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Abstract

District heating systems have the potential to contribute to the UK renewable energy
targets. However, there are a number of economic barriers which would have to be
addressed in order to make district heating competitive in comparison with
alternative heating technologies. The objective of this research was to model and
analyse a district heating network and develop an optimisation method to calculate

the minimum capital investment, heat losses and pump energy consumption.

Firstly, modelling and analysis of a district heating network was conducted to obtain
district heating design cases with minimum annual total energy consumption, annual
total exergy consumption and annualised cost. Then through the analysis, a two-stage
programming model was developed which synthesised design and optimal operation
of a district heating network. The optimisation was used to minimise annual total
energy consumption, annual total exergy consumption or annualised cost of the heat
network by selecting suitable pump and pipe sizes, taking into account different
parameters such as target pressure loss, temperature regime and operating strategy.
The optimisation technique was used to investigate two different case studies, with

high and low heat density.

In all cases, a variable flow and variable supply temperature operating method was
found to be beneficial. Design cases with minimum annual total energy consumption
and annualised cost used rather small pipe diameters and large pressure drops. To
achieve the minimum annual total exergy consumption a design case with larger pipe
diameters and smaller pressure loss was found to be desirable. It was observed that
by reducing the water temperature and increasing temperature difference between
supply and return pipes, the annual total energy consumption, annual total exergy
consumption and the annualised cost were reduced. It was also shown that district

heating in an area with high heat density is more energy efficient and cost effective.
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CHAPTER 1- Introduction

1.1 Background

In the UK heat demand for homes, businesses and industrial processes accounts for
around 49% of total energy demand and 47% of the carbon emissions[1]. The
majority of domestic and none domestic buildings use individual heating systems
such as gas boilers or electricity. Less than 0.5% of heat is from renewable sources
[1].

The UK government has a target to reduce carbon emissions to at least 34%
below the base year level® in 2020 [2], and to deliver 15% of the UK’s energy
consumption from renewable sources by 2020 [3]. Renewable heat is expected to
contribute approximately a third of this overall renewable energy target. Therefore,
to achieve the UK overall renewable energy target, around 12% of the total heat
demand in 2020 will need to come from renewable energy [4]. Debates are now
taking place on how to supply heat for buildings in future in order to reduce or
completely avoid the use of fossil fuels [5-8].

District heating (DH) systems have the potential to contribute to the renewable
energy targets. DH systems offer the primary energy savings, especially where heat

and electricity are generated in a single unit (CHP) or waste heat from existing power

! The base year is 1990 for carbon dioxide, nitrous oxide and methane.
1



1. Introduction

plants is recovered. In addition, DH has the flexibility to accommodate heat from a
variety of renewable heat sources including: biomass, solar thermal and geothermal.
A study conducted by BRE [9], shows that under the right conditions!, DH could
supply up to 14% of the UK’s heat demand. It could be a cost-effective and viable
alternative to individual heating technologies while reducing bills for consumers.
According to the National Heat Map for England [10], 50% of the heat demand in
England is concentrated with sufficient density to make a DH network worth
investigating®. However, there are a number of economic barriers® (i.e. high capital
investment, heat losses and pumping costs) which would have to be addressed in

order to make DH competitive in comparison with alternative heating technologies.

1.2 Policy drivers for district heating in the UK

District heating has many benefits including the reduction of fuel poverty levels in
the UK through achieving cost savings. Fuel-poor households spend more than 10%
of their overall income on fuel [11]. DH also allows whole communities to be
switched to new and emerging technologies fuelled by low and zero-carbon energy
sources. The fuel flexibility of DH systems can lead to the integration of renewable
technologies that are crucial to the overall reduction of carbon emissions.

As a consequence of the prevalence of fuel poverty (Figure 1-1 and Figure 1-
2)[12], [13], as well as carbon reduction targets for buildings, and the Code for
Sustainable Homes in particular [14], the role of DH as a low carbon solution is
being increasingly considered in the UK.

! District heating is best suited to urban areas with high heat demand, with a mix of different
building types.

2 District heating becomes economically viable at heat density of 3000 kW/km? [10].

® Active government policy such as financial incentives also can increase the economic
competitiveness of district heating compared with alternative heating technologies.
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Figure 1-1 Percentage of households in fuel poverty at local authority level, England,
2010 [12]
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Figure 1-2 Number of households in fuel poverty 1996- 2010, and projections for 2011 and
2012, England [12]

There are current political considerations of DH as a heat delivery method in the
UK. There is an increased interest in the DH networks from the UK government, as
demonstrated by the Strategic Framework for Low Carbon Heat in the UK [10]. For



1. Introduction

instance, to achieve the higher levels of the Code for Sustainable Homes, the UK
government guidelines on planning acknowledge the benefits that can be obtained by
using energy-generating plants located closer to the end consumer (i.e. DH) [15].

These benefits include:

e The use of locally available energy sources including waste heat from
adjacent sites where commercial or industrial activities may be dumping heat;

e The use of heat generated from renewable sources, e.g. biomass, geothermal
and solar thermal heat;

e The use of heat from CHP plants.

Overall, the various drivers that are stimulating an increased use of DH include
high targets set for CO, emission reduction, as well as the prevalence of fuel poverty
[16], [17].

1.3 District heating systems

District heating is a means of delivering heat to multiple buildings from a central

source as shown in Figure 1-3.

To and from
~~ energy centre

Hydraulic interface unit

X

Figure 1-3 District heating pipe network (left) and the hydraulic interface unit (right) [18]

Supply pipe e Supply water
« Return water

~Return pipe e Cold water supply

There are three basic parts in a DH system: an energy centre containing heat

sources, a hydraulic interface unit for each customer (e.g., heat exchangers) and a
4



1. Introduction

network of pipes to connect the heat source to the consumers. The energy centre can
include a range of technologies and fuels. Hot water from the energy centre is
pumped through the pipe network to the individual buildings. In each dwelling, heat
is conveyed via the hydraulic interface unit to the central heating radiators and to the

hot water taps.

1.3.1 Development of district heating

District heating systems have been used in Europe since the 14™ century, with one
geothermal DH system (Chaudes-Aigues thermal station in France) which has been
in continuous operation since that time. The US Naval Academy constructed the first
DH service on its Annapolis campus in 1853 [19]. However, the American engineer
Birdsill Holly is considered to be the founder of modern DH and was involved in the
first commercially successful DH scheme at Lockport, New York in 1877 [11].

Nowadays, DH systems can be found in many countries but the level of
expansion and market penetration varies between different states. For example, the
share of DH for the supply of heat varies from 99% in Iceland to about 1% in the
USA (Figure 1-4). Northern European countries are the main users of DH systems.
DH systems currently cover around 12% of the European heat market for buildings
in the residential and service sectors. The equivalent market share for the industrial
sector is about 9% [20].

In Europe, DH systems have networks containing distribution pipes with a total
trench length of almost 200,000 km. Total revenues for selling heat are about €30
billion per year [20]. The DH systems in EU15 and EFTA3" are expanding by about
2800 km annually. This is equivalent to about 3% of total installed trench length.

This gives a demand of 5600 km of new distribution pipes per year [21].

! European Free Trade Association
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Figure 1-4 Share of citizens served by district heating [22]

District heating grew significantly in the UK during the council house building
boom from the 1950s to 1970s. However it achieved a low market penetration and
currently provides less than 2% of the UK heat demand (Figure 1-4), supplying
172,000 domestic buildings (predominantly social housing, tower blocks and public
buildings) and a range of commercial and industrial applications [10]. The low level
of DH deployment reflects past policy choices, most significantly the UK’s decision
to access natural gas from North Sea, which provides a cost effective and reliable
source of heating [10]. Further, those systems were not well designed or maintained,
and problems regularly arose with water penetration and pipe corrosion in the
network. In addition, heat networks suffered from a poor reputation, where
customers were unable to control their heat supply and bills, or where the efficiency
of those networks was rather low". Many were decommissioned because they failed
to provide an adequate service [10], [15].

Within the UK, only a small number of cities have large DH networks. These
include Nottingham, Southampton, Sheffield, Aberdeen, Birmingham and schemes
like Citigen in London which serves the Barbican Centre.

Nottingham City is home to one of the largest DH networks in the UK. The 65
km heat network scheme has been running since 1972 and supplies around 3.5% of

the city’s entire heat demand. Another large DH scheme in the UK is in the Sheffield

! Modern district heating schemes give customers just as much control as individual gas boilers
and could be very efficient.
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City centre. Over 140 buildings are provided with heat through a network with a 50
km pipe line. The DH scheme in Southampton is connected to a geothermal well
with a depth of one mile, and uses a CHP plant. This scheme is 14 km long and
provides relatively low carbon heat [10].

All these DH schemes have already reduced residents’ bills and contributed to
the tackling of fuel poverty and CO, emission [10]. For example, the CHP district
heating scheme in Aberdeen has reduced heating bills by 50% in an area where 70%
of consumers were previously fuel-poor [10]. The CO, saving for the Nottingham
and Sheffield DH networks are around 27,000 t/year and 21,000 t/year, respectively
[10].

It is now widely recognised that the underlying rationale of DH is sound, and it

can be a key component in delivering environmental objectives.

1.3.2 Technical features of district heating

District heating technologies are typically categorised as 1%, 2" 3 and 4"
generation. The 1% generation of DH systems used steam as the heat carrier. Almost
all DH systems established before 1930 used this technology. Later, the 2™
generation with high temperature water, typically about 120 °C, was introduced. The
current generation (3'), began in the 1970s. The heat carrier is pressurised water at a
temperature of 90 °C. The 4™ generation of DH systems, currently under
development, use a low supply temperature of 55-60 °C, similar to that of domestic
hot water systems [23], [24].

District heating can accommodate heat from a wide range of sources. These
include fossil fuels, waste heat from industrial and electricity generation processes,
electricity and renewable energy sources such as biomass, solar thermal and
geothermal. The energy conversion system where CHP, boiler or heat pumps can be
connected to the DH network directly or indirectly via a heat exchanger. For
example, in Akureyri geothermal DH network in Iceland, hot water from geothermal
wells is directly pumped to the consumers [25].

CHP plant connected to a DH network is one of the most cost effective ways of
generating heat and it has a proven track record in many countries [26]. CHP

generates heat and power simultaneously in a single unit. The main advantage of
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CHP is the saving of primary energy without compromising the quality and
reliability of the energy supply to the consumers (Figure 1-5).

Conventional Combined Heat and Power
Generation 5 MW Natural Gas
Combustion Turbine

and Heat Recovery Boiler

Power Station Fuel

91 Units Fuel

80 ) A
Units

Electricity |  Electricity

EFFICIENCY:
33% i
b Combined 100 Units Fuel
Heat
& Power

EFFICIENCY:

Power Plant Electricity

80% (CHP)
56 Units Fuel
nits Fuel Boiler | Heat U‘:I?IS Heat
Boiler Fuel Steam
N NI

51% ...OVERALL EFFICIENCY... 75%

Figure 1-5 Energy efficiency comparison between combined heat and power and
conventional generation systems [27]

The most common types of CHP technologies are listed in Table 1-1 [27]. CHP
technologies shown in Table 1-1 can use a wide range of fuels, such as biomass, oil,

gas and coal.

Table 1-1 CHP technologies

CHP Technologies Overall efficiency (%)
Steam Turbine 80-90
Diesel Engine 70-80
Natural Gas Engine 70-80
Gas Turbine 70-75
Micro turbine 65-75
Fuel Cell 60-80

District heating systems also have the potential to deliver, heat derived from
existing power plants and renewable energy sources. Waste heat from existing power
plants, large scale ground source heat pumps (GSHP), solar thermal, geothermal and
renewable energy conversion systems (e.g. biomass or biogas from anaerobic
digestion) can be connected to DH networks (Table 1-2) [18].

8
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Table 1-2 List of district heating systems

Scheme Country Supply technologies Scale of the network
Sheffield Municipal waste CHP, gas and oil City centre, nondomestic
UK :
back-up and domestic
Southampton UK Gas CHP, dgep geothermal heat, o City centre, -
fossil fuel boilers principally nondomestic
Barnsley UK Biomass boilers Several small networks
Grosvenor, bi boil I build residential
London UK Gas CHP, biomass, gas boilers Small new-build residentia
Chalvey, UK ST biomass, ASHP2, GSHP Research rig at 10
Slough houses
VEKS Denmark Municipal waste CHP, gas/oil CHP, Whole city
deep geothermal
Hillerod Denmark Gas CHP, biomass, solar field Town scheme
Biomass, individual dwelling solar Small new-build
Eksta Sweden . .
thermal residential network
New-build
Malmo Sweden Building—integrated solar thermal, development with

ground source heat pumps

connection to city
scheme

District heating networks consist of heat distribution systems which transport

heat in the form of hot water to the consumers. Distribution networks can carry heat

at variable temperatures and pressures. Heat distribution networks are categorised as:

e Primary network (long distance transport);
e Secondary network (distribution after heat exchange substation or building’s

internal heating system).

The size of DH networks can vary significantly, from supplying heat to a small
number of buildings such as Edinburgh University DH network which provides heat
for six halls of residence, to a substantial coverage of an entire city’s heat demand for
example Vienna DH network provides 35% of the city’s heat demand[17].

A large DH network may use multiple interconnected subsystems. For example,
the Copenhagen DH system (Figure 1-6) consists of a large interconnected pipe
network, including a heat transmission network and numerous local DH distribution
networks. Thermal power is transmitted from the high temperature transmission

network to lower temperature DH distribution networks via heat exchangers

! Steam turbine
2 Air source heat pump
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[28].This resembles the relationship between high voltage electricity transmission

systems and low voltage distribution networks.

Figure 1-6 District heating system in the greater Copenhagen area [28]

Consumers may be connected to the DH distribution system directly or indirectly.
Where the connection is indirect, heat exchangers (HEX) are used to separate DH hot

water from the building’s internal heating system (Figure 1-7)[29] rather than pump

directly.
Thermostatic
valve Radiator
e — >
: H ’ | Hot tap water
o Pump oy
: Cold water
supply : -I
—>» : : ®
return : : —oo---- ) Control valve
< —1=l
Heat-
meter

Figure 1-7 A typical consumer heating substation using an indirect connection [29]
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1.3.3 Advantages and disadvantage of district heating

Heat can be generated in one large plant through the use of DH systems, a method
which is usually more efficient than heat generation in multiple smaller units.
Moreover, due to the possibility of using various energy sources within a DH
network, the reliability of heat supply is increased. DH systems do not depend on
specific heat generation technologies and this provides an opportunity to change heat
supply sources to renewable energy sources at some point in the future. In summary

DH networks provide the following direct benefits [11], [30]:

1. Allowing transportation and the use of heat for a wide range of users;

2. Enabling a diverse range of energy generation technologies to work together
to meet heat demand,;

3. Reducing the costs of energy generation;

4. Increasing fuel efficiency through the use of CHP;

5. Reducing labour and maintenance costs compared to individual heating

systems.
These advantages in turn deliver a range of beneficial outcomes:

o Significant reduction in CO, emissions;
e Extending the reach of sustainable energy sources;

e Improving security of energy supply through fuel diversity.

Although there are many benefits of DH, there are also some disadvantages

which can be summarised as follows:

e High investment costs;
e Challenges during installation (retrofitting, road digging and so forth);
e Heat losses in pipe networks and electrical energy consumption of the pump;

e Requirement to have an establishment to operate the system

When considering DH, the long term investment must be recognised. An
example of cost comparisons between individual heating technologies and DH
system is shown in Figure 1-8. The graph below illustrates the net present value

(NPV) of Whole Life Cost (e.g. capital costs, replacement costs, operational costs

11



1. Introduction

and maintenance costs) of a community heating system with 500 dwellings using
different schemes® [31], [32].

RV Cumulative NPV discounted at 3.5%
99 Comparison of 4 typical options

-1,000,000 -
-2,000,000 A
-3,000,000 A
-4,000,000 -
-5,000,000

-6,000,000 -

-7,000,000

0123456789101 121314151617 18192021 222324
Year

Proposed CH/CHP - new scheme
Alternative scheme - individual gas boiler

iesessseses Alternative scheme - electric storage heating
- == == = Alternative scheme - do minimum

Figure 1-8 NPV of Whole Life Cost of a community heating system [31], [32]

As shown in Figure 1-8, the initial investment cost of a community heating/
district heating (CH/DH) scheme is around £3 million, almost twice those of other
alternatives. The “do minimum” scheme represents the option of continuing with the
existing system without significant changes. However, when net costs are calculated
over 25 years at 3.5 % discount rate, the CH/DH scheme costs are about £4 million
which is substantially less in comparison with the other options, which are close to
£6 million. It worth noting, that changing discount rate would have impact on the
NPV of Whole Life Cost of different heating schemes. For example, a higher
discount rate increases the Whole Life Cost of the CH/DH, while a lower discount

! The Whole Life Cost varies for different district heating schemes and technologies.
12
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rate reduces the Whole Life Cost of CH/DH compared to the other heating schemes®.
Overall, the average cost of heat supply using DH is currently higher than alternative
heating technologies in the UK. Hence, the main explanation of the low penetration
of DH in the UK to date can be attributed to the high cost of heat provision using DH
networks compared with conventional heating technologies such gas or electric
boilers (Figure 1-9).

Waste heat

Large Biomass Steam Turbine CHP
EFW Incineration CHP
Medium CCGT Natural Gas CHP
Small CCGT Natural Gas CHP
Medium Biomass Steam turbine CHP
Large Engine Matural Gas CHP

Anaerobic digestion CHP
Community Boiler Biomass
Community Boiler Natural Gas
Small Engine Natural Gas CHP
Small Biomass Air turbine CHP

Solar Thermal

MpH- Large Scale
M DH - Medium Scale
DH - Small Scale

Air Source Heat Pumps

Ground Source Heat Pumps

Individual Biomass Boilers M Stand alone renewable
Baseline (gas boilers and electric heating) tachnologies
£0 £50 £100 £150 £200 £250 £300

Effective heat tariff (£/MWh)

Figure 1-9 Cost of heat supply by technology (current market conditions, £/MWh) [1]

Figure 1-9 shows the average cost of heat supply for a range of DH options,
stand-alone renewable heat technologies, gas and electric heating. The average cost
of heat supply using DH is relatively high in comparison to the baseline (gas boiler
and electric heating).

Digging roads and the traffic disruption should be taken into account when
installing DH systems in established towns and cities. Heat losses and pump
electrical energy consumption are other drawbacks, which need to be taken into
consideration when designing a DH pipe network. The heat load of a DH network

varies considerably over the course of the year, hence DH networks usually operate

! According to current policy the discount rate is around 6-10% in the UK [1].
13
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in off-design (part load) conditions [33]. Operation of a DH network in off design
condition reduces the efficiency as well as the profitability of the system. Finally, in
comparison to individual heating systems, a DH requires a formal establishment,
similar to the network operator for electricity system, which runs the system and
provides service to the consumers [11].

