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There is now a strong demand in Sweden for construction of new low energy buildings (LEB) areas. There
are essentially three options for heat supply to these LEB areas: “individual”, “on-site” and “large heat
network” supply. The chosen option is of strategic societal interest. Thus, this study aims at comparing
the long-term system cost of the three heat supply options. A dynamic modelling approach is applied in a
systematic analysis designed to investigate the threshold for the various options' cost-efﬁciency. The
study addresses scale impacts of hypothetical LEB areas and district heating systems. The results show
that, generally, the large heat network option has the lowest system cost whereas in most cases the
individual option has the highest system cost.
© 2017 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/).

Keywords:
Low temperature district heating
Fourth generation district heating
TIMES
Energy system modelling
Passive houses

1. Introduction
The building sector accounts for 40% of the total energy consumption and 36% of carbon dioxide (CO2) emissions in the European Union [1]. The European Commission has passed two
Directives - the 2010 Energy Performance of Buildings Directive and
the 2012 Energy Efﬁciency Directive - aiming at reducing buildings
energy consumption.
In Sweden, the residential and service sector accounted for 38%
of the total ﬁnal energy use, 144 TWh, in 2011. About 60% of this
was used for space heating and to provide hot tap water [2]. The
national goal is to reduce the total energy use per unit of area in
residential and commercial buildings by 20%e2020 and by 50%e
2050 compared to the 1995 level [3]. The development of buildings
with very low energy use (i.e., at least 50% lower than the present
requirements; see Ref. [4]) is supported by the Swedish Energy
Agency, which aims at promoting energy efﬁcient new construction
and renovation [3]. Consequently, in some new residential areas
there are buildings built based on low energy building (LEB) standards. These buildings require little space heating even during the
cold seasons.
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Due to ongoing urbanisation, new building areas are often built
within or in the vicinity of a city or town, and thus there is the
possibility of district heating (DH) supply to the LEB areas. There are
generally three options to supply heat to new LEB areas within or in
the vicinity of urban areas: an “individual”, an “on-site” and a “large
heat network” option, assuming that there is a DH system in the
urban area (which is the case in almost all urban areas in Sweden).
These heat supply options are able to independently meet 100% of
end-user's heat demand. The “individual” option means that each
building has its own heat production device, installed within the
building, to meet its heat demand. The “on-site” option implies
heat supply by a small local DH system within the LEB area,
including a centralized heat production unit within the area and a
distribution network for heat distribution from the heat production
unit to each building. Similar to the “on-site” option, the “large heat
network” option also includes a distribution network within the
LEB area while the heat is produced in the DH system of the closeby urban area and transmitted to the LEB area by a transmission
pipeline.
In Sweden, DH has developed substantially since the 1960's and
today accounts for over 60% of the heat market in the residential
and service sectors [5]. The rate of construction of new buildings
and residential areas is likely to be high in the foreseeable future
because of increasing population in Sweden but DH is not always
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the preferred heat supply option to new LEB areas, implying that
opportunities associated with large DH systems might be missed:
the greater efﬁciency of energy conversion in large-scale heat
production plants, co-generation of heat and electricity, and the use
of excess heat from industrial processes, waste incineration or
thermal power plants. Four parameters that could discourage investments in the large heat network are: low heat demand of LEB
areas leading to large heat losses [5], high investment cost of
construction of DH transmission and distribution pipelines [6,7],
business strategy disagreements between building and energy
companies [8] and fossil fuel use in the DH production.
Impacts of different heat supply options to LEBs have been
assessed by studying a single building [9,10]. Since such assessments do not include the full systems effects of simultaneously
implementing heat supply options at a greater scale, suboptimization could occur if the conclusions from such studies are
implemented in areas with many LEBs.
Studies at the national level (e.g. [11e13]) represented the
existing building stock in Sweden and applied various energy efﬁciency measures to the buildings to assess energy system impacts
of different heat supply options with a long-term perspective. They
also investigated trade-offs between heat supply options and energy efﬁciency measures by minimizing the total system cost. In
these studies the local conditions, of great importance for optimal
heat supply, were partially ignored since the buildings were represented in an aggregate way.
The environmental and energy system impacts of heat supply
options in LEB areas have also been assessed at the local level. The
connection of 20,000 new energy efﬁcient apartments to an
existing DH system led only to a small increase of DH demand while
it contributed to leveling of the annual DH demand proﬁle [14]. The
study excluded changes in the DH system (e.g. forward temperature
reduction in the DH network) that could occur due to low heat
demand of the apartments. A recent study compared energy system
impacts of on-site and individual heat supply options in a new
building area in which half of the buildings are built as LEB. The
area, located in mid-Sweden, would be occupied by 10,000 inhabitants by 2025 [8]. The study excluded an assessment of a heat
connection between the new building area and its close-by town.
Decisions on heat supply to new LEB areas are of strategic
importance for the countries' ability to mitigate greenhouse gases
in a cost-efﬁcient way and to combat local air pollution, and have
long-term impacts due to infrastructural lifetimes and system
inertia. Further, economic optimality of the heat supply investment
is stakeholder dependent and the best option from the developer's
point of view might not be the best from the societal point of view.
Thus, due to the importance of the investment decision, comprehensive knowledge is essential and, due to the dynamics of the
systems and fuel costs, a long-term system approach taking into
account the dynamics and the interactions between the heat,
electricity and buildings energy systems is needed to acquire the
necessary knowledge.
This study thus aims at assessing the system scale economy of
the three presented heat supply options to LEB areas in a systematic
way, and to determine the approximate thresholds for the costefﬁciency of the various options. In this way, the following two
question will be answered:
 Which is the most cost-efﬁcient heat supply option to LEB areas
from a societal point of view?
 How do the various cost components of the long-term system
cost compare between the three heating options?
The study will apply an approach with system boundaries
widened to include both the LEB area and its assumed nearby urban
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DH system in the assessment. This allows for a comparison of the
three heat supply options. Unlike previous studies, a dynamic
approach is applied, implying that the heat and electricity systems
are allowed to develop with time during the studied time period.
Finally, strategic implications of the results are discussed.
2. Method
The study is carried out based on 1) a literature review, 2) creation of hypothetical cases, 3) dynamic energy system modelling,
and 4) policy scenarios and assumptions. The literature review
presents recent literature ﬁndings on the three heat options to be
analyzed and serves as a basis for the study (see Section 2.1). The
data used in the study are inspired by three real LEB areas and three
real DH system (see Section 2.2). In order to be able to draw general
conclusions and to investigate the threshold for the most costefﬁcient of the various heat supply options under varying conditions, a systematic analysis combining parameters is implemented.
A dynamic energy system model, including the heat sector and part
of the electricity and building sector (see Section 2.3), is built and
used for the calculations. Two scenarios (see Section 2.4) corresponding to different climate ambitions are designed and applied in
order to test the robustness of the results.
2.1. Literature review
2.1.1. Individual heat supply
Environmental and economic impacts of individual versus DH
€ller
supply to buildings were assessed for Danish conditions in Mo
and Lund [15], who assessed the economic potential of DH
expansion into areas supplied with individual natural gas boilers in
a future energy system with higher shares of renewables. In the
cost-effective solution, the boilers were replaced with individual
heat pumps in rural and remote areas. Petrovic and Karlsson [16]
showed by using the marginal cost of DH expansion into different
areas where buildings were supplied with heat by individual options that DH supply has low socio-economic potential for buildings located in areas requiring not only investments in DH
distribution but also in transmission infrastructure.
In Sweden, because of high fuel and CO2 taxes on oil and natural
gas, individual heat pumps are the main competitors of DH in low
linear heat density (i.e. the ratio between annul heat quantity sold
to customers and the trench length) areas [2,7]. In 2011, while DH
use was 6 TWh, electricity and biofuels (e.g., wood chips and pellets) use in single-family and two-family detached buildings
accounted for 14 TWh and 12 TWh, respectively [2]. In the same
year, individual heat pumps supplied heat in 923,000 (46% of total)
single-family and two-family detached buildings [2].
2.1.2. On-site heat supply
The concept of 4th generation DH or low-temperature DH
(LTDH) (i.e. forward/return temperatures of 50/25  C rather than
the current 80/40  C), was recently introduced to describe a
development including several different measures that each
contribute to a more sustainable system [17]. Brand [18] showed
the LTDH system to be competitive to individual heat supply options in LEB areas. Dalla Rosa and Christensen [19] identiﬁed the
LTDH systems to be a cost-effective option leading to reduced primary energy use for heating purposes in areas with linear heat
densities down to 0.20 MWh/m/year (0.72 GJ/m/year). Moreover,
the system resulted in 50% lower distribution heat losses and
slightly lower investment cost of pipelines compared to the current
DH networks. Li and Svendsen [20] designed different hypothetical
LTDH systems to meet the heat demand of 30 LEBs in an area with a
heat density of 187 kWh/m/year (0.67 GJ/m/year). When the LTDH
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was designed based on an instantaneous heat exchanger substation
in each building, a network energy efﬁciency of 91.5% and 63.4%,
corresponding to the coldest and the hottest season of the year, was
reached. In reality, this LTDH system was built to supply heat to a
LEB area including 40 terraced houses in Lystrup, Denmark (linear
heat density of 1 GJ/m/year and plot ratio (i.e. the ratio between the
heated area and the associated land area [21]) of 0.24 [21]), and
successfully tested in 2010. The annual heat loss was as low as 17%
of delivered heat, i.e. one quarter of the value of current DH networks in areas with similar heat density (i.e. the ratio between the
heat demand and the associated land area [21]) and plot ratio [18].
2.1.3. Large heat network
Werner and Reidhav [7] identiﬁed the minimum annual heat
demand (50 GJ/house) and heat density (2 GJ/m) required for the
proﬁtability of DH expansion into low heat density areas. They also
identiﬁed that the investment cost of DH network constitutes a
considerable fraction of the total heat supply cost. Karlsson et al. [6]
showed DH expansion from a close-by city into a group of singlefamily buildings with an existing local DH network to be costeffective from the entire energy system perspective in Denmark.
Lund et al. [22] included the whole Danish energy system to
compare the impacts of different individual heat supply options as
well as DH option on fuel use and CO2 emissions in the long-term.
The study concluded that given a continuous improvement of DH
distribution, a gradual DH expansion into areas within a distance
up to 1 km from existing DH systems together with individual heat
pumps in the rest of the areas was the most cost-effective solution
in a future 100% renewable energy system.
2.2. Hypothetical cases
The heat demand proﬁle, the linear heat density and the plot
ratio differ between residential areas. The characteristics of DH
systems, in terms of fuel use and heat production technology, vary
depending not only on local conditions but also on the size (heat
demand) of the system. The assessment is carried out in the form of
a study applying hypothetical cases constructed based on data from
three real LEB areas and three real DH systems. In the model we
systematically combine the three LEB areas with the three DH
systems and also vary the distance between the two in order to
represent a wide range of conditions. This approach allows us,
while using information from real systems, to investigate different
heat supply options in a more general context.
2.2.1. Low-energy building areas
The three LEB areas are selected starting with a low plot ratio
area (PR-1A), with a plot ratio of 0.15, representing a mainly residential area with primarily one-family houses. Then, two more
dense areas, with plot ratios about ﬁve times (PR-5A) and nine
times (PR-9A) larger than PR-1A were selected. Areas with these
plot ratios have been chosen to well represent the common range of
plot ratios (i.e. 0.05e2) [23] for residential areas in Sweden.
2.2.1.1. PR-1A: mainly detached one-family houses. The ﬁrst real LEB
area is located in the suburb of a small town in the Halland County
in west Sweden. The area, which was mainly constructed during
2011e2014, consists of 26 one-family houses, four small apartment
buildings, six terraced houses, a nursing home for elderly people
with 64 apartments and commercial buildings [24]. The total
heated area is 15,300 m2, the heat density is 27.2 MJ/m2 and the
plot ratio 0.15 [25]. All the buildings in the area were designed and
built based on LEB requirements (<45 kWh/m2/year [24]). The total
annual heat demand in the area, including space heating and hot
tap-water demand, accounts for approx. 756 MWh (2720 GJ)

