Energy 101 (2016) 496e505

Contents lists available at ScienceDirect

Energy
journal homepage: www.elsevier.com/locate/energy

Inﬂuence of system design on heat distribution costs in district
heating
T. Nussbaumer a, b, *, S. Thalmann a
a
b

Verenum Research, Langmauerstrasse 109, CH 8006 Zurich, Switzerland
Lucerne University of Applied Sciences and Arts, CH 6048 Horw, Switzerland

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 26 October 2015
Received in revised form
8 February 2016
Accepted 9 February 2016
Available online xxx

The study introduces an economic analysis for district heating networks from 0.5 MW to 4 MW. The
reference case describes a linear network with 1 MW input, 1 km pipeline length, and 2000 annual fullload hours corresponding to a linear heat density of 2 MWh input per year and meter of pipeline. Pipe
diameter, connection load, fuel price, electricity price, and insulation class are investigated and the inﬂuence of linear and radial connection and the effect of the consumer distribution are evaluated. The
reference case for an annuity of 5.1% p.a. and a heat price of 5.0 euro cent per kWh reveals heat distribution costs of 2.16 c/kWh for the optimum pipe diameter. For distributed heat consumers, the costs
decrease to 1.99 c/kWh and for a radial network to 1.77 c/kWh. The evaluation reveals that district
heating is related to diseconomies of scale for a linear network expansion at constant linear heat density
and that the total costs are dominated by the capital costs. Consequently, the main requirement to
minimise the heat distribution costs implies the use of the smallest technically feasible pipe diameter
which refers to the maximum allowable differential pressure without inadmissible cavitation pitting.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
District heating enables a comfortable way to use biomass and
other renewable energies as well as waste heat for space heating,
domestic hot water, and process heat. Although for space heating a
reduction of the speciﬁc energy consumption (including existing
buildings) is of high priority to meet stringent CO2 targets, a combination of district heating and efﬁcient heat pumps is identiﬁed as
a most economic approach e.g. for a case study in Denmark which
compares different solutions for a 100% renewable energy supply
[1]. Consequently, a study on the future energy supply of the EU
(European Union) shows, that the scenarios of the European
Commission to reduce the primary energy supply and mitigate CO2
by 2050 without district heating can be improved by a 15% cost
reduction, if district heating is additionally considered [2]. Also in
Switzerland, district heating is identiﬁed as an important measure
to meet the energy targets. Its potential is evaluated in a white book
by the association on district heating in cooperation with the Swiss
Federal Ofﬁce of Energy which shows that the annual energy
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consumption for buildings will be reduced from 85 TWh to 45 TWh
in 2050 to achieve the energy transition [3]. The potential of district
heating for the heat supply of buildings accounts for 17.3 TWh
annually which corresponds to 38% of the future heat demand of
45 TWh per year for buildings in Switzerland.
While district heating systems introduced since the 1950's were
mostly based on fossil fuels (including CHP (combined heat and
power)) and municipal solid waste incineration, a speciﬁc focus on
biomass is given in many European countries. In Austria this
enabled a relevant increase of energy wood since the 1980's [4]. In
Switzerland, automatic wood combustion plants were widely
introduced thanks to funding since the 1990's, which led to district
heating systems mostly in the size range from 500 kW to 10 MW. To
guarantee an efﬁcient use of subsidies, the quality management
‘QM Holzheizwerke’ was introduced for the plant planning initially
in Switzerland which is now also applied in southern Germany,
Austria and other regions [5]. Beside economic issues including
requirements for the district heating network, QM considers
measures to guarantee low pollutant emissions. In biomass ﬁred
district heating plants, this is possible thanks to a fully automated
operation and the use of particle precipitation [6]. Consequently,
biomass district heating avoids local air pollution by primary and
secondary organic aerosols as found in areas with residential wood
combustion [7].
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On the other hand, district heating causes additional costs for
the heat distribution. Beside capital costs, operating costs mainly
arise from the heat losses and the electricity consumption for
pumping. These additional expenditures can signiﬁcantly reduce
the overall efﬁciency and the economic performance. Since the
network design inﬂuences the capital costs and the operating costs,
there is a relevant interest to identify the inﬂuences of the different
design parameters for optimal plant planning. Practical experiences
show that several operational factors may entail high heat losses
and the non-compliance with the design speciﬁcation. Beside
operational factors in the heating plant, one frequent reason for
increased heat losses is a non-ideal operation of the substations
with low thermal efﬁciency and a high terminal temperature difference, i.e. the smallest temperature difference between the hot
and the cold medium at the pinch-point [8]. Consequently, the
return temperature exceeds the design value, which not only leads
to increased heat losses and pumping costs but also reduces the
heat distribution capacity due to a reduced temperature difference
between the supply and the return ﬂow. To avoid temperature
faults in the substations, a quality assurance by monitoring of the
temperatures can be applied [9].
The aim of the investigation is to provide a sensitivity analysis
of district heating systems that enables the evaluation on the
main design and operation parameters on the heat losses and the
heat distribution costs. For this purpose, a model network with
typical parameters of non-urban district heating systems shall be
deﬁned and assessed to determine benchmark values for minimum heat distribution costs and derive an estimation for the
optimisation potential in comparison to existing district heating
systems.

