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� We investigate how much heating consumption needs to be reduced in a district heating area.
� We examine fossil-fuel-free supply vs. energy conservations in the building stock.
� It is slightly cost-beneficial to invest in energy renovation from today for a societal point of view.
� It is economically beneficial for district heating companies to invest in energy renovations from today.
� The cost per delivered heat unit is lower when energy renovations are carried out from today.
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a b s t r a c t

The Danish government plans to make the Danish energy system to be completely free of fossil fuels by
2050 and that by 2035 the energy supply for buildings and electricity should be entirely based on
renewable energy sources. To become independent from fossil fuels, it is necessary to reduce the energy
consumption of the existing building stock, increase energy efficiency, and convert the present heat
supply from fossil fuels to renewable energy sources. District heating is a sustainable way of providing
space heating and domestic hot water to buildings in densely populated areas. This paper is a theoretical
investigation of the district heating system in the Copenhagen area, in which heat conservation is related
to the heat supply in buildings from an economic perspective. Supplying the existing building stock from
low-temperature energy resources, e.g. geothermal heat, might lead to oversized heating plants that are
too expensive to build in comparison with the potential energy savings in buildings. Long-term strategies
for the existing building stock must ensure that costs are minimized and that investments in energy
savings and new heating capacity are optimized and carried out at the right time.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Meeting future long-term objectives

The Danish government has a long-term goal of having no need to
use fossil fuels by 2050. By 2035, the goal is that the energy supply
mix for buildings (electricity and heating) should be based on Renew-
able Energy (RE) sources (Danish Ministry of Climate, Energy and
Buildings, 2011; Danish Energy Agency, 2010a). The European building
stock accounts for about 40% of all energy use (Lechtenböhmer and
Schüring, 2011). To meet the future energy goal, the energy

consumption of the existing building stock will have to be reduced
by increasing energy efficiency and converting the present heat supply
from fossil fuels to renewable energy sources.

Investigations have shown that the energy consumption of
existing buildings can be reduced by approximately 50–75% (Kragh
andWittchen, 2010; Kragh, 2010; Lund et al., 2010; Rasmussen, 2010;
Tommerup et al., 2010), but that it will take significant investments
to reach such low levels (Kragh and Wittchen, 2010). The existing
building stock will remain in existence for many years, so a focus on
energy savings in this segment is unavoidable. Future energy systems
will have to be based solely on renewable energy sources, which is a
challenge for society.

1.2. Future district heating systems

District Heating (DH) is a sustainable way of providing Space
Heating (SH) and Domestic Hot Water (DHW) to buildings in
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densely populated areas (Persson and Werner, 2011). DH systems
are already established in many countries, but like the rest of the
energy supply system, they face new challenges in the future. In
Iceland and Turkey, a large share of the DH supply is based on
geothermal heat, and some DH systems are also supplied from
geothermal heat in China and the U.S.A. In countries like Denmark,
Sweden, and Finland, the DH supply comes mainly from combined
heat and power generation plants (CHP) (Gustafsson and
Rönnqvist, 2008). The DH systems in Denmark will have to be
converted from the present supply technologies based on fossil
fuels to 100% renewable energy sources. Questions have been
raised about whether there is a need for DH-systems in the future,
since SH-demands will decrease to very low levels. The economic
feasibility of future DH-systems has thus been questioned. A study
of the DH-net in Malmö, Sweden, (Gustafsson, 1992) found the
overall economic feasibility of DH systems to be problematic when
end-use consumption in buildings is reduced. The overall costs
strongly depend on the characteristics of the buildings and the
district heating system (Gustavsson, 1994a, 1994b). However, a
recent study in Denmark (Lund et al., 2010) has shown that even
with a reduction of 75% in SH demand, it is beneficial to supply
heat from DH. The study also shows that an expansion of the
DH-network from the present 46% share of the total heat supply
in Denmark to a 63–70% share would be beneficial. With low-
temperature operation (a supply temperature of 55 1C and a return
temperature of 25 1C), it has been shown that DH supply for low-
energy buildings is competitive with the best alternatives, such
as individual heat pumps (Lund et al., 2010; Dalla Rosa and
Christensen, 2011). Low-Temperature District Heating (LTDH) is a
cost-efficient and environmentally friendly way of supplying heat
with linear heat densities down to 0.20 MWh/(m year) (Dalla Rosa
and Christensen, 2011). LTDH reduces heat losses from the
distribution pipes, and heat supply from renewable sources
becomes more appropriate and efficient when low-temperature
applications are implemented (Dalla Rosa et al., 2011).

1.3. The conversion to fossil-fuel-free societies with extensive end-
use energy savings

Recent studies have investigated the potential in converting the
existing energy system into a 100% renewable supply system in
two local authorities in Denmark: Frederikshavn (Østergaard and
Lund, 2011) and Aalborg (Østergaard et al., 2010). Both studies
covered the heating, electricity and transport sectors and included
energy-saving measures, but the focus was on the supply side and
on production technologies. Both studies concluded that it is
technically and economically possible to convert to a fossil-fuel-
free society and that geothermal heat will play an important role
in future district heating systems. A study from Sweden
(Gustavsson et al., 2011) investigated how the end-use heat
savings in buildings will affect district heating production, includ-
ing costs and primary energy savings, but it included the use of
fossil fuels. In the future, however, conversion to RE-supply will be
as important as end-use heat savings.