1.3.4 Piping network design

Bringing down the cost of DH pipe infrastructure along with reducing heat losses and
pump electrical energy consumption would reduce the capital costs and increase the
economic competiveness of DH compared with other alternative technologies. The
high cost of DH is mainly attributed to the capital cost of the hot water pipe network
[1]. The investment in the DH pipe network mainly depends on pipe length and
diameter [34]. An over-dimensioned DH network increases total installation and
operating costs, while an under-dimensioned DH network may affect the supply of
heat. DH systems, as mentioned, usually operate at part loading conditions hence a
DH pipe network designed to carry full load in an area with low energy density is
uneconomic [35].

The heat losses in a DH network are affected by pipe diameters and the
insulation material used, as well as the temperature of the heat carrier medium in the
supply and return pipes. Pipe diameters also have an impact on pressure loss in DH
and consequently on the electrical energy consumption of pumps. The electrical
energy consumption of pumps is also influenced by the flow rate of the heat carrier
[36]. As a result, special attention needs to be paid to the determination of pipe
diameters as well as the way the system is operated.

Pressure loss per unit length or target pressure loss (TPL) is a common design
parameter used in DH pipe network design. Traditional methods of DH pipe size
determination involve the use of a size searching algorithm in which the smallest
pipe diameter is selected in accordance with the maximum TPL [37].

As a rule of thumb many DH networks in Denmark and in other European
countries have been designed using TPL of 100 Pa/m [38-40]. Wide ranges of TPL
were used in various studies to determine pipe diameters in DH networks as shown
in Table 1-3.

14
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Table 1-3 TPL used to determine pipe diameters in district heating networks

TPL (Pa/m) Pipe network References

30-70 Primary network [41]

50-200 Primary network [371, [42]
100 Primary network [43], [44]
150 Primary network [29]
200 Primary network [45]
500 Primary network (main pipes)* [46]
1500 Primary network (street pipes) [46]
2000 Primary network [34], [35]

When pipe sizes are determined, DH circulation pumps are another component
which should be chosen to ensure sufficient flow circulation in the network.
Traditionally, pumps are chosen using the maximum pressure difference for the most
remote consumer.

Designing a DH pipe network according to the maximum TPL may result in an
inefficient and unnecessary costly DH network. The risk of having an inefficient and
unnecessary oversized pipe network can be reduced, by considering the variable TPL,
the annual heating demand and DH operating strategy (or method) during design of
the pipe network. However, the variation of TPL, heat demand and DH operating

method contribute to the difficulty of the decision making process.

1.4 Research objectives

The objectives of this research are to develop a fundamental understanding of
various designs of a DH pipe network and to develop a method which allows the
planner to design an efficient and cost effective DH network. The following work

has been undertaken in order to achieve these objectives:

e Investigated different DH network designs with different pipe and pumps
sizes, based on various TPL and supply and return temperature regimes;

e Investigated the impacts of DH operating strategies and temperature regimes
on annual energy and exergy performance as well as the annualised cost of
DH;

! Main pipes: pipe sections along the route with maximum pressure drop, Street pipes: pipe
sections in the other branches.
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e Investigated the impact of heat sources on DH design and operation. DH
connected with an ideal heat source, a boiler and a CHP were examined,;

e Developed an optimisation model for the determination of optimal flow and
supply temperature, as well as the optimal size of pipes and pumps in a DH
network. Three different optimisation objectives were examined: 1)
minimisation of annual total energy consumption; 2) minimisation of annual
total exergy consumption; and 3) minimisation of the equivalent annual cost
(EAC) or annualised cost of DH. Initially, for each optimisation objective,
the optimal supply temperature and mass flow rate were calculated.
Subsequently, the optimal annual total energy consumption, annual total
exergy consumption and overall annual cost of the heat network installation
and operation were determined. Finally, the optimal pipe and pump sizes
were found,

e Investigated the impacts of the reduction of DH supply and return
temperatures (low temperature DH network) on annual total energy
consumption, annual total exergy consumption and the annualised cost of
DH. Furthermore, the impact of reducing DH supply and return temperatures

on optimal pipe and pump sizes were examined.

1.5 Thesis outline

Chapter 2 describes the energy consumption and economic analyses of a number of
DH design cases when they are operated using different DH operating strategies.
Firstly, a number of DH design cases with different pipe and pump sizes were
designed and simulated. Then the operation of the design cases was investigated
under several DH operating strategies such as constant flow and constant supply
temperature (CF-CT), constant flow and variable supply temperature (CF-VT) and
variable flow and constant supply temperature (VF-CT). Annual energy performance
and overall annual cost of the design cases were compared.

In Chapter 3, the design cases obtained in Chapter 2 were operated under a
variable flow and variable supply temperature (VF-VT) operating strategy. To obtain
optimal flow and supply temperature, an optimisation model was developed using

the FICO™ Xpress optimisation suite. Further, the impact of a heat source on
16
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optimal solution of flow and supply temperature was examined. DH with an ideal
heat source, a boiler and a CHP were compared. Annual energy performance and
overall annual cost of the design cases were analysed, considering the impact of the
heat source.

Chapter 4 describes an optimisation model for the determination of optimal pipe
and pump sizes, flow and supply temperature in a DH network. The method
combines the analysis procedures described in Chapters 2 and 3. The objective of the
optimisation is to minimise annual total energy consumption, annual total exergy
consumption as well as the annualised cost of the DH network. Exergy analysis and
the impact of the reduction of supply and return temperatures in a DH network were
also investigated.

Chapter 5 presents the conclusions drawn, the main findings and recommend-

ations for future work.
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CHAPTER 2- Energy Consumption and Economic

Analyses of a District Heating Network

2.1 Introduction

The determination of pipe and pump sizes using the maximum TPL method may
result in an unnecessarily costly DH pipe network. The risk of having an inefficient
and a costly pipe network can be reduced by taking into account different TPL values,
annual heating load and DH operating strategy during design.

In this chapter energy and economic analyses of a number of DH design cases
using different operating strategies are investigated. The PSS SINCAL software tool
was used to model different cases. First, design cases were simulated at a maximum
heating load using different supply and return temperature regimes and TPL. Then
their operation was performed under different operating strategies according to
annual heating load.

Annual pump energy consumption and heat losses were calculated and then an
economic evaluation of the design cases was conducted using the annualised cost of
the heat network in Microsoft Excel. Annual total energy consumption (heat losses
plus pump energy consumption) and the annualised cost of the design cases were
compared. The design cases with minimum annual total energy consumption and

minimum cost were determined.
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2.2 Methods

First, a number of design cases were simulated. Then annual energy performance
along with the annualised cost of the design cases were investigated when design
cases were operated, under varying conditions of outside air temperature using

different operating methods.

2.2.1 District heating topology

First, the topographical configuration of the DH network was determined. A real
redevelopment project in South Wales, UK was used (Figure 2-1) [47]. For the sake
of simplicity, the consumers within a geographical area were aggregated and they are
represented by a cluster, shown in Figure 2-1. The consumers within a cluster may
have different building sizes and occupancy patterns. It was assumed that consumers

were connected to the network using heating substations.

Heat source
Pump

Substation

Cluster

@oo@

Cluster A : Learning zone, Mixed use , Medium residential
Cluster B : School, Children centre, Dense residential
Cluster C : General office, Leisure Centre, Arts Centre
Cluster D : Business , Hospital

Cluster E : Business

Cluster F : School , Medium residential

Cluster G : Business, Mixed use, Medium residential

® Cluster E

Cluster A

Cluster B

Cluster G

Cluster C

Cluster D

Cluster F

Figure 2-1 Simplified diagram of the Ebbw Vale district heating project
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2.2.2 Calculation of energy use in buildings

Maximum heat demand was calculated for each consumer. Energy demand for space
heating and domestic hot water were found based on the estimated area and heat-
load density (W/m?)* for each building [48], [49].

In order to calculate the annual heating load, it was assumed that the energy
requirement for domestic hot water system was constant over the year. Variation of
space heating over the year depends on the outdoor temperature. The variable heating
load over the year for space heating was calculated using the concept of heating
degree days.

Degree days are simplified representation of outside air-temperature data. They
show how much (in degrees), and for how long (in days), the outside air temperature
was lower than a specific "base temperature”?[50], [51]. As the outdoor air
temperature changes, the temperature difference between indoor and outdoor creates
a proportional change in heat demand.

When degree days of a location are known daily energy demand is calculated:

Es, = 24hD, (2.1)

where E,, is daily energy demand, D, is degree days and h is overall heat loss
coefficient. The overall heat loss coefficient was calculated using the maximum

demand for space heating and maximum difference between indoor and outdoor

temperatures:
h = QSH,max (22)
Tind - Toutd,min

where Qgy max 1S the maximum space heating demand. T;,,;, and T, ;4 mi, @re indoor

and minimum outdoor temperatures respectively.

! CIBSE Guide F benchmark for new buildings

% Base temperature is the outdoor temperature at which the heating is not required in order to
maintain comfortable conditions. Degree days have traditionally come in a limited range of base
temperatures such as 15.5 °C and 18.5 °C.
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The total energy demand over the year was calculated by summing energy

demand for hot water and space heating systems.

2.2.3 District heating design cases

To obtain design cases, maximum supply temperature at the heat source and return
temperature at the consumer’s heating substations were assumed to be known1[52].
Several regimes of supply and return temperatures were considered. For each
temperature regime, maximum mass flow rate (or volume flow rate) was calculated
at maximum heating load assuming initial pipe diameters® in the network, using the
calculation procedure shown in appendix A. Pressure loss was calculated using the
maximum flow rate. A range of TPL values was taken into account and the pipe
diameter of each section was calculated at maximum flow rate based on each TPL.
The pipe diameters were calculated using the following equation:

j=1..M (2.3)

where d and [ are pipe diameter and pipe length, f is the frication factor, m is mass
flow rate and Ap is pressure loss.

A pipe diameter calculated based on the TPL value may be different from those
available on the market. Therefore, the pipe with a diameter closest to the calculated
pipe diameter was selected. By repeating the calculation with actual pipe diameters,
the actual maximum pressure loss (MPL) in the network was obtained.

Pump size was calculated to overcome loss of pressure along the route with
maximum pressure drop in the network. The pump power in KW was calculated

using the following equation [53]:

! Return temperature depends in a non-linear way on the heat load, supply temperature and
consumer behaviour. For the sake of simplicity, return temperature was assumed to be known at the
consumer’s heating substations.

Z Initial pipe diameters were assumed and they were used to calculate flow rate in each pipe
section of the network.
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b Ap,m
P~ 1000p7,

(2.4)
where 7, is the pump’s overall® efficiency and Ap, is pump differential pressure. It

was assumed that pump efficiency was 80% [54], [55]. Pump differential pressure

was calculated by:

Ap, = ) (8py+ Bp,,) + Ap, 25)
J

where Ap; and Ap,; are pressure drop in pipe sections of supply and return,
respectively. Ap, is the pressure drop in the consumer’s heating substation and it was

calculated using the following equation:

where & is the consumer’s pressure drop coefficient and it was calculated by
assuming that the maximum pressure drop at the consumer’s heating substation is 50

kPa [29], at maximum heating load and maximum flow rate.

2.2.4 District heating operating strategies

The DH design cases were operated for one year using several operating strategies.
In a DH system intended to supply a consumer’s energy requirement, two parameters
can be controlled: supply temperature and flow rate? [56]. Therefore, the following

four different operating strategies were investigated:

1. CF-CT: System operated at the maximum heating load, maximum

temperature and maximum flow rate.

! Mechanical and electrical efficiency
? Return temperature was assumed to be known at the consumer’s heating substations.
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2. CF-VT: Flow rate was assumed to be constant and system supply
temperature was controlled according to variable heat demand.

3. VF-CT: Supply temperature was assumed constant, but the flow rate varied
according to the heat demand over the year. Therefore, the pressure drop and
the required pump head varied accordingly.

4. VF-VT: The VF-VT is the combination of CF-VT and VF-CT operating
methods. Control variables, flow and supply temperature were adjusted
simultaneously with respect to the variation of heat demand.

In the CF-CT method it was assumed that the DH network is operating at the
maximum load (peak demand) over the whole year. In the other three cases it was
assumed that the load alters over the year according to the variation of heat demand.
For all four operating methods, it was assumed that the DH network was fed by an
ideal heat source (ideal-DH). The ideal heat source was defined as a heat source
which has negligible operating costs, and is capable of delivering required amount of
heat. The best example of an ideal source is geothermal®.

Using each operating strategy, the DH network parameters including annual
pump energy consumption and heat energy losses and the annual capital and
operational costs of the design cases were calculated and compared.

In this Chapter the results of the first three operating methods are presented,
using PSS SINCAL. The VF-VT operating method is described in detail in Chapter 3.

2.2.5 Modelling and analysis of district heating using PSS SINCAL

PSS SINCAL was used for modelling and simulation of the DH network [57]. Using
the Hardy Cross method [58], PSS SINCAL allows simulation of large and complex
DH pipe networks. An example of heat flow calculation for two simple cases of DH
is given in Appendix A. All required parameters such as temperature, mass flow rate
and pressure were calculated at the steady state condition.

Using the PSS SINCAL the main pipe network (primary network) was modelled,

including supply and return pipes. It was assumed that return pipes have the same

! Assuming the future trend toward the development of low-cost electricity generation in the UK
due to high penetration of renewable energy sources, heat pump can be considered as an ideal heat
source.
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diameters and length as the supply pipes. Pipes were laid in the ground. An average
ground temperature of +7 °C over the whole year was assumed [59], [60]. Standard
size pre-insulated single steel pipes with pressure rating up to 25 bar and temperature
rating up to 140 °C were used. Pipe roughness (&) of 0.4 mm was used in calculations
[61]. The typical range of pre-insulated steel pipes are given in Table B2-1(appendix
B) [62].

Four different regimes of maximum supply temperature at the heat source and
return temperature at the consumer’s heating substations were assumed for the
analysis, Tsmax/Trmax: 120/70 °C, 110/70 °C, 100/70 °C and 90/70 °C [63]. A range of
TPL values were assumed in which the maximum differential pressure of pump is
less than or equal to 16 bar’ [63]. Supply and return pipe diameters and pump sizes
were calculated for a range of TPL values and temperature regimes at the maximum
heating load. The design cases were operated using different operating strategies
according to annual heating load. The overall block diagram of the study is shown in

Figure 2-2.

Different designs of a district heating pipe network using:
e Different supply and return temperature regimes
e Different target pressure losses

Operating strategy llI:

Operating strategy I: Operating strategy Il:
Constant flow and Constant flow and Variable flow and
. constant supply temperature
constant supply temperature variable supply temperature (VE-CT)
(CF-CT) (CF-VT)
Y Y Y

[ Energy and economic analyses

!

[ Energy and cost effective design

Figure 2-2 Block diagram of the study

! The majority of district heating systems in Scandinavian countries are designed to withstand 16
bar pressure.
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2.3 Case study: Ebbw Vale district heating

A real redevelopment project in South Wales, UK, was used as the basis of a case
study to analyse the DH network (Figure 2-1). For the calculation of annual heating
load, minimum outdoor temperature was -3 °C and the base temperature was
assumed to be +15.5 °C. The degree days were calculated based on the weather data
for Cardiff, South Wales, UK. The daily space heating energy requirement was
calculated for each day of the year (see section 2.2.2 and equations 2.1-2.2). Annual
total heat demand was obtained (space heating plus domestic hot water), for the case
study shown in Figure 2-1. The calculated annual heating load over the year (left)
and load duration curve (right) in MW are shown in Figure 2-3.

It was observed (Figure 2-3) that annual total heat load is divided into two main
seasons (summer and winter). It was assumed that the winter season lasts for 182
days, which includes demand for space heating and domestic hot water. For the rest
of the year (summer season) only demand for domestic hot water was taken into

account.

14 +
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Figure 2-3 Annual heat demand (left), load duration curve (right)

For the DH network (Figure 2-1), a number of design cases with different sizes
of pipes and pumps were obtained, using varying temperature regimes and TPL
values at maximum heating load. The MPL obtained using this procedure is
discussed in section 2.2.3, and different design cases are presented in Table 2-1. The
physical and heating parameters of the design cases are given in Table B2-2
(appendix B).
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Table 2-1 Design cases with obtained maximum pressure 10ss

Temperature regimes :Tg max/ Tr.max °C

120/70 110/70 100/70 90/70
TPL DHcase MPL : DHcase MPL : DHcase MPL  DHcase MPL
(Pa/m) (Pa/m) (Pa/m) (Pa/m) (Pa/m)
50 DH1 52 DH 19 45 DH 37 51 DH 55 55
100 DH 2 99 DH 20 99 DH 38 101 DH 56 97
150 DH 3 156 DH 21 153 DH 39 143 DH 57 152
200 DH 4 214 DH 22 196 DH 40 191 DH 58 197
250 DH5 248 DH 23 262 DH 41 269 DH 59 244
300 DH 6 304 DH 24 304 DH 42 299 DH 60 318
350 DH 7 339 DH 25 331 DH 43 345 DH 61 367
400 DH 8 407 DH 26 402 DH 44 382 DH 62 389
450 DH 9 448 DH 27 470 DH 45 462 DH 63 425
500 DH 10 483 DH 28 524 DH 46 536 DH 64 496
550 DH 11 552 DH 29 576 DH 47 582 DH 65 577
600 DH 12 592 DH 30 630 DH 48 723 DH 66 667
700 DH 13 661 DH 31 694 DH 49 828 DH 67 748
800 DH 14 790 DH 32 748 DH 50 923 DH 68 851
900 DH 15 847 DH 33 800 DH 51 1015 DH 69 948
1000 DH 16 977 DH 34 854 DH 52 1110 DH 70 1029
1100 DH 17 1276 DH 35 1023 DH 53 1223 DH 71 1195
1200 DH 18 1403 DH 36 1312 DH 54 1318 DH 72 1297

Different design cases (see Table B2-2) consist of different set of pipes with

different diameters. For the sake of simplicity in presentation of different design
cases, the concept of equivalent pipe diameter (d,,) was introduced. The equivalent
pipe diameter represents all pipes as a single pipe and it was calculated using the

equation:

4yt

eq — lT

(2.7)

where V7 is the total volume of the pipe network. This was calculated using the

following equation:

VT=ZV]-
j

(2.8)

[ is the total length of the pipe network and it was calculated using equation:
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" = Z ’ (2.9)

Maximum heat losses and pump power for different design cases using different
temperature regimes and TPL were calculated (see Table B2-2). Maximum pump

power and heat losses versus equivalent pipe diameter are shown in Figure 2-4.
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Figure 2-4 a) Maximum heat losses b) maximum pump power, vs. equivalent pipe diameter

It can be seen in Figure 2-4 a) that when the equivalent pipe diameter increases
the heat losses in the network increase, since the pipe diameters increase the heat
transition coefficient (see Table B2-1). Therefore, heat losses within the network
increase correspondingly (see appendix A). The maximum heat losses decrease along
with any reduction in pipe’s supply temperature.

Figure 2-4 b) shows that the change in equivalent pipe diameter and temperature

regime has a significant impact on pump power. Maximum pump power increases

rapidly (P, ~ d%) (see equations 2.4 and A.11 (appendix A)), as the equivalent pipe
eq

diameter is reduced. Due to the reduction in temperature difference between supply

and return pipes the maximum pump power increases considerably. Reducing

temperature difference between supply and return pipes increases flow rate which in
turn increases pump power (see equation 2.4).
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2.4 Analysis of energy consumption and heat losses

The DH design cases using the methodology described in section 2.2.3 were operated
over the year, using different operating methods explained in section 2.2.4.