2. Method
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for i ¼ 0: a ¼ n1, for i > 0:

a¼i

ð1 þ iÞn
ð1 þ iÞn  1

(3)

i ¼ interest rate in [a1]
n ¼ calculation duration in [a]
Q_ ¼ connection load in [kW]
t ¼ annual full-load hours of the heat production in [h/a]
The operating costs are found as:

cop ¼ cf þ ce þ cm

(4)

speciﬁc fuel costs:

cf ¼ f pf h1
a

(5)

f ¼ speciﬁc fuel consumption to cover the heat distribution
losses in [kWh/kWh]
pf ¼ fuel price based on heating value in [c/kWh]
ha ¼ annual heat production efﬁciency in [%]
speciﬁc electricity costs:

ce ¼ e pe

(6)

e ¼ speciﬁc electricity consumption for pumping in [kWh/kWh]
pe ¼ electricity price in [c/kWh]

2.1. Equivalent annual cost

speciﬁc maintenance costs:
The economic assessment evaluates the speciﬁc heat distribution costs consisting of capital and operating costs by means of the
EAC (equivalent annual cost) and use of the annuity factor. The
investment costs comprise the cost of material and installation
including the excavation work for the trench. The operating costs
include the fuel costs to cover the heat losses in the network, the
electricity costs for the pumping, and the service and maintenance
costs. Hence the total speciﬁc heat distribution costs c are calculated as follows:

c ¼ ccap þ cop

(1)

c ¼ heat distribution costs in [c/kWh] where one kWh refers to
the heat input into the pipeline
ccap ¼ capital costs in [c/kWh]
cop ¼ operating costs in [c/kWh]
The capital costs are found as:

ccap ¼

I$a
ð100c=VÞ
Q_ $t

I ¼ investment costs of the distribution network in [V]
a ¼ annuity factor in [a1] calculated as follows:

(2)

cm ¼ costs for service and maintenance in [c/kWh]

2.2. Operating costs
2.2.1. Heat losses and fuel costs
The costs for fuel needed to cover the heat distribution losses
depend on the heat losses and the speciﬁc heat production costs at
the pipeline input. The heat production costs are determined by the
fuel price and the annual efﬁciency of the heat production (Equation (5)). For the reference case, heat costs of 5.0 euro cents per
kWh fed into the network are assumed. This corresponds for
instance to the following heat production scenarios:
Scenario 1: Fuel available at a price of 4.15 c/kWh and used in a
boiler at an annual efﬁciency of 83%. This represents
typical conditions for automatic wood combustion
plants in Switzerland and represents the reference case
in the present study.
Scenario 2: Fuel at a price of 5.00 c/kWh used in a boiler at an
annual efﬁciency of 100%. This represents e.g. the use
of natural gas in a boiler with ﬂue gas condensation.
Scenario 3: Conversion of electricity at a price of 15.00 c/kWh in a
centralised heat pump which achieves an annual coefﬁcient of performance of 3.0. For this scenario, the
electricity costs for the heat pump are denoted as ‘fuel
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costs’ to distinguish this cost factor from the electricity
costs for pumping.
The heat distribution losses are determined by the pipeline
length, the temperature difference between the soil and the district heating network, the overall heat transfer coefﬁcient U in
[W m2 K1], and the annual operation hours of the network. In
order to calculate U, underground pipes are assumed considering
the heat conductivity of the insulation and the soil up to the
surface based according to Table 1. The convective heat transfer
from the water to the pipe and from the soil to the ambient is far
higher than the conductive heat transfer in the insulation and in
the soil and thus not considered in the calculation. The insulation
class and the temperature of the network are parameters to be
varied.

2.2.2. Electricity costs
The power consumption for the pumping is determined by the
mass ﬂow, the pressure difference, the annual network operation
hours, and the pump efﬁciency (Tables 1 and 2). For the reference
case, an operation of the network during 8760 h per year at
nominal mass ﬂow is assumed referring to a pessimistic maximum
value of the electricity costs. Thanks to mass ﬂow control, the
power consumption can be signiﬁcantly reduced. Taking into account Bernoulli's energy equation for inviscid ﬂow, the theoretical
pumping work is proportional to the square of the ﬂow velocity. At
50% heat consumption, the heat supply provided by 50% volume
ﬂow refers to a theoretical pumping work of 25%. However, the
real pumping work depends on the control concept and can
therefore deviate from this value e.g. due to the part load efﬁciency
and other effects. Due to experiences, a well operated mass ﬂow
controlled network exhibits a power consumption which refers to
a pump operation that considers the full-load hours of the heat
consumers. Hence for an optimistic pumping scenario, 2000
annual full-load hours (as for the heat production) instead of 8760
annual full-load hours are considered resulting in 22.8% of the
pessimistic electricity costs. Although the optimistic pumping is
more realistic for nowadays networks, the reference calculations
are performed with the pessimistic scenario ascertaining an
overestimation of the pumping costs and the minimum pipe
diameter.

