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Abstract

Some of the main challenges with more efficient and cleaner energy systems include the
development of Integrated Electricity and Heating Systems (IEHSs). Thus, the proposed
research explores IEHSs in the context of Microgrids (MGs) and Bulk Power System (BPS),
including the integration of Small Modular Reactors (SMRs) to provide both electricity
and heat. In this context, the main goal is to study dynamics and control of IEHSs,
with an emphasis on District Heating Networks (DHNs) for efficient energy use. Thus, the
proposed work aims to support a cleaner energy transition in both remote communities and
urban areas through the use of IEHSs, focusing on two key objectives, namely, developing
a comprehensive dynamic models of a combined DHN and Electric Power Network (EPN)
to study energy exchanges between these systems, and the provision of ancillary services
for power grids for both BPSs and MGs.

A dynamic DHN and EPN model is first developed for MGs, considering all relevant
heating and electricity system details, but especially soil limitations, extreme low tempera-
tures, and piping insulation to minimize heat loss. The accurate sizing of the Heat Pumps
(HPs) based on thermal load requirements, weather conditions, and consumer profiles is
also discussed, proposing a demand management control to enhance MG primary fre-
quency regulation, which facilitates the integration of variable Renewable Energy Sources
(RESs) in power grids. The proposed dynamic models are applied, tested, and validated
in a realistic community MG based on a remote community EPN located at Kasabonika
Lake First Nation (KLFN) in Northern Ontario. It is shown that the DHN facilitates the
proper integration of RESs in isolated MGs through the development of novel EPN control
systems.

The presented research also studies IEHSs to serve a broader geographical region be-
yond MGs. Thus, it proposes to investigate the impacts of IEHSs on the dynamic opera-
tion of the BPS in collaboration with Ontario’s Independent Electricity System Operator
(IESO), using SMRs as the primary source for both electricity and thermal energy demand.
For this purpose, a comprehensive dynamic model of a boiling water SMR power plant,
incorporating all essential components, including the reactor, steam turbine, and steam
flow control system, is first developed to evaluate its practical application in power grids.
Unlike previous studies that focus on individual elements, this work proposes the first full-
system model with direct steam expansion, capturing key thermal-hydraulic dynamics of
the reactor, such as pressure variations and two-phase drift velocity, to improve simulation
accuracy. The incorporation of a DHN is then studied, demonstrating that the reactor
efficiency can be improved by enabling combined heat and power generation and the pro-
vision of ancillary services, which collectively would increase the overall performance and
efficiency of the BPS.
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The proposed SMR dynamic models are integrated into a widely used power system
analysis tool to assess their dynamic performance and impact on Ontario’s BPS. The results
highlight the operational flexibility and frequency regulation potential of the BWRX-300,
demonstrating its feasibility for practical deployment in modern power grids while also
discussing the potential challenges of integrating it within large-scale power networks.
Furthermore, the results of the SMR-based DHN models highlight the strong potential of
SMRs for cogeneration applications, demonstrating their operational flexibility in practical
settings and illustrating a significant reduction in energy consumption compared to heating
systems based solely on HPs, which is the current trend.
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Chapter 1

Introduction

1.1 Motivation

The global shift towards achieving net-zero carbon emissions is a global priority. Canada is
aligning with this commitment by targeting zero CO2 emissions by 2050 [1, 2]. Thus, this
thesis is motivated by the role that Integrated Electricity and Heating Systems (IEHSs)
can play in supporting Canada’s decarbonization strategy, especially in the contexts of
both remote Microgrids (MGs) and the Bulk Power Systems (BPSs). The research is cen-
tered around three interconnected components: enhancing IEHSs for remote communities,
developing accurate dynamic models and control strategies for Small Modular Reactors
(SMRs), and exploring the integration of SMR-based cogeneration systems within urban-
scale IEHSs.

In remote northern communities, where access to clean energy is limited and thermal
demand is high, the deployment of IEHSs presents a transformative opportunity. These
communities typically rely on Diesel Generation Units (DGUs), which not only contribute
to high Greenhouse Gas (GHG) emissions but also accelerate local environmental impacts,
such as ice melting due to soot and black carbon [3]. District Heating Networks (DHNs),
which provide centralized heat to multiple buildings, offer a promising solution to meet the
communities’ thermal needs efficiently by utilizing various energy sources [4, 5]. Although
DHNs may involve higher upfront costs, their long-term benefits in terms of scalability,
efficiency, and emission reduction make them an attractive option, especially in harsh
climates [6–8]. In this context, this thesis focuses on developing a detailed dynamic model of
the IEHS for remote MGs, considering waste heat recovery from DGUs and robust control
strategies to enhance MG’s stability and energy management, particularly in scenarios
involving high penetration of Renewable Energy Sources (RESs).
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The thesis also focuses on the development of high-fidelity dynamic models and ad-
vanced control strategies for SMR power plants, which are gaining global traction as a
viable clean energy source. Unlike traditional large nuclear plants, an SMR plant offers
operational flexibility, enhanced safety, and the ability to provide grid services such as
frequency regulation [9]. Several recent studies have highlighted the viability of SMRs in
terms of siting, carbon policy impacts, and system integration [10–12]. Thus, the Ontario
Power Generation (OPG) in partnership with the Independent Electricity System Operator
(IESO) is planning to deploy North America’s first Boiling Water Small Modular Reactor
(BWSMR) at the Darlington site by 2029 [13]. To support proper integration of these
SMRs into the BPS, the presented research models the dynamics of BWSMRs and study
control strategies under various operating conditions.

Finally, the thesis investigates SMR-based cogeneration as part of an urban IEHS, since
integrating an SMR with a DHN can enhance system efficiency and reactor stability by
supplying thermal loads alongside electricity generation [14]. In this context, the IESO is
exploring the feasibility of using these units to meet local heating demands. Hence, given
the potential of SMRs to improve grid flexibility and support decarbonization, this research
aims to evaluate the dynamic performance and grid impact of SMR-based cogeneration
within urban IEHSs.

In summary, the motivation for this thesis is address Canada’s decarbonization chal-
lenges through the design, modeling, and integration of advanced IEHSs. By developing
solutions for remote MGs, modeling the dynamics of SMRs, and studying the benefits
of SMR-based cogeneration, the presented research contributes to the transition towards
sustainable, low-carbon energy systems.

1.2 Literature Review

An extensive and critical examination of the relevant literature on the core subjects relevant
to the research is presented here. The areas of interest include MG dynamic stability and
control with RESs integration, SMR modeling and control in the context of BPS, and
dynamics and control for SMR-based cogeneration systems. The main aim is to identify
relevant gaps in the existing research in these areas, which will be the main focus of the
thesis.
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1.2.1 IEHS Dynamic Modeling of Microgrids

Recently, there has been a growing trend towards electrical and thermal systems integration
to form IEHSs, in order to achieve optimal operation of the combined systems and minimize
GHG emissions [15]. However, dynamic modeling studies of IEHSs with DHNs and Electric
Power Network (EPN) are limited, especially for MGs, which are necessary to properly
understand and demonstrate the viability of IEHSs for remote communities.

1.2.1.1 Ancillary Service Provision with DHNs in Microgrids

There are various references in the literature discussing the DHN and its benefits for fre-
quency regulation. For example in [16], the authors study a combined SMR and DHN to
manage electric load fluctuations in isolated EPNs, enhancing RES integration and grid
stability. However, the study does not consider the DHN’s secondary circuit dynamics,
using 15 min resolution that does not allow to consider primary frequency regulation is-
sues. Reference [17] analyzes the dynamic operability of interconnected Combined Heat
and Power (CHP) plants in DHNs, but the models utilized are not detailed enough to
properly represent EPNs in the context of IEHSs. The authors in [18] propose a model-
based approach to assess the potential of power-to-heat assets for frequency regulation in
Active Distribution Networks (ADNs), which is relevant to MGs. However, the simplified
representation of the DHN in the case study does not fully capture the necessary IEHS
dynamics. In [19], a state space model is proposed to represent large-scale Heat Pumps
(HPs) in DHNs, enabling performance evaluation of local frequency control methods, high-
lighting the HPs promising role in IEHS, but there is no proper modeling of the EPN to
study the required IEHS dynamics relevant to frequency control.

1.2.1.2 DHN Dynamic Modeling

While DHNs involve higher initial costs, their scalability and long-term savings make them
attractive to improve energy efficiency. This is particularly true for remote, northern
communities, which have significant thermal loads associated with their northern location
and have a pressing need for the integration of RESs into their EPN to significantly reduce
emissions, as discussed in [3]. This is an urgent concern for these communities, where
the rate of warming is 3 to 4 times that of the rest of the planet, with local emission
and soot from DGUs having a direct impact on ice melting. Thus, in these communities,
DHNs are regarded as an attractive solution to supply their thermal needs. For example,
the authors in [6] study implementing biomass-driven DHNs in northern remote and rural
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communities, demonstrating that biomass-driven DHNs offer economic benefits for remote
and rural energy systems. In [7], the estimated cost of delivering heat through biomass-
driven DHNs is shown to be lower than the estimated price of fuel oil in rural villages.
In [8], the authors analyze a CHP MG for remote communities, integrating renewable
energy to reduce diesel consumption and energy costs. These papers explore the economic
feasibility of implementing DHNs in remote communities; however, there is a notable gap
in addressing the dynamic feasibility and challenges of DHNs in such areas, which is the
focus of this thesis.

Implementing DHNs in remote communities presents unique challenges due to geo-
graphical isolation, harsh environmental conditions, and limited infrastructure. Despite
these difficulties, the idea is gaining traction, with several pilot projects demonstrating its
feasibility. For instance, the U.S. Department of Energy supports isolated communities
with geothermal DHN projects, like the one in Nome, Alaska, aimed at reducing carbon
pollution and lowering utility bills. These projects show that, although in its early stages,
DHNs can provide sustainable and efficient heating solutions for remote areas [20].

The operation of the DHN in remote communities encompasses special considerations
such as piping network design, insulation requirements, burial depth specifications, and
the unique challenges posed by low linear heat density and extremely cold ambient tem-
peratures. Thus, an accurate assessment of DHN feasibility in remote regions necessitates
a thorough understanding of the DHN detailed dynamic modeling. In this context, the
thesis aims to investigate the dynamic modeling of utilizing waste energy from a diesel en-
gine’s exhaust to power a DHN in remote communities, considering that existing static and
optimization models, like these proposed, for example, in [8], lack the ability to properly
represent the piping network characteristics and thermal loads’ capacity within the DHN.
Furthermore, dynamic modeling allows to study the integration of HPs, considering their
ratings and the required number of units to meet thermal demands, along with compre-
hensive design considerations for all DHN components in remote communities. Therefore,
the dynamic studies presented here are a novel contribution to the existing literature, as
detailed dynamic operation of DHNs in remote communities has not been addressed pre-
viously. It’s important to note that the thesis does not address the economic aspects of
DHNs in remote communities, which can be found in the existing literature.

1.2.1.3 IEHS Dynamic Modeling

There has been a growing trend towards electrical and thermal systems integration to
achieve optimal operation of the combined systems and minimize GHG emissions [21].
Therefore, the presented work also aims to study the integration of DHNs with the EPN
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in remote communities, facilitating efficient energy exchange between the two networks
by managing HP demand to provide frequency control for the EPN while ensuring the
required Quality Of Service (QOS) for DHN customers, which has not been studied in
the existing literature for remote MGs. Assessing the QOS in a DHN, particularly under
secondary frequency control, requires developing a detailed dynamic model of the DHN to
accurately incorporate the characteristic of the DHN, particularly in remote communities
where DGUs are redispatched every 15 min [22]. This interval is significant for the DHN,
particularly in the presence of HPs.

Dynamic modeling studies of IEHSs including DHNs and EPNs are limited, especially
for remote MGs, as previously mentioned. Furthermore, the benefits of DHNs for remote
communities, where waste heat from DGUs can be exploited, has not been reported in the
context of MGs while considering the DHN dynamics. Thus, several studies have explored
diverse strategies aimed at reducing GHG emissions while simultaneously providing ancil-
lary services when integrating DHNs in EPNs based on static DHN models. For example,
in [23], a control strategy for a DHN is developed to minimize electric energy consump-
tion from pumping in the Dark Landing Solar Community in Alberta, aiming to reduce
GHG emissions associated with fossil fuel-based electricity generation in remote MGs. The
authors in [14] introduce a co-generation system using an SMR for district heating and
frequency regulation in the presence of variable RESs. Different case studies are discussed
in [24], where the potential of DHNs to provide balancing services in the European Union
is explored. Reference [25] demonstrates that distributed circulating pumps with variable
speed motors are more efficient than central circulating pumps, indicating the possibility
of saving electric energy for ancillary reserve power in EPNs. All these references are based
on static DHN models suitable for dispatch studies, without accounting for relevant DHN
dynamic behavior impacting the EPN in IEHSs.

A dynamic model of an IEHS is crucial for proper system integration, particularly con-
trol and energy management. To accurately represent the dynamic response of combined
heating and electricity systems, it is necessary to model each major component individually
and interconnected, especially for remote communities where the extreme cold tempera-
tures present challenges for the control and operation of DHNs; in fact, existing models
oversimplify crucial dynamics. For instance, in [26], an equivalent circuit model for the
DHN is proposed without considering relevant dynamics like pipe losses and thermal en-
ergy storage in pipe insulators. In [27], the authors introduce an integrated heat and
power dispatch model without fully accounting for piping insulation systems or the ther-
mal inertia of consumers. Reference [28] develops a non-iterative equivalent model for the
IEHS, focusing solely on the DHN primary circuit and simplifying the representation of
the secondary circuit. In [29], the DHN model also neglects the representation of piping
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insulation. Moreover, references [26–29] provide the thermal demand as a total aggregated
demand, which overlooks the need for disaggregation to understand DHN operations and
the impact of thermal fluctuations on the QOS for consumers. Finally, all these references
consider a time resolution of hours, which is not sufficient to test the interaction of the
DHN and EPN systems to properly understand the relevant dynamics of the IEHS studied
in this thesis.