2.4.1 CF-CT method

For the CF-CT method, using a temperature regime of Tsmax/Trmax= 120/70 °C, the
supply temperature at the heat source and the return temperature at the consumer’s
substations were fixed at 120°C and 70°C over the year. Since the simulation was
carried out under maximum load the flow rate was maximum.

The pump electrical energy consumption and heat losses for all four temperature
regimes shown in Table 2-1 were obtained when the DH network was operated using
the CF-CT operating method. The results obtained for the design cases based on the

temperature regime of T max/Trmax= 120/70 °C are shown in Figure 2-5.
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Figure 2-5 Annual pump energy consumption and heat losses obtained by the CF-CT method

Figure 2-5 demonstrates that annual pump energy consumption and heat losses
changes when the CF-CT method is used, depending on the design case presented in
Table 2-1 (design cases are indicated as red mark). By increasing the MPL the annual
pump energy consumption increases whereas heat energy losses decrease. The

annual total energy consumption (pump energy consumption plus heat energy losses)
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increases along with the MPL. The annual total energy consumption is minimum
when the DH2 (MPL: 99 Pa/m) design case is used.

2.4.2 CF-VT method

The temperature and flow rate using the CF-VT method for the temperature regime
Of Ts max/ Trmax= 120/70 °C are shown in Figure 2-6.
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Figure 2-6 a) Temperature b) flow, CF-VT method

It is shown in Figure 2-6 that flow rate is constant for the winter and summer
seasons. Supplying the consumer’s energy requirement during winter season requires
the variation of supply and return temperatures between assumed limits, according to
annual heat demand (see Figure 2-3). For the summer season there is only demand

for domestic hot water hence, system temperature is fixed at its minimum level.
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Figure 2-7 Annual pump energy consumption and heat losses obtained by the CF-VT method

The annual pump energy consumption and heat losses are shown in Figure 2-7. It
is seen that as the MPL increases pump energy consumption increases while heat
energy losses decrease. For the CF-VT method, the minimum annual total energy
consumption occurs for the design case DH2 (MPL: 99 Pa/m).

2.4.3 VF-CT method

Figure 2-8 shows the temperature and flow rate for the VF-CT method, using the
temperature regime of T max/Trmax= 120/70 °C.
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Figure 2-8 a) Temperature b) flow, VF-CT method
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It can be observed from Figure 2-8 that supply and return temperatures are fixed
for the winter and summer seasons. Flow rate is varied according to annual heat load
in order to supply the consumer’s energy demand.

Annual pump energy consumption and heat energy losses are shown in Figure 2-
9. As the MPL increases the pump electrical energy consumption increases and heat
losses decrease. However, due to the variation of flow rate during operation, it is
seen that annual pump energy consumption is considerably less in comparison with
annual heat energy losses. The DH12 (MPL: 592 Pa/m) design case displays
minimum annual total energy consumption using the VF-CT method. This case has a
relatively higher pressure loss compared with the case DH2, which was chosen as the

best design case for the CF-CT and CF-VT operating methods.
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Figure 2-9 Annual pump energy consumption and heat losses obtained by the VF-CT method

2.5 Economic analysis

All DH design cases were examined using EAC. The annualised cost comprises both
capital and operating costs of the DH pipe network. The capital costs include pipe

and pump investment costs.

Pipe investment costs consist of:
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a. The price of pre-insulated steel pipes including fittings, site joints and
termination seals: this is based on the price list obtained from reference
[64]. The prices of DH pipes are given in Table B2-3 (appendix B);

b. The cost of civil works: this depends on the pipe size, ground condition
and method of digging. The ground condition and digging type were
assumed to be the same for all pipes. Civil work costs between 700-1000

(E/m) [65], [66] were assumed according to the pipe size.

Pump investment costs: these consist of costs for two pumps, one for the winter
season and one for the summer season. It was assumed that the pumps were equipped
with variable speed drives. Prices of the pumps were taken from [67], and prices of
variable speed drives were found in [68]. The prices are given in Table B2-4
(appendix B).

Operating costs of a DH network: pumping costs (costs of electricity
consumption and CO;) and costs associated with heat losses were taken into

consideration. The EAC was calculated using the following equation:

NPV
EAC = — (2.10)

Net present value (NPV), considering the life time of the systems (n years), were

calculated using the equation:

NPV =Z((1 iti)t+co) (2.11)

Annuity factor (A) was obtained using the following equation:

(+i)-1

i(1+ 0 (212)

The data used to calculate EAC are given in Table 2-2.
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Table 2-2 Physical and economic data

Reference from where data

were taken
Operating time 8760 hour/year
Pump life time 15 year
Pipe network life time 30 year
Pump overall efficiency 80 %
Discount rate 7 % [69]
Inflation rate 5 % [70]
Electricity price 95 £/MWh [69], [71]
Heat price 70 £/MWh [1]
CO, emission linked to the grid electricity 0.422 kgCO2/kwWh [69]
CO, price 22 £1CO2 [1]

2.5.1 CF-CT method
The annualised cost of different design cases using different operating methods was
calculated using equations 2.10- 2.12. The EAC of different designs using the CF-CT

method under temperature regime of Ts max/ Trmax=120/70 °C is shown in Figure 2-10.
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Figure 2-10 Equivalent annual cost of design cases obtained by the CF-CT method

For the CF-CT method the case with minimum EAC is the DH3 (MPL: 156
Pa/m) design case. As the MPL increases further, the EAC of the design cases

(indicated in red) also increases rapidly.
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2.5.2 CF-VT method

The EAC of different design cases for the CF-VT method under temperature regime
Of T max/ Trmax= 120/70 °C is shown in Figure 2-11.

By using the CF-VT method the EAC is minimum for the DH4 (MPL: 214
Pa/m) design case. As the MPL increases further, the EAC of the design cases

increases gradually.
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Figure 2-11 Equivalent annual cost of design cases obtained by the CF-VT method

2.5.3 VF-CT method

The EAC of different design cases for the VF-CT method under temperature regime
Of T max/ Trmax= 120/70 °C is shown in Figure 2-12.

For the VF-CT operating method, the EAC is minimum using the DH12 (MPL.:
592 Pa/m) design case. For the DH12, the pressure loss is relatively higher compared
to the design cases obtained for the CF-CT and CF-VT methods. The reason is
associated with the variation of flow rate during operation. Variation of flow rate
during operation reduces annual pump energy consumption. Therefore, by using the
VF-CT method the annual pumping cost was reduced compared to the CF-CT and
CF-VT methods. Consequently, a design case with much higher pressure loss was

found.
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It can be observed that using the VF-CT method the differences between the
EAC of design cases DH12-DH18 is small. These occur due to the decrease of pipe
diameters, pressure loss in the system increases and consequently pumping energy
demand increases. Therefore, pipe investment costs decrease while pump investment
and operating costs increase. In addition, when using smaller pipe sizes, the costs of

heat losses reduce.
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Figure 2-12 Equivalent annual cost of design cases obtained by the VF-CT method

2.6 Comparison

The annual heat energy losses and pump energy consumption and the EAC were
calculated using different temperature regimes and operating methods. Table 2-3 and
Table 2-4 summarise the DH design cases with minimum annual total energy
consumption and minimum EAC for each temperature regime and operating method.

From Table 2-3, it is clear that when different temperature regimes are used the
minimum annual total energy consumption changes. Reducing temperature
difference between supply and return pipes increases the system flow rate which in

turn increases the annual pump energy consumption.

35



2. Energy Consumption and Economic Analyses of a District Heating Network

Table 2-3 Design cases with minimum annual total energy consumption, using different
temperature regimes and operating methods

Operating method CF-CT CF-VT VF-CT
DH ET,min DH ET,min DH ET,min
T max/ Tr,max °C case (MWh/year) | case  (MWh/year) | case  (MWh/year)
120/70 DH2 823 DH2 522 DH12 486
110/70 DH20 839 DH20 546 DH26 518
100/70 DH37 884 DH38 580 DHA42 527
90/70 DH55 953 DH55 646 DH62 577

These results indicate that the VF-CT method achieves a better energy
performance of the DH network compared with other operating methods. Using this
operating method, much smaller pipes can be designed with much larger pressure

loss in comparison to the results obtained for the other operating methods.

Table 2-4 Design cases with minimum EAC, using different temperature regimes and
operating methods

Operating method CF-CT CF-VvT VF-CT
DH EAC,,., DH EAC,,, DH EAC,,;,
T max/ Trmax °C case (Elyear) case (Elyear) case (Elyear)
120/70 DH3 242969 DH4 197805 DH12 184211
110/70 DH22 252703  DH22 204802 DH27 193429
100/70 DH38 270556  DH40 218403 DH45 200336
90/70 DH55 301220 DH66 248320 DH63 218346

From Table 2-4, it is observed that when using DH cases with less temperature
difference between supply and return pipes, the EAC is increased. Due to the
reduction of temperature difference between supply and return pipes the flow rate in
the system increases. Design cases with larger flow rates require pipes and pump
with larger sizes. Therefore, investment and operating costs will increase

commensurately.

The EAC was divided by the annual total energy demand (32602 MWh/year)
and the cost of heat transmission per MWh was obtained, given in Table 2-5. The
cost of heat transmission is associated to the capital and operational costs of the DH

network.
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It is shown in Table 2-5 that using the VF-CT operating method, for the design
case with smaller pipe sizes as well as larger temperature difference between supply
and return pipes, the lowest cost of heat transmission is achieved.

Table 2-5 Design cases with minimum cost of heat transmission, using different temperature
regimes and operating methods

Operating method CF-CT CF-vT VF-CT
DH Cost DH Cost DH Cost
Ts maxd Tr.max °C case (E/IMWh) | case (E/IMWh) case (E/IMWh)
120/70 DH3 7.45 DH4 6.07 DH12 5.65
110/70 DH22 7.75 DH22 6.28 DH27 5.93
100/70 DH38 8.30 DH40 6.70 DH45 6.14
90/70 DH55 9.24 DH66 7.62 DH63 6.70

Comparison of the results presented in Table 2-3 and Table 2-4 shows that both
energy and cost analyses present somewhat similar results. The difference seen in
Table 2-3 and Table 2-4 is due to pipe and pump investment costs as well as heat
losses and pump operating costs. However, both energy and economic analyses
shows that the VF-CT operating method has a better performance. The minimum
annual total energy consumption and EAC using the VF-CT method was observed
when smaller pipe diameters and larger pressure loss were selected in comparison

with results found for the other operating methods.

2.7 Conclusions

A DH network was modelled using PSS SINCAL, then energy and economic
analyses of 72 DH design cases were investigated. First, a number of DH design
cases with different pipe diameters and pump sizes were designed. Then performance
of the design cases using three DH operating strategies (CF-CT, CF-VT and VF-CT),
were examined over one year. Annual pump energy consumption and heat losses as
well as the EAC of the design cases were found and compared.

The results showed that the DH operating method and temperature regime of the
supply and return pipes have a substantial impact on the annual energy performance

and operational costs of DH network. Due to the selection of different operating
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methods and different temperature regimes, the flow and temperature in the system
varied. Consequently, pump energy consumption and heat losses changed. Hence,
the design cases with minimum annual total energy consumption as well as minimum
annualised cost were different under these conditions.

It was found that, for the VF-CT operating method, the annual total energy
consumption and the annualised cost of the design cases were less when compared to
the CF-VT and CF-CT methods. For the VF-CT method, the design case with
minimum annual total energy consumption and minimum annualised cost was
observed using a much larger pressure loss. This indicates that the reduction of
annual total energy consumption and annualised cost can be achieved by reducing
the diameter of the pipes and increasing the pump size.

A comparison of design cases with different temperature regimes showed that,
due to the reduction of temperature difference between supply and returns pipes, the
annual total energy consumption and annualised cost of a DH network increase. The
flow rate in DH network increases due to the reduction of temperature difference
between supply and return pipes. Hence, it is more beneficial to increase temperature
difference between supply and return pipes and to reduce the system flow rate in
order to reduce the annual total energy consumption and the annualised cost of the

heat network installation and operation.
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CHAPTER 3- Energy Consumption and Economic
Analyses of a District Heating Network using a Variable
Flow and Variable Supply Temperature Operating
Strategy

3.1 Introduction

In Chapter 2 the annual pump energy consumption and heat losses as well as the
EAC of different DH design cases, using different operating methods and
temperature regimes, were compared. This chapter presents energy and cost analyses
of the design cases, shown in Table 2-1 and Table B2-2 (appendix B) using the VF-
VT operating method.

The energy supply changes according to the change of energy demand for
heating. Energy supply to consumers can be regulated by varying mass flow rate and
supply temperature independently or simultaneously. Using the VF-VT operating
method, both control variables were adjusted simultaneously. However, the variation
of both parameters increases the complexity of the system. Hence, an optimisation

model was developed.
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To obtain optimal flow and supply temperature for each design case according to
annual heating load, an optimisation was used. The objective of the optimisation was
to minimise annual total energy consumption and annual total operating costs.
Optimal annual pump energy consumption and heat losses were calculated and
compared alongside the annualised cost of the design cases. Subsequently, for each
optimised design case, the optimal flow and supply temperature were obtained. The
optimisation model was developed, using the FICO™ Xpress optimisation suite.

Modelling and operation of a DH network is addressed in a number of studies
[52], [72-76]. An optimisation model, which takes into account the dynamic
performance of the network, was developed to minimise operational costs [52], [72].
A simple (aggregated) model of a DH system for simulation and operational
optimisation was developed in [73]. Additionally, an equivalent model of a DH
network was developed for on-line optimisation of the operational costs of complete
DH system [74]. In [75], the formulated optimisation model accounted for the
dynamic character of the DH network, in order to minimise operating costs and
maximise the profit of the system. Reference [76] specifically addresses the

modelling and optimal operation of a Microgrid system.

3.2 Optimisation model

For the operating methods discussed in Chapter 2, it was assumed that the DH
network was fed by an ideal heat source (ideal-DH). Using the VF-VT operating
strategy the impact of the heat source on the optimal solution of the flow and supply
temperature, according to annual heating load, was investigated. Hence, in addition
to the ideal-DH, the DH network with a boiler (boiler-DH) and CHP plant (CHP-
DH) as the heat source was examined. The optimisation was based on the minimum
annual total energy consumption and annual total operating costs. The following
objective function was used to minimise annual total energy consumption of the

system:

min Z(Estrc,fuel + E{) + Eltoss) (31)
t
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where E, and E,,, are pump electrical energy consumption and heat energy losses.

E

N

- ruel 1S the fuel energy consumption of the heat source. Fuel consumption is zero
for an ideal source.
In the case of optimisation based on cost, the following objective function was

used:
min Z(Cstrc,fuel + (_ cthp,e) + C;S + Cltoss) (32)
t

where C, and C,,, are pumping cost and cost associated with heat losses. C, rye; 1S
the fuel cost. Fuel cost is zero for an ideal source. In the case of CHP the electricity
revenue, C.,,. (given within parentheses), was added as a negative cost to the

objective function [72], [77]. The constraints used for both optimisation approaches

are.

Tomin < Tor < Tomax (3.3)
M, < Mgy (3.4)
APy < APy max (3.5)

where T is the supply temperature. 7 and Ap, are mass flow rate and pump

differential pressure.

3.2.1 Heat source

Assuming that the boiler is a heat source, fuel consumption was calculated using the

following equation:

Qb,fuel = % (3.6)

b
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where Q. » @, and 7, are respectively fuel consumption, thermal output and
efficiency of the boiler.

For the CHP plant, fuel consumption was calculated as follows:

Qchp + Pchp

(3.7)
T]chp,t:h + 7YChp,e

Qchp,fuel =

where Q.np » Penp + Nenpen @Nd 1., are thermal output, electrical output and the
thermal and electrical efficiency of the CHP.

CHP with back pressure steam turbine was assumed in this study. Electricity
generation by the CHP plant was described using the model proposed by Savola et al.
[33], [44]. This depends on the heat power output of the CHP plant and DH supply

temperature:

Py = @.Qupp + b.T, + d (3.8)

The CHP power production coefficients of a = 0.444, b = -0.0351 and d =1.99
were considered [33], [44]. The relationship between CHP electricity generation,
CHP heat output and DH supply temperature is shown in Figure 3-1.
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Tsa>Ts3>T2>Ts1

Pchp

Qchp

Figure 3-1 Power production in CHP with different district heating supply temperature

The impact of part-load efficiency on the variable heat source fuel energy
consumption and cost was taken into account. For the sake of simplicity, the part

load efficiency was modelled using a linear approximation shown in Figure 3-2.

n max

1 min

Q 1Inax

|
Q min

Figure 3-2 Linear approximation of part load efficiency of heat sources

Boiler efficiency was assumed to be between a maximum of 90% and a
minimum of 60%, corresponding to the maximum and minimum thermal output [48].
The total efficiency of a CHP varied between a maximum of 90% and a minimum of

45% according to the maximum and minimum heat output of the CHP [27]. For the

calculation of fuel cost, a price of 43£/MWh was used [78].
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3.2.2 Calculation of heat flow

The concept of graph theory was used to describe the heating pipe network topology

[79]. A graph is commonly defined as a combination of:

e A set of nodes;
e A set of branches, and

e Incidence relation.

Each branch within a graph connects a pair of nodes. A node is the starting or
ending point of a branch. A heat network can be treated as a network graph. The heat
source, pipes and loads are represented as branches; nodes symbolise points where
branches divide or connect. The incidence matrix was created with N nodes and M
flows (branches). The incidence matrix (A) which is a (NxM) matrix, containing the

element (ay;):

axj=-1 If pipe j starts at node k
aj =1 If pipe j ends at node k
axj =1 If source j ends at node k
axj=-1 |If load j starts at node k

axj =0 Otherwise

The incidence matrix has one column for each flow stream in the system, and
one row for each node. The case study shown in Figure 2-1 (Chapter 2) was used.
The case study with its incidence matrix is shown in Figure 3-3.

The incidence matrix was used to calculate flow in branches. The numbers
coloured in red represent the flow rate in heat source and loads. Accordingly, flow
rates in return pipes are calculated in the same manner as those found in the supply
pipes. For the calculation of flow in return pipes, the incidence matrix was multiplied
by -1.
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Figure 3-3 The case study with its incidence matrix

The energy flow and flow rate at each branch and the temperature and pressure at
each node of the network were calculated using equations found in thermal
engineering text books [57], [80] (see appendix A).

Heat supplied to the network was calculated using the following equation:

Qs =6 m(Ts -T. ) (39)

Heat supply to each branch was obtained using Kirchhoff’s rule at each node.
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Zij=0 j=1.M, k=1..N (3.10)
j

A linear approximation of the exponential decay of temperature (equation A.7,
appendix A) was used to calculate temperature at the outlet of the pipes [76].

(
I

Ul
(Tj,ml—Tg)<1—CJﬁ:')+Tg Cﬁi_s1
b7 pTJ
T et = { oL (3.11)
J7]
LTg —L 21
p'Yj

where U is the heat transition coefficient and T, is the ground temperature.