2.2.3. Service and maintenance
For district heating networks, the service and maintenance costs
are considerably lower than the capital and the electricity costs and
therefore neglected.

Table 1
Assumptions to calculate the heat losses and the pressure difference. The insulation
thickness depends on the insulation class (Series 1, Series 2, Series 3) and the pipe
diameter [10].
Parameter

Value

Unit

Heat conductivity insulation material
Insulation thickness
Soil temperature
Heat conductivity soil
Cover depth of pipes
Roughness of pipe walls
Heat capacity of water at 60  C
Density of water at 60  C
Kinematic viscosity of water at 60  C
Minimum ﬂow velocity in the pipeline
Pump efﬁciency
Electric pump drive efﬁciency

0.026
30e110
10
1.2
0.6
0.01
4184
983
4.873 107
0.35
80%
90%

W/(m K)
mm

C
W/(m K)
m
mm
J/(kg K)
kg/m3
m2/s
m/s
%
%

2.3. Investment costs and economic parameters
The investment costs for the pipelines depend on pipe type,
nominal diameter, and insulation class as well as the pipe-laying
costs. In the study, reference values from suppliers conﬁrmed by
experiences from existing networks are applied and values for rigid
plastic jacket pipes for underground installation in open ﬁeld as
depicted in Table 3 serve as cost base [10]. Pipe-laying in roads
results in 23% higher total costs for DN 80 and 18% higher costs for
DN 200. The material costs strongly increase with the pipe diameter and dominate the total costs, while the trench costs increase
only slightly with the pipe diameter.
2.4. Piping design
The calculations are performed for all nominal diameters between DN 20 and DN 200 based on the actual inner diameters of
rigid plastic jacket pipes which differ substantially from the numerical values of the DN labels (Table 2). Since the calculations
cover a wide span, the ranges with appropriate ﬂow velocities are
considered in the graphs. Within these ranges, the velocities are
limited by the maximum technically feasible ﬂow velocities in
order to prevent cavitation pitting and unacceptable noise emissions in the district heating pipelines as shown in Table 2 and
€
derived from recommendations from Austria by OKL
[11]. Instead
of specifying maximum ﬂow velocities, recommended values for
the speciﬁc pressure differences are additionally indicated in Fig. 1
based on [11] and [12]. QM Holzheizwerke recommends a design
value of 150e200 Pa/m [5]. Based on practical experience, values of
up to 250 Pa/m to cover peak loads during maximally 500 h
annually are also recommended [10]. Fig. 1 shows ﬂow velocities
for speciﬁc pressure differences of 100 Pa/m, 200 Pa/m, and
300 Pa/m determined by the approximation formula for the friction factor in the transition section [13] and assuming pipe friction
factors of 0.020 for DN 20, 0.016 for DN 80 and 0.015 for DN 400.
€
The comparison reveals the recommendations by OKL
to result in a
similar design compared to the calculations with maximum
pressure difference of slightly less than 300 Pa/m.
2.5. Model district heating system
A district heating network consists of one or several heat production stations, the heat distribution network, and the heat
consumers. According to its size and complexity, the network has
one or several heat stations, different network structures (linear,
radial, loop, mesh network, etc.) and more or less distributed heat
consumers along the pipeline. The structure is determined by urbanistic factors, the network size, and the integration of heat
producers. In order to describe the individual inﬂuence of each
parameter on efﬁciency and proﬁtability, a simpliﬁed system is
introduced which consists of one heat station and one pipeline. As
base case, all heat consumers are assumed at the ﬁnal distance of
the pipeline. This situation equals the theoretical case of one single
consumer and it refers to a worst case assumption with maximum
investment costs and maximum heat losses.
As alternative scenario, a relevant number of evenly distributed
consumers along the pipeline is calculated. This enables a step-wise
reduction of the pipe diameter and can be regarded as an optimistic
case for the network structure.
As described in Table 4, the reference network exhibits a linear
heat density of 2 MWh pipeline input per year and meter of pipeline. Since the linear heat density is usually referred to one unit of
heat supplied to the consumers, while here, the pipeline input is
used as basis, the heat distribution losses need to be considered to
compare the linear heat density presented here with other data. In
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Table 2
Nominal diameters DN, actual inner diameters for rigid plastic jacket pipes, area ratio of each DN to the next smaller DN, and maximum ﬂow velocities according to [11].
Maximum ﬂow velocity

Nominal diameter

Rigid plastic jacket pipe

DN

Inner diameter [mm]

