency of electric boilers 
means that there will be a higher exergy destruction, when high-quality elec-
trical energy is irreversibly converted to low-quality thermal energy. 

The properties of the above mentioned P2H technologies imply several 
things; (1) electric boilers can consume more surplus VRE than heat pumps 
for the same level of heat demand, (2) heat pumps produce more heat than 
electric boilers using the same amount of surplus VRE, (3) with access to ca-
pacity in a TES, both electric boilers and heat pumps will be less limited by 
the current heat demand level, (4) with access to TES, heat pumps have a 
larger potential to replace fossil fuelled peak load units, and/or reduce the need 
for biomass fuelled heat production. Hence, if the competing heat production 
units are fossil fuelled heat-only boilers, introduction of P2H from VRE can 
be argued to decarbonize the heating sector (e.g. as discussed by [146]) and in 
this case the competition is not an issue. On the other hand, if the competing 
heat supply unit is a CHP unit performing power balancing production, indus-
trial waste heat, or heat from waste incineration plants, competition is a po-
tential issue. This is particularly shown by the results in Paper V, where P2H 
units are operated according to the ‘Electricity Strategy’, while all other heat 
production is operated according to the ‘Heat Strategy’ to supply the local heat 
demand. The mix of these two operational strategies lead to a significant need 
of large TES capacity. This is because heat production occurs simultaneously 
in both P2H and the other heat producing units, which in turn is caused by the 
fact that there was no coordination between the units to avoid overproduction 
of heat. To the best of the author’s knowledge the issue of competition for heat 
demand has not been discussed frequently in the scientific community, but 
should be investigated further. 

In [147], a similar Smart Energy-concept, as the ones studied in this thesis, 
is investigated, but without access to a large-scale TES. They conclude that 
the P2H unit’s potential is limited by the CHP unit’s operational constraints. 
This limitation could be attributed to the absence of a TES, which in Hast 
[148] is included along with P2H, HoB, and CHP units. Hast concludes that 
adding a TES could be cost effective if the share of VRE is large. However, 
they do not mention competition between CHP and P2H as an issue. This 
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relates likely to the scope of their study which is cost optimized production of 
heat, and not primarily power balancing. Hence, competition between tech-
nologies is a non-issue as long as the heat demand is fully supplied at the low-
est possible cost. In [145], a matter is raised in terms of a “parasitic power 
consumption” when heat pumps use CHP generated power. This concerns nei-
ther competition for heat load nor usage of the TES. In all these three studies 
the heat production is the main purpose and thus any power balancing produc-
tion is considered a by-product. In the studies presented in this thesis the 
power balancing production is the main product which, in contradiction to 
previous mentioned studies, makes the local heat demand a limiting factor for 
power production. This responds to the second sub-aim of this thesis. The heat 
load is a clear limitation for the power balancing production in CHP units for 
systems with PV dominated VRE production mixes, and seasonal TESs. This 
is because such a combination motivates low capacities in CHP units, as 
shown in appended Paper I. With wind dominated VRE production, the heat 
load is less constraining, which is especially true when combined with high 
capacities in CHP units. The latter, of course, comes with an additional invest-
ment cost for the CHP. In Paper III, it is shown that a high CHP capacity yields 
a high supply of balancing power, but reduces operation hours (from 5,800 h 
for the reference case down to 2,300 h for III-sc2). In Paper IV the relation 
between the shares of PRL and NRL in the Pbal is further analysed. These 
shares are affected both by the VRE production mix, but also the electricity 
demand. The results from Paper IV shows that regardless of the PRL/NRL-
ratio an improved production flexibility is achieved in the studied systems. 
However, with a PRL/NRL-ratio closer to one, the added flexibility shows 
higher potential to promote power balancing production compared to with a 
large PRL/NRL-ratio. For SE3, the PRL/NRL-ratio is >100 and the net-load 
variability is reduced by a factor ten less than for the other regions with a 
PRL/NRL-ratio significantly closer to one (<10). Furthermore, the temporal 
distribution of Pbal is of relevance. In SE3, in particular, there is a significant 
seasonal pattern in Pbal which implies that long-term TESs might improve the 
flexibility more than the short-term TESs simulated in Paper IV. This is in line 
with the findings in Paper III, where the TES is of long-term capacity, but 
used as a short-term flexibility load. Also, this seasonal pattern seen for SE3 
is in line with the finding in Paper I since a PV dominated VRE production 
mix, as in Paper I, yields a similar seasonal pattern. Hence, a long-term TES 
can be motivated also for cases where the electricity demand affects Pbal to 
result in strong seasonal differences. 

