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Abstract

Decarbonization is causing further electrification of energy systems which traditionally depended on fossil
fuels. This is leading to increased interactions between energy systems, especially those related to the heat
and electricity sectors. Conventionally energy networks have been simulated as separate, independent sys-
tems, but the integration of more points of interaction between different energy networks means that they
are becoming more deeply coupled and cannot be considered as separate. This thesis aims to investigate
what differences arise when a coupled heat and electricity network is simulated in an integrated approach
with a combined heat-electric network model compared to simulating the networks independently, using
conventional load flow techniques.

A heat network model is implemented for performing load flow simulation of district heating networks,
and the commercial software SAInt is employed to handle AC power flow simulation of electrical networks.
Heat-electric coupling components such as heat pumps and CHP plants are modeled using the energy hub
concept which encapsulates interactions between the networks at discrete points. A combined heat-electric
network load flow solver is then created which uses energy hubs to facilitate sequential information ex-
change between the heat and electricity network simulation tools in an iterative process. Finally an inves-
tigation is carried out which simulates a coupled heat and electricity network in an integrated approach
as well as simulating both systems independently. Results indicated that losses from one network were
neglected in the opposing network when the simulations were not integrated together, which caused the
total network supply power to differ depending on which simulation was run. This discrepancy in the net
supply and demand affected how power was allocated among the participating power producers in both
systems which had a meaningful effect on the different simulation outcomes. The combined heat-electric
simulation found a more balanced load flow solution that the individual simulations were only able to ap-
proximate.
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Chapter 1

Introduction

1.1 Background and Motivation

Because of the effects of climate change, there is a global need to reduce green house gas (GHG) emissions
to mitigate a slate of adverse effects to human and ecological well-being. In an effort to combat this, many
countries have set goals to reduce GHG emissions by increasing the share of renewable energy sources (RES)
and improving efficiencies, among other measures. The European Commission for example set targets to
reduce GHG emissions in power generation, aiming to decarbonize 57-65% by 2030 and 96-99% by 2050
[41], noting that the power system would have to undergo structural change in order to do so. The roadmap
also indicates that renewable heating and cooling are vital to decarbonization. Low-carbon and locally-
produced energy sources, as well as heat pumps, storage heaters, and district heating (DH) systems are
indispensible to this transformation.

Other Energy

Electricity and Heat

Industry

Transport AFOLU

Buildings

Figure 1.1: GHG emissions by economic sector (data from IPCC [7])

The electricity and heating sector is one of the largest contributors to GHG emissions, with a share of 25%
of all emissions in 2010 according to a 2014 assessment by the Intergovernmental Panel on Climate Change
(IPCQ) [7]. The electricity sector is seeing an increase in the penetration of renewable energy technologies.
However, many renewable energy sources, particularly wind and solar, are variable and intermittent by
nature and cannot always match the instantaneous demand. If there is not enough capacity for energy
storage or load shifting then this variability of supply creates problems in the power balance. Times in
which there is a deficit in supply means power from dispatchable sources (often fossil fuels) must make up
for the difference. Times in which there is an excess of supply means energy capture will be curtailed and
thus renewable energy generation potential is wasted. With increasing shares of variable renewable energy
(VRE) there is a need for energy storage in order to ensure that excess renewable energy is captured and
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can be used at times when production is low. However very large amounts of electricity cannot be stored
cheaply, so alternate approaches must be taken to ensure successful integration of volatile renewable energy
sources.

The heat sector was historically almost completely dependent on burning fuels in order to provide useful
heat, with much of these fuels being fossil fuel origin. Although the mix of heat supply has diversified, the
majority of heat for residential and service sector buildings is provided by fossil fuels (see Figure 1.2). For
the heat sector to decarbonize, the primary energy sources will have to be renewable in origin, meaning
biomass and biofuels for fuel-based combustion, solar thermal or geothermal energy when possible, and
electrical heating powered from renewable electricity.

Coal and Coal Products District Heating

Petroleum Products

Electricity

Combustible Renewables

Solar/Wind/Other

Natural Gas

Figure 1.2: Origins of heat supply for residential and service sector buildings in EU27
countries during 2010 (data from [10])

Power-to-heat (P2H) technologies use electricity to produce heat, and can come in a couple different forms.
Electric boilers (EB) and electric heaters convert electricity directly into heat by running current through a
resistor which becomes hot. Heat pumps (HP) on the other hand use electricity to run a thermodynamic
cycle which moves heat from a cold heat source to a warmer heat sink, and therefore can be used for heating
and/or cooling needs. Since many renewable energy sources produce electricity directly (like wind, solar
PV, and hydropower) P2H technologies are a great carbon-free option for meeting thermal needs.

P2H can provide simultaneous benefits to both the power and heat sectors: while it can contribute to de-
carbinization of the heat sector, it can also add flexibility options to the electricity sector [58]. Heating
and cooling demands can often be shifted in time because of thermal inertia, which means P2H can offer
load-shifting potential as a demand-side management (DSM) option to help the electricity sector cope with
power balance mismatches. When thermal energy storage (TES) is used with P2H there is a large capac-
ity to add flexibility to the electrical demand. In a study of DSM for increased power flexibility applied to
Helsinki, Finland, Salpakari et al. [43] found that for a scheme providing 50% of all electricity through self-
consumption of variable renewable electricity, P2H in combination with thermal storage could absorb all
surplus electricity production, eliminating the need for curtailment. A study by Lund et al. [32] analyzed
different schemes for using heat pumps and TES to increase the share of wind power in Denmark.

Thermal energy storage also has the advantage of cost. Large-scale battery storage is significantly more
expensive than thermal energy storage, and the materials used in batteries have damaging ecological foot-
prints. TES on the other hand is one of the most inexpensive forms of energy storage and can be easy to
implement. In its simplest form TES is essentially a hot water tank. Other forms include storing thermal
energy in the ground or naturally existing aquifers by pumping heated or cooled water through boreholes
in the ground. These can also be used as long-term seasonal storage. The simplicity and cost of TES make
it a great option for storing excess electrical energy from VREs when P2H technologies are used.

It is clear that the heat sector and electricity sector can offer each other mutual benefits through the use of
P2H technologies. Heat production can be decarbonized by utilizing renewable electricity, and the electric-

CHAPTER 1. INTRODUCTION 2
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ity sector can gain flexibility through the load shifting and potential for energy storage offered by the heat
sector. Next the structure and operation of district heating and electrical systems are described.

1.2 Heat and Electricity Systems

1.2.1 District Heating Systems

District heating (DH) networks use a network of insulated supply and return pipes to deliver heat from heat
producers to end consumers, using water as the heat carrying medium. The heat can be generated by one
or multiple producers, and is generally delivered to a larger number of consumers. The supply lines carry
water at a higher temperature, typically around 70°C to 120 °C. The return line then carries water after heat
has been extracted, at temperatures around 30 °C to 50 °C, so it can be brought back to the heat producers.
The heat is supplied to the consumer by way of a heat exchanger substation [21] which provides a hydraulic
separation between the main DH water network and the subsystem. Electrically-driven circulation pumps
are located at the heat production plants and sometimes also in substations. These provide the pressure
needed for the water to flow through the piping system and to maintain a pressure differece between the
supply and return lines [30].

— l |
Heat (and power) Heat (and power)
production | production
A =)
39 21
S 5 o

Figure 1.3: Simplified diagram of a typical district heating system (figure from [30])
District heating systems offer several advantages compared to all consumers having their own heating sys-
tems [56]:
* Higher energy efficiency of the overall system
* Lower cost of heat to costumers

* Maintenance and monitoring are managed by the heat utilities. Customers do not have to maintain
their own boiler or heating unit.

* Ability to use local renewable energy resources

e Waste heat can be recovered and fed into the DH network, which allows producers of waste heat to
sell it.

Producers of heat traditionally were thermal power plants or combined heat and power (CHP) plants, but
newer generation DH networks can incorporate heat from various other sources, including flue gas conden-
sation, solar thermal, sewage, industrial waste heat from cooling or lubrication fluid, and other processes

3 CHAPTER 1. INTRODUCTION
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that produce heat or waste heat [39]. The heat is generally consumed for use in space heating (SH) and
domestic hot water (DHW). Often DH systems deliver to residential neighborhoods, apartment buildings,
schools and university campuses, medical facilities, and military bases.

The oldest, 1st generation DH networks were established in the US in the late 1870’s and used steam as
an energy carrier.! In the 1930’s 2nd generation systems switched to pressurized water above 100°C. Since
the 1980’s, 3rd generation DH networks have focused on utilizing lower temperatures, prefabricated and
pre-insulated pipes, and material-lean installation. Newer 4th generation systems aim to use further lower
temperatures, assembly-oriented components, and more flexible materials [29]. 4th generation DH tech-
nology can also take advantage of multi-energy cascades in both supply and demand. An example of such
an energy cascade is connecting the return line of a higher-temperature system to the supply line of a low-
temperature heating system, for example a radiator return line can feed into the low temperature floor heat-
ing supply line [39].

DH networks often incorporate thermal energy storage units for a variety of reasons like helping meet peak
demand or dealing with ramping times. These can take many forms, inlcuding water tanks, buried pits,
borehole, or aquifer storage. In fact the actual network itself - including the pipes and ground the pipes are
buried in - has an appreciable amount of thermal inertia which can be utilized. One study by Zheng et al.
[62] demonstrated that utilizing the thermal inertia of the district heating network was an effective energy-
saving method for improving the operational flexibility of CHP plants, which promoted integration of wind
power in an integrated heat and power dispatch (IHPD) system.

1.2.2 Electricity Systems

The electrical power system consists mainly of components related to generation, transmission, distribu-
tion, and consumption of electricity. The electrical network is divided broadly into transmission and dis-
tribution, depending on the functionality, voltage level, and spanned area [24, 48]. A generator which pro-
duces power at 11-35 kV for example injects power into the high voltage (HV) transmission system by step-
ping up the voltage through a transformer to around 220-1000 kV [55]. The transmission system connects
areas hundreds or thousands of kilometers apart with electrical lines and transports bulk power between
power plants and load centers (usually metropolitan areas). The power from the transmission system is
stepped down by transformers into the medium voltage (MV) distribution system, usually around 2-35 kV,
before being brought near its final destination where the voltage is again stepped down to around 220-380
V for use in the low voltage (LV) service area (usually a whole city) [55] where the conductors are primarily
underground insulated cables.

The transmission and distribution systems differ in structure and AC characteristics. The transmission sys-
tem is typically more meshed in topology so that the built-in redundancy provides higher reliability, and the
power delivered in each of the 3 phases is balanced. The distribution system on the other hand is generally
a branched topology which operates radially, and the load supplied by each phase could be imbalanced
(24, 30].

While conventional generation happens in bulk at larger power plants, more recently the landscape is shift-
ing towards more and more distributed power generation, especially with the broad deployment of solar PV.
Loads are also becoming more responsive as computerized control systems and informatics become inte-
grated. The response to these changes is rapidly evolving with bi-directional power flows and distribution
networks incorporating more meshed topology than before [55].

1.2.3 Interaction Points Between Electricity and Heat Networks

Future power systems will see an increase in district heating and cooling networks in an effort to decar-
bonize the heat sector and incorporate more renewable primary energy sources. There are many opportu-
nities for innovation and increased efficiency in power-to-heat systems. As mentioned, P2H technologies

nterestingly, the original purpose of delivering steam was not for heating, but for generating electricity in the buidlings con-
nected to the steam network [56]. When electrical networks appeared a decade later the purpose of the steam networks changed
to be used as a source for heating.

CHAPTER 1. INTRODUCTION 4
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Figure 1.4: Simplified diagram of a typical electrical system (figure from [55])

used together with DH systems can provide added flexibility that is necessary for incorporating variable
renewable energy sources. There are several possible points of interaction between the electrical grid and
district heating systems, such as:

e CHP and polygeneration plants
* Centralized heat pumps

* Centralized electric boilers

* Centralized heat storage

e Circulation pumps

In these points of interaction, excess power can be used to produce heat in the district heating network,
which can then be either consumed directly or stored in thermal energy storage units. A diagram that shows
simply the main interaction points between the power and heat networks is shown in Figure 1.5.

The presence of these interaction points, combined with the fact that thermal energy storage cost is low
compared to electrical storage cost, makes it increasingly attractive to plan and operate power and heat
networks together [6]. A coordinated effort between power and heat network operation could contribute
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Figure 1.5: Coupling points between power and heat systems (figure from [6])

simultaneously toward decarbonizing the heating sector and providing more flexibility needed for inter-
mittent renewable energy resources.

As Connolly et al. [10] mentions, energy system modeling tools are typically made for the electricity sector,
and the potential benefits of district heating systems tend to be overlooked. Local conditions usually need to
be considered when assessing the potential for DH networks, which is typically not the case in international
energy simulation tools. If modeling tools are used which do not take into account the interaction between
both networks then it is important to understand what limitations these tools have compared to a holistic
approach which considers both systems as an integrated whole.

1.3 Modeling Review

1.3.1 Energy Network Simulation

The most fundamenal analysis of energy networks is load flow or power flow simulation, which finds the
steady-state transport of energy through the system. In electrical systems the AC power flow finds the volt-
ages and power injections at each bus, and the real and reactive power flows through each branch [55, 37].
The network power flow is computed by treating the network as a circuit and applying Ohm’s law and Kir-
choft’s laws accordingly, with the voltages and currents being represented by complex phasors. Similar load
flow analysis is performed for district heating networks which determines the water flow rates through the
network and the temperatures and pressures at each node. The hydraulic aspect of DH load flow uses equa-
tions similar to the Kirchoff’s laws in the electrical power flow model for continuity of flow through a node
and pressure drop around a loop [38, 40, 30, 19]. Load flow analysis can identify when operational con-
straints are violated due to under- or oversized components, and so it is often one of the first tools used in
network planning when planning alternatives and contingencies are being considered [48].