Area ratio An

20
25
32
40
50
65
80
100
125
150
200
250
300
350
400
450
500

21.6
28.5
37.2
43.1
54.5
70.3
82.5
107.1
132.5
160.3
210.1
263.0
312.7
344.4
393.8
444.6
495.4

e
1.74
1.70
1.34
1.60
1.66
1.38
1.69
1.53
1.46
1.72
1.57
1.41
1.21
1.31
1.27
1.24

Table 3
Speciﬁc investment costs for piping, trench, and total for rigid plastic jacket pipes
with insulation class Series 2 for underground installation. The costs are valid for
Switzerland and converted with an exchange rate of 1 EUR ¼ 1.21 CHF as valid per
2014 [10].
Nominal
diameter

Piping costs

DN

V/m

20
25
32
40
50
65
80
100
125
150
200
250

226
231
257
272
293
335
376
504
640
791
960
1363

Trench costs
Open ﬁeld

Total costs
Street

Open ﬁeld

Street

V/m

V/m

V/m

V/m

83
83
83
83
107
107
124
140
157
165
182
207

165
165
165
165
202
202
240
256
273
310
351
393

308
313
340
355
400
442
500
645
798
956
1141
1569

391
396
422
437
495
537
616
760
913
1101
1311
1755

case of 10% losses, the linear heat density of the reference case then
refers to 1.8 MWh/(a m). This value is recommended as target value
by Ref. [5] to enable an economic network operation at heat distribution losses of less than 10%.

þ

1/An [e]

Connecting pipe [m/s]

Supply lines [m/s]

0.6
1.0
1.1
1.2
1.4
1.6
1.8
1.9
2.0
2.5
3.3
3.9
4.3
4.6
5.0

0.5
0.6
0.8
1.0

For the reference case, a constant supply temperature of 80  C
and a constant temperature difference between supply and return
of 30 K are assumed. This corresponds to a return temperature of
50  C and an average network temperature of 65  C as illustrated in
Fig. 2. The temperature changes along the pipeline due to heat
losses are neglected. The soil temperature, which is responsible for
the heat losses of the network to the ambient, is assumed to be
10  C thus resulting in a temperature difference between the
network and the ambient of 55  C. With these assumptions, a mass
ﬂow of water in the pipeline of 28 m3/h is needed for the reference
network with 1 MW heat input into the pipeline as shown in Fig. 3.
Since the mass ﬂow is inversely proportional to the temperature
difference between supply and return, it increases with decreasing
temperature difference between supply and return as illustrated in
Fig. 3. Consequently, a higher return temperature than the design
value e.g. due to fouling in the substations leads to a higher demand
of the mass ﬂow. This causes an increased pumping work or a
reduced heat distribution capacity of the pipeline. If the temperature difference is reduced from 30 K to 15 K, the mass ﬂow needs to
be doubled to 56 m3/h which causes an increase of the pumping
work in the order of a factor of 4 for a given pipe diameter, if a
doubling of the ﬂow velocity is possible.

3. Results for a linear network
This chapter describes the sensitivity analysis for a linear
network with one single consumer in the ﬁnal distance. This refers
to a theoretical network structure, which is unfavourable with
respect to economy. The inﬂuence of the network structure is discussed in chapter 4.

3.1. Heat distribution losses

Fig. 1. Flow velocities as function of the inner pipe diameter for pressure differences of
100 Pa/m, 200 Pa/m, and 300 Pa/m (calculated) and recommendations for maximum
€
ﬂow velocities by OKL
67 [11], Isoplus [12], and the Swedish District Heating Association (DHA) [12].

Prior to calculate the operating costs, the heat distribution losses
and the pressure difference are evaluated for each investigated
case. Figures on the inﬂuence of the parameters on the heat losses
are presented in Ref. [10] and show that the reference case with
insulation class Series 2 and minimum diameter yields heat distribution losses of 10.5%. Series 1 result in an increase to 13.0%,
while Series 3 enable a reduction to 9.0%. The target value of 10% as
proposed by Ref. [5] is achieved with the maximum insulation class
if the minimum or one nominal diameter larger is applied.
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Table 4
Input parameters (variables) and derived parameters (determined by variables) for the reference case.
Group

Parameter

Unit

Value

Input parameters

Connection load
Pipeline length
Full-load hours heat production
Network operation hours
Supply temperature
Temperature difference between supply and return
Soil temperature
Insulation class (Series)
Electricity price
Fuel price
Capital interest rate
Calculation duration

MW
m
h/a
h/a

C
K

C
e
c/kWh
c/kWh
%/a
a

1
1000
2000
8760
80
30
10
2
16.5
4.15
3.0
30

Derived parameters

Linear heat density
Return temperature
Average network temperature
Temperature difference between network and soil (ambient)
Annuity factor
Heat production costs

MWh/(a m)

C

C

C
%/a
c/kWh

2.0
50
65
55
5.10
5.0

3.2. Capital costs and operating costs

Fig. 2. Supply temperature, return temperature, average network temperature, and
soil temperature for the reference case. In addition, the temperature differences between supply and return and the one between network and soil (ambient) are
introduced.