At a node with more than one branch or supply source, the node temperature was
calculated in terms of the temperature of the mixed incoming streams [57], [79]. For
example, if pipe 1 receives hot water from pipe 2 and 3, then temperature at node |

was calculated using the equation:

T, = ZJ' 11T ourt _ M, T ouer + M3T5 0un (3.12)
ijj m, + m,

Heat loss in each pipe section was obtained using the equation:
Qjoss = Cp mj(Tj,inl —Tjount ) (3.13)

Total heat losses in the heat network were the sum of the heat loss in each pipe

section of the supply and return pipes:
Qloss = Z Qj,loss (314)
j
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Flow rate in each pipe was calculated using Kirchhoff’s rule at each node.
Z i =0 (3.15)
j

Differential pressure of a variable speed pump was obtained using the equation
[53]:

2

m
Ap, = ( : ) APy max (3.16)

max

The electrical power of the pump (in kW) was calculated using equations 2.4-2.6.

The FICO Xpress Optimisation suite was used to solve the optimisation problem.
The non-linearity of the heat network equations was dealt with through Sequential
Linear Programming (SLP)[81].

Using the VF-VT operating method, for design cases based on temperature
regime Of Tgmax/Trmax: 120/70 °C (see Table 2-1), the supply temperature was
constrained at the heat source between a maximum of 120°C for the winter season
and a minimum of 70 °C for the summer season. Similarly, for the design cases based
on temperature regimes of T max/Trmax: 110/70 °C, 100/70 °C and 90/70 °C, maximum
supply temperature of 110°C, 100°C and 90°C and minimum supply temperature of
70 °C were considered. For the summer season, when there is only demand for
domestic hot water, the supply temperature was fixed at 70 °C on the heat source,
within all temperature regimes.

It was assumed that return temperature was known at the consumer’s heating
substations. For the sake of simplicity, a constant return temperature of 40 °C for the
winter season and 30 °C for the summer season were assumed at the consumer’s

heating substations, using all temperature regimes.
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3.2.3 Model validation

Model validation is an essential part if the model be accepted and used to support
decision making. Hence, the thermal and hydraulic calculations of the optimisation
model developed in FICO Xpress were validated using the commercial software PSS
SINCAL. For this purpose, physical and heating data of the design case DH12 (MPL.:
592 Pa/m), shown in Table 2-1 and Table B2-2 (appendix B), were used.

Using daily heat demand (Figure 2-3) the design case was optimised for the
ideal-DH, by minimising annual total energy consumption over the year. Optimum
flow rate and supply temperature were obtained at each time step over the year.
Consequently, the optimal heat losses and pump power were calculated. Using the
obtained flow rate and temperature data as input to the PSS SINCAL model, the heat
losses and pump power were calculated at each time step. Calculated heat losses and
pump power were compared with those obtained using the FICO Xpress optimisation

model. Validation results are shown in Figure 3-4 a) and b).
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Figure 3-4 a) Heat losses b) pump power, FICO Xpress and PSS SINCAL model

The FICO Xpress model was shown to provide the same result as the PSS
SINCAL model.
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3.3 Calculation of optimal energy consumption and heat losses

Optimal flow, supply temperature and optimal annual pump energy consumption and
heat losses of the DH design cases were compared. Optimisation results based on the

minimum annual total energy consumption are presented.

3.3.1 Ideal-DH

For the ideal-DH, the objective function given in equation 3.1 includes pump energy
consumption and heat energy losses in the pipes. Using the objective function and
constraints given in equations 3.3-3.5 the optimum supply temperature and flow rate
were calculated for all design cases, as shown in Table 2-1 and Table B2-2 (appendix
B). Consequently, optimum annual pump energy consumption and heat energy losses
were determined. Optimal flow and supply temperature for the design cases based on
temperature regime of Tsmax/Trmax: 120/70 °C are depicted in Figure 3-5 (only a few

are shown and the rest can be obtained by correlating with those shown in Table 2-1).
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Figure 3-5 a) Optimal supply temperature b) optimal flow rate based on minimisation of the
annual total energy consumption, ldeal-DH

From Figure 3-5, it is seen that for various design cases, different values of
optimum supply temperature and flow rate are obtained over the course of the year.

For DH1 (MPL: 52 Pa/m) the supply temperature is the lowest over the whole year

49



3. Energy Consumption and Economic Analyses of a District Heating Network using a
Variable Flow and Variable Supply Temperature Operating Strategy

but the flow rate is the highest compared with other design cases. When MPL is low,
smaller pump size is required to overcome flow resistance. However, since pipe
diameters are larger, heat losses are consequently higher. Hence, the optimal annual
total energy consumption was achieved when the supply temperature is lower and the
flow rate is larger compared to the other design cases.

Using a design case based on a larger MPL, for instance DH18 (MPL: 1403
Pa/m), due to the smaller pipe diameters and larger pump size, the annual pump
energy consumption is higher while the annual heat energy losses are less compared
with the other cases. Therefore, to achieve the optimal annual total energy
consumption, optimum supply temperature was obtained larger and flow rate lower

in comparison with other cases.
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Figure 3-6 Optimal annual pump energy consumption and heat losses, Ideal-DH

Optimal annual pump energy consumption and heat losses are shown in Figure
3-6. From Figure 3-6, it can be observed that annual pump energy consumption and
heat energy losses for different design cases are vary, due to differences in design,
obtained supply temperature and flow rate. Optimal annual pump energy
consumption is noticeably less than the optimal annual heat energy losses. The pump

electrical energy consumption increases along with the MPL whereas the heat losses
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decrease. The optimal annual total energy consumption is minimum when DH16
(MPL: 977 Pa/m) is used.

3.3.2 Boiler-DH

For boiler-DH, the objective function (equation 3.1) includes pump energy
consumption, heat energy losses in the pipes and fuel consumption in the boiler. The
objective of the optimisation is to minimise annual total energy consumption
(including boiler fuel consumption). Using the optimisation, first optimal supply
temperature and flow rate were determined and then the optimum annual pump
energy consumption and heat energy losses were found for all design cases. Optimal
flow rate and supply temperature for the design cases based on temperature regime of
Tsmax/ Trmax: 120/70 °C are depicted in Figure 3-7.
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Figure 3-7 a) Optimal supply temperature b) optimal flow based on minimisation of the
annual total energy consumption, Boiler-DH

Figure 3-7 shows that changes of optimum supply temperature and flow rate
over the year are different for different design cases. For DH1 (MPL: 52 Pa/m), due
to the selection of pipes with larger diameters, the electrical energy consumption of
the pump is lower and heat energy losses are higher compared with other cases.
Therefore, in order to reduce the heat losses the optimum supply temperature was
obtained lower and flow rate higher in comparison to the other design cases. By

using DH1 case the optimiser uses variable supply temperature and constant flow to
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reduce annual total energy consumption when demand is high. Later, when demand
decreases and supply temperature reaches its minimum level, the flow starts to
decrease at a constant minimum supply temperature.

In the DH18 (MPL: 1403 Pa/m) case, in order to achieve minimum annual total
energy consumption the optimal flow rate is less and the supply temperature is larger
in comparison to other design cases.

Optimal annual pump energy consumption and heat losses are shown in Figure
3-8. It is shown that the minimum optimal annual total energy consumption
(excluding boiler fuel consumption, although the impact of the boiler as a heat source
was taken into account for the optimisation), occurs when using DH16 (MPL: 977
Pa/m).
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Figure 3-8 Optimal annual pump energy consumption and heat losses, Boiler-DH

3.3.3 CHP-DH

For CHP-DH, the objective function includes pump energy consumption, heat
energy losses in the pipes and fuel consumption in CHP (equation 3.1). The objective
of the optimisation is to minimise annual total energy consumption. Optimal flow
and supply temperature for the design cases based on temperature regime of
Tsmax/ Trmax: 120/70 °C are depicted in Figure 3-9.
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Figure 3-9 shows that for CHP-DH, the optimal supply temperature and flow
rate are the same using all design cases. This is related to the interaction of heat
losses, pump energy consumption and fuel consumption in CHP-DH (equation 3.1).

When heat demand was high (approximately 100 days per year) the minimum
annual total energy consumption was achieved by varying flow rate at relatively high
constant supply temperature. This is because electricity generation is high when heat
production in the CHP is also high (see equation 3.9). Therefore, the optimiser
reduces electricity generation in the CHP by increasing the supply temperature (see
Figure 3-1). Due to the reduction in electricity generation of the CHP, the fuel
consumption decreases (equation 3.8). Further, increased supply temperature results
in the reduction of the flow rate. Therefore, heat losses are increased while pump

energy consumption is decreased. Overall annual total energy consumption was

reduced.
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Figure 3-9 a) Optimal supply temperature b) optimal flow based on minimisation of the
annual total energy consumption, CHP-DH

As heat demand reduces, electricity generation in CHP reduces accordingly
(equation 3.9 and Figure 3-1). Hence, the effect of electricity generation on fuel
consumption becomes less important and the role of heat losses becomes more

significant. At this stage, the optimiser starts to reduce supply temperature at a
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constant flow rate. Due to the reduction of supply temperature, heat losses reduced
and as a result the overall annual total energy consumption is decreased.

Optimal annual pump energy consumption and heat losses are shown in Figure
3-10. Due to the small flow rate, annual pump energy consumption has reduced
substantially as shown in Figure 3-10. The minimum optimal annual total energy
consumption (excluding CHP fuel consumption) happens when DH16 (MPL: 977
Pa/m), is used.
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Figure 3-10 Optimal annual pump energy consumption and heat losses, CHP-DH

3.4 Economic analysis

Using the objective function given in equation 3.2 and constraints in equations 3.3-
3.5 the optimisation was conducted to minimise annual total operating costs. At first
the optimal supply temperature and flow rate were obtained for all DH design cases.
Optimal annual pumping cost and heat losses cost were determined. Using the data

given in section 2.5, the EAC of the design cases were calculated and compared.

3.4.1 Ideal-DH

For the ideal-DH, the objective function (equation 3.2) includes pumping cost and

cost associated to the heat losses in the pipes. Using optimisation the optimal supply
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temperature and flow rate were determined. The optimal annual pumping cost and
heat losses cost was found and finally the EAC was calculated. Optimal flow and
supply temperature for the design cases based on temperature regime of T max/Tr max:
120/70 °C are depicted in Figure 3-11 (only three design cases are shown and the rest

can be found by correlating with those shown in Table 2-1).
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Figure 3-11 a) Optimal supply temperature b) optimal flow based on minimisation of the
operational costs, Ideal-DH

Figure 3-11shows that for different design cases, optimal supply temperature and
flow rate are different. For DH18 (MPL: 1403 Pa/m), optimal supply temperature is
the highest and flow rate is the lowest compared to the other design cases. Whilst for
DH1 (MPL: 52 Pa/m), the optimal supply temperature is the lowest and flow rate is
the highest in comparison to the other cases. As previously explained, this is because
the pipe diameters and pump size are different in different design cases.

For DH18 (MPL: 52 Pa/m) pipe diameters are smaller and pump size is larger
than the other design cases. Therefore, pump energy consumption is larger and heat
losses are less. Hence, to avoid excessive pumping cost and to achieve minimum
annual total operating costs, higher supply temperature and lower flow rate were
obtained. For DH1 (MPL: 52 Pa/m), pipes with larger diameters and smaller size

pump were chosen compared with the other design cases. As a result, the optimiser
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reduces supply temperature and increases flow rate to achieve the minimum annual

total operating costs.
The EAC shown in Figure 3-12 is minimum when the DH17 (MPL: 1276 Pa/m)

design case, which has a rather high pressure loss, is used.
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Figure 3-12 Equivalent annual cost, Ideal-DH

3.4.2 Boiler-DH

For boiler-DH the objective function (equation 3.2) includes pumping costs, costs
associated with heat losses in the pipes and fuel consumption in the boiler. The
objective of optimisation was to minimise annual total operating costs. First, optimal
supply temperature and flow rate were determined. Then, the optimal annual
pumping and heat losses costs were found and the EAC was calculated. Optimal flow
and supply temperature are depicted in Figure 3-13 for the design cases based on

temperature regime of T max/Trmax: 120/70 °C.
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Figure 3-13 a) Optimal supply temperature b) optimal flow based on minimisation of the
operational costs, Boiler-DH

Figure 3-13 shows that for different design cases the optimal supply temperature
and flow rate are different. As explained previously this relates to the difference in

pipe and pump sizes within the design cases.
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Figure 3-14 Equivalent annual cost, Boiler-DH

The EAC is shown in Figure 3-14. It is seen that the EAC is minimum when
DH17 (MPL: 1276 Pa/m), is used.
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3.4.3 CHP-DH

Total operational costs of the CHP-DH consist of fuel cost, and costs associated with
the pump energy consumption and heat energy losses. The CHP generates heat and
electricity in a single unit which means that there is also a revenue stream from
selling electricity to the grid. Therefore, to achieve the optimal operation of the CHP-
DH, the revenue of selling electricity to the grid was added as negative cost to the
objective function (equation 3.2). Using optimisation, the optimal supply temperature
and flow rate were determined first. Then, the optimal annual pumping and heat
losses costs were found and the EAC was calculated. Optimal flow and supply
temperature for the design cases based on temperature regime of Tgmax/Trmax:
120/70 °C are shown in Figure 3-15.
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Figure 3-15 a) Optimal supply temperature b) optimal flow based on minimisation of the
operational costs, CHP-DH

Fig 3-15 shows that the optimal supply temperature and flow rate are the same
using all design cases. This is due to the fact that heat and electricity are generated in
the CHP, and the effect of electricity revenue is added as negative cost to the
objective function (equation 3.2).

When demand was high (around 100 days per year) the minimum annual total
operating costs were obtained by varying supply temperature at a constant high flow

rate. When demand was high, electricity generation in CHP was high (equation 3.9).
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Therefore, the optimiser increased electricity generation in CHP by reducing supply
temperature (equation 3.9 and Figure 3-1). Due to the reduction of supply
temperature, heat losses decrease, electricity generation increases and the revenue
from selling electricity also increases. Since flow rate is high, pump energy
consumption increases, but the overall annual total operating costs decreases.

As heat demand reduces further, and supply temperature reaches its minimum
level, the effect of supply temperature on electricity generation and heat losses
reduces. Therefore, the optimiser supplies heat demand by varying flow rate at
constant minimum supply temperature.

The EAC (excluding CHP fuel cost) is shown in Figure 3-16. The EAC is
minimum for DH9 (MPL.: 448 Pa/m).
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Figure 3-16 Equivalent annual cost, CHP-DH

3.5 Comparison

All the design cases were operated using the VF-VT operating method. The design
cases with minimum optimal annual total energy consumption and minimum EAC
are summarised in Table 3-1 and Table 3-2 respectively.

Table 3-1 shows that the minimum optimal annual total energy consumption is

lowest for the design cases based on a temperature regime Of Tsmax/Trmax: 120/70 °C
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(see Table 2-1), when using the VF-VT operating method. The design case DH16
(MPL: 977 Pa/m) has minimum optimal annual total energy consumption for all
investigated types of heat sources. Further, as the temperature difference between
supply and return pipes decreases, due to the increase in system flow rate, the annual
total energy consumption increases.

Table 3-1 Design cases with minimum optimal annual total energy consumption, using
different temperature regimes and the VF-VT operating method

System Ideal-DH Boiler-DH CHP-DH
DH E;min DH E;min DH Eroin
Tsmax/ T r.max °C case (MWh/year) case  (MWh/year) @ case  (MWh/year)
120/70 DH16 367 DH16 377 DH16 371
110/70 DH35 378 DH35 390 DH35 383
100/70 DH44 389 DH44 395 DH44 394
90/70 DH68 389 DH68 393 DH68 400

Similarly, from results given in Table 3-2, it is observed that for the temperature
regime Of Tgmax/Trmax: 120/70 °C, the minimum EAC is lowest when using the VF-
VT operating method. The design case DH17 (MPL: 1276 Pa/m) was found to be the
most cost effective design when boiler or an ideal heat source was considered. DH9
(MPL.: 448 Pa/m) was the cost effective design case when CHP was chosen as the
heat source. Moreover, as the temperature difference between supply and return pipe
decreases due to the increase in flow rate, the annualised cost of the heat network

installation and operation increases accordingly.

Table 3-2 Design cases with minimum EAC, using different temperature regimes and the
VF-VT operating method

System Ideal-DH Boiler-DH CHP-DH
DH EAC,,;, DH EAC,,;, DH EAC,,;,
Temax/ Trmax °C case (Elyear) case (Elyear) case (Elyear)
120/70 DH17 165501 DH17 166289 DH9 180475
110/70 DH36 170463 DH36 171259  DH23 183780
100/70 DH54 175852 DH54 176525  DHA45 185773
90/70 DH68 184339 DH68 184814 DH67 188480
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The EAC was divided by the annual total energy demand (32602 MWh/year)

and the cost of heat transmission per MWh was obtained. This is given in Table 3-3.

Table 3-3 Design cases with minimum cost of heat transmission, using different temperature
regimes and VF-VT operating method

System Ideal-DH Boiler-DH CHP-DH
DH Cost DH Cost DH Cost
Tsmax/ Trmax °C case (E/IMWh) case (E/IMWh) case (E/MWh)
120/70 DH17 5.08 DH17 5.10 DH9 5.54
110/70 DH36 5.23 DH36 5.25 DH23 5.64
100/70 DH54 5.39 DH54 5.41 DH45 5.70
90/70 DH68 5.65 DH68 5.67 DH67 5.78

Comparison of results presented in Table 3-1 and Table 3-2 shows that the major
difference between energy and cost effective design cases is observed when using
CHP as the heat source. The difference, as previously explained, is related to the
impact of electricity generation in CHP-DH. It indicates that in order to achieve
economical operation of a CHP-DH, larger pipe diameters have to be chosen. For the
ideal-DH and boiler-DH, the difference seen in Table 3-1 and 3-2 is due to the pipe
investment costs, and the cost of heat losses to the pump investment costs and the
cost of pump electricity consumption. An economic evaluation of the ideal-DH and
boiler-DH found that the optimum solution corresponds to smaller pipe diameters.

Results obtained from energy and cost investigations when using the VF-VT
operating method suggest using rather large TPL values for the design of a DH pipe
network. Determination of pipe diameters using large TPL values in a DH network
implies the use of relatively small pipe diameters and a large pump size. Therefore,
the annual total energy consumption will reduce along with the annualised cost of the
heat network installation and operation.

Results obtained in this Chapter for the VF-VT operating method are compared
with those obtained in Chapter 2 using the VF-CT method. Comparing results
obtained in Table 2-3 and Table 3-1 show that minimum annual total energy
consumption of the design cases are reduced when using the VF-VT operating

method compared to the VF-CT. The minimum annual total energy consumption is
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reduced by approximately 23% for the ideal-DH, boiler-DH and CHP-DH when
using the VF-VT compared to the VF-CT operating strategy. Similarly, from Table
2-4 and Table 3-2, minimum EAC is reduced for the VF-VT operating method. The
EAC is reduced by about 10% for the ideal-DH and boiler-DH when using the VF-
VT operating method. Due to the impact of electricity generation in CHP-DH, the
EAC is reduced about 2% when using the VF-VT compared to the VF-CT method.
Overall, it indicates that a better performance of a DH can be achieved by using the
VF-VT operating method.