[26,27]. The demand load proﬁle of the one-family houses is presented in Fig. 1 and the area characteristics provides the basis for
the ﬁrst hypothetical case, hereafter referred to as PR-1A. For the
purpose of this study we designed a DH network that serves as a
basis for the DH network cost calculations in PR-1A (see
Appendices A, B and C).
2.2.1.2. PR-5A: mainly multi-family buildings. The second selected
LEB area is located within the Falkenberg town in the Halland
County in Sweden, constructed during 2008e2010. The area consists of four eight-store multi-family buildings with a total heated
area and speciﬁc heat demand of 10,208 m2 and 36.7 kWh/m2/year,
respectively [21]. This area characteristic provides the basis for the
hypothetical case PR-5A (plot ratio of 0.73). Since the area is rather
small in terms of total heated area and in order to make PR-5A
comparable to the other LEB areas in the calculations, the number
of buildings in the model of PR-5A is multiplied by three relative to
the heat demand of the real LEB area without changing the plot
ratio. Thus, in this study the total annual heat demand in PR-5A is
equal to 4041 GJ.
2.2.1.3. PR-9A: mainly large multi-family buildings. The third hypothetical case, PR-9A, with a plot ratio of 1.3, is inspired by a real
LEB area located within the Munich City in Germany. The area
consists of 13 multi-family buildings with the total heated area of
28,550 m2 and speciﬁc heat demand of 62 kWh/m2/year. The
measured annual heat demand in PR-9A is equal to 6267 GJ [21].
2.2.2. District heating systems
Due to, for example, economies of scale and differences in
resource availability, DH systems vary considerably not only due to
their size (annual heat demand) but also due to location. In order to
capture the scale effects and the resource availability, we selected
three DH systems: a small-town DH system, a medium and a large
DH system. Each of these has its own speciﬁc characteristics in
terms of DH technologies and fuel use.
The LEB area providing input data for our PR-1A area is located
close to a small town along the west coast of Sweden (Kungsbacka)
with an existing DH system. This DH system was thus selected to
inspire our small town hypothetical DH system. It had a total
annual heat demand of 105 GWh in the year 2014. This heat demand increases annually by approximately 4 GWh due to DH
network expansion [28]. The DH system is today based on a
biomass combined heat and power (CHP) plant, biomass heat-only
boilers (HOB), oil HOBs and a heat pump.
The medium hypothetical DH system is inspired by the DH