With this knowledge, the response to the first sub-aim of the thesis, which 
considers the possibility to improve the production flexibility for power bal-
ancing, is that the flexibility can be improved, but to a varying extent. First, 
adding a TES does improve the flexibility, which is in line with findings in 
several other studies ([97], [145], [149], [150]), but it also adds another source 
for supply of  heat to the DH that occasionally becomes a competing heat that 
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can hamper CHP or P2H production. Second, as described above, the charac-
teristics of the VRE production mix and electricity demand significantly affect 
the potential for the achieved flexibility to promote power balancing services 
to the power system. 

The use of biomass responds to the third aim of this thesis, i.e., the reduc-
tion of biomass demand and consequently also reduction of GHG-emissions. 
In Lamaison [151] they conclude that with scarce access to biomass, a sea-
sonal TES is necessary to reach high shares of renewable energy in the energy 
system. As shown in Paper I, III, and IV (for SE3) it is not a necessity that 
implementation of TESs and an operation according to the electricity strategy 
automatically reduce the demand for biomass. In fact, the fuel use may be 
higher for such a system, compared to a conventional DHS. This relates to the 
first sub-aim of the thesis in the following way: Power balancing production 
does not necessarily coincide in time and/or match the level of the heat de-
mand and the surplus heat must then be stored. For systems with TES, addi-
tional heat needs to be produced to cover the storage heat losses, and this, in 
turn, could induce increased fuel use. The findings in Paper III and IV further 
confirm this by indicating that even if the TES is not seasonal, the fuel use 
may still be higher compared to a reference case with no TES, depending on 
the share of P2H-produced heat. In the second scenario in Paper III, the nom-
inal output capacity of the CHP units was quadrupled compared to the capacity 
in scenario 1, while the VRE production mix was unchanged. However, the 
operation of the TES was changed from “inter-seasonal” to “intra-seasonal” 
between the two scenarios. This is explained by the increased capacity of the 
CHP units and not the amount of NRL in the electricity balancing demand. 
Furthermore, the amount of NRL in both scenarios was too small to enable 
heat pumps to produce a sufficient amount of heat in order to decarbonize the 
DHS. The analysis of the VRE mix in Paper III shows that the fuel demand 
decreases with higher shares of PV in the VRE mix compared to the original 
case in the study. In Paper IV, the impact of the VRE mix on fuel use is further 
assessed by adding the aspect of the annual amount of PRL vs NRL as well as 
the temporal distribution of these, as previously mentioned. It is interesting 
that for SE4, with less than half the share of VRE relative the electricity de-
mand compared to SE2, a similar significant reduction in fuel use is shown. 
However, in SE3 the fuel use should be reduced, but is instead increased when 
compared to the reference case. The reason is a low total amount of VRE rel-
ative the electricity demand which means that P2H replace biomass-fuelled 
heat to less extent. This emphasizes the impact of a suitable balance between 
PRL and NRL, in order for P2H to reduce fuel use in a power balancing sys-
tem. Hence, the impact of applying an electricity strategy on fuel use, requires 
thorough and specific analyses for each individual case. 

