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Abstract

This paper aims to provide an overview of the costs and benefits of preparing existing space heating
systems for low-temperature district heating. Necessary heating system improvements were assessed
based on previous work carried out on the topic. This included evaluating the necessity of installing larger
heating elements and improving heating system control. The costs of the identified heating system
improvements were then estimated and compared with the savings achieved if district heating
temperatures were lowered, from the perspective of both the total Danish energy system and the
individual district heating customers. The investigations resulted in simple payback times of 1.2-4.3 years
from an energy system perspective and 0.3—18.7 years for an individual district heating customer. The
current study thus indicates that it is economically feasible to invest in an improved heating system control
to enable a reduction in the district heating return temperatures.

Keywords: 4" generation district heating; space heating; radiators; heating system control; low-
temperature heating

1 Introduction
Low-temperature district heating is a promising solution for energy efficiency improvements in the future
heating sector. This is because the efficiency of many renewable heat sources, such as heat pumps, solar
heating, geothermal heating, and biomass boilers with flue gas condensation, is greatly increased if

temperatures are lowered [1]. Furthermore, a reduction in district heating temperatures will reduce the
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heat losses from the district heating network. For these reasons, low-temperature district heating can

potentially play an important role in the future European energy system [2].

Low-temperature district heating can be implemented in new areas with low-energy buildings [3-6] or
through a transition to lower temperatures in a current system with existing buildings [5—9]. Because
existing buildings form a majority of the building stock, the main challenge is to reduce the temperatures in
the existing networks. In this case, it is necessary to reduce both supply and return temperatures equally to
meet the hydraulic limitations of the existing district heating pipes. Focus should therefore be placed on a

reduction in the return temperature as well as a reduction in the supply temperature.

A reduction of the district heating return temperatures would be beneficial even today. The current energy
system is largely based on condensing biomass or gas boilers and waste incineration, and a reduction in the
district heating return temperature makes it possible to extract a greater amount of heat from these
energy plants [10]. Moreover, a reduction in return temperatures reduces the heat losses from network
pipes and increases the capacity of the network, which can allow expansion to new customers or reduce
pumping costs [11]. The savings achieved from a reduced return temperature differ greatly depending on
the heat source in question [12] and can be determined in many different ways, considering, for example,
the possibility of expanding the district heating network to new customers or avoiding the replacement of
current pipes [11]. Frederiksen & Werner [10] presented an illustration of the savings expected in 27
Swedish district heating companies, showing average savings on the order of EUR 0.15 per MWh °C but

ranging everywhere from EUR 0.03 to 0.38 per MWh °C.

When the return temperature has been reduced, it is possible to reduce the supply temperature by a
corresponding amount. This is particularly important in the long run as heat pumps and solar heating are
expected to deliver a greater amount of heating. If the district heating temperatures can be reduced from
80 °C/45 °C to 55 °C/25 °C, the COP of a heat pump based on industrial waste can increase from 4.2 to 7.1.

Similarly, the cost of solar thermal will decrease by approximately 30% owing to the increased efficiency of



solar panels [13]. The optimal temperature level in a district heating network therefore depends on the
available heat sources, and they can be further affected by other individual parameters, such as the heat
loads in the system and the age of the existing district heating pipes [14]. On this note, Ommen et al. [15]
recommended optimal supply temperatures in the Copenhagen area of approximately 65-70 °C, whereas
other studies have shown that ultralow-temperature district heating can be a feasible solution in small
district heating networks with low heat density [16]. On a general level, however, Lund et al. [17] showed
the feasibility of reducing Danish district heating supply and return temperatures to an average of

55 °C/25 °C, and current estimates show that, if such a temperature reduction is implemented in the Danish
district heating systems, this will generate annual savings of EUR 10 per MWh of district heating produced

[13].

To a large extent, the reduction in both supply and return temperatures depends on the components
installed in the buildings. For example, current heating systems were designed for supply and return
temperatures as high as 90 °C/70 °C [18,19], and it must be ensured that these heating systems can cover
the heat demand of the buildings at lower temperatures before the district heating supply temperature is
reduced. The district heating return temperature generally depends on the design and control of the in-
house installations [14,20], and if the in-house installations do not work properly, this can easily lead to
higher district heating return temperatures than necessary. This can make it difficult to reduce the supply
temperature, because there must be a certain cooling requirement of the district heating water for the
right amount of heat to be delivered within the hydraulic capacities of the district heating pipes. To
implement low-temperature district heating, it is therefore necessary to prepare the heating installations in

existing buildings for low-temperature heating.