The present paper considers both end-use-savings and 100%
RE-supply, but has a more detailed focus on when and to what
extent it is worth implementing end-use savings in the building
stock. It describes a method for making use of the existing DH
system in the future energy infrastructure of the Copenhagen area
with the aim of society being fossil-fuel-free in 2050. The scope is
limited to the heating sector, excluding other sectors such as
electricity generation and the transport sector. The electricity
sector will also have to be fossil-fuel-free, and much of the future
electricity production will be based on fluctuating and vulnerable
resources such as wind. If electricity is used for heating purposes,
large, costly storage units may be required to meet peak loads.

The use of DH in appropriate areas will protect the electricity
sector from increasing peaks in very cold periods. That is why
electricity for heating purposes is not considered in this study.

The focus of this paper is on the implementation of geothermal
heat sources for future DH-systems, as well as on heat produced
from municipal solid waste incineration.

Socioeconomic calculations of various energy renovation stra-
tegies are carried out and discussed. The cost per delivered unit of
heat in buildings is estimated for the various scenarios based on
the energy renovation strategies.

We have taken a very general approach with the aim of
providing an overall picture for planning future heat sourcing
with regard to heat savings and supply in the existing building
stock. The cost of new buildings is generally not included in any of
the scenarios, since it is assumed that when a new building is
constructed, it automatically fulfils the energy requirements of the
Danish Building Regulations. This means that the cost will be
incurred whichever renovation strategy is carried out.

2. Methods

2.1. Background and approach for the case study

The investigation takes a long-term perspective and deals with the
period up to 2070. According to current energy policy, coal will be
phased out by 2030 (DanishMinistry of Climate, Energy and Buildings,
2011), but according to the Heat Plan of Copenhagen (CTR et al. 2009)
coal will already have been phased out by 2025. This study assumed
that fossil fuels will be phased out before 2025 and replaced with
waste for incineration, geothermal energy and biomass.

Some CHP plants have already been converted for biomass in
Denmark, but according to research (EEA (European Environment
Agency) 2006) the biomass potential in Europe will only account
for approximately 15–16% of the total primary energy demand in
2030. Furthermore the study (Ericsson and Nilsson, 2006) con-
cludes that the biomass resource is limited and with the slow
implementation of RES-policy in Europe it is unlikely that the
biomass targets will be reached. This study therefore assumed that
the biomass resource will be seen as a temporary solution only
available until 2040, after which it will relocate to other sectors, i.
e. the transportation sector that will have to be fossil-fuel-free by
2050. This is in good agreement with recommendations and other
similar case studies (Danish Energy Agency, 2010a; Dolman et al.,
2012). So this study focused on other renewable energy resources.
This is in good agreement with the considerations in (Østergaard
and Lund, 2011; Østergaard et al., 2010), although those studies
still assume that a small amount of the available biomass-resource
for CHP will be exploited indirectly for heating purposes.

Geothermal sources should be considered as a mix of various
energy sources in the future heat supply infrastructure. Waste heat
from industry could also be used in combination with either
geothermal or solar heat, but the potential has been estimated to
be low (3%) in the Copenhagen area, because the industrial sector
is small (Danish Energy Agency, 2009). Geothermal water under
Copenhagen can be tapped at temperatures of 73 1C at a depth of
2000 m (Mahler and Magtengaard 2010), so heat pumps are
assumed not to be needed to further elevate the temperature of
the water. Mahler and Magtengaard (2010) can be mentioned
among newly developed geothermal heating plants in Denmark.

The priority of the utilization of the resources in this study was:

1. Waste for incineration;
2. Geothermal energy;
3. Biomass; and
4. Fossil fuels.
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Municipal solid waste for incineration has the first priority
since there are already established plants and there is a certain
ethic in using the waste heat produced from the incineration
instead of producing more geothermal heat. This may be different
in other countries that do not already have established plants.
Furthermore if the waste is not incinerated the problem of how to
treat the waste and what to do with it appears and therefore it
seems reasonable to prioritize the waste incineration.

When the heating demand in buildings is reduced to low levels,
LTDH becomes an option, because the need for SH and the SH-
peaks will decrease. Therefore it is possible to heat the buildings
with lower temperatures, which allows for the use of LTDH. It has
been shown (Worm et al. 2011; Tol and Svendsen, 2012a, 2012b;
Harrestrup and Svendsen, 2013) that LTDH is feasible in existing
buildings for most hours of the year. Periods with very cold
climate conditions require an increased supply temperature. It is
assumed that this can come from waste incineration plants.

2.2. Present heat demand and potential for conversion of individual
natural gas heated buildings

The present DH network in the Copenhagen area consists of
three waste incineration plants and four CHP-plants distributed as
shown in Fig. 1. The supply area includes the supply companies
VEKS, CTR, Vestforbrændingen and HOFOR.

