Journal of Sustainable Development of Energy, Water Year 2013
and Environment Systems Volume 1, Issue 4, pp 291-303

District Heating Network Design and Configuration Optimization
with Genetic Algorithm

Hongwei Li", Svend Svendsen
Civil Engineering Department
Technical University of Denmark, Lyngby, Denmark
e-mail: hong@byg.dtu.dk

Cite as: Li, H., Svendsen, S., District Heating Network Design and Configuration Optimization with Genetic
Algorithm, J. sustain. dev. energy water environ. syst., 1(4), pp 291-303, 2013, DOI:
http://dx.doi.org/10.13044/j.sdewes.2013.01.0022

ABSTRACT

In this paper, the configuration of a district heating network which connects from the
heating plant to the end users is optimized. Each end user in the network represents a
building block. The connections between the heat generation plant and the end users are
represented with mixed integer and the pipe friction and heat loss formulations are
non-linear. In order to find the optimal district heating network configuration, genetic
algorithm which handles the mixed integer nonlinear programming problem is chosen.
The network configuration is represented with binary and integer encoding and it is
optimized in terms of the net present cost. The optimization results indicates that the
optimal DH network configuration is determined by multiple factors such as the
consumer heating load, the distance between the heating plant to the consumer, the design
criteria regarding the pressure and temperature limitation, as well as the corresponding
network heat loss.
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INTRODUCTION

District heating (DH) benefits from economy of scale with mass production of heat
from central heating plants. It is an energy efficient and environmentally benign solution
when compared with decentralized heat generation. In many countries, district heating
has been actively promoted as an important component in the national strategic energy
planning [1].

A DH system includes heat generation, distribution and utilization. The heat
generated in a heating plant is delivered through the DH network to the end users. Due to
the high investment and the long payback period, successful implementation of a DH
system requires deliberated design, good maintenance and economical operation.

Optimal planning of the DH system has been arousing great interest in recent
decades. Numerous optimization works have been carried out which focused on different
aspects including the DH plant configuration optimization [2], the optimal dispatch in a
DH plant [3], the search for an optimal mix of renewable and non-renewable based
energy supply in the DHC (district heating and/or district cooling) network [4] and in the
urban energy supply infrastructure [5], as well as the search for the desirable mix of
building types with diverse daily heating/cooling load patterns [6], etc. Furthermore, the
optimal planning of DH in the future renewable-based energy system has been
investigated through the integrated energy planning approach to evaluate the entire
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energy system including heating and electricity generation as well as end user energy
consumption and energy savings [7].

In a DH system, the DH pipeline cost accounts for a significant part of the whole
system investment. The optimal routing of the DH pipeline and the optimal pipe diameter
based on the design and operation conditions are essential to achieve economic savings
and energetic/exergetic consumption reduction. Kalinci et al. determined the optimal DH
pipe diameter for a geothermal plant by solving the derivative of the formulated objective
function [8]. Li et al. applied the genetic algorithm to find the optimal DHC network pipe
diameter for a seawater-source heat pump plant [9]. The optimal DH network
configuration has been studied by several researchers. Chan et al. [10] studied the
approach to find the optimal routing in a DC system using the genetic algorithm.
Dobersek and Goricanec [11] performed optimization work with non-linear
programming based on Simplex method to find the optimal routing and pipe diameter in a
tree-structured DH network. Soderman [12] formulated a mixed integer linear
programming problem to find the optimal production and storage unit locations and the
DH pipeline connection.

In this paper, the configuration of a DH network is optimized based on a low
temperature DH (LTDH) system with a network supply/return temperature at 55 °C / 25
°C. The LTDH concept carried out in Denmark utilizes a network supply temperature
close to the end user required temperature at around 50 °C [13]. The reduced network
supply temperature has the advantages to reduce the network heat loss, increase CHP
plant power generation capability, and utilize waste and renewable heat in various
spectrums. In the analysis, the influence on the optimal network configuration due to the
hydraulic and thermal constraints is emphasized through detailed network hydraulic and
thermal modelling.

NETWORK HEAT LOSS

In the existing literature, the DH network design and configuration optimization
works have mainly formulated the objective function as the summation of pipeline
investment and the pumping cost. The heat loss along the DH network, however, was
often neglected in the network routing and pipeline diameter optimization process.
Depending on the DH network supply/return temperature, the pipeline diameter and
length, the network heat loss may account for a significant part of the total network input
energy, and thus plays the role in determining the optimal network configuration. This
can be illustrated in the following example.