Fig. 3. Speciﬁc mass ﬂow in the network as function of the temperature difference
between supply and return. The speciﬁc mass ﬂow refers to 1 MW input into the
network. In addition, the network temperatures are introduced and the reference case
with a temperature difference between supply and return of 30 K is indicated.

Fig. 4 shows the speciﬁc capital costs, the fuel costs to cover the
heat losses, and the electricity costs for pumping as function of the
nominal diameter DN for the reference case. For the resulting total
heat distribution costs, the available nominal diameters are indicated with a marker in the graph and the technically feasible pipe
diameters are illustrated with ﬁlled markers. While the electricity
costs decrease with increasing pipe diameter due to a decreasing
pressure difference, the capital costs and the fuel costs increase due
to increasing investments and heat losses, respectively. The heat
distribution costs therefore exhibit a minimum which for the
reference case appears at a nominal diameter DN 80 and refers to
2.16 c/kWh. Since smaller diameters exhibit inadmissibly high ﬂow
velocities, the economically ideal diameter corresponds to the
smallest technically feasible one.
In the reference case, the dominant contribution to the heat
distribution costs results from the capital costs with 1.34 c/kWh
corresponding to a share of 62%. The fuel costs contribute 0.52 c/
kWh or 24%, while the electricity costs account for 0.30 c/kWh or
14% for the pessimistic pumping assumptions. For well operated
networks with mass ﬂow control and a heat production with 2000
annual full-load hours, the electricity consumption is reduced to

Fig. 4. Capital costs, fuel costs, electricity costs and total heat distribution costs as
function of the nominal diameter DN for the reference case with pessimistic pumping
assumptions. The individual curves show discontinuities due to the deviations between the nominal diameter and the effective inner diameters.
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0.07 c/kWh or less than 4% of the then resulting total of 1.99 c/kWh.
The advantage of the smallest feasible pipe diameter then becomes
even more emphasized.
Different boundary conditions, such as lower electricity prices
and/or higher annuity can imply situations where the economically
optimal diameter refers to unfeasible ﬂow velocities. In this case,
the smallest admissible nominal diameter needs to be chosen.
Contrarily, higher electricity prices and/or reduced annuity can
theoretically cause situations where the economically optimal
diameter is larger than the smallest feasible one. The analysis
however shows that this is not expected for networks with
reasonable pumping at nowadays or even nearly doubled electricity prices [10]. The economic advantage of small pipe diameters
conﬁrms ﬁndings from a case study where even higher pressure
differences of more than 300 Pa/m are considered [14].

to 15 K results in a theoretical increase of the losses from 10.5% to
13.0% in the reference case with the smallest diameter [10]. In order
to operate the network at halved temperature difference, it is
however necessary to increase the nominal diameter by one step
due to the doubled mass ﬂow rate. This results not only in higher
investment costs but also in an additional increase of the losses to
13.5%. The losses contrarily decrease with increasing temperature
difference and enable the use of smaller pipe diameters. As illustrated in Fig. 5, an increase by 15 K enables to reduce the nominal
diameter by one size, while a reduction by 15 K has the opposite
effect. At the optimum nominal diameters, the costs are thus
reduced from 2.16 c/kWh to 1.82 c/kWh or by 15% upon increase of
the temperature difference from 30 K to 45 K. 15 K instead of 30 K
contrarily induces a cost increase to 2.94 c/kWh or by 36%.

3.3. Inﬂuence of pipe diameter

3.9. Inﬂuence of full-load hours and linear heat density

The pipe diameter exhibits a relevant inﬂuence on the heat
distribution costs. A network with an increased diameter by one
nominal size results in 9% higher heat distribution costs compared
to 2.16 c/kWh (Fig. 4). A two sizes larger nominal diameter causes
an increase in heat distribution costs by 30%.

In the reference case, 2000 annual full-load hours are assumed
for the heat production while the district heating network is
operated during 8760 h annually. Doubling the full-load hours of
the heat production to 4000 h/a cuts the speciﬁc heat distribution
losses in half since the absolute losses are constant at doubled heat
supply [10]. Halving the full-load hours correspondingly results in
doubling the speciﬁc losses.
The linear heat density is proportional to the full-load hours of
the heat production if all other parameters remain constant. In the
case of a year-round operated network, the doubling of the fullload hours (and consequently the doubling of the linear heat
density) results in the halving of the speciﬁc heat distribution costs
since the heat supply is doubled at equal expenditures. The speciﬁc
costs are hence inversely proportional to the full-load hours or the
linear heat density as depicted in Fig. 6 for the district heating
network with a connection load of 1 MW and a pipeline length of
1000 m.
Varying the full-load hours of the heat production at constant
pipeline length and connection load shifts the linear heat density in
a directly proportional way. The inﬂuence of the full-load hours
may therefore also be described by the linear heat density which is
introduced as parameter in Figs. 6e8.