1.2.2 BPS Dynamic Analysis and Control with SMRs

1.2.2.1 Nuclear Power Plants for Ancillary Services Provision

A dynamic simulation platform is developed in [30] using Matlab/Simulink to examine the
frequency control characteristics of the AP1000 Pressurized Water Reactor (PWR) Nuclear
Power Plant (NPP). The paper assesses the frequency response during typical step-load
transients that do not require steam dumping or rapid power reduction systems. Dynamic
modeling and control issues related to gas turbine NPPs are investigated in [31]. The main
objective is to assess the impact of ramp load changes on the stability of advanced NPP
facilities, studying load frequency control and temperature control strategies for a load-
following NPP based on dynamic models and controller designs. The authors in [32] present
an elaborate model of a PWR NPP to assess the transient stability of power systems. The
model serves as a valuable reference for examining the dynamic interaction between NPPs
and power systems.

As mentioned in [33], NPPs face challenges due to their inflexibility as base-load power
sources, making it difficult for them to participate in and profit from peak-shaving services
in the electricity market. To overcome this, the paper proposes an electro-thermal coupled
model that integrates nuclear power unit characteristics with electric heat storage technol-
ogy, enabling more effective responses to varying electricity demand and price fluctuations
while maximizing profit. However, the primary emphasis is on static modeling for optimal
operation rather than the dynamic response of the NPP as an ancillary service provider.
On the other hand, the authors in [30], [31], and [32] propose dynamic models for various
NPP designs to assess their ability to supply ancillary services to the power system. How-
ever, these papers oversimplify or neglect the power grid, which results in an inaccurate
representation of BPS dynamics.
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1.2.2.2 Dynamic Modeling and Control of SMRs

SMRs are considered the future of nuclear energy, offering clean, reliable power, and po-
tential district heating ancillary services for both urban and remote communities [9], since
unlike large nuclear reactors they have the capacity to provide frequency regulation ser-
vices. Thus, SMRs are recognized for their cost-effectiveness and versatility in various
applications. For instance, [10] examines the impact of carbon tax levels on the adoption
and placement of SMRs in the United Kingdom; [11] compares the competitiveness of ad-
vanced SMRs with conventional nuclear reactors and fossil fuel-based power generation;
and [12] presents an optimization model to improve SMR siting and deployment in grids
with RESs, identifying large-capacity power stations with independent transmission grids
as the preferred sites for SMRs.

Recognizing the aforementioned benefits, OPG, in collaboration with the IESO, plans
to deploy North America’s first BWSMR at the Darlington nuclear generating station by
2029 [13]. This will require understanding the dynamics of the BWSMR power plant to
ensure its stable performance when integrated in a BPS, especially in grids with high pen-
etration of RESs. However, existing research on a Boiling Water Reactor (BWR) power
plant dynamics is limited, focusing primarily on reactor stability while neglecting the dy-
namic interactions between critical components such as the reactor, steam turbine, and
steam flow control systems. Additionally, existing works, as shown next, often simplify
thermal-hydraulic behavior and overlook the plant’s capability to support primary fre-
quency control and co-generation applications. Thus, the thesis addresses these gaps by,
for the first time, developing a detailed and comprehensive dynamic model of the BWSMR
power plant that integrates all major components, including the reactor, steam turbine, and
thermal systems. The proposed model incorporates key thermal-hydraulic dynamics, such
as pressure variations and two-phase drift velocity, which are critical for accurately sim-
ulating the plant’s behavior under dynamic conditions. Furthermore, the study evaluates
the primary frequency control performance under both reactor-leading and turbine-leading
modes, revealing how each strategy affects the operation of a BWSMR power plant. The
presented detailed modeling approach facilitates the reliable integration of BWSMRs into
BPS, especially in the context of high RES penetration, and offers a robust foundation for
future co-generation studies.

As mentioned, a few research papers propose incomplete models of the BWR power
plant dynamics. For instance, a phenomenological nonlinear BWR model to predict limit
cycle behavior and identify stable/unstable equilibrium points is presented in [34], which
lacks the reactor pressure representation relevant for power plant studies. The model
formulates ordinary differential equations for reactor kinetics, heat transfer, and thermal
hydraulics, focusing on stability boundaries, but it does not consider the SMR grid inte-
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gration. A subsequent quantitative model proposed in [35] includes the reactor pressure
dynamics and addresses nonlinearities above the linear stability threshold, emphasizing
BWR oscillations over standard operating conditions. In [36], two nonlinear models for
the BWR are developed to determine its stability region, including the impact of temper-
ature changes on reactivity. A BWR stability analysis is performed in [37], explaining the
physical mechanisms behind BWR power oscillations from a nonlinear feedback perspec-
tive. Similarly, in [38], a stability analysis and nonlinear dynamics of natural circulation
BWR is performed using a lumped parameter model. All these studies focus solely on the
BWR stability and do not address the reactor behavior under various typical operating
conditions, as part of a power plant in the context of power grids, which is the focus of the
presented research.

A few research works discuss the dynamics of BWRs under normal operation conditions,
overlooking critical aspects such as pressure variations and two-phase drift velocity, without
adequately describing the reactor dynamics. For example, in [39], the author proposes a
model for BWR dynamic behavior considering the fluid dynamics of a natural circulation
system under both stable and unstable conditions. However, the short simulation times
of 3 to 5 s are inadequate for testing the BWRs, which have slower response times due to
their high thermal time constants and safety requirements. Additionally, the authors in [40]
present a one-dimensional space-dependent dynamic analysis of BWR systems for forced
or natural circulation, providing a relevant schematic diagram of a BWR power plant,
but it overlooks crucial components such as the steam turbine and plant control systems
as part of a power grid. In [41], a nonlinear model of the BWR derived from physical
laws and empirical relations is linearized around an operating point and verified against
experimental results. However, the model assumes a constant liquid-to-steam velocity ratio
(slip) in the two-phase flow, which inadequately represents the impact of void reactivity
on the BWR behavior. None of these references provide a comprehensive study of BWRs
in the context of power system dynamics, which are addressed in the thesis.

A detailed dynamic modeling of the BWSMR for power system studies has not yet been
reported in the literature. A limited number of research papers introduce oversimplified
models for a BWRX-300, which is a tenth generation water-cooled, natural circulation SMR
developed by General Electric (GE) Hitachi Nuclear Energy developed in collaboration with
OPG for deployment in Ontario’s BPS [42]. For example, a BWSMR study is presented
in [43], where a BWRX-300 Balance-Of-Plant (BOP) is discussed, but the basic models
of the steam turbine, power system, or control systems are not presented. In [44], the
reliability of the BWRX-300 SMR’s isolation condenser system for emergency cooling and
pressure control is assessed, and in [45], a model of the BWRX-300 reactor is developed to
simulate normal operation and emergency scenarios. However, both [44] and [45] do not
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provide the necessary thermodynamic and thermohydraulic equations of the BWR model
needed for power plant integration studies in BPS.

Other studies on SMRs have examined isolated aspects of their operation but fail to
provide a unified framework for modeling a complete power plant. For instance, [46] focuses
on steam turbine dynamics for conventional nuclear plants but lacks a reactor model,
thermal-hydraulic coupling, and power system integration. While it provides detailed
turbine expansion and valve control modeling, it does not consider the distinct operational
characteristics of SMRs, such as rapid load-following and primary frequency regulation,
which are services that conventional nuclear plants are not able to provide. Similarly, [47]
presents a dynamic model for an Integrated Pressurized Water Reactor (IPWR) SMR,
which differs fundamentally from BWSMRs in design and thermal-hydraulic behavior, with
the latter utilizing direct steam expansion, while the former relies on a separate steam
generator, which affects the transient response and frequency regulation characteristics.
Additionally, [47] examines the SMR behavior in an isolated power grid, not considering
its integration in large-scale and its impact on system-wide stability, focusing only on
turbine-driven frequency regulation without analyzing reactor-leading frequency regulation
services, which are needed for long-term power stability. Thus, neither [46] nor [47] capture
the full operational complexity of SMRs in modern power grids.

1.2.3 SMR-based Cogeneration Dynamic Modeling and Control

SMRs and their integration with DHNs have gained significant attention due to their
potential for decarbonization, grid flexibility, and enhanced load-following capabilities [48].
The growing interest on net-zero energy systems has led to extensive research on SMR
deployment, covering aspects ranging from economic feasibility to system integration [49].
In fact, as mentioned previously, the OPG and the IESO are planning to deploy by 2029
North America’s first BWSMR at Darlington, Ontario, Canada, to meet growing electricity
demand [13]. In this context, the IESO is interested in determining the potential of these
SMRs to also supply thermal demand in the region where the reactors are planned to be
deployed, and to understand the impact of the DHN on the electrical performance of the
facility, which is studied in the thesis.

Various studies investigate the economic feasibility, operational strategies, and potential
applications of SMR-based DHNs, aiming to address existing research gaps. For instance,
the authors in [50] investigate the role of cogeneration in enhancing the load-following
capabilities of SMR-based NPPs, emphasizing that coupling these NPPs with auxiliary
systems such as DHN enables efficient utilization of excess power during off-peak periods,
improving both operational flexibility and economic viability. Similarly, the authors in [51]
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analyze investment pathways for DHN decarbonization, demonstrating that SMR-based
DHNs can be more cost-efficient than those relying on HPs. In [52], the authors introduce
an SMR-based experimental reactor designed for small DHNs in northern climates, em-
phasizing its modular design for scalability and inherent safety to supply solely thermal
demand.

In the context of SMR-based cogeneration operation, [53] proposes a method to max-
imize SMR cogeneration utilization for market feasibility, considering thermohydraulic
models and economic objectives. Similarly, [54] explores integrating heat-only SMRs with
DHNs and organic rankine cycle systems to improve the system’s economic performance.
The authors in [55] study the potential of SMR cogeneration to enhance MG resilience and
reduce carbon emissions, offering a cleaner alternative to diesel generators. Reference [56]
presents a coupled system model for nuclear CHP cycles, integrating a Heat eXchanger
(HX) with the SMR secondary system, providing valuable insights into their preliminary
design and optimization. Finally, [57] proposes a techno-economic optimization and sen-
sitivity analysis of a natural circulation SMR-based DHN primary HX, highlighting key
cost drivers, such as the Reactor Pressure Vessel (RPV) and containment vessel costs.
References [50–57] focus on economic optimization, investment analysis, and operational
feasibility, without considering relevant dynamic and control aspects of the DHN and EPN,
which are crucial for fully understanding the feasibility of these cogeneration systems,
since stability and transient behavior are important issues that should be analyzed. In
this context, limited research in the existing literature focuses on considering the dynamic
performance of SMR-based DHNs. For example, the authors in [16] develop an optimal
operation model for a hybrid SMR-based cogeneration system integrated with RESs, in-
volving coordinated controls to support load following and frequency regulation, which
is then extended in [14] with a dynamic model for an SMR-based hybrid energy system
that integrates electricity generation with a DHN. The latter includes a dynamic model
of the reactor, with the DHN being represented using a quasi-static approach. However,
this modeling approach, although insightful for basic operational understanding, overlooks
key dynamics, including piping heat losses, thermal delays, and variations in thermal de-
mand, as well as transient thermal responses and dynamic interactions within the DHN.
This limits the model ability to accurately study the system’s stability, and its transient
thermoelectrical performance under fluctuating load conditions. Furthermore, the absence
of an extended broader multi-timescale dynamic analysis restricts the model’s ability to
address both short-term dynamics (seconds to minutes), critical for transient stability, and
long-term behavior (hours to days) necessary for understanding daily load variations.
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1.3 Objectives

Based on the gaps identified in the literature, the main objectives of this thesis are presented
next.

1.3.1 IEHS Modeling in MGs

• Develop dynamic models to analyze the feasibility and challenges of the use of waste
energy from a diesel engine’s exhaust to power a DHN for the provision of thermal
heating in remote MGs, considering soil limitations, extreme cold temperatures, and
the minimization of heat loss through proper piping insulation, as well as the proper
sizing of HPs to meet thermal load requirements that account for weather conditions,
the EPN characteristics, and the consumers’ thermal needs.

• Design a control system for HP demand response to study the provision of reserve
power for the EPN to enhance frequency control in remote MGs.

• Demonstrate the advantages of using DHNs for integration of variable RESs into the
EPN of isolated MG to mitigate their adverse dynamic effects, based on a simulated
model of a DHN and an actual model of an EPN at the existing KLFN remote
community MG, including a comparison between centralized DHNs and decentralized
Electric Thermal Storage (ETS) units to supply the community’s thermal demand
and regulate frequency through HP or ETS demand response strategies.

1.3.2 SMR Modeling

• Incorporate key thermal-hydraulic effects such as pressure variations and two-phase
drift velocity in the proposed model of a BWSMR power plant, improving accuracy
in transient conditions and ensuring better simulation fidelity.

• Propose a new equation to evaluate the impact of reactor pressure variations on the
mass flow rate through the steam turbine, improving the understanding of turbine
performance under dynamic conditions.

