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a b s t r a c t

District heating has an important role in the shift to carbon-neutral energy systems through enabling the
use of heat sources that would otherwise be wasted to cover buildings’ heating demands. The availability
of many renewable and surplus heat sources is however in opposite phase with the heating demand,
creating a demand for seasonal thermal energy storage. This study performs a techno-economic
assessment of the heat supply system of a residential area in Norway, where seasonal storage storing
excess heat from a waste incineration plant is being planned. A heat supply solution combining seasonal
storage and low-temperature district heating was compared with two more conventional alternatives:
high-temperature district heating and direct electric heating.

The study shows that the seasonal storage is not cost optimal under the conditions assumed, in
particular regarding the electricity market; however, the total costs were only 3% higher compared to
electric heating. Seasonal storage additionally allows to reduce the use of peak heating units in the
district heating system in the winter, thus reducing the costs and emissions related to heat production,
and district heating alone has a significant impact in alleviating the pressure on the power grid. The peak
power demand was reduced by 28% when investing to low- or high-temperature district heating, and
seasonal storage was shown to enable up to 31% reduction in the peak heating demand. Moreover, it was
shown that higher electricity prices in the winter and reduced grid capacity increase the economic
viability of the solution and could make it competitive.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the light of Europe's ambition to decarbonize its energy sys-
tem, increasing amounts of variable renewable energy sources will
penetrate the energy market. At the same time, due to electrifica-
tion of transport and industry, the demand for electrical energy will
increase tremendously: the share of electricity in final global en-
ergy demand is set to double from 19% to 38% within the next 30
years [1]. A narrow-minded focus on electricity as the sole energy
carrier will lead to sub-optimal solutions, and correspondingly high
investment costs for renewable power production and grid en-
hancements. Several studies conclude that the additional flexibility
that is created by connecting the electricity, heating, cooling, and
transport sectors together into a smart energy system can improve
the intermittent renewable penetration in the electricity sector and
reduce the costs of the transition into a 100% renewable energy
).
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system in Europe [2,3].
District heating (DH) can play a particularly important role in

alleviating the pressure on the power grid and thus accelerating the
transition to a fossil-free energy system [4]. Heating is the largest
end-use sector, accounting for approximately half of the total en-
ergy consumption in Europe [5]. The majority of heating demand is
still covered by fossil fuels, with natural gas boilers being respon-
sible for 66% of space heating and hot water production in Europe
[6]. At the same time, there is a huge potential for increased utili-
zation of surplus heat, including both high-temperature industrial
surplus heat [7], as well as urban, low-temperature surplus heat
sources [8]. District heating is a key enabling technology for
enabling the use of such heat sources for covering buildings’
heating demands and thus replacing the use of fossil fuels and
electricity in urban areas. To enable an efficient utilization of
renewable and surplus heat sources however, the present DH sys-
tems operating at high temperature levels must undergo a change
into low-temperature DH networks, interacting with the sur-
rounding energy system and thus becoming an integrated part of
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the future smart energy systems [4].
Thermal energy storage (TES) is another important component

in fossil-free energy systems, providing a less costly and more en-
ergy friendly alternative for integrating large inflows of fluctuating
renewable energy than electric batteries [9]. Heat availability from
most renewable and surplus heat sources is nearly in the opposite
phase with the heating demand on a yearly basis, and to this end,
seasonal thermal energy storage (STES) has a great potential in
enabling the storage of heat produced in the summer for use in the
winter. Commercially available STES technologies include tank TES,
pit TES, borehole TES as well as aquifer TES [10]. For heating sys-
tems for neighborhoods or communities, borehole TES is a widely
applied solution which is gaining popularity due to its scalability
and applicability in a wider range of geological conditions, and
ability to store heat at higher temperatures than e.g. aquifer TES.

Borehole STES has so far beenmostly applied in neighbourhoods
with solar thermal systems [10,11], with Drake Landing Solar
Community as the most prominent example [12]. However, the
implementation of solar collectors or PV panels increases the in-
vestment costs of the heating system significantly [13]. In Sweden,
a borehole TES for seasonal storage of industrial waste heat has
been implemented [14] but the performance of this system has not
met the expectations, partly due to low temperature of the indus-
trial surplus heat.

Another potential heat source for STES is municipal waste
incineration. Waste incineration is a common heat source in DH
systems in the Nordics, covering 20% of the heat supply for DH
systems in Sweden [15] and Denmark [16], 14% in Finland [17], and
48% in Norway [18]. Waste cannot be stored and needs to be burned
all year round, leading to a huge amount of high-temperature
excess heat available in the summer; while in the winter, costly
and often polluting peak heating sources are needed. Consequently,
there is a great interest in seasonal storage of this excess heat.
Hirvonen and Kosonen [19] have considered the techno-economic
feasibility of a borehole TES utilizing excess heat from waste
incineration, showing an emission reduction potential of up to 86%
in the heat supply for a new residential area in Finland.

Energy system modeling is an important tool for improving the
design and performance of urban energy systems with multiple
energy sources, and a wide range of tools and approaches exist for
this purpose [20]. Different approaches are used for formulation of
TES in such models. For instance, Steen et al. [21] and Schutz et al.
[22] present multi-layer approaches for modelling TES. In Ref. [21],
the focus is on improved description of heat losses, while in
Ref. [22], different formulations of TES are compared. Bachmaier
et al. [23] have applied a techno-economic optimization tool to
study the optimal location, size and operation of TES in a DH sys-
tem, but have not considered STES. Romanchenko et al. [24] and
Buoro et al. [25] study STES in the form of pit and tank TES in their
district energy system investment optimization models, however,
the resulting STES capacities are relatively small, and the focus is on
heat as the only energy carrier. Gabrielli et al. [26] have developed
mixed integer linear programming (MILP) methodologies that
allow considering a year time horizon with hourly resolution with
reduced complexity of the optimization problem for evaluating
multi-energy systems with seasonal energy storage, considering
lithium batteries, hydrogen storage and hot water tank TES as the
storage technologies. Hirvonen and Kosonen [19] on the other hand
applied a more detailed physical modeling of a borehole STES
connected to a low-temperature DH network using TRNSYS, and
carried out a parametric study to find the cost-optimal system
configuration.