As shown in Figure 1, there are two possible connection routes between consumers B,
C to the heating plant A: route AB-BC and route AC-CB. The following assumptions are
made regarding the heating demand and the network geometry:

Lap > Lac 1)
Leg = Lpc (2)
Qs > Q¢ @)
Dpp = Dyc (4)
Dcg > Dpc (5)
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Though the total length for route AB-BC is longer than that of AC-CB, due to the
larger diameter, thus higher heat loss in section CB than that in the section BC, the
incurred operational cost is higher in route AC-CB, which may exceed the economical

saving due to the shorter pipe length.
Consumer
B

A

Plant

\ -
Consumer
C

Figure 1. Example for pipe heat loss influencing on the network configuration

Furthermore, the DH network is designed based on the design winter condition.
During the season with low heating demand as in the summer when the heating load only
comes from the domestic hot water demand, the temperature drop due to the reduced
network flow rate makes the supply temperature at the consumer end lower than the
required value. In this case, extra flow is required from the plant to compensate the
temperature drop through the thermal by-pass system. The by-pass flow will increase the
return water temperature thus further increase the network heat loss [14, 15]. This
situation becomes worse for the larger pipe diameter than the smaller pipe diameter.
Therefore, the network heat loss and the heat loss due to network thermal by-pass should
be counted in the identification of the DH network optimal configuration.

PROBLEM DESCRIPTION

The DH network is designed with one heating plant and 10 end users. Each end user
in the network represents a building block. The topology of the heating plant and the end
users are shown in Figure 2 where the circle represents the heating plant and the squares
represent the end users.

The DH network is designed with twin pipes with the supply and return pipes placed
in the same casing. Based on the market available products [16], two different types of
twin pipes are considered in the simulation: AluFlex multilayer flexible pipe and straight
steel pipe. The AluFlex is a multi-layer ‘sandwiched’ type pipe containing aluminium
and PEX (cross-linked polyethylene) which has the advantages both of flexibility and
durability. The DH pipes are selected from continuous dimension ranging from Alx14 to
32 for AluFlex pipe and DN 32 to DN8O for straight steel pipes. Table 1 shows the pipe
inner diameter, roughness and the unit price. The heat transfer coefficients under
different ambient temperatures are calculated with the analytical solution developed from
the multi-pole method [17].
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Figure 2. Topology of the heating plant and end users

Table 1. Available commercial district heating pipes

Type Inner Diameter, Roughness Factor, Pé/'ﬁ?’
mm mm

Alx 14/14 10 0.02 233

lUFI Alx 16/16 11.6 0.02 233
AluFlex AlX 20/20 15 0.02 238
Alx 26/26 20 0.02 298

Alx 32/32 26 0.02 303

Tws-DN32 37.2 0.1 345

Steel Tws-DN40 43.1 0.1 354
Tws-DN50 545 0.1 385

Tws-DN65 70.3 0.1 397

In order to reduce the pipe geometry, the pipeline is designed with network supply
temperature at 70 °C instead of 55 °C, by assuming that the plant is able to temporarily
supply the network at higher temperature during the design peak heating load condition.

The design heating load for each building block is shown in Table 2. The annual
heating load is divided into 8 periods. The load factors are assigned to each period, as
shown in Table 3.

Table 2. Building design heating load

Building Nodes Design Load, kW

1 35
45
45
55

100
60
70
60
80
50

O©ooO~NOoO O WN

=
o
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Table 3. Building heating load factors

Periods Load factor

0.62
0.49
0.41
0.34
0.26
0.17
0.11
0.07

O~NOOT R WN PR

MATHEMATICAL FORMULATION

Objective function

The aim of the network configuration optimization is to find the optimal network
pipeline connections and optimal pipe diameters so that the total investment and
operational cost can be minimized. The net present cost (NPC) value is formulated as the
objective function. The technical lifetime and the depreciation time are 30 years for the
DH pipe and 20 years for the main pump. The interest rate is set as 6%.