Other, more advanced network models aim to optimize the steady-state operation related to load flow.
Optimal power flow models find a power flow solution which optimizes some objective function such as
primary energy use or operational cost [14]. More advanced optimizations attempt to optimize multiple
objective functions. Shabanpour-Haghigh and Seifi [47] use a multi-objective operation management of
an electricity, gas, and heat multi-carrier energy network (MCEN) to find an optimal solution such that
all objective functions are minimized based on their priorities while also satisfying equality and inequality
constraints.
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Dynamic or transient models simulate time-varying aspects of network operation. In DH networks the tran-
sients are related to transport delay, heat losses, and the thermal capacity of the network itself [54]. Physical
thermal transient models of DH networks can be modeled by tracking the transport of water through the
system and relating the heat loss to the water’s residence time in the pipes, while treating the pipe’s thermal
capacitance as alumped mass, such as in [12, 26]. On the other hand, statistical models can characterize the
dynamic performance of an existing network by using operational data, such as by Zheng [60] which used
Fourier series expansion to obtain an analytical solution to the transient energy equation. Dynamic models
such as these are useful for analyzing and optimizing the operation of a DH network and taking advantage
of the network’s thermal inertia, for example. Electrical networks use transient models on very small time
scales for simulating things like faults or generator trips. But typically, other than the time-varying load pro-
files present in the electrical system, the network will reach steady state very quickly (« 1 second) after all
loads become steady.

1.3.2 Combined Network Modeling Techniques

Several methods for modeling integrated energy systems have been developed. Such systems are referred
to by many names which are all related, such as multi-carrier energy networks (MCEN) [47, 33], multi-
energy flow systems (MEES) [40], multi-vector energy networks [1], and integrated energy systems (IES)
[38]. Multi-carrier energy networks take advantage of conversion between different energy carriers so that
they can support each other in meeting the demand and efficiently storing energy. Even in networks which
do not explicity aim to coordinate as a MCEN, there is an increasing number of power converters that create
a coupling between the associated networks such that these networks cannot be treated as independent of
each other [16]. A simple representation of the relationships between networks in a MCEN is illustrated in
Figure 1.6, where power-to-gas (P2G), power-to-heat (P2H), and combined heat and power (CHP) are the
power converters which couple the energy flows of the three networks together.

electricity

Figure 1.6: Energy conversions in a multi-carrier energy network, via P2G, P2H, and
CHP

The use of coupling components as the interaction points between energy networks is ubiquitous [14, 59, 1,
38, 30]. However there are different approaches for implementing the coupling components in the model.
One concept is referred to as an energy hub, an example of which is shown in Figure 1.7. An energy hub
can be generally described as a unit which provides input and output, conversion, and possibly storage of
different energy carriers [47, 33]. Alternatively it can be defined as an interface between networks and loads
[15]. The energy hub design offers flexibility in modeling a variety of energy systems and power flows. There
is no restriction on the size of the model that an energy hub is applied to, so it can model anything from a
single device to large power plants, or even to entire geographical areas.

Load flow simulations of multi-carrier energy networks have been presented in many forms, but generally
use a matrix formulation of linearized equations which are iteratively solved by Newton-Raphson method
to eventually converge to a solution. The method by which the coupling is performed can take different
forms: either each network has its own, separate system of equations, or the combined network as a whole
is represented using a single larger system of equations. In the former method, the right-hand side (RHS)
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Figure 1.7: Energy hub concept (in the style of [15])

of the system of equations which holds the boundary conditions of each network is updated sequentially
based on the solution(s) of the other network(s) and the coupling equations. The latter method incorporates
the coupling equations into the left-hand side (LHS) and RHS and solves the networks simultaneously, such
asin [1, 30].

Liu [30] presents a decomposed and an integrated model for combined simulation of heat and electricity
networks. In the decomposed model, the hydraulic and thermal equations which describe the heat network
form one system of equations, and the electrical power flow equations form a second, separate systems of
equations. The two systems are then sequentially solved and are linked through the coupling components.
The sequential procedure iterates until a solution has converged. In the integrated model, the hydraulic,
thermal, and electric power flow equations are combined including the coupling equations to form one
single system of equations which describes the combined network. The system is then solved simultane-
ously as an integrated whole. The convergence characteristics of these two approaches are seen in Figure
1.8. Both the decomposed and integrated models were able to find a solution to a combined heat-electric
network, however the integrated method required fewer iterations and the decomposed method required
more iterations with the size of the network [31].

301 —4&— Decomposed calculation (Heat part)
0.06 ¢ | —O— Decomposed calculation (Electricity part)
—* Integrated calculation

25 5t ‘

Mismatches

lteration

Figure 1.8: Convergence characteristics of decomposed and integrated models by Liu
(figure from [31])

Pambour [37] uses a different but similar approach as the decomposed model for the dynamic simulation of
integrated gas and electricity systems. Pambour defines a co-simulation framework which works by simu-
lating each network separately but in parallel and exchanging information at the points of interaction during
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specific, discrete time steps. This model assumes the power system remains unchanged between dynamic
events and changes only when scheduled events occur.

Abeysekera and Wu [1] use a method similar to Liu’s integrated model for modeling power flow in gas-
electric-heat networks by including the equations of each network, as well as the coupling equations be-
tween them, into a single system of equations which is solved using Newton-Raphson iteration.

Pan et al. [38] note that Liu’s integrated method can have convergence problems because of the distinct
differences in the heat and electric equations. Additionally, the heat network thermal model depends on the
directions of mass flow in the pipes, and flow reversals can change the node temperatures remarkably which
may result in nonconvergence. Pan also suggests that Liu’s decomposed model has two advantages: First, it
is more compatible with using existing software tools. And second, while it may require more iterations it is
more likely to be convergent.

1.4 Gap in the Literature

While much has been published on various ways to model multi-carrier energy networks, there is a gap in
the literature about the precise benefits of using a combined network model compared to simulating the
networks separately and inferring the combined solution.

Authors on the topic usually explain the necessity of simulating MCENSs together because of the increasing
interaction between energy systems. This is a valid and true position to take, and in an ideal world all energy
systems would be simulated together in a holistic way so that everything could be operated in the most
optimal manner possible. However, as Connolly [10] points out, energy system modeling tools are typically
made for the electricity sector the potential benefits of district heating systems tend to be overlooked.

Without access to proper tools intended for simulating the combined energy systems of interest, engineers
will either need to make a custom tool, use separate network simulation tools and infer the combined so-
lution, or run separate network simulations and successively transfer data back and forth themselves. It is
therefore imaginable that some interdependent networks are being designed and managed using separate
and incompatible simulation tools for each network in an effort to get a better glimpse of part of the whole
picture. Situations like these would benefit from a better understanding of what the consequences of not
using combined simulation tools are (or conversely what incentives there are for using them).

1.5 Research Question

The research question which this thesis seeks to answer is:

What differences arise from simulating heat and electricity networks together in an integrated
approach when they are coupled by points of interaction, compared to simulating the networks
independently of each other?

The corresponding objectives of this thesis are the following:
1. Develop a district heating network model for performing load flow simulation.

2. Implement the heat network model so that it is compatible with exchanging data with an existing
commercial electric network model.

3. Invoke both network models to simulate a combined heat and electric system together, coupled by
points of interaction between the networks.

4. Perform an investigation by simulating a coupled heat-electric network using the combined solver,
and compare the solution with results obtained by simulating the networks independently of each
other.
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1.6 Thesis Outline

The structure of the thesis is as follows:
Chapter 1 Gave the introduction to the topic and the motivation behind the study.

Chapter 2 Describes the district heating network load flow model that was developed during
the thesis work.

Chapter 3 Provides an overview of the technique employed by the electrical network simulation
tool used.

Chapter 4 Describes the mathematical representation of the heat-electric coupling compnents
and illustrates how the combined simulation of heat and electric networks was achieved using
an energy hub approach.

Chapter 5 Presents a case study involving a heat and electric network coupled at multiple dis-
crete points of interaction, and analyzes how the combined heat-electric load flow simulation
differs from simulating the two networks independently of each other.

Chapter 6 Presents the main findings, the contributions of the thesis, and makes recommenda-
tions for future work.
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Chapter 2

District Heating Network Model

This chapter describes the method used to create a load flow simulation model for district heating net-
works. First the fundamental components and structure of DH networks are discussed. Then the equations
used which govern the physics of the network are given. The method for solving the nonlinear system of
equations is then described. Finally the algorithm for determining the solution to the load flow problem is
illustrated.

2.1 Fundamental Structure of a District Heating Network

A district heating network uses a system of pipes to carry hot water to end-users of heat. The heat consumers
withdraw hot water from the supply line and extract heat from the DH network via a heat exchanger. The
cooled water is put back into the network return line, which then brings the water back to a heat producer
where it is heated and injected back into the supply side of the network. (For simplicity, the term external
will refer generally to either a heat producer or consumer.)

The control of heat power taken by a load or delivered by a supply is achieved by regulating the flow of water
through each external in order to maintain a set output temperature. This control method is called Variable
Flow - Constant Temperature (VF-CT). Although other regulations exist, such as Constant Flow - Variable
Temperature (CF-VT), and Variable Flow - Variable Temperature (VF-VT), the DH model developed here
assumes a VF-CT regulation.

2.1.1 Example Heat Network

An example district heating network branch with one heat producer and N load nodes is shown in Figure
2.1. Each line in the network includes both a hot supply line and a cooler return line. Each node contains
aload or source, complete with its connections to the supply and return lines and the associated mass flow
rate nig being drawn or injected. Each load or source has an associated supply-side and return-side tem-
perature (T4 and T}, respectively). For loads, the outlet (return-side) temperature is fixed. The load’s flow
controller adjusts the mass flow such that the outlet temperature will remain at its set point. For producers,
the outlet (supply-side) temperature is similarly fixed and controlled. The mass flow being drawn by an
external depends on the inlet temperature and the heat power duty at that node (®,). An example network
with one heat supplier and two consumers (shown in Figure 2.2) illustrates another way to represent a DH
network, more resembling an electrical circuit schematic representation.
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Figure 2.1: A radial district heating network with one heat supplier and N load nodes.
The top diagram with supply and return lines shows the elements present in each line
and node. A higher-level network diagram would typically use a more simplified repre-
sentation, as seen in the bottom of the diagram.
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Figure 2.2: Simple example heat network with one heat supplier and two customers

2.2 Network Topology

An energy network can have different types of topological structure, depending on what the needs of the
network are and what design and operational philosophies were used during the planning phase. A sum-
mary of the main network topologies is given below.

2.2.1 Radial and Meshed Network Topologies

The four main types of network topologies are exemplified in Figure 2.3.

Radial networks can have branches, but they still operate radially, meaning the flow returns along the
same path that it came from. Radial networks are the simplest, and determining the flow in the network
is straightforward because the flow has only one path it can follow to get from one point to another.

Meshed networks incorporate additional lines for redundancy which increases reliability of the system as a

CHAPTER 2. DISTRICT HEATING NETWORK MODEL
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Figure 2.3: Main network topologies: Radial (top left), Branched (lower left), Ring (top
right), Meshed (lower right).

whole. This redundancy means flow can take multiple paths in the network, which means the pipe resis-
tance affect which paths the flows take. Meshed networks therefore require additional equations in order to
determine the transport of water through the network.

Ring topologies are essentially a network with a single mesh. A network may have a ring topology but be
operated radially by cutting off flow at some location in the ring. ? In order for the DH network model to be
generalizable to arbitrary network topologies it must be able to accommodate meshed networks.

2.2.2 Energy Network as a Directed Graph

Energy networks are typically represented using a graph-theoretical approach. In a graph model, nodes (or
vertices/points) are connected to each other via lines (or links/edges). One node can have multiple edges
which connect to it, but an edge must have exactly one node on each end.

A directed graph is one where each edge has an associated direction. A line’s direction is typically repre-
sented in a diagram by an arrow, and from a mathematical standpoint a line’s direction is represented when
forming the Incidence Matrix A of the directed graph. A simple example of a directed graph and its as-
sociated incidence matrix A are shown in Figure 2.4. Each row of A represents a node, and each column
represents a line in the network. Thus the matrix A is 71,,04es X Mjines- 10 create the incidence matrix, each
row fills in the values which correspond to each line. The sign convention used here follows a node-source
convention:

(+1) linecoming outof node
(-1) linegoinginto node

(0) (linenotconnected to node)

a b c d e f
-1 1 0 -1 0 0 1
A= 0 -1 1 0 1 0 2
1 0 -1 0 0 1 3
0 0 0 1 -1 -1 4

Figure 2.4: Incidence matrix of directed graph

In this way the incidence matrix fully describes the connections in the network. The exact geometry and

2The ring topology mentioned here is different from DH "ring networks", which are implemented with a return line that is not
symmetrical with the supply line which gives certain advantages in network control. However, DH ring networks of this type are
outside the scope of this study.
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scale of the network is not represented in A, but the network topology is characterized.

2.3 Load Flow Analysis of Energy Networks

Load flow analysis, or power flow analysis, is the analysis of an energy network to determine how the power
is delivered from the power producers to the loads. This is important in order to determine many related
things, such as losses, overloading, congestion, and power requirements.

Traditionally in energy network analysis every node which has an external attached falls into one of three
categories: Generator node, Load node, or Slack (reference) node. These are exemplified in Table 2.1 for
Electric and Heat Networks. There can be multiple generator and load nodes. There is only one reference
node, and it is mathematically necessary in order to solve the system of equations. The slack node is con-
ventionally the same as the reference node, and its purpose is to provide the flexibility needed to account
for the imbalance between the supply, demand, and losses. Any imbalance will be corrected for by the slack
generator’s output.