The fourth aim of this thesis focuses on economic strengths and weaknesses 
for power balancing systems such as the ones examined in this thesis. One 
economic strength is the dual income from CHP heat and electricity for DHS 
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operators. Another strength could be that P2H production reduces fuel costs. 
This, however, depends on the fuels used within the system. The study pre-
sented in [7] shows that implementing P2H in large scale reduces the risk for 
negative electricity prices when VRE production is high, because the demand 
for surplus electricity is increased. Furthermore, the study presented in [152] 
shows that the NordPool electricity spot-price level would not necessarily con-
trol P2H production to reduce surplus VRE power. Hence, controlling heat 
pumps via the primary reserve market to more directly contribute to the overall 
system efficiency might be necessary, as investigated in Paper V. In Paper II, 
the investment and operating costs for three different heating and storage-
based solutions were analysed and compared. The results show that if all in-
frastructure is needed, none of the studied systems reached a PI greater than 
one. If heavy investments are problematic, gradual expansion may be prefer-
able. In existing DHSs, the investments are potentially less problematic, since 
the large investments in CHP units and the distribution network are in many 
cases already made. In systems without existing DHS, step-by-step invest-
ments are probably relevant to consider. Investments in DH are, however, in-
frastructural commitments that include both production units and a distribu-
tion system. This means that the possibility of gradually expanding such a 
system is limited. Therefore, investments in systems with EESs instead of a 
DHS appear to be more manageable, as they are module-based. Thus, without 
an external actor (public or private) willing to take the financial risk, EES-
based systems are probably most likely to be invested in. This is because EES-
based systems are more suitable for distributed expansion. To avoid sub-opti-
mal system solutions that might induce undesirable power imbalances, it 
might be required with governmental policies that enables actors to strive for 
system solutions that optimize the overall system efficiency in the long run. 

In the introduction, power supply capacity shortages to and from several 
Swedish and European urban areas, was mentioned. The issue of urban area 
capacity shortage is important since it elucidates the importance of local and 
controllable power generation capacity within urban areas, such as CHP 
power generation capacity. DHSs are local entities supplying a local heat de-
mand, but are in many cases also connected to a national power market. The 
fact that they are local entities are especially relevant when it comes to the 
capacity shortage in to urban areas. There are currently ongoing tests of local 
power balancing markets within some selected urban areas in the EU project 
CoordiNet. The city of Uppsala is one [153], [154]. Here, local actors are 
given the opportunity to place bids for local production or consumption to 
alleviate capacity shortages. The findings presented in this thesis (Paper II) 
indicate that, depending on chosen system configuration, the issue of power 
capacity shortages in urban areas can be either worsened or partially mitigated. 
Another method to cope with capacity shortage that is often discussed is de-
mand side management (DSM) that generally describes how energy consump-
tion better can match the production [155]. The core of DSM is to actively 
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shift consumers’ electric load to better match the power production by either 
reducing, during peak demand, or increasing, during low demand hours, the 
consumption [156] Currently, well established methods exist for the tertiary 
reserve market of industrial DSM (e.g., aluminium electrolysis plants, electric 
arc furnaces). This kind of demand side measures are, however, associated 
with significant costs for the transmission system operator and are most suited 
for temporary load shifting [157]. Thus, in the long run, industry-DSM would 
be cumbersome in economic terms for the transmission system operator and 
problematic for industry when there is a need to maintain production. Demand 
side management of household appliances is another strategy that often is dis-
cussed. This potential is, however, shown to be limited. In [158] the need of 
back-up power in a future renewable scenario for Europe by implementing 
DSM for household appliances is shown to be approximately 4-7%. The find-
ings in this thesis indicate, in comparison to this, a reduction of the annual 
PRL with 43% (Paper I), 31% (Paper III), and 9% (Paper IV). It can thus be 
concluded that both DSM and power balancing smart energy systems may be 
required to alleviate net load variability in a future energy system with large 
shares of VRE. 