The total heat supply by DH (2010) of the area shown in Fig. 1 is
35 PJ/year with a peak load of 2500 MW (CTR et al., 2011). This
capacity was used as the starting point for the calculations in this
paper. The overall network heat losses are assumed to be 15% and
8% of the annual production with traditional DH and low-
temperature DH respectively (VEKS, 2012a; HOFOR, 2012). It is
assumed that the DHW demand is 400 MW constantly over the
year with the exception of the summer period when consumers
are expected to use less domestic hot water due to vacations.

In reality, the DHW will vary over the year, but these variations
have been left out of account to simplify the study.

According to CTR et al. (2009), a potential of 10 PJ for heating
individual homes can be converted from natural gas to DH.
The total heat consumption then adds up to 45 PJ/year with a
peak load of about 3200 MW. We have assumed that the ratio
between the SH consumption and the DHW consumption
remains the same as the conversion takes place. The capacity of
the district heating plants is distributed across small plants in the
Copenhagen area.

2.3. Energy renovation—annual heat demand and peak load

To calculate the investment cost in new RE-capacity when the
building stock undergoes energy renovation, the study of
Harrestrup and Svendsen (2013) has been used. The study inves-
tigated how the peak load changes when energy renovations are
carried out on two old multi-storey buildings typical in Danish
urban areas. The findings showed that, when 65% is saved on the
annual heat demand, the peak load can also be reduced by 65%
and the heating demand will have smaller variations over the year.
Based on these findings the peak loads are reduced with the same
percentage as the reduction in annual heat demand in the present
study. The two buildings used for the investigation (Harrestrup
and Svendsen, 2013) are from the beginning of the 20th century
and are typical of a large proportion of the buildings in Copenhagen
where energy renovations are needed to bring down the energy
consumption. In the Building Regulations from 1977 the U-values
were significantly tightened as a consequence of the energy crisis in
the 1970s, implying that the thermal performance of the buildings
constructed before the 1970s was significantly worse than the once
constructed after. According to official statistics (Statistics, 2013),
83% of the buildings in Copenhagen are built before 1970, 72%
before 1950 and 44% before 1930.

Fig. 1. Map of the existing DH network in Copenhagen area (CTR et al., 2011).
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The annual energy consumption for space heating in the old
building stock in Denmark is approximately (Kragh and Wittchen,
2010):

Before 1850: 520 MJ/m2

1851–1930: 540 MJ/m2

1931–1950: 610 MJ/m2

1951–1960: 580 MJ/m2

1961–1972: 470 MJ/m2

Obtaining 65% savings the annual space heating consumption
will then range from 165–210 MJ/m2, which is at comparable
levels with new buildings from the Building Regulations 2010
(BR10 (Danish Building regulations) 2012). The minimum require-
ments for new buildings since 2010 are: (189þ5940/A) MJ/m2/yr
including the energy usage for supplied energy for heating,
ventilation, cooling and domestic hot water (with A being the
heated area). Furthermore, the Building Regulations specifies the
expected energy performance framework in 2015 to: (108þ3600/A)
MJ/m2/yr and in 2020 to: 72 MJ/m2/yr.

2.4. Scenarios for the case study

Four different possible future scenarios with long-term
approaches were examined. The calculations assumed a 1/3
decrease in the amount of domestic waste by 2070 compared to
2010 and that waste incineration will have higher priority than
geothermal heat. This priority is assumed since there is an ethical
value in using existing waste incineration plants before investing
in new geothermal heating capacity. Furthermore, the municipal
solid waste has to be treated in one way or another, either by
incinerating it or storing it in land field lots. The priority is
therefore to give it to the waste incinerating plants. According to
the municipal solid waste plan of Copenhagen (Copenhagen
Municipality, 2013) the prognosis is that waste for incineration
will decrease by 8% in 2024 compared to 2010, as an average for
household waste, waste from industry, and from construction due
to more recycling. The assumption that the amount of municipal
solid waste for incineration will fall by 33% before 2070 therefore
seems reasonable (a rough estimation would be 70 years/14 years
8%¼40%). Furthermore, the Danish government (Danish Ministry
of the Environment, 2013) and the EU (European Commission,
2013) have a strategy of increasing recycling, which means less

incineration of waste and therefore less heat produced from waste
incineration.

The four scenarios are described below, and are referred to as
the Reference Scenario, Scenario 1, Scenario 2, and Scenario 3. All
scenarios assume existing buildings are replaced with new build-
ings at a rate of 1% per year (Barras, 2009). The Danish Building
Research Institute (Kragh and Wittchen, 2010) has carried out an
analysis that concludes that, if the energy consumption of the
existing building stock is reduced by approximately 50% through
energy renovation, the building stock will reach an energy level
that corresponds to what is required for new buildings according
to the Danish building regulations 2010 (BR10 (Danish Building
regulations) 2012). The annual heat demand will then decrease by
0.5% per year in all the scenarios. The study does not consider a
possible increase in the building stock over time.

LTDH is phased in all the scenarios except for the Reference
Scenario. Two renovation levels are considered.