3.6 Conclusions

Performance analysis of the DH design cases was conducted over the year using the
VFE-VT operating method and different supply and return temperature regimes. The
annual pump energy consumption, heat losses and the EAC of the design cases were
calculated and compared.

When using the VF-VT operating method the annual total energy consumption
and the EAC were reduced in comparison with other operating strategies explained
in Chapter 2. The most economical design also depended on the type of heat source.
For CHP-DH, it was economically beneficial to have larger pipe diameters and a
smaller size pump compared to the ideal-DH and boiler-DH. For the VF-VT
operating method, the most energy and cost effective design cases of DH pipe used
smaller pipe diameters and larger pressure drops.

A comparison of design cases with different temperature regimes showed that in
order to achieve energy efficient and cost effective design of a DH pipe network, it
was more advantageous to reduce system flow rate by increasing temperature
difference between supply and return pipes. Due to the reduction of flow rate, the
annual total energy consumption and the annualised cost of the heat network

installation and operation were reduced.
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CHAPTER 4- Modelling and Optimisation of a District
Heating Network

4.1 Introduction

Investigation of the operation of DH design cases (Tables 2-1 and Table B2-2), using
different operating strategies has been presented in Chapters 2 and 3. A better energy
performance was achieved for DH using the VF-VT operating method. In addition,
using the VF-VT operating method the EAC of DH was reduced compared to the
other operating strategies. Using the analysis procedures described in Chapters 2 and
3, a two-stage programming model was developed to obtain the optimal flow, supply
temperature, pipe and pump sizes in a DH network. The two-stage programming
model synthesises both design and optimal operation of a DH network to obtain the
optimal solution.

For the assessment of design cases, energy, exergy and cost analyses were used.
Using energy analysis, the heat energy losses and electrical energy consumption of
the pump were considered. Therefore, an optimal solution is based on the
minimisation of the annual total energy consumption (pump energy consumption

plus heat energy losses) of a DH network.
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Exergy is a measure of quality of energy defined as the maximum amount of
work which can be produced by a quantity of energy or a flow of matter when it
comes to equilibrium with a reference environment [82]. Using exergy analysis, it
was assumed that the quality of heat energy is lower than that of electrical energy.
Hence, optimal solution is based on the minimisation of the annual total exergy
consumption (pump exergy consumption and heat exergy losses) of a DH network.

In some studies, exergy analysis has been used to analyse the performance of
buildings [83] and DH networks [84-86]. A key review on exergetic analysis and
assessment of renewable energy resources is given in [87]. The concept and
application of exergy analysis for low temperature heating and high temperature
cooling is given in [88]. Generally, exergy analysis is recognised as an efficient
technique to reveal whether or not, and by how much it is possible to design more
efficient energy systems by reducing the inefficiencies in existing systems [89].

The cost analysis takes into account the capital investments and operating costs
of a DH network. Using cost analysis, the design of a DH network is based on the

minimisation of the annualised cost or the EAC of a DH network.

4.2 Optimisation model

The two-stage optimisation model was developed using the FICO™ Xpress
optimisation suite. Microsoft Access linked to the FICO™ Xpress was used as the
database to feed data as input and receive results from the optimisation. The non-
linearity of the heat network equations was dealt with through SLP.

The structure and the flow chart of the optimisation process are shown in Figure
4-1 and Figure 4-2.
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Figure 4-1 The structure of the optimisation process*

As shown in Figure 4-1 and Figure 4-2 the optimisation process includes several
steps:

Step 1: Firstly, data required for optimisation model is collected and fed to the
optimisation suite through a Microsoft Access data base (as in Figure 4-1). It

includes:

e Topological configuration of the network;

e CO; and energy (heat, electricity and fuel) prices;

e Pipe and pump investment costs;

e Standard pipe sizes in the market;

e Maximum and variable heating load over a year;

e Maximum and minimum supply temperature at the heat source and return
temperature at the consumer’s heating substations;

e Maximum and minimum of TPL as well as TPL step change (ATPL).

! The process is automated.
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Figure 4-2 The flow chart of the optimisation process
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Step 2: At this stage the incidence matrix of the DH network topology was
created, using the concept of graph theory (see section 3.2.2).

Step 3: Initial pipe diameters were assumed. Following from Table B2-1, an
average standard pipe size with d=137 mm, U=0.33 W/mK and £=0.4 mm was
considered for all pipes. The maximum flow rates were calculated in each pipe
section of the network, using the maximum heating load, maximum supply
temperature at the heat source and maximum return temperature at the consumer’s
heating substations (as described in appendix A).

Step 4: Using the maximum flow rate at each pipe section, MPL and maximum
velocity using each standard pipe size in the market (see Table B2-1) were

calculated:

[. m?

Apjsc = 8}2,std—’tpﬂfz j=1.M st=1.Y (4.1)

Friction factor f was evaluated as a function of Reynolds number Re and pipe

roughness ¢ using the Colebrook formula [80] for turbulent flows.

L e 251 4.2
= 0910 371dst Rej_stﬂf}',st ( | )

j.st

where Reynolds number was calculated as follows:

= Jstost (4.3)

=— (4.4)
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Step 5: The MPL obtained for each pipe section using standard pipe sizes, was
compared with the pressure loss calculated according to the TPL values provided in
the database. For each pipe section of the network, a standard pipe size with pressure
loss closest to the pressure loss obtained according to the TPL was selected. The
process was repeated for all TPL values until reaching the maximum TPL.

18] = Apjrpr — bjseBPjse b€ {0,1} (4.5)

Pressure loss in each pipe section was compared with the pressure loss obtained
based on TPL values using the selection of each standard pipe size. The standard
pipe with minimum absolute pressure difference |6,,;,,| was selected. Therefore the
value of b; , is 1 otherwise 0.

Step 6: Pump size was determined following selection of standard pipe sizes
corresponding to each TPL. For this purpose, the route with maximum pressure drop
in the network was chosen. An extra 10% was approximately added on the calculated
pressure loss to include the pressure drop in the pipe fittings, such as bends, tees and
reducers [90]. Maximum differential pressure of pump and maximum pump power
were calculated using equations 2.4-2.6.

Step 7: Finally, optimal operation of the design cases obtained in steps 5 and 6
was conducted for one year according to variations in the annual heating load. It was
assumed that the DH network was fed by an ideal heat source (ideal-DH)* (see
section 2.2.4). In addition, three objectives were examined. The objectives of the
optimisation were to 1) minimise annual total energy consumption; 2) minimise
annual total exergy consumption; or 3) minimise the annualised cost of the heat
network.

The objective function based on minimisation of the annual total energy

consumption is:

min Z Z(E{,;gt + ETY) (4.6)

TPL t

! The ideal heat source was defined as a heat source which has negligible operating costs, and is
capable of delivering required amount of heat. The closest real word model is geothermal.
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For the ideal-DH, only the heat energy losses E,, and pump energy
consumption E, of the network were taken into account. Pump energy consumption
and heat losses at each time step and for each design case were calculated using the
equations 2.4-2.6 and 3.9-3.16.

The objective function based on minimisation of the annual total exergy

consumption is:

min )" ) (Exffh, + Exji (4.7)
t

TPL

Heat exergy losses Ex;,;; and pump exergy consumption Ex, were considered.
Exergy loss associated with heat loss in each pipe section was calculated using the
following equation [82]:

. T,
Exj,loss =|1- T_ Qj,loss (48)
Jw

It was assumed that the pipes are laid underground and ambient temperature
around the pipes (T, + 273 in Kelvin) was assumed equal to the ground temperature.
An average ground temperature of +7 °C was assumed over the year (see section
2.2.5). Hot water temperature (T,, in Kelvin) in each pipe section of the supply and
return was assumed as the average temperature of the pipe inlet and pipe outlet

temperature.

T',inl + T',ou 1
Tj,w = (%) (49)

Pump exergy rate in (kW) was assumed to be equal to the pump power:

(4.10)
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The objective function based on minimisation of the EAC is:

min Z EACT?: (4.11)

TPL

For calculation of the EAC, impact of heat source on optimal solution of the
supply temperature and flow rate was examined. Therefore, DH connected to an
ideal heat source (ideal-DH), a boiler (boiler-DH) and CHP (CHP-DH) were
investigated.

The data required for calculation of the EAC, pipe investment costs including
civil works and pump investment costs including the cost of variable frequency drive
were taken from Table 2-2, Table B2-3 and Table B2-4 (appendix B). Pipe and pump
estimated costs are shown in Figure B4-1 and Figure B4-2 (appendix B).

For each optimisation approach, the main DH network parameters such as
temperature, flow rate and pressure loss in the pipe network were constrained (see
equations 3.3-3.5).

District heating with high and low temperatures were investigated. For high
temperature DH, maximum and minimum supply temperatures at the heat source
were assumed to be 120 °C and 70 °C respectively. Similarly, maximum and
minimum return temperature of 70 °C and 30 °C were considered at the consumer’s
heating substations. During operation, supply temperature at the heat source was
constrained between maximum and minimum limits (VF-VT operating strategy). For
the sake of simplicity, it was assumed that the return temperature was known at the
consumer’s heating substations according to annual heat demand. A linear change of
return temperature between maximum and minimum limits was assumed
corresponding to the maximum and minimum heat demand [75].

For a low temperature DH network, supply and return temperatures were
reduced to the minimum level?. Supply temperature of 60°C at the heat source and

return temperature of 25 °C at the consumer’s heating substations were used. During

! In chapter 3, it was found that the type of heat source has an impact on optimal solution of the
flow and supply temperature based on minimisation of the annual total operating costs.

2 Low temperature district heating is defined as a system with temperature close to the
temperature of domestic hot water system. The temperature setting for domestic hot water is usually
between 55-60 °C, to kill bacteria such as legionella.
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operation supply and return temperatures were kept constant at minimum level over
the year. Hence, flow was varied to supply consumer’s energy requirement for all
design cases (VF-CT operating strategy).

Furthermore, a minimum TPL of 50 Pa/m was assumed and maximum TPL was
decided by the program. The maximum differential pressure was specified to be
equal or less than 16 bar. The TPL step change (ATPL) of 50 Pa/m was taken into
consideration.

The design cases with minimum optimal annual total energy consumption,
minimum optimal annual total exergy consumption and minimum EAC were found

as the optimal solution. The optimal outputs of the optimisation study were:

Flow and supply temperature®, over the year;

e Annual heat energy losses and pump energy consumption;
e Annual heat exergy losses and pump exergy consumption;
e Annualised cost;

e Pipe and pump sizes.

4.3 Case study: the Barry Island district heating network

The optimisation technique was used to analyse Barry Island’s DH network [91]. The
schematic diagram of this system is shown in Figure 4-3.

It was assumed that consumers are connected to the DH network using heating
substations. Energy demand for space heating and domestic hot water was calculated
using the concept of heating degree days (as explained in section 2.2.2). Two main
seasons for the heat load were assumed. The winter season, which required demand
for space heating and domestic hot water was assumed to last for 182 days. For the
rest of the year (the summer season) only the energy demand for domestic hot water
was taken into consideration. The annual total heat demand and load duration curve

are shown in Figure 4-4. The annual total energy demand is 6893 MWh/year.

! For high temperature district heating, optimal flow and supply temperature were obtained
according to the annual heating load. For low temperature district heating, since supply and return
temperatures were fixed at minimum level, flow rate was simply calculated for the purpose of
supplying the consumer’s energy demand.
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4.3.1 High temperature district heating

Optimisation results based on minimisation of the annual total energy consumption,
annual total exergy consumption or the annualised cost were calculated, using a high

temperature DH system.

A. Minimisation of the annual total energy consumption

For the ideal-DH, annual total energy consumption of DH includes annual pump
energy consumption and heat energy losses. Accordingly, optimisation was carried
out using the objective function given in equation 4.6. The optimal annual pump

energy consumption and heat losses are shown in Figure 4-5.
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Figure 4-5 Optimal annual energy consumption and losses, high temperature district heating

In Figure 4-5, it is evident that heat energy losses are much higher in comparison
with pump energy consumption. Therefore, the design cases with larger pressure
drops are more energy efficient. As MPL increases, the heat energy losses decrease
while pump energy consumption increases. Overall, the optimal annual total energy
consumption decreases with increasing MPL. Markedly, the design case with MPL
of 709 Pa/m has the minimum optimal annual total energy consumption. It should be
noted that since the impact of the heat losses is more significant than pump energy

consumption, the design cases with larger pressure losses than 709 Pa/m have less
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optimal annual total energy consumption. However, the total pressure loss in the
network for those design cases is beyond the permissible range® hence, the design
case with MPL of 709 Pa/m was considered. The obtained physical and heating
parameters of the design case based on MPL of 709 Pa/m such as pipe and pump
sizes, pressure loss, velocity and pump differential pressure are presented in Table
B4-1 (appendix B).

B. Minimisation of the annual total exergy consumption

In this case, annual total exergy consumption included heat exergy losses and pump
exergy consumption. Optimisation was carried out using the objective function given

in equation 4.7. Results are presented in Figure 4-6.
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Figure 4-6 Optimal annual exergy consumption and losses, high temperature district heating

It is shown that heat exergy losses are significantly higher compared to the pump
exergy consumption. As MPL increases, the heat exergy losses decrease gradually
while pump exergy consumption increases. It is worth mentioning that the reduction
of heat exergy losses along with increasing MPL is very small. The reason relates to
the fact that as the MPL increases pipe sizes reduce while pump size increases.

Therefore, for the design cases based on larger MPL values, the optimiser increases

! Maximum pressure loss in the network was considered to be equal or less than 16 bar.
74



4. Modelling and Optimisation of a District Heating Network

supply temperature while reducing flow rate in order to reduce the impact of the
pump exergy consumption. Reducing pipe sizes reduces heat exergy losses, while
increasing supply temperature increases heat exergy losses. Overall, heat exergy
losses decrease gradually. Altogether, the optimal annual total exergy consumption
increases when MPL increases. The optimal annual total exergy consumption is
minimum for the design case where MPL is around 126 Pa/m. The obtained physical

and heating parameters of the design case are presented in Table B4-2 (appendix B).

C. Minimisation of the equivalent annual cost

For minimisation of the EAC, as previously explained, the impact of the heat source
on an optimal solution of flow and supply temperature was examined. Optimisation
was carried out for the ideal-DH, boiler-DH and CHP-DH, using the objective

function given in equation 4.11. Results are presented in Figure 4-7.
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Figure 4-7 Optimal equivalent annual cost, high temperature district heating

The annualised cost of the heat network installation and its operation (excluding
the investment and operational costs of the heat source), is comparatively equal using
different types of heat sources. As MPL increases, the EAC decreases using all types
of heat sources. This is related to the impact of pipe investment costs and the costs of
heat losses rather than pump investment and operating costs. When MPL increases,

pipe investment costs as well as the costs of heat losses decrease. However, pump
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investment and operating costs increase. For all types of heat sources, the design case
based on MPL of 709 Pa/m has the minimum optimal EAC. As a result of the impact
of pipe investment costs and the costs of heat losses, the design cases with larger
pressure drops than 709 Pa/m have less EAC. However, since the total pressure loss
in the network for those design cases is larger than 16 bar these design cases were
not considered. The obtained physical and heating parameters of the design case with
MPL of 709 Pa/m are presented in Table B4-3 (appendix B).

4.3.2 Low temperature district heating
An investigation of the low temperature district heating system was conducted.

A. Minimisation of the annual total energy consumption

Using low temperature DH, supply and return temperatures were kept constant at
minimum level over the year for all design cases. Annual pump energy consumption
and heat energy losses were considered. The investigation was carried out using the

objective function given in equation 4.6. The results are shown in Figure 4-8.
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Figure 4-8 Annual energy consumption and losses, low temperature district heating

Figure 4-8 shows that as the MPL increases, heat energy losses decrease while

pump energy consumption increases. It is clear that DH with smaller pipe sizes
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(larger MPL) has lower annual heat energy losses. Annual pump energy consumption
in comparison to the annual heat energy losses is small. Therefore, pump energy
consumption has little effect on the annual total energy consumption. Consequently,
design cases with larger pressure drops have less annual total energy consumption.
However, due to pressure limit the case with minimum annual total energy
consumption is the DH design case based on MPL of 662 Pa/m. The obtained
physical and heating parameters of the design case are presented in Table B4-4

(appendix B).

B. Minimisation of the annual total exergy consumption

The annual exergy consumption of pump and annual heat exergy losses were taken
into account. Using the objective function in equation 4.7 and a set of equations 4.8-
4.10, investigation was carried out to minimise annual total exergy consumption of

DH. Results are shown in Figure 4-9.
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Figure 4-9 Annual exergy consumption and losses, low temperature district heating

The annual total exergy consumption is minimum for the design case based on
MPL of 62 Pa/m. As MPL increases, the annual total exergy consumption increases.
The obtained physical and heating parameters of the design case are presented in
Table B4-5 (appendix B).
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C. Minimisation of the equivalent annual cost

For minimisation of the annualised cost, the impact of the heat source was taken into
account. The ideal-DH, boiler-DH and CHP-DH were investigated. Investigation
was carried out using the objective function given in equation 4.11. Results are
presented in Figure 4-10.

For low temperature DH, the heat source does not affect the EAC. It is evident
that as MPL increases, EAC of the heat network installation and its operation reduces
substantially. Therefore, design cases based on larger MPL values are less expensive.
Using low temperature DH, the design case based on MPL of 662 Pa/m has the
minimum EAC. The obtained physical and heating parameters of the design case are
given in Table B4-6 (appendix B).
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Figure 4-10 Equivalent annual cost, low temperature district heating

4.3.3 Comparison

The DH design cases with minimum annual total energy consumption, minimum
annual total exergy consumption and minimum EAC using high and low
temperatures DH were summarised and compared. The summaries of the results are
presented in Table 4-1, Table 4-2 and Table 4-3.
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Table 4-1 Design cases with minimum annual total energy consumption

District heating temperature High Low
MPL (Pa/m) 709 662

E,, (MWhlyear) 40 33

Share of total energy demand (%) 0.6 0.5
Eoss (MWh/year) 753 519

Share of total energy demand (%) 11 8
Et min (MWh/year) 794 552

Share of total energy demand (%) 12 8

From Table 4-1, it can be seen that the share of annual pump energy
consumption to the annual total energy demand (6893 MWh/year) is very small
while the share of annual heat energy losses to the annual total energy demand is
rather high. A substantial reduction in the heat losses is achieved by switching to low
temperature DH. Using low temperature DH, the annual heat energy losses is
reduced by 31%, and annual pump energy consumption by about 18% compared to
the high temperature DH. Overall, minimum annual total energy consumption is
reduced by 30% using low temperature DH in comparison to the high temperature
DH.

Since heat losses in both high and low temperature DH are more significant than
the pump energy consumption, the design cases based on large pressure losses have a
better energy performance. Using a large pressure loss in a DH network, smaller

diameters of pipes can be used which reduce heat losses in the network.