Fig. 1. Distribution of annual heat demand, including hot tap water and space heating,
in 26 one-family houses in PR-1A (adapted from Ref. [27]).
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€ ping and is based on a biomass HOB,
system in the larger town Linko
oil HOBs, an electric boiler, a coal CHP, oil CHPs, municipal solid
waste (MSW) CHPs and a biomass CHP with a constant total annual
heat demand of 1312 GWh [29].
The large hypothetical DH system, inspired by the DH system in
the city of Gothenburg, has a constant annual heat demand of 3177
GWh, is based on biomass HOBs, oil HOBs, natural gas (NG) HOBs,
industrial excess heat, heat pumps, an electric boiler, NG CHPs, a
biomass CHP and a MSW CHP [30]. See Table 1 for the production
capacity of different technologies in the three DH systems.
2.3. Dynamic energy system modelling
For the purpose of this study we developed and applied a local
TIMES (The Integrated MARKAL [31] -EFOM [32] System) model,
TIMES_UH (Urban Heating). This model only represents the heat
sector, implying that other sectors, i.e. the power, residential and
transport sector, are exogenous. A TIMES model [6,31,32] is a partial
equilibrium optimization model which can be used to optimize
energy systems over a short to long-term horizon. The TIMES
model framework was developed by the International Energy
Agency (IEA) implementing agreement International Energy
Technology System Analysis Program (ETSAP). The TIMES model is
driven by an exogenously given demand for energy services and
based on a perfect-foresight, linear programming bottom-up
approach, where the objective function is minimization of the total system cost. The studied energy system is represented by
different technologies that are connected by ﬂows of commodities.
Each technology is described by its input and output commodities,
efﬁciency, availability, lifetime, costs and environmental impacts,
whereas each commodity is described by which technologies it can
be produced or consumed, and its availability, extraction or import
cost and demand.
2.3.1. Model calculations
Assuming heat demand to be completely inelastic, the objective
function of the model is the net cost (including revenues for electricity sale at exogenously assumed prices) minimization of one of
the following four modes over the entire model time horizon,
2014e2052:
1.
2.
3.
4.

Individual heat supply in the LEB area (i.e. individual)
DH supplied to the LEB area (i.e. on-site)
DH supplied to the nearby town
DH supplied to both the nearby town and LEB area
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Mode one and mode two only include one of the three LEB areas,
mode three only includes one of the three existing DH systems,
mode four includes one of the LEB areas and one of the existing DH
systems. In the model, there is the possibility to select any LEB area
or any existing DH system or any combination of these and to
exclude other LEB and exiting DH systems. For the combination of a
LEB and an existing DH system, an alternative heat-transmission
distance should also be selected.
For each of these modes and each scenario (see Section 2), the
model generates future energy system developments and calculates the associated system costs, discounted to the year 2014 with
an annual discount rate of 5%. While the system cost of the individual and on-site options is directly calculated by the model (i.e.
mode 1 and mode 2, respectively), the system cost of the large heat
network option is obtained by inserting the model results in
equation (1):
system cost (Large heat network) ¼ system cost (DH supplied to town and LEB
(1)
area (i.e. mode 4)) - system cost (DH supplied to town (i.e. mode 3))

2.3.2. Model assumptions
The TIMES_UH model covers the time between 2014 and 2052
divided into 10 time periods with shorter lengths in the beginning
(two one year; 2014 and 2015 and one two years; 2016e2017) and
longer lengths from 2018 (5 years). Each year has been divided into
eight time slices, representing day and night in four different seasons. The seasons are: summer (6 months), spring/fall (3 months),
winter (2 months) and cold winter (1 month). Daytime lasts 8 h,
8 h, 12 h and 16 h per day during winter, cold winter, intermediate
and summer, respectively.
When the large heat network option is investigated, the model
includes two regions; a LEB area (i.e. one of the PR-1A, PR-5A or PR9A areas) and one of the three assumed DH systems. From 2015 in
the LEB area, the duration curve of the DH demand and the individual heat demand for each building type are deﬁned for each time
slice.
The model representation of the nearby DH system is built on
the existing DH production units in the respective DH systems, as
described in Table 1. The DH systems are represented in detail,
including annual heat demand, heat duration curve, technologies,
fuels input, capacities, efﬁciencies, lifetimes, availabilities, heat to
electricity ratios (only for CHP plants), and operation and maintenance (O&M) costs. The running cost of the existing DH system, i.e.
fuel and electricity cost and O&M are included in the model.

Table 1
Existing DH production technologies and their production capacity in the three DH systems.
Technology

Small DH [28]

Medium DH [29]

Large DH [30]

Heat-only plants
Biomass HOB
NG HOB
Oil HOB
Electric HOB
Heat pump
Industrial excess heata
CHP plants
MSW CHPb
Biomass CHP
NG CHPb
Oil CHPb
Coal CHP

Heat capacity [MW]
17.6
e
34
e
2.8
e
Heat to power ratio
e
9
e
e
e

Heat capacity [MW]
42
e
298
25
e
e
Heat to power ratio
1.9/3.86
5.06
e
3.55/1.05
3.84

Heat capacity [MW]
107
325
628.5
8
160
150
Heat to power ratio
7
9.23
1.2/2.8/1.12
e
e

Electricity capacity [MW]
e
0.8
e
e
e

Electricity capacity [MW]
47.4/15.4
10.8
e
30/12
12

Electricity capacity [MW]
20.4
13
12.9/36/261
e
e

Abbreviations: Heat only Boiler (HOB), NG (Natural Gas), MSW (municipal solid waste), and CHP (Combined Heat and Power).
a
Industrial excess heat capacity remains unchanged until 2052 and it is continuously available over an entire year.
b
When there are more than one plan with a different heat to power ratio, the electric capacity of each plant and its corresponding heat to power ratio are given (separated
with/).
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However, the investment cost of the existing DH production plants
and DH network are treated as sunk cost. The DH distribution
networks are in the model represented with their seasonal
efﬁciency.
From 2015 investment options for DH supply technologies in the
LEB area and the DH system (Table 2), DH transmission pipeline
between the LEB area and DH system (Table 3) and DH distribution
network (Table 4) and individual heat production technologies (i.e.
bio pellet boilers, brine to water heat pumps and electric boilers,
Table 5) in the LEB area are included in the model. All investment
options for DH technologies and individual heat production technologies in the LEB area and DH system can only be made at
discrete capacity levels. Thus, these investment options change the
linear model into an integer programming (IP) model.
In our study, as a starting point, the distance between the LEB
area and the DH network is assumed to be zero; that is, the LEB area
is assumed to be located within or next to an existing DH system.
The distance between the LEB area and the DH system is then

systematically increased in steps of one km to a maximum of three
km.
2.4. Policy scenarios and related assumptions
2.4.1. Policy scenarios
Two policy scenarios representing possible climate policy developments are applied; 450PPM and BAU, corresponding to the
450 ppm and New Policies scenarios of the IEA World Energy
Outlook [33]. The 450PPM scenario represents ambitious climate
policies in line with the Paris agreement aiming at limiting global
warming to below 2  C [34]. In the 450PPM scenario a national
political ambition, which asks for phasing out of the fossil fuel use
after 2030 is also included. The less ambitious BAU scenario represents broad policy commitments and plans that had been
announced by countries before the Paris agreement, including national pledges to reduce greenhouse gas emissions and plans to
phase out fossil fuel subsidies.