Comprehensive renovation will decrease the heat consumption
by 65% and consists of (Kragh and Wittchen, 2010):

� Replacement of windows,
� Insulation of the building envelope, and
� Installation of mechanical ventilation with heat recovery.

Intermediate renovation will decrease the heat consumption by
32% and consists of (Kragh and Wittchen, 2010):

� Replacement of windows, and
� Installation of mechanical ventilation with heat recovery.

Reference Scenario—No energy renovation but only natural
replacement of existing buildings with new buildings.

This scenario represents the scenario in which no energy
improvements are made in the building stock until 2070, except
for replacements with new buildings. The scenario therefore also
represents a scenario in which focus is given fully to the RE-supply.
A graphical sketch is shown in Fig. 2.

2.4.1. Scenario 1: Accelerated comprehensive energy renovation
between 2030 and 2070

Scenario 1 represents the case where no energy efficiency
improvements in the buildings are carried out before 2030. The
DH supply will be converted from fossil fuels to biomass in the
CHP-plants and prices will remain unchanged. When biomass is

Fig. 2. Graphical sketch of the Reference Scenario—no energy renovations.
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phased out between 2030 and 2040, geothermal heating plants
are assumed to be established to cover the nearly unchanged heat
load. The investment in geothermal energy will result in increased
prices for DH. Comprehensive energy renovations in buildings will
be carried out as a consequence of the increased heat prices. The
coefficient of utilization of the geothermal heating plants will
decrease and prices will rise further. LTDH will be phased in from
2035, proportional to the energy renovations.

A graphical sketch is presented in Fig. 3. As the figure shows,
the entire building stock will undergo comprehensive renovation
from 2030 phased in over 40 years. Assuming a lifetime of 60 years
for such renovation measures, this share of the building mass will
be replaced with new buildings from 2090.

2.4.2. Scenario 2: Accelerated comprehensive energy renovations
from 2013

Scenario 2 represents the case where comprehensive energy
renovations are implemented from 2013 to 2040. Biomass will be
phased out between 2030 and 2040 and geothermal heating
plants will be established. As a result of the energy efficiency
improvements in the buildings, the investment in geothermal
heating plants will decrease significantly. LTDH will be phased in
from 2013 proportional to the energy renovations.

A graphical sketch is presented in Fig. 4. As the figure shows,
the entire building stock will undergo comprehensive renovation
from 2013, phased in before 2040. Assuming a lifetime of 60 years
for such renovation measures this share of the building mass will
be replaced with new building from 2073.

2.4.3. Scenario 3: Accelerated intermediate energy renovations from
2013

Scenario 3 represents the case where intermediate energy
renovations are considered and as for Scenario 2 the energy
renovations are implemented from 2013 (Fig. 5) and phased in
over 30 years. The lifetime for this kind of energy renovation is
considered to be 30 years, resulting in a reinvestment after 30
years. LTDH is phased in from 2013 proportional to the energy
renovations.

2.5. Economic considerations

To calculate the economic consequences for each of the
scenarios, socioeconomic analyses were applied. Using the present
value (PV) method, all future investments and costs were dis-
counted to present levels and the scenario with lowest costs was
identified. This is in line with recommendations and guidelines

Fig. 3. Graphical sketch of Scenario 1—accelerated energy renovations later.

Fig. 4. Graphical sketch of Scenario 2—accelerated comprehensive energy renovations now.
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from the Danish Finance Ministry and the Energy Saving Trust
Association (ENS) (Danish Energy Agency, 2007a). A sensitivity
analysis on the influence of the discount rate was carried out using
discount rates of 0%, 1%, 3% and 5%. According to the Danish
Finance Minister and ENS a discount rate of 5% should be used for
PV-calculations. The outcome from PV-calculations is very sensi-
tive to the discount rate, and it is debatable whether this is a
reasonable value for energy-related projects where the duration of
the project is very long and affects long-term future conditions.
Investments projected for many years from now will be dis-
counted to smaller present values the higher the discount rate.
This makes it appear more attractive to delay large investments,
such as energy renovations (Ege and Appel, 2013; Atanasiu et al.,
2013). Furthermore, (Stern, 2007) has elaborated this dilemma
related to discounting in detail and states that if a project's costs
and benefits are “allocated across generations and centuries, it is
an ethical issue for which the arguments for low pure time
discount rates are strong” and “if the ethical judgment is that
future generations count very little regardless of their consump-
tion level then investments with mainly long-run pay-offs would
not be favoured. In other words, if you care little about future
generations, you will care little about climate change. As we have
argued that is not a position which has much foundation in ethics
and which many would find unacceptable”.

Estimated costs of investment, maintenance and operation
were included for the geothermal heating plants and for the DH-
net. The energy prices of the fossil fuels and biomass were
estimated from calculations carried out by (VEKS, 2012b). They
were based on an expected weighted distribution of the resources
in the Copenhagen DH-system. Waste for incineration was not
priced due to the large uncertainties, but since the amount of
waste is the same in all scenarios, this will not have any influence
on their comparative costs. Moreover, the waste will have to be
collected in all cases, and must be either incinerated or stored in a
landfill lot, so the cost of waste is not included (Danish Energy
Agency, 2007b).