• Evaluate both reactor-leading and turbine-leading control strategies for frequency
regulation studies, demonstrating their impact on grid stability and response to fre-
quency deviations.
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• Test and validate the BWSMR power plant model in a large-scale power system,
using the Ontario BPS to demonstrate its real-world feasibility and impact on system
stability.

1.3.3 SMR-based DHN Modeling

• Develop a cogeneration power plant integrated model based on a BWSMR, different
from a previously proposed model for an IPWR.

• Represent piping heat losses, thermal delays, and variable thermal demand profiles to
reflect practical and relevant operating conditions of BWSMR-based DHN systems.

• Integrate both transient electrical and thermal responses of BWSMR-based DHN
systems to represent and understand the interdependency among the different com-
ponents of the cogeneration system.

• Demonstrate the need for Thermal Energy Storage (TES) and HPs to facilitate the
effective use of surplus SMR thermal power during low electric demand periods, and
thus improve the SMR operation.

• Employ an extended broader multi-timescale dynamic analysis to evaluate system
behavior for both short and long time frames, supporting robust control strategies
and flexible system management.

• Demonstrate the application of the proposed models and control strategies of a po-
tential BWSMR-based DHN in Darlington, Ontario, Canada, demonstrating their
feasibility and effectiveness in real-world applications.

1.4 Content

Chapter 1 introduces the core motivations for the presented research, providing a compre-
hensive literature review of the key issues studied in the thesis, identifying the main gaps
addressed in the presented work and the associated main objectives. Chapter 2 provides
the necessary background for the thesis, including foundational concepts related to MGs,
DHNs, IEHSs, and SMRs, setting the stage for the modeling and control work presented
in later chapters.

Chapter 3 discusses the modeling and control of IEHS in remote communities, highlight-
ing the use of DHNs for primary frequency support within MGs through HP demand-side
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control, and emphasizing the need for proper dynamic modeling to capture the interaction
between thermal and electrical subsystems. The presented dynamic models then are ap-
plied, tested, and validated in an existing MG at KLFN in Northern Ontario, showcasing
the role of a potential DHN in facilitating RESs integration in an isolated MGs.

Chapter 4 focuses on the development of a comprehensive dynamic model of a BWSMR
power plant, addressing key operational dynamics and thermal-electric coupling required
for realistic simulation of SMR-based DHNs. The dynamic model of a BWSMR power
plant model is then integrated into a widely used power system analysis tool to assess
its dynamic performance and impact on Ontario’s BPS. The obtained results highlight the
operational flexibility and frequency regulation potential of the BWRX-300, demonstrating
its feasibility for practical deployment in modern power grids, while discussing the potential
challenges of its integration in large-scale power networks.

Chapter 5 presents the application of the developed BWSMR-based IEHS to an urban-
scale BPS, exploring an extended broader multi-timescale simulation results and validating
the model’s feasibility for supporting real-world operation and control. The proposed model
and controls are of BWSMR-based DHN are then validated in the context of the integra-
tion into the power grid of Ontario, and a potential DHN deployment in the Darlington
region. The obtained results highlight the strong potential of SMRs for cogeneration,
demonstrating their operational flexibility in a practical application and illustrating a sig-
nificant reduction in energy consumption compared to heating systems based solely on
HPs.

Chapter 6 concludes the thesis by summarizing its key findings and contributions.
Potential directions for future research on modeling, control, and optimization of IEHSs
are also dicussed.
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Chapter 2

Background

This chapter provides a concise background overview of the research, focusing on five
relevant topics that have been extensively studied, namely, MGs, DHNs, IEHSs, SMRs,
and NPP-based cogeneration, briefly discussing their architectures and dynamic modeling
and control. This chapter provides a qualitative description of these systems and their
models and controls, which are the basis for more detailed and novel models, controls, and
studies represented and discussed in Chapters 3, 4, and 5.

2.1 Microgrids

MGs facilitate the integration of Distributed Energy Resources (DERs) that include vari-
able and hard-to-predict RESs into distribution networks at both Low Voltages (LVs) and
Medium Voltages (MVs) [58]. Essentially, an MG is defined as a distribution network that
combines local DERs, i.e., Distributed Generation (DG) sources, energy storage, and con-
trollable loads, to form a self-sufficient EPN. An MG can operate either independently or
in conjunction with the main grid. When connected to the grid, frequency and voltage reg-
ulation is mainly motivated by the utility grid, with MG DERs basically supplying power
to the local loads [59]. In the event of unavailability of the grid in grid-connected mode,
the MG should be capable of swiftly disconnecting from the primary grid, seamlessly tran-
sitioning into an autonomous system to supply power exclusively to the MG local loads.
In this isolated mode, DG units autonomously regulate both the frequency and voltage
magnitude, ensuring the reliable provision of active and reactive power to the MG loads.
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2.1.1 Components and Architecture

As depicted in Figure 2.1, the primary components of an MG encompass loads, DERs, a
MV/LV distribution network, a Microgrid Central Controller (MGCC), and communica-
tion and control systems [60]. MG loads are typically divided into two categories: Fixed
loads which remain constant and flexible loads which are controllable based on economic
or operating requirements. DERs include DG units such as DGU, Photovoltaic (PV) gen-
eration, Wind Generator (WG), and Energy Storage Systems (ESSs). Dispatchable DERs
can be controlled by the MGCC, subject to technical constraints such as capacity limits,
ramping limits, minimum on/off time limits, and fuel and emission limits. In contrast,
nondispatchable units, primarily renewable sources like PV and WG, are not typically
controlled, especially in MGs, given their relatively small size. These units, known for
their volatile output, often require reinforcement with ESS to mitigate their variability.
The ESS ensures MG generation adequacy, facilitate energy arbitrage, and play a crucial
role in MG islanding applications.

The breaker at the Point of Common Coupling (PCC) enables MG islanding by discon-
necting the MG from the utility grid. The MGCC determines the MG’s interaction with
the utility grid, the switching between grid-connected and islanded modes, and the opti-
mal operation of local resources. The communication and control systems are employed to
ensure effective and reliable interaction among MG components. The subsequent sections
provide a more comprehensive overview of the essential components of the MG.

2.1.1.1 Distributed Generation Resources

Various technologies fall under the DG category suitable for MGs [61]. These technologies
encompass a range of options such as DGUs, WG, PV, micro-turbines and fuel cells. Some
DG technologies have flexible dynamic response and can provide instantaneous power to
the MG such as DGUs, while other DERs such as fuel cells have a limited dynamic response.

2.1.1.2 Energy Storage Systems (ESSs)

ESSs are essential components for the effective operation of MGs, since they are crucial
for maintaining the required balance between power generation and demand [62]. These
systems have several functions, ensuring proper MG operation despite fluctuations in load
and other transient conditions. This is particularly important because DG units, with
their lower or zero inertia, may have limited capabilities to respond to such disturbances.
Additionally, when there are dynamic variations in RESs, ESSs facilitate the integration
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Figure 2.1: MG architecture.

16



of undispatchable units such as WG and PV. Finally, these systems offer the necessary
energy for transitioning between grid-connected and islanded operations of the MG, and
vice versa.

Various ESS technologies are available [63], falling into following categories: chemical,
including batteries and fuel cells; electrical, encompassing superconducting magnetic en-
ergy storage and super or ultra-capacitors; mechanical, such as pumped hydro, flywheels,
and compressed air ESSs; and TES based on the thermal inertia of buildings, fluids, or
underground. Among these, the most commonly utilized and well-suited storage devices
for MGs include batteries, flywheels, fuel cells, and TES.

2.1.1.3 Distribution Grid

Distribution grids can be AC or DC [64], depending on the power electronics interfaces used
for connecting DERs to the distribution network. Consequently, the distribution network
itself can be categorized into three types: DC lines, 60/50 Hz AC lines, and high-frequency
AC lines. This thesis considers only AC grids.

2.1.1.4 Communication Systems

Effective power control and protection in MGs rely significantly on communication sys-
tems. An overview of basic communication methods along with their characteristics, and a
detailed discussion of their advantages, disadvantages, and protocols can be found in [65].
This thesis does not consider communication system issues, assuming its availability with
no significant lags and its focus on frequency regulation issues, based on [66], which demon-
strates a limited impact of the communication system delay on MG frequency dynamics.

2.1.1.5 Control

MG control architecture can be centralized or decentralized, as discussed in more detail
next. The choice between these depends on the MG size and complexity, the types of
DERs used, and the desired level of resilience and optimal operation.
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2.1.2 Modeling and Control

2.1.2.1 Modeling

The modeling of an MG varies based on its specific components and operating time-frame.
For instance, small penetration stability models are presented in [67]. In addition, a state-
space model for an islanded MG is developed in [68], encompassing low-frequency and
high-frequency dynamics of inverters, network dynamics, and load dynamics. An LV MG
with three unbalanced phases is discussed in [69] to analyze an inverter dominated MGs.
In this thesis, a detailed MG dynamic model is used for stability and control studies, as
discussed at some length in Chapter 3.

2.1.2.2 Control

There are various control techniques and stability considerations in AC MGs as discussed
in [70], encompassing aspects such as voltage and frequency control, coordination among
DERs for power sharing, MG synchronization, power flow control between multiple MGs,
smooth mode switching, loss reduction, economic efficiency, and resiliency. Thus, MG
control systems can be either centralized or decentralized [22]. In a fully centralized control
system, a dedicated MGCC conducts the necessary computations and decides on control
actions for all DERs. This method necessitates extensive communication between the
MGCC and the units it oversees. Conversely, in a fully decentralized control system, each
unit is operated by its local controller, which receives local and relevant information from
at least neighboring controllers, but it lacks a comprehensive view of system-wide variables
and the full actions of all controllers.

MG hierarchical centralized control, as shown in Figure 2.2, comprising primary, sec-
ondary, and tertiary levels, is employed to fulfill the aforementioned control objectives.
The primary control focuses on maintaining voltage and frequency within acceptable lim-
its, ensuring some active and reactive power sharing among DERs, and ensuring some
level of plug-and-play operation. The secondary control addresses voltage and frequency
deviations via a centralized Energy Management System (EMS), typically being slower
than primary control based on optimization and/or machine learning strategies. The ter-
tiary control manages flows between the utility grid and other MGs, enhancing economic
operation through adjustment of DERs based on optimization and/or machine learning
models and algorithms. This three-level hierarchical control structure plays a crucial role
in maintaining stability and efficient operation of isolated and interconnected AC MGs.

The core responsibility of DG units within the MG is to control both real power and
reactive power outputs [71]. This control in DERs based on Voltage Source Converters
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Figure 2.2: Architecture of MG hierarchical control.

(VSCs) can be achieved using either current-based or voltage-based control strategies.
The main objective for power flow management through current regulation is to effectively
control both real and reactive powers. To achieve this, a real power control loop is imple-
mented to derive the reference current in the synchronous d-axis frame, while a reactive
power control loop is used to determine the q-axis current. Subsequently, the synchronous
d-q frame current is regulated in a closed-loop hierarchy control mechanism, as elaborated
in [72]. On the other hand, power flows can be controlled by regulating the output voltage
of DG units [73]. In this framework, the real power flow can be controlled by manipulating
the voltage angle at the source, while the control of reactive power flow is accomplished by
modulating the voltage magnitudes.
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A master-slave control strategy is used in centralized control [74]. It designates one
source as the master, with other converters acting as slave units following control direc-
tives. This approach relies on high-bandwidth communication, but it has drawbacks such
as a single point of failure and dependency on the master. However, it enhances coordi-
nation in a multi-layer control strategy, facilitating MG operation. On the other hand, a
distributed consensus-based control functions based on a strategy manages information ex-
change among MG units, offering a distributed and flexible approach to accomplish overall
MG control objectives. This includes voltage and frequency regulation, active power shar-
ing, and seamless MG islanding and reconnection to the grid. In this thesis, a centralized
control approach is assumed, since this is the most appropriate for isolated MGs [22].

2.2 District Heating Network

DHNs have a long history, dating back to the 14th century in Europe, with France’s
Chaudes-Aigues thermal station initial operation [75]. In the United States, the first DHN
was established at the US Naval Academy in 1853, followed by New York’s commercial
DHN in 1877. Canada deployed its first commercial DHN in 1924 in Winnipeg. District
energy involves distributing heating or cooling through underground piping to industrial,
commercial, and residential users. The heat can also be used for air conditioning by adding
a HP or absorption chiller, offering efficiency, environmental, and economic benefits.

The energy sources for DHNs can range from fossil fuels to renewable options like solar
collectors, polygeneration, seasonal heat storage, and biomass systems [76]. Densely pop-
ulated urban areas, high-density building clusters, industrial complexes, and low-density
residential areas have different types of DHNs, each with distinct characteristics and con-
siderations [75].

2.2.1 Components and Architecture

DHNs mirror the structure of EPNs, encompassing the following four fundamental archi-
tectural components: generation, transmission, distribution, and thermal loads, as shown
in Figure 2.3. General descriptions of the diverse elements constituting DHNs are provided
next.
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Figure 2.3: DHN architecture.