The coupling of multiple different energy carriers, such as heat, electricity, 
gas, and/or hydrogen, from parallel systems into a coordinated operation 
scheme defines a multi-carrier energy system. If the production units in such 
a system, in combination with energy storage, are coordinated to achieve, for 
example, power grid stability, it is often referred to as a virtual power plant 
(VPP) in the literature. There are two main types of VPPs: commercial and 
technical [159]. Commercial VPPs are not constrained by geographical loca-
tion, but can include actors and assets from many different locations. Tech-
nical VPPs consist of resources and users from the same geographic location. 
A VPP can, however, be of both types at the same time. Typically, VPPs focus 
on distributed VRE generation and how to perform load shifting via electrical 
storage, demand-side management, or thermal production via P2H, i.e., oper-
ated in a multi-carrier energy system. From this point of view, the system con-
figuration studied in Paper I, i.e., with access to distributed PV generation, 
combined with a central heat pump and large-scale TES, can be considered as 
a VPP as in [160]. However, a DHS is typically not considered a VPP even 
though may include production assets that produce both electricity and heat 
and even have access to TES. It is then more relevant to acknowledge the 
sector-coupling aspect of heating-sector production units to provide electricity 
power balancing services. Such power balancing system can then be consid-
ered a smart energy system [161], gaining from synergies through sector-cou-
pling, where a VPP may be one type of all systems included. 

There are effects of a large-scale TESs that have not been covered in detail 
in this thesis, but are of significant relevance. Experiences from the DHS in 
Hudiksvall indicate that the possibility to operate the CHP unit within an op-
timal efficiency range improves the fuel economy and reduces emissions of 
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NOx, SOx, and other particles. The TES in Hudiksvall also contributes with 
redundancy to the production system and thus increases the production resili-
ence. This, in turn, is experienced to reduce stress among the staff during trou-
bleshooting, and also reduces the need of working in shifts. Finally, an aspect 
not covered at all in the appended studies is the need for rotating mass or in-
ertia in a power system to maintain a stable network frequency. Rotating mass 
enhances the power systems resilience on power quality. A large share of VRE 
generation means less rotating mass in nuclear and coal power plants. CHP 
units, however, can be used as synchronous condensers and thus add rotating 
mass to the system which strengthen the power quality and short-circuit ca-
pacity [162], [163]. 

Given the current concentration of CO2 in the atmosphere, methods for re-
moving CO2 from the atmosphere are becoming increasingly relevant. Bioen-
ergy carbon capture and storage uses biomass for sequestration of CO2 and 
thus reach negative net emission [164]. This is promising for biomass fired 
heat and electricity generation, particularly if combined with P2H to decar-
bonize the heat production. There is currently a carbon capture test facility for 
capturing biogenic CO2 from a CHP plant in Stockholm, Sweden [165]. 

Future work 

Smart energy systems, as defined in this thesis, requires a heat demand. This 
limits the possibility to implement these systems to warm climates. In an in-
ternational perspective, however, the principle of these smart energy systems 
could also be applied to district cooling systems. District cooling is a growing 
market and holds other correlations between NRL and cooling demand than 
those that can be seen between NRL and heating demand in colder regions and 
hence these require to be investigated. A possibility is to include sorption 
chillers connected to a TES that can use stored heat for production of cooling. 
In this way, the possible utilization of a TES could be increased. In DH cooling 
systems both sorption chillers and heat pumps can be included since heat 
pumps simultaneously produce heat and cold while consuming electricity (see 
Figure 3.1). 

Another interesting area for continued work is to use sophisticated fore-
casting to optimize production and use of TESs in DHSs. This means devel-
oping strategies for system operation to handle the stochasticity of VRE power 
generation, while using a TES as a buffer. Operation strategies can be opti-
mized to minimize emissions, costs, or heat losses, while maximizing power 
balancing production. 