There are however, to the best of our knowledge, no studies that
look at the optimization of both operation and investments of an
urban energy system with multiple energy carriers, including
2

seasonal storage of heat, over a planning horizon of several de-
cades. Previous studies including investment in STES either focus
on heat as energy carrier or lack the long-term perspective, and the
size of the storage results from the optimization and remains
limited; hence the potential benefits of a large STES on e.g. limiting
grid expansion are not explored. The benefit of analysing cost-
efficiency for TES in a multi-energy system model, and not in a
partial model for heat supply, is the multi-sectoral trade-offs that
exists, e.g. that a more cost-efficient heat-supply system may lead
to avoided costs in the electricity grid when the whole energy
system is optimized jointly.

This study considers Furuset, a suburban residential area in Oslo,
where a micro energy system minimizing energy imports from the
surrounding energy system is being planned. A central part of the
plan is a borehole TES storing surplus heat from the city's waste
incineration plant in the summer, supplying heat to the buildings at
Furuset through a local low-temperature DH network during the
heating season. Furuset is located in an area with exceptionally
good capacity in the power grid; however, showcasing the advan-
tages with low-temperature DH and STES is highly important
considering other new neighbourhoods and development areas in
Norway and globally. In Norway, direct electric heating is the
dominating solution for supplying buildings' heating demands, and
the share of DH is currently only 4% of the total heat supply [27].
With the high ambitions for electrification of for instance transport,
the importance of DH in reducing the burden on the power grid is
increasing. With waste incineration being such common heat
source for DH in Norway, the potential for utilizing the excess heat
in the summer is enormous. Considering the high initial investment
costs for STES, studies demonstrating the benefits are urgently
needed.

The main objective of the present study is thus to quantify the
energetic and economic benefits of the low-temperature DH sys-
tem with STES, and to show the potential of such a system in
reducing peak loads in the surrounding energy system. The low-
temperature DH system with STES is compared with conventional
high-temperature DH and direct electric heating using an in-house
modeling tool for local multi-energy systems, allowing both in-
vestment and operational optimization. For the purposes of the
present study, the modeling framework was extended with a
module for STES. The main research questions addressed in the
study are:

1. What is the potential of low-temperature DH and STES in
reducing peak demands for DH and electricity;

2. What is the economic feasibility of multi-energy systems with
STES compared with high-temperature DH and direct electric
heating; and

3. What is the relevance of STES in Norway and the rest of Europe
in the context of the decarbonization goals and future smart
energy systems.
2. Methodology

The tool used for modeling the energy system at Furuset is
called Integrate,1 which is a software for the optimal planning and
operation of energy systems considering multiple energy carriers
(electricity, heat, cooling, biomass, waste, natural gas, oil and
hydrogen). It can be used with various temporal and spatial reso-
lutions to model energy systems from continental to local level. The
model finds the selection of investment options that minimize total

https://www.sintef.no/en/software/integrate/
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system cost and their timing in a given time horizon. A detailed
description of the tool, previously known as eTransport, can be
found in Ref. [28] and this section presents only the main elements,
relevant for the present study.

Fig. 1 presents the structure of the program. First, several opti-
mizations of the operation of the energy system are performed at
hourly resolution for the existing energy system and all the allowed
combinations of alternative investments and periods within the
studied time horizon using a MILP approach. Subsequently, dy-
namic programming (DP) is applied to find the optimal investment
plan (optimal solution and a few near-optimal). This approach
varies from the more traditional approaches, where LP or MILP
min copeSp;p
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optimization models can invest linearly in the technologies, but has
some advantages. Indeed, it enables to model non-linear, non-
convex effects in the investment optimization (implementation of
learning effects for instance). Moreover, investment in defined ca-
pacities is a better representation of the problematic of investment
in technologies in building projects (which come with defined
capacities).

The program has a graphical user interface in Microsoft Visio,
and uses AMPL for solving the operational optimization and Cþþ
for the investment DP. The representation of the energy system
model for Furuset in Visio is shown in Fig. 2. Each component (load,
energy source, DH pipe etc.) in the model is added via drag-and-
drop functionality. Parameters regarding demand and output, as
well as the investment option and planning period the component
is a part of, are specified through a pop-up menu. Integrate has a
modular structure, which allows to expand the technologies that
are modeled based on the demand, such as with the STES module
applied in the present study. Instances of various technology
modules are used to represent a given energy system as well as the
possible future investments.
Fig. 1. Structure of the Integrate model. Reproduced from [28].
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2.1. Description of the operational optimization

The operational model presented in this section corresponds to
the case investigated in the present study. The operational opti-
mization is performed for a selected number of representative days
in a year with hourly resolution. The optimization is carried out in
the first stage for all the possible combinations of technologies and
for all investment periods. Many of the modules available in Inte-
grate were not used in this study, and their contributions to the
objective function and constraints are thus not presented here.
With the modules used in our case study, the objective function is:
where Sp are identifiers for the possible combinations of invest-
ment options (system states) in period p and copeSp ;p

is the operational

cost of the given state in the given period. Each period has several
segments x, corresponding in our case to seasons, and several time

steps txwithin each segment. Peltx and yel;imp
tx are respectively the cost

and amount of electricity imports; Pel;deftx ; yel;deftx;b
the penalty cost and

amount of deficit of electricity in building b. Similarly, PDH;imp
tx and

qDH;imp
tx ;b

are the cost and amount of DH imports, and PSH;deftx , qSH;deftx ,

PDHW;def
tx and qDHW;def

tx ;b
are the penalty cost and amount of deficit for

space heating (SH) and domestic hot water (DHW). CDH
x

are the

penalty costs associated with the district heating grid, presented in
section 2.3.1.

Each building is represented by its electrical, SH and DHW load
and its load balance: cb2B;ctx

yel;imp
tx;b

þ yel;deftx;b
¼ Leltx;b (2)

ySH;imp
tx;b

þ ySH;deftx;b
¼ LSHtx;b (3)

yDHW;imp
tx;b

þ yDHW;def
tx;b

¼ LDHWtx;b
(4)

In addition to the energy balances of the loads, each component
of the network within the modeled area has an energy balance as
well. Those balances represent the flow of energy within and in
between the networks (and their components).

The import of electricity and DH are limited: ctx

yel;imp
tx � Ymax

tx (5)

qheat;imp
tx � Qmax

tx (6)

where Ymax
tx is the maximum electricity import from the grid and

Qmax
tx the maximum heat import. In our case, the investment in a

larger transformer is an investment option, so the maximum
electricity import will be different in the operational optimizations
for the different system states needed in the investment layer.