Table 2
Main model input assumptions regarding DH technologies in the LEB areas, small, medium and large DH systems based on [35,39,40].
Technology
Heat plants
(Heat capacity)
Biomass HOB
(0.5 MW-50 MW)

Oil and natural gas HOB
(0.5 MW-20 MW)

Heat pump
(0.5 MW-10 MW)

Solar collectorc

Combined heat and power plants
(Electricity capacity)
Biomass CHP
(0.6 MW-100 MW)

d

MSW CHP
(20.5 MW-28.5 MW)
NGCC CHP
(10 MW- 400 MW)

NGGTCHP
(5 MW- 125 MW)

Parameter

Unit

Value

Total efﬁciencya
Speciﬁc investment costb
Total O&M cost
(25 MW - 50 MW)
Total O&M cost
(0.5 MW - 20 MW)
Lifetime
Total efﬁciency
Speciﬁc investment costb
Total O&M costb
Lifetime
Coefﬁcient of performance (COP)
Speciﬁc investment costb
Total O&M cost
Lifetime
Speciﬁc investment cost
Total O&M cost
Lifetime

e
[kV/kWheat]
[% of inv. cost/year]

1.08
0.35e1.3
6.7

[V/MWhheat]

5.4

Year
e
[kV/kWheat]
[% of inv. cost/year]
Year
e
[kV/kWheat]
[% of inv. cost/year]
Year
[kV/m2]
[V/MWhheat]
Year

20
0.97
0.061e0.13
0.05e2.0
35
3.7
0.49e1.1
0.7
20
0.23/0.17
0.57
30

e
[kV/kWElectricity]
[% of inv. cost/year]

0.25e0.46 (1.03e1.05)
1.37e7.0
0.7e3

Efﬁciency Electricity (Total)a,b
Speciﬁc investment costb
Total O&M costb
(capacities up to 70 MW)
Total O&M cost
(capacities above 70 MW)
Lifetime

[V/MWhelectricity]

3.2

Year

Efﬁciency Electricity (Total)
Total O&M cost
Lifetime
Efﬁciency Electricity (Total)b
Speciﬁc investment costb
Total O&M cost
Lifetime
Efﬁciency Electricity (Total)b
Speciﬁc investment costb
Total O&M cost
Lifetime

e
[kV/kWElectricity]
Year
e
[kV/kWElectricity]
[V/MWhelectricity]
Year
e
[kV/kWElectricity]
[V/MWhelectricity]
Year

20 (below 10 MW)
30 (above 10 MW)
0.26 (0.97)
0.08
20
0.48e0.58 (0.9e1.0)
0.82e1.5
2.5
25
0.42e0.5 (0.82e0.92)
0.46e1.2
3.4e7
25

Abbreviations: CHP: combined heat and power; HOB: heat only boiler; NG: natural gas; MSW: municipal solid waste; CC: combined cycle; GT: gas turbine; O&M: operation
and maintenance.
Data for model year 2015 and 2050 are separated with/.
a
Efﬁciencies are based on lower heating value.
b
Due to the scale of economy, the larger plants have lower speciﬁc investment cost and total O&M costs, for the CHP plant, higher electricity output.
c
Collector output is 0.5 MWh/m2/year. Availability factor of the technology is 0.34, 0.2, 0.09 and 0.06 in summer, intermediate, winter and cold winter, respectively.
d
Since waste management is the main idea with this technology, MSW CHP is always available as base load technology in the medium and large DH system (i.e. its investment cost is not included in the model). However, the MSW availability is limited to 1000 GWh/year [41] and 1700 GWh/year [30] in the medium and large DH system,
respectively.

A.F. Sandvall et al. / Energy Strategy Reviews 18 (2017) 212e223

217

Table 3
Assumptions for the LTDH transmission pipelines (55/25  C) to PR-1A, PR-5A and PR-9A.

PR-1A
PR-5A
PR-9A

Transmission efﬁciency

Speciﬁc investment cost

Total O&M cost

Summer/Spring& fall/Winter/Cold winter

[V/kW/km]

[% of inv. cost/year]

1073
600
180

0.7
0.5
0.6

0.65e0.68/0.87e0.92/0.93e0.97/0.97e0.99

a

Abbreviation: O&M: operation and maintenance.
a
Efﬁciencies during cold winter are calculated based on [42] and are adapted for the other seasons base on [20]. The higher efﬁciencies are related to the LEB areas with
larger plot ratio. A lifetime of 50 years is assumed for the investments in the DH transmission networks.

Table 4
Characteristics and costs of LTDH network (55/25  C) in the LEB areas (PR-1A, PR-5A and PT-9A).
Speciﬁc investment costa Fixed O&M cost

Heat demand Plot ratio Linear heat density Distribution efﬁciency [20,21]
[GJ/year]
PR-1Ab 2720
PR-5A 4041
PR_9A 6267

Variable O&M cost

e

[GJ/m/year]

Summer/Spring& fall/Winter/Cold winter [V/kW]

[% of inv. cost/year] [V/MWhheat]

0.15
0.73
1.3

1.29
3.9
5

0.63/0.85/0.9/0.915
0.68/0.92/0.97/0.99
0.68/0.92/0.97/0.99

1.2
2.6
3

2830
870
431

3.57
e
e

Abbreviation: O&M: operation and maintenance.
a
The investment cost includes both the cost of DH network and substations. A lifetime of 50 years is assumed for the investments in the DH distribution networks.
b
For the design of this network, see Appendices.

Table 5
Main model input assumptions regarding individual heat supply options in PR-1A, PR-5A and PR-9A from one-family houses to large multi-family buildings, based on [38].
Technology
(Heat capacity)

Parameter

Unit

Valuea

Bio pellet boiler
(6 kW - 1000 kW)

Efﬁciency
Speciﬁc investment cost
Fixed O&M cost
Variable O&M costb
Lifetime
Coefﬁcient of performance (COP)
Speciﬁc investment cost
Total O&Mc cost
Lifetime
Efﬁciency
Speciﬁc investment cost
Total O&Mc cost
Lifetime

[kV/kWheat]
[% of inv. cost/year]
[V/MWhheat]
Year
[kV/kWheat]
[% of inv. cost/year]
Year
[kV/kWheat]
[% of inv. cost/year]
Year

0.8e0.85
0.2e0.63
0.2e3
36
20
3.3
1.77e4
2e22.6
20
1
0.7e0.8
1.6e15
30

Heat Pump - brine to water
(5 kWe300 kW)

Electric boiler
(5 kW- 400 kW)

Abbreviation: O&M: operation and maintenance.
a
Due to the scale of economy, the larger plants have lower speciﬁc investment cost and ﬁxed/total O&M costs.
b
The higher price of bio pellet for households is included, based on current market prices.
c
The higher price of electricity for households is included, based on [43].