To assess the overall feasibility of implementing low-temperature district heating in existing building areas,
it is necessary to estimate the costs of the necessary improvements in current heating system installations.

However, this is difficult because the costs consist of many different strands that all should be considered.



This study set out to provide new knowledge on this topic by combining previous studies on these strands
to provide a new overview of the overall feasibility of improving existing space-heating systems to

implement low-temperature district heating.

1.1 Aim of study
The aim of this study was to evaluate the costs and benefits of enabling current space heating systems in

existing buildings to achieve the transition to low-temperature district heating by 2050. First, the necessary
heating system improvements were evaluated by combining and discussing the results of four years of
research on the state of Danish heating systems. Second, we estimated the cost of carrying out the
identified necessary improvements, both for the individual homeowner and for the total Danish energy
system. Finally, we calculated the simple payback time of carrying out the improvements by comparing the

estimated costs to the savings that can be achieved if district heating temperatures are lowered.

2 Method
In this study, the costs and benefits of converting existing heating systems for low-temperature district
heating were evaluated from a long-term perspective. The analysis focused on the possibility to reduce
typical heating system temperatures to 55 °C/30 °C in order to support a transition to low-temperature
district heating in Danish district heating systems that are currently operated with average annual energy-
weighted temperature levels of 80 °C/45 °C. We assumed that the transition in the temperature levels of
the district heating networks and the improvements in building installations will take place over a long
timeframe between now and 2050. In such a lengthy time period, many of the installations will be replaced
at the end of their lifetimes; thus, in these cases, at least the improvements will incur very little extra
expenditure. Furthermore, there will be improvements in the insulation level of the district heating

network and energy savings in the building stock.

The study consisted of three parts. In the first part, we summarised the results of previous studies by the

authors on the necessity of improving current heating system installations to enable the implementation of



low-temperature district heating. In the second part, we estimated the costs related to carrying out these
improvements, both from the perspective of the individual homeowner and from an overall energy system
perspective. In the last part, we assessed the simple payback time of implementing low-temperature
district heating by comparing the estimated costs with the economic savings that can be achieved by the
individual homeowner and for the total energy system if district heating temperatures are lowered. The

following sections describe the details of the methods used in each of the three parts of the study.

2.1 Evaluation of necessary heating system improvements
Two main factors affect the possibility of lowering the heating system temperatures in existing heating

systems. First, the heating elements must be large enough to emit enough heat to provide a comfortable
thermal indoor climate even if heating system temperatures are lowered. This is a concern because the
heat emitted from a heating element is reduced if the mean surface temperature of the element is
reduced. Second, the heating system control must work properly to ensure the lowest possible heating
system temperatures. If current heating elements are large enough to ensure necessary thermal comfort,
and heating system control can easily be made to work properly, it should be easy to convert existing
heating systems to low-temperature heating. However, little is known about the heating system
installations in existing buildings, so these two factors are not easily assessed. During recent years, the
authors therefore carried out research on these topics in the context of Danish buildings. In this study, we
combine the results of this research to assess the heating system improvements necessary to enable the

conversion to low-temperature district heating.

The sizes of existing heating elements in the Danish building stock were investigated through four
publications [19,21-23]. Two of the publications addressed overall investigations of the tendencies in
Danish heating systems [19,21] and the other two discussed detailed investigations of the heating systems
in eight specific single-family houses [22,23]. In all publications, a main theme was to compare the heating
system dimensions and heat demand in the investigated Danish houses to estimate the potential for

reducing the heating system temperatures. This is because the potential for heating a building with low-



temperature district heating generally depends on the relationship between the heat output of the heating

elements installed and the heat loss of the building.

In this study, we have chosen to summarise the findings of the four articles with reference to the design
conditions of the buildings and heating systems. This makes it possible to provide a simple reference for the
heating system dimensions and compare heating systems installed in many buildings irrespective of the
original design heating system temperatures and the individual energy renovations carried out. Design
conditions in Denmark are described in DS 418 [24] and are based on a design outdoor temperature of

-12 °C and a design indoor temperature of 20 °C. No heat gains are included when the heat losses from the
building are calculated. Design heating system supply and return temperatures varied throughout the
1900s, from 90 °C/70 °C at the beginning of the 1900s to 70 °C/40 °C in recent building regulations and

60 °C/40 °C in the current building regulations [19].