Fig. 2. Integrate-model of the energy system at Furuset.
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2.2. Description of the investment optimization

The investment part finds the optimal investment plan based on
the available options’ investment costs and the operating costs of
all the combinations of technologies resulting from the operational
optimization. The number of possible combinations increases
C*
pðSpÞ ¼ min

8<
:dp�Pstart

0
@ X

t2f1;…;Pstepg
dt�1copeSp ;p

þ
X
d2D

cinvd Idp

1
Aþ C*

pþ1ðSpþ1Þ
9=
; (7)
exponentially with each additional investment option. In order to
limit this number, different investment logics can be defined:

C Mutually exclusive alternatives: the default investment
logic; two investment alternatives are mutually exclusive, i.e.
only one of them can be chosen at a time.

C Timewindow for investments: defines the periods inwhich
a given alternative can be chosen.

C Dependent alternatives: some alternatives require another
alternative to be invested in during the same or a previous
period.

C Necessary alternatives: a set of investment alternatives
where at least one of the alternatives must be carried out
4

within a specified year. Several sets for necessary alternatives
can be defined for each year.

The objective of the DP minimizes the discounted present value
of all costs, minus the scrap value of new investments. For all in-
vestment periods p except the last one we have:
where the investment periods are defined by a starting year Pstart,
end year Pend and a number of years in each period Pstep. C*

p is the
minimum net present value in period p. d is the annual discount
factor defined as 1

1þr, where r is the rate of return. cinvd is the in-
vestment cost of investment option d, Idp is a binary parameter
which identifies if the investment is performed in the given period
and system state.

In the last investment period, we need to account for the re-
sidual values of the investments 4:
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In addition, for the possible combinations of investment options
(system states) we have:

Spþ1 ¼ Sp þ
X
d2D

2ordðdÞ�1ðIdp � Iscrapdp Þ (9)

4 ¼
X

p2½Pstart ;Pend�

X
d2D

cinvd Idpmax
�
0;1�Pend � pþPstep

ld

�
(10)

where ld is the lifetime of investment option d.

C*
Pendþ1 ¼ 0 (11)

SPStart
¼ 0 (12)

The DP algorithm progresses backwards through all periods and
possible system states within a period to find the optimal invest-
ment plan. Once at the starting period, the optimal investment plan
is the path with the lowest net present value. Additional “sub-
optimal” investment plans can be found, as many as defined by the
user, by running the DP algorithm again with an additional
constraint stating that the state in the last period of the investment
plan with directly higher rank is infeasible.
2.3. Relevant modules

2.3.1. District heating module
The DH module in Integrate is described in more detail in

Refs. [29,30], and here only the main features are given. The DH
module includes production points for heat input, junction points,
and load points, as well as pipelines connecting the network points.
A pipeline contains both the supply and return flow, and reversal of
the flowdirection is also allowed. The total heat load in the network
consists of the SH and DHW loads attached to load points, and heat
losses.

The objective of the DH module is to satisfy the demand with
minimum heat deficit. In addition to heat deficit at production
points and loads, dumping of heat at the production points is
penalized. The contribution to the overall objective function is
then:

CDH
x ¼

X
p;tx

qDH;dump
p;tx ,PDH;dump

p;tx þ
X
p;tx

qDH;defp;tx ,PDH;defp;tx

þ
X
b;tx

qDH;defb;tx
,PDH;defb;tx

(13)

where qDH;dump
p;tx is dumped heat, qDH;defp;tx /qDH;defb;tx

is heat deficit at

production/load points; and PDH;dump
p;tx ; PDH;defp;tx and PDH;defb;tx

are the

corresponding penalty costs.
At the production points p, the module imports heat from the

surrounding energy system and available heat sources, depending
on the demand. The demand is defined by the variable qless con-
taining both the heat demand of all the load points connected to the
network, as well as the heat losses. The required heat import at
each production point p is summed over all the pipes connected to
5

the point:

qheat;imp
tx;p ¼

X
ðp;iÞ2DHpipes

qless;½p;i;”back”;”this”;tx� (14)

where “back” denotes the return line and “this” the end of the pipe
closest to the production point.

The heat losses are calculated for supply flow only, and added to
the qless variable at the end of each pipe connecting two network
points (i, j):

qless½i;j;”out”;”far”;tx� ¼ qless½i;j;”out”;”this”;tx�
þ lpipe½i;j�,ðTsupply � TgroundÞ,kloss½i;j�; (15)

where “out” denotes the supply line and “this”/“far” denote the
pipe ends closest/farthest away from the production point,
respectively. lpipe[i,j] is the pipe length, Tsupply is the supply tem-
perature and Tground the ground temperature, and kloss[i,j] is a heat
loss factor.

The heat load (SH or DHW) is added to the qless variable at the far
end of each pipe connected to a load point (building) b:

X
ði;bÞ2DHpipes

qless½i;b;”back”;”far”;tx� ¼
X

ði;bÞ2DHpipes

qless½i;b;”out”;”far”;tx�

þ
X

ðl;pÞ2Net2load

Ltx;b

(16)

where “back” denotes the return line, and DHpipes is the set of
pipelines in the network. The returning flow in the pipes thus
contains the accumulated heat losses from the supply pipes, as well
as the requested heat load at the load points.

To preserve linearity, the supply and return temperatures are set
as parameters, while the volume flow of water is a variable. The
supply and return temperatures are however allowed to have
different values in different seasons to enable a more realistic
calculation of heat losses and pumping power. The following
constraint makes sure that the water flow is sufficient to cover the
demand of load b, at the given supply and return temperatures:

qless½i;b;”out”;”far”;tx� þ Ltx;b þ ydeftx;b
� Cp,ðTsupply � TreturnÞ,vi;b;tx ;

(17)

where v is the volume flow of water in the pipe (i, b), Cp is the
specific heat capacity, and Treturn is the return temperature.

The required pumping power depends on the pressure drop at
the customer substations and in pipes. Pumping power due to
pressure drop in pipes has a cubic dependency on the volume flow,
and to be able to represent this in Integrate, a piece-wise linear
approximation using non-dimensional variables was applied,
explained in detail in Ref. [29]. The pumping power is represented
as an electrical load in the system, located at the production points,
representing the heat central(s) in the system.