Conversion of low-grade heat to electricity is generally inefficient. There 
are technologies available for this, for example organic Rankine cycle-based 
CHP (as suggested as CHP unit in Paper I), Stirling engines, or thermoelectric 
generators [166]. These technologies are all associated with very low 
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efficiencies, below 15-20%. Nevertheless, if surplus heat is abundant, a low 
efficiency might not necessarily be a crucial obstacle. It could be interesting 
to explore the possibilities to use low-grade heat for power balancing produc-
tion via some of these technologies. 

In this thesis, the heat demand has been shown to be a limiting factor. Ex-
pansion of DHS is generally limited by the heat demand density. However, if 
thermochemical energy storages [167], with no storage losses, are charged 
with surplus heat and distributed to end users outside the DH network [168], 
such a solution could possibly reduce the limitation of local urban area heat 
demand levels. This would, however, imply development of new heat ex-
changing units at end users, new business models for the DH utilities, and new 
infrastructural distribution systems. A distributed DHS based on thermochem-
ical energy storages could, however, be an interesting future research topic. 
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6 Conclusions 

In this chapter the main conclusions from the appended Papers are summa-
rized and presented in relation to the aims of the thesis 

Flexibility in power balancing services 

In line with current research, it is stated in this thesis that including CHP, heat 
pumps and TESs for the heat supply in a DHS increases the production flexi-
bility and the system’s redundancy. It is specifically pointed out here that these 
well-established technologies can be used in a novel way. The DH operator 
could use the flexibility provided by a TES to operate the heat and electricity 
production to primarily supply an electricity balancing demand. However, in 
order not to increase the fuel demand, heat pumps are required, and a signifi-
cant amount of NRL is necessary. The results from Paper III and IV highlight 
the importance of the operation of the TES, the amount and temporal distribu-
tion of NRL from VRE generation, as well as the nominal power generation 
capacity of the CHP units. The following conclusion are drawn: 

• PV dominated VRE production and/or low nominal capacity in CHP 
plants yield seasonal storage operations and high required capacity for 
P2H. This also means large amounts of operating hours as well as an-
nual electricity produced in CHP, but limited potential for peak power 
demand reduction. 

• Wind dominated VRE production and/or large nominal capacity in 
CHP plants yield short-term storage operations (intra-seasonal) with 
good capacity for peak power demand reduction and moderate to small 
required capacity for P2H. 

Factors limiting the power-balancing services 

Increased utilization of NRL for heat production in P2H-units increases the 
competition between different heat supplying units to supply the local heat 
demand. If P2H replaces fossil-based HoBs, GHG-emissions from the fuel use 
are reduced. In that case, the system is somewhat decarbonized and the matter 
of competing heat supply technologies is not an issue. If, however, P2H pro-
duction reduces the possibility for a CHP unit to produce balancing power, 
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this competition is an issue to be considered in the production planning. In 
Paper I, power balancing production from CHP units is shown to be limited in 
systems with PV dominated VRE production mixes and seasonally operated 
TESs. For such systems, there is no necessity for high capacities in CHP units. 
This is because the TES can supply seasonal peak heat demands with P2H 
produced surplus heat. For wind power dominated VRE production mixes, 
however, the power balancing production is less limited. This is because wind 
power is less seasonally dependent in comparison with solar power. For these 
cases TESs can be operated more intra-seasonally and are thus not a compet-
ing technology to CHP units for seasonal peak heat demand supply. This en-
ables the possibility to have higher capacities in CHP units, which further en-
ables the intra-seasonal operations of the storage. However, higher capacities 
in CHP units of course come with additional investment costs. This was ex-
emplified and showed in Paper III. 