Table 2.1: Node types in Energy Systems

Electrical Network Heat Network
Node Type known unknown known unknown
Slack (reference) V,6=0° P, Q Ts, h Oy, Tr
Generator PV Q6 Dy, Ts T h
Load P, Q V,o @y, Ty Ts, h

The following sections describe the physical equations used in the model which characterize the steady-
state load flow of the DH network.

2.4 Hydraulic Equations

The purpose of the hydraulic network model is to find the mass flow rates within the piping network. These
mass flow rates are needed in order to solve the thermal model, since the heat power at the load nodes
and the temperature drops in the pipes are dependent on the mass flow rate through the associated ele-
ments.

In the hydraulic model, the supply and return networks are assumed to be symmetric with each other
(30, 14]. In other words the pipes in the return network are assumed to be the same as their counterparts in
the supply network, and therefore the mass flow rates and head losses will be equal in magnitude and op-
posite in direction, as in Figure 2.5. This assumption allows for the hydraulic model to be simplified by only
modeling the supply network. The mass flow through each external is modeled as flow discharged from or
injected into the supply-side network at that node, respectively.

2.4.1 Continuity of Flow

Continuity of flow for a node is simply that the mass flow leaving a node is equal to the mass flow enter-
ing that node. If an external is connected to the node then the mass flow withdrawal or injection (ri2,) is
included. This can be summarized in summation form as follows:

(2 11) gy = (o), = =111 2.1)

where ri1 is the mass flow rate [kg/s] through each pipe, and ri1, is the flow rate being withdrawn from the
node. It is analogous to Kirchoff’s current law, used in electrical network analysis.
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Figure 2.5: Supply and return network symmetry

The continuity equation for the entire hydraulic network can be expressed in matrix form, where A is the
network incidenc matrix, m is the vector of mass flow rates [kg/s] through each pipe, and myg is the vector of
mass flows [kg/s] being withdrawn from the node, following the same node-source sign convention as used
in the incidence matrix A.

Am = —mg 2.2)

If the network has a radial topology then the continuity of flow equations are enough to solve the mass
flowrates through the entire network. However if the network contains loops as in a meshed topology then
additional equations are needed to fully define the system. In this case the hydraulic head at each node will
be used.

2.4.2 Pipe Head Loss

The flow of fluid through a pipe causes loss of pressure due to the friction in the pipe [55]. An equation
for the 1-dimensional flow through a horizontal pipe can be derived from the Navier-Stokes equation [19],
which can be rewritten as in equation (2.3):

ldm+A +K|m|m=0 (2.3)
Aar °P B ’

where Ap is the difference in pressure head [m] between the two ends of the pipe, and K is the resistance
coefficient of the pipe. If the mass flow rate is constant (as in a steady-state scenario), then d—’;’ is zero.

Substituting hyoss = Rinter — Poutler, the equation can be restated in terms of head loss k., in the pipe. 3K
is calculated from the Darcy friction factor fp of the pipe [30, 55].

hioss = Krin|m| (2.4)
8L
K= l (2.5)
D5p27r2g

where L is the pipe’s length [m], D is the inner diameter of the pipe [m], p is the density of water [kg/m?],
and g is the acceleration of gravity [m/s?]. The friction factor fp depends on the Reynolds number Re. For
laminar flow (Re < 2300) the Darcy friction factor fp can be calculated using equation (2.6a). For turbu-
lent flow (Re > 4000) the Colebrook-White equation (2.6b) represents the relationship between the Darcy

3Velocity head and elevation head changes are neglected in this model, so the hydraulic head and pressure head are used inter-
changeably.
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friction factor fp and the Reynolds number Re [55]:

64
fo= Re (2.6a)
L olog |+ 22 ) (2.6b)

= — 10 .
Vb 3.7D " Re\/fp

where € is the sand-grain roughness of the pipe [m]. A number of different approaches can be used to solve
or approximate the solution to this implicit formula. The method used here is that of Clamond [9]. For 2300
< Re <4000 the friction factor can be linearly interpolated.

2.5 Thermal Equations

The thermal model takes water temperatures and heat transfer into account. Unlike the hydraulic model,
the thermal model cannot be modeled as symmetric. Therefore both the supply network and return network
need to be considered, denoted by subscripts ¢ and ;, respectively.

2.5.1 Heat Power

The rate of heat transfer into or out of a fluid is linearly related to the change in temperature that the fluid
experiences. The heat power ®; [Wy,] consumed by an external is therefore given by:

Dy = cptitg (Tsqg— Trq) 2.7)

where @, [Wy,] is the heat power consumed by an external g (load or supplier), ¢, is the heat capacity of the
fluid [J/kg-K], rir4 is the mass flowrate [kg/s] drawn by the external, and Ts; and T;4 are the temperatures
of the water at the supply side and the return side of the external, respectively [K]. 4

2.5.2 Pipe Temperature Drop

The temperature along a pipe’s length can be written, in steady-state conditions, as an exponential decay.
The temperature at the end of the pipe can be calculated based on this temperature drop equation [30, 55,
8]:

AL

Tend = (Tstart — Ta) e v+ T, (2.8)

where T4, is the temperature at the start of the pipe [K], T, is the temperature at the end of the pipe, T,
is the ambient temperature, A is the linear heat transfer coefficient of the pipe [W/m-K], L is the length of
the pipe [m], ¢, is the heat capacity of water [J/kg-K], and 7 is the mass flow rate of water in the pipe.

Since the temperature distribution is relative to the ambient temperature, the equation can be simplified by
replacing the T terms with a T’ term relative to the ambient temperature, as shown in equation (2.9a). Also
for brevity, the exponential term is replaced by the relative temperature attenuation factor ¥ as in (2.9b)
[31].

!/
TSl’dl’

¢ = (Tstare — Ta), T, = (Tena — Ta), (2.9a)

end —
AL

P=e om (2.9b)

4Note that for aload node, Thgq is positive so the heat power will be positive, and for a supply node ri is negative so heat supplied
is represented by a negative heat power.
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Following these substitutions a simpler expression is obtained for the temperature drop along a pipe, in
Equation (2.10):

T’nd = Ts,turt\lj (2.10)

e

2.5.3 Temperature Mixing

At a confluence node, where multiple flows are coming in each at different temperatures, the outgoing flow
will have a temperature determined by an energy conservation law (assuming perfect mixing of the inflows
at the node). This results in an outgoing temperature that is essentially a weighted average of the incoming
mass flows [14, 59], as in the temperature mixing equation (2.11):

(Z mout) Tout :Z(min Tin) (2.11)

2.6 District Heating Network Solution

The state of the DH network is fully defined if the pressure head h, supply-side temperature T, and return-
side temperature T, are known for each node, and the mass flow rate r is known for each pipe (referred
to as the hydraulic-thermal solution). There are 3 unknowns for each node and 1 unknown for each pipe.
If the network has N nodes and P pipes then 3N + P equations are needed to solve for the network state.
Equations (2.4) and (2.8) are nonlinear, so in order to solve the system of equations an iterative technique
based on successive linearization is needed. The Newton-Raphson method is used here, and is described
in Appendix A. The linearized forms of the physical equations are found in Appendix B.

Attempting to solve the complete system of hydraulic and thermal equations from the beginning can have
difficulties with convergence. To avoid this the network state should have a good initial guess. It turns
out that solving only the hydraulic state of the network first provides a close enough starting point that
the hydraulic-thermal problem generally converges successfully. The hydraulic state of the network is de-
fined when the pipe flows and node pressures are known (based on the mass flow offtakes riz; at each
node).

2.6.1 Hydraulic Solution

The hydraulic problem determines the flow of water through the network based on the values of ri1, for
each external by assuming all node temperatures are equal to the network temperature setpoints for supply
and return. The system of equations and the process for setting up the hydraulic problem are outlined
below.

Hydraulic Problem

1. All node temperatures are assumed equal to the temperature setpoints 75 and T>F.
2. All mass flow offtakes ri14 are calculated from the node’s heat power setpoint @ZP using Equation (2.7).
3. The linearized system of equations is assembled:

OAM  OAM
orin oh [ Am ] [ AM
OAH  OAH Ah || AH

om oh

Continuity of flow mismatch equations

2.12
Pipe head loss mismatch equations @.12)

(a) Continuity of flow (2.1) is applied to each node by the linearization in Equation (B.5)

(b) Head loss (2.4) is applied to each pipe by the linearization in Equation (B.10)

(c) One node is chosen as the reference node, and its continuity of flow equation is replaced by an
equation setting the presure head to 25" by the linearization in Equation (B.3)

The hydraulic solution of the system is found using Newton-Raphson method: the hydraulic problem is
set up as described above; the hydraulic system of equations is solved to find the next guess; the pipe 1
and node h values are updated to their new values; and the process is repeated starting at step 3 until
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either the solution converges or the max iteration count k;,, is reached (indicating the solution did not
converge).

2.6.2 Hydraulic-Thermal Solution

Once the initial hydraulic solution is found and used as an initial guess, the full load flow solution of the DH
network is arrived at using the hydraulic and thermal equations. The system of equations and the process
for setting up the hydraulic-thermal problem are outlined below.

Hydraulic-Thermal Problem

1. All nodal temperatures Ts, T, and pressures h are set from either the previous iteration or the hy-
draulic solution.

2. All nodal heat powers @ are set to their connected external’s heat power setpoint @gp .

3. The linearized system of equations is assembled:

0AD O0AD 0AD 0AD
om  oh oI, o7}

60AH 6?}51 66AI,1 %AI/J Am AD Heat power mismatch equations
) T T . . .
: ’ Ah | [ AH Pipe head loss mismatch equations
OAT! OAT! OAT. OAT! AT, | ATsupply Supply temperature mismatch equations
orn oh 0T 0T} AT, ATreturn Return temperature mismatch equations

OAT. OAT. OAT. OAT.
om oh I, 0T,

(2.13)
(a) Heat power equation (2.7) is applied in combination with the continuity of flow equation (2.1)
to each node by the linearization in Equation (B.7)
(b) Head loss (2.4) is applied to each pipe by the linearization in Equation (B.10)
(c) Temperature mixing equation (2.11) is applied to each node temperature on the supply side by
the linearization equation corresponding to which type of external is connected to the node:
* heat supply: linearization (B.12a)
¢ heat demand: linearization (B.12b)
(d) Temperature mixing equations are similarly applied to the return-side network:
 heat supply: linearization (B.12b)
¢ heat demand: linearization (B.12a)
(e) One node is chosen as the reference node, and its continuity of flow equation is replaced by an
equation setting the presure head to 45 by the linearization in Equation (B.3)

The hydraulic-thermal solution of the system is found using Newton-Raphson method: the hydraulic-
thermal problem is set up as described above and the system of equations is solved to find the next guess;
the pipe riz and node h, T{ and T} values are updated to their new values; and the process is repeated starting
at step 3 until the solution converges or max iteration count k4 is reached.

2.6.3 Distributed Slack Model

The hydraulic-thermal solution described in section 2.6.2 chooses one node as the reference node which
defines the pressure head. This is a mathematical necessity in order to close the problem. The reference
node consequently also functions as the slack node, whose heat power @, is calculated (see Table 2.1).
Traditionally load flow solutions are found by assigning one slack node to make up for the difference in the
supply and demand due to losses in the network. The consequence of this is, it is the only production uint
allowed to deviate from its power setpoint while every other external is fixed.

In real systems with multiple heat producers a single slack node is not realistic. An approach which more
closely resembles reality is the distributed slack node model. In this model a select number of producers
actively participate to balance a percentage of the imbalance between the supply and demand. Each par-
ticipating unit specifies its initial production setpoint @fﬁ and a participation factor §; which describes its
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2.6. District Heating Network Solution

individual flexibility to meet the required additional production [37, 35].

The network production mismatch A®,,,; is the difference between supply and demand plus losses. Since
supply is just negative heat power, the production mismatch for the whole network becomes:

Aq)net =- (q)supply,tot + q)demand,tot + q)loss,tot) (2.14)

For a participating producer i the power output is adjusted as follows:

n
;=0 + (B A®pe) , Y. Pi=1 (2.15)
i=1

The network production mismatch ®,,.; can be calculated as simply the difference between the slack node
power @ 4k and the reference node power setpoint @‘213 .

2.6.4 Heat Network Solver

With the hydraulic model for obtaining an initial guess, the hydraulic-thermal model for solving the load
flow with a single slack node, and the distributed slack model to simulate multiple participating heat pro-
ducers, the entire DH network solver can be assembled as illustrated in Figure 2.6. The heat network solver
begins by solving the hydraulic model, assuming all node temperatures to be equal to the supply and return
temperature setpoints and calculating the node flow offtakes from their power setpoints. The hydraulic
solution is used as the initial guess to the hydraulic-thermal problem which then includes the effects of
temperature drop and mixing. Each iteration, after the hydraulic-thermal problem is solved and before
the next iteration, the network supply imbalance (slack) is distributed among any participating producers.
The solver then reformulates the hydraulic-thermal problem with the new power setpoints, and the process
iterates until the maximum mismatch is below a pre-defined threshold.
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Figure 2.6: Heat Network Solver Flowchart

2.7 Validation of District Heating Model

In order to verify the accuracy of the district heating model that was implemented, results needed to be
compared to other obtainable network operation data. Because real network measurements were not avail-
able, data from the literature was chosen for the model validation. The district heating network of Barry
Island has been used in multiple studies, including those which look at both heating and electrical distri-
bution networks, such as [14, 30, 31, 38, 59], and was therefore chosen as a benchmark against which the
model was tested and validated.