2.4.2. Energy market assumptions
The fossil fuel price assumptions are a consequence of the
climate policies (including resulting CO2 charges) in the respective
scenario (Table 6).
In addition to the CO2 charge, both scenarios include a subsidy
supporting renewable electricity generation. The subsidy level is
constant at 20 V/MWhelectricity until 2020, in line with historical
values of tradable green certiﬁcates in Sweden, and thereafter linearly declines and reaches zero in 2030 (Table 6).
In the 450PPM scenario, wood chip prices correspond to the
regional/local marginal cost of forest residues until 2030. After that,
it is assumed that with increasing CO2 charges competition for
biomass between different energy sectors creates an international
market for unreﬁned biomass, leading to increasing wood chip
price. In the BAU scenario, with lower climate ambitions, the wood
chip price is assumed to equal production costs and thus remain
constant (Table 6).
Electricity prices are calculated based on the assumption that
the variable cost of the marginal technology (i.e., the sum of fuel
cost, CO2 charge and variable operation and maintenance cost)

determines the electricity price. Since the price setting technology
depends on the CO2 charge, these are scenario dependent. The
calculations are based on a selection of various coal and natural gas
thermal power plants (Table 7). The variable cost of the marginal
technology is assumed to set the electricity price for each time
period and time slice. The carbon capture and storage (CCS) technology is assumed to be available after 2040. The variable O&M cost
of coal and natural gas based technologies with CCS is increased by
50% and 40%, respectively, compared with the similar technologies
without CCS [35]. Table 6 presents the results of the electricity price
calculations.

3. Results
In this chapter, the modelling results are presented. First, for
each scenario the cost-efﬁciency ranking for the various combinations of the hypothetical cases are presented in a comprehensive
graph, and from this the thresholds of the three heat supply options
can be determined. This is followed by a breakdown of the various
cost components presented for each LEB area. All results present
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Table 6
Summary of input data for the 450PPM and BAU scenarios.
Unit

Policy tools
CO2 charge
Renewable electricity subsidy
Energy prices/costs a
Natural gas
Fuel oil, light
Fuel oil, heavy
Coal
Bio-oilb
Wood chipc
Bio pellet
Excess heatd
MSWe
Electricityc
Winter cold (1 month)
Winter (2 months)
Spring and fall (3 months)
Summer (6 months)

450PPM

BAU

2014/2020/2030/2040/2050

2014/2020/2030/2040/2050

V/tonne
V/MWh

16.9/25.2/68.4/110/153
20/20/0/0/0

16.9/14.4/23.8/33.5/43
20/20/0/0/0

V/MWh
V/MWh
V/MWh
V/MWh
V/MWh
V/MWh
V/MWh
V/MWh
V/MWh

28.7/28.3/25.1/22/18.5
64.2/64.7/61.8/58/54.9
41.6/42/39.8/37.2/34.6
8.8/8.9/7.6/6/4
42/44.5/53.9/62.5/71.5
20/20/20/40.5/55
35/44/50/59/78
0.56
14.5

28.7/29.2/30.2/32/33
64.2/66.2/70/75/80
41.6/43.1/46/50/53.5
8.8/9.4/9.7/9.7/9.7
42/42.6/47.7/53.9/59.5
20
35/41/45/50/53
0.56
14.5

V/MWh

55.2/62.9/98/122.2/74.4
54.3/61.4/93.2/122.2/74.4
51.3/57.9/73.1/80/74.4
51.3/64.2/73.1/80/74.4

55.2/54.6/63.8/72.5/80.9
54.3/53.7/62.1/70/77.6
51.3/50.8/57/60.8/67.5
51.3/50.8/63.2/61.4/67.8

Abbreviation: municipal solid waste (MSW).
For the parameter values, which are not constant over the whole model time period, values for different time periods between 2014 and 2052 are given (separated with/).
a
Energy prices represent payments by DH plants, based on [33]. CO2 charges are not included in the fossil fuel prices.
b
CO2 charges are included in the bio-oil prices.
c
Wood chip and electricity prices represent payments by DH plants.
d
For excess heat, the value represents an assumed minimum compensation for excess heat providers over and above the technical costs of bringing the heat to the DH
system - it does not represent a market price.
e
For MSW, revenues from the gate fee (i.e., the fee charged for treating the waste) is included, based on [35].

Table 7
Available technologies and their characteristics for the short-term marginal electricity prices. Conversion efﬁciencies are based on [44]. Variable costs are adapted from
Refs. [35,44].
Fuel input Technology

Coal

Natural
gas

Steam Coal_subcritical
Steam Coal_supercritical
Steam Coal_Ultra
supercritical
IGCC
Coal þ CCS
Oxyfuel þ CCS
IGCC þ CCS
CCGT
Gas turbine
CCGT þ CCS

Season

Cold winter
Winter
Spring/fall
Summer
Summer
Cold winter
Spring/fall/winter
Summer
Spring/fall/summer
Winter
Winter/cold winter
Spring/fall/summer/winter/cold
winter

Efﬁciency

Variable O&M cost [EUR/MWhfuel]

2014e2020/2021e2030/2031e2040/2041
e2052

2014e2020/2021e2030/2031e2040/2041
e2052

0.39
0.43
0.46/0.47/0.49/0.49
0.46///
/0.47/0.51/0.51
///0.35
///0.41
///0.44
0.6/0.61/0.63/0.63
/0.61/0.63/0.63
0.39/0.4/0.42/0.42
///0.56

6.9
8.7
9/8.8/8.4/8.4
9///
-/11.7/9.9/9.9
///15.2
///14.5
///18.7
4.8/4.7/4.5/4.5
/4.7/4.5/4.5
5.9/5.7/5.4/5.4
///8

Abbreviations: IGCC (Integrated gasiﬁcation combined cycle); CCS (carbon capture and storage); CCGT (combined cycle gas turbine); O&M (operation and maintenance cost).
For parameter values, which are not constant over the whole model time period, values for different time periods between 2014 and 2052 are given (separated with/). Efﬁciency and variable cost are not given () if the associated technology is not available in a time period.

the cost for the entire modelled time horizon.

determined mainly as a function of LEB area plot ratio and DH
system scale.

3.1. Threshold analysis
3.2. Breakdown of cost components
The systematic analysis (see Section 2.2) of LEB area and DH
system combinations speciﬁes the most cost-efﬁcient heat supply
option. Fig. 2 shows that the large heat network is the most costefﬁcient heat supply for all combinations of plot ratio and DH
system as long as the LEB-DH system distance is very short; and
that for large DH systems the large heat network option is the most
cost-efﬁcient also at heat transmission distances of a few kilometres. The general patterns in the result trends seem robust with
regards to climate policy developments and associated carbon costs
and fuel prices. Thus, based on the cost-efﬁciency rankings the
thresholds between the three heat supply options can be

Fig. 3 shows the breakdown of the various cost components of
the model results. A PR-1A location within the small DH (implying
zero transmission distance) results in the large heat network option
having the lowest system cost, i.e. 30 (29) % and 13 (8) %, less than
the on-site and individual options, respectively, under the 450PPM
(BAU) scenario.
For the individual option, the model invests in pellet boilers for
all types of buildings, except for the small apartment buildings,
under both scenarios. For the small apartment buildings, the model
invests in pellet boilers in 2015 and in electric boilers in 2050 under
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Fig. 2. System cost ranking of the various combinations of the hypothetical cases showing the cost-efﬁciency thresholds.