2.2.1.1 Generation

A crucial feature of DHNs is its versatility in heat sources, allowing the connection of
various centralized and decentralized options for reliable and flexible operation, employing
basic control strategies [77]. Depending on geographical location and demand, the same
DHN can also serve for district cooling in the summer, based on the thermal sources. Con-
ventional heat sources encompass a range of options; including CHP plants that generate
both heat and electricity; waste heat from industrial or agricultural processes; geothermal
heat from beneath the earth’s surface; solar thermal heat in both large and small-scale se-
tups; HPs typically operated with excess electricity, especially in regions with surplus wind
energy; and conventional boilers used as a backup during peak load periods. In [77], seven
common heat generation technologies are evaluated and ranked based on a “goodness”
index that reflects economic, energy, and environmental considerations, as summarized in
Table 2.1.
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Table 2.1: Evaluation of Heating Systems

Heating System Goodness Index Ranking

CHP 0.1732 1

Oil-fired Boiler 0.1261 7

Gas-fired Boiler 0.1491 2

Fossil Fuel-fired Boiler 0.1442 4

Solar-energy HP 0.1273 6

Ground-source HP 0.1355 5

Water-source HP 0.1445 3

2.2.1.2 Transmission

The transmission network delivers hot water to customers and returns cooled water, or
vice versa depending on the season, to the source through underground pipes covering rel-
atively long distances [78]. This thesis focuses on heating DHNs, which can be categorized
into the following four generations based on distinct characteristics: first-generation DHNs
feature typical supply temperatures exceeding 150 °C; second-generation DHNs with typi-
cally supply temperatures surpassing 120 °C; third-generation DHNs supply temperatures
ranging from 70 to 120 °C; and fourth-generation DHNs, characterized by typical supply
temperatures ranging from 40 to 60 °C.

2.2.1.3 Distribution

A heating DHN provides the primary thermal energy, while the central heating system
in a building constitutes the secondary thermal supply [79]. Interconnection between the
primary and secondary supplies can be indirect or direct. Indirect connections commonly
involve a HX separating primary and secondary heating fluids. Substations facilitate this
connection, serving single dwellings or multi-flat buildings. On the other hand, direct
connections involve the DHN water directly interacting with the building’s central heating
system, eliminating heat losses associated with HXs. Direct connections are found in single
dwellings to minimize risks, operating at a lower temperature. Common HXs include plate
and shell plus tube types, with the latter offering better heat transfer but consuming more
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space [78]. Once heat is transferred to the secondary fluid, radiators or underfloor heat
emitters are used for space heating.

2.2.1.4 Loads

Thermal demand variations in DHNs arise from both seasonal and daily factors [80]. Sea-
sonal changes are primarily influenced by outdoor temperature fluctuations throughout the
year, while daily variations are driven by social patterns and customer behavior. These
fluctuations result in increased costs due to the need for peak heat load capacity and the
use of expensive peak fuels.

2.2.2 Modeling and Control

2.2.2.1 Modeling

Simulation models for DHNs are vital for understanding how DHNs and storage operate,
providing a reasonable representation to aid in formulating intelligent control decisions
[81]. DHN modeling may require significant computational resources, particularly when
simulating extensive DHNs. Detailed modeling of DHNs involves multiple components,
including the primary and secondary circuits, thermal loads, distribution pipelines, HXs,
and thermal power plants.

In addition to thermal loads, a DHN requires a network of pipes to facilitate the dis-
tribution of thermal energy from sources to loads, serving both space heating/cooling and
hot water needs [82]. Simulating the transport delay is an essential aspect of the DHN
model and can be defined as the time taken for the fluid to flow from the pipe’s inlet to
its outlet. The pipeline is segmented in the direction of flow, and the total thermal loss
from the pipe is the sum of thermal losses from these segments. Transient DHN models
offer more precise results for systems with variable flows; however, these models can be
computationally demanding.

DHNs can draw thermal power from various sources, each with unique characteristics
[83]. For instance, geothermal HPs, ideal for regions with geothermal resources, offer cost-
effective heating and cooling but perform best in moderate temperatures. On the other
hand, biomass systems provide renewable energy but may have limited availability, while
burning urban waste requires proper management to mitigate emissions-related health
effects. Utilizing waste heat from industrial processes offsets fuel costs but needs an existing
DHN, and solar thermal systems depend on location and demand fluctuations. The choice
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of energy source depends on local resources, environmental goals, and efficiency in district
energy planning. Finally, the HX needs to be modeled as well, requiring the simulation
of the component responsible for transferring thermal energy between two different fluids
circulating in the DHN.

2.2.2.2 Control

In DHNs, the generation and delivery of hot water involve a multi-level control system to
efficiently provide thermal energy [84]. The first level is a centralized control operating
at the heat sources and managing the primary supply temperature and pump speed to
meet the overall thermal load variations of the network. The second level is the local
control at each heating substation, which adjusts the secondary supply temperature and
secondary pump speed to satisfy the variable heating load of consumers. This is achieved by
controlling the secondary supply temperature through a HX’s control valve on the primary
side. The third level is the personal control that operates at each radiator, controlling the
radiator’s flow rate based on the room temperature difference from the desired value to
maintain the room temperature around the desired level. These three control levels work
simultaneously to allocate heat to each consumer in the DHN.

2.3 Integrated Electricity and Heating System

As discussed in [85], the Paris Agreement mandates achieving net-zero GHG emissions to
limit the global average temperature increase to less than 2°C. Subsequently, global efforts
have focused on decarbonizing various sectors essential for daily use, encompassing both the
electricity and heating sectors. For example, in the heating sector, a range of international
measures has been pledged to curb carbon emissions, including support for technologies
like CHP, power-to-heat devices utilizing renewable electricity, and the implementation
of DHNs. The efficiency advantages of CHP make it a good option for reducing carbon
emissions by up to 30%, compared to the separate generation of heat through a gas-fired
boiler and an electricity power plant, as discussed in [86].

Because of the promising benefits offered by IEHSs, national legislation encourages
the adoption of more sustainable heating and cooling options across all European Union
countries, with HPs identified as prime leading candidates [87]. In this context, the DHNs
offer pivotal solutions for decarbonizing the heating sector, given their capacity to inte-
grate waste heat and renewable energy [88]. Thus, the DHN market is globally expanding,
with China, Russia, and Europe contributing over 90% to global DHN deployment [89].
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Moreover, the advantages of DHNs extend to the power sector, where elements of these
networks, such as heat pipelines, thermal storage tanks, and costumer buildings, can pro-
vide thermal storage for heat converted from low-cost electricity or RESs. This integration
provides the EPN with greater temporal flexibility in balancing supply and demand, which
enhances the EPN performance with high penetration of RESs. Furthermore, the power-
to-heat devices like DHNs HP can also provide ancillary services to EPNs such as virtual
inertia and frequency regulation.

2.3.1 Components and Architecture

Understanding the architecture of the IEHS is crucial for developing effective models and
solutions. Thus, IEHS is comprised of two main subsystems, namely, the EPN and the DHN
as shown in Figure 2.4. Power plants within the EPN generate electrical energy through
various means such as thermal, hydraulic, nuclear, wind, and solar power. Traditional
power units must consider factors like output limits, ramping rates, and reserve capacity
[90]. Unlike controllable conventional generators, wind and solar power generation is non-
dispatchable due to uncertainties in wind and solar radiation, requiring flexibility to manage
these uncertainties. The electrical energy generated by power plants in EPNs is transmitted
to users through transmission and distribution networks [91]. On the other hand, DHN
consists of heat sources, TESs, pipeline network, HX stations, and thermal loads [92],
controlling temperature and flow rate with modern schemes that offer customers control
comparable to individual gas boilers but at increased efficiencies.
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Figure 2.4: IEHS architecture.

HPs and electric boilers are emerging as key tools to enhance the flexibility and sustain-
ability of power systems with high penetration of variable RESs in the context of IEHS [93].
By utilizing low-cost electricity during periods of surplus wind and solar generation, these
systems can efficiently substitute more conventional heat sources. The integration of HPs
into DHNs is cost-effective, particularly due to the low specific investment and installation
costs of large-scale units and thermal storage [94]. Furthermore, the effective deployment
of HPs in DHNs relies on optimal placement, connection, and operation within the net-
work. This enables year-round operation and ensures high performance with minimal
environmental impact [87].

DHNs, when combined with CHP, are facing challenges due to improved modern build-
ing efficiency and individual HP performance, which make DHN losses more significant.
Therefore, there are mainly two alternatives to integrate HPs into DHNs, namely, central
HPs with HXs, and central HPs with small booster HPs using DHN water as a low-
temperature source, with the booster HP approach enables lower DHN temperatures,
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enhances central HP efficiency, reduces grid losses, and outperforms individual heating
solutions [95].

2.3.2 Modeling and Control

2.3.2.1 Modeling

The modeling and analysis of the IEHSs is complex due to the coupling of independent
energy systems with distinct characteristics. These systems differ in several aspects [29].
Thus, electric power and thermal power are transmitted at different speeds, with the former
moving at the speed of light, while the latter moves at the rate of water flow. On the other
hand, varying time delays and thermal losses along different transfer paths hinder the
establishment of direct relationships between the control mechanism and controlled states
in DHN. Finally, the continuous effect of the control strategy in DHNs on subsequent states
is influenced by time delays, making it challenging to quantify the cumulative effects of
adjustments, which basically affect the operation of EPNs in IEHSs. Therefore, an explicit
model describing the dynamic features in IEHS is crucial for further operational analysis
and control design.

As explained in [96], [97], and [98], the DHN model is generally categorized into the fol-
lowing three types: a static model considering only thermal losses; a quasi-dynamic model
determining node temperature that considers both thermal losses and transmission delays;
and a dynamic model to determine the temperature of each pipe section considering both
thermal losses and transmission delays. Among these, quasi-dynamic and dynamic mod-
els are more widely used due to their higher accuracy. A quasi-dynamic model computes
node temperature with the temperature time series at source nodes, neglecting tempera-
ture distribution along the pipe. A dynamic model, on the other hand, discretizes the pipe
spatially, computing temperature for each pipe section, with its computation complexity
scaling linearly with accuracy. While the quasi-dynamic model reduces computation bur-
den, its error and numerical diffusion increase with time step increments and mass flow
changes, making it more suitable for radial DHN with fixed flow rate and direction. In
contrast, the dynamic model, while reflects the network’s topological structure and thermal
transfer properties, is widely applied in practice and is more adequate to properly represent
the interactions between the DHN and the EPN in an IEHS.
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2.3.2.2 Control

As outlined in [99], the control scheme for the IEHS is developed based on the dynamic
characteristics of the IEHS, requiring a heat-power coordinated controller to manage inter-
actions among multiple energy conversion devices. However, the conventional approach of
employing tracking controllers for both electrical and thermal sides is considered impracti-
cal due to significant differences in control requirements on each side. In this context, the
thermal-side control requirement can be relaxed, considering human insensitivity to small
temperature variations, while the electrical-side control requirement is highly stringent.
The relaxation of the thermal-side control requirement can be practically eliminated once
the electric-side controlled variable is adjusted closely to its setpoint.

Each of the two systems in IEHS has its control methodology. For the EPN, droop
control is commonly used to achieve primary frequency control and voltage control. For the
DHN, thermostatic valves are primarily employed to control the temperature throughout
the heating system. Therefore, coordinated control between the two systems is needed for
energy exchanges, facilitating the efficient performance of IEHSs.

2.4 Small Modular Reactors

SMRs offer a promising solution to meet the world’s energy needs to address climate
change and environmental issues [49]. Their compact size facilitates easier transportation,
making them suitable for remote areas without advanced infrastructure. SMRs also feature
innovative design elements, such as integral vessels and natural circulation, not feasible in
larger reactors.

An integrated BWSMR can incorporate fully passive safety and coolant circulation
systems using a two-phase flow driving head [100]. This leads to a smaller and simpler
RPV, eliminating the need for coolant circulation pumps and pressurizers within the reactor
vessel.

Compared to BWSMRs, IPWR SMRs differ fundamentally in both design and thermal-
hydraulic behavior. As discussed in [101], IPWRs utilize a separate steam generator to
transfer heat from the primary loop to the secondary side. This introduces thermal in-
ertia and slower dynamic response, which may limit their effectiveness in fast frequency
regulation. In contrast, BWSMRs employ direct steam expansion, where steam generated
in the reactor core is routed directly to the turbine [102]. This design offers the following
advantages: a simplified system architecture, lower capital and operational costs, faster
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dynamic response; and a reduced physical footprint, making BWSMRs particularly attrac-
tive for applications in BPSs with high penetration of variable RESs. However, the direct
cycle design of BWSMRs also introduces certain challenges. For instance, the turbine and
BOP components are exposed to radioactive steam, potentially increasing maintenance
complexity, radiological safety concerns, and equipment shielding requirements. Despite
these limitations, the BWSMR remains a strong candidate for integration into modern
power grids.

2.4.1 Natural Circulation BWSMR

Figure 2.5 depicts a simplified schematic of a natural circulation BWSMR. The core con-
tains the nuclear fuel rods where fission reactions produce heat, converting surrounding
water into steam [103]. The control rods in the core manage the reaction rate by absorbing
neutrons, and their insertion is controlled using Fine Motion Control Rod Drives (FM-
CRDs). The chimney, installed above the core, enhances the natural circulation of the
water-steam mixture by providing an extended path for steam to rise and separate from
the water, thereby increasing the natural circulation flow rate. The steam separators and
steam dryer at the top ensure dry steam is sent to the turbines. The downcomer, located
outside the chimney, directs the cooler water from the steam separators back down to the
bottom of the reactor vessel, facilitating the natural circulation process.

The RPV encloses the core, steam separators and dryer, providing containment for the
nuclear reaction and heat transfer process. Steam generated in the reactor is directed to the
turbine via the steam outlet, where it generates electricity. Cooled water from the turbine
condenser returns to the reactor vessel through the feedwater inlet after being reheated.
This setup ensures a continuous supply of water into the RPV via feedwater pumps.

2.4.2 BWSMR Steam Turbine and Heat Extraction

Figure 2.6 illustrates a typical steam turbine system for a BWSMR, including configura-
tions for both electricity generation and heat extraction. The RPV generates relatively
high-pressure, high-temperature steam using the heat from a nuclear reactor [46]. This
steam first flows to the Main Steam Inlet (MSI) valve, which regulates the flow of steam
into the High Pressure Turbine (HPT), where it expands and converts thermal energy into
mechanical energy, spinning the turbine rotor to drive the generator.