All investments were included for the year they will take place
in, and salvage values of the investments beyond 2070 were
subtracted. The costs for the Reference Scenario (no energy
renovations) were calculated solely for the supply-side, whereas
the costs for Scenario 1 (energy renovation later), Scenario 2
(comprehensive energy renovation now), and Scenario 3 (Inter-
mediate energy renovation now) also include the investment in
energy renovation.

2.5.1. Geothermal
The capital investment cost is estimated to be €1.6/W for a

geothermal plant with a capacity of 135 MW where approximately
half of the capacity is coming from geothermal heat and the half
from heat pumps (CTR et al. 2009; CTR et al. 2011; COWI, 2012).
With LTDH, there will be no need for heat pumps to boost the
temperature since the underground water can be drawn at 73 1C.
The capital investment cost for geothermal heat is assumed to be
5 times higher compared to the capital investment cost for heat
pumps, which result in an estimated capital investment cost solely
for geothermal heat on approximately €2.7/W (COWI, 2012).

Operation and maintenance costs (O&M) are difficult to esti-
mate since they vary depending on various factors and conditions.
The O&M-cost was assumed to be €1.75/GJ (COWI, 2012).

2.5.2. DH-network
According to (COWI, 2012), the cost in capital investment for

expanding the DH-network can be assumed to be €84/GJ. The
investment cost is estimated based on experience from (COWI,
2012), and represents a cost for expansion of the DH net to less
populated areas, which increases the cost compared to densely
populated areas.

The O&M cost was set at €0.56/GJ based on the Danish Energy
Agency (2010b).

2.5.3. Energy renovation costs
According to (Kragh and Wittchen, 2010), which is based on the

entire building stock in Denmark (homes), the marginal cost of
saving 102 PJ/year, corresponding to energy savings of 65%, is
€51,000 M/year. The comprehensive renovation then results in a
unit price per saved petajoule of €8.3 M/PJ, based on savings over
60 years.

Comprehensive renovation¼ €51;000 M=year
ð102 PJ=year� 60 yearsÞ ¼ €8:3 M=PJ

According to Kragh and Wittchen (2010), the marginal energy-
saving price for windows is €111 M/PJ, and for ventilation with
heat recovery (intermediate renovation), it is on average €296 M/PJ.
Assuming the same energy-saving efficiency for both measures
and a lifetime of 30 years, the energy-saving price per year
becomes

Intermediate renovation¼ €ð111þ296ÞM=PJ
30 years

¼ €13:6 M=PJ

Fig. 5. Graphical sketch of Scenario 3—accelerated intermediate energy renovations now.
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Assumed lifetimes
Geothermal: 40 years (Lako and Tosato, 2010)
DH network: 60 years (Tang, 2010)
Renovations of dwellings: 60 years (Aagaard et al., 2010)

2.6. Cost of delivered heat

The cost of the delivered heat to the buildings for the different
scenarios was calculated to evaluate the scenario with the lowest
cost per heat unit delivered. The heat delivered to the buildings is
calculated as the heat produced in the DH plant minus the net heat
losses. To calculate the cost of the delivered heat, the expenses for
the DH companies based on the socioeconomic calculations are
divided by the delivered heat

Cost of delivered heat¼ Expenses for DH companies
Delivered heat to buildings

3. Results and discussion of the case study

3.1. Reference scenario: No energy renovations

Fig. 6(a) shows the peak load and the distribution of resources.
The heat demand will increase until 2035, due to the conversion
of natural gas areas into district heating. In the same period, the
existing building mass will be replaced with new buildings,
decreasing the heat demand by 0.5% per year. Fig. 6(a) shows that
with no accelerated heat savings an investment in geothermal
heat corresponding to a capacity of 2800 MW will be required.

Fig. 7(a) shows the annual production of the different energy
supply technologies until 2070. The geothermal heat production is

expected to peak in 2040 at 32 PJ, after which it will decrease by
14% by 2070. The total geothermal production in the entire period
is estimated to be 1100 PJ.

3.2. Scenario 1: Accelerated energy renovations later

Scenario 1 represents the case where accelerated comprehen-
sive energy renovations are implemented from 2030. Fig. 6(b)
shows the peak load and the distribution of the supply technol-
ogies. The heat demand peaks in 2030, after which it decreases.
The build-up in geothermal capacity is 2500 MW, which is slightly
lower than in the Reference Scenario (no energy renovations) due
to the accelerated energy renovations.

Fig. 7(b) shows the annual production of the different energy
supply technologies between 2010 and 2070. The geothermal
production peaks in 2040 at 28 PJ. The accelerated energy renova-
tions imply a decrease in the heat demand from 2030 until 2070.
The coefficient of utilization drops significantly because the
investment in geothermal heat capacity has already taken place.
The production of geothermal heat decreases by 61% by 2070. The
total geothermal heat production for the entire period is 838 PJ.