the 450PPM scenario whereas under the BAU it only invests in
electric boilers. The speciﬁc heat supply cost for the individual
option in the 450PPM(BAU) scenario is equal to 15.2(14.2) V/GJ of
which 49(53)% belongs to the costs of heat supply technologies
(investment and operation costs) and the rest corresponds to the
pellets and electricity costs.
The on-site option represents a higher system cost compared to
the individual heating option, if PR-1A is located within the small
town DH system. The cost of the DH distribution network is the
same in the on-site and large heat network options, if the heattransmission distance in the large heat network is zero; however,
the cost of DH supply in the large heat network option is less than
the on-site option. The reason is that in the large heat network
option involves a slight increase in already existing and newlyinvested DH supply in the small town to supply heat to PR-1A,
whereas the on-site option requires totally new investments in
DH production (Fig. 3(a)).
Fig. 3(a) also illustrates that the DH distribution and transmission costs dominate the total system cost in the large heat
network option, implying that fuels and electricity prices as well as
CO2 charges in the 450PPM and BAU scenarios cannot signiﬁcantly
inﬂuence the results of the large heat network option.
3.2.1. DH system and its distance to LEB area
As Fig. 3(a) illustrates, the cost of DH transmission in the large
heat network option gradually increases with distance, resulting in
a higher total system cost of the large heat network option
compared to the on-site option if a DH transmission pipeline of
more than 2 km is needed.
Compared to a PR-1A location within a small town, the system
cost of the large heat network option decreases by 4 (13) % and 29
(17) % for PR-1A locations within medium DH and large DH systems, respectively (Fig. 3(a)). One reason for the lower costs is the

availability of low-cost heat sources in these DH systems, i.e. MSW
CHP in the medium DH system, and MSW CHP and industrial excess
heat in the large DH system. The other reason for the lower cost is
the possibility of investments in larger heat production plants with
lower speciﬁc investment cost in these DH systems. Consequently,
the low-cost heat supply in these DH systems allows for increased
distances between the LEB and urban areas, i.e. extension of the DH
transmission pipeline length up to 1 km and 2 km in the BAU and
450PPM scenarios, respectively, while still supplying heat to PR-1A
at lower system costs than the individual option.
The model results also show that the cost-efﬁcient DH transmission pipeline length is scenario dependent. In the 450PPM
scenario with higher CO2 charges, the cost-efﬁcient transmission
pipeline from the large DH system to PR-1A is extended compared
to the BAU scenario.
3.2.2. Plot ratio of LEB area
The model results show that, in the on-site option the DH distribution cost contributes to 38% and 46% of the total system cost in
PR-5A and PR-1A, respectively (Fig. 3 (a), (b)). The share of the DH
distribution cost is less in PR-5A because a higher plot ratio in PR5A results in shorter DH distribution pipelines, and in fewer and
larger end-user substations. Consequently, and unlike PR-1A, the
on-site option has a lower total system cost compared to the individual option in PR-5A.
The share of the DH transmission cost in the large heat network
option is dependent on the plot ratio and the linear heat density in
the LEB area. Compared to PR-1A, in PR-5A and PR-9A the cost of
the DH transmission in the large heat network option decreases by
7%e12% and 7%e52%, respectively, depending on the length of the
transmission pipeline, resulting in signiﬁcantly reduction in the
system cost of the large heat network (Fig. 3 (a), (b) and (c)).
In PR-5A and PR-9A the speciﬁc heat supply cost for the
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Fig. 3. Breakdown of the system cost components in PR-1A (a), PR-5A (b), PR-9A (c) (if applicable, including heat supply cost, DH distribution and transmission costs) in the
individual, on-site and large heat network options; 450PPM (left) and BAU (right).
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individual option in the 450PPM (BAU) scenario are equal to 14.5
(13.7) V/GJ and 16.4 (15.5) V/GJ, of which 50 (53) % and 56 (59) %
are investment and maintenance costs of pellet boilers and the rest
is the cost of pellets, respectively. The comparison between the
individual options in PR-1A, PR-5A and PR-9A shows that the share
of the heat supply devices of the system cost almost remains unchanged for the plot ratio between 0.15 and 0.73, whereas it slightly
increases if the plot ratio increases from 0.73 to 1.3.
In order to further test the robustness of results, we carried out a
sensitivity analysis on the investment cost of individual heat pumps
(see Table 5 for investment cost assumptions). It was assumed that
the investment costs decreased linearly from 2015 to 2050 and
reached to 50% of its cost level in 2015. These assumptions did not
change the main results of the study, the ranking, and only resulted
in heat pumps (instead of pellet boilers) becoming the most costeffective heat supply between 2040 and 2050 for apartment and
commercial buildings in PR-1A.
4. Discussion
In this study, the DH in LEB areas was assumed to be LTDH. This
will not necessarily be the case in reality, but the advantages of
LTDH in LEB areas make the assumption reasonable. LTDH enables
lower temperature waste heat to be utilised and therefore contributes to system energy efﬁciency and potential carbon emission
mitigation. The LTDH concept is recently developed and has been
successfully tested and shown to be able to overcome shortcomings
of current DH systems such as high heat losses in areas with low
plot ratio and low linear heat density. If conventional DH is used
instead of LTDH, the on-site and large network options would be
more costly, especially in LEB areas with plot ratios equal to or less
than 0.15.
In this study, the results and conclusions are based on the
selected hypothetical cases. These have a size (total heat demand)
of 3e6 TJ annually. The large heat network option costs include a
considerable transmission share. These transmission costs are
highly non-linear and are thus strongly size dependent. This implies that our results will be underestimating the large heat
network costs for LEB areas smaller than our assumed hypothetical
cases and overestimating the costs for LEB areas larger than our
assumed hypothetical cases. This also has an important strategical
implication since our hypothetical cases are built on a developer
perspective in terms of assumed reasonable LEB area sizes but from
a strategic urban planning horizon the planned areas are in most
instances much larger. Departing rather from this urban planner
perspective, this strengthens strongly our conclusion that the large
heat network is the most cost-efﬁcient option for all investigated
scale combinations.
In this study real life data on total heat demand, heat demand of
each building and relative location of buildings were used to
represent the LEB areas. This was done both due to lack of reported
values and since the use of real life data allowed for achieving
higher precision in the design of the LEB area heat supply options
and, thus, in better estimation of the DH distribution network cost.
This also included DH distribution costs based on LTDH speciﬁcations. The results illustrate, due to the importance of the DH distribution network costs, that good cost estimates of these are
critical for the cost-efﬁciency assessment.
A DH distribution and transmission network technical lifetime
of 50 years was assumed in the study, considerably longer than the
assumed lifetimes of the other heating technologies. This long
lifetime assumption originates from current Swedish DH network
experience. It is also in line with the other use of real life data in the
study but certainly has a signiﬁcant impact on the resulting costeffectiveness of the DH system investments.
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The results are obtained based on Swedish conditions in terms
of the heat load curve, plot ratios, the DH system conﬁgurations and
the selected technology option for the individual and on-site options. For other countries with DH systems in place many of the
conditions are similar and the results will thus be directly applicable. In these countries there is apparently a large demand for heat
and while the actual load curve shape might differ, the total heat
demand are rather similar. Plot ratios also differ and are in many
countries higher than in Sweden, and this will thus not have any
large impact of the resulting ranking of the options. However, the
Swedish DH systems are generally based on a larger share of lowcost heat supply (excess heat in particular) than in most other
countries and therefore operation cost of DH in Sweden is lower
than in most other countries with DH. This would have an impact
on the applicability of the results to the conditions of other countries but since the major part of the large network option cost is the
investment, this operation cost difference is likely of minor
importance.
The model results conﬁrms the importance of a wide system
boundary, including not only the buildings or building areas but
also the possibility of existing DH systems, when addressing
optimal heating strategies of urban or semi-urban areas. Further, it
conﬁrms the importance of a representation of various DH system
scales. Thereby, by applying a wide system boundaries, and
addressing scale impacts, it is possible to draw more general conclusions from the study.
Finally, it should be stressed that the presented modelling results are representing the least cost option from a systems point of
view applying a long-term perspective; that is the combination of
the heat supply of the LEB area and the district heating system
when applicable. These two entities are likely invested in and
operated by different enterprises with differing investment strategies and investment time horizon. However, even if the
economically optimal solution in the social planner's view might
not be the preferred option by the investor, this indicates the existence of possibly proﬁtable heat collaborations.
5. Conclusions
The choice of heating supply to new residential areas is of
strategic importance both for mitigation of greenhouse gases, for
local air pollution mitigation and for a cost-optimal energy system.
Due to urbanisation an increasing share of carbon emissions, energy use and energy system costs are due to urban dwellers and
activities, and due to the long lifetime of energy infrastructure,
short-term optimisation and too narrow system boundaries may
lead to long-term sub-optimality and lock-in situations. Thus, it is
of strategic importance from an energy planning perspective to
address heating options from a system-wide and long-term
perspective.
In this study, we investigated the long-term cost-efﬁciency of
the three main heating options to LEB areas with a particular
emphasis on scale impacts. The obtained results seem to be rather
robust and points at the importance of the applied system-wide
long-term approach.
From the model results, the economically optimal heat supply to
LEB areas within or near urban areas in Sweden over the modelled
time horizon seems to be the large heat network option, i.e. heat
production in the DH system of the urban area and transmission to
the LEB area by a pipeline. However, the large heat network is only
the economically optimal option for heat transmission distances of
a few kilometres for the LEB area sizes examined. Under strict
climate policies, corresponding to high CO2 charges, and under the
size (total heat demand) assumptions applied for each of the LEB
cases, for LEB areas with a plot ratio less than about one and a
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distribution linear heat density less than 4 GJ/m/year the large heat
network is the economically optimal option if the area is within a
couple of km from a large DH system or within a small or medium
DH system. However, for LEB areas with a plot ratio above one and a
distribution linear heat density above 4 GJ/m/year the large heat
network is the cost-optimal option even if the area is built up to
3 km away from the current DH distribution network.
Since a large share of the system cost of the large heat network
option is due to the DH distribution and transmission costs, these
results are rather robust with respect to climate polices, which
mainly affects the cost of carbon emissions and energy carriers.
However, under less ambitious climate policies, i.e. lower CO2
charges, in some cases the large heat network option becomes
relatively less favourable than the other options and thus the DH
transmission distance where the threshold occurs becomes shorter.
The results of the study show that with increasing DH system
scale the large heat network becomes relatively more cost-efﬁcient
compared to the other two heat supply options. The reason is both
economies of scale and that a major characteristic of large DH
systems in Sweden is the existence of low cost DH production
technologies, such as MSW CHP and industrial excess heat.
In this study, for areas with a plot ratio above 0.73, the individual
option is the least economically viable independent of the future
climate policy scenarios. This shows that in sufﬁciently dense LEB
areas a small local DH system is more cost-efﬁcient than individual
heating.
Finally, the study shows the long-term system cost-efﬁciency of
the urban district heating option relative the individual and local
DH options. It also shows that the scale of the urban DH systems is
important and should be considered in heating planning. The study
also demonstrates the importance of a long-term time horizon and
wide system boundaries for strategic energy planning decisions
since with shorter time scales and more narrow system boundaries
the cost-optimal solutions would not have been the same.