3.4. Inﬂuence of interest rate
Since the capital costs represent the main cost factor, the interest rate exhibits a considerable inﬂuence on the total costs.
Doubling the interest rate from 3% to 6% p.a. for a calculation period
of 30 years results in an increase of the heat distribution costs for
the reference case at 2.16 c/kWh by 20%, whereas interest-free
capital decreases the costs by 20% [10].
3.5. Inﬂuence of electricity price
The pumping costs increase proportionally to the electricity
price. Hence for the smallest diameter, doubling the electricity
price increases the pumping costs of 14% for the pessimistic and of
4% for the optimistic scenario. In the case of a network with one
nominal diameter larger than necessary, the electricity costs are
reduced by roughly a factor of four and the impact of the electricity
costs is becoming accordingly less important.
3.6. Inﬂuence of fuel price
Based on heat production costs of 5 c/kWh, halving the fuel
price results in a decrease of the total costs by 14%. In the case of
cost-free fuel, the reduction amounts to 26%, while doubling the
fuel costs results in an increase of the total costs by 26% [10].

3.10. Inﬂuence of network length and connection load
Doubling the connection load of the given network from 1 MW
to 2 MW yields in the doubling of the linear heat density from 2 to
4 MWh/(a m). In order to distribute the increased heat load, an
increase in pipe diameter by one nominal size is necessary. The heat
distribution losses would however be halved at the same diameter.

3.7. Inﬂuence of insulation class
Compared to the inﬂuence of the fuel price, the insulation class
exhibits a minor impact on the costs. While the heat losses can be
reduced by more than 10% for Series 3 instead of Series 2 class, the
higher capital costs are not fully compensated by the fuel savings
thus leading to slight increase in the heat distribution costs of less
than 2%.
3.8. Inﬂuence of temperature difference between supply and return
The temperature difference between supply and return plays a
crucial role for the network design and economy, as it primarily
affects the necessary pipe diameter and it additionally inﬂuences
the heat losses. A decrease in the temperature difference from 30 K

Fig. 5. Heat distribution costs as function of the nominal diameter for different temperature differences. Reference case: 30 K.
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Table 5, the main increase results from higher capital costs followed
by an increase of the pumping costs, while the additional fuel costs
are of minor importance.
Fig. 8 shows the case of a network with halved pipeline length
and connection load. The inverse effects thereby appear with a
reduction of the heat distribution costs from 2.16 c/kWh to 1.77 c/
kWh or by 18%.

4. Inﬂuence of network structure

Fig. 6. Heat distribution costs as function of the nominal diameter for different fullload hours and accordingly different linear heat densities at a connection load of
1 MW and a pipeline length of 1000 m. Reference case: 2000 h/a respectively
2 MWh/(a m). 1 MWh/(a m) refers to 1000 h/a, 4 MWh/(a m) refers to 4000 h/a.

The sensitivity analysis in chapter 3 describes an unfavourable
scenario of a linear network with one single consumer in the ﬁnal
distance. Since real network structures reveal a broad variety which
disables a separate evaluation of the inﬂuence of one single
parameter, two additional characteristics are introduced to
describe the inﬂuence of the network structure:
1. For the basic network structure a radial connection can be
assumed as best case while a linear connection describes the
worst case.
2. For the pipeline structure, all consumers (or one theoretical
consumer respectively) are assumed at the ﬁnal distance of the
pipeline describing the worst case. As more favourable scenario,
the consumers are assumed to be evenly distributed along the
pipeline.

Fig. 7. Heat distribution costs as function of the nominal diameter for different fullload hours of the heat production and accordingly different linear heat densities at a
connection load of 2 MW and a pipeline length of 2000 m.

Due to the shift to a larger diameter, the actual speciﬁc losses
amount to slightly more than half.
Doubling the connection load from 1 MW to 2 MW at constant
linear heat density of 2 MWh/(a m) refers to a doubled pipeline
length of 2000 m. To distribute 2 MW, an increase in pipe diameter
from DN 80 to DN 100 is needed resulting in an increase of the heat
distribution losses from 10.5% to 11.0% as summarised in Table 5.
Fig. 7 describes the heat distribution costs for the 2 MW network
and illustrates the need of DN 100. The comparison with the
reference case in Fig. 6 reveals that the 2 MW network yields an
increase in heat distribution costs from 2.16 c/kWh to 2.86 c/kWh
or by 32% if in both cases the smallest possible diameter is chosen.
As shown by the contribution of the individual cost factors in

Fig. 8. Heat distribution costs as function of the nominal diameter for different fullload hours of heat production and accordingly different linear heat densities at a
connection load of 0.5 MW and a pipeline length of 500 m.