2.7.1 BarryIsland Heat Network

The heat network of Barry Island, South Wales is a district heating network which uses CHP to provide heat
and electricity. The original Barry Island DH network was modified by Liu in [30] to include two extra CHP
plants and loops in order to examine how both electrical and heat demands could be met using CHP in
a self-sufficient system. The network consists of 32 nodes, and 32 pipe segments. Of the 32 nodes, 3 are
supply nodes, 21 are demand nodes, and 8 are merely junctions. The geometric and physical parameters
of the pipes are given in Table C.2, and the global network parameters are given in Table C.1. The thermal
loads at each node used for the scenario are given in Table 2.3. These data were used as inputs to the DH
model in order to compare the following with the benchmark values:

* mass flow rate through each pipe
* temperature at each node (both supply and return sides)

* heat power at the slack node
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2.7. Validation of District Heating Model

The physical properties of water at 50°C were chosen as suitable values for this simulation since it is the
average temperature between the supply and return line temperatures of 70°C and 30°C, respectively. The
values used are: ¢, = 4181 [J/kg-K], p = 988.7 [kg/m3], pu =5.4567 x 10~* [Pa-s].

18 14 13 13 - Heat Source
14 o Heat Demand
15 16 —— Heat Pipe
‘{.6—.7154’—19/ e Junction node

Figure 2.7: A schematic drawing of the disrtict heating system in Barry Island

Table 2.2: Barry Island network parameters used in the validation simulation [30]

Parameter Value
Supply temperature 70°C
Return temperature 30°C
Ambient temperature 10 °C

Table 2.3: Barry Island demand and source heat loads by node [30]

Node O [MW] Node @ [MW] | Node @ [MW] | Node & [MW]
1 (slack node) 11 0.145 21 0.0805 31 -1.055
2 12 0.107 22 32 -0.380
3 0.107 13 23 0.107
4 0.145 14 0.0805 24 0.107
5 15 25
6 0.107 16 0.0805 26 0.107
7 0.107 17 0.0805 27 0.107
8 0.107 18 0.0805 28
9 0.107 19 29 0.107
10 0.107 20 0.0805 30 0.107
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2.7. Validation of District Heating Model

2.7.2 Comparison to Benchmark Simulation

The results of the simulation are very close to the results obtained by Liu in [30], whose results were them-
selves validated by a simulation using the commercial software PSS SINCAL (used for planning various types
of distribution networks). The pipe mass flow results of the simulation are all within 1% of the results in
Liu’s simulation of the same network, other than pipe 24 which is within 3%. The temperature results are all
within less than 1% of Liu’s results, with most of the values having error less than 0.01%. (the error here is
expected to be very low, since the difference in temperature is on the order of a few degrees over the entire
network, but nonetheless the model shows agreement with the benchmark).

The results are compared to Liu’s results in Tables 2.4 and 2.5 below.

Table 2.4: Mass flow results of the implemented DH model compared to the results by

Liu [30]

Pipe | DH model Liu Relative error
1 4.799 4.7982 0.017%
2 0.651 0.6509 0.015%
3 0.876 0.876 0.000%
4 3.272 3.2712 0.024%
5 0.667 0.6664 0.090%
6 -0.876 -0.8802 -0.477%
7 0.659 0.6585 0.076%
8 0.653 0.6529 0.015%
9 0.664 0.6637 0.045%
10 3.481 3.4849 -0.112%
11 0.659 0.6593 -0.046%
12 4.189 4.1925 -0.083%
13 4.189 4.1925 -0.083%
14 1.006 1.0062 -0.020%
15 0.503 0.5024 0.119%
16 0.504 0.5038 0.040%
17 0.502 0.5021 -0.020%
18 2.187 2.1914 -0.201%
19 0.503 0.5031 -0.020%

20 0.503 0.503 0.000%
21 1.181 1.1852 -0.354%
22 0.670 0.6699 0.015%
23 0.668 0.6681 -0.015%
24 -0.157 -0.1527 2.816%
25 0.653 0.6528 0.031%
26 0.652 0.6519 0.015%
27 -1.462 -1.4574 0.316%
28 0.648 0.648 0.000%
29 0.649 0.6486 0.062%
30 2.759 2.754 0.182%
31 3.497 3.5005 -0.100%
32 2.247 2.2471 -0.004%

Many of the equations for the model are widely used in all physical models and are therefore the same.
However some possible sources of discrepancy between models can be identified:

* The values used for properties of water may differ, especially because values like density, viscosity, and
heat capacity are functions of temperature. Variations in these parameters can affect the hydraulic
calculation and also the mass flow required to satisfy thermal loads.
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Table 2.5: Node temperature results of the implemented DH model compared to the re-
sults by Liu [30]. The relative errors are based on the excess temperature T' (temperature
above ambient).

Node | DH model Liu rel error | DH model Liu rel error
1 70 70  0.000% 29.631 29.7125 -0.413%
2 69.753 69.7533 -0.001% 29.712 29.6314 0.411%
3 69.306 69.3054 0.001% 30 30 0.000%
4 69.579 69.5787 0.001% 30 30 0.000%
5 69.476 69.4764 -0.001% 29.652 29.6517 0.002%
6 68.392 68.392 0.000% 30 30 0.000%
7 69.656 69.6565 -0.001% 29.688 29.6881 -0.001%
8 68.855 68.8555 -0.001% 30 30 0.000%
9 69.186 69.1869 -0.002% 30 30 0.000%
10 68.549 68.5491  0.000% 30 30 0.000%
11 69.39 69.3902  0.000% 29.726 29.7259  0.001%
12 68.809  68.809 0.000% 30 30 0.000%
13 69.184 69.1844 -0.001% 29.724 29.7243 -0.002%
14 69.056 69.0567 -0.001% 29.767 29.7669  0.001%
15 68.928 68.9284 -0.001% 29.774 29.7738 0.001%
16 68.312 68.3118 0.000% 30 30 0.000%
17 68.211 68.211  0.000% 30 30 0.000%
18 68.336 68.3362  0.000% 30 30 0.000%
19 68.976 68.9764 -0.001% 29.76 29.7605 -0.003%

20 68.257 68.2575 -0.001% 30 30 0.000%
21 68.269 68.2693 -0.001% 30 30 0.000%
22 68.834 68.8315 0.004% 29.801 29.8015 -0.003%
23 68.197 68.1949 0.004% 30 30 0.000%
24 68.302 68.2992 0.005% 30 30 0.000%
25 69.755 69.7547  0.001% 29.78 29.7795  0.003%
26 69.195 69.1947 0.001% 30 30 0.000%
27 69.247 69.2461  0.002% 30 30 0.000%
28 69.882 69.8821 0.000% 29.796 29.7956  0.002%
29 69.486 69.4858 0.000% 30 30 0.000%
30 69.445 69.4452  0.000% 30 30 0.000%
31 70 70  0.000% 29.655 29.6552 -0.001%
32 70 70  0.000% 29.591 29.5906 0.002%

Table 2.6: Heat power calculated for Barry Island source 2 (slack node) [30]

Node | DHmodel Liu rel error
1 0.81004 0.81 0.005%

23

CHAPTER 2. DISTRICT HEATING NETWORK MODEL



2.7. Validation of District Heating Model

* The Darcy friction factor fp is given by an implicit formula, so whether the implicit formula was di-
rectly solved or an approximation method was used will affect the friction factor. This will have an
effect on the pipe mass flows in cases of mesh or parallel flows.

In summary, the network and scenario benchmark used for validating the implemented DH model demon-
strate functionality for a number of things that are important for a generalizable model to handle.

1. There are multiple demand nodes and multiple source loads. Some models developed in the literature
assume a centralized DH network with a single heat source at the beginning of the line.

2. The network topology is of a meshed configuration and therefore contains loops and multiple trans-
port paths. Many DH networks are built or operated in a radial configuration which is inherently
easier to model since the node presures are not needed to reach a solution. Consequently, models de-
veloped under this assumption cannot accurately find a solution for a meshed network. For the model
to be generalizable it is important to be able to solve meshed topologies, especially since future DH
systems may incorporate many distributed heat sources, making meshed networks more practical.

3. There are multiple nodes that serve only as junctions and do not have an external load attached. This
is of course not unusual, but if the network were assumed to be a single radial branch then junction
nodes could cause factorization errors when solving the matrix by introducing zero elements.

4. Flow reversal (compared to the assigned flow direction) occurred in three pipes (pipes 6, 24, and 27).
Again, a model used for arbitrary network topology must handle reversal of flows since meshes and
distributed producers can easily cause this to happen. Models that assume a radial configuration may
not expect flows to be negative, and may encounter errors in this case.
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Chapter 3

Electricity Network Model

The electric network modeling capability of the software SAInt (Scenario Analysis Interface for Energy Sys-
tems) was used in the combined heat-electric simulation. The electrical network steady-state solution was
obtained using SAInt’s built-in AC power flow solver. An overview of the electrical power system was given
in Section 1.2.2, but a brief description of how the electrical power network is modeled in the software is
included here.

3.1 Power Flow Overview

In the electrical power system nodes are referred to as buses and overhead lines or underground cables
connect buses together. Transformers step up or down the voltage between different sections of the network
that they connect. Generators and loads are connected to the network at buses.

The power flow state of an electrical network is fully defined when the voltages and power injections at each
bus and the currents in each branch are known. These are all important to know in order to assure reliabil-
ity of the power system. Branch currents must be kept below a certain limit since overcurrents can cause
overheating. The overcurrent limit depends on multiple factors, such as thermal rating of the components
and environmental factors. Node voltages must be kept within a certain window to assure a consistent and
predictable supply, therefore undervoltages and overvoltages should both be avoided.

The variables of interest in AC power flow are voltage magnitude and angle (|V|, §) and active and reac-
tive power injection (P,Q) at each bus. The current in each branch is determined when the bus variables
are all known using complex branch admittances. A simple electrical network example is shown in Figure
3.1.

VAE-R IVol:3, IV,1,8, IV,1,8,
Bus G Bus 0 Bus 1 Bus 1
P.,Q, | I, I
| Line 1 Line 2
(1 b SN ]
Generator tral\g\éf/o:_r:w/er :\ PuQy /i i\ P, /i
Demand 1 Demand 2

Figure 3.1: Simple example of electrical network with one generator and two loads

Active power delivery performs real work, but reactive power is an unavoidable consequence of components
which are not purely resistive. Loads which contain motors for example, such as pumps and heat pumps, are
inductive loads due to the coils that drive the motors. The lines and cables which make up the network also
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3.1. Power Flow Overview

are not purely resistive and have a complex impedance due to line impedance and line charging capacitance
which are considered in AC power flow models. The generic branch model for lines and cables is discussed
in section 3.1.4.

3.1.1 Power Flow Equations

The power flow analysis must determine the voltage magnitude |V| and voltage angle 6 at each bus. To
determine these, equations for active and reactive power at each bus, P and Q, respectively, are compiled
to create a system of equations. The complex power flow S; [VA] injected into a bus i is given by equation
3.1).

m
Si=Vil; =Vi Y. (V¥iy)" 3.
j=1

Where V and I are complex voltages and currents, Y;; is the complex admittance [Q7!] from bus i to bus
j, and * denotes the complex conjugate. Taking active power P; [W] and reactive power Q; [VAr] as the
real and imaginary components of S;, respectively, gives equations (3.2) and (3.3), where §; and 6 ; are the
voltage angles of bus i and j, and cos(0;;) is the angle of the complex admittance Y;; between bus i and j.
[37]:

n

Pi(8,IV)= ) IVillVjlIY;jlcos(8; -6 —05)) (3.2)
j=1
n

Qi6,IVD) =Y IVillVjIIYijlsin(8; —6;—0;j) 3.3)
j=1

3.1.2 Per-Unit System

To simplify calculations a per-unit system is typically used. A base power Sy 5. [VA] is defined for the net-
work, and a base voltage Vj,4s. [V]) is defined for each voltage region. All other units such as base current
I4se and base impedance Zp ;. are normalized with respect to these:

Sp.u. =S8/Spase Vp.u. =V/Vpase Ip.u. = Svase! Vbase Zp.u. = Vgase/sbase

3.1.3 Ypus Admittance Matrix

The Ypys admittance matrix describes the admittance Y between a bus i and any connected bus j, and is
used to determine the branch currents I from the know voltages V at each bus.

I=YpusV (3.4)

For example, a 3-bus network would have a Yy, admittance matrix such as in equation (3.5):

Yin Y2 Y3 yl.j:_L
Yous = | Yo1 Yoo Yo

Zij (3.5)
Y31 Y3 Y33

" Yi=Yic+Xj i) Z%
where Y;; is the admittance [Q7 1] and Z; j is the impedance [Q] between bus i and bus j.

3.1.4 Generic Branch Model (7t-model)

SAlInt uses a generic branch model (7t-circuit) for a single phase line shown in Figure 3.2 [37]. The model
includes the basic properties of both transmission lines and transformers, including: resistance (R¢;), reac-
tance (Xy;), line-charging susceptance (b 1) voltage angle on the from-side and to-side (6 f and §), phase-
shift angle (¢ f;), and transformer tap ratio (¢s;).
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Figure 3.2: Generic branch model (m-circuit) used in SAInt electrical networks [37] for
modeling transmission lines (i tre=1, ¢rr =0), in-phase transformers (¢ e =0), and
phase-shifting transformers (¢, #0).

3.2 AC Power Flow Solution

To find a solution to the load flow analysis, the boundary conditions have to be defined for each node. The
types of buses are similar to the slack, supply, and demand nodes in the heat network model (see Table 2.1).
These are outlined below:

1. Slack Bus (reference bus): |V| and 6 are specified, P and Q are computed.
2. PV-Bus (generation bus): P and |V| are specified, 6 and Q are computed.
3. PQ-Bus (load bus): P and Q are specified, |V| and 6 are computed.