Appendix B

Table B1
Characteristics and costs of pipelines in PR-1A (supply and return temperature of
55  C and 25  C, respectively).
Pipe
type
[19]

Inner
diameter
[19]

Watera Length Investment
velocity [36]
cost [37],d

Area
number/
name

Max. Power
demand
[25,36]
[kW]

e

[mm]

[m/s]

[m]

[EUR/m]

1
2
3
4
Commercial
buildings
Main
pipelines

39.9
14.7
19.4
135.6
20.25b

Alx26
Alx16
Alx20
Tws40
Alx20

20
12
15
48.3
15

1.02
1.04
0.88
0.6
0.92

469
215
180
244
183

229
179
183
272
183

275.8c

Tws50 60.3

0.8

817

296

Abbreviation: Alx, AluxFlex multilayer ﬂexible twin pipes; Tws, steel twin pipeline.
a
Calculated by Q ¼ p (d/2)2*n*r*Cp* DT, where Q: power [kW], d: pipe inner
diameter[m], n: water velocity [m/s], r: density of water [kg/m3], Cp: speciﬁc heat
capacity of water [kJ/kg K], DT: difference in supply and return temperature [K].
b
Estimated based on [8].
c
Sum of maximum power demand in PR-1A, taking into account 20% heat losses
in branch pipelines.
d
A currency exchange rate of 1EUR ¼ 1.3 Dollar (2013) is used.

Appendix C

Table C1
Assumptions for investment costs of substations in PR-1A, based on [38].
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Building

Investment
cost [kV]

Fixed O&M cost
[kV/year]

One-family, terraced, apartments and
commercial buildings
Nursing home building

4.5
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17.5

0.25
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Fig. A1. Designed DH network in PR-1A, main pipelines in yellow and branch pipelines
in purple (adapted from Ref. [36]).

[1] EC, Eurostat Database, European commission (EC), Brussels, Belgium, 2015.
[2] SEA, Energy in Sweden 2013, Swedish Energy Agency, Eskilstuna, Sweden,
2014.
[3] SEA, Energy Efﬁciency Policies and Measures in Sweden, Swedish Energy
Agency, Eskilstuna, Sweden, 2012.
[4] J. Valik, A. Petersson, Boverket's Mandatory Provisions on the Amendment to
the Board's Building Regulations (2011:6) emandatory Provisions and General
€
€reskrifter Om Andring
Recommendations (Boverkets Fo
I Verkets Byggregler
€ reskrifter Och Allm€
€rfattningssamling,
(2011:6) - Fo
anna Råd), Boverkets fo
Boverket, 2015.
[5] S. Frederiksen, S. Werner, District Heating and Cooling, ﬁrst ed., Studentlitteratur AB, Lund, 2013.
[6] K.B. Karlsson, S. Petrovic, R. Næraa, Heat supply planning for the ecological
housing community Munksøgård, in: Proceedings of the 10th Conference on
Sustainable Development of Energy, Water and Environment Systems
(SDEWES 2015), 2015.
[7] C. Reidhav, S. Werner, Proﬁtability of sparse district heating, Appl. Energy 85
(2008) 867e877.
€m, O. Crondahl, S. Hesse, The Heating System of Nydal, an Indi[8] C. Sahlstro
vidual or a Common Solution?, Teknisk- Naturvetenskaplig Fakultet, UTHenheten, Uppsala University, Uppsala, Sweden, 2015.
[9] A.J. Marszal, P. Heiselberg, R. Lund Jensen, J. Nørgaard, On-site or off-site
renewable energy supply options? Life cycle cost analysis of a Net Zero Energy Building in Denmark, Renew. Energy 44 (2012) 154e165.
[10] C. Milan, C. Bojesen, M.P. Nielsen, A cost optimization model for 100%