To investigate the inﬂuence of radial and linear connection as
well as the consumer distribution, a virtual network module of
0.5 MW and 500 m is introduced in Fig. 9. To enable a comparison
with the sensitivity analysis, 2000 annual full-load hours referring
to a linear heat density of 2 MWh/(a m) are assumed as for the
reference case in chapter 3. As described in Fig. 8 the 0.5 MW
module then exhibits total heat distribution costs of 1.77 c/kWh.
As evidence from Fig. 9, doubling the connection load of the
module to 1 MW and the pipeline length to 1000 m by application
of two identical modules in a radial network does not affect the
economic situation and thus results in identical heat distribution
costs as illustrated in Table 6 and Fig. 10. This remains true for the
implementation of any additional module in a radial connection
illustrated by doubling once more to 2 MW and 2000 m. However,
the opportunities to increase the connection load by radial
expansion is physically limited in real applications.
Doubling the connection load of the module by a linear
expansion of the pipeline with one consumer at the ﬁnal distance
results in the reference case with 1 MW and 1000 m pipeline discussed so far and refers to heat distribution costs of 2.16 c/kWh
introduced in Table 6 and Fig. 10. The implementation of four evenly
distributed consumers along the pipeline enables a step-wise
reduction of the pipe diameter which results in reduced capital,
fuel, and pumping costs. This enables a cost reduction from 2.16 c/
kWh to 1.99 c/kWh. Doubling once again by linear expansion results in the pre-described case of 2 MW and 2000 m with heat
distribution costs of 2.86 c/kWh. For this case, evenly distributed
consumers enable a cost reduction to 2.45 c/kWh or by 14%. A linear
expansion to 4 MW and 4000 m leads to heat distribution costs of
3.78 c/kWh or 3.33 c/kWh respectively.
Since a radial expansion to more than four branches is not
considered realistic for the investigated size range, the radial
expansion to 4 MW is assumed to be performed by linear expansion
of the four introduced pipes. Since this case denoted as ‘radial and
linear’ consists of four radial branches of 1 MW linear connection
each, it exhibits identical heat distribution costs as the 1 MW linear
connection, hence 1.99 c/kWh in case of distributed consumers as
displayed in Table 6 and Fig. 10.
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Table 5
Inﬂuence of the connection load on heat losses and heat distribution costs. Comparison of a district heating system with 1 MW and 1000 m (reference case) with a linearly
doubled network with 2 MW and 2000 m operated at 2000 annual full-load hours. Both cases thus refer to a linear heat density of 2 MWh/(a m) [10].
Parameter

Unit

1 MW
1000 m

2 MW
2000 m

D

Optimum nominal pipe diameter
Annual heat losses
Heat distribution costs

e
%
c/kWh
c/kWh
c/kWh
c/kWh

DN 80
10.5%
0.30
1.34
0.52
2.16

DN 100
11.0%
0.59
1.73
0.54
2.86

þ1 DN
þ0.5%
þ0.29
þ0.39
þ0.02
þ0.70

electricity
capital costs
heat losses
Total

Fig. 9. Deﬁnition of different network expansions from 0.5 MW introduced as an initial module to 4 MW by radial and linear expansion and for one single consumer and for
distributed consumers.

5. Conclusions
A sensitivity analysis to investigate the heat distribution costs of
district heating networks with a connection load between
0.5 MW and 4 MW is performed. The reference case exhibits a
connection load of 1 MW, a pipeline length of 1 km in open-ﬁeld
conditions, and a network operation with 2000 full-load hours per

year corresponding to a linear heat density of 2 MWh per year and
meter of pipeline length. In addition, pessimistic electricity costs
with a pump operation at nominal load during 8760 h per year are
assumed as reference case and compared to an optimistic (and
however more realistic) scenario with 2000 h operated at nominal
load thanks to mass ﬂow control. For a network supply with heat
costs of 5.0 c/kWh, an electricity price of 16.5 c/kWh, and capital at

Table 6
Heat distribution costs for different network expansions from 0.5 MW to 1 MW, 2 MW, and 4 MW, a linear heat density of 2 MWh/(a m) and a heat production with 2000 annual
full-load hours.
Connection load/Pipeline length

0.5 MW/500 m (¼module)
1 MW/1000 m
2 MW/2000 m
4 MW/4000 m
a

Radial connection

Linear connection

[c/kWh]

1 consumer [c/kWh]

Distributed consumers [c/kWh]

1.77a
1.77b
1.99c (radial and linear)

1.77
2.16
2.86
3.78

1.99
2.45
3.33

The radial connection with 1 MW corresponds to 2 modules at identical costs as 1 module.
The radial connection with 2 MW corresponds to 4 modules at identical costs as 1 module.
The 4 MW case “radial and linear” consists of four radial connections of 1 MW systems with linear connections of distributed consumers. Consequently these two cases
exhibit identical costs of 1.99 c/kWh.
b
c
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Fig. 10. Heat distribution costs as function of the connection load Q or the pipeline
length L for different network structures.