After passing through the HPT, the steam enters a moisture separator that removes
water droplets, enhancing efficiency and protecting turbine blades. The dry steam is then
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Figure 2.5: Schematic of natural circulation BWR.

reheated and directed into the Low Pressure Turbine (LPT) for further expansion and
energy conversion. The exhaust steam from the LPT is routed to the condenser, where it
is condensed under vacuum conditions to improve cycle efficiency.

Before reaching the LPT, a controlled fraction of steam can be extracted to supply
heat to a DHN and to charge the TES system, as proposed here. The Extracted Steam
(ES) transfers heat through HXs, and the condensate is returned to the feedwater system,
enhancing the overall thermal efficiency of the BWSMR cycle. The remainder of the steam
is condensed and recirculated via feedwater pumps, passing through feedwater heaters
that use ES from various turbine stages. The Bypass (BP) valve plays a key role in
regulating RPV pressure and temperature by diverting steam directly to the condenser
when necessary.
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Figure 2.6: Schematic of a BWSMR steam cycle with steam extraction for DHN and TES.

2.4.3 Control Strategies in SMRs

Effective control strategies are essential for the safe and efficient operation of SMRs, en-
suring stable power output, reactivity regulation, and thermal management. As discussed
in [104], control systems in light water reactor-based SMRs typically manage power and
reactivity through control rod positioning and coolant temperature regulation, leveraging
negative reactivity feedback to maintain operational stability. These systems often utilize a
three-channel control configuration, with one channel measuring the coolant temperature,
another generating the reference signal, and a third one adjusting for power mismatch;
the combined signal governs the movement of the control rods. In the case of liquid
metal-cooled reactor-based SMRs, core control involves multiple subsystems, including re-
activity regulation via control rod movement, coolant flow and temperature control, and
real-time feedback loops. Several control methods have been applied to SMRs, including
Proportional-Integral (PI) controllers, which correct error based on proportional and inte-
gral terms; model predictive control, which forecasts future states and optimizes control
decisions accordingly; fuzzy logic controllers, which are robust against uncertainties and
nonlinearities; and neural network-based controllers, which adaptively learn from historical
data to optimize system performance. These approaches are necessary to respond to load
changes, system transients, and emergency conditions while maintaining the safety and
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reliability of SMRs.

2.5 NPP-based Cogeneration Systems

NPPs have traditionally been deployed to supply the base-load of electricity demand [50].
Instead of relying solely on control rod insertion or similar methods to reduce nuclear gen-
eration, a more efficient strategy is load following by cogeneration, where surplus thermal
energy is redirected to auxiliary systems rather than curtailed. Thus, NPPs have been
used to supply both electricity and heat for industrial or residential applications [105].
This approach involves identifying necessary modifications to existing turbine systems and
determining optimal conditions for heat generation and distribution.

A central aspect of the NPP cogeneration concept is diverting a portion of the steam
from the turbines for heating use in various applications such as seawater desalination, as
nuclear desalination plants offer high efficiency and economic advantages [106]. Moreover,
NPPs can supply not only carbon-free electricity but also significant amounts of carbon-
free heat for district heating and cooling systems [107]. Although this potential has been
demonstrated in several countries, it remains largely underutilized. As another application,
NPPs can be integrated into flexible energy systems by combining them with liquid air
energy storage to provide load-following electricity without changing the nuclear output
[108]. Finally, as RES penetration increases, conventional plants must provide greater
flexibility to balance fluctuating output. In this context, integrating TES with NPPs offers
a promising solution to enhance their flexibility and efficiency [109].

2.6 Summary

Chapter 2 presented a comprehensive background qualitative review of the key systems
studied in this thesis. The chapter began with a discussion of MGs, highlighting their
architecture, components, dynamic modeling, and hierarchical control strategies, partic-
ularly in the context of DG and islanded operation. It then explored DHNs, describing
their historical evolution, components, energy sources, and control hierarchies, with a focus
on modeling approaches that capture relevant thermal losses and delays. Following this,
IEHSs were introduced as a promising solution for achieving energy sector decarbonization,
supported by coordinated control between electrical and thermal subsystems.
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The chapter concluded with an overview of SMRs, especially BWSMRs, discussing
their natural circulation design and control, turbine operation, and cogeneration potential,
including modeling of steam extraction. Finally, cogeneration systems based on NPPs
for DHNs and other applications were briefly discussed. These foundational concepts and
modeling principles set the stage for the detailed dynamic modeling and control studies
presented in Chapters 3 through 5.
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Chapter 3

Dynamic Model of Integrated
Electricity and District Heating for
Remote Communities

DHNs offer efficient and centralized thermal energy solutions for remote communities,
especially those relying on diesel-based electricity generation. This chapter addresses gaps
in the existing literature by developing dynamic models that integrate DHNs within EPNs,
enabling a detailed analysis of their benefits and challenges in isolated MGs. The models
highlight the potential of DHNs to utilize waste energy in these MGs, supporting energy
exchanges between electricity and heating systems, and providing ancillary services for
systems with high RESs penetration. Key modeling considerations include soil limitations,
extreme cold conditions, and piping insulation in northern communities. The chapter also
presents methods for sizing HPs based on actual thermal loads and proposes demand-side
control strategies to enhance frequency regulation. Model validation is conducted through
a case study of the KLFN MG in Northern Ontario, demonstrating the role of DHNs in
improving energy efficiency and renewable integration in remote settings.

Nomenclature

Parameters

A Normalized house area [m²]
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AHX HX surface area [m²]

Ap Pipeline control volume surface area [m²]

Cins1 First layer insulator heat capacity [J/°C]

Cins2 Second layer insulator heat capacity [J/°C]

Crdh Radiator thermal capacity [J/°C]

Cst Carbon steel heat capacity [J/°C]

Cw Water heat capacity inside pipeline [J/°C]

h Convective heat transfer coefficient between feed water and pipe wall
[W/m²·°C]

k Thermostatic Radiator Valve (TRV) regulation constant

kDR1,2,3 ETS demand response adjustment constants

kins1 First insulator thermal conductivity [W/m·°C]

kins2 Second insulator thermal conductivity [W/m·°C]

ks Soil thermal conductivity [W/m·°C]

kst Carbon steel thermal conductivity [W/m·°C]

kw Water thermal conductivity [W/m·°C]

Lp Pipeline control volume length [m]

r1 Pipeline inner radius [m]

r2 Carbon steel layer radius [m]

r3 First insulator layer radius [m]

r4 Second insulator layer radius [m]

Rrdh Radiator hot side resistance [°C/W]

Rrdr Radiator cold side resistance [°C/W]
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SH House number of floors

Z Pipeline depth [m]

PDR ETS peak power at a given time [W]

τHP Reference HP induction motor torque [N·m]

Variables

COP HP coefficient of performance [p.u.]

Cr Fluids heat capacity rate ratio in HX [p.u.]

∆f Frequency deviation [Hz]

ṁw Water mass flow rate [kg/s]

f Frequency [Hz]

fo Reference frequency [Hz]

fv TRV control function [kg/s]

Ki Integral controller gain

Kp Proportional controller gain

NTU Number of transfer units for HX [p.u.]

PEHth Thermal power of an electric heater unit [W]

PEHe Electric power of an electric heater unit [W]

PHPe HP electrical power [W]

PHPth HP thermal power [W]

PHth House thermal power [W]

Q Transferred power between HX fluids [W]

Qrd Radiator thermal power [W]
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Qw,st Pipeline heat loss transferred from water to carbon steel layer [W]

τHP Reference HP induction motor torque [N·m]

Ta Ambient temperature [°C]

Tmix Mixer resultant temperature [°C]

THPin HP inlet temperature [°C]

THPout HP outlet temperature [°C]

THXcin Cold fluid inlet temperature of the HX [°C]

THXhin Hot fluid inlet temperature of the HX [°C]

Tins1 Temperature of first layer insulator [°C]

Tins2 Temperature of second layer insulator [°C]

Tph Pipeline hot temperature [°C]

Trdh Radiator hot side temperature [°C]

Trdr Radiator return water temperature [°C]

Tst Temperature of carbon steel layer [°C]

Twh Hot water temperature inside pipelines [°C]

TS Space temperature [°C]

ε Effectiveness of HX

ωHPo Reference speed of HP induction motor [rad/s]

ψ HP second-law efficiency [p.u.]

1 Vector of ones
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3.1 DHN Model

An IEHS requires the integration of multiple components to meet the electricity and heating
demands of a community. This section discusses the essential elements of a DHN in a
remote community IEHS, considering for the first time relevant thermal system dynamics,
and demonstrates and discusses its application to the KLFN community.

3.1.1 Household Model

The Smart Residential Load Simulator (SRLS) tool has been used here for studying IEHS
in smart grids [110]. The package contains detailed models of appliances, Heating, Venti-
lation, and Air Conditioning (HVAC) systems, and thermal components in homes. In this
chapter, this tool is utilized to model the individual household thermal dynamics, which
is a fundamental component of a DHN. In this context, replacing the heating source from
individual furnaces with a DHN heat supply in a household requires detailed modeling of
a radiator and its control, as detailed in [111]. Additionally, the representation of temper-
atures resulting from mixing multiple mass flow rates at different temperatures within a
household is needed [112].

Based on [113], a typical Canadian household consists of four main spaces1 with vary-
ing dimensions and thermodynamic properties. In the context of a DHN, each space is
presumed to have different radiator capacity corresponding to its heating area, with hot
water being distributed among the radiators, starting from the inlet pipeline at the house’s
entrance and mixed at the outlet pipeline. Consequently, the household model for DHN
studies comprises individual models for each space, along with a mixer model that cal-
culates the resultant temperature after combining the mass flow rates and corresponding
temperatures of the four spaces. The thermal dynamics of such a household can be modeled
using proper models and simulation tools, as described in detail next.

3.1.1.1 Single Space Model

The dynamic thermal model of a single space in the SRLS is described in some detail
in [110], based on an electric circuit model that represents the thermal dynamics of the area.
In this model, the radiator can be readily integrated by adding the following equations [111]:

1Spaces refer to generalized areas used for thermal modeling purposes, which may represent entire
rooms or combined zones and are not strictly associated with physical room boundaries.

38



dTrdh
dt

=
TS − Trdh
CrdhRrdh

+
Qrd

Crdh

(3.1)

Qrd = cwṁw(Tph − Trdh) (3.2)

dTrdr
dt

=
Trdh − Trdr
CrdhRrdr

(3.3)

where all variables and parameters in these and other equations are defined in the Nomen-
clature section of this chapter, where separate listings are provided to simplify the presen-
tation due to the large number of terms involved. It is assumed that Trdh and Trdr are
approximately the same, which allows the radiator’s virtual resistance Rvr = 1

cwṁw
in (3.2)

to be included in the space’s electric circuit model.

To simulate TRV operation and control hot water flow rate, the following function can
be utilized:

fv =
ṁmax

1 + e−k(TSo−TS)
(3.4)

In this study, only conductive thermal resistances are considered, assuming a uniform space
temperature.

3.1.1.2 House and Mixer Models

The household thermal dynamic model consists of individual models for each of the four
spaces, assuming that the return mixed temperature can be described as follows [112]:

Tmix =

∑
ṁwTrdr∑
ṁw

(3.5)

The household model takes into account the internally generated thermal power, as well
the solar irradiation considering all surrounding directions (south, north, east, west, and
roof), based on the equations described in [110], which discusses in some detail the thermal
heat generated from solar irradiation on the household used in the present work. It assumes
that heat from solar radiation passing through windows and impacting external walls is
stored in the room’s internal thermal mass and external walls’ thermal mass, respectively.
This model requires the following specific input data: beam irradiance (W/m²), diffuse
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irradiance (W/m²) for a specific day of interest throughout the year, and the latitude of
the location under study. The model has been implemented in the SRLS tool [113], which
is a Matlab-Simulink-GUIDE tool that facilitates the study of energy management systems
in smart grids.

3.1.2 Pipeline Heat Loss

The household dynamic thermal model is a fundamental component of the DHN’s sec-
ondary circuit. This model is integrated into the DHN, which also includes pipelines to
form a heat distribution network with both hot- and cold-water flows to deliver thermal
power from the heat sources to individual consumers. Accurate modeling of the pipelines,
including considerations for insulation and pipe material, is crucial to capture the dynam-
ics of stored energy within the pipes. Proper modeling of pipelines is essential to represent
thermal losses and temperature variations accurately, with the diameters of these pipelines
playing a significant role. These pipelines can be efficiently designed using Geographic In-
formation Systems (GIS) and thermal network design tools, which allow estimating mass
flow rates, heat loss, and temperature drops within the heat distribution network, ensuring
efficient thermal power delivery to households.

The following equations govern the pipeline model [114]:

Cw(
dTwh

dt
) = (Tph − Twh)cwṁw +Qw,st (3.6)

Cst(
dTst
dt

) =
Tins1 − Tst

ln(r2/r1)
2πkstLp

−Qw,st (3.7)

Cins1(
dTins1
dt

) =
Tins2 − Tins1

ln(r3/r2)
2πkins1Lp

− Tins1 − Tst
ln(r2/r1)
2πkstLp

(3.8)

Cins2(
dTins2
dt

) =
Ta − Tins2

ln(r4/r3)
2πkins2Lp

+ ln(2Z/r4)
2πksLp

− Tins2 − Tins1
ln(r3/r2)
2πkins1Lp

(3.9)

Qw,st =

{
hAp(Tst − Twh) if ṁw > 0

8πkwLp(Tst − Twh) if ṁw = 0
(3.10)

R1 =
ln(r2/r1)

2πkstLp
(3.11)
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Figure 3.1: Electric equivalent circuit of the pipeline control volume.