The relationship between the heat output of the heating elements and the heat loss of the buildings in the

design conditions is given by a factor, denoted the radiator factor and defined according to Equation 1.

Design heat output of heating elements at temperatures 70°C/40°C [W]

Equation 1 Radiator factor = Design heat loss of buildings [W]

This means that a heating system with a radiator factor of 1 corresponds exactly to what is expected
according to the defined design conditions, whereas a heating system with a radiator factor above 1 is
larger than expected. A radiator factor above 1 thereby indicates that the heating system is well suited for
low-temperature heating. Based on the findings of the studies, we aimed to estimate how many radiators

must be replaced to implement low-temperature space heating on a broad scale.

The evaluation of the current heating system control was conducted with reference to three studies
[22,23,25]. These studies investigated the heating system control and design in nine existing Danish single-
family houses where the space heating supply temperatures were lowered. The studies included

measurements of the overall heating system supply and return temperatures, with more detailed



measurements of the return temperatures from radiators in some of the houses. This made is possible to
evaluate whether heating system temperatures in existing building can be simply lowered by reducing the
supply temperature to the heating system or whether certain problems with heating system design and

control cause problems with high heating system return temperatures.

In this study, we summarised the findings of the previous work by providing insight into the measured
heating system temperatures and the identified problems in heating system design and control, which in
some cases were found to be a barrier to lower the heating system temperatures. Based on this input, we
defined four different scenarios for heating system improvements that could be necessary in an individual
dwelling to reduce the district heating return temperatures, along with two scenarios for necessary heating

system improvements of Danish buildings in general.

2.2 Estimated costs of heating systems improvements
The component costs and installation time for the various necessary heating system improvements
identified in the study were estimated based on a combination of communication with sector
representatives and data on average prices from Danish construction projects given in Molio price data
[26]. The total cost of each heating system improvement was calculated by adding the component costs to
the salary of the craftsman performing the installation of the component according to Equation 2. The

salary of the craftsman was assumed to be EUR 70 per hour.

E

UR
Equation 2 Total component cost [M] = Work hours [

- 70— +Component cost [—]

hours EUR EUR
] hour

unit unit

The study included two new components for which the price and necessary working hours were not known
from current experience. For these products, the costs were estimated with reference to prices of similar

current components.



2.3 Costs of preparing typical Danish buildings for low-temperature district heating
To estimate the costs of preparing the heating systems in typical existing Danish buildings for low-

temperature district heating, we first defined two standard building typologies—a standard single-family
house and a standard apartment building. The standard single-family house was assumed to have an
annual heat consumption for space heating of 15 MWh, and the heated floor area was assumed to be 150
m? with ten radiators. The standard apartment building was assumed to have an annual heat consumption
for space heating of 183 MWh with 130 radiators in a total heated area of 2000 m?2. The heat loss in the
district heating network was assumed to be 19% [13], so the heat production required to satisfy these heat
demands was assumed to be 17.9 MWh and 217.8 MWh, respectively. Table 1 summarises the key data on

the defined standard building typologies.

Table 1. Definition of standard building typologies

Heat demand

Heat demand

Heat demand incl. heat

Heated floor

Number of

[kWh/m?] [MWh/year] loss [MWh/year] area [m?] radiators [no.]
Single-family house 100 15 17.9 150 10
Apartment building 91.5 183 217.8 2000 130

To investigate the cost incurred by individual homeowners to implement the identified necessary heating

system improvements, we considered the four different scenarios defined according to the results of

previous research. The scenarios included four different technical solutions to reduce heating system

temperatures according to the necessary heating system improvements identified in the study. The

customer costs of implementing each solution were then calculated by multiplying the total component

cost by the number of components needing replacement according to Table 1. The calculation was

performed via Equation 3 for both the standard single-family house and the standard apartment building.

As an example, the cost of replacing the radiator valves in a standard single-family house would be

calculated by multiplying the total cost of installing one new radiator valve by 10, because there are

assumed to be 10 radiators in a standard single-family house.