Table 4-2 Design cases with minimum annual total exergy consumption

District heating temperature High Low

MPL (Pa/m) 126 62

Ex, (MWhlyear) 13 5
Share of total energy demand (%) 0.2 0.1
Ex;,ss (MWhlyear) 152 80

Share of total energy demand (%o) 2 1
Ext min (MWhlyear) 165 85

Share of total energy demand (%6) 2 1

Table 4-2 shows that using minimisation of the annual total exergy consumption,
for both high and low temperatures DH, the obtained results are different from those
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found using minimisation of the annual total energy consumption (Table 4-1). Using
minimisation of the annual total exergy consumption, the design cases with larger
pipe diameters and smaller pressure losses were found for both high and low
temperatures DH. The reason is related to the fact that pump exergy consumption is
more important than heat exergy losses. Therefore, for the design cases based on
larger pressure losses the impact of pump exergy consumption becomes more
significant. As a result, design cases with smaller pressure losses were found.
Through using low temperature DH, the minimum annual total exergy

consumption is reduced by around 48% in comparison to higher temperature.

Table 4-3 Design cases with minimum EAC

System Ideal-DH Boiler-DH CHP-DH
District heating MPL(Pa/m) EAC,,;, MPL(Pa/m) EAC,;, MPL(Pa/m) EAC,,;,
temperature (Elyear) (Elyear) (Elyear)
High 709 406597 709 406718 709 410312
Low 662 379576 662 379576 662 379576

Table 4-3 summarises results found using the minimisation of EAC. For the high
temperature DH, the obtained design case does not depend upon the energy source
(ideal-DH, boiler-DH and CHP-DH). However, due to the impact of the electricity
generation in CHP-DH, the EAC is slightly higher than that using the ideal-DH and
boiler-DH. For low temperature DH, the obtained results for the ideal-DH, Boiler-
DH, and CHP-DH are the same.

Using the ideal-DH and boiler-DH the reduction of the EAC is about 7% for low
temperature DH compared to high temperature DH. For CHP-DH the EAC is
reduced by 8% by switching to the low temperature DH.

The cost of heat transmission was calculated for each design case and the design
cases with minimum cost of heat transmission (excluding the capital and operating

costs of the heat source) are shown in Table 4-4.
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Table 4-4 Design cases with minimum cost of heat transmission

System Ideal-DH Boiler-DH CHP-DH
District heating | MPL(Pa/m) Cost MPL(Pa/m) Cost MPL(Pa/m) Cost
temperature (EIMWNh) (E/IMWh) (E/IMWh)
High 709 58.99 709 59.00 709 59.53
Low 662 55.07 662 55.07 662 55.07

A comparison of results presented in Table 4-1, Table 4-2 and Table 4-3 shows
that there are considerable benefits of using low temperature DH. The annual total
energy consumption, annual total exergy consumption and the EAC of DH were
reduced. However, the obtained design cases for the low temperature DH have larger
pipe sizes and smaller pressure losses in comparison with those found for the high
temperature DH. This is related to a larger flow rate for the low temperature DH.

Comparison of the results of two investigated case studies, Barry Island and
Ebbw Vale’s DH networks (see chapter 2 and chapter 3), shows a significant
difference in annual total energy consumption and annualised cost. This reason is
that both cases studies have a different network configuration and heat density. In
addition, different operating methods and temperature regimes had impacts on the
results. Therefore, every single case study has to be examined individually.

Finally, it was observed in Table 2-5, Table 3-3 and Table 4-4 that although heat
demand is much higher for the Ebbw Vale’s DH, the cost of heat transmission is
much less in Ebbw Vale compared to the Barry Island’s DH. This is associated to the
high heat density and less pipe connection for the Ebbw Vale’s DH compared to the

Barry Island, which has less heat density and a larger piping network.

4.4 Conclusions

A two-stage programming model which combined designs and optimal operation of a
DH network was developed. The objective of the optimisation was to obtain optimal
flow, supply temperature, pipe and pump sizes in a DH network. Optimal flow,
supply temperature, pipe and pump sizes were found based on the minimisation of
the annual total energy consumption, minimisation of the annual total exergy

consumption or minimisation of the EAC, using high and low temperature DH.
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The objectives of the optimisation and temperature regime had impacts on the
optimal results. Using minimisation of the annual total energy consumption and the
annualised cost, selection of pipe and pump sizes were based on relatively large
pressure losses for both high and low temperature DH. However, using minimisation
of the annual total exergy consumption, selection of pipe and pump sizes were based
on smaller pressure losses for both high and low temperature DH, due to the
importance of the pump exergy consumption to the heat exergy losses.

Using minimisation of the annualised cost, it was shown that the impact of the
heat source on the optimal results was negligible. However, using high temperature
DH, the design case found for the CHP-DH had slightly larger annualised cost
compared to the results found for the ideal-DH and boiler-DH, due to the impact of
the electricity generation in CHP-DH.

The annual total energy consumption, annual total exergy consumption and the
EAC were reduced substantially using low temperature DH compared with high
temperature DH. While design cases with slightly larger pipe sizes and less pressure
drops were found for the low temperature DH due to the larger flow rate in
comparison to the design cases found for the high temperature DH.

Finally, DH is more cost effective in an area with high heat density. DH in area
with high heat density means to serve more consumers with less pipe connection.
Therefore, pipe investment costs and costs associated with heat losses reduce, which
in turn leads to decrease in the annualised cost of the heat network installation and
operation.
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CHAPTER 5- Conclusions

5.1 Conclusions

Modelling and analysis of a DH network was conducted. Different design cases of
the DH network were modelled and simulated. Design cases were operated using
different operating strategies and supply and return temperature regimes. The annual
total energy consumption (heat energy losses and pump energy consumption), annual
total exergy consumptions (heat exergy losses and pump exergy consumption) and
the EAC of the design cases were calculated and compared. Following the analysis, a
two-stage programming model which synthesises design and optimal operation of a
DH pipe network was developed.

Using the two-stage model, first a number of DH design cases were designed and
simulated at the maximum heating load. Then their operation was optimised for one
year according to the annual heat demand. The objective of the optimisation was to
minimise the annual total energy consumption, annual total exergy consumption
and/or annualised cost of the heat network.

The two-stage programming model is able to accommodate various types of heat
sources such as ideal heat sources, boilers and CHP units connected to a DH network.
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Moreover, several supply and return temperature regimes and analysis methods such

as energy, exergy and cost analyses were investigated. Using this model, the optimal

flow, supply temperature, pipe and pump sizes were determined and the minimum

annual total energy consumption, annual total exergy consumption and minimum

annualised cost were calculated.

Based on the modelling and analysis it is concluded:

Pipe sizes in a DH network have a considerable impact on capital investment,
heat energy and exergy losses, and pump energy consumption. Therefore, the
determination of the optimal pipe and pump sizes is crucial in designing the
most effective DH network. It was shown that as the pipe diameters decrease,
heat losses and pipe investment costs decrease while pump investment and
operating costs increase. It was found that the minimum annual total energy
consumption and the minimum EAC were obtained using rather small pipe
sizes with large pressure drops in the DH pipe network. Using exergy
analysis, a DH pipe network with rather larger pipe diameters and smaller

pressure drop was found to be desirable.

There is a relation between the design supply and return temperatures, and
the chosen operating regime which both affect the desirable variations of
flow rate. Pump energy consumption and heat losses vary depending on the
operating regime and heat demand. It was shown that using a low
temperature DH system, the annual total energy consumption, annual total
exergy consumption and the EAC of the heat network were reduced
compared to high temperature DH. Furthermore, it was seen that by
designing the DH pipe network with higher temperature difference between
supply and return pipes (reducing the flow rate), the annual total energy

consumption, annual total exergy consumption and the EAC were reduced.

The DH operating strategy is a means of controlling flow rate and supply
temperature to maintain stable indoor temperatures during operation. The DH
operating method affects the heat energy losses and pump energy
consumption. For high temperature DH networks, it was observed that the
VF-VT operating method had a better performance compared to the CF-VT

and VF-CT methods. Using the VF-VT operating method, the annual total
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energy consumption, annual total exergy consumption and the EAC of DH
were reduced compared to the other operating methods. For the low
temperature DH network, the system temperature was reduced to the
minimum level, close to the temperature of a domestic hot water system.

Therefore, the VF-CT operating method was used.

It was found that for the VF-VT operating method, the type of heat source
had an impact on the selection of the optimal flow and supply temperature
during operation, based on minimisation of the annual total operating costs.
Consequently, to minimise the annualised cost the obtained design cases
were dissimilar for different types of heat sources. For example, for the CHP-
DH (Ebbw Vale’s DH network), due to the impact of electricity generation in
CHP, it was economically beneficial to have larger pipe diameters and
smaller size pump compared with the ideal-DH and boiler-DH. For the Barry
Island DH network, the impact of the heat source on the optimal solution of
the flow and supply temperature was found to be negligible.

Different DH networks have different network configurations and annual
heat loads. The results obtained from the two case studies, one with high heat
density and another with low heat density, showed a major difference in
annual total energy consumption and annualised cost. It was shown that DH
in an area with high heat density is comparatively more energy efficient and
cost effective.

5.2 Contributions of the thesis

Modelling and analysis of a DH network was conducted, using different
temperature regimes, TPL and operating strategies. A method was formulated
to obtain the most energy, exergy and cost effective design of a DH pipe

network.

A two-stage optimisation model was developed to obtain optimal flow,
supply temperature, pipe and pump sizes in a DH network. The optimisation

model was based on minimisation of the annual total energy consumption,
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annual total exergy consumption or annualised cost of the heat network,

according to the annual heat demand.

Two case studies with different heat density were examined using energy,

cost and exergy analyses.

5.3 Future work

Recommendations for further work are divided into the following areas:

Temperature change in a DH network is usually slower than flow and
pressure change. In bigger systems temperature change can take up to 10-12
hours before reaching the most distant consumer. In this research, system
temperature and heat losses were calculated at a steady state condition.
Calculation of the heat losses taking into account the dynamic performance

of the temperature results in a more accurate investigation.

In a DH pipe network with loops, calculation of pressure loss in the network
becomes more challenging. In this research, only radial networks were
investigated. Therefore, further analyses are required to optimise the design

of DH networks with loops.

Thermal load in a DH network changes over the year. Also, it is not expected
that consumers will consume heat at a full demand level, or at exactly the
same time. Therefore, more investigations on variations of heat demand are
required taking into account the occupancy type, consumer behaviour,

diversity factor and outside temperature.

Return temperature in a DH network changes nonlinearly according to
thermal demand, consumer behaviour and supply temperature. Therefore,
calculation of the return temperature in a DH network is challenging. For
simplicity, return temperature was assumed to be known at the consumer’s
heating substations. Further analyses are needed, to develop more accurate

model of the consumer and the return temperature.

In a DH network pumps are sized to overcome pressure loss along the route
with maximum pressure drop. Branches or pipe sections which are located
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closer to the heat source experience a much higher differential pressure.
Therefore, pipe diameters of these branches can be reduced further to match
the differential pressure available at the branch connection to the main
pipeline point. Consequently, the capital investment and heat losses of the
DH pipe network decrease. Due to the different differential pressure at the
connection point to each branch, the TPL used for the selection of branch
pipes can be different. In this study for the sake of simplicity, a single TPL
was assumed for all the pipe sections of the network. Hence, the investigation
of how to implement the additional option to choose different TPL for

different sections into the existing model is needed.
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Appendix

Appendix A: Calculation of heat flow

Procedure for heat flow calculation for two simple district heating networks (a radial

network and a loop network)

Example 1: Single pipe of supply and return in a district heating

Supply
Return ecececcece--

Q

Known variables:

Thermal load (Q;) 5000 kW
Pipe length (1) 500 m
Pipe diameter (d) 200 mm
Pipe roughness (&) 0.4 mm

Heat transition coefficient (U)  0.455 W/mK

kinematic viscosity (v) 0.294 x 1075 m?/s
Specific heat capacity (c,) 4.182 KJ/KgK
Water density (p) 960 kg/m*

Supply temperature (Ty,) 120 °C

Return temperature (T,.,) 70 °C

Ground temperature (T,) 7°C
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Unknown variables:

Mass flow rate (m) Kgls

Supply temperature (Ty,) °C

Return temperature (7,,) °C

Supply , heat loss (Q; ;os5) kw

Return, heat 10ss (Q,1ss) kw

Water velocity (u) m/s

Pressure drop (p) Pascal (Pa)

Equations 1:

Heat supply Qs =c,m (T, —T,) (A1)

Heat load Q. =c,m (T, —T,) (A.2)

Supply , heat loss Qsoss = ¢y (T, — Ty,) (A.3)

Return, heat loss Qr,loss = Cpm (Trz - Trl) (A4)

Heat balance QS = Qs,loss + QL + Qr,loss (A5)

Wat locit _Am (A.6)
ater velocity u—ﬂpd2 :

_w_
Supply, temperature drop T, = (Tsl _ Tg) e M 4T, (A7)
_w

Return, temperature drop T, = (Trz _ Tg) e M 4T, (A.8)
o 1 - € +2.511 AQ

Friction factor 7 °910\3712 * Re N (A.9)

ud
Reynolds number Re = — Re > 4000 (A.10)
v

P d ap=8f L1 (A.11)

ressure drop p = 8f & pr? .
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Solution

1st iteration:

Initial guess of supply temperature (T,,) 118 °C
Initial guess of return temperature (T,.,) 68 °C
m=—23k =99 __ 9492 Kgls

cp(Tsz—Tyz)  4.18%(118-70)

. '500X0.455

T, = ( = g)e @™ + T, =(120-7) e s1s2x2421 + 7=119.75 °C

o 500%0.455

Toy = (T, = Ty)e ™ + T, = (70 = 7)e msoaarar + 7 = 69.86 °C

2nd iteration:

From 1% iteration :Supply temperature (T.,) 119.75°C
From 1% iteration : Return temperature (T..,) 69.86 °C
m=—% = 5000 = 24.04 Kg/s

cp(Tsz—Tyz)  4.18x(119.75-70)

W '500X0.455

T, = ( - g)e @™ + T, =(120-7) e +1s2x24.04 + 7=119.74 °C

. 500%0.455

Tr1 — ( - g)e cpm+T = (70—7)6 1182x24.04 + 7 = 69.85 °C

3rd iteration:

From 2" iteration :Supply temperature (T,,) 119.74 °C
From 2" iteration : Return temperature (T,.,) 69.85 °C
m=—20 = 2000 = 24.04 Kgls

cp(Tsz—Tyz)  4.18x(119.74-70)
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w 500%0.

_w 455
T, = (T = Ty)e #™ + T, =(120-7) e s1zxza0s 4 7=119.74 °C

w 500x0.455

T, = (Trz - Tg)e_q;_m +T, = (70 — 7)e s1s2x240¢ + 7 = 69.85 °C

Final results:
Supply temperature (T,,) 119.74 °C
Return temperature (7T,,) 69.85 °C
Mass flow rate (1) 24.04 Kgls

Qsioss = €1t (T, — Tyy) = 4.182 X 24.04 x (120 — 119.74) = 26.13 kW
Qrioss = €yt (T, — Tyy) = 4.182 X 24.04 X (70 — 69.85) = 15.08 kW

Qs = cym (Tyy — T,,) = 4.182 X 24.04 x (120 — 69.85) = 5041.2 kW

Qs = Qs1oss + Q1 + Q1 1oss = 26.13 + 5000 + 15.08 = 5041.2 kW

4m 4X24.04
u= = =0.79 m/s
npd?  3.14X960x%0.22

ud 0.79x0.2

Re = —=———=1537410  Turbulent flow, Re > 4000
v 0.294%x10
L_ e 2511 /(s ( 0.0004 ) 00234
JF 709371 T Re JF f=1/\~2lgo\3715x02)) =°
Ap =8 L 8 x 0.0234 >00 24047 17859 P
= — = . X X =
P=8 om 0.25 " 960 x 3.142 a
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Example 2: District heating with loop

Supply
Return

Known variables:

Thermal load (Q;,)
Thermal load (Q;,)
Pipe length (l45)
Pipe length (l4¢)
Pipe length (Iz¢)
Pipe diameter (d,p)
Pipe diameter (d,¢)

Pipe diameter (dg.)