With the boundary conditions defined at each bus, the voltage magnitude and angle |V| and §, as well as
the active and reactive power P and Q, can be computed at each bus. The branch currents can then be
determined using the Yy,s admittance matrix and equation (3.4).

AC Power Flow Problem

1. All values are converted to per unit [p.u.]

2. The Ypys admittance matrix is assembled

3. All missing values are assumed at each bus (according to bus type):
[VI=1.0p.u.,, 6 =0° P=0p.u., Q=0p.u.

4. The linearized system of equations is assembled:

OAP  9AP

i AlV| | | AP | Active power mismatch equations 3.6)
0AQ  0AQ Ab ~ | AQ | Reactive power mismatch equations '
alV] 96

(a) Active power equation (3.2) is applied to each node

(b) Reactive power equation (3.3) is applied to each node

(c) One node is chosen as the reference node, and its equation is replace by defining voltage mag-
nitude and angle.

The AC power flow solution®of the system is found using Newton-Raphson method: the problem is set up
as described above and the system of equations is solved to find the next guess; the bus |V|, §, P, and Q
values are updated to their new values; and the process is repeated starting at step 4 until the solution con-
verges or max iteration count k4 is reached. The branch currents I are finally determined using equation
(3.4).

5The AC power flow solver in SAInt is based on the distributed slack bus model [37] and is similar to that developed by Mohapatra
(35].
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Chapter 4

Heat-Electric Combined Model

Chapter 2 presented the method for implementing a heat network load flow model and Chapter 3 described
how the AC power flow simulation works in the SAInt software. This chapter details how the heat and electric
networks are linked through coupling components using the energy hub concept to embody their opera-
tion. First the coupling components are defined mathematically, then the energy hub concept is applied
to this context, and finally the algorithm for running a combined heat-electric network simulation is illus-
trated.

4.1 Network Coupling Components

The interactions between the heat and electrical networks occur in large part by the components which
are connected to both systems. The coupling components considered here include heat pumps, electric
resistor heaters, combined heat and power plants, and circulation pumps.

4.1.1 Heat Pumps

Heat pumps use electricity to produce heat and/or cooling. From a thermodynamic perspective a heat
pump transports heat from a cold side to a hot side, using mechanical work W;,, to drive a compressor in
the thermodynamic cycle as represented in equation (4.1) where @, is the useful heat output to the hot
side, in the case of a HP used for heating. ®,,,; corresponds to @ in the heat power equation 2.7 in the DH
network.

)
cop =24 (4.1)

n
In practice the mechanical work supplied to the compressor is provided by an electrically-driven motor, so
the COP is typically given in terms of the electrical power input Pyp and heat output ®gp, as in equation
(4.2). According to a recent survey [13], the COP of air-source HPs ranges from about 3.2 - 4.5, and from
about 4.2 - 5.2 for ground-source HPs. The COP depends on the hot and cold side temperatures, and may
decrease with increased load.

o
cop=_-1* 4.2)

Pup

Since heat pumps contain motors and power electronics they may have an associated power factor that is
not equal to 1. A survey of heat pumps and their measured power factors in [25] found their displacement
power factors to be in the range of 0.88 lagging to 0.97 leading. Lagging power factors are a result of the
inductive load of the motor which drives the compressor. In the case of leading power factors, it is often due
to a capacitive DC filter included in an input rectifier in modern equipment.
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4.1. Network Coupling Components

4.1.2 Electric Boilers

An electric resistor heater (ERH) or electric boiler (EB) uses electricity to produce heat by running current
through a resistor. The resistor heats up, and this heat is given to a heat transfer fluid such as water.

Electric boilers can reach higher temperatures than heat pumps, and they are also far simpler and less ex-
pensive. However EBs do not have the advantage of a COP greater than 1, so they are less efficient compared
to a HP. That said, the resistor converts nearly all of the electrical power into heat, and the efficiency is very
close to 100%, with 99% being a typical estimate.

@
NEp = —2 ~ 99% (4.3)
Pgp

Electric heaters of this kind, when incorporated into a DH network, are best suited as peak-load units since

they are less efficient but also cheap and reliable. Since they are purely resistive loads there is also no con-
sumption of reactive power.

4.1.3 Combined Heat and Power Plants

Combined Heat and Power (CHP) plants produce heat and electricity and can come in many different forms.
They may burn fuel to run a Rankine or Brayton cycle, use heat collected by a concentrated solar power
plant, or could even use the waste heat produced by a fuel cell power plant. The three most common types
of CHP units are gas turbines, internal combustion engines, and steam turbine extraction condensing units

[55] which are discussed in the following sections. Examples of the operating ranges of the different CHP
plant types are shown in Figure 4.1.

o
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Figure 4.1: CHP operating ranges: (left) gas turbines or internal combustion units,
(right) steam turbine extraction condensing units.

Gas turbines & internal combustion (reciprocating) units

Gas turbines and internal combustion engines can be described with a simple linear relationship between
heat and power production, as in equation (4.4).

®cHp = Ccm-Pcup (4.4)

whhere ¢, is the heat-to-power ratio. The heat output is set with respect to electrical power output, leaving

no real flexibility. The unit can be driven by heat demand or electricity demand, but the production of the
other energy vector must follow this.
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Steam turbine extraction-condensing units

Steam turbine units with extraction-condensing capability have more flexibility with their heat-to-power
production.

In an extraction steam turbine, vapor can be extracted from a turbine before being fully expanded in or-
der to extract its heat. With multistage turbines there is the opportunity to extract steam from multiple
stages. The feasible operating region of an extraction-condensing steam turbine is a polyhedron defined
by multiple extreme points (®", P™),m = 1,2,... [55, 61], exemplified in Figure 4.1, depending on the plant
configuration.

P=Ya*Pk, ®=Yakok
k k
(4.5)
0<afs<1, Vk Yrak=1

The electrical power and heat production can be determined with a convex combination of the extreme
points, as in equation (4.5) [55]

The path between points C and D in Figure 4.1 was chosen to represent the operation curve of the extraction-
condensing steam turbine (ECST) in this thesis. Point D represents the unit operating in full condensing
mode, producing power P,,. As the operating point moves along the path to point C the unit extracts more
steam in order to provide useful heat, and in turn generates less electrical power. The equations governing
the operation in this region are as follows [30]:

_ A _ ®cpp 4.6)
AP Pcon - PCHP '
Ocup
PCHP = Pcon - 7 4.7)

4.1.4 Circulation Pumps

Electrically-driven circulation pumps are required to provide the pressure to the DH supply network and
overcome the head losses associated from the water circulation. Although the pumps do not contribute to
the thermal load of the DH network, their electrical power draw is based on the state of the DH network and
therefore act as another component which interacts with both networks.

The pump power P, [W] required to provide increase the hydraulic head h;, [m] of a mass flowing through
the pump rir,, [kg/s] is given by equation (4.8).

Ppnp =mpghy (4.8)

where 77, is the electrical efficiency of the pump [-], and g is the acceleration of gravity (9.81 [m/ s2]).

4.2 Energy Hubs

The implementation of the coupling components to link the networks in the combined heat-electric model
is based on the energy hub concept, which was described in Section 1.3.2. In terms of information flow
an energy hub acts as a mediator between the heat externals and the electric externals. When values from
one network are updated, the hub performs the calculations to determine how the other network external
should be set. In this way the state of one network can be reflected in the state of the other network.

For example, as shown in Figure 4.2 when the heat power output ®p of a heat pump is set, the hub calcu-
lates the active and reactive power inputs Pyp and Qpp needed to run the HP cycle and the pump. It then
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4.3. Heat Electric Combined Solver

sets the electric external accordingly. In this way the state of the heat network is reflected in the state of the
electricity network. Electric boilers and CHP plants are modeled in a similar fashion.

physical flows information flows
reFEe—————————— reFEe——————————
| ' | '
b B
e : : (DHP I : PHP
Pre |I | Dp : :
| : by — :
I I
l I
Qup — |_> hyp l |_> Qup
I I
S I S I

Figure 4.2: Energy hub implementation of a heat pump

Two additional notes about the energy hubs implementation:

e The energy hubs include the circulation pumps inside. Thus, instead of creating pumps as a separate
coupling component they are embedded as a parasitic electricity consumption in each of the heat
sources.

* The power factor p.f. is used to define the active and reactive power loads of the electric demands,
and is the ratio of real power to apparent power. The reactive power consumption Q for the HP and
its circulation pump is determined from P and the power factor.

4.3 Heat Electric Combined Solver

The combined simulation of heat and electrical networks is achieved by way of three main components:
» Heat Solver (developed in this thesis, and described in Chapter 2)
¢ Electric Solver (the commercial software SAInt was used for AC power flow, described in Chapter 3)
* Coupling Components (described in this Chapter, and modeled as energy hubs)

The process the heat electric combined solver uses to arrive at the heat network load flow solution is il-
lustrated in Figure 4.3. The combined solver iteratively switches between the Heat Solver and the Electric
Solver. When a solution in one solver has been found, the setpoints for each coupling component are up-
dated to reflect the solution before switching to the other solver.

For example, the Heat Solver converges and a new value of ®p is found for a heat pump. The heat pump’s
electrical power Ppp is then calculated by using Equation (4.2) for the thermodynamic cycle and Equation
(4.8) for the circulation pump, and finally the reactive power is calculated based on the power factor. This
electrical power result is updated in the electrical network. The rest of the coupling components are updated
accordingly and the Electric Solver begins.

Each combined iteration cycle k. the solver checks the residual between the current and previous load flow
solution for both the Heat and Electric networks, AHNet and AENet, respectively. A solution has converged
if both network residuals are below their prescribed thresholds €, and ¢,. ©

5The heat and electrical network values are computed using base values on different orders of magnitude (W for heat, and MW
for electric), so it is necessary for the values of €, and €, to reflect this.
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Figure 4.3: Heat Electric Combined Solver Flowchart
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Chapter 5

Case Study

A case study was undertaken in order to understand the behavior of the combined Heat-Electric solver, and
to see how the combined solution differed from those obtained by simulating the networks individually.
Simple heat and electrical distribution networks were created for the case study. Each network was solved
individually with the standalone heat or electric load flow simulations, respectively. The two case networks
were then coupled by energy hubs and input into combined Heat-Electric network solver. The effect of slack
participation is also investigated by running the case study in two different scenarios of slack participation
in the heat network.

This chapter describes the goals of the case study and the networks used. The approach for setting the initial
conditions is outlined, and then the subsequent simulation results are given.

5.1 Strategy of the Investigation

The goal of the case study was primarily to understand how a load flow solution obtained from the com-
bined Heat-Electric solver can differ from those obtained by simulating the networks individually. Different
possible approaches for the investigation were considered, but complexity and real-world accuracy had to
be balanced against feasibility and simplicity.

The results can be complex to analyze, so an effort was made to design the networks as simply as possi-
ble while still maintaining a structure that is representative of real-world heat and electricity distribution
networks. Both networks were designed as branched networks with radial operation.

A 2-way interaction between the heat and electricity networks was necessary for significant effects of the
combined simulation to be present, so two CHP plants were chosen to provide the electrical power, and a
heat pump station was included for additional heat production.

5.2 Network Descriptions

5.2.1 Heat Network

The district heating network created for the case study is shown in Figure 5.1. It has 20 demand nodes,
each consuming 20 kW of heat. There are 3 heat supply nodes: One CHP extraction-condensing steam
turbine (ECST), one CHP gas turbine (GT), and one heat pump station (HP). The CHP (ECST) at node A is
the primary heat slack source, and therefore node A serves as the reference node for pressure head. The
heat network parameters are given in Appendix D.
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CHP (ECST)
1b 2b 3b 4b 5b
1b 2b 3b 4b 5b
1a 2a 3a 4a 5a
1a 1 2a 2 3a 3 4a 4 5a
5
0 1 2 3 4
1c 2c 3c 4c 5¢
1c 2c 3c 4c 5¢c
1d 2d 3d 4d 5d
1d 2d 3d 4d 5d

CHP (GT)

Figure 5.1: Heat network model used for the case study

5.2.2 Electric Network

The electrical network model created for the case study is shown in Figure 5.2. In the LV (0.4 kV) network
there are 20 demand nodes, each with a load of 3 kW at a power factor of p.f. = 1.0. In the MV (10 kV) side
there are 2 generators and one demand. The CHP plants are the generators, and the HP is the demand in the
MV side. The CHP (GT) at bus Cis the electrical slack generator, and therefore bus C serves as the reference
node for voltage angle. The electric network parameters are given in Appendix D.

CHP (ECST)

10kV / 0.4kV J
| | 1b 2b 3b 4b 5b 5a 5c 5d 4d 3d 2d 1d
" _@ | o] - |

] HP
CHP (GT)
: C

Figure 5.2: Electric network model used for the case study

5.2.3 Combined Heat-Electric Network

The combined Heat-Electric network model couples the two networks together via 3 coupling points: Two
CHP plants supply power to both networks, and a heat pump station uses electricity to produce heat for
the DH network. Since these three units all must pump water into the heat network’s supply line, each one
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includes an electrically-driven circulation pump. *

Table 5.1: Heat-Electric network coupling points

Coupling Component

Heat Net

Electric Net

Coupling Parameters

CHP (ECST)
HP
CHP (GT)

Circulation Pumps *

(node A) supply
(node B) supply
(node C) supply
(nodes A,B,C)

(bus A) generator
(bus B) demand
(bus C) generator
(buses A,B,C)

Z=8.0, Pon=60KkwW
COP =40, pf =09
cnm=1.3

n=0.7, pf =09

00 l—
10 kV
0.4 kV

3b

3a

4b 5b

4a 5a

2c

3c

4c 5¢

O—O—4-
O—O—¢4—

2d

3d

O—O—4-
o

4d 5d

Figure 5.3: Combined Heat-Electric network model used for the case study

5.2.4 Slack Participation

Combined heat and power plants often operate primarily driven by the demand of one energy vector and
sell the other which is produced as a byproduct. In this case study the ECST was chosen to be heat demand
driven, and the GT was chosen to be electricity demand driven. The HP was also chosen to participate in
heat slack since its sole purpose is to provide heat to the DH network. The participation in heat slack was
distributed among the HP and ECST as given in Table 5.2. The values of Bgcst and fyp were chosen to
be proportional to the initial power setpoints ®5”. In other words, since the HP has a smaller output its

participation should reflect this. The the GT is the participating generator in the electricity network.