EUR

Equation 3 Customer cost[EUR] = Total component cost [ﬂ  No. of building units [unit]

The costs of preparing the heating systems of the buildings in the total Danish energy system for low-
temperature district heating were calculated in EUR per MWh of heat production. This was performed with
reference to the heat produced to satisfy the heat demand in the standard buildings defined in Table 1. For
example, the cost of installing new valves in typical Danish apartment buildings was calculated by
multiplying the cost of installing one new valve by the number of valves in the standard apartment building
and dividing this number by the total heat production necessary to cover the demand of the building. The

calculation was performed according to Equation 4.

EUR] Total component cost [%] - No. of building units [units]

Equation 4 Energy system cost[m

Heat production for building [MWh]

The energy system costs were calculated for the two scenarios for necessary heating system improvements
in the Danish buildings defined from the analysis of previous research results. This was performed by
multiplying the energy system cost for each type of heating system component with the expected
percentage of components needing replacement and then summing the total cost of all necessary

improvements, according to Equation 5.
EUR EUR
Equation 5 Total energy system cost [M] = Y(energy system cost [3;;;] - No. of buildings [%])

2.4 Savings and simple payback time for the individual homeowner
The savings realised by individual homeowners when implementing heating system improvements that
lower the heating system temperatures were calculated for two different customer cases. The first case
was a single-family house with an average annual return temperature of 40 °C, which must be reduced to
30 °C. The second case was an apartment building with an average annual return temperature of 53 °C,
which must be reduced to 30 °C. The actual savings realised by homeowners depend on the price structure

of the individual district heating companies. Because reductions in the return temperatures lead to savings



in the total district heating system, it is not uncommon for Danish district heating companies to charge
their customers according to the return temperature they deliver to the district heating network. In this
study, we investigated the savings realised by customers in two different Danish cities—Copenhagen area
(CPH) and Hgje Taastrup (HT)—when the customers improve their heating system to reduce the return

temperature.

In Copenhagen, the customer pays an extra tariff if the average annual cooling of the district heating water
is less than 27 °C, whereas they receive a discount if it is more than 37 °C. With an average annual supply
temperature of 80 °C, these temperatures correspond to average annual return temperatures of 53 °C and
43 °C, respectively. Both the tariff and discount are rated at EUR 0.72 per °C per MWh of heat consumed.
Considering only return temperatures below 53 °C, the savings realised by a customer in Copenhagen when

the return temperature is reduced can be calculated according to Equation 6.

Equation 6 Savingcpy[EUR/year] = (43 °C — Tgpew [°C]) * @ [MWh/year] - 0.72 EUR/°C/MWh

where Ty ey is the new district heating return temperature obtained by the customer, and @ is the annual

heat consumption of the customer.

In Hgje Taastrup, the customers receive a discount or must pay a tariff if their average annual return
temperature is below or above 46 °C, respectively. Both the tariff and discount are rated at EUR 1.28 per °C
per MWh heat consumed. The savings realised by customers in Hgje Taastrup who reduce their return

temperature can thus be calculated according to Equation 7.

Equation 7 Savingyr[EUR/year] = (Tg01a[°C] — Trnew [°C]) - ® [MWh/year] - 1.28 EUR/°C/MWh

where Ty oig and Tg qew are the old and new customer district heating return temperatures, respectively, and

® is the annual heat consumption of the customer.
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Finally, the simple payback time of the customer investments was calculated by comparing the estimated

costs of the homeowners to the savings realised for the two scenarios, according to Equation 8.

, . Customer cost [EUR]
Equation 8 Simple payback time [years]| =———;—

UR
Savings [@]

2.5 Savings and simple payback time for the total energy system
The annual savings achieved in the Danish energy system if low-temperature district heating is

implemented by 2050 were given with reference to [13]. In this study, the total annual savings are
estimated to be EUR 10 per MWh per year. The simple payback time of investments in improving existing
heating system installations to allow implementation of low-temperature district heating in the total
Danish energy system was then calculated by comparing the costs of implementing the necessary heating
system improvements in the Danish building mass with the saving of 10 MWh per MWh per year, according

to Equation 9.