Pipe roughness (&)

Heat transition coefficient (U)
kinematic viscosity (v)

Specific heat capacity (c,)

Water density (p)

Supply temperature (T;,)
Return temperature (7,,,,)
Return temperature (7,,,,)

Ground temperature (T,)

3000 kW
4000 kw

300 m

300 m

300 m

100 mm

100 mm

100 mm

0.4 mm

0.327 W/mK
0.294 x 1076 m%s
4.182 KJ/KgK
960 kg/m*
120 °C

70 °C

70 °C

7°C
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Unknown variables:

Mass flow rate (1)

Mass flow rate (1i1,,)
Mass flow rate (1i1,,)
Mass flow rate (171,5)
Mass flow rate (171, )
Mass flow rate (11, )
Supply temperature (T,z)
Supply temperature (Ty)
Return temperature (T,.,)
Return temperature (T,)
Return temperature (T,.)
Supply , heat 10ss (Qs,i0ss)
Return, heat 10ss (Q; j0ss)
Water velocity (u)
Pressure drop (p)

Kag/s
Kag/s
Kag/s
Ka/s
Ka/s
Ka/s
°C
°C
°C
°C
°C
kw
kW
m/s
Pascal (Pa)

Equations 2:

The equations were used for the example 1 (Equations 1) are used. In addition:

Temperature mixture in node with
more than one incoming flow:

M1 T1 outi+M2T2 outl
T B = o o (A.12)
mq +m2

ni

T, ouu © Outlet temperautreof the pipe 1

T, ouu ¢ Outlet temperautre of the pipe 2

Solution

1st iteration:

Initial guess of supply temperature (T, & T;.) 118 °C
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Initial guess of return temperature (7., ) 68 °C
. QL1 _ 3000 _

my, = cp(Tsc—Trc)  418x(118-70) 14.94 Kgfs

1, = —22 1099 —19.92 Kgls

cp(Tsp=Trg)  4.18x(118-70)

m=1hy, + 1, = 14.94 + 19.92 = 34.86 Kgls

Hydraulic calculation-Hardy Cross method:

Assuming highly turbulent flow:

3.71x100

f=1/(-20gs0 (ﬁ))z = 1/(~2log (5o ))2 — 0.0284

m2—8><00284><300>< m
pm? ' 0.15 " 960 x 3.142

l
Ap =8f — = 720m?

z Ap = Z(ApAB + A, + Apye) = Z(nomfm + 72002, + 720m%.) = 0

First trial:

Flow

Anti- clockwise (-)
Clockwise (+)

Pipe m (kg/s) | Ap (Pa) H (m) Ap/m
AB -19.92 -285700.61 -29.76 | 14342.40
AC 14.94 160706.59 16.74 10756.80
BC 0 0.00 0.00 0.00

z -124994.02 | -13.020 | 25099.20

Y. H > 0.05 hence, correction has to be applied

YAp _ —124994.02

Am = Ap — -
2)(2E 2X25099.20

=249 Kqgls
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Second trial:
Pipe m (kg/s) Ap (Pa) H (m) Ap/m
AB -17.43 -218739.53 -22.79 12549.60
AC 17.43 218739.53 22.79 12549.60
BC 2.49 4464.07 0.47 1792.80
3 4464.07 0.465 26892.00

Y. H > 0.05, hence, correction has to be applied

. A 4464.0
A = — 22— 7= _0.08 Kgls
axy2P 2X26892.00
Third trial:
Pipe m (Kg/s) Ap (Pa) H (m) Ap/m
AB -17.51 -220752.07 -23.00 12607.20
AC 17.35 216736.20 22.58 12492.00
BC 2.41 4181.83 0.44 1735.20
h) 165.96 0.017 26834.40
> H < 0.05, then it is OK!
w 300%0.327

Tye = (Toa — T,)e P™ac + T, = (120 — 7)e #1s2x175 + 7 = 119.84 °C

w 300%0.327

Tecsour = (Tec — Tg)e_CvaB + T, = (119.84 — 7)e #182xza1 + 7 = 118.74 °C

N

w 300%0.327

Toasour = (Tea — Tg)e_cvaB +T, = (120 — 7)e #1szxa7s1 + 7 = 119.84 °C

MupToup ourt + MceTscoun 1751 X 119.84 + 2.41 X 118.74
sB = : - — = = 119.7°C
My + Mcp 17.51 + 2.41

TrB = TrLZ = 70 OC

w 300%0.327

Trscoun = (T, — T,)e #™BC + T, = (70 — 7)e “#1s2x241 + 7 = 69.38 °C

r
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_ M1 Ty + MpeTipeoun _ 14.94 X 70 + 2.41 X 69.38 = 69.9 °C
e iy + g 14.94 + 2.41 '

w 300X0.327

Trcaous = (Trc — Ty)e @™ca + T, = (69.9 — 7)e e2x1735 + 7 = 69.81 °C

w 300X0.327

Trpaous = (Top — Ty)e @84+ T, = (70 — 7)e msaxi7si + 7 = 69.91 °C

r — MeaTmaou + MeaTrcaoun _ 17:35X 6981+ 1751 6991 _ o .
v Tpa + s 17.35 + 17.51 '

2nd iteration:

Supply temperature from previous iteration (T, ) 120 °C
Supply temperature from previous iteration (T, ) 119.7 °C
Supply temperature from previous iteration (T.) 119.84 °C
Return temperature from previous iteration (T,, ) 69.86 °C
Return temperature from previous iteration (7, ) 69.9 °C
Return temperature from previous iteration (T, ) 70 °C

T F— 3999 = 1437 Kgls

cp(Tsc=Trc)  4.18x(119.84-69.9)

QL2 _ 4000
cp(Tsp—Trp)  4.18x(119.7-70)

= 19.25 Kg/s

mg,

m =1, + mh,, = 14.37 + 19.25 = 33.62 Kg/s

Hydraulic calculation-Hardy Cross method:

Assuming highly turbulent flow :
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2 2
£ _ _ 0.4 _
f=1 (_210910 (m)) - 1/( 210910 (3.71x100)> = 0.0284

Ap = 8F L gy 0.0284x 20 5™
P=8/7 ' 0.15 960 x 3.142

= = 720m?
pm?

Z Ap = Z(APAB + Apac + Appe) = 2(720m/213 + 720m/21C + 7207?1[2%) =0

First trial:

Flow

Anti- clockwise (-)
Clockwise (+)

Pipe m (kg/s) | Ap (Pa) H (m) Ap/m
AB -19.25 -266805 -27.79 13860.0
AC 14.37 148677.77 15.49 10346.4
BC 0 0 0.00 0.0

D) -118127.23 -12.30 24206.4

Y. H > 0.05, hence, correction has to be applied

XAp —118127.23

Am = P = = Siazoes = 244 Kals
Second trial:
Pipe m (kg/s) Ap (Pa) H (m) Ap/m
AB -16.81 -203454.79 -21.19 12103.2
AC 16.81 203454.79 21.19 12103.2
BC 244 4286.59 0.45 0.0
)3 4286.59 0.45 24206.4

Y. H > 0.05, hence, correction has to be applied

2o 228859 _ 088 Kgls
2xy2P 2%24206.4

Am =
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Third trial:
Pipe m (kg/s) Ap (Pa) H (m) Ap/m
AB -16.89 -205590.53 -21.42 12166.6
AC 16.72 201330.20 20.97 12039.8
BC 2.35 3982.97 0.41 0.0
z -277.36 -0.03 24206.4

Y H < 0.05, then it is OK!

w 300%0.327

Ty = (Toa — T,)e #™ac + T, = (120 — 7)e “#s2x1672 + 7 = 119.84 °C

w 300%0.327

Tocsour = (Toc — T,)e 7B + T, = (119.84 — 7)e #1s2x235 + 7 = 118.71 °C

w 300%0.327

Tospour = (Toa — T, )e ™8 + T, = (120 — 7)e #s2x1685 + 7 = 119.84 °C

T — mABTsAB,outl + mCBTsCB,outl — 16.89 X 119.84 + 2.35 X 118.71 = 119.7 °C
" Tag + Tiicg 16.89 + 2.35 '

T =T, =70°C

iy 300X%0.327

Trscoun = (Top — T,)e P™BC + T, = (70 — 7)e #1s2x235 + 7 = 69.37 °C

T + MpcTrpcoun 1437 X 70 + 2.35 X 69.37
TrC — L1 l:1 B.C BC,outl — = 69.91 °C
My, + Mpe 14.37 + 2.35

w 300%0.327

TrCA,outl = (TrC - Tg)e_cmeA + Tg = (6991 - 7)9_4132X16-72 + 7 =69.82 °C

w 300%0.327

Trpaoues = (Tos — T,)e P™BA + T, = (70 — 7)e #is2x1685 + 7 = 69.91 °C

- 8aTmaoun + MeaTycnoun _ 16,72 X 69.82 41689 X 6991 _ o
ra Tps + 16.72 + 16.89 '
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Final results :

Mass flow rate (m,,)
Mass flow rate (m,,)
Mass flow rate (m)

Mass flow rate (11,,5)
Mass flow rate (171,,.)
Mass flow rate (111,5.)
Mass flow rate (1, ,5)
Mass flow rate (11, 4.)
Mass flow rate (111, 5.)
Supply temperature (T,)
Supply temperature (T;z)
Supply temperature (T;.)
Return temperature (7,,)
Return temperature (7,z)
Return temperature (T,.)
Supply, heat loss (AC)
Supply, heat loss (AB)
Supply, heat loss (CB)

Return, heat loss (CA)

14.37 Kg/s

19.25 Kg/s

33.62 Kg/s

-16.89 (anti-clockwise) Kg/s

16.72 (clockwise) Kg/s

2.35 (clockwise) Kg/s

16.89 (clockwise) Kg/s

-16.72 (anti-clockwise) Kg/s

-2.35 (anti-clockwise) Kg/s

120 °C

119.7 °C

119.84 °C

69.86 °C

70 °C

69.91 °C

Qsac,ioss = CpMac (Tsa — Tye) = 11.18 KW
Qsaposs = CpMup (Toa — Top) = 21.19 KW
Qscross = CpMcp (Toe — Tyg) = 1.37 KW

QrCA,loss = CpmAC (Trc - TTA) =3.49 kW

107



Appendix

Return, heat loss (BA)

Return, heat loss (BC)

QrBA,loss = CpmAB (TrB - TrA) = 9.88 kW

QrBC,loss = CmeB (TrB - TTC) = 0.88 kW

Total losses Qross = 11.18 + 21.19 + 1.37 + 3.49 + 9.88 + 0.88 = 47.99 kW
Qs = c,m(T,, — T,,) = 4.182 X 33.62 x (120 — 69.86) = 7049 kW
Heat supply
Qs = QLl + QLZ + Qloss = 7048 kW
Water velocity (AB) —map _ _ 4X1689  _ 554 /s
AB T ppd? T 3.14%960%0.12 |
Water velocity (AC) w,. = Hmac _ _ 41672 _ 559 /s
AC ™ mpd? T 3.14%960%0.12 |
Water velocity (BC) = HMec _ _ 4X235 _ 631 m/s

u
BC ™ npd2  3.14%960%0.12

Appendix B

e Standard pipe size:

Table B2-1 Standard size of pre-insulated steel pipe

d (mm) U (W/mK)
15 0.122
20 0.155
25 0.18
32 0.189
40 0.21
50 0.219
65 0.236
80 0.278
100 0.327
125 0.321
150 0.367
200 0.455
250 0.549
300 0.631
350 0.576
400 0.62
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e District heating design cases:

Table B2-2 Physical and heating parameters of district heating design cases

DH1 DH2 DH3 DH4 DH5 DH6 DH7 DH8 DH9 DH10 DH11 DHI12 DH13 DH14 DH15 DH16 DH17 DHI18

Pipe From To

109

No. node  node d d d d d d d d d d d d d d d d d d
(mm) (Mm) (MmMm) (MmMm) (mm) (Mmm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)  (mm) (mm) (mm)  (mm)
1 1 2 250 250 250 200 200 200 200 150 200 200 150 200 150 150 150 150 150 150
2 2 3 125 125 100 100 100 100 100 80 80 80 80 80 80 80 80 80 80 80
3 2 4 250 250 200 200 200 200 200 200 150 150 150 150 150 150 150 150 125 125
4 4 5 150 125 100 100 100 100 100 100 80 80 80 80 80 80 80 80 80 80
5 4 6 250 200 200 200 200 150 150 150 150 150 150 150 150 150 125 125 125 125
6 6 7 125 125 100 100 100 100 100 100 100 100 100 80 80 80 80 80 80 80
- 7 6 8 200 150 150 150 125 150 125 125 150 125 125 125 125 125 125 125 125 100
£y 8 8 9 150 125 125 100 100 100 100 100 100 100 100 100 100 80 100 80 80 80
£ o 9 8 10 125 100 100 100 80 80 80 80 80 80 80 65 65 65 65 65 65 65
S 10 8 11 125 125 100 100 100 100 100 100 80 80 80 80 80 80 80 80 80 80
EYN 12 11 12 100 80 80 65 65 65 65 65 65 65 65 50 50 50 50 50 50 50
= 12 11 13 100 100 100 80 80 80 80 80 80 80 80 65 65 65 65 65 65 65
deq(mm) 176 159 143 136 134 127 126 122 115 114 111 109 106 104 102 100 96 95
Vinax (M3/5) 0.057  0.057 0057 0057 0057 0057 0057 0057 0057 0057 0057  0.057 0.057 0.057  0.057 0.057 0.057  0.057
u m/s 1.25 172 172 1.95 2.48 2.3 2.48 3.48 2,91 2,91 3.47 2,01 3.47 3.47 3.47 3.47 4.2 4.2
max
APy max (KPQ) 108 158 222 285 232 384 423 498 543 581 657 701 777 919 982 1125 1454 1593
By max (KW) 8 12 17 22 25 30 32 38 42 45 50 54 60 71 75 86 112 122
Quossmax (KW) 88 82 80 78 77 75 74 73 70 70 69 67 66 65 65 63 62 62
Pipe  From To DH19 DH20 DH21 DH22 DH23 DH24 DH25 DH26 DH27 DH28 DH29 DH30 DH31 DH32 DH33 DH34 DH35 DH36
P No. node  node d d d d d d d d d d d d d d d d d d
34 (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Ex 1 1 2 300 250 250 250 200 200 200 200 200 200 150 150 200 200 150 150 150 150
£ 2 2 3 150 125 100 100 100 100 100 100 100 100 100 100 80 80 80 80 80 80
e 3 2 4 300 250 250 200 200 200 200 200 200 200 200 200 150 150 150 150 150 150
4 4 5 150 125 125 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
5 4 6 250 250 200 200 200 200 200 150 150 150 150 150 150 150 150 150 150 125
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Ts,max/Tr,max:

100/70 °C

6 6 7 150 125 125 125 100 100 100 100 100 100 100 100 100 100 100 100 80 80
7 6 8 250 200 150 150 150 200 150 150 150 125 150 125 150 125 150 125 125 125
8 8 9 150 125 125 125 125 100 100 125 100 100 100 100 100 100 100 100 100 100
9 8 10 125 100 100 100 100 80 80 100 80 80 80 80 80 80 80 80 80 80
10 8 11 150 125 100 100 100 80 80 100 100 100 100 100 100 100 100 80 80 80
12 11 12 100 100 80 80 80 80 80 65 65 65 65 65 65 65 65 65 65 65
12 11 13 125 100 100 100 80 80 80 80 80 80 80 80 80 80 80 80 65 65
deq(mm) 196 170 157 146 139 137 135 131 127 126 124 123 118 116 114 113 109 105
Vinax (M3/5) 0071 0071 0071 0071 0071 0071 0071 0071 007L 0071 0071 0071 0.071 0071  0.071 0.071 0071 0071
Upax (M/S) 1.08 155 2.13 2.13 242 2.48 2.48 2.85 2.85 3.07 4.31 4.31 3.61 3.61 4.31 4.31 4.31 4.31
AD, max (KPQ) 100 159 218 266 338 385 414 492 567 627 684 743 813 873 930 989 1175 1493
By max (KW) 10 15 21 25 32 37 39 47 54 60 65 71 78 83 89 94 112 142
Quossmax (KW) 89 81 77 75 74 73 73 71 71 70 70 70 68 68 67 66 64 63
Pipe  From To DH37 DH38 DH39 DH40 DH41 DH42 DH43 DH44 DH45 DH46 DH47 DHA48 DH49 DH50 DH51 DH52 DH53 DH54
No. node  node d d d d d d d d d d d d d d d d d d
(mm) (Mm) (MmMm) (MmMm) (mm) (Mmm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)  (mm) (mm) (mm)  (mm)
1 1 2 350 300 250 250 250 250 250 200 200 200 200 150 200 200 150 150 200 200
2 2 3 150 125 125 125 125 100 100 125 100 100 100 80 100 100 100 100 100 100
3 2 4 300 250 250 250 250 200 200 200 200 200 200 200 200 200 200 200 150 150
4 4 5 150 150 150 125 125 125 125 125 100 100 100 100 100 100 100 100 100 100
5 4 6 300 250 250 200 200 200 200 200 200 200 200 200 150 150 150 150 150 150
6 6 7 150 150 125 125 125 125 125 125 100 100 100 100 100 100 100 100 100 100
7 6 8 250 250 200 200 150 200 150 150 150 200 150 200 150 125 150 125 150 125
8 8 9 200 150 150 150 125 125 125 125 125 100 100 100 100 100 100 100 100 100
9 8 10 150 125 125 100 100 100 100 100 100 80 80 80 80 80 80 80 80 80
10 8 11 150 150 125 125 125 125 100 100 100 100 100 100 100 100 100 100 100 100
12 11 12 125 100 100 80 80 80 80 80 80 80 80 65 65 65 65 65 65 65
12 11 13 125 125 100 100 100 100 100 100 80 80 80 80 80 80 80 80 80 80
deq(mm) 214 186 176 164 159 151 148 146 139 138 135 134 127 126 124 123 118 117
Vinax (M3/5) 0.094  0.094 0094 0094 0094 0094 0094 0094 0094 0094 0094 009 0.094 0.094  0.094 0.094 0.094  0.094
Upar (M/S) 1.19 172 2.05 212 2.82 2.69 2.82 3.21 3.21 3.21 3.21 5.70 3.78 4.07 5.70 5.70 4.78 4.78
APy max (KPQ) 107 161 207 260 345 379 430 470 558 640 690 845 961 1066 1167 1271 1395 1500
By max (KW) 13 20 26 33 44 48 54 59 70 81 87 107 121 134 147 160 176 189
Quossmax (KW) 87 81 78 74 72 71 70 70 69 69 69 68 66 66 66 65 64 64
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Ts,max/Tr,max:

90/70 °C

Pipe  From To DH55 DH56 DH57 DH58 DH59 DH60 DH61 DH62 DH63 DH64 DH65 DH66 DH67 DH68 DH69 DH70 DH71 DH72
No. node  node d d d d d d d d d d d d d d d d d d
(mm) (mm) (MmMm) (mMm) (mMm) (mMm) (mm) (Mmm) (mm) (mm) (mm) (mm) (mm) (mm)  (mm) (mm) (mm)  (mm)
1 1 2 400 300 300 300 300 250 300 250 250 250 200 250 200 200 250 200 200 200
2 2 3 200 150 150 150 150 125 125 125 125 125 125 125 125 125 125 100 100 100
3 2 4 350 300 300 300 250 250 250 250 250 250 250 200 200 200 200 200 200 200
4 4 5 200 200 150 150 150 150 125 125 125 125 125 125 125 125 125 125 125 125
5 4 6 300 300 250 250 250 250 250 250 200 200 200 200 200 200 200 200 200 200
6 6 7 200 200 150 150 150 125 125 125 125 125 125 125 125 125 100 100 100 100
7 6 8 300 250 250 200 200 200 200 200 200 200 200 200 200 150 150 150 200 150
8 8 9 200 200 200 150 150 150 125 125 150 125 125 125 125 125 125 125 100 100
9 8 10 150 150 125 125 125 125 100 100 100 100 100 100 100 100 100 100 100 100
10 8 11 200 150 150 150 150 125 125 125 125 125 125 125 125 125 100 100 100 100
12 11 12 125 125 100 100 100 100 100 80 80 80 80 80 80 80 80 80 65 65
12 11 13 150 150 125 125 125 100 100 100 100 100 100 100 100 100 100 100 100 100
deq(mm) 244 223 201 193 185 176 173 169 164 161 158 152 149 147 146 142 142 139
Vinax (M3/5) 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Upar (M/S) 1.40 2.12 2.12 2.36 2.56 3.05 2.65 3.05 3.16 3.16 4.77 4 4.77 4.77 4.2 4.77 4.77 4.77
APy max (KPQ) 111 153 217 266 318 400 453 478 517 595 685 783 873 986 1092 1182 1365 1477
By max (KW) 21 29 41 50 60 75 85 90 97 112 128 147 164 185 205 222 256 277
Quossmax (KW) 88 87 80 77 75 73 72 71 70 68 68 66 66 65 66 65 66 65
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Price of pipe:

Table B2-3 Prices of pipes excluding associated civil works

Size (mm) Price (E/m)
DN'25/90 126
DN 32/110 134
DN 40/110 140
DN 50/125 146
DN 65/140 151
DN 80/160 161
DN 100/200 182
DN 125/225 209
DN 150/250 259
DN 200/315 325
DN 250/400 488
DN 300/450 626
DN 400/520 765
DN 500/710 897
DN 600/800 1040

Price of pump and variable frequency drive:

Table B2-4 a) Price of pump and variable speed drive, Tgmax/Trmax: 120/70 °C

TPL Flow Pump Pump size Pump Variable
(Pa/m) rate differential (kW) investment frequency drive
(m®s) pressure (Pa) cost (£) investment cost (£)
50 0.057 107714 8 2915 956
100 0.057 158466 12 3475 1190
150 0.057 221731 17 4145 1450
200 0.057 284914 22 5070 1648
250 0.057 323297 25 5971 1916
300 0.057 384126 30 7542 1916
350 0.057 422504 32 7542 2439
400 0.057 497816 38 8700 2822
450 0.057 543079 42 9859 3267
500 0.057 581433 45 9859 3267
550 0.057 656701 50 10845 4004
600 0.057 701445 54 11609 4004
700 0.057 776677 60 15288 4004
800 0.057 919391 71 15812 4004
900 0.057 981999 75 15812 4717
1000 0.057 1124643 86 12854 5436
1100 0.057 1453724 112 16045 5936
1200 0.057 1593455 122 16045 5936

! Diametre Nominal
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Table B2-4 b) Price of pump and variable speed drive, Tsma/T

rmax - 110/70 °C

TPL Flow Pump Pump size Pump Variable
(Pa/m) rate differential (kW) investment  frequency drive
(m3fs) pressure (Pa) cost (£) investment cost
(£)

50 0.071 99665 10 3112 956
100 0.071 159179 15 3820 1450
150 0.071 217840 21 5119 1648
200 0.071 265787 25 5971 1916
250 0.071 338425 32 6484 2439
300 0.071 384904 37 6680 2439
350 0.071 413588 39 7542 2822
400 0.071 492101 47 8700 3246
450 0.071 567231 54 9859 3246
500 0.071 626660 60 9859 3662
550 0.071 683887 65 11609 4717
600 0.071 743307 71 15288 4717
700 0.071 813475 78 15288 4717
800 0.071 872876 83 15812 5436
900 0.071 930081 89 15812 5436
1000 0.071 989432 94 16884 5436
1100 0.071 1175237 112 14295 5936
1200 0.071 1493271 142 16045 7916

Table B2-4 c) Price of pump and variable speed drive, Tgmax/Trmax: 100/70 °C

TPL Flow Pump Pump size Pump Variable
(Pa/m) rate differential (kW) investment frequency drive
(m’fs) pressure (Pa) cost (£) investment cost (£)
50 0.094 106568 13 4225 1190
100 0.094 160722 20 4893 1648
150 0.094 207068 26 5854 1916
200 0.094 259799 33 7740 2439
250 0.094 345488 44 8997 2822
300 0.094 379365 48 8997 3246
350 0.094 429952 54 10353 3246
400 0.094 469948 59 11512 3662
450 0.094 557840 70 11512 3662
500 0.094 639822 81 15912 4310
550 0.094 690359 87 16884 5436
600 0.094 845469 107 16440 6280
700 0.094 961050 121 19372 6280
800 0.094 1065770 134 19372 7916
900 0.094 1166643 147 19372 7972
1000 0.094 1271350 160 19372 7972
1100 0.094 1394980 176 19372 7972
1200 0.094 1499658 189 19372 7972
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Table B2-4 d) Price of pump and variable speed drive, Ts max/Trmax : 90/70 °C

TPL Flow Pump Pump size Pump Variable
(Pa/m) rate differential (kw) investment  frequency drive
(m®/s) pressure (Pa) cost (£) investment cost (£)
50 0.14 110621 21 5854 1648
100 0.14 153107 29 5854 1916
150 0.14 216819 41 8898 2822
200 0.14 266391 50 10253 3246
250 0.14 318427 60 10353 3662
300 0.14 399671 75 11512 4310
350 0.14 453340 85 11512 4310
400 0.14 477954 90 15388 4310
450 0.14 517188 97 15388 5134
500 0.14 595451 112 15912 6670
550 0.14 684677 128 17871 7916
600 0.14 783784 147 20063 7972
700 0.14 872981 164 20063 7972
800 0.14 985736 185 20160 7972
900 0.14 1092328 205 31093 9087
1000 0.14 1181504 222 31093 9087
1100 0.14 1364521 256 31093 9987
1200 0.14 1477215 277 31093 9987
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e Estimated cost of pipe and pump:
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Figure B4-1 Estimation of pipe (supply and return) investment costs including the cost
of civil work
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Figure B4-2 Estimation of pump investment costs including the cost of variable
frequency drive
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e High temperature district heating

A. Minimisation of the annual total energy consumption:

Table B4-1 Obtained physical and heating parameters of the design case with minimum
annual total energy consumption, high temperature district heating

Pipe No. From node To node d(m) Maximum  Maximum Maximum
velocity pressure pressure loss
(m/s) loss (Pa) per meter
(Pa/m)
Pipe01 Node01 Node02 0.08 2.16 227745 884
Pipe02 Node02 Node03 0.025 1.07 100127 1027
Pipe03 Node02 Node04 0.032 0.87 24623 483
Pipe04 Node02 Node05 0.08 1.92 41784 702
Pipe05 Node05 Node06 0.032 0.70 84291 311
Pipe06 Node05 Node07 0.05 1.11 102671 436
Pipe07 Node07 Node08 0.032 0.70 55680 314
Pipe08 Node07 Node09 0.032 0.68 30786 299
Pipe09 Node07 Nodel0 0.032 0.72 81277 328
Pipel0 Node05 Nodell 0.08 1.39 59139 368
Pipell Nodell Nodel2 0.025 1.11 142442 1103
Pipel2 Nodell Nodel3 0.065 1.76 143392 771
Pipel3 Nodel3 Nodel4 0.065 1.76 104944 771
Pipel4 Nodel4 Nodel5 0.032 1.06 30288 725
Pipels Nodel5 Nodel6 0.025 0.87 78791 675
Pipel6 Nodel5 Nodel7 0.025 0.88 93528 686
Pipel7 Nodel4 Nodel8 0.025 0.87 91943 674
Pipel8 Nodel4 Nodel9 0.065 1.27 18131 404
Pipel9 Nodel9 Node20 0.025 0.88 94408 692
Pipe20 Nodel9 Node21 0.025 0.88 92639 691
Pipe21 Nodel9 Node22 0.05 1.74 44319 1063
Pipe22 Node22 Node23 0.032 0.71 52046 323
Pipe23 Node22 Node24 0.032 0.71 42627 318
Pipe24 Node22 Node25 0.05 1.16 24587 472
Pipe25 Node25 Node26 0.032 0.71 43603 321
Pipe26 Node25 Node27 0.032 0.71 39214 318
Pipe27 Node25 Node28 0.04 0.91 23970 388
Pipe28 Node28 Node29 0.032 0.71 30327 319
Pipe29 Node28 Node30 0.032 0.71 33693 321
Average pressure drop in route with maximum pressure loss (Pa/m) 709
Maximum flow (kg/s) 10.85
Maximum pump differential pressure (kPa) 1638
Maximum pump power (KW) 22
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B. Minimisation of the annual total exergy consumption:

Table B4-2 Obtained physical and heating parameters of the design case with minimum annual
total exergy consumption, high temperature district heating

Pipe No. From node To node d(m) Maximum  Maximum Maximum
velocity pressure pressure loss
(m/s) loss (Pa) per meter
(Pa/m)
Pipe01 Node01 Node02 0.125 0.88 21458 83
Pipe02 Node02 Node03 0.04 0.42 8092 83
Pipe03 Node02 Node04 0.04 0.56 7471 146
Pipe04 Node02 Node05 0.1 1.23 12812 215
Pipe05 Node05 Node06 0.04 0.45 25576 94
Pipe06 Node05 Node07 0.065 0.66 25432 108
Pipe07 Node07 Node08 0.04 0.45 16895 95
Pipe08 Node07 Node09 0.04 0.44 9341 91
Pipe09 Node07 Nodel0 0.04 0.46 24662 100
Pipel0 Node05 Nodell 0.1 0.89 18134 113
Pipell Nodell Nodel2 0.04 0.43 11512 89
Pipel2 Nodell Nodel3 0.1 0.74 14606 78
Pipel3 Nodel3 Nodel4 0.1 0.74 10689 78
Pipeld Nodel4 Nodel5 0.04 0.68 9190 220
Pipel5 Nodel5 Nodel6 0.032 0.53 20986 180
Pipel6 Nodel5 Nodel7 0.032 0.53 24911 183
Pipel7 Nodel4 Nodel8 0.032 0.53 24489 180
Pipel8 Nodel4 Nodel9 0.08 0.84 6023 134
Pipel9 Nodel9 Node20 0.032 0.54 25145 184
Pipe20 Nodel9 Node21 0.032 0.54 24674 184
Pipe21 Nodel9 Node22 0.08 0.68 3647 87
Pipe22 Node22 Node23 0.04 0.46 15792 98
Pipe23 Node22 Node24 0.04 0.45 12934 96
Pipe24 Node22 Node25 0.065 0.69 6090 117
Pipe25 Node25 Node26 0.04 0.45 13230 97
Pipe26 Node25 Node27 0.04 0.45 11899 97
Pipe27 Node25 Node28 0.05 0.58 7294 118
Pipe28 Node28 Node29 0.04 0.45 9202 97
Pipe29 Node28 Node30 0.04 0.45 10223 97
Average pressure drop in route with maximum pressure loss (Pa/m) 126
Maximum flow (kg/s) 10.85
Maximum pump differential pressure (kPa) 296
Maximum pump power (kW) 4
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C. Minimisation of the equivalent annual cost:

Table B4-3 Obtained physical and heating parameters of the design case with minimum EAC, Ideal-
DH, Boiler-DH and CHP-DH, high temperature district heating

Pipe No. From node To node d (m) Maximum  Maximum Maximum
velocity pressure pressure loss per
(m/s) loss (Pa) meter (Pa/m)
Pipe01 Node01 Node02 0.08 2.16 227745 884
Pipe02 Node02 Node03 0.025 1.07 100127 1027
Pipe03 Node02 Node04 0.032 0.87 24623 483
Pipe04 Node02 Node05 0.08 1.92 41784 702
Pipe05 Node05 Node06 0.032 0.70 84291 311
Pipe06 Node05 Node07 0.05 1.11 102671 436
Pipe07 Node07 Node08 0.032 0.70 55680 314
Pipe08 Node07 Node09 0.032 0.68 30786 299
Pipe09 Node07 Nodel0 0.032 0.72 81277 328
Pipel0 Node05 Nodell 0.08 1.39 59139 368
Pipell Nodell Nodel2 0.025 1.11 142442 1103
Pipel2 Nodell Nodel3 0.065 1.76 143392 771
Pipel3 Nodel3 Nodel4 0.065 1.76 104944 771
Pipel4 Nodel4 Nodel5 0.032 1.06 30288 725
Pipel5 Nodel5 Nodel6 0.025 0.87 78791 675
Pipel6 Nodel5 Nodel7 0.025 0.88 93528 686
Pipel7 Nodel4 Nodel8 0.025 0.87 91943 674
Pipel8 Nodel4 Nodel9 0.065 1.27 18131 404
Pipel9 Nodel9 Node20 0.025 0.88 94408 692
Pipe20 Nodel9 Node21 0.025 0.88 92639 691
Pipe21 Nodel9 Node22 0.05 1.74 44319 1063
Pipe22 Node22 Node23 0.032 0.71 52046 323
Pipe23 Node22 Node24 0.032 0.71 42627 318
Pipe24 Node22 Node25 0.05 1.16 24587 472
Pipe25 Node25 Node26 0.032 0.71 43603 321
Pipe26 Node25 Node27 0.032 0.71 39214 318
Pipe27 Node25 Node28 0.04 0.91 23970 388
Pipe28 Node28 Node29 0.032 0.71 30327 319
Pipe29 Node28 Node30 0.032 0.71 33693 321
Average pressure drop in route with maximum pressure loss (Pa/m) 709
Maximum flow (kg/s) 10.85
Maximum pump differential pressure (kPa) 1638
Maximum pump power (kW) 22
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e Low temperature district heating

A. Minimisation of the annual total energy consumption:

Table B4-4 Obtained physical and heating parameters of the design case with minimum annual total
energy consumption, low temperature district heating

Pipe No. From node To node d(m) Maximum Maximum Maximum
velocity pressure pressure loss
(m/s) loss (Pa) per meter
(Pa/m)
Pipe01 Node01 Node02 0.1 1.97 141801 550
Pipe02 Node02 Node03 0.032 0.94 54964 564
Pipe03 Node02 Node04 0.032 1.26 51740 1015
Pipe04 Node02 Node05 0.1 1.74 25689 432
Pipe05 Node05 Node06 0.032 0.97 162170 598
Pipe06 Node05 Node07 0.05 1.56 202312 859
Pipe07 Node07 Node08 0.032 0.98 109071 615
Pipe08 Node07 Node09 0.032 0.97 61712 600
Pipe09 Node07 Nodel0 0.032 0.99 155902 629
Pipel0 Node05 Nodell 0.08 1.96 117083 728
Pipell Nodell Nodel2 0.032 0.95 75126 582
Pipel2 Nodell Nodel3 0.08 1.62 92649 498
Pipel3 Nodel3 Nodel4 0.08 1.62 67807 498
Pipel4 Nodel4 Nodel5 0.04 0.94 17669 423
Pipel5 Nodel5 Nodel6 0.032 0.77 44806 384
Pipel6 Nodel5 Nodel7 0.032 0.78 52755 387
Pipel7 Nodel4 Nodel8 0.032 0.74 47371 347
Pipel8 Nodel4 Nodel9 0.065 1.78 35270 786
Pipel9 Nodel9 Node20 0.032 0.74 47466 348
Pipe20 Nodel9 Node21 0.032 0.74 46619 348
Pipe21 Nodel9 Node22 0.065 1.42 20897 501
Pipe22 Node22 Node23 0.032 0.98 98617 612
Pipe23 Node22 Node24 0.032 0.97 81430 607
Pipe24 Node22 Node25 0.05 1.60 46816 899
Pipe25 Node25 Node26 0.032 0.98 82920 610
Pipe26 Node25 Node27 0.032 0.97 74864 607
Pipe27 Node25 Node28 0.04 1.25 45610 738
Pipe28 Node28 Node29 0.032 1.02 63571 668
Pipe29 Node28 Node30 0.032 1.02 70404 670
Average pressure drop in route with maximum pressure loss (Pa/m) 662
Maximum flow (kg/s) 15.47
Maximum pump differential pressure (kPa) 1511
Maximum pump power (kW) 29
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B. Minimisation of the annual total exergy consumption:

Table B4-5 Obtained physical and heating parameters of the design case with minimum annual total
exergy consumption, low temperature district heating

Pipe No. From node To node d (m) Maximum  Maximum Maximum
velocity pressure pressure loss per
(m/s) loss (Pa) meter (Pa/m)
Pipe01 Node01 Node02 0.15 0.88 16640 65
Pipe02 Node02 Node03 0.05 0.38 5075 52
Pipe03 Node02 Node04 0.065 0.31 1183 23
Pipe04 Node02 Node05 0.15 0.78 3015 51
Pipe05 Node05 Node06 0.05 0.40 14973 55
Pipe06 Node05 Node07 0.08 0.61 16648 71
Pipe07 Node07 Node08 0.05 0.40 10071 57
Pipe08 Node07 Node09 0.05 0.40 5698 55
Pipe09 Node07 Nodel0 0.05 0.41 14395 58
Pipel0 Node05 Nodell 0.125 0.80 11032 69
Pipell Nodell Nodel2 0.05 0.39 6936 54
Pipel2 Nodell Nodel3 0.125 0.66 8729 47
Pipel3 Nodel3 Nodel4 0.125 0.66 6389 47
Pipel4 Nodel4 Nodel5 0.065 0.36 1332 32
Pipel5 Nodel5 Nodel6 0.05 0.32 4137 35
Pipel6 Nodel5 Nodel? 0.05 0.32 4871 36
Pipel7 Nodel4 Nodel8 0.05 0.30 4374 32
Pipel8 Nodel4 Nodel9 0.125 0.48 1104 25
Pipel9 Nodel9 Node20 0.05 0.30 4383 32
Pipe20 Nodel9 Node21 0.05 0.30 4304 32
Pipe21 Nodel9 Node22 0.1 0.60 2129 51
Pipe22 Node22 Node23 0.05 0.40 9105 57
Pipe23 Node22 Node24 0.05 0.40 7519 56
Pipe24 Node22 Node25 0.08 0.62 3852 74
Pipe25 Node25 Node26 0.05 0.40 7656 56
Pipe26 Node25 Node27 0.05 0.40 6912 56
Pipe27 Node25 Node28 0.065 0.47 3438 56
Pipe28 Node28 Node29 0.05 0.42 5870 62
Pipe29 Node28 Node30 0.05 0.42 6500 62
Average pressure drop in route with maximum pressure loss (Pa/m) 62
Maximum flow (kg/s) 15.47
Maximum pump differential pressure (kPa) 188
Maximum pump power (KW) 4
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C. Minimisation of the equivalent annual cost:

Table B4-6 Obtained physical and heating parameters of the design case with minimum EAC, Ideal-DH,
Boiler-DH and CHP-DH, low temperature district heating

Pipe No. From node To node d (m) Maximum Maximum Maximum
velocity pressure loss  pressure loss per
(mls) (Pa) meter (Pa/m)
Pipe01 Node01 Node02 0.1 1.97 142033 551
Pipe02 Node02 Node03 0.032 0.94 55071 565
Pipe03 Node02 Node04 0.032 1.26 51859 1017
Pipe04 Node02 Node05 0.1 1.75 25730 432
Pipe05 Node05 Node06 0.032 0.97 162324 598
Pipe06 Node05 Node07 0.05 1.56 202590 861
Pipe07 Node07 Node08 0.032 0.98 109213 616
Pipe08 Node07 Node09 0.032 0.97 61819 601
Pipe09 Node07 Nodel0 0.032 0.99 156042 630
Pipel0 Node05 Nodell 0.08 1.96 117280 729
Pipell Nodell Nodel2 0.032 0.96 75277 583
Pipel2 Nodell Nodel3 0.08 1.62 92827 499
Pipel3 Nodel3 Nodel4 0.08 1.62 67937 499
Pipel4 Nodel4 Nodel5 0.04 0.95 17736 424
Pipel5 Nodel5 Nodel6 0.032 0.74 40663 348
Pipel6 Nodel5 Nodel? 0.032 0.74 47884 351
Pipel7 Nodel4 Nodel8 0.032 0.74 47466 348
Pipel8 Nodel4 Nodel9 0.065 1.78 35342 787
Pipel9 Nodel9 Node20 0.032 0.74 47556 349
Pipe20 Nodel9 Node21 0.032 0.74 46708 348
Pipe21 Nodel9 Node22 0.065 1.42 20941 502
Pipe22 Node22 Node23 0.032 0.98 98812 613
Pipe23 Node22 Node24 0.032 0.98 81604 608
Pipe24 Node22 Node25 0.05 1.60 46913 900
Pipe25 Node25 Node26 0.032 0.98 83090 611
Pipe26 Node25 Node27 0.032 0.98 75023 608
Pipe27 Node25 Node28 0.04 1.25 45705 740
Pipe28 Node28 Node29 0.032 1.02 63723 669
Pipe29 Node28 Node30 0.032 1.03 70568 671
Average pressure drop in route with maximum pressure loss (Pa/m) 662
Maximum flow (kg/s) 15.47
Maximum pump differential pressure (kPa) 1511
Maximum pump power (KW) 29
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