Effects on fuel demand from producing balancing power 

As was shown in Paper I, III, and IV the fuel demand is not necessarily re-
duced by implementing a TES and adapting a production strategy to supply 
an electricity balancing demand. In fact, the fuel use may be higher for such a 
system, compared to systems without a TES and with a conventional heat pro-
duction strategy. So, in response to the first aim of the thesis, for systems that 
store heat seasonally, the heat losses from TESs require additionally produced 
heat that might increase fuel use. However, if heat production is not fuel based, 
for example with heat pumps that use NRL to produce heat, fuel use can be 
reduced. Hence, to clarify whether an electricity strategy applied for a system 
with CHP, heat pumps, a TES and DH, actually will reduce the fuel demand, 
thorough and specific analysis are required for each individual system, and for 
different production conditions. 

Economic possibilities for implementing a power balancing 
smart energy system 

Based on the findings presented in Paper II it is concluded that, since power 
balancing systems with DH, CHP, heat pumps and TESs are large-scale sys-
tem solutions with high investment costs, the economic risk is high and the 
rate of return of the investments is low. At least under the current economic 
conditions. Hence, it may not be possible to rely on market-based solutions 
for an expansion of this type of infrastructure projects. To reduce the risk of 
investment policy instruments and incentives would be required. On the other 
hand, for systems with existing DH distribution networks and CHP units there 
may be an opportunity to re-evaluate the operational strategies and investigate 
how to include heat pumps and TESs to be able to handle an electricity mix 
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with large shares of VRE. It can furthermore be concluded from the results of 
Paper V, that P2H capacities on the reserve capacity market could generate 
significant cost reduction for the DH operators. This, however, depends 
strongly on the DH utilities’ other production units, HoB, CHP, WtE, etc., but 
also incentives and/or tax reductions from the government. 

In conclusion the results of this thesis show that DH operators can provide 
significant amounts of power balancing with a smart energy system configu-
ration, where the power balancing services include both production and con-
sumption of electricity, enabled by the access to a TES acting as a flexible 
heat load. Furthermore, it should be emphasized that the share of PV in the 
VRE production mix is essential in order to achieve a reduced demand of bi-
omass for heat production, which, in turn, underlines the need for a large-scale 
TES with the possibility for long-term operation. 
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7 Sammanfattning på Svenska 

Sedan industrialiseringens början har användningen av fossil energi bidragit 
till en global växthuseffekt med drastiskt ökade CO2-nivåer i atmosfären. Ett 
sätt att uppnå minskade utsläpp är att öka andelen elproduktion från förnybara 
energikällor såsom sol-, vind-, och vattenkraft samt biomassa. I Sverige kan 
inte kapaciteten hos vattenkraften ökas ytterligare och biomassa är en resurs 
med begränsningar. Elproduktion från sol- och vindkraft är väderberoende, 
vilket innebär att det inte är efterfrågan på el som avgör när elen produceras 
utan väderförhållandena. En storskalig utfasning av icke förnybar elprodukt-
ion (olja, kol, naturgas och kärnkraft), ersatt med ökad produktion från varia-
bel förnybar el (variable renewable electricity, VRE), medför ett ökat behov 
av reservkraftkapacitet för att täcka underskott i elförsörjningen från VRE. 
Under gynnsamma väderförhållanden finns det å andra sidan en risk för att 
produktionen av el från VRE överstiger efterfrågan. För att hantera utma-
ningen med överskottsel från VRE-produktion kan olika åtgärder vidtas, t.ex. 
bortkoppling av produktion, förstärkning av överföringskapaciteten i elnäten, 
utökad ellagringskapacitet, eller laststyrning med flexibla laster som kan mat-
cha elöverskott respektive elbrist. 

En annan utmaning för den framtida energiförsörjningen är urbaniseringen 
och det ökade behovet av överföringskapacitet in till städer som detta medför. 
I takt med att befolkningen i städerna ökar, transporter elektrifieras, och elin-
tensiva industrier etableras ökas belastningen på överföringskapaciteten till 
städerna. Detta innebär att en ökad elproduktionskapacitet utanför städerna 
inte nödvändigtvis kommer att kunna tillgodose en ökad efterfrågan på el 
inom städerna. Flexibel elproduktionskapacitet i urbana områden kommer 
sannolikt vara en framtida utmaning. Det behövs kontrollerbar kraftförsörj-
ning för att täcka produktionsbrister. 