Table 5.2: Distributed slack participation among power producers

Heat participation Electric participation
Pecst  Pup  Por | Brcst Ber
0.85 0.15 1.0

5.2.5 Initial Setpoints

In order for the solver to converge to a solution, the initial setpoints of the generators and heat supplies
needed to be specified relatively close to the actual solution. The process for determining a suitable starting

point is outlined below:

"The electrical demand of each pump is not modeled as a separate electrical load, but instead is considered a parasitic con-

sumption of electricity by each unit.
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5.3. Results

1. Specify the HP heat output ®;p, and determine electrical draw Py p using coupling equation (4.2).

2. Assume zero losses:

* No temperature drop or head loss in pipes; no pumping power is required

* No resistive losses or reactive power component in electrical lines; only real power is involved

3. Given 2 CHP plants (each with heat and electric outputs), 2 network demands, and 2 coupling equa-
tions (4.4) and (4.7): there are 4 unknowns and 4 equations. Solve for ®gcst, Prcst, Pgr, Por.

The initial conditions obtained from this process were used in all of the simulations in order to assure a
clearer comparison between the separate and combined network solutions. The initial power setpoints for
all three coupling components are:

Table 5.3: Coupling components initial power setpoints

ECST HP GT
SP _ Y2 _ Sp _
QP = 287,097W | @}, = 50,000W | ¥ = 62,903W
Pioer = 24113W | Py, = 12500W | P2h. = 48387W

5.3 Results

5.3.1 Combined Heat-Electric Solution

The combined heat-electric simulation (CHEsim) converged to a solution in 7 iterations. A tolerance of 1
W was used for both €), and €,. Figure 5.4 shows the power values of each coupling component during the
iteration process. The full load flow results are given in Appendix E.
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Figure 5.4: Iterative convergence of the Heat-Electric combined solver, which reached a
solution after 7 iterations. The charts show the heat and electric power of each coupling

component.

5.3.2 Combined Solution Compared to Individual Solutions

The networks were simulated again on individual heat and electric network solvers (Hsim and Esim, respec-
tively) using the same starting conditions. The results for coupling component loads of all the simulations
are reported in Table 5.4. Missing values from standalone heat and electric individual results were restored
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using the coupling component equations for HP and CHP power in order to see a more complete represen-
tation of the difference between the simulations.

Table 5.4: Power result magnitudes of coupling components for combined and individ-
ual simulations. (Missing values from standalone heat and electric simulations were
restored using the HP and CHP coupling component equations.)

ECST HP GT
o/w) P[W] | ®[W] P[W] | ©[W] P[W]
CHEsim | 303,174 19,366 | 54,064 13,986 | 73,037 55,614
Hsim 306,079 21,740 | 54,581 13,645 | 69,613 53,548
Esim 287,096 24,113 | 50,000 12,500 | 64,194 49,380

Combined vs individual simulation results

I Combined simulation [} Heat only Electric only
400,000
300,000
E
In)
—
n 200,000 o o o
)
e
O
0
2
& 100,000

ECST HP GT

Coupling Components

Figure 5.5: The heat and electric power result magnitudes of the three coupling com-
ponents as determined by running (i) combined Heat-Electric simulation CHEsim, (ii)
heat only simulation Hsim, and (iii) electric only simulation Esim. (Missing values from
standalone simulations were restored using the HP and CHP coupling component equa-
tions.)

The power production values from Table 5.4 (all but the HP electrical power, since it is a demand) were
summed to create the total power supply fed into each network as determined by the different solution
methods, and compiled into Table 5.5.

The differences between the power results of each coupling component are shown in Figure 5.6, and com-
pare the combined simulation to the individual simulations. The absolute differences compare the arith-
metic difference between the two simulation types: (individual - combined). A positive value indicates the
individual result was greater than the combined result. The differences in electric power values were typi-
cally larger than those of the heat power. The relative differences compare the ratio of combined result to
the individual simulation result: (individual / combined). The relative differences in this case illuminate
that the differences in the electric power result are more significant relative to the magnitude of electrical
power flow in this case study.
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Table 5.5: Total network supply power for combined and individual simulations

Total Network Supply Power
o [W] P [W]
CHEsim 430,275 74,981
Hsim 430,273 75,289
Esim 401,290 73,493
Absolute difference [W] Relative difference [%]
5,000
2,500
O _ S— — p—
-2,500 — S
-5,000
-7,500
Heat power Electrical power Heat power Electrical power

Figure 5.6: Absolute and relative differences between the results of the combined sim-
ulation and the individual heat and electric simulations, respectively. A positive dif-
ference indicates that the result in the individual simulation was greater in magnitude

30%

20%

10%

0%

-10%

-20%

than that of the combined simulation.

5.3.3 Network-Level Results

The main total power results of each network as a whole are contained in Table 5.6. The network efficiency
only considers the losses from the transport of energy through the network, and does not consider the pri-

mary energy input.

Table 5.6: Network-level load flow results

Heat Network

Demand [W] Supply [W] @, [W] Pump power [W]  Heat Network Efficiency 8
CHEsim 400,000 430,275 30,275 2642 92.4%
Hsim 400,000 430,273 30,273 2640 92.4%

Electricity Network

Demand [W] Supply [W]  Pjgss [W] Electric Network Efficiency
CHEsim 73,986 74,981 994 98.7%
Esim 72,500 73,493 993 98.6%

The power values shown in Figure 5.6 were aggregated to show how the combined simulation results com-
pared to the individual simulation results on a network level. Figure 5.7 shows these aggregated values. ®
diff and P diff sum together the differences in heat and electric power shown in Figure 5.6. The differences
in power in this case show that positive and negative differences between load among the coupling compo-
nents in the simulations approximately balance each other, since the aggregate sums are close to zero. The
last three bars aggregate the magnitudes of the differences only, ignoring the canceling out of positive and
negative values. The aggregated values represent how much power is reallocated throughout the network.

8Heat network efficiency includes both thermal and hydraulic losses.
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In other words, even though the total power production and consumption are approximately equal in the
different simulations, the allocation of where each unit of power is produced is different in the combined
simulation than in the individual heat or electric simulations.

Total network differences
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Figure 5.7: Total network differences between the combined simulation result and the
individual simulation results. The first two bars represent the sums of the differences

of all heat and electric power results of the coupling components.” The last three bars
represent the sums of the magnitudes of the differences only.

*(<I> diff is too small to show in the graph but is equal to -2 W.)

The power reallocation is shown again in Figure 5.8, alongside the same data renormalized relative to the
network demands. The amount of electric power that is reallocated in the combined simulation is greater
than the amount of heat power reallocated. The renormalized (relative) reallocation is again greater for the
electrical network than the heat network, but the difference is more pronounced. The total heat demand is
approximately 5.5 times greater than the electrical demand. The electric reallocation is approximately 1.8
times greater than the heat reallocation. Putting these together, the relative electric reallocation is approxi-
mately 10 times greater than the relative heat reallocation.

Absolute differences of power allocation Relative differences of power allocation
12,500 20.0%
=
= 10,000 15.0%
0]
9]
3 7,500
bt 10.0%
9]
ot
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© 5.0%
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8
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0 |® diff| / @ |P diff| / P
|® diff| |P diff| demand demand

Figure 5.8: Absolute and relative differences between the total network allocation of
heat and electrical power in the results of the combined simulation compared to the
individual simulations.
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5.4 Discussion

The results of the combined simulation offer several insights when compared to the standalone heat and
electric simulations.

One of the first things to notice is when looking at the iteration convergence in Figure 5.4 there is an increase
in electric power consumption of the HP before the heat production increases. This is explained by the
parasitic electrical load of the pump. Even though the electrical power used for running the heat pump
thermodynamic cycle is not affected, the circulation pump requires electrical power which depends on the
hydraulic head it needs to supply. This head increase depends on the hydraulic state of the DH network
load flow which the Esim does not take into account.

The HP heat power output was altered from the setpoint because of its share of distributed slack partic-
ipation. When looking at the absolute difference comparison in Figure 5.6 the Hsim simulation showed
higher HP heat output than the CHEsim, while the Esim showed lower HP electrical consumption than the
CHEsim. The Esim did not take into account the HP slack participation, so it underestimated the electric
power required to increase its heat output. The Hsim result of HP heat output was closer, and the difference
compared to the CHEsim was due to the fact that the Hsim did not adjust the power output of the GT, which
would have provided more heat.

In the Hsim the heat network losses were made up for by increasing the output of ECST and HP. In the Esim
the electric network losses were made up for by increasing the output of the GT. The HNET heat losses were
approximately 30 times greater than the ENET losses (see Table 5.6), so the influence of losses in the HNET
was a much greater driver in the combined simulation which the Esim could not adequately capture.

Regardless of the relative network losses, the changes in the coupling components’ operational states all
affect each other. When the output of one unit increases, other producers must decrease their output in
order to bring back a balance of supply and demand. This reallocation of power consequently changes
the network load flow state, which affects the network losses. These inter-dependencies simply cannot be
accounted for in the individual simulations. A combined simulation is necessary to correctly coordinate all
of the units.

Tables 5.5 and 5.6 show clearly that the Esim fell short in estimating the total network heat supply by an
amount that is comparable to the heat network losses (around 30 kW). The Esim also underestimated the
electric power needs, although by very little. The Esim was only able to account for the losses in the electric
network, and so it fell short of the true needs of the combined network and was not able to take into account
heat losses or pumping power required by the DH network. It is tempting to assume that the degree that
each individual simulation falls short for total network supply should be around the degree of losses in the
other network, but this does not seem to be exactly true if we look at how the Hsim compared to the CHEsim.
The Hsim predicted very close to the heat power needs compared to the CHEsim. However the inferred
values from the Hsim slightly overestimated the electrical power supply. It is not clear what the cause of
this is. It's notable that the difference is roughly comparable to the level of losses in the electrical network,
though it is not likely that this is the cause of the difference. A potential explanation is that the difference
is simply due to the difference in heat allocation which causes unchecked reallocations in electrical power
because of the CHP plants’ operation curves.?

The individual simulations do, however, closely match the total network supply of their own network when
compared to the CHEsim. The Hsim and CHEsim total heat supply are essentially identical, and the Esim
and CHEsim total electric supply are within 2% of the electric demand. This indicates that the individual
simulations were accurate when compared to the combined simulation and that any differences are likely
due to a difference in network losses.!’But again, even though the individual simulations were close for
their own network they failed to accurately match the needs of the other network, and overall deviated in

91f this is the case then the effect is hidden by the fact that the two CHP operation characteristics work against each other (an
increase in ECST @ decreases P, but an increase in GT @ increases P.) So if two GTs were used as the CHP plants then the Hsim
estimate of electric power would be much farther off.
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their estimations.

Looking beyond the total net power supply reveals more meaningful differences between the combined
simulation and the individual simulations. Figures 5.7 and 5.8 demonstrate the extent of reallocation clearly.
Again, as was stated in the previous paragraph the individual simulations were relatively accurate to the
needs of their own network in terms of total network supply. In other words the total amount of power
produced was comparable to what the combined network truly needed. The differences beyond that are
found in how the distribution of power is allocated among the network externals.

Figure 5.8 shows that there are positive and negative differences between how power is allocated among
the units but they mostly cancel each other out for both networks. Figure 5.7 aggregates the magnitudes
of these differences to show that the locations where power is produced is meaningfully different in the
combined simulation when compared to the individual simulations. Figure 5.6 compares the HNET and
ENET reallocation and illustrates two interesting points: First is that the electrical power reallocation is
greater than the heat power reallocation. Since the HNET demand is much higher than the ENET demand
(by a factor of about 5.5) it suggests that the HNET is had more influence on the ENET solution in the
combined simulation. Secondly when these power reallocations are normalized with respect to the HNET
and ENET demands the ENET relative reallocation is much larger than that of the HNET (by a factor of about
10). This suggests that not only did the HNET influence the ENET soution, it had a disproportionately larger
influence.

Differences in power allocation could affect some important results of load flow analysis. One of the rea-
sons for using load flow simulation is to determine whether some situations result in parts of the network
experiencing adverse conditions. Overcurrent in lines and over/under-voltage in buses, for example, are
key indicators which are considered when designing electrical networks. These key indicators could be af-
fected if the true operational point is significantly reallocated. For example: an electric network load flow
simulation might show that all line currents and bus voltages are at acceptable levels, but if it is coupled
with a heat network it is possible that the combined heat-electric solution would indicate that, because of
a difference in power allocation, there is congestion in a line experiencing an overcurrent. In this regard
a combined network solution is important to gain a more complete understanding of the load flow that
individual network simulations are unable to produce.

5.5 Limitations of the Study

The study presented in this thesis was not all-encompassing and had some limitations, which are outline
here.

* Constraint violations, such as overloading of lines or pipes or voltages outside of the proper range
were not looked at or considered. The load flow simply calculated the state of the network and was
not able to adjust for such violations.