The annual operational cost includes the cost due to network heat loss, the pumping
power cost, the maintenance cost and the emission cost.

periods

Coperation = Z Cheat_loss,t + Cpump,t + CCOZ,t+ Cmaintain,t vt (6)
t=1

The unit prices for the heating and electricity are $59/MWh and $108/MWh,
respectively, according to the average value between 2010 and 2030 in Danish conditions
[18]. Similarly, the CO, emission cost is $37/ton with the emission factors 177 kg/MWh
for DH and 862 kg/MWh for electricity at the end user [18]. The DH maintenance cost is
taken as $2.3 per MWh heating energy production [19].

The annual operational cost is converted to the NPC through the discount factor:

30
1

According to the design flow rate, the Grundfoss CRI 15-9 is selected. Two pumps
will be used during the DH system lifetime with $4,025 per pump [20]. The pipeline cost
is shown in Table 1. The NPC is the summation of total investment cost and the total
annual operational cost expressed as the present value. In order to calculate the pipe
investment, the connectivity between two different nodes in the network is represented
by the binary decision variable x;;.

n-—1 n

NPC = DF - Coperation + Cpump + Z Z Xl]Cplpe:U Vl1] ;Xl] € {OJl} (8)

i=1 j=i+1

Page 295



Journal of Sustainable Development of Energy, Water Year 2013
and Environment Systems Volume 1, Issue 4, pp 291-303

Constraints

The objective function is subjected to the constraints of network hydraulic and
thermal conditions, the network maximum allowable pressure and temperature drop, the
pipeline maximum allowable velocity and the available commercial pipeline diameters.

AM = Q ©)
ATP = AP (10)
AP = S|M*"1|M — P, (11)
CT =T,D (12)
n-1 n
ZZXU:n_l Vi, j (13)
i=1 j=i+1
det (M) # 0 (14)
m; >0 Vj (15)
Py < Perticar Vi (16)
Vj < Viimie VJ (17)
T; > Tset bypass Vi (18)
Amin < dj < dyax Vj (19)

Equations 9-11 show the mass continuity and hydraulic balance in the network. A is
the incident matrix determined by the network topology. As the studied network has a
tree-shaped structure, A is a square matrix(n — 1) X (n — 1). M is the column vector for
pipeline flow rate. Q is the column vector for the flow rate at each node. Py, is the vector to
describe the pump head. S is a diagonal matrix with an order (n-1) which represents the
friction coefficient for each pipeline.

No isolated loop is allowed in the network and the number of pipes equals n-1. Eq. 14
is formulated to prevent the isolated loop so that each node connects at least once with
other nodes. According to the constraint in Eq. 15, the flow direction is enforced as
positive according to the encoding scheme presented in Table 4. The network is designed
with 10 bar limit and the plant holding pressure is set as 2 bar. The pressure drop at each
end user is assumed as 2 bar. The maximum allowable network velocity is set as 2 m/s
which gives the constraint in Eq. 17. The velocity in each pipe section is initially set as 1
m/s and is adjusted to maximally exploit the allowable network pressure drop at each
separate route.

The network supply temperature at each end user is ensured through the inequality,
Eqg. 18. An iterative approach is adopted to gradually increase the network mass flow rate
until the supply temperature at the end user exceeds the set point by-pass temperature.
The DH pipeline is selected from the market-available commercial products. The product
which has the diameter that is larger and closest to the calculated pipe diameter is selected
as the design pipe diameter.
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Table 4. DH network configuration encoding