I tätbebyggelse med tillräckligt höga värmebehov finns ekonomiska förut-
sättningar för fjärrvärmesystem. I den här avhandlingen ligger fokus på fjärr-
värmesystem med biomassabaserad produktion. I fjärrvärmesystem är det 
även relativt vanligt förekommande med kraftvärmeverk (KVV) som sampro-
ducerar värme och el, ett sätt att nå en hög total bränsleomvandlingseffektivi-
tet. Kraftvärme är en kontrollerbar elproduktionskapacitet som typiskt anläggs 
i anslutning till tätbebyggda områden och kan därför potentiellt bidra till att 
minska utmaningen med bristande överföringskapacitet. 
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Elpannor och kompressorbaserade värmepumpar är andra väletablerade 
storskaliga tekniker för värmeproduktion. I dessa förbrukas el vid produktion 
av värme, ofta benämnt power-to-heat (P2H), vilket möjliggör användandet 
av dessa som en flexibel ellast. Fjärrvärmesystem med KVV och värmepum-
par eller elpannor kan potentiellt drivas för att täcka underskott samt konsu-
mera överskott av el från VRE-produktion. Värmelasten består huvudsakligen 
av värmebehov för uppvärmning av lokaler i byggnader, och detta behov va-
rierar avsevärt mellan säsongerna. Effektbehovet på värmelasten kan därmed 
vara begränsande för produktionen från KVV och värmepumpar under delar 
av året. Med tillgång till storskaliga värmelager kan dock flexibiliteten i vär-
melasten ökas. I denna avhandling undersöks om ett fjärrvärmesystem med 
KVV, värmepumpar och värmelager kan användas för att bidra till ökad flex-
ibilitet i kraftbalanseringen i ett framtida energisystem med en stor andel VRE. 
Ett sådant system, vars produktion planeras utifrån elbehovet, drivs då på ett 
för fjärrvärmesektorn okonventionellt sätt som liknar vad som i den veten-
skapliga litteraturen kallas Smarta Energisystem. Smarta energisystem inne-
bär att driften av olika energisektorer samordnas för att uppnå högre system-
effektivitet. Dessutom undersöks hur dessa tjänster påverkar bränslebehovet 
samt systemens ekonomiska förutsättningar.  

I denna avhandling simuleras 12 olika fjärrvärmesystemtyper i ett framtida 
scenario med stor andel sol- och vindkraft i elproduktionen. Systemen består 
av KVV, värmepumpar och storskaliga värmelager placerad på olika system-
nivåer (från lokal nivå, via aggregerad regional nivå, upp till nationell nivå) 
och med varierande kapaciteter samt andra produktionsenheter (se Figur 3.5). 
Genom att låta befintligt elbehov förses med el producerad från sol- och vind-
kraft motsvarande 10% respektive 60% av det totala elbehovet, definierades 
ett kraftbalanseringbehov. Detta kraftbalanseringbehov innehåller timmar 
med behov av mer elproduktion, men även timmar med överskott på el. De 
studerade systemen simuleras att följa detta kraftbalanseringsbehov i sin pro-
duktion. Det innebär att om kraftbalanseringsbehovet är positivt så finns det 
ett elbehov varvid KVV producerar el och värme. Är kraftbalanseringsbeho-
vet negativt finns ett elöverskott och då konsumerar värmepumparna denna el 
genom värmeproduktion. Den producerade värmen från KVV och/eller vär-
mepumpar levereras till fjärrvärmenätet eller lagras i värmelagret. Vid till-
fällen då det varken finns ett elbehov eller elöverskott råder balans mellan 
produktion och konsumtion av el. I dessa fall förses eventuellt värmebehov 
med lagrad värme. Så sker även när då den producerade värmen från KVV 
och/eller värmepumpar understiger värmebehovet. 