A.F. Sandvall et al. / Energy Strategy Reviews 18 (2017) 212e223
renewable residential energy supply systems, Energy 48 (2012) 118e127.
[11] T. Mata, A. Sasic Kalagasidis, F. Johnsson, Energy usage and technical potential
for energy saving measures in the Swedish residential building stock, Energy
Policy 55 (2013) 404e414.
 Mata, A. Sasic Kalagasidis, F. Johnsson, Cost-effective retroﬁtting of Swedish
[12] E.
residential buildings: effects of energy price developments and discount rates,
Energy Efﬁc. 8 (2015) 223e237.
€sse
n, J. Holmberg, On the potential trade-offs between energy supply and
[13] J. Na
end-use technologies for residential heating, Energy Policy 59 (2013)
470e480.
[14] M. Åberg, System Effects of Improved Energy Efﬁciency in Swedish Districtheating Buildings, Engineering Sciences, Uppsala Universitet, Uppsala, 2014.
€ller, H. Lund, Conversion of individual natural gas to district heating:
[15] B. Mo
geographical studies of supply costs and consequences for the Danish energy
system, Appl. Energy 87 (2010) 1846e1857.
[16] S.N. Petrovic, K.B. Karlsson, Danish heat atlas as a support tool for energy
system models, Energy Convers. Manag. 87 (2014) 1063e1076.
[17] H. Lund, S. Werner, R. Wiltshire, S. Svendsen, J.E. Thorsen, F. Hvelplund,
B.V. Mathiesen, 4th Generation District Heating (4GDH): integrating smart
thermal grids into future sustainable energy systems, Energy 68 (2014) 1e11.
[18] M. Brand, Heating and Domestic Hot Water Systems in Buildings Supplied by
Low-temperature District Heating, Department of Civil Engineering, Technical
University of Denmark, Denmark, 2013.
[19] A. Dalla Rosa, J.E. Christensen, Low-energy district heating in energy-efﬁcient
building areas, Energy 36 (2011) 6890e6899.
[20] H. Li, S. Svendsen, Energy and exergy analysis of low temperature district
heating network, Energy 45 (2012) 237e246.
[21] A. Dalla Rosa, H. Li, S. Svendsen, S. Werner, U. Persson, K. Ruehling,
C. Felsmann, C. M, R. Burzynski, C. Bevilacqua, Toward 4th Generation District
Heating: Experience and Potential of Low-temprature District Heating, Annex
X Final Report, IEA DHC/CHP, 2014.
€ ller, B.V. Mathiesen, A. Dyrelund, The role of district heating in
[22] H. Lund, B. Mo
future renewable energy systems, Energy 35 (2010) 1381e1390.
[23] S. Werner, Energy Technology, Halmstad University, Personal communication,
Halmstad, 2016.
€ck, Analysis of a Navel Solar District
[24] C.K. Nielsen, M. Haegermark, J.O. Dalenba
Heating, EuroSUN 2014, International Solar Energy Society, Aix-les-Bains
(France), 2014.
[25] N. Christensson, Eksta Bostads AB, Kungsbacka, Sweden, 2015.
€
[26] H. Jimmefors, J. Ostberg,
Energy Performance and Indoor Climate Investigations in the Passive House Residential Area Vallda Heberg, Department
of Civil and Environmental Engineering, Chalmers University of Technology,
Gothenburg, 2014.

223

n, H. Olsson, M. Sandberg, P. Lo
€fås, C. Kilersjo
€, N. Christensson, A.P.E. J,
[27] E. Fahle
Vallda Heberg- the Largest Passive House Area in Sweden with Renewable
€rsta Passivhusområde Med Fo
€ rnybar
Energy (Vallda Heberg e Sveriges Sto
Energi), LÅGAN Report Gothenburg, Sweden, 2014.
[28] Statkraft, Kungsbacka District Heating.
€derstro
€m, Biomass gasiﬁcation oppor[29] K. Difs, E. Wetterlund, L. Trygg, M. So
tunities in a district heating system, Biomass Bioenergy 34 (2010) 637e651.
€teborgEnergi, Environmental Reports [Miljo
€rapporter], 2014. Gothenburg,
[30] Go
Sweden.
[31] ETSAP, Energy technology systems analysis Program. http://www.etsap.org/
index.asp.
[32] M. Gargiulo, Getting Started with TIMES-veda, Version 2.7, Energy Technology
Systems Analysis Program (ETSAP), 2009.
[33] World Energy Outlook 2013, IEA (International Energy Agency), 2013. Paris.
[34] EC, Climate Action, Paris agreement European Commission, Brussels, 2015.
[35] I. Nohlgren, S.H. Sv€
ard, M. Jansson, J. Rodin, in: A.B. Elforsk (Ed.), Electricity
€ggningar] 2014
from New and Future Plants [El Från Nya Och Framtida Anla
€retagens Forskningsin: 14:40, Swedish Energy Research Centre [Svenska Elfo
och Utvecklings], Stockholm, 2014.
[36] H. Olsson, A. Rosander, Evaluation of the Solar-assisted Block Heating System
in a Passive House Residential Area, Energy and Environment, Chalmers
University of Technology, Gothenburg, 2014.
[37] H. Li, S. Svendsen, District heating network design and conﬁguration optimization with genetic algorithm, journal of sustainable development of energy, Water Environ. Syst. 1 (2013) 291e303.
[38] Danish Energy Agency, Energinetdk, Individual Heating Plants and Energy
Transport, Technology Data for Energy Plants, Danish Energy Agency and
Energinet.dk, Copenhagen, 2012.
[39] Technology Data for Energy Plants- Generation of Electricity and District
Heating, Energy Storage and Energy Carrier Generation and Conversion,
Danish Energy Agency and Energinet.dk, Denmark, 2012.
[40] Technology Data for Energy Plants, Danish Energy Agency and Energinet.dk,
Copenhagen, 2010.
€ rapporter], Linko
€ping, 2014.
[41] TekniskaVerken, Environmental Reports [Miljo
[42] P.K. Olsen, H. Lambertsen, R. Hummelshøj, B. Bøhm, C.H. Christiansen,
S. Svendsen, C.T. Larsen, J. Worm, A new-low-temperature district heating
system for low-energy buildings, in: 11th International Symposium on District Heating and CoolingReykjavik, 2008.
[43] Ei, Electricity Network Company - Network Fees and Annual Reports
€retag - Na
€ttariffer Och Årsrapporter), Energy Market Inspection
(Eln€
atsfo
(Energimarknadsinspektionen) Eskilstuna, Sweden, 2015.
[44] IEA, Power Generation in the New Policies and 450 Scenarios, International
Energy Agency, Paris, 2014.