R2 =
ln(r3/r2)

2πkins1Lp
(3.12)

R3 =
ln(r4/r3)

2πkins2Lp

+
ln(2Z/r4)

2πksLp
(3.13)

These equations describe the behavior and dynamics of the pipeline system using the
electric-circuit analogy, with Figure 3.1 illustrating an electric circuit model of a specific
pipeline control volume.

The underlying principles and equations governing heat transfer and temperature dy-
namics apply to both the hot and cold sides of the system. Therefore, the aforementioned
equations can be utilized to model and analyze the behavior of the entire pipeline network,
regardless of whether it pertains to hot or cold water.
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3.1.3 Heat Exchanger

The HX is a vital component in DHNs that transfers heat between fluids of different
temperatures. It facilitates efficient heat transfer from the primary circuit, where heat is
generated, to the secondary distribution circuit for heating purposes. Different types of
HXs are used in DHNs [115]. Here, the design aspects of the Counter Flow Heat eXchanger
(CFHX) are considered for a given generated thermal power capacity, accounting for the
Exhaust Gas (EG) peak thermal power. Thus, the CFHX can be effectively modeled using
the effective number of transfer units (effective-NTU) method, which involves the following
equations [116]:

Q = εC(THXhin − THXcin) (3.14)

ε =

{
1−e(−NTU(1−Cr))

1−Cre(−NTU(1−Cr))
if Cr = C / C < 1

NTU
1+NTU

if Cr = 1
(3.15)

NTU =
UHXAHX

C
(3.16)

3.1.4 Thermal Power Plant

A thermal heat source serves as the primary energy source for the DHN. Common examples
include CHP plants, biomass boilers, and geothermal energy. In this chapter, the focus is
on utilizing waste heat from the EG of DGUs in remote communities as the primary heat
source. However, during peak thermal demand, the power generated from the EG recovery
system may be insufficient to meet the consumers’ temperature requirements. Hence,
HPs are employed to compensate for the thermal power shortage. The integration of the
EG recovery system and a single HP, which is likely sufficient in a remote community,
given their relatively small footprint, forms the thermal power plant for the DHN. The
main thermal power model comprises three components: an EG mass flow rate ṁgas and
temperature Tgas model, a HX model, and a mass flow rate control model. Each of these
components, which are discussed next, can be characterized by detailed average models,
including the HP model as an integral part of the DHN thermal plant.
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3.1.4.1 Diesel Exhaust Gas

The thermodynamic properties of the EG can be accurately modeled by utilizing the
tabular data provided by the manufacturer for DGUs of different power ratings. Thus,
using curve fitting techniques, the EG mass flow rate and temperature can be expressed
as functions of the generator electric loading condition Pgen as follows:

ṁgas = −2Pgen
2 + 3.836Pgen + 3.925 (3.17)

Tgas = −21.6Pgen
2 + 139.9Pgen + 412.1 (3.18)

The density of the EG is typically assumed to be 1.33 kg/m3 based on experimental
studies in [117], while the specific heat capacity of the EG is assumed to be 1.005 KJ/Kg◦C
[118]. In order to regulate the mass flow rate of the EG, a proportional controller can be
employed.

3.1.4.2 Heat Pump

To compensate for any shortage in the generated thermal power, an electricity-driven HP
is necessary. The average model of the HP can be described using the following equations,
based on [119], [120] and [121], starting with the HP Coefficient Of Performance (COP)
based on the Carnot cycle:

COPmax =
Thot

Thot − Tcold
(3.19)

COP = ψ · Thot
Thot − Tcold

(3.20)

Thot =
THPin + THPout

2
(3.21)

Tcold = Ta (3.22)

COP = ψ ·
THPin+THPout

2
THPin+THPout

2
− Ta

(3.23)
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However, as per the Carnot theorem, all temperatures in the COP equation should be
absolute temperatures in K, which can be converted to °C as follows:

COP = ψ · (THPin + THPout)/2 + 273.15

(THPin + THPout)/2 − Ta
(3.24)

where COP is a dimensionless quantity. Additionally, the heat gained by the water through
the HP PHPth increases its temperature by ∆T as follows:

COP =
PHPth

PHPe

(3.25)

∆T =
PHPth

cwṁw

(3.26)

THPout = THPin + ∆T (3.27)

THPout = THPin + ψ
PHPe · 0.5(THPout + THPin) + 273.15

cwṁw · 0.5(THPout + THPin) − Ta
(3.28)

The HP is strategically connected in series with the return piping, near the main thermal
plant. Its primary function is to compensate for the limited thermal power provided by the
EG recovery system by increasing the temperature of the return water. The HP is driven
by a variable speed Induction Motor (IM), which is controlled using direct torque control
technology. To regulate the thermal power generated by the HP, a temperature hysteresis
control is employed, which turns the HP on or off to prevent the undesired evaporation
of water during light thermal loading conditions. However, for ancillary services, the
frequency droop control of the IM driving the HP is used here to directly control its speed,
demonstrating through dynamic studies that thermal comfort is not affected by temporary
HP thermal power reductions.

3.1.5 KLFN Community Example

This subsection presents the methodology employed to estimate the total thermal demand
in the KLFN community, and discusses the feasibility and challenges of deploying a DHN
to properly supply the community’s thermal needs, based on the relevant DHN models and
controls presented in the previous sections.
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3.1.5.1 Thermal Demand Estimation

By using the household’s thermal model provided in [110] for a typical North American
house, the thermal demand of the community homes and buildings can be estimated based
on the specific area considered. A normalization technique can then be used to estimate
the thermal load for each residential house in the KLFN community, where there are 215
residential homes. There are also 10 additional community and commercial buildings,
which include the school, police station, band office, nursing center, and church, with each
of these structures being modeled independently as a separate consumer group using the
same household thermal dynamic model discussed in Section 3.1.1, and based on their
respective areas, heights, and usage patterns. A water treatment plant and sewage plant,
where heating is only provided to the control rooms, are also part of the community
buildings. A large grocery store and a hotel form the commercial demand.

The thermal power demand of a building can be estimated using the following equation
[122]:

PHth = ASHPHth (3.29)

Based on the SRLS, a thermal peak power of around 16.4 kW is necessary to fulfill the
heating requirements of a 196 m2 area. This calculation takes into account a minimum
ambient temperature range of -38◦C over a 24-hour time interval in January, according
to [123], with a maximum indoor setpoint temperature of 25◦C. The residential houses
in the KLFN community are categorized as either single-detached, semi-detached, or row
houses, as per [124]. These house structures adhere to the standard Canadian house
design [110]. The normalized area A for each house can be obtained using Google Earth
to determine the areas of the 215 houses and the other 10 community and commercial
buildings, which allows to calculate the thermal demand of the DHN.

The design of the piping routing plays a critical role in the establishment of a radial
DHN. In this study, the THERMOS program has been utilized to generate the optimal
routing, determine the appropriate pipe diameters, and calculate the actual length of the
pipelines specific to the particular case being studied [125]. To estimate the maximum
thermal power demand in the KLFN community for the purpose of pipe sizing and network
routing, the following steps are used:

1. Run the SRLS for a standard Canadian household, considering the worst expected
weather conditions, neglecting solar thermal power and internally generated thermal
power.
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2. Assign the maximum required thermal demand for an individual household and apply
the area normalization procedure to obtain the required thermal demand for each of
the 215 houses, as well as community and commercial buildings.

3. Utilize THERMOS to estimate the piping routing requirements.

3.1.5.2 Thermal Demand Grouping

Simulating all residential houses in a potential DHN is time-consuming and computa-
tionally demanding. To reduce simulation time, the model assumes groupings of nearby
thermal loads, treating them as a single load. This methodology significantly reduces sim-
ulation time while maintaining accuracy, based on pipe length limitations and the DHN
characteristics. Thus, the grouping of houses is limited to a distance of 150 m along the
radial DHN, ignoring the temperature drop within this distance. No grouping is considered
for pipeline lengths less than 50 m to minimize the number of groups. Furthermore, due
to the faster response of the mass flow rate to internal or external variations compared to
the radiator return temperature, the thermal power of a building can be assumed to be
directly proportional to the mass flow rate.

3.1.5.3 Piping Routing Design

The pipeline system under consideration consists of a double-way routing and comprises
several layers, as depicted in Figure 3.2. These layers include the following: a Carbon
steel layer, which is the first layer of the pipeline and serves as the structural component;
a Polyurethane insulation layer, which is composed of Polyurethane insulation material
with a very low thermal conductivity to minimize heat transfer and reduce heat loss from
the pipeline; and a Polyisocyanurate insulation layer, which also presents low thermal
conductivity. All these layers are buried underground at a depth denoted by Z to protect the
pipeline and insulation layers from external environmental conditions and further minimize
heat loss. Table 3.1 presents the key thermal properties and parameters of the materials
used in the pipeline insulating system.

The following issues need to be considered in the design of the DHN piping network for
the KLFN community:

• The linear heat density in the community is significantly lower compared to most
typical DHNs. This results in a high ratio between piping heat loss and thermal
demand.
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Table 3.1: Piping Network Design Parameters

Parameter Value

Carbon steel density 7843 kg/m3

Carbon steel specific heat capacity 434 J/Kg ◦C

Carbon steel thermal conductivity 45 W/m ◦C

First-insulator density 30 kg/m3

First-insulator specific heat capacity 1500 J/Kg ◦C

First-insulator thermal conductivity 0.02 W/m ◦C

Second-insulator density 32 kg/m3

Second-insulator specific heat capacity 1400 J/Kg ◦C

Second-insulator thermal conductivity 0.02 W/m ◦C

Soil thermal conductivity 0.38 W/m ◦C

Water thermal conductivity 0.64 W/m ◦C

Pipeline burying depth 0.6 m

• The soil properties in KLFN impose limitations on burying depth and the feasibility
of excavation, since the considered area is predominantly covered by up to 4 m of
glacial boulder till, overlaid by 20-30 m of fine sand and clay [126]. These soil
conditions complicate the civil engineering works, thus increasing deployment costs.

• The community experiences harsh weather conditions, with temperatures dropping
as low as -38°C during the Winter season. These extreme low temperatures further
increase heat loss in the pipes.

• The main thermal plant is located approximately 1.65 km away from the starting
point of the thermal demand. This results in increased heat losses and affects the
QOS .

To minimize the excessive piping heat loss in the KLFN community, the following
assumptions have been made:

• Due to the composition of the soil, increasing the burying depth is not feasible. Thus,
the maximum burying depth considered is 0.6 m, as per recommended standards
[127].
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Figure 3.2: Cross-sectional design of a DHN pipeline.

• Modern insulation materials with low thermal conductivity, such as Polyurethane or
Polyisocyanurate, are used to increase pipeline radial thermal resistance and reduce
heat loss transfer.

• To minimize soil thermal conductivity, artificial soil such as mixed sandy loam can
be used [128]. Although this approach may have a high initial cost, it is necessary
to reduce the excessive piping heat loss. Moreover, by utilizing EG from DGUs,
the CHP system efficiency can be improved, potentially offsetting initial costs over
time. This cleaner heating source decreases the KLFN community’s reliance on oil,
reducing high carbon emissions and pollution, and enhances the EPN reliability by
taking advantage of the DHN’s thermal inertia. These benefits may justify the high
initial cost of the IEHS in remote communities. However, it important to emphasize
that this thesis does not assess the economic feasibility of DHN deployment; instead,
the focus is on analyzing the dynamic operation and interaction between the EPN
and DHN in remote community settings.

These considerations yield the diametrical ratios presented in Table 3.2 for different layers
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Table 3.2: Pipeline Layers’ Diametrical Ratios for Figure 3.2 in KLFN

r2/r1 r3/r2 r4/r3 r4/r1

1.1 1.364 1.333 2

Table 3.3: EG Recovery System Data for Different DGU Loadings

DGU loading (%) 100 75 50 25

EG temperature (°C) 524.0 524.0 457.5 452.1

EG flow (kg/s) 5.742 5.742 5.278 4.784

Heat rejection (kW) 1202 1202 1038 933

of carbon steel and insulation materials relative to the original inner pipe diameter, ensuring
efficient heat transfer and minimizing heat loss.

3.1.5.4 Waste Heat Recovery System

The assumed waste heat recovery system employs an HX to extract thermal power
from the EG of KLFN community DGUs through water heating. The energy collected
by the recovery system is modeled using tabular data from Caterpillar generators [129],
with Table 3.3 illustrating the EG recovery system data for different DGU loadings. This
data varies with DGU electrical loading conditions. The EG recovery system’s energy
consumption is minimal, primarily involving the operation of a control valve that regulates
the EG mass flow rate, and thus its energy consumption is negligible compared to the
energy collected, resulting in a rather large efficient factor.

3.1.5.5 Simulation Results

This subsection presents some relevant results for the designed DHN of the KLFN com-
munity, with the dynamic components of the KLFN’s DHN being modeled with equations
(3.1)-(3.28) in Matlab/Simulink, with a fixed discrete solver and a time step of 0.278 ms.
This time step was chosen because Matlab/Simulink simulation must be run in seconds
and not hours, which are the time constants of the DHN model; hence, one can convert
the DHN time-based signals from seconds to hours as follows: 0.278 ms×3,600 = 1 s ≡ 1 h.
The setpoint temperatures range from 18°C to 25°C, at different times depending on the
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Table 3.4: KLFN Thermostat Temperature Setpoints

Building
Time Intervals

Setpoint
From To

Residential
9AM 5PM 18◦C

6PM 8AM 25◦C

Commercial
6AM 10PM 25◦C

11PM 5AM 18◦C

Community
8AM 5PM 25◦C

6PM 7AM 18◦C

building topology. Table 3.4 illustrates the thermostat setpoints used for different KLFN
community structures.