* The network in the case study was relatively small and was a simple radial configuration and load dis-
tribution was uniform which left less opportunity for major differences in load flow. A larger and more
complex network would have larger losses, and the effect of reallocation of power could subsequently
have a much larger effect on these losses, expecially in a meshed network.

* The case study network was an islanded grid with no connection to the external power grid. Although
this is possible, it would be more applicable to consider a system that is not isolated from the larger
power system.

* There were some parameters which were treated as constant that in reality can change with condi-
tions. For example heat capacity of water changes with temperature, but the value used in this model
was constant. Elevation was assumed constant, but real elevation changes could have drastic effect

10The case study network is radial with all sources meeting at a junction before continuing to the demand area, so the losses will
not vary all that much. In a larger network, especially one with a more complex configuration (for example a meshed topology)
where the load flow has more freedom and the losses can change more, this difference might also be larger.

41 CHAPTER 5. CASE STUDY



5.5. Limitations of the Study

on the pump power required in the DH network. Other operational parameters were assumed con-
stant, such as the heat pump COP and the heat to power ratio for the CHP plant.

* Although an effort was made to design the case study network using realistic values, some values were
chosen for convenience. For example, all of the heat demands were equal, which is not realistic. These
simplifications were justified by the qualitative nature of the study: the aim was to investigate trends
and compare simulations, not to determine exact numbers.

¢ Finally the conclusions drawn from the case study in this thesis cannot represent all possible scenar-
ios, so the findings presented here can only be assumed to apply to the network studied.
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Chapter 6

Conclusion

The main research question investigated in this thesis was to determine what benefits there are by run-
ning a combined heat-electric network simulation compared to simulating the networks separately, if the
networks are linked by coupling components such as CHP plants or heat pumps. In order to answer this
question the following steps were taken:

1. A physics-based district heating network model was implemented for performing steady-state load
flow analysis including distributed slack participation.

2. The method for performing load flow analysis of electrical networks was briefly described in order
to inform about the underlying functionality of the commercial solver used for the electrical network
simulation.

3. The coupling components which link the heat and electric networks together were defined, and the
equations which govern their power flows linking the heat and electricity networks were given. These
were encapsulated as energy hubs which mediated data exchange between solvers and performed the
coupling calculations.

4. A combined Heat-Electric network solver was implemented which iteratively solved the two networks
using energy hubs to facilitate the coupling between them.

5. Finally, a case study was performed in which a coupled heat and electric network was subject to load
flow simulations by the combined heat-electric solver, the heat network solver, and the electric net-
work solver. The resulting simulation results were compared and conclusions were drawn on what
differences there were and what caused these differences in this specific case.

The case study performed revealed a few main areas of difference between the combined simulation and
the individual simulations:

Network losses drive the actual operating point (solution) away from the initial guess. A standalone simula-
tion of a single network will neglect the losses of the other network because it does not have access to that
information. Although these losses could be assumed and added back into a single network simulation,
that alone does not take into account the necessary changes in the allocation of power dispatch and may
not improve the accuracy of the estimation.

Reallocation of the power dispatch among the coupling components turned out to be significant, but the
net effect of this power reallocation was concealed if only the total network supply power was looked at,
since the positive and negative differences mostly balanced each other out. However when the magnitudes
of differences in power allocation were compared it was clear that the combined network solution had a
significantly different allocation of power dispatch among the coupling components. The larger influence of
the heat network in the case study caused the electric network to experience a more significant reallocation
relative to the total electric load.

Although the reallocation did not affect the total supply-demand balance as significantly, it could affect
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some important results of load flow analysis. Key indicators from load flow analysis which are used in net-
work planning like current congestion, over-voltage, under-voltage, underpressure, and losses could all be
affected if the true operational point is significantly reallocated. In this regard a combined network solution
is important to gain a more complete understanding of the load flow that individual network simulations
are unable to produce.

Finally, since the network studied in the case study was relatively small and simple it is likely that larger and
more complex networks - especially ones with meshed topologies, distributed generation, a more varied
assortment of loads, and higher losses - may display more pronounced differences between isolated and
combined load flow simulations.

Contributions of the Thesis

The contributions of the thesis are as follows:

* A general physics-based model for performing steady-state load flow simulation on district heating
networks of arbitrary topology was created and described.

* A simple implementation for distributed slack participation was given and implemented in the dis-
trict heating network model.

* A method for performing a combined heat-electric network load flow simulation using a heat net-
work solver and an electric network solver was provided, using an energy hub object as a mediator to
facilitate coupling between the networks.

* A case study was performed which illuminated certain benefits of performing a coupled heat-electric
network simulation compared to simulating the networks separately.

Recommendations for Future Work

Some recommendations for future work are as follows:

* Alongitudinal study of many case networks with a range of sizes and degrees of coupling would pro-
vide more insight into general benefits of coupled network simulation.

e Further investigation into the impacts of distributed slack and distributed generation on the com-
bined network load flow results could be of interest.

 District heating and cooling networks should be similarly studied coupled with electrical networks.

* Additional networks could be included to investigate what the benefits of coupled simulation are. For
example: heat-electric-gas network simulation.

* Similar investigations with optimal power flow simulations could provide key insights into how the
optimization differs when run in a combined simulation compared to individual network simulations.

¢ The model should be further developed to include a transient heat network model, so that additional
dynamic simulation studies can be performed. This could be exceptionally rich in possibility for study
as it could include thermal energy storage, thermal inertia of the DH network, production ramping
rates, demand side management, and other ways in which the heat network could add flexibility to
the electrical network.

The topic of combined simulation of heat and electricity networks is an important part of the sustainable
energy transition. The need to decarbonize the heat sector means that heat will be further electrified, so
the interaction between heat and electricity networks is becoming more important. Interconnected energy
systems are increasingly interesting from the standpoints of efficiency, flexibility, and security of supply,
and load flow analysis is one of the first tools used in making network planning decisions. Understanding
how the systems work together is critical, and understanding the limitations of how they are modeled and
simulated can have a decisive influence.
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Appendix A

Newton-Raphson Method

The Newton-Raphson method is based on sequential linearization of a mismatch equation f(x) at a cur-
rent state variable x in order to solve for the mismatch of the next iteration [24, 30]. A mismatch equation
f(x) is defined as the mismatch between the value of f at the operating point xy and the true solution. In
other words, f(xs07urion) = 0. A graphical representation of the Newton-Raphson method is shown in Figure
Al

The linearization is based on a Taylor Series expansion about an operating point xy, where only the first
derivative terms are considered and the higher-order terms are ignored.

A 0 -
Af_or| =) (A1)
Ax  0X|y=y, X— X
Rearranging equation (A.1) obtains:
0
fx) = fxo) + of (x — x0) (A.2)
ax X=Xp
To solve for x, set the mismatch equation f(x) = 0:
of )—1
X=Xo— (— f (xo) (A.3)
ax X=X
Another way to write this is using the Jacobian J of f(x).
0
J= of (A.4)
0X | x=yx,
At iteration k, substitite xo = x*. Thus to solve for the system state at the next iteration x*+1:
x(k+1) — x(k) _]—lf(x(k)) (A.5)

The iterations continue until the mismatch equation f(x®) is sufficiently close to zero (within a specified
tolerance).

If there are multiple mismatch functions, then the Newton-Raphson method can be generalized to multiple
dimenstions using a vector of mismatch functions F, a state-variable vector x, and the associated Jacobian
matrix J.

X(k+1) — x(k) _ ]—1F(x(k)) (A.6)
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Figure A.1: Newton-Raphson method: Linearization about an operating point in order
to solve for the state for the next iteration

where
X1 Fi1(x)
X2 F>(x)
X= , F= .
Equation (A.6) written more completely:
x§k+1) xik) F, (X(k))
x§k+1) xék) © 1| B (X(k))
- - o) , (A7)
x§1k+1) xﬁzk) F, (X(k))
Where the Jacobian matrix J is defined as:
6F1 @ 6F1
0x, 0x, 0xp
OF;  0F, oF,
J= 0x; 0x, "7 0xp (A.8)
OF, OF, OF,
0xy 0x» 0x,
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Appendix B

Linearizations of Heat Network Equations

In order to find a solution that satisfies all of the physical equations for the DH network the Newton-
Raphson method described in Appendix A is used. Since equation (2.4) is nonlinear the system must be lin-
earized. The linearized forms of the mismatch equations for use in Newton-Raphson are given here.

Generally the correction for the vector Ax of independent variables is related to the Jacobian matrix / and
the vector of mismatch functions AF by the following equation:

Ax=J"! (-AF) (B.1a)
Ax=J! (FSP - f(xk)) (B.1b)

where FS? is the setpoint (offset) of the function f(x), and f(x¥) is the evaluation of f(x) at iteration k. The
mismatch functions of the physical equations are outlined below, along with their linearizations.

Reference Node

One node must be chosen as the reference node from which the other node pressure heads can be deter-
mined, by setting it to the pressure head setpoint 25", The mismatch equation and its linearized form are
simply Equations (B.2) and (B.3), respectively.

AHyof = hprep — h5P (B.2)
ARy e =P =Ry 0 (B.3)

Continuity of Flow

The continuity of flow equation each each node given in equation (2.1) is needed for solving the hydraulic
model. The mismatch equation AM becomes:

AM = (3 1h) 5y = (1), + T (B.4)

And the linearized form for use in the system of equations is simply:

(1] Aty + [=1] Atinin = — () 1) ., + (D 111);,, — 1i1g (B.5)
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Heat Power

The heat power set point (DZP at each node is given, which is related to the mass flow offtake and tempera-
ture drop by equation (2.7). The mismatch equation A® for the heat load at a node becomes:

A = epring (Thg = T/ ) - @5 (B.6)

The linearized form of in terms of the mass flow offtake and the load terminal temperatures is therefore:

ep(Thq = Ty | At + [cpring | AT + [~ cpting| AT) = B3 — ik (T3, 17, ) (B.7)

For a heat demand node where T, = T and T}, = Ty, the linearization becomes (B.8a), and for a heat

supply node where Ty, = T} and T, = T;: the linearlzatlon becomes (B.8b).

|cp (T = Ty | Aring + [eprink| AT = @FP - ik (13,5 - 75, %) (B.8a)

|cp (Toq = T/5)] Aring + |~ cprink | AT = @ — ik (13, - 17, ) (B.8b)
The term Arir, is replaced with Equation (2.1): Arirg = Y Ay — 3. Atitgy:.

Pipe head losses

The head loss in each pipe given in equation (2.4) is nonlinear with respect to riz. In terms of the inlet and
outlet pressures heads over a pipe p the mismatch equation A H becomes:

AH = hip — Bous — Kprin|1iny| (B.9)

The linearized form of the equation in terms of the independent variables is:

(1A + [=11Ahgus + | ~2KE rnf || Arin, = — (hf, -

out

— Kb\ |) (B.10)

Node temperatures

The temperature at each node in the network is determined by using the temperature mixing equation
(2.11). Because of the possibility of flow reversal, the inflows and outflows must be determined by checking
the assumed flow direction against the flow value. Once the correct inflows and outflows are determined,
the temperature drop equation (2.10) for each incoming pipe is applied since each inflow will have lost heat
to the ambient. This requires finding the upstream node from which each inflow is coming. Setting up the
temperature mixing mismatch equation for a node n connected to pipes p then becomes:

AT:( Z |m0utfl0w|) node — Z (lmtnflow| lnflow) (B.11)

outflows inflows

The setup of the temperature mixing equations must take the following conditions into account:
1. In the supply network: i1, of a supply is an inflow, ri7; of a demand is an outflow.
2. Inthe return network: ri; of a supply is an outflow, ri74 of a demand is an inflow.

3. Inflows that arrive from a pipe must include the change in temperature from its origin node, via the
temperature drop equation. (2.10).
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Generally, given a node n, with an inflow coming from node m via pipe p, the flow injected or withdrawn
must be placed correctly in the equation. If ri7, is an inflow, the linearization becomes equation (B.12a),
and if 74 is an outflow, the linearization becomes equation (B.12b). 1

S ik | AT, + —|m;§|\y;§]ATm:(Z(|m’;|T,’;w§)+|m’;|Toq)—Z(m’;T,’f) (B.12a)
out in out

.k .k sk pk _ sk rkwk) _ .k k
[(%tlm |)+|mq|Toq ATn+[—Impl‘Pp]ATm—%(lmple‘Pp) %t(man) (B.12b)

In the supply network, for heat demand nodes, ri4 is an outflow since it is being withdrawn from the supply
network. For heat demand nodes, ri1, is an inflow since it is being injected into the return network.