Pipe |Pipe No Up Down U_Limit Pipe Pipe Up Down U_Limit
Section Node Node m/s Section No Node Node m/s
11-10 1 11 10 1 8-3 35 8 3 1
11-9 2 11 9 1 8-2 36 8 2 1
11-8 3 11 8 1 8-1 37 8 1 1
11-7 4 11 7 1 7-10 38 7 10 1
11-6 5 11 6 1 7-9 39 7 9 1
11-5 6 11 5 1 7-8 40 7 8 1
11-4 7 11 4 1 7-6 41 7 6 1
11-3 8 11 3 1 7-5 42 7 5 1
11-2 9 11 2 1 7-4 43 7 4 1
11-1 10 11 1 1 7-3 44 7 3 1
10-9 11 10 9 1 7-2 45 7 2 1
10-8 12 10 8 1 7-1 46 7 1 1
10-7 13 10 7 1 6-10 47 6 10 1
10-6 14 10 6 1 6-9 48 6 9 1
10-5 15 10 5 1 6-8 49 6 8 1
10-4 16 10 4 1 6-7 50 6 7 1
10-3 17 10 3 1 6-5 51 6 5 1
10-2 18 10 2 1 6-4 52 6 4 1
10-1 19 10 1 1 6-3 53 6 3 1
9-10 20 9 10 1 6-2 54 6 2 1
9-8 21 9 8 1 6-1 55 6 1 1
9-7 22 9 7 1 5-10 56 5 10 1
9-6 23 9 6 1 5-9 57 5 9 1
9-5 24 9 5 1 5-8 58 5 8 1
9-4 25 9 4 1 5-7 59 5 7 1
9-3 26 9 3 1 5-6 60 5 6 1
9-2 27 9 2 1 5-4 61 5 4 1
9-1 28 9 1 1 5-3 62 5 3 1
8-10 29 8 10 1 5-2 63 5 2 1
8-9 30 8 9 1 5-1 64 5 1 1
8-7 31 8 7 1 4-10 65 4 10 1
8-6 32 8 6 1 4-9 66 4 9 1
8-5 33 8 5 1 4-8 67 4 8 1
8-4 34 8 4 1 4-7 68 4 7 1
4-6 69 4 6 1 2-8 85 2 8 1
4-5 70 4 5 1 2-7 86 2 7 1
4-3 71 4 3 1 2-6 87 2 6 1
4-2 72 4 2 1 2-5 88 2 5 1
4-1 73 4 1 1 2-4 89 2 4 1
3-10 74 3 10 1 2-3 90 2 3 1
3-9 75 3 9 1 2-1 91 2 1 1
3-8 76 3 8 1 1-10 92 1 10 1
3-7 77 3 7 1 1-9 93 1 9 1
3-6 78 3 6 1 1-8 94 1 8 1
3-5 79 3 5 1 1-7 95 1 7 1
3-4 80 3 4 1 1-6 96 1 6 1
3-2 81 3 2 1 1-5 97 1 5 1
3-1 82 3 1 1 1-4 98 1 4 1
2-10 83 2 10 1 1-3 99 1 3 1
2-9 84 2 9 1 1-2 100 1 2 1

The network supply temperature at each end user is ensured through the inequality,
equation 18. An iterative approach is adopted to gradually increase the network mass
flow rate until the supply temperature at the end user exceeds the set point by-pass
temperature. The DH pipeline is selected from the market-available commercial
products. The product which has the diameter that is larger and closest to the calculated

pipe diameter is selected as the design pipe diameter.
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OPTIMIZATION APPROACH

Figure 3. Flow chart for district heating network configuration optimization shows the flow
chart for the DH network configuration optimization. The connection between the heat
generation plant and the end users can be represented with mixed integer and the node
head and temperature are formed as non-linear. In order to find the optimal DH network
pipeline configuration, optimization algorithm that handles the mixed integer nonlinear
programming problem is chosen.

The Genetic Algorithm (GA) is applied to find the minimum NPC based on the
design and operational conditions. The GA is inspired by Darwin’s theory to mimic the
process of natural evolution. It is a stochastic search algorithm to find the optimal or near
optimal value through successive selection, mutation and reproduction. It has been
widely applied in recent years for energy system optimization [9, 10, 21].

The pipe network configuration is encoded as a vector of integers. The length of the
vector equals the number of pipes which is n-1. Each integer in the vector represents a
uni-directional connection between two different nodes. The integer is numbered in a
sequential way from 1 to maximum (n-1)%

’ Network configuration encoding %‘ Thermal Calculation ‘

l ﬂ

Input network topology, node and pipe Generate temperature incident matrix
variables (heating load, roughness, etc) based on topology and heat coefficient
Generate topology matrix ‘ ’ Calculate supply and return temperature ‘

H ﬂ

Select commercial pipes based on design ‘ Calculate thermal by-pass flow rate ‘
load -

ﬂ ]

Calculate friction coefficient with Newton-
Raphson Iteration

[

Calculate pressure head and plant pump
consumption

ﬂ Output ‘

Optimal Fitness
value

Yes No
Angther | ‘ Selection, crossover, mutation
Period?