an annuity of 5.1% p.a. (3% p.a. for 30 years), heat distribution costs of
2.16 cents per kWh heat input to the pipeline are obtained for the
optimum pipe diameter. With a share of 62% the capital costs clearly
dominate the total costs, while the fuel costs to cover the heat losses
amount to 24% and the electricity costs to 14% for the pessimistic
pumping scenario. In case of street conditions for the excavation, the
capital costs and their contribution to the total costs further increase. For optimised pumping and else constant reference conditions, the electricity consumption decreases enabling heat
distribution costs of 1.93 c/kWh with a contribution of the electricity
of 4%.
With respect to the network structure, the reference scenario
refers to the worst case of all heat consumers or one single consumer being located at the ﬁnal distance of the pipeline. For evenly
distributed heat consumers along the pipeline, the heat distribution costs are reduced from 2.16 c/kWh to 1.99 c/kWh or by 8% due
to a step-wise reduction of the pipe diameter. On the other hand,
the presented heat distribution costs are based on the heat input to
the pipeline, while the tradeable heat output from the network is
reduced by the heat losses, which account to 9% of the heat input in
case of the best insulation class for the reference case [10]. Hence
the distribution costs based on tradeable heat are 10% higher than
based on heat input. The underestimation of the heat distribution
costs caused by counting the heat input to the pipeline instead of
the heat output to the consumers is therefore in the same magnitude as the overestimation by assuming one consumer instead of
distributed consumers.
Beside the consumer location, the network layout plays an
important role on the economy. While the reference network describes the worst case scenario of a linear connection, a radial
network structure enables potential savings. For a radial network
with two pipes of 0.5 MW instead of one with 1 MW, the costs
decrease from 2.16 c/kWh to 1.77 c/kWh thanks to smaller pipe
diameters and a reduction of all three cost factors, i.e. capital, fuel,
and electricity. On the other hand, an interpretation of this statement in the opposite direction reveals that district heating is
related to diseconomies of scale for a linear network expansion at
identical linear heat density. Consequently, increasing the
connection load at constant linear heat density by a linear expansion from 1 MW to 2 MW results in an increase of the heat distribution costs from 2.16 c/kWh to 2.86 c/kWh due to the need of a
larger pipe diameter. This correlation also refers to the increasing

costs of one heat unit with increasing area of the supplied region as
derived from a techno-economic model introduced in Ref. [15]. As a
consequence, a radial network expansion of district heating systems is generally favourable, while a linear expansion leads to
increased heat distribution costs and is thus justiﬁed only if the cost
increase is compensated by the economies of scale in the heat
production. This is often the case for biomass combustion plants in
the investigated size range from 0.5 MW to 4 MW. For technologies
with stronger economies of scale and need of larger plant sizes such
as CHP (combined heat and power) with coal, biomass, waste,
geothermal heat or nuclear power as primary resource and the
utilisation of waste heat thereof, far larger district heating systems
can become economically viable as well.
With respect to the network layout, the pipe diameter is identiﬁed as a crucial design parameter. The evaluation shows that due to
the dominating effect of the capital costs, the economically optimal
nominal diameter is never larger than the smallest technically
feasible one required for avoiding cavitation pitting and noise
emissions for the reference network. A sensitivity analysis reveals,
that this remains valid even if the fuel price, the interest rate, and the
electricity price change in a relevant range as follows [10]:
a) The smallest pipe diameter remains the most economic one for a
fuel price of zero, which reduces the effect of the heat losses that
decrease with decreasing pipe diameter.
b) For a decreasing interest rate, the smallest pipe diameter remains the most economic one down to an interest rate of zero.
c) Doubling the electricity price to 33 c/kWh leads to an increase of
the heat distribution costs by 4% in the optimistic and by 14% in
the pessimistic pumping scenario. For the pessimistic pumping,
the heat distribution costs for the smallest and the second
smallest pipe diameter then become equal, while for the optimistic scenario, the smallest diameter remains most economic.
Hence for reasonable pumping technology, the smallest pipe
diameter remains most economic for more than doubled electricity prices.
In order to achieve an economic optimisation, a network design
at the smallest possible nominal diameter is therefore decisive. This
requirement is already true for pessimistic pumping costs and
fortiﬁed for optimised pumping. For the reference case, one nominal size larger than the smallest necessary one increases the heat
distribution costs by 9%, two nominal sizes larger by 30%. The
breakdown of the investment costs shows that the capital costs are
for their part dominated by pipe costs. The excavation costs only
marginally depend on the pipe diameter and have a minor inﬂuence on the total costs in open-ﬁeld conditions.
Besides the design at the smallest pipe diameter, a large temperature difference between supply and return is decisive.
Furthermore, low capital costs and low speciﬁc heat losses can be
achieved thanks to a high linear heat density, which for a given
network is determined by the annual full-load hours and the
connection load. In addition, low return temperatures positively
contribute to the efﬁciency of the heat production. The insulation
class however has only a minor inﬂuence on the proﬁtability since
the increase in capital costs is in the same magnitude as the cost
reduction due to fuel savings. Nevertheless, maximum insulation is
recommended because it is energetically worthwhile and represents an asset in the case of increasing energy prices.
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