Resultaten visar att reducering av topplastbehoven och/eller elöverskott-
stoppar framförallt styrs av den installerade kapaciteten i KVV:en och/eller 
värmepumpar. Den över året varierande värmelasten blir begränsande för po-
tentialen att reducera elöverskott via värmepumpar. Stora mängder elöverskott 
gör även att det produceras stora mängder värme i värmepumparna. Denna 
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värme riskerar att ytterligare begränsa potentialen för kraftbalansering vid se-
nare tidpunkter. 

Årlig elproduktion ökar med tillgång till värmelager och produktionen pla-
nerad utifrån kraftbalanseringsbehovet. Mängden årlig reducerad överskottsel 
beror dels på den installerade kapaciteten i värmepumparna, men även på till-
gång till kapacitet i värmelager.  

Det finns tydliga samband mellan hur lagret används, dess form och hur 
stora förlusterna blir. Ett lager med stor mantelarea relativt dess volym har 
sämre lagringsförmåga jämfört med ett lager med liten mantelarea relativt dess 
volym. I viss mån kan förlusterna som kommer av ett ofördelaktigt förhållande 
mellan mantelarea och volym kompenseras genom en ökad omsättning av den 
lagrade värmen. De största lagerförlusterna fås från lager med lång lagringstid 
(ex.v. säsongslagring) samt har en stor mantelarea relativt lagervolymen. 

Ett annat resultat är sambandet mellan bränsleanvändning i KVV:en och 
mixen av sol- respektive vindkraft i kraftbalanseringsbehovet. En solkraftsdo-
minerad elmix främjar produktion i värmepumpar och säsongslagring. Vär-
men producerad i värmepumparna ersätter bränslebaserad värmeproduktion 
vilket innebär minskat bränslebehov. Det innebär också en reducerad potential 
för kraftproduktion från KVV på grund av konkurrens om värmelasten. 

En vindkraftsdominerad elmix, å andra sidan, motiverar mer kraftprodukt-
ion i KVV samt högre kapacitet, men även ökat bränslebehov. För denna el-
mix blir lageranvändningen mer korttidsbetonad. 

Resultaten pekar på att det finns tydliga ekonomiska fördelar med samord-
nade intersektionella energisystem. Värme producerad i värmepumpar som 
drivs på billig överskottsel kan konkurrera ut dyra fossilbränslen som används 
till årliga topplastperioder, men den kan även ersätta dyrare förädlade biomas-
sabränslen såsom pellets i värmepannor. Dock kan nätavgifter, anslutningsav-
gifter samt skattesatser komma att utgöra hinder för en effektiv etablering av 
P2H som kraftbalanseringstjänst. För fjärrvärmeoperatören finns även behov 
av nya affärsmodeller där fjärrvärmebolagen får ersättning för att utföra kraft-
balanseringstjänster. Drifttimmarna för KVV:n blir signifikant mycket färre 
då deras produktion planeras utifrån kraftbalanseringsbehovet istället för vär-
mebehovet vilket påverkar lönsamhet samt motivering till investering. 

Sammanfattningsvis visar resultaten i denna avhandling att fjärrvärmesektorn 
kan leverera betydande mängder kraftbalansering om dessa producerar utifrån 
ett systemtänk i linje med Smarta Energisystem, där kraftbalanseringstjäns-
terna omfattar både produktion och konsumtion av el, möjliggjort genom till-
gång till ett värmelager som agerar flexibel värmelast. Dessutom bör det be-
tonas, att andelen solceller i mixen av VRE-produktion är avgörande för att 
uppnå en minskad efterfrågan på biomassa för värmeproduktion, vilket i sin 
tur understryker behovet av storskaliga värmelager med möjlighet till långsik-
tig lagring. 
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