3.3. Scenario 2: Accelerated comprehensive energy renovations now

Scenario 2 represents the case where investment in accelerated
energy renovations begins in 2013. Fig. 6(c) shows the peak
load and distribution of the different supply technologies. The total
heat demand decreases throughout the entire period. The invest-
ment in geothermal capacity is reduced to 1200 MW, corresponding
to a reduction of 57% compared to the Reference Scenario (no energy
renovation), and a reduction of 52% compared to Scenario 1 (energy
renovations later).

Fig. 7(c) shows the annual heat production of the different
supply technologies until 2070. The geothermal heat production
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Fig. 6. Heat capacity for the different supply technologies for all the scenarios.
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peaks at 16 PJ, which is 50% less than in the Reference Scenario (no
energy renovations) and 43% less than in Scenario 1 (energy
renovations later). The geothermal production decreases by
approximately 25% by 2070 compared to the peak value. The total
geothermal heat production throughout the entire period is 543 PJ.

3.4. Scenario 3: Accelerated intermediate energy renovation now

Scenario 3 represents the case where accelerated intermediate
energy renovations are carried out from 2013. Fig. 6(d) shows the
peak load and distribution of the different supply technologies.
The total heat demand decreases throughout the entire period.
The investment in geothermal capacity is 2029 MW, correspond-
ing to a reduction of 28% compared to the Reference Scenario
(no energy renovation), 19% compared to Scenario 1 (energy
renovation later), and an increase of 69% compared to Scenario 2
(comprehensive energy renovation now).

Fig. 7(d) shows the annual heat production of the different
supply technologies until 2070. The geothermal heat production
peaks at 25 PJ, which is 22% less than in the Reference Scenario (no
energy renovations), 11% less than in Scenario 1 (energy renova-
tions later), and 56% more than in Scenario 2 (comprehensive
energy renovations now). The geothermal production decreases by
approximately 20% by 2070 compared to the peak value. The total
geothermal heat production throughout the entire period is 675 PJ.

3.5. Economics of the case study

Table 1 shows the result of the socioeconomic analysis. The
total cost for the Reference Scenario (no energy renovations) is
€833 M less than that of Scenario 1 (energy renovations later) if a
discount rate of 0% is assumed. This is due to the large investments
in energy renovations in Scenario 1 (energy renovations later) at
the end of the period in question, and the effect on the investment
in geothermal heating plants is therefore relatively small. When
the discount rate is increased to 1%, 3%, and 5% the Reference

Scenario (no energy renovations) will cost €1106 M, €938 M, and
€616 M less than Scenario 1 (energy renovations later), respectively.

Table 1 also shows that Scenario 2 (comprehensive energy
renovations now) is less costly than the Reference Scenario (no
energy renovations) by €509 M when a discount rate of 0% is
assumed. However, if the discount rate is increased to 1% or more,
Scenario 2 (comprehensive energy renovations now) is no longer
beneficial compared to the reference, indicating the sensitivity of
the cost estimates to the discount rate. The results of Scenario 3
(intermediate energy renovations now) are in between Scenario 1
(energy renovations later) and Scenario 2 (comprehensive energy
renovations now). Table 1 also shows that investing in compre-
hensive energy renovation from today rather than later will save
approximately half the investment cost in geothermal heating
plants, which is beneficial for the district heating companies. If
investment in intermediate energy renovation (Scenario 3) takes
place now, it will save approximately 16% of the investment cost in
geothermal heating plants compared to postponing the invest-
ment in energy renovation (Scenario 1). However, Scenario 3 with
less investment in energy renovation is more likely to be realized
fast, since replacing the windows and installing mechanical
ventilation with heat recovery is an easier task than carrying out
comprehensive energy renovations.

Table 2 shows the heat produced in the DH plants and the heat
delivered to the buildings, i.e. after the network heat losses. Since
the Reference Scenario (no energy renovations) does not have
LTDH and Scenario 1 (energy renovations later) only implements
LTDH from 2035, when the energy renovations are carried out, the
network heat losses are higher than in the other scenarios where
LTDH is implemented today proportional to the energy renova-
tions. Taking the expenses for the DH companies and dividing it by
the heat delivered to the buildings, the cost per delivered heat unit
is calculated. As can be seen, Scenario 2 (comprehensive energy
renovations now) provides the lowest cost per delivered heat unit,
followed by Scenario 3 (intermediate energy renovations now),
which indicates a more competitive price for the district heating
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Fig. 7. Annual heat production for the different supply technologies for all the scenarios.
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companies when energy renovations are carried out already
from today.

3.6. Policy implications

The approach to this investigation has been that biomass is a
temporary resource that will disappear from the heating sector in
the long-term for use in other sectors. There are different opinions
on this subject, but most agree that biomass is a restricted

resource that cannot be used as the primary resource for all future
energy purposes. Most sectors would like to make use of biomass,
but this is not possible and other non-fossil fuel energy solutions
must be found. The authors of (Østergaard and Lund, 2011;
Østergaard et al., 2010) concluded that the use of geothermal
heating plants will play a significant role in future district heating
systems, but they also made use of a small amount of biomass to
cope with peak loads. Investing in sufficient geothermal heating
plant to cover peak loads may in fact be unrealistic since the

Table 1
PV for each scenario excl. waste for incineration. Discount rates of 0%, 1%, 3%, and 5%.