The module does not consider the temperature levels for heat
exchange at the customer substations or at the heat supply points,
but only the amount of energy requested by and supplied into the
network. This applies also to TES units attached to the network.
2.3.2. Seasonal thermal energy storage module
Including the operation of seasonal energy storage in optimi-

zation models in order to study its techno-economic feasibility can
be complex. Energy systems, especially systems including renew-
able energy sources, require at least an hourly resolution while the



Table 1
The development in annual heat and electricity demands at Furuset from 2020 to
2049.

Energy demand [GWh/year]

2020 2030 2049

Electricity specific 23.5 26.1 32.4
Charging of electric vehicles 0.75 3.1 5.7
Heating (SH and DHW) 24.1 28.5 31.9

Table 2
The selected seasons (representative days), and the days belonging to each season.

From date To date Except Number of days

Spring 24 Mar 14 May 52
Summer 15 May 18 Sep 127
Autumn 19 Sep 19 Nov 62
Winter 20 Nov 23 Mar 23 Jan 123
Peak 23 Jan 23 Jan 1
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energy planning problem calls for a long time horizon, resulting in
unreasonably long computation times. Different approaches, such
as clustering have been presented to deal with this issue [26].

In Integrate, the STES is modeled by assuming a certain required
amount of heat to be charged, and certain allowed amount of heat
to be discharged in the different seasons, taking into account heat
losses. The allowed amount of heat to be charged/discharged per
representative day is thus obtained by dividing the amount of heat
available per season by the number of days belonging to the season.

The daily allowed amount of heat flow to/from a storage unit s is
determined by parameterQs,daily, which is negative for discharging
and positive for charging, and given as a share of the total storage
capacity Qs,tot. The total amount of heat charged and discharged
over a 24-h period is then defined by

P
tx

�
qcharge;s;tx þ ydeftx;s � ydump

tx;s

�
¼ max

�
0;Qdaily;s,Qs;tot

�

P
tx

�
qdischarge;s;tx þ ydump

tx;s

�
� max

�
0;�Qdaily;s,Qs;tot

� (18)

where ydeftx;s represents deficit of heat, and yheat;dump
tx ;s dumping of

heat. qcharge;s;tx and qdischarge;s;tx are the charging and discharging
rates, respectively, with certain allowed maximum values. The
storage is charged via a connection to a heat source, and discharged
to a heat network or directly to a load. A more detailed description
of the STES module in Integrate can be found in Ref. [31].

3. Case study description

Furuset is a multi-functional local neighborhood center in the
eastern part of Oslo which incorporates about 3.800 residential
units built in the 1970s. It is a pilot area within the research center
for Zero Emission Neighborhoods in smart cities (FME ZEN) [32].
Within the coming years, the area will be extended with
1700e2300 apartments and new commercial buildings, and
upgraded with new energy infrastructure as well as arrangements
for greenmobility. To minimize the total and peak energy demands
from the surrounding energy system, a large-scale demonstration
project combining various solutions for local production of heat
and electricity has been launched. Fig. 3 illustrates the concept.

The heating demand of the existing buildings is currently
covered by direct electric heating. To supply heat for the new
buildings, the plan is to establish a low-temperature DH network in
combination with a high-temperature borehole STES. The storage
will be charged with excess heat from a nearby waste incineration
plant in the summer, and discharged to the local low-temperature
heating network in the winter. The remaining heat demand will be
Fig. 3. Illustration of the micro energy
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covered from the main DH network.
To evaluate the benefits of low-temperature DH and STES in

reducing peak energy demands from the surrounding energy sys-
tem, this solution is compared with two other heat supply alter-
natives: direct electric heating for entire Furuset, and conventional
high-temperature DH. Note that heating solutions based on DH
applies only to the share of the buildingmass that will be connected
to the planned heating network (see Fig. 2), corresponding to 47% of
the total heating demand.

3.1. Energy demand

For the investment analysis, a time horizon from 2020 until
2049 was considered, divided in three periods: 2020e2029,
2030e2039 and 2040e2049. Within this horizon the energy de-
mand at Furuset will grow owing to the increase in building mass
and the expected share of electric vehicles, as is shown in Table 1. In
the model, the increase in demand was accounted with scaling
factors for the different energy demands (SH, DHW, electricity) for
each period. The development in demand for heating and elec-
tricity for the different buildings at Furuset, as well as the calcu-
lation of the scaling factors, is presented in detail in Ref. [34].

For the operational optimization, five representative days inside
a year were considered: spring, summer, autumn, winter and peak.
Table 2 shows the days belonging to each season. To obtain hourly
demand profiles for the representative days for the different
buildings at Furuset, yearly demand profiles were first generated
using a load profile generator tool [35]. The annual profile was then
system concept at Furuset [33].



Fig. 4. Costs for (a) electricity and (b) DH for the different representative days.
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applied to generate an average daily profile for each building,
season and type of energy demand; as well as to calculate scaling
factors for the different seasons. Integrate applies identical demand
profiles for each representative day, multiplied by a scaling factor to
obtain the correct average demand for each season. The daily en-
ergy demand profiles for the different energy carriers can be found
in Ref. [34].

3.2. Energy costs

3.2.1. Electricity
The end-user price for electricity consists of the power price,

grid tariff, as well as taxes and charges. Some of the taxes and
charges are not considered as socio-economic costs, and are thus
not included in the cost of using electricity.

The Norwegian Directorate for Water Resources and Energy
(NVE) has established different scenarios for the future power
prices in Norway [36]. Some of the scenarios point towards
increased and some towards decreased power prices, and in lack of
better knowledge, historic data from Nord Pool for Oslo from 2004
to 2018 was used as a starting point. The average price for each of
the 24 h of the day across these 15 years, and our defined seasons,
was calculated.

Similarly, for the future grid tariffs, some scenarios point to-
wards increased tariffs due to the required expansion of the power
grid with the increasing demand [37]; while some scenarios point
towards reduced tariffs as the costs will be divided among a larger
number of users [38]. In this study, we used statistical prices for
grid tariffs for households, obtained from the grid operator. Electric
boilers and heat pumps in the DH network represent dispatchable
loads, and for these units, reduced grid tariffs were applied. Fig. 4
(a) shows the power prices over 24 h for the different seasons.
For the peak day, the same prices were assumed as in the winter.