EUR
Total energy system cost [y7;]

Equation 9 Simple payback time [years] =

EUR
10 355/ vear

3 Results

3.1 Dimensions of current heating elements
Fig. 1 summarises the results of radiator dimensions in existing houses [19,21-23]. The blue bar represents

the radiator factors estimated for Danish single-family houses in different stages of energy renovation, as
described in our theoretical study [19]. The lower limit of the bar represents a situation in which the only
energy renovations included are the installation of thermo-windows in houses from before 1950 and a
minimum insulation level of 50 mm under all roofs of the houses. The upper limit of the bar represents a
case in which all windows have been replaced with new double-glazing low-energy windows, all roof
constructions included 100—200 mm of insulation, and all cavity walls and floors over unheated basements
were equipped with 60 mm and 100 mm insulation, respectively. The boxes and whiskers represent the

results of an analysis of data from 1645 Danish houses [21]. The box marks the range of the radiator factors

11



in 25—-75% of the houses analysed, and the top and bottom whiskers represent the top 5% and bottom 5%
of radiator factors, respectively. Finally, the red crosses indicate the radiator factors of houses in specific

case studies [22,23].

5.0
4.5
4.0
35
5 3.0 _Top 5%
L _
+ 25
o -" \(
& oo —%—
T~ 75%
o ) — ]
1.5 X
50%
1.0 | 25% - F l T T
0.5 Bottom 5 %
0.0 r r r . s

1851-1930 1931-1950 1951-1960 1961-1972 1573-1978 1979-1998 After
OSurvey data ™ Theoretical X Cases

Fig. 1. Radiator factors of houses investigated in four studies on heating system dimensions [19,21,22,25]

Fig. 1 shows that most existing heating systems are over-dimensioned relative to the current heat loss of
the buildings with heating system temperatures of 70 °C/40 °C, because most heating systems have a
radiator factor above 1.0. The blue bars show that the radiator factors will generally be between 1.2 and
1.7 if existing houses are assumed to go through reasonable energy renovations in the years between now
and 2050. This was also found in the investigation of the 1645 Danish houses, in which it was estimated
that only 8% of existing houses will have heating systems with a radiator factor below 1.0 if the buildings
are renovated to have a maximum design heat demand of 60 W/m?, which corresponds to a heat demand
of approximately 125 kWh/m? per year [21]. If the heating system is dimensioned properly in accordance
with the design temperatures of 70 °C/40 °C, it is possible to use much lower temperatures during most of
the year, because heat gains reduce the demand for additional heating, and actual outdoor temperatures

are generally far above —12 °C [19,21]. However, even if some heating systems have a radiator factor below

12



one, this will not necessarily cause great problems, because it will mainly lead to increased return
temperatures from these houses. Furthermore, even when the heating elements in a building have an
average radiator factor below one, this does not mean that all radiators must be replaced to bring the
heating system up to date. The studies estimated that, to ensure that the preferred occupant comfort is
maintained when heating system temperatures are kept low, it is relevant to replace only up to 40% of the

radiators in houses with under-dimensioned heating systems [22].

Based on the results of the summarised studies, the following assumptions were therefore taken regarding

the need to replace current heating elements to reduce heating system temperatures in the future:

e Inanindividual building where the heating system is too small to ensure proper thermal comfort if
heating system temperatures are lowered, it is assumed that 40% of the radiators must be
replaced.

e For the Danish building mass, it is assumed that the heating system dimensions in 8% of the
buildings are too small to allow a general reduction of the heating system temperatures by 2050.

In these buildings, it is assumed that 40% of the radiators will be critical and need to be replaced.
This means a total of approximately 3% of the radiators in the existing building mass will need to be
replaced.

3.2 Heating system control

The overall heating system measurements revealed that heating system temperatures were already low in
six of the houses investigated [25,27]. Fig. 2 shows the heating system temperatures measured in two of
these houses, which were successfully heated with average heating system supply and return temperatures
as low as 45 °C/30 °C. These houses therefore had no need for improved heating system control to provide

the necessary space heating with low-temperature district heating.
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Heating system supply and return temperatures in two houses from the 1980s
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Fig. 2. Heating system temperatures measured in two single-family houses from the 1980s [25]

In the remaining three houses, we found that heating system design and control were a barrier to reducing

heating system temperatures. The radiator return temperatures indicated that the high return
temperatures of just a few radiators mainly caused the high overall heating system return temperature

[27]. The result is illustrated in Fig. 3, which shows the average measurements of heating system return

temperatures in two of the houses investigated. The colour codes indicate whether the average measured

return temperatures were high (red) or low (blue) and show that three radiators in House 2 had high

radiator return temperatures that seemed to contribute greatly to the high overall return temperature.