Figure 3. Flow chart for district heating network configuration optimization

RESULTS AND DISCUSSION

Figure 4 shows the optimal position of the heating plant and its connections with each
consumer node. The plant position moves from the initial location (0, 0) to the location
(3, 3). Table 5 shows the information of the network. The pipe types range from Alx 20 to
Tws-DN40 with a total length of 1927 m. The maximum network velocity is 1.38 m/s in
the pipe section 9.
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7

Figure 4. Optimal district heating network configuration

Table 5. Information on network configuration

Pipe No Type Diameter,  Length, Velocity, = Up  Down

mm m m/s Node Node
2 Alx 26/26 20 291.5476 1.382 Plant 9
31 Tws-DN32 37.2 200 0.8989 8 7
38 Alx 26/26 20 223.6068 0.8634 7 10
6 Alx 32/32 26 158.1139  1.3804 Plant 5
7 Alx 32/32 26 158.1139  1.0224 Plant 4
71 Alx 20/20 15 141.4214  1.3817 4 3
9 Alx 20/20 15 254,951 1.3819 Plant 2
3 Tws-DN32 37.2 158.1139  1.1988 Plant 8
41 Alx 26/26 20 141.4214  1.0363 7 6
64 Alx 20/20 15 200 1.0745 5 1

The optimized DH network includes 6 separate routes. Figure 5 shows the pressure
head distribution at each consumer node along different routes. A small velocity limit is
pre-assumed for each pipe as the initial guess value to calculate the pressure distribution
at each node. The allowable network pressure drop is exploited by continuously
increasing the velocity limit in the pipelines until the pressure drop from the plant to the
critical user (who has the lowest supply pressure head at the network) exceeds the
allowable network pressure drop. The minimum pressure head occurs at node 1 which is
the critical user in the optimized DH network.
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Figure 5. Pressure distribution along each route

The temperature along the network drops due to the pipeline heat loss to the ground.
When there has no thermal bypass at the end user, excessive temperature drop may occur
during low heating load seasons and makes the supply temperature at the consumer node
lower than the minimum required value. In the study, a set-point temperature of 52 °C is
assumed.

As shown in Fig. 6 (top left), without thermal by-pass, the supply temperature at some
consumer node drops below 47 °C in the low heating load seasons. By using the by-pass,
the minimum node supply temperature is raised to higher than 52 °C (Fig. 6: top right).
However, as the by-pass water does not go through the consumer heating units, but
instead flows back to the return line and mixes with the return water directly, it will
increase the return water temperature. Fig. 6 (bottom left) shows the return water
temperature at each consumer node. When the by-pass is used, the return water
temperature at some consumer node reaches as high as 45 °C. This increases the heat loss
along the return pipe.

55

TemperatureoC
Temperature oC
o
g

Consumer Nodes 9\

bl Periods )
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83540
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12530
. 12025

7 TS >
n

Consumer Nodes
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Figure 6. Temperature variation at different consumer nodes.
Top left: Supply water temperature without by-pass
Top right: Supply water temperature with by-pass
Bottom left: Return water temperature with by-pass
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In this study, the network heat loss due to increased network return temperature does
not change the network configuration. However, it is worth knowing that the DH utility
prefers large network temperature difference and sometimes imposes fines on consumers
who have high network return temperature. Considering such extra cost into the objective
function, it might be possible to change the network connection to a configuration which
results in lower network return temperature or less use of the thermal by-pass.

CONCLUSION

The genetic algorithm is applied to find a DH network optimal configuration based on
the design and operational conditions. The possible routes between two nodes are
represented as integers and the existence of the connection is determined through a binary
decision variable. The algorithm optimizes both the pipe connections and the position of
the heating plant. The NPC is formulated as the objective function to be minimized,
subjected to the network hydraulic and thermal constraints.

The effect of thermal by-pass is analysed. Thermal by-pass increases the return water
temperature and thus causes extra network heat loss. In the analysis, this extra heat loss
does not influence the optimal DH pipe connections. However, additional cost due to
fines on excessive high network return temperature may change the optimal network
configuration.

NOMENCLATURE

C-cost, $

d - inner pipe diameter, mm
f - friction coefficient, -

L - length, m

M - mass flow, kg/s

N - node number, -

P - pressure, kPa

Q - heating demand, kW

T - temperature, °C

U - thermal transmittance, W/m*K
V - velocity, m/s

Greek letter

p - density, kg/m®

€ - internal roughness of pipe, mm
1 - dynamic viscosity, N s/m?

¥ - binary decision variable, -

Subscripts and superscripts

d - downstream
g - ground

i - node

J - pipe

U - upstream

Abbreviations

DF - discount factor
DH - district heating
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GA - genetic algorithm
NPC - net present cost in $
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