3.2.2. District heating
The socio-economic costs of heat delivery to Furuset is the extra

cost that incurs for the DH system of Oslo as a result of the de-
liveries. The cost for DH has thus been set by estimating which
technologies will be used in the DH system if more heat is to be
produced in a given hour and season. This corresponds to the
heating unit with the highest operational cost in operation at a
given time. The main heat generation units include waste inciner-
ation, electric boilers, heat pumps, as well as boilers using pellets,
biodiesel and gas. The share of heat generation from each unit
varies throughout the year, and details are given in Table 13 in the
appendix.

In the summer, there is excess heat from the waste incineration
plant, and the heat costs for this season are therefore set to zero.
Fig. 4 (b) shows the costs for the remaining seasons, calculated from
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the basis of data from the DH supplier on the use of different
technologies over the year and price statistics for the different
energy sources.

3.3. Local infrastructure

3.3.1. Heating network
Heat supply through DH at Furuset requires both a local piping

network and customer substations, as well as a connection to the
city's main DH network, approximately 3 km away. The total length
of the local heating network is 2400 m. A load point in the modeled
network corresponds either to a group of buildings (e.g. a housing
cooperative), or a larger single building (e.g. a school).

For the low-temperature DH case, constant supply/return tem-
peratures of 70/50 �C were applied throughout the year. For the
high-temperature DH case, weather compensated supply temper-
ature was applied, with a value ranging from 90 to 110 �C,
depending on the season. The return temperature was set to 60/
50 �C during summer/rest of the year. The heat loss factor was set at
0.75W/(mK), yielding heat losses of 5.6% at a supply temperature of
70 �C and a ground temperature of 5 �C.

3.3.2. Seasonal thermal energy storage
The planned size of the borehole TES is approximately 390

boreholes with a depth of 200 m each, yielding a total storage ca-
pacity of 13 GWh based on information from the DH supplier. The
assumed annual heat losses are 5 GWh, which yields 8 GWh of heat
available for heating the neighborhood. The storage was assumed
to be charged entirely during the summer, and discharged during
the remaining seasons. Table 3 shows the allowed charging and
discharging of the STES per season in the base case. Allocation of
heat available for discharging during the heating seasons was based
on the assumption that most of the heat would be used during
autumn and winter, while in the spring, the temperature of the
storage is lower and thus a smaller share of the heat demand can be
covered by the storage. The maximum heat flow rate for charging/
discharging was set to 4.27/4 MW based on input from the DH
supplier.

3.3.3. Local power production
For local power production, two scenarios were considered:

with and without building-integrated PV production, referred to as
PV and PV, respectively, in order to analyse its potential interplay
for the techno-economical viability of the STES solution compared
to a grid reinforcement.With PV included, we consider a gradual PV
installation up to 8.7 MW in 2050 and starting with 10% of this
capacity in 2020. In themodel this gave a capacity of 5.5MW for the
final planning period, corresponding to an implemented PV area of
23 521 m2 and a yearly production of 5.26 GWh. The capacity in



Table 3
The allowed charging and discharging of the STES per season and day, as well as the daily heat demand.

Charge/discharge per season/day [MWh] Daily heat demand [MWh] Share of demand covered by STES

Spring �500/�9.6 38.2 25%
Summer 13 000/102.4 22.6 e

Autumn �1400/�22.6 34.7 65%
Winter �6050/�49.2 53.1 93%
Peak �50/�50.0 80.0 63%

Table 4
Investment costs and lifetimes for the different alternative technologies, and which technologies need to be invested in each heat supply solution (HTDH - high-temperature
DH, LTDH - low-temperature DH).

Must (can) be included in

Costs [MV] Lifetime [y] Electric
heating

HTDH LTDH and STES

New transformer 1.0 40 (X) (X) (X)
Local heating network 1.9 30 X X
STES 7.2 60 X
Connection to DH network 3.9 30 X X
Upgrading existing buildings 97 30 (X) (X) (X)
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2050 is derived from an analysis done using the GENeSYS-MOD
model2 for different areas in Norway [39] and scaled down based
on the expected population at Furuset. In addition to the expected
increase in the amount of implemented PV panels over the plan-
ning period, the availability of solar energy obviously varies over
the year. In the model, separate PV energy sources were thus
included for each season and investment period, as shown in Fig. 2.

3.3.4. Building retrofit
Retrofitting has been considered as a measure to reduce the

energy demand of the existing housing cooperatives at Furuset,
corresponding to a heated area of 115 600 m2 (approximately 24%
of the total building mass). These buildings are and will also in the
future be heated with direct electric heating. Upgrading the
buildings to passive house standard was estimated to reduce the
annual heat demand by 9.8 GWh/year, corresponding to 31% of the
non-retrofitted demand, based on calculations with the load profile
generator (see section 3.1). In the model it was assumed that ret-
rofitting reduces the heat demand evenly during the heating sea-
son (autumn, winter, peak and summer), which corresponds to a
reduction of 1.7 MWh/h. Investment costs for renovation were
estimated to 900 V/m2.

3.4. Investment alternatives

The technologies that the model can invest in and their costs are
listed in Table 4. The table indicates also which investments the
studied three alternative heat supply solutions can or must have.
Table 5
Investment and operational costs from the Integrate runs (MV).

PV

Operation Investments

Electric heating 2.736 0.000
HTDH 2.612 0.199
LTDH and STES 2.414 0.399

2 https://openentrance.eu/2021/04/27/genesys-mod-tu-berlin/.
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Combinations of four investment alternatives are considered in the
context of the increasing load in the area: a larger transformer,
connection to the main DH network, a local heating network, a
STES, and retrofitting the existing buildings. Local PV production
was not considered as an investment option since PV will never-
theless be integrated in some of the buildings at Furuset. In-
vestments in infrastructure inside the buildings, such as electric
heaters and hydronic heating are not considered.

The investment costs for the STES and the DH infrastructure
were obtained from the DH supplier. The investment in the STES
includes costs for the borehole TES and the required heat central.
Government support for the STES was not considered in this socio-
economic analysis.

The analysis was set up such that the investment in local heating
network, STES and connection to the DH network had to be done
during the second investment period (in 2030), according to the
development plan for Furuset.

4. Results

Table 5 presents the results for annuity from the investment
analysis for the scenarios with and without PV (PV and PV). Direct
electric heating requires no investments, and has thus the lowest
total costs, even if the operational costs are highest for this alter-
native. The alternatives with DH are less than 3% more expensive
than the direct electric heating alternative, and these two alterna-
tives have almost the same total costs. Low-temperature DH and
STES has clearly the lowest operational costs of all the alternatives.
PV

Total Operation Investments Total

2.736 2.841 0.0 2.841
2.812 2.717 0.199 2.917
2.813 2.516 0.399 2.915

https://openentrance.eu/2021/04/27/genesys-mod-tu-berlin/
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In the PV scenario, the alternative with the STES is slightly less
expensive than without.