Measured radiator return temperatures in two houses from the 1930s
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Fig. 3. Measured return temperatures in radiators and overall heating system in two houses from the 1930s [27]
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The results indicate that the main problem with current heating system control is poor hydraulic control in
the heating systems, which leads to excess water flows and high return temperatures in some radiators.
These problems may be owing to the relationship among pump operation, radiator valves, and thermostat
control. Other studies have similarly shown how these control components can have a large influence on
heating system temperatures, occupant thermal comfort, and energy consumption for heating [28-30].
Where issues with high return temperatures are identified, the main action required to ensure proper
heating system control in existing buildings seems to be improving the hydraulic control of the heating

system.

There are various tools available to improve heating system control. First, the correct pump should be
installed, and thermostats should be installed to control the water mass flow through each heating
element. For the thermostat to work properly, the correct valve must be installed. However, because it can
be difficult to ensure efficient and robust correction of heating system faults using available components,
we further suggested the development of two new tools to improve heating system control. The first
suggestion was the development of a new electronic thermostat with an added return temperature sensor.
The thermostat should be able to limit the water mass flow through the valve based on both the indoor
temperature set-point and the maximum radiator return temperature. This would prevent unnecessary
excess water mass flows through the radiator. The second suggestion was the development of a new pump
control system that would ensure that the pressure in the heating system matches the actual heat load
situation in the building. This would prevent high pressure from leading to extreme excess water flows
through some heating system components. These two components were evaluated as potential alternative

tools for improving heating system control in the future.

Based on this input, we defined four different hypothetical technical improvements that could help reduce
the heating system return temperature in a home with high district heating return temperatures. The four

solutions are given in Table 2.
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Table 2. Four hypothetical solutions to reduce heating system return temperatures in a building

Pump, new radiator valves

Pump, improved pump control

Pump, improved pump control, return temperature thermostats
Replacement of 40% of radiators

Alw(N|k

For the Danish energy system in total, two different scenarios were considered regarding the necessary
heating system improvements to implement low-temperature district heating by 2050. The first scenario
was considered a worst-case scenario, in which the necessary improvements in heating system control
were based on the current heating system controls identified in recent studies. This scenario thus does not
consider the improvements in heating system control that will occur naturally during the next 30 years. In
this scenario, we estimated that, apart from the 3% of radiators that need replacement, all buildings would
benefit from an improved pump control system, and a further 40% of buildings would need improved
heating system control to ensure low district heating return temperatures. These further heating system
improvements were assumed to consist of the installation of a new pump and the installation of either new
radiator valves or new thermostats that include return temperature sensors. This is a rather high estimate
considering the results, in which improved heating system control was needed only for some of the heating
elements in three of nine houses. However, we chose 40% to attempt a realistic worst-case estimate, which

allows for situations that may occur in other types of buildings than those included in this study.

In the second scenario, we expected that some improvements in the heating systems will be carried out in
connection with the general maintenance of the heating systems and the end-of-life of current heating
system components before 2050. In this scenario, we therefore assumed that problematic radiators and old
pumps were replaced to improve occupant comfort, ensure energy savings, and reduce the number of
occupant complaints in rental buildings. New improved pump control was still expected to be needed in all
buildings, and new radiator valves and new thermostats with return temperature sensors were assumed to

be needed on 10% and 20% of existing radiators, respectively. The scenarios are summarised in Table 3.
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Table 3. Implementation of solutions in the existing building stock in the two scenarios

Action Scenario 1 Scenario 2
[% of buildings] [% of buildings]
Improved pump control 100% 100%
Return temperature thermostat 20% 20%
New pump 40% -
New radiator valve 20% 10%
Radiator 3% -

3.3 Costs of improving heating system control

Table 4 shows the estimated costs of replacing problematic heating system components as calculated

according to Equation 2. All prices include VAT.

Table 4. Costs of various improvements to heating system control (including VAT)

Single-family house Apartment building
Component Work hours | Component cost | Total Work hours | Component cost Total
[h/unit] [EUR/unit] [EUR/unit] | [h/unit] [EUR/unit] [EUR/unit]

Pump 2 200 340 4 530 810
Radiator valve 0.5 30 65 0.25 30 47.5
Radiator 1.5 400 505 1.2 400 484
Improved pump control 3 - 210 8 - 560
Return temperature thermostat 0.15 48 58.5 0.15 48 58.5

The total costs incurred by individual homeowners were calculated according to Equation 3 for each of the

four hypothetical heating system improvements listed in Table 2. The results are given in Table 5 for both a

standard single-family house and a standard apartment building.