The presented results correspond to January 2, 2020, for 24 h and considering solar
irradiance data from [123]. Figure 3.3a illustrates the variation in temperature setpoints for
a consumer group situated at the distant end of the DHN, which has the largest temperature
drop in the system. Note that when the temperature setpoint is low, the space temperatures
do not decrease rapidly due to the existing solar thermal power and the thermal inertia
of the spaces. The temperature response illustrates the temperature of each space within
the four areas considered for a household. Observe that the modeled TRVs effectively
track the temperature setpoints under the given ambient temperature conditions, ensuring
satisfactory temperature regulation within the different spaces.

Figure 3.3b depicts the regulated supply temperature TSup and water temperatures
THPin and THPout of the HP. Since this device assists in preheating the return water when
the thermal demand exceeds the capability of the EG heat recovery system, to ensure
satisfactory QOS and accurate tracking of the temperature setpoint, the outlet temperature
of the HP increases when it is active.

The required on/off HP operation is performed once every several hours, taking into
account the high mechanical inertia of the IM driving the HP. Figure 3.4 illustrates the dy-
namics of thermal power demand, EG recovered power, piping heat loss, and HP-generated
power. Note that the heat demand increases with increasing temperature setpoint and de-
creases with decreasing setpoint. Similarly, the generated thermal power is proportional
to the thermal demand, but it does not necessarily balance the heat demand instanta-
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Figure 3.3: (a) Ambient temperature and temperature response of the thermal group
located at the far end of the DHN, and (b) temperature response of the thermal power
plant and the HP.
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Figure 3.4: Thermal power demand, EG recovered power, piping heat loss, and HP
generated power.

neously, as expected. Observe that the piping thermal losses under steady-state conditions
do not exceed 20% of the thermal demand due to the use of low thermal conductivity
insulators within the system, which is necessary in remote communities for the considered
pipelines [130].

The fluctuations in the supply temperature in Figure 3.3b and the thermal demand in
Figure 3.4 are due to the dynamic behavior of the DHN customers. For instance, at 9 h in
Figure 3.3b, a decrease in setpoint temperatures by DHN consumers causes radiator valves
to lower the hot water mass flow rate, significantly reducing the total thermal demand.
This change is rapid, as radiator valves react within seconds, and requires a reduction in
generated power, as depicted in Figure 3.4 at 9 h. Due to the time lag in the EG valve
response, there is a temporary excess in thermal energy storage, which heats the supply
water and increases its temperature. The same principle applies when thermal demand
increases, leading to supply temperature fluctuations due to the time lag in adjusting the
generated power. This lag in the EG valve controller is imposed to prevent the hot-water
supply from boiling, which could cause pressure problems in the DHN piping system.

The heat balance between the thermal demand plus piping losses and the EG recovered
power plus HP generated power is shown in Figure 3.5, showing that there are periods
when the heat supply is either less than or greater than the heat load demand, with this
deviation being managed through the thermal inertia of the DHN. For example, at 6 h in
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Figure 3.5: Heat balance between the thermal supply and demand of the KLFN DHN.

Figure 3.4, the thermal demand exceeds the supply, with the deficit being compensated by
drawing thermal power from the DHN stored thermal energy, resulting in a decrease in the
supply temperature as shown in Figure 3.3b. Conversely, at 9 h, when the supply exceeds
the demand, the excess energy is stored, increasing the supply temperature. The slight
time lag between the net stored energy and the supply temperature variation observed is
compensated by the DHN thermal inertia acting as a buffer, smoothing out discrepancies
between supply and demand, maintaining stability in supply temperature, and ensuring
continuous and reliable heat delivery. To control thermal heat generation, both the EG
recovery system and the HP are controlled to avoid undesirable spikes. This is achieved
through an exhaust gas valve control for the EG recovery system and the direct torque
load control of the HP, as previously discussed.

The aforementioned results demonstrate the feasibility of deploying a DHN in an actual
remote community in the North. It is shown for the first time through detailed dynamic
studies that the community thermal needs can be properly supplied by a DHN that takes
advantage of the waste heat of DGUs in the community’s EPN. These results further
strengthening the case for such DHN deployment in remote communities, which have been
demonstrated feasible through economic analyses based on static DHNs model. However,
it is also shown that to accomplish this, there are challenges that need to be addressed
with respect to DHN proper design and deployment, which may have a significant impact
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on the potential deployment of DHNs in these communities, as it has been suspected but
it is now demonstrated in this chapter through detailed dynamic modeling and studies.

It is important to highlight that a verification of the KLFN DHN model is conducted
by confirming that the dynamic simulation results align with expected thermal behavior
under varying operating conditions. For instance, the observed temperature responses de-
picted in Figure 3.3 across various building types are as expected following thermostat
schedules and exhibiting moderated fluctuations due to thermal inertia and solar gains.
As shown in Figures 3.3–3.5, the model outputs, including temperature profiles, thermal
power contributions from various sources and losses, and the overall thermal power bal-
ance, consistently reflect expected trends. Thus, the simulated heat supply tracks demand
with reasonable accuracy, and transient mismatches are buffered by the DHN’s thermal
storage capacity. Variations in supply temperature also correspond to changes in ther-
mal demand, validating the modeled radiator valve dynamics and the time-delayed control
of heat generation. Furthermore, piping losses remained within expected limits (below
20%), confirming the effectiveness of the applied insulation. Although direct validation
with real-world measurements is not possible because the proposed DHN has not yet been
implemented in the KLFN community, the model results are consistent and aligned with
physical expectations.

3.2 EPN Model

This section describes briefly the traditional dynamic models considered for EPNs in remote
MGs, and focuses on discussing the results of applying them to study the IEHS for the
KLFN community. It also demonstrates the use of demand response control in the DHN
HP for EPN frequency regulation to facilitate the integration of RES in remote MGs.

3.2.1 Isolated Microgrid Dynamic Model

3.2.1.1 Diesel Generator

Synchronous DGUs are widely used in remote MGs as dispatchable grid-forming resources
to support the system frequency. In this work, the Simscape Electrical library is utilized for
accurate DGU dynamic modeling, including all required controls [131]. The synchronous
machine model simulates the behavior of an alternator and can be adjusted to fit the specific
parameters of MG generators. Cascading blocks are used to represent the governor droop
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for frequency control. The automatic voltage regulator model ensures that the terminal
voltage is maintained at the specified nominal voltage levels.

3.2.1.2 Wind Generators

The WGs modeled here are based on full VSC interfaces. The VSC model utilized for the
WGs, along with its controls, is described in detail in [132].

3.2.1.3 PV Panels

The PV array block considered here contains PV modules arranged in parallel and series
strings, with a “perturb and observe” control that adjusts the panel’s voltage and current
to track the maximum power point. This control algorithm optimizes power generation
output by adapting to changing conditions as explained in detail in [133].

3.2.1.4 Electric Loads

A constant impedance Z, current I, and power P load model is considered in the presented
studies, which properly reflects the voltage sensitivity of MG loads [132].

3.2.1.5 Heat Pump Ancillary Services

The DHN has a longer time response compared to the EPN due to its significant thermal
inertia. This unique characteristic allows the DHN to play an important role in regulating
the frequency of the EPN. Thus, for primary frequency control, the electrical demand of
the HP can be adjusted for a specific duration, allowing to provide frequency regulation,
while maintaining the desired DHN QOS. This is accomplished here using a frequency
droop control to manage the speed of the three-phase variable speed IM that controls the
thermal power generated by the HP, which can be modeled with the following equations
that account for the compressor load torque applied to the HP’s IM shaft:

ωHPo = PHPo + kHP∆f (3.30)

∆f = f − fo (3.31)
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Table 3.5: HP IM Drive Parameters

Parameter Value

PHPo 250 kW

kc 0.04354 kW·s3

dωHP/dt 125.664 rad/s2

kHP 25 p.u.

kp 10 p.u.

ki 100 p.u./s

τHP = kcω
2
HPo (3.32)

Droop control allows the HP IM to improve the performance of the EPN frequency
response compared to solely applying droop control to the DGU units. Table 3.5 depicts
the main parameters used to represent the HP IM drive model, including the maximum
rate of change of the angular velocity dωHP/dt.

To fully leverage the high thermal inertia of the DHN, it is proposed here to implement a
secondary frequency control strategy to rapidly mitigate steady-state frequency deviations
within seconds, without the need to wait for approximately 15 min for DGU redispatch,
which is the usual dispatch rate of MG energy management system [22]. Thus, secondary
frequency control is implemented here on the HP’s IM drives utilizing an anti-wind PI
controller. This controller is employed to adapt the HP shaft power reference, based on
the following equation:

PHPo = Kp ∆f(t) +Ki

∫
∆f(t)dt (3.33)

Note that the values of kp, ki, and kHP in Table 3.5 are expressed in per unit based on a
power base of 250 kW, a frequency base of 60 Hz, and a speed base of 188.496 rad/s for
the compressor’s four-pole IM.

The HP demand response used here for frequency regulation purposes has a negative
impact on the HP thermal power, which affects the performance of the DHN. In this
context, it is important to study the temperature changes in the community to evaluate
the impact of the HP thermal power reduction on the DHN dynamics, considering the
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typical 15 min dispatch of the EG heat source, which is within the dynamic time constants
of the DHN. This issue cannot properly captured in existing studies based on DHN static
models.

3.2.2 KLFN Community Example

3.2.2.1 EPN Description

Each dynamic component of the KLFN ’s EPN system is modeled using Simscape in
Matlab/Simulink, with a fixed discrete solver and a time step of 0.1 ms. The simulations
are based on measured data from existing electrical sources and loads, collected at the
KLFN community during 2014 and 2015 to study the deployment of additional RES for
the EPN [134]. Thus, there are three 1500 kW, 1000 kW, and 600 kW DGU units. As
per the utility’s dispatch rules, only one unit operates at a time. Additionally, there is a
10 kW roof-top PV panel and 4 wind turbines totaling 60 kW (three 10 kW single phase
converter-interfaced units and one 30 kW direct-connected unit), which are modeled here
as a single VSC-interfaced unit, to represent WG systems currently being deployed in
isolated MGs. A 250 kW PV array is also considered to study the impact of RES power
fluctuations on the performance of the EPN, as discussed in [135].

Figure 3.6 shows the PV power fluctuations assumed from the modeled 250 kW PV
panel, based on scaled real measured data for the existing 10 kW PV panel over a 100
s time window. To test the IEHS performance for a significant EPN contingency, it is
assumed that a rapid loss of PV generation at about 50 s due to sudden cloudy conditions,
followed by its tripping due to a grid contingency.

The demand of the commercial and community buildings are represented using mea-
sured data collected for the various existing facilities, and the total residential demand is
calculated by subtracting the demands of the commercial and community buildings from
the measured total generation, realistically assuming minimal losses in the MG feeders. A
24.7% unbalance condition is considered, as commonly observed during Winter months in
the KLFN MG [134]. During the simulation for January 2, 2020, considered in the DHN
studies, the electrical load is assumed initially to be 523.6 kW, with the demand gradually
increasing and peaking roughly at 900 kW, excluding the HP power demand. The 1000
kW DGU unit is assumed to be supplying the electrical load needs.

Table 3.6 presents the nominal power of various generation sources in the community.
Additionally, Table 3.7 presents the power ratings for different types of loads considered
in the simulation. These loads are modeled as 60% constant Z, 30% I current, and 10%
constant P.
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Figure 3.6: Power fluctuation of PV panels, with a sudden trip at about 50 s.

Figure 3.7 shows the KLFN’s IEHS structure, depicting the KLFN potential DHN
described in Section 3.1.5, illustrating 55 thermal load groups corresponding to 215 resi-
dential houses along with the 10 community and commercial buildings. This figure shows
the interconnections between the EPN and the DHN.

In the KLFN IEHS, both the DGU and the HP IM present frequency droop controls
with opposite slopes, as shown in Figure 3.8. The compressor load torque in the IM drive
is modeled with (3.32).

3.2.2.2 Simulation Results

The frequency response for KLFN EPN is illustrated in Figure 3.9 for the 100 s studied
window for four distinct case studies:

• Case 1 represents the EPN operating independently without the DHN, solely sup-
plying the base electrical load of 688 kW.

• Case 2 examines the IEHS without HP demand management.

• Case 3 studies the IEHS with HP droop control.
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Figure 3.7: KLFN Community IEHS.
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Table 3.6: KLFN Generator Ratings

Generator Type Rating

DGU1 1500 kW

DGU2 1000 kW

DGU3 600 kW

WG 60 kW

Exist. PV 10 kW

Added PV 250 kW

Table 3.7: KLFN Load Types and Powers

Load Type Min. Max.

Police Station 8.07 kW 13.6 kW

School 11.03 kW 18.6 kW

Sewage Plant 3.56 kW 6 kW

Water Treatment Plant 19.4 kW 32.7 kW

Nursing Station 12.1 kW 20.4 kW

Grocery Store 37.55 kW 63.3 kW

Residential 431.84 kW 760.8 kW

• Case 4 correspond to the IEHS with HP secondary frequency control capability.