In any of the 3 investment alternatives, no investment wasmade
in a new transformer or building retrofit. Transformer is unnec-
essary due to good capacity in the power grid, while upgrading the
existing building stock is too expensive to be selected (see Table 4).
The results of Table 5 as well as the corresponding results from the
sensitivity analyses can also be found on Fig. 7 in the appendix.

4.1. With PV

Table 6 shows the annual delivered energy as well as the peak
demand for electricity and DH in the three alternative heat supply
options for the PV scenario. When investing in DH (high- or low-
temperature), the annual demand for supplied electricity is
reduced by 26%, and the peak power requirement is reduced by
Table 6
Total annual and peak energy demand for electricity and DH in the PV scenario.

Electricity

Energy [GWh/year] Peak [MW

Electric heating 59.2 17.0
HTDH 44.0 12.2
LTDH and STES 44.0 12.2

Fig. 5. Energy supply from the different sources in the representative days for summer (lef
row), high-temperature DH (middle row) and low-temperature DH with STES (bottom row
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28%. When investing in low-temperature DH and STES, the amount
of delivered DH increases by 28% annually due to heat losses in the
STES, however the peak load requirement is reduced by 31%.

Fig. 5 shows the aggregated breakdown of the energy supplied
from different sources for summer and peak periods in the three
heat supply alternatives: electric heating, high-temperature DH
and low-temperature DH. In the summer, there's a substantial
amount of electricity supplied from local PV production. In the low-
temperature DH alternative, the amount of import from DH is high
in the summer due to charging of the STES.

On the peak day, high heating demand increases the peak power
demand in the alternative for direct electric heating. In the high-
temperature DH alternative, the peak power demand is reduced
due to the heating load (47% of the building mass) that is allocated
to the local heating network. In the low-temperature DH alterna-
tive, heat from the STES is applied to cover the heating demand
DH

h/h] Energy [GWh/year] Peak [MWh/h]

0.0 0.0
16.2 5.22
20.9 3.61

t) and peak (right panel), for the investment alternatives of direct electric heating (top
) in the PV scenario.



Table 7
Total annual and peak energy demand for electricity and DH in the PV scenario.

Electricity DH

Energy [GWh/year] Peak [MWh/h] Energy [GWh/year] Peak [MWh/h]

Electric heating 64.3 17.1 0.0 0.0
HTDH 49.1 12.2 16.2 5.22
LTDH and STES 49.2 12.2 20.7 3.91
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during the hours when the DH prices are highest, reducing the peak
demand from the main DH network.

4.2. Without PV

Table 7 shows the annual delivered energy as well as the peak
demand for electricity and DH in the three alternative heat supply
options for the PV scenario. The electricity imports are 8.6% and
11.6% higher in the electric heating and DH cases, respectively, due
to the absence of PV. The peak electricity imports remain un-
changed. The annual imports and peak imports from the DH
network are also unchanged.

4.3. Heat losses and pumping power

An important benefit in low-temperature DH is the reduction in
heat losses. The annual heat losses were 1.14 GWh (7.5% of the total
heat demand) with high-temperature DH, and 0.85 GWh (5.6% of
the total heat demand) with low-temperature DH. Energy demand
for pumping is twice as high for low-temperature DH (0.031 GWh)
as opposed to high-temperature DH (0.014 GWh); however, this
energy demand is generally very small (0.20/0.09% of the total
heating demand for low-/high-temperature DH).

4.4. Levelized cost of heat

A common metric for comparing different energy production
technologies is the levelized cost of energy, or in this case, levelized
cost of heat (LCOH). LCOH was calculated for the alternatives with
DH according to the formula

LCOH ¼
I0 þ

Pn
t¼1

Ct

ð1þrÞtPn
t¼1

Et
ð1þrÞt

(19)

where I0 is the total initial investment, Ct is the annual operational
costs (i.e., the energy costs), Et is the annual amount of heat
delivered by the heat central, n is the number of years of operation,
set to 30 years, and r is the interest rate, set to 3%.

The resulting LCOH was 51.9 V/MWh for the high-temperature
DH alternative, and 51.5 V/MWh for the STES alternative with
low-temperature DH and STES. The average price for DH in Norway
in 2020 was 58.1 V/MWh (excluding taxes), and the average power
price for Norway in 2020 was 49.3 V/MWh (excluding taxes and
charges). 2020 was a year with especially low electricity prices; in
2021, the power prices have doubled, with a price of 79.3 V/MWh
Table 8
The allowed charging and discharging of the STES per season and day wit

Charge/discharge per season/day [M

Spring �596/�11.5
Summer 13 000/102.4
Autumn �2108/�34.0
Winter �5271/�42.9
Peak �24/�24
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for the third quarter.
The obtained values for LCOH are higher than in a previous

study on a borehole TES system storing excess heat from waste
incineration [19], where LCOH in the range from 10.5 to 23.5
V/MWh was obtained. In this study, the share of heating demand
covered by waste heat was in the range of 37.4e89.1% and storage
efficiency between 48.1 and 69.2%. The borehole TES volumes
considered in this study were 300 000 and 600 000 m3, and higher
storage efficiencies were obtained with smaller storage volumes. In
the present study, the storage volume was approximately
5 000 000m3, the share of heating demand covered by surplus heat
was 54.6%, and storage efficiency 61.5%. The discrepancy in LCOH
can thus be partly explained with the lower waste heat utilization
factor, and partly by higher investment costs: the cost for boreholes
and piping in Ref. [19] were assumed to be 33.5 V/m, while in the
present study the costs were 45.9 V/m (including total system
costs).

It should be noted that the LCOH calculated here considers heat
delivery to the buildings connected to the local heating network,
corresponding to ca. 47% of the total heating demand (see section
3). Connecting several buildings to the network would increase the
amount of delivered heat, thus reduce the LCOH.
4.5. Sensitivity analyses

4.5.1. STES heat availability
The selected allocation of heat available from the STES in the

different seasons shown in Table 3 was based onmere assumptions.
In reality, the temperature of the storage might be lower and thus
less heat can be extracted e.g. on the peak day. In Ref. [40], the
operation of the borehole STES planned at Furuset was evaluated
using dynamic simulations. Outcomes of the study include the
development of outlet temperatures from the STES to the local
heating network over the heating season, as well as the demand for
importing heat for different approaches for discharging the STES. To
evaluate the sensitivity of the results in the present study to heat
availability, an alternative setup with reduced availability during
the winter and peak periods was evaluated, based on the outcomes
of the study by Jokiel et al. [40]. This setup is shown in Table 8.