Table 5. Four hypothetical solutions to reduce heating system return temperatures and the cost of these solutions

Single-family house Apartment building
[EUR] [EUR]
Pump, new radiator valves 990 6985
Pump, improved pump control 550 1370
Pump, improved pump control, return temperature thermostats 1135 8975
Replacement of 40% of radiators 2020 26538
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For the total Danish energy system, the costs of the necessary heating system improvements were
calculated according to Equation 4. Table 6 shows the cost of each action in EUR/MWh for either single-

family houses or apartment buildings.

Table 6. Costs of various improvements to heating system control per MWh of heat produced

Single-family house Apartment building
[EUR/MWAh] [EUR/MWh]
Pump 19.0 3.7
Radiator valve 36.4 28.4
Radiator 282.9 288.9
Improved pump control 11.8 2.6
Return temperature thermostat 32.8 34.9

The total cost of preparing Danish heating systems for low-temperature district heating by in 2050 were
thus calculated to be 21.96-42.27 EUR/MWh for single-family houses and 12.39-25.96 EUR/MWh for
apartment buildings considering the percentage of components needing replacement in the two scenarios

given in Table 3.

3.4 Simple payback time for the individual homeowner
According to Equations 6 and 7, the savings and bonus achieved from the reduction in return temperatures
in a single-family house would amount to EUR 108 per year or EUR 192 per year, depending on whether the
house is in Copenhagen or in Hgje Taastrup, respectively. The savings and bonus achieved in the apartment
building would amount to EUR 1713 per year or EUR 5388 per year, depending on whether the apartment

building is in Copenhagen or Hgje Taastrup, respectively.

The simple payback time in years for each of the solutions was calculated according to Equation 8 and is

illustrated in Fig. 4.
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Fig. 4. Simple payback time for customers’ investments in improved heating system control in Copenhagen (CPH)
and Hgje Taastrup (HT).

As the figure shows, the customers will often have a short payback time for their investments in improved
heating system control. It is clear that the payback time is shorter in Hgje Taastrup than in Copenhagen,
and payback times are shorter with higher original return temperatures. Thus, the scenario with the
shortest payback time is the apartment building with a 53 °C return temperature in Hgje Taastrup.
Replacement of radiators is the solution with the longest payback time, and the payback time for this
solution is in some cases so long, that this investment should be motivated by other factors such as
improved thermal comfort in addition to the economic incentive. All other solutions have payback times
less than approximately ten years. The results also highlight that if improved pump control can be carried
out at the estimated low cost and have as significant an impact on heating system temperatures as
indicated in ongoing research, this solution is very cost efficient, even where it must be combined with new

valves or thermostats.

3.5 Costs and benefits from an energy system perspective
Fig. 5 illustrates the simple payback time of preparing Danish heating systems for low-temperature district

heating, as calculated according to Equation 9. It should be noted that the costs cover only the space
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heating system and that additional investments are expected to be necessary in the domestic hot water
system. The upper line represents the simple payback time for single-family houses, and the lower line is

the simple payback time for apartment buildings.

Simple payback time
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70
60
50

40 /
30

20 =

10 —

Cost and savings [Euro/MWh]

1 2 3 4 5 6 7 8 9 10
Year

Total savings Scenario 1 Scenario 2

Fig. 5. Simple payback time for preparing existing space heating systems for low-temperature district heating.

As the figure shows, it is generally very feasible to implement 4t generation district heating with its
benefits compared to the cost of the improvements that will be necessary in current heating systems. The
simple payback time on the investments in the heating systems is approximately four years in the worst-

case scenario, whereas it is less than two years in the best-case scenario.

4 Discussion

The current results indicate the feasibility of preparing existing space heating systems for low-temperature

district heating. However, the estimated costs include a great deal of uncertainty. The main uncertainty
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arises from the fact that the estimated costs are not based on actual demonstration projects, which means
it has still not been verified whether the suggested actions can help reduce current return temperatures to
the expected 30 °C. Another uncertainty arises because prices for proposed future components are difficult
to estimate. Finally, the studies were mainly concerned with Danish single-family houses. Owing to these
uncertainties, it should be stressed that this study provides merely a first simple indication of the costs and
benefits of preparing existing heating systems for low-temperature district heating. To underscore the
findings of this paper, further research in the area, including insights from other building typologies and

other countries, should be encouraged.