H Although VW is a function of i its value is usually very close to 1. Consequently g—\:l is very close to zero and is much smaller

than the other nonzero terms when linearizing equation (B.11). Thus g% is approximated to zero.
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Appendix C

Barry Island Network Parameters

18 114 13 13 . Heat Source
14 o Heat Demand
15 16 Heat Pipe
16 15 17 ° Junction node

Figure C.1: A schematic drawing of the disrtict heating system in Barry Island

Table C.1: Barry Island network parameters used in the validation simulation [30]

Parameter Value
Supply temperature 70°C
Return temperature 30°C
Ambient temperature 10 °C




Table C.2: Barry Island heat network pipe parameters [30]

Pipe | FromNode ToNode L[m] D [mm] €e[mm] A[W/mK]
1 1 2 257.6 125 0.4 0.321
2 2 3 97.5 40 0.4 0.21
3 2 4 51 40 0.4 0.21
4 2 5 59.5 100 0.4 0.327
5 5 6 271.3 32 0.4 0.189
6 5 7 235.4 65 0.4 0.236
7 7 8 177.3 40 0.4 0.21
8 7 9 102.8 40 0.4 0.21
9 7 10 247.7 40 0.4 0.21
10 5 11 160.8 100 0.4 0.327
11 11 12 129.1 40 0.4 0.21
12 11 13 186.1 100 0.4 0.327
13 13 14 136.2 80 0.4 0.278
14 14 15 41.8 50 0.4 0.219
15 15 16 116.8 32 0.4 0.189
16 15 17 136.4 32 0.4 0.189
17 14 18 136.4 32 0.4 0.189
18 14 19 44.9 80 0.4 0.278
19 19 20 136.4 32 0.4 0.189
20 19 21 134.1 32 0.4 0.189
21 19 22 41.7 65 0.4 0.236
22 22 23 161.1 32 0.4 0.189
23 22 24 134.2 32 0.4 0.189
24 22 25 52.1 65 0.4 0.236
25 25 26 136 32 0.4 0.189
26 25 27 123.3 32 0.4 0.189
27 25 28 61.8 40 0.4 0.21
28 28 29 95.2 32 0.4 0.189
29 28 30 105.1 32 0.4 0.189
30 31 28 70.6 125 0.4 0.321
31 31 7 261.8 125 0.4 0.321
32 32 11 201.3 125 0.4 0.321
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Appendix D

Case Study Network Parameters

Table D.1: Case study heat pipe parameters

Pipe | FromNode ToNode L[m] D[m] e€[m] A[W/m-K]
A A 0 200 0.0545 0.001 0.3
B B 0 100 0.026  0.001 0.2
C C 0 200 0.0372 0.001 0.25
0 0 1 100  0.0545 0.001 0.3
1 1 2 50 0.0545 0.001 0.3
2 2 3 50 0.0545 0.001 0.3
3 3 4 50 0.0431 0.001 0.27
4 4 5 50 0.0372 0.001 0.25
la 1 la 25 0.026  0.001 0.2
2a 2 2a 25 0.026  0.001 0.2
3a 3 3a 25 0.026  0.001 0.2
4a 4 4a 25 0.026  0.001 0.2
5a 5 5a 25 0.026  0.001 0.2
1b la 1b 50 0.021 0.001 0.15
2b 2a 2b 50 0.021 0.001 0.15
3b 3a 3b 50 0.021 0.001 0.15
4b 4a 4b 50 0.021 0.001 0.15
5b 5a 5b 50 0.021 0.001 0.15
1c 1 1c 25 0.026  0.001 0.2
2c 2 2c 25 0.026  0.001 0.2
3c 3 3c 25 0.026  0.001 0.2
4c 4 4c 25 0.026  0.001 0.2
5¢c 5 5¢ 25 0.026  0.001 0.2
1d 1c 1d 50 0.021 0.001 0.15
2d 2c 2d 50 0.021 0.001 0.15
3d 3c 3d 50 0.021 0.001 0.15
4d 4c 4d 50 0.021 0.001 0.15
5d 5c 5d 50 0.021 0.001 0.15
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Table D.2: Case study heat network parameters

Parameter Variable Value

Supply temperature T 70°C

Return temperature T, 40°C

Ambient temperature T, 10°C

Reference Node Pressure P 800,000 Pa
(82.48 m head)

Table D.3: Case study heat loads

Node @7 [W] | Node ®°” [W] | Node @°F [W]
la 20,000 Ic 20,000 A -321,505
2a 20,000 2c 20,000 B -50,000
3a 20,000 3c 20,000 C -68,495
4a 20,000 4c 20,000 0

5a 20,000 5¢c 20,000 1

1b 20,000 1d 20,000 2

2b 20,000 2d 20,000 3

3b 20,000 3d 20,000 4

4b 20,000 ad 20,000 5

5b 20,000 5d 20,000

Table D.4: Case study electric line parameters

Line Parameters

Line | FromBus ToBus L [km] R[Q/km] X[Q/km] CCL [nF/km]
A A 00 0.3 0.164 0.080 100
B 00 B 0.3 0.164 0.080 100
C B C 0.2 0.164 0.080 100
1 0 1b 0.05 0.164 0.080 100
2 1b 2b 0.05 0.164 0.080 100
3 2b 3b 0.05 0.164 0.080 100
4 3b 4b 0.05 0.164 0.080 100
5 4b 5b 0.05 0.164 0.080 100
6 5b 5a 0.05 0.164 0.080 100
7 5a 5¢c 0.05 0.164 0.080 100
8 5c 5d 0.05 0.164 0.080 100
9 5d 4d 0.05 0.164 0.080 100
10 4d 3d 0.05 0.164 0.080 100
11 3d 2d 0.05 0.164 0.080 100
12 2d 1d 0.05 0.164 0.080 100
13 5a 4a 0.05 0.164 0.080 100
14 4a 3a 0.05 0.164 0.080 100
15 3a 2a 0.05 0.164 0.080 100
16 2a la 0.05 0.164 0.080 100
17 5C 4c 0.05 0.164 0.080 100
18 4c 3c 0.05 0.164 0.080 100
19 3c 2c 0.05 0.164 0.080 100
20 2c 1c 0.05 0.164 0.080 100
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Table D.5: Case study electric network parameters

Network Parameters
Parameter Variable Value
Base S Shase 0.010 MVA
Base V(MV) Vigsemy 10kV
Base V (LV) Vbaserv ~ 0.4kV
Frequency F 50 Hz

Table D.6: Case study electric loads (all power factors cos(0) are lagging)

Node Loads
Bus PP [MW] cos(@) | Bus PSP [MW] cos@®) | Bus PSP [MW] cos(6)
la 0.003 1.0 1c 0.003 1.0 A -0.019812
2a 0.003 1.0 2c 0.003 1.0 B  0.052688  0.90
3a 0.003 1.0 3c 0.003 1.0 C -0.0125
4a 0.003 1.0 4c 0.003 1.0 00
5a 0.003 1.0 5¢c 0.003 1.0 0
1b 0.003 1.0 1d 0.003 1.0
2b 0.003 1.0 2d 0.003 1.0
3b 0.003 1.0 3d 0.003 1.0
4b 0.003 1.0 4d 0.003 1.0
5b 0.003 1.0 5d 0.003 1.0

APPENDIX D. CASE STUDY NETWORK PARAMETERS

XIvV



Appendix E

Case Study Load Flow Results

Table E. 1: Case study heat node results

CHEsim Hsim
Node | Ts [°C] T, [°C]  h[m] @, W] | Ts[°C] T, [°C]  hm] D4 (W]
A 70.0 39.374 82.481 -303,174 70.0 39.375 82.481 -306,078
B 70.0 39.217 81.192 -54,064 70.0 39.221 81.168  -54,581
C 70.0 38.93 77.298  -73,037 70.0 38.899 76.732  -69,613
0 69.446 39.552 73.133 0 | 69.446 39.552 72.952 0
1 69.319 39.615 63.798 0| 69.319 39.615 63.618 0
2 69.24 39.626 60.795 0 69.24 39.626 60.615 0
3 69.135 39.644 59.093 0| 69.135 39.644 58913 0
4 68.993 39.67 56.402 0 | 68.994 39.67 56.221 0
5 68.734 39.737 54.891 0| 68.734 39.737 54.711 0
la 69.106 39.839 62.534 20,000 | 69.106 39.839 62.354 20,000
2a 69.028 39.839 59.524 20,000 | 69.028 39.839 59.343 20,000
3a 68.924 39.84 57.813 20,000 | 68.924 39.84 57.633 20,000
4a 68.784 39.841 55.109 20,000 | 68.784 39.841 54.929 20,000
5a 68.527 39.842 53.576 20,000 | 68.527 39.842 53.395 20,000
1b 68.478 40.0 60.457 20,000 | 68.478 40.0 60.277 20,000
2b 68.402 40.0 57.436 20,000 | 68.402 40.0 57.256 20,000
3b 68.302 40.0 55.710 20,000 | 68.302 40.0 55.530 20,000
4b 68.166 40.0 52.986 20,000 | 68.166 40.0 52.806 20,000
5b 67.918 40.0 51.415 20,000 | 67.918 40.0 51.235 20,000
1c 69.106 39.839 62.534 20,000 | 69.106 39.839 62.354 20,000
2c 69.028 39.839 59.524 20,000 | 69.028 39.839 59.343 20,000
3c 68.924 39.84 57.813 20,000 | 68.924 39.84 57.633 20,000
4c 68.784 39.841 55.109 20,000 | 68.784 39.841 54.929 20,000
5¢c 68.527 39.842 53.576 20,000 | 68.527 39.842 53.395 20,000
1d 68.478 40.0 60.457 20,000 | 68.478 40.0 60.277 20,000
2d 68.402 40.0 57.436 20,000 | 68.402 40.0 57.256 20,000
3d 68.302 40.0 55.710 20,000 | 68.302 40.0 55.530 20,000
4d 68.166 40.0 52.986 20,000 | 68.166 40.0 52.806 20,000
5d 67.918 40.0 51.415 20,000 | 67.918 40.0 51.235 20,000




Table E.2: Case study heat pipe flows

CHEsim Hsim
Pipe | i1 [kg/s] | rin [kg/s]
A 2.368 2.390
B 0.420 0.424
C 0.562 0.535
0 3.350 3.350
1 2.685 2.685
2
3
4

2.019 2.019
1.350 1.350
0.678 0.678
la 0.332 0.332
2a 0.333 0.333
3a 0.334 0.334
4a 0.336 0.336
5a 0.339 0.339
1b 0.168 0.168
2b 0.168 0.168
3b 0.169 0.169
4b 0.170 0.170
5b 0.171 0.171
1c 0.332 0.332
2c 0.333 0.333
3c 0.334 0.334
4c 0.336 0.336
5C 0.339 0.339
1d 0.168 0.168
2d 0.168 0.168
3d 0.169 0.169
4d 0.170 0.170
5d 0.171 0.171
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Table E.3: Case study electric bus results

Electric Bus Results

CHEsim Esim

Bus IVIIV] 6ldegl PI[W] Q[VArI] [VIIV] 6ldegl P[W] Q[VAI]
A 10000.000 1.000 -19366 -45806 | 10000.000 -0.003 -24113 -35677
B 9999.886 1.000 13986 4597 | 9999.888 -0.001 12500 6054
C 10000.000 1.000 -55614 43242 | 10000.000 0.000 -49380 31656
00 9999.794 1.000 0 0| 9999.795 -0.003 0 0
0 399.992 1.000 0 0 399.992  -0.003 0 0
la 392.778 0.967 3000 0 392.778 -0.506 3000 0
2a 392.841 0.968 3000 0 392.841 -0.501 3000 0
3a 392.966 0.968 3000 0 392.966 -0.493 3000 0
4a 393.154 0.970 3000 0 393.154 -0.479 3000 0
5a 393.404 0.971 3000 0 393.404 -0.461 3000 0
1b 398.737 0.995 3000 0 398.737 -0.089 3000 0
2b 397.545 0.989 3000 0 397.545 -0.171 3000 0
3b 396.416 0.984 3000 0 396.416  -0.250 3000 0
4b 395.349 0.980 3000 0 395.349 -0.324 3000 0
5b 394.345 0.975 3000 0 394.345  -0.395 3000 0
1c 392.150 0.964 3000 0 392.150 -0.551 3000 0
2c 392.212 0.965 3000 0 392.212  -0.546 3000 0
3c 392.338 0.966 3000 0 392.338  -0.537 3000 0
4c 392.526 0.967 3000 0 392.526  -0.524 3000 0
5c 392.777 0.969 3000 0 392.777  -0.506 3000 0
1d 391.835 0.964 3000 0 391.835 -0.573 3000 0
2d 391.898 0.965 3000 0 391.898 -0.568 3000 0
3d 392.024 0.965 3000 0 392.024 -0.560 3000 0
4d 392.212 0.966 3000 0 392.212  -0.546 3000 0
5d 392.463 0.967 3000 0 392.463 -0.528 3000 0
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Table E.4: Case study electric line currents

Electric Line Results

CHEsim Esim
Line [1] [A] Hfrom [deg] 0o [deg] [1] [A] erom [deg] Ot [deg]
A 5.017 -67.086 112.498 4.345 -55.949 123.361
B 6.259 -131.978 48.596 5.197 -135.581 45.157
C 7.025 -142.539 37.866 5.849 -147.857 32.663
1 152.482 -0.452 179.548 | 152.482 -0.451 179.548
2 144.958 -0.471 179.529 | 144.958 -0.471 179.529
3 137.412 -0.488 179.512 | 137.412 -0.487 179.513
4 129.844 -0.502 179.498 | 129.844 -0.501 179.498
5 122.256 -0.513 179.486 | 122.256 -0.513 179.487
6 114.648 -0.521 179.478 | 114.648 -0.521 179.479
7 76.483 -0.540 179.460 76.483 -0.539 179.460
8 38.257 -0.551 179.448 38.257 -0.550 179.449
9 30.613 -0.558 179.441 30.613 -0.557 179.442
10 22.964 -0.563 179.435 22.964 -0.562 179.436
11 15.311 -0.567 179.431 15.311 -0.566 179.432
12 7.656 -0.569 179.426 7.656 -0.568 179.427
13 30.539 -0.491 179.508 30.539 -0.490 179.509
14 22.909 -0.496 179.502 22.909 -0.495 179.503
15 15.275 -0.500 179.498 15.275 -0.499 179.499
16 7.638 -0.502 179.493 7.638 -0.501 179.494
17 30.588 -0.535 179.463 30.588 -0.535 179.464
18 22.946 -0.541 179.458 22.946 -0.540 179.458
19 15.299 -0.544 179.453 15.299 -0.544 179.454
20 7.650 -0.547 179.449 7.650 -0.546 179.449
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