The impact of this change on the investment analysis is minimal,
with 2.415 MV for operational costs and 0.40 MV for investment
costs. This results in total costs of 2.81 MV, which is the same as in
the previous setup for heat availability in the STES. The reason for
the small change in costs is that the storage is still able to cover the
demand during the hours when the heat costs are the highest (see
h reduced availability in winter and peak periods.

Wh] Share of demand covered by STES

63%
e

98%
81%
30%



Fig. 6. Energy supply from the different sources on the peak day with low-
temperature DH and STES, with reduced availability of heat during winter and peak
periods.
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Fig. 4(b)), as shown in Fig. 6. The peak demand for DH however
increases to 5.11 MWh/h, which is almost the same as without the
STES.

4.5.2. STES investment costs
The sensitivity of the results to the investment cost of the STES

was studied in order to find out at which point low-temperature
DH and STES becomes more cost-effective than to not invest in
anything and only use electric heating. The results are presented in
Table 9. In both the PV and PV scenarios, low-temperature DH with
STES becomes more cost-effective for cost reductions of the STES of
slightly less than 40%. Indeed, the total costs in the cases with
electric heating were 2.74 and 2.84 MV for the PV and PV case
respectively, corresponding to a required reduction of 38.5 and 37%
in the cost of STES.

The storage planned at Furuset is large compared to other
existing projects [41] and benefits from an economy of scale. This is
not enough to make it competitive to direct electric heating in a
non-constrained grid such as Furuset (see the results in Table 5).
Reduction in the STES investment costs does, however, have a large
impact on the LCOH, with 20% reduction yielding a LCOH of 46.7
V/MWh, and 40% reduction a LCOH of 41.8V/MWh. Both values are
below the average power price in Norway for 2020, which was a
year with low power prices.

4.5.3. Reduced grid capacity
We also look at the impact that a reduced grid capacity would

have on operational and investment costs. The grid capacity avail-
able at Furuset is particularly high (22.6 MW), and represent a
Table 9
Annuity of investment and operation resulting from a given reduction in the STES
investment cost in both the PV and PV scenarios in MV. “Base” represents the cost
assumption used in the main analysis.

PV PV

Operation Investments Total Operation Investments Total

Base 2.414 0.399 2.813 2.516 0.399 2.915
�20% 2.414 0.359 2.773 2.516 0.359 2.875
�40% 2.414 0.319 2.733 2.516 0.319 2.835
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special case rather than the normal situation in Oslo. The results
from a lowered grid capacity, with a reduction between 3 and
15 MW, are presented in Table 10.

In the direct electric heating case with PV, the operational cost
increases with reducing grid capacity due to the deficit penalty, as
the capacity becomes too small to cover the peak demand. Low-
temperature DH with STES becomes competitive with a grid ca-
pacity reduction above 9 MW. Going from 9 to 12 MW reduction in
the grid size leads to a 54% increase in operational and total costs
for direct electric heating. In the casewith low-temperature DH and
STES, the investment in the heating network is done earlier,
reducing the operational cost, avoiding deficit but increasing
slightly the investment cost, leading to an overall 3.6% cost in-
crease. The situation is the same in the PV case, with even larger
deficits than in the direct electric heating case. Between 12 and
15 MW grid capacity reduction, the DH and STES is not enough to
compensate for the lacking demand.

Investment in a large transformer is not considered here, but the
annuity for investing in this alternative is 0.58 MV and would be
more competitive than DH and STES under our cost assumptions.

4.5.4. Higher winter electricity prices
In 2021, particularly high electricity prices were experienced in

many parts of Europe. This can occur for various reasons: increasing
level of renewable energy sources combined with unfavorable
weather conditions, geopolitical and economical instability
affecting gas prices, and high carbon prices to name a few. Those
conditions remain rare events, but could become more frequent
due to the impact of climate change. In this section, the impact of
higher electricity price on the investment alternatives is studied.
We consider a price of electricity twice as high as in the rest of the
study for the winter and peak seasons, while the prices for the rest
of the year are kept unchanged. The corresponding increase in DH
costs due to higher costs of using electric boilers and heat pumps is
also taken into account. Table 11 presents the resulting investment
and operational costs.

As a result of higher electricity prices, low-temperature DHwith
STES becomes the least cost solution followed by high-temperature
DH. The investment in DH alone or in combination with the STES
take place in the first period.

4.6. Emission reduction due to implementation of STES

Even if direct electric heating is the option with the lowest
socio-economic costs, STES has an important function in reducing
the use of peak heating boilers in the main DH network in the
winter e thus lowering emissions and costs related to DH pro-
duction. This effect is not reflected in the modeling results, and
thereby a simple calculation on the reduction in emissions was
carried out.

In the summer, waste incineration is the only source of heat in
the DH network. In the winter, it represents 30% of the heat supply,
while the remaining demand is covered with electric boilers, heat
pumps, gas and biodiesel (see Table 13 in the Appendix). Investing
in the STES allows to use heat that would otherwise not have been
utilized and reduces the emissions due to the use of peak heating
sources. Table 12 presents the annual emissions3 for the period
2039e2049 for the different investment alternatives and the
contribution of electricity and DH. The emissions from DH in the
different seasons are calculated based on the share of each heating
technology used.
3 Based on an emission factor of 277 kg/MWh for gas, 50 kg/MWh for biodiesel,
40 kg/MWh for wood pellets and 17 kg/MWh for electricity [42].



Table 11
Investment and operational costs from the Integrate runs with doubled electricity costs in the winter and peak (MV).

PV PV

Operation Investments Total Operation Investments Total

Electric heating 4.098 0.000 4.098 4.216 0.0 4.216
HTDH 3.609 0.372 3.981 3.728 0.372 4.099
LTDH and STES 3.152 0.755 3.907 3.265 0.755 4.020

Table 10
Annuity of investment and operational costs resulting from a given reduction in the grid capacity in both the PV and PV scenarios in MV. The second column contains the grid
connection reduction from the base value.