District heating return temperatures of 25-30 °C are not very common today, but this does not mean that
such low temperatures cannot be accomplished. A well-functioning radiator should be capable of ensuring
a high delta T over the radiator surface, thus ensuring that proper heating is delivered inside the dwelling
when return temperatures are also kept low. This is supported by the measurements from the four single-
family houses considered in this study, where heating system return temperatures were found to be below
30 °C for a large part of the year [23]. Similarly, a recent study by Jangsten et al. [31] also found that some
heating systems already have heating system return temperatures below 30 °C for a large part of the year,
and a general analysis by Petersson and Werner [20] indicated that district heating return temperatures as
low as 29 °C should be obtainable if heating system control of current heating systems is optimised.
Considering future expected building refurbishments and heat losses in the district heating return pipes, it
therefore seems possible that district heating return temperatures as low as 25-30 °C could be obtained in

the future.

Despite the uncertainties and limitations of the study, it should be stressed that the present results are well
in line with other results on similar topics. For example, several other studies have shown that components
in existing heating systems are often over-dimensioned [7,32—-35], which supports the findings in this study

that only a few heating elements must be replaced to implement low-temperature space heating.
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Furthermore, other studies have additionally noted that improved hydraulic balancing in heating systems
and improved heating system control can be obtained by installing the proper pumps, radiator valves, and
thermostats and that such installations will cause a great benefit for the operation of existing heating
systems [28,29]. In this regard, Triischel [28] found that hydraulic balancing of the heating system in an
apartment building can lead to lowered heating system temperatures, energy savings, or improved
occupant comfort and therefore has resulting payback times between 1.5 years and 6.5 years, which is in
line with the results of this study. The scenarios are also well in line with the costs for improved heating
system control identified for northern Germany in [29]. In that study, the costs of improved heating system
control were estimated to be in the range of EUR 2—7 per m?2, whereas the costs in the current study range

from EUR 0.7 to 13.5 per m? but generally also cover a wider scale of improvements.

Even if the overall uncertainties and assumptions taken in this study mean that the cost of improved
heating system control may be higher than estimated, the savings could also be significantly higher than
estimated. Additional savings that were not considered in this study include both energy savings and fewer
occupant complaints, which may add up to savings on the order of 15% of the energy consumption or EUR
1300 per year owing to less time being spent on complaints, as Triischel noted [28]. Furthermore, a new
pump installation will typically lead to considerable savings in electricity, which can be on the order of EUR
50 in a Danish single-family house with electricity costs of approximately EUR 0.26 per kWh if a 40-W pump
is replaced by a new 5-W pump. Additionally, the increased comfort of occupants is a benefit that was not
included in this study and can be difficult to quantify. In all, we therefore believe that the current analysis
provides a reasonable estimate of the feasibility of preparing existing buildings for low-temperature district

heating, within the limits of the information available on the topic.

5 Conclusion
This study estimated the costs and benefits of preparing heating systems in existing buildings for low-

temperature district heating. The results indicate that it is feasible to invest in improved heating system
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control to make it possible to reduce district heating temperatures. The estimated investments needed
were found to have simple payback times of between 0.3 years and 18.7 years for the individual customer
and between 1.3 years and 4.2 years when the total energy system is considered. The savings for the
district heating customer were based on the use of return temperature tariff schemes currently used in
Denmark, so the results highlight the importance of implementing such schemes to provide an economic
incentive for customers to invest in improved heating system control. Only in this way will it be possible to
realise the transition to low-temperature district heating and thus reduce the general cost of producing
energy. Thus, this study shows that there is good reason to continue work on ways to prepare existing
buildings for low-temperature district heating. This work could include the development of new efficient
tools for improved heating system control and for facilitating the correction of current heating system

malfunctions to ensure the continuous robust operation of heating systems.
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Highlights:

o Low-temperature heating can be implemented at low costs from a long-term perspective
e Investments in heating systems are attractive from an energy system perspective
e Customer investments in heating systems should be motivated economically