PV 2013–2070 Reference. No energy
renovations [M €]

Scenario 1 Energy
renovations later [M €]

Scenario 2 Comprehensive energy
renovations now [M €]

Scenario 3 Intermediate energy
renovations now [M €]

Discount rate 0% Investments
Geothermal plants 8736 7644 3744 6396
DH-net expansion 187 187 187 187
Renovations 0 7662 7662 6171

Salvage value
Geothermal plants �983 �860 �421 �720
DH-net expansion �38 �38 �38 �38
Renovations 0 �5044 �1877 �3514

Fuels 879 874 669 774
O&M 3276 2465 1622 2524

Total cost for DH companies 12,057 10,272 5763 9123
Total cost renovation 0 2618 5785 2657
Total Discount rate 0% 12,057 12,890 11,548 11,780

Discount rate 1% Investments
Geothermal plants 6986 6113 2994 5115
DH-net expansion 169 169 169 169
Renovations 0 5311 6776 4758

Salvage value
Geothermal plants �552 �483 �237 �404
DH-net expansion �22 �22 �22 �22
Renovations 0 �2832 �1421 �1973

Fuels 780 776 601 690
O&M 2295 1730 1141 1763

Total cost for DH companies 9656 8283 4646 7311
Total cost renovation 0 2479 5355 2785
Total Discount rate 1% 9656 10,762 10,001 10,096

Discount rate 3% Investments
Geothermal plants 4509 3945 1932 3301
DH-net expansion 141 141 141 141
Renovations 0 2679 5425 3092

Salvage value
Geothermal plants �177 �155 �76 �130
DH-net expansion �7 �7 �7 �7
Renovations 0 �908 �821 �633

Fuels 731 728 578 655
O&M 1192 904 600 915

Total cost for DH companies 6389 5556 3168 4875
Total cost renovation 0 1771 4604 2459
Total Discount rate 3% 6389 7327 7772 7334

Discount rate 5% Investments
Geothermal plants 2943 2575 1261 2155
DH-net expansion 119 119 119 119
Renovations 0 1434 4470 2224

Salvage value
Geothermal plants �58 �51 �25 �42
DH-net expansion �2 �2 �2 �2
Renovations 0 �298 �479 �207
Fuels 513 511 415 464
O&M 667 510 341 513

Total cost for DH companies 4182 3662 2109 3207
Total cost renovation 0 1136 3991 2017
Total Discount rate 5% 4182 4798 6100 5224
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investment cost could be too high, and other technologies, such as
energy storage, will probably be used to achieve peak load
production. For example, surplus electricity produced from wind
could be used to produce hydrogen, which along with biomass
would form a “synthetic natural gas”. This gas could then be used
in CHP plants and the heat production could be used to cover the
peak loads. However, peak loads in the future will be much
reduced by energy renovations in buildings, so peak load produc-
tion will have less importance.

Considering that the main investments will be in geothermal
heating plants, it may be advantageous to phase in geothermal
heating plants at an earlier stage in order to develop the technol-
ogy and cope with the problems that might occur during devel-
opment. However, this would not influence our results as long as
the capacity needed in the different scenarios remains the same.

When estimating the costs for the energy renovation measures
envisaged in the present study, we assumed that energy renova-
tions are carried out only when buildings need renovation anyway.
This means that only the marginal cost for energy conservation
was used. It is reasonable to assume that the existing building
mass will need renovation within a period of 30–40 years because
a majority of the buildings in Copenhagen are very old. It is also in
accordance with visions for the building stock in Europe
(Staniaszek et al., 2013).

The results from the economic calculations are very sensitive to
the discount rate assumed. According to the Danish Finance
Ministry and the ENS, a discount rate of 5% should be used in
making cost estimates, but such high discount rates distort results
when dealing with projects that have durations of many years
because they affect future conditions significantly. Investments
taking place in the future are discounted to small present values,
making it attractive to delay any investments. The smaller the
discount rate, the more importance is given to future conditions.
The choice of discount rate for the conclusions drawn in this paper
was therefore 0%—in order to give full importance to future
generations.

The choice of service lifetime of the building, district heating
network and geothermal heating plant is important since it might
affect the results of the paper. The time perspective is often
discussed and lots of literature and research can be found here
upon. Different literature uses a wide range of lifetimes for
buildings ranging from 30 to 100 years (Mithraratne, Vale, 2004;
Verbeeck and Hens 2010; Marteinsson 2003; Scheuer et al. 2003,
Kellenberger and Althaus, 2009, p. 819, Sartori and Hestnes, 2007,
Ramesh et al., 2010; Grant and Ries, 2013; Aagaard et al., 2010).
However, often a lifetime on 50 years, 80 years and 100 years are
used (Ramesh et al., 2010; Sartori and Hestnes, 2007; Grant and
Ries, 2013) and it therefore seems reasonable to have a building
lifetime on 60 years as was chosen for this study. The service life
time of DH pipes have also been discussed in the literature
(Hallberg et al., 2012; Tang, 2010; Röse et al., 2002; DFF, 2004).