PV PV

Operation Investments Total Operation Investments Total

Electric heating �3 MW 2.735 0 2.735 2.841 0 2.841
�6 MW 2.737 0 2.737 2.843 0 2.843
�9 MW 2.805 0 2.805 2.915 0 2.915
�12 MW 4.321 0 4.321 5.263 0 5.263
�15 MW 34.40 0 34.40 38.06 0 38.06

LTDH þ STES �3 MW 2.414 0.399 2.813 2.516 0.399 2.915
�6 MW 2.414 0.399 2.813 2.516 0.399 2.915
�9 MW 2.414 0.399 2.813 2.516 0.399 2.915
�12 MWa 2.343 0.571 2.914 2.445 0.571 3.016
�15 MWa 4.661 0.571 5.232 5.858 0.571 6.429

a Investment in DH in 2019 and STES in 2029.
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Connecting to the DH network allows a reduction of 7e8% of the
emissions while the addition of the STES and the increased use of
waste heat from the summer leads to a 20% reduction from the base
case. The results from Table 12 shows also the contribution of PV in
reducing emissions (�8%), which is relatively low due to the low
emission factor of electricity in Norway.

5. Discussion and conclusions

Considering the high share of heat produced by waste inciner-
ation in the Nordic countries [15e18], there is undoubtedly a high
potential for seasonal storage of the excess heat that is produced in
the summer due to lack of possibilities for storing waste. In this
study, a techno-economic optimization tool was applied to show
that utilizing the stored excess heat to cover heating demands of a
neighborhood in Norway during the heating season can enable
significant reductions in heating costs as well as emissions related
to heat production. The investment costs of borehole TES systems
for seasonal storage of heat limit the profitability of this solution as
compared to more conventional alternatives, such as direct electric
heating and high-temperature DHwhich were used for comparison
in this study. However, it was shown that high electricity prices in
the winter, and limitations in the grid capacity improve the prof-
itability of STES and DH significantly. This is an important result,
Table 12
Annual emissions for the energy system considered with the different investment
alternatives from electricity and DH (ton CO2/year).

PV PV

El. DH Total El. DH Total

Electric heating 1007 0 1007 1094 0 1094
HTDH 748 182 930 835 182 1017
LTDH and STES 748 46 794 836 44 880
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considering that both of these scenarios have become very relevant
in the recent years with increasing electrification and share of
variable renewable sources in the grid.

If STES technology was widespread, it would probably also affect
the need for investment in transmission networks. The Norwegian
grid operator stands in front of huge investments to meet expected
growth in consumption [43], which will be largest in big cities and
on the coast. The power grid in Norway is dimensioned based on
the highest demand, and since large share of the heating demand is
covered with electricity, the grid is heavily loaded during the
coldest days of the year. A technology that reduces electricity
consumption in general and in particular the peak loads in cities
can therefore be very useful. It can thus be concluded that in-
vestments in DH and STES can become an important measure to
reduce the demand for grid investments and hedge against
increasing energy prices and volatility.

The Norwegian energy supply system is quite unique in Europe.
The high share of hydro power, combined with a domestic pro-
duction that exceeds the consumption on an annual basis in a
normal year, allows low electricity prices that has lead to more
electric heating than in the rest of Europe. It also reduces the scope
of the transition necessary for the Norwegian power system to
reduce domestic emissions. At the same time, Norway's hydro
power resources can play a major role in balancing for variable
power production from wind and PV in Europe and consequently
reducing the power prices [44]. Reducing the burden on the Nor-
wegian power grid through increased utilization of DH for covering
the heating demands would free more of the available hydro power
capacity for this purpose, and at the same time reduce or delay grid
investments. Widespread implementation of STES would addi-
tionally reduce the peak load demands in a DH network, including
the use of power-to-heat units (electric boilers and heat pumps)
that cover a high share of the heating demand during winter (see
Table 13), thus further reducing the load on the power grid and



Fig. 7. Graphical summary of the results presented in Tables 5, 9 and 11.

Table 13
The share of heat from the different heat generation units during the different
seasons.

Waste El.boiler Heat pump Pellets Biodiesel Gas boiler

Spring 78% 13% 7% 2% 0% 0%
Summer 100% 0% 0% 0% 0% 0%
Autumn 68% 15% 12% 4% 1% 1%
Winter 45% 33% 10% 8% 1% 3%
Peak 30% 30% 10% 18% 6% 6%
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increasing the system flexibility during periods with high load.
A limitation of the seasonal storagemodel applied in the present

study is that the total storage capacity as well as the allowed
charge/discharge of heat per season are user-defined inputs. The
storage capacity and yearly charging patterns are hence predefined
and cannot be optimized. This poses a challenge as it requires good
understanding of the technology from the modeler to ensure sen-
sible input arguments for charge/discharge of heat as well as the
heat losses. Moreover, the module does not consider the heat ex-
change process or the temperature level in the storage, which
might lead to an overestimation of heat availability on e.g. the peak
day. Still, such high level of detail might be unrealistic in an in-
vestment optimization model. A sensitivity analysis carried out on
reduced heat availability from the STES on the peak day showed
little impact on the economic analysis, although the benefit of
reducing peak demand from the DH networkwas lost. Further work
could attempt to address these issues by improving the formulation
of long-term storage in the model, and finding a strategy to include
the allowed charging/discharging per season as a part of the overall
optimization. This would, however, require major modifications to
the model or limit greatly the complexity of the modeled energy
system. Another approach, and a step further fromwhat is done in
this paper, could be to link the model to a more detailed thermal
storage model.

Another highly relevant topic for further work could include
studying the widespread implementation of STES in e.g. Oslo, and
consequently to evaluate its impacts on future grid investments. It
would additionally be very interesting to assess the applicability of
this technology on European scale in mitigating the seasonal vari-
ability in energy prices in a power system with high share of
renewable energy sources.

To summarize, the main conclusions from the study are:

1. District heating has a significant impact in alleviating the
pressure on the power grid. STES reduces the peak load de-
mands in a DH network, including the use of power-to-heat
units, thus further reducing the load on the power grid.

2. STES is not cost optimal under the conditions assumed, how-
ever, the total costs were slightly higher compared to electric
heating. It was shown that high electricity prices in the winter,
and limitations in the grid capacity can render the solution
competitive.

3. Investments in DH and STES can become an important measure
to reduce the demand for grid investments and hedge against
increasing energy prices and volatility.
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