The study (Hallberg et al., 2012) discusses the service life time for
DH pipes to be at least 30–50 years and states that change of
future operating conditions should be considered, since they may
affect the service lifetime. Since the DH system is converted into
LTDH the operating temperatures will decrease, which according
to (DS/EN 253, Annex A, 2009) will increase the service lifetime of
the DH pipes. If the operating temperature is Tr109 1C the service
lifetime is expected to be 100 years. A study from Germany
concludes that DH pipes that had been in operation for 30 years
had a remaining lifetime on 38 years resulting in a service life time
of 68 years (Röse et al., 2002, DFF, 2004). Therefore the chosen
lifetime for the present paper of 60 years seems reasonable. The
lifetime of the geothermal heating plants are set to 40 years.
According to literature, lifetimes in the range of 20–40 years is
often used (Goldstein et al., 2011; Frank et al., 2012; Frick et al.,
2010; Lako and Tosato, 2010; Guo et al., 2013). The choice of
service life for geothermal heating plant is in the higher end, but
taking into account the development and the improvement of the
technology over the years, longer lifetimes can be expected
(Goldstein et al., 2011 – chapter 4.6), and it therefore seems as a
reasonable number in 2030 when they are assumed to be phased
in. The importance of the choice of lifetime and how it affects the
results should be investigated in future research. However, it is
beyond the scope of this paper.

The results of the present paper are different from other studies
(Connolly et al., 2012a, 2012b) dealing with the future of district
heating in the EU27 countries. They conclude that future supply
from district heating is a more cost-effective energy efficiency
measure than end-use savings. However, those studies include a
large share of fossil fuels, so investment in renewable energy
capacity is not critical for them, as it is for the study carried out in
the present paper.

4. Conclusions

For the DH-system in the Copenhagen area, socioeconomic
calculations indicate that it is slightly more cost-beneficial to
invest in energy renovations from 2013, so that we can reduce
the heat demand, before investing in new renewable energy
supply technologies. However, the results are very sensitive to
the discount rate assumed and the results from the socioeconomic
calculations are very similar for all the scenarios. It does not make
a great difference which scenario is chosen from a socioeconomic
point of view. The costs for supplying heat and saving heat are at
comparable levels.

However, investing in comprehensive energy renovations from
today will reduce the investment cost for new supply technologies
by 50%, or by 16% if investments in only intermediate renovation
are made: replacement of old inefficient windows and installation
of mechanical ventilation with heat recovery. The Danish

Table 2
Produced and delivered heat. Cost for delivered heat for the scenarios with different discount rates.

Reference No energy
renovations

Scenario 1 Accelerated energy
renovations later

Scenario 2 Accelerated energy
renovations now

Scenario 3 Intermediate
energy renovations now

Delivered heat at
buildings [PJ]

2064 1819 1465 1652

Produced heat [PJ] 2379 2098 1640 1827
Net losses [PJ] 315 279 175 175

Cost per delivered heat [€/PJ]
Discount rate 0% 5.84 5.65 3.93 5.52
Discount rate 1% 4.68 4.55 3.17 4.43
Discount rate 3% 3.10 3.05 2.16 2.95
Discount rate 5% 2.03 2.01 1.43 1.94
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government has already decided to aim at a fossil-fuel-free society
in 2050, by saving energy in the building stock and by converting
to RE-based supply. Strategies with regard to energy renovation of
existing building stock have already been implemented in the
Danish action plan towards a fossil-fuel-free society. The Danish
Building Regulations include obligations to energy-upgrade build-
ings when they undergo improvements. Energy savings will
therefore be implemented in the building stock sooner or later,
and with this in mind it will be more beneficial to carry them out
from today. Reducing heat demand by renovation also results in
smaller peak loads and a more stable supply situation over the
year, which is an advantage for the future energy system based on
renewable energy resources, and gives an increased security of
supply. Energy renovations also provide added value to buildings,
in terms of increased indoor comfort and future-proofing. When
the building undergoes an energy renovation the energy standard
of the building is upgraded and the building reaches comparable
levels with new buildings. This results in more secured market
values for future resale.

If we look at the cost per heat unit delivered to the buildings, it
is clear that carrying out energy renovations from today will result
in more competitive conditions for the district heating companies
than if energy renovations are carried out later on. This is also
reflected in the fact that, when energy renovations are carried out,
low-temperature district heating can be implemented, which
reduces heat losses from the distribution pipes and results in
more heat delivered to the buildings.

Based on the aim of Denmark being a 100% fossil-fuel-free
society, this paper has investigated various scenarios of how to
achieve this aim for the Copenhagen district heating system. The
conclusion drawn from the study is that the time at which energy
savings are implemented in the building stock is crucial for the
district heating companies from an economic point of view.

The paper also provides a method for making use of the
existing district heating system in Copenhagen by carrying out
long-term planning for energy supply based on renewable energy
sources and saving energy in buildings. The long-term analysis can
be the foundation for political decision making and action in both
areas.
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