Observe in Figure 3.9 that the electrical load stays close to 688 kW (excluding HP power
consumption for Case 1), since the voltage at the load buses does not change significantly,
consistent with [135]. Note the initial frequency variations due to the system components’
startup, notably the DGU, the WG, and the HP’s IM, followed by a steady frequency for
roughly 40 s, given the fixed PV output power during this period. Subsequently, there is a
change in solar irradiance probably due to cloud movement followed by a rapid reduction
and then loss of PV generation at about 50 s, resulting in the frequency dropping to 59.84
Hz for Cases 1 and 2. During this period, only the DGU droop control is responsible for
regulating the frequency in these two cases, while the demand from the HP motor remains
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Figure 3.8: Droop control for DGU and HP IM.

constant. In contrast, with the HP droop control, Case 3 shows a faster frequency response
and reduced frequency deviation compared to Cases 1 and 2, with the frequency stabilizing
at 59.89 Hz. The best frequency response is achieved in Case 4 by implementing secondary
frequency control, which restores the frequency to 60 Hz within 15 s, without the need for
DGU redispatch.

Figure 3.10 presents the power output from the DGU for Case 4, which remain fixed
at 825 kW to supply the base EPN and DHN HP loads, as per the required dispatch rules
at KLFN [135]. Note that the power and shaft speed of the HP change with the frequency
due to the HP secondary frequency control.

The variations in electric power generation due to the change and loss of PV genera-
tion significantly influences the thermal power supplied to the DHN, primarily due to the
reduction in HP shaft power interacting with the EPN frequency variations, as depicted
in Figure 3.11. Following the loss of PV generation, a 15 min monitoring period of HP
and DGU powers is used to assess the worst-case scenario before a subsequent DGU re-
dispatching, reasonably assuming constant thermal power demand. In contrast, the base
electric load undergoes a ramp variation from 688 kW to 753 kW, based on measured
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data for the KLFN community. Despite these EPN generation and load fluctuations, DGU
power remains relatively constant at 825 kW, while HP shaft power notably decreases from
242 kW to 87 kW to compensate for both the PV generation variations and the increase
in the base load during the 15 min interval to mitigate EPN steady-state frequency de-
viations. At the same time, HP thermal generation decreases from 490 kW to 200 kW,
indicating a significant loss in thermal power generation that impacts the DHN supplied
thermal power. Additionally, Figure 3.11 illustrates HP ’s COP variations, highlighting its
nonlinear variation, which directly depends on HP thermal and electrical power values.

As shown in Figure 3.10, the electrical system is being simulated with seconds resolu-
tion, whereas the thermal system is simulated with min resolution, as shown in Figure 3.11.
This is possible due to the IEHS electrical and heating systems having different time con-
stants, since for example, the thermal inertia of the HP is much higher than its mechanical
inertia, thus allowing the computationally efficient co-simulation of the two systems with
different time scales, using fractions of a second for the electrical system and fractions of
a minute for the thermal system, without significant simulation errors. The use of the
shorter electrical system time intervals to simulate both systems would require extensive
computation time, without significant changes in the results.

It is important to highlight that in the 15 min interval shown in Figure 3.11, the load
varies gradually, as per actual measurements at the KLFN community [135], while the
DGU power remains basically fixed, since this is only re-dispatched every 15 min through
the existing EMS. The figure shows that the DGU governor’s impact on the generator
power output is small, since the HP regulates the frequency in this case, as illustrated in
Figure 3.10.

To examine the impact of HP thermal power reduction due to droop and secondary
frequency controls, Figure 3.12 depicts the DHN temperature dynamics. Observe that due
to the high thermal inertia of the DHN, noticeable change on building temperatures would
require a considerable amount of time, as depicted in Figure 3.12. This figure illustrates
the various building spaces and setpoint temperatures for the consumer group situated at
the distant end of the DHN for the studied 15 min timeframe. Thus, the minimal heating
requirements are met without disrupting consumer QOS, assuming no heat load service
interruptions, with only a 0.15°C temperature drop in 15 min after the HP thermal power
reduction. This indicates that it would take several hours for DHN customers to notice any
significant impact from the reduced thermal power generation in the HP. Furthermore, after
15 min, these slight temperature changes would be corrected with the DGU re-dispatch
that allows resuming the HP normal operation.

When the EG thermal power generated is sufficient to supply the KLFN thermal de-
mand, the HP would not be needed and hence would be turned off. Consequently, sec-
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Figure 3.9: Comparison of frequency response with and without DHN and HP droop
control.

ondary frequency control cannot be provided using the HP, with the DGU having to deliver
this regulation service during the usual 15 min DGU redispatch intervals, as it is now the
case in existing remote EPNs, which would be costlier compared to utilizing the DHN
thermal inertia for this purpose.

3.2.2.3 Electric Thermal Storage Heating

To further highlight the effectiveness of the potential DHN in the KLFN community, this
section discusses the case where all thermal demand in KLFN community is met by in-
dividual ETS units currently deployed in some remote communities, comparing the EPN
performance with respect to the IEHS results.

To estimate the electric power demand required to fulfill the thermal demand of the
community with ETS units, the SRLS tool was used. Thus, Figure 3.13 illustrates the
building heating control for the ETS units used in the SRLS to represent the thermal dy-
namics of a household. The model takes into account external ambient temperature and
the thermal power generated by the ETS units to maintain the household space tempera-
tures at a specified setpoint by adjusting the discharge resistance Rdisch, which reflects the
variable speed of the ETS unit’s heat distribution fan. In this case, it is assumed that all
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Figure 3.10: Generator power, HP shaft power, and shaft speed with frequency changes.

Figure 3.11: Generator power, HP shaft and thermal powers, base electric load, and HP’s
COP.
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Figure 3.12: Temperature response of the thermal group located at the far end of the
DHN after HP thermal power reduction imposed by the secondary frequency control.

ETS units utilized in KLFN community have an overall efficiency of 95%. Further details
of the dynamic modeling and control of the ETS unit are available in [136], [137], and [138].

To ensure an equitable comparison between IEHS with DHN and with ETS units for
ancillary services provision, demand management is also applied to the ETS units, based
on the approach outlined in [139], which is implemented here using the following equations:

fDR =
1

1 + ekDR1(∆f+kDR2)
− 1

2
(3.34)

dPDR1

dt
= kDR3fDRPDR − PDR1 (3.35)

PDR2 = min (| PDR − PDR11 |) (3.36)

where the control function fDR, based on sigmoid function due to its smooth, non-linear,
saturating behavior, and ease of adjustment, effectively generates the desired demand
response PDR1 based on the frequency deviation ∆f , with constants kDR1, kDR2, kDR3,
and PDR defined in the Nomenclature. PDR1 is then compared with PDR, which signifies
the vector encompassing all the potential on/off combinations of ETS power consumption
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Table 3.8: ETS Demand Response Control Parameters

Parameter Value

kDR1 −600 p.u.

kDR2 −0.02 p.u.

kDR3 100 p.u.

of 55 groups in the KLFN community. The value closest to PDR1 among the elements of
PDR defines the ETS load combination selected to generate the actual actuating demand
response PDR2. Table 3.8 presents the parameter values used in (3.34)-(3.36) to model the
demand response control of the ETS units, which determine their response for primary
frequency control.

Figure 3.14 depicts the thermal demand of the community with a DHN vis-à-vis the
ETS units. Note the need for a minimum 1.8 MW power capacity to fulfill the required
heat demand using only ETS units. Considering a peak electrical load of 0.9 MW for the
studied day results in a total demand of 2.7 MW for both electrical and thermal loads.
Hence, two DGUs would need to be dispatched, which is not the usual dispatch strategy
in remote Ontario communities [140].

Two additional case studies are added here to the previously discussed four case studies:

• Case 5 correspond to the EPN and ETS heating units without ETS demand response
control.

• Case 6 incorporates the EPN and ETS heating units with ETS demand response
control.

For these cases, the total electrical load of the EPN is 2,488 kW, being supplied by the
DGUs DGU1 and DGU2, which corresponds to 688 kW of base electric load, as in the
EPN+DHN simulations, and 1,800 kW of demand from the ETS units. The two generators
have droop control, sharing the power changes proportionally to their capacity.

Under the same variations in PV generation power discussed in Figure 3.6, Figure 3.15
depicts the frequency responses for the IEHS and the EPN equipped with ETS units, for
the same 100 s time window utilized before. Observe that in ETS Cases 5 and 6, the
frequency deviation is lower compared to the droop control Cases 1, 2, and 3. This can be
attributed to the presence of two generators, which effectively distribute PV fluctuations.
Note that distributed ETS demand response enhances the primary frequency control of the
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Figure 3.13: Schematic of building heating with ETS unit.

EPN compared to the centralized HP-based control. However, this requires a more com-
plex distributed approach, with more significant control and communication requirements
than the centralized HP-based frequency regulation technique. Furthermore, the proposed
ETS frequency regulation control presents significant uncertainties associated with the in-
dividual ETS power availability. Finally, the proposed HP demand response for frequency
regulation facilitates the implementation of a secondary frequency control.

From the presented results, the advantage of using a DHN versus ETS units to supply
the community thermal loads is clear. Thus, first, emissions would significantly increase
with the ETS units, as more DGUs would need to be dispatched, and the DGU exhaust
thermal power not being utilized. Second, the DHN would allow a better integration of
variable RES through the ready utilization of its significant thermal storage capacity via
HP frequency droop control. Finally, the IEHS featuring HP droop control and secondary
frequency control would be preferable over the use of ETS units due to a simpler com-
munication network and control requirements, plus smoother and less uncertain HP speed
control compared to ETS demand response switching.

3.2.2.4 HP and ETS Frequency Control Comparison

This section compares the performance of the demand response centralized control of
ETS units and the centralized HP droop control for primary frequency control in the KLFN
EPN. To accomplish this, a step increase in base load from 686 kW to 825 kW at 50 s
is studied here, with the power output from the RESs remaining constant. Figure 3.16a
shows that both controllers react by adjusting their demand to maintain adequate primary
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Figure 3.14: Comparison between DHN and ETS units for thermal demand provision.

frequency control, with the ETS units’ demand decreasing from 1792 kW to 1745 kW and
the HP shaft power decreasing from 250 kW to 213 kW. However, Figure 3.16b demon-
strates that the ETS demand response control is faster than the centralized HP droop
control. This is due to the overall mechanical inertia of the HP and its droop control,
which allow the IM speed change to regulate the frequency with a maximum rate of speed
change of ±1200 RPM/s to realize a smooth speed control, which causes latency in the HP
shaft power’s response, thus affecting frequency control. On the other hand, the centralized
ETS control utilizes multiple ETS units across the community, resulting in a faster control
response through the on/off operation of designated ETS units. As shown in Figure 3.16b,
the time difference between both controllers before reaching a stable frequency is roughly
2 s, illustrating the faster ETS demand response for primary frequency control.

3.2.2.5 IEHS Frequency Control For Overlapping RES and Load Fluctuations

To further evaluate the capability of the DHN for providing effective secondary fre-
quency control in remote MGs, the KLFN IEHS is tested under an overlapping RES dips
and a sudden load increase. Thus, as depicted in Figure 3.17, the PV power variations
are the same as those shown in Figure 3.6, but now an additional sudden loss of 31 kW of
WG power is assumed to take place at 60 s. Furthermore, a load step from 688 kW to 730
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Figure 3.15: Comparison of frequency response between IEHS and EPN with ETS units.

kW at 80 s is introduced. As expected, observe that the HP power decreases its power to
help maintain a stable frequency at 60 Hz through its primary and secondary frequency
controls. Since during this period, the DGU is not yet re-dispatched, its power remains
fixed, with small variations due to its governor actions. This demonstrates the effectiveness
of the proposed DHN controls for maintaining frequency stability in the EPN.

It is important to highlight that the KLFN EPN model dynamic response under various
operating conditions is consistent with its expected behavior. For example, the simulation
results shown in Figures 3.9, 3.10, and 3.15 illustrate realistic frequency dynamics, load-
sharing behavior, and generator responses under load fluctuations and renewable generation
variability, respectively. The modeled also system accurately reflects frequency deviations
and recovery following changes in PV output and load steps, consistent with established
EPN dynamics. Thus, generator droop control, HP response, and secondary frequency
regulation are all properly reflected, with minimal overshoot and settling times aligning
with expectations for MGs with similar inertia and control settings. Furthermore, dynamic
measurements for the existing KLFN EPN community, as discussed previously in Section
3.2.2.1, have been used to inform and validate key modeling assumptions, particularly
base load trends and generation dispatch practices, reinforcing the reliability of the EPN
simulation outcomes.
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Figure 3.16: Comparison of primary frequency control response between IEHS and EPN
with ETS units for a step load increase: (a) electrical power and (b) frequency.
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Figure 3.17: IEHS secondary frequency control under overlapping RES and load
fluctuations.

3.3 Summary

Detailed dynamic modeling and control of IEHSs in isolated MGs were developed and
validated, with a focus on remote communities. The design and modeling of a DHN to
provide space heating in these communities was discussed in detail, based on the utilization
of waste heat energy from DGU exhaust systems. In this context, the developed dynamic
model allowed to analyze the specific insulation needs of the piping for a DHN distribution
network in remote areas due to their low linear heat density, which would not be possible
using existing static models.

The dynamic IEHS model of the DHN and EPN including HPs was also presented,
including a proposed primary and secondary frequency control, offering power reserves for
frequency regulation in isolated MGs for the proper integration of variable RES, taking
advantage of the significant thermal energy storage of DHNs. Finally, the feasibility and
advantages of using an DHN+EPN IEHS to supply both thermal and electric demand for
remote communities was demonstrated through dynamic studies, and by comparing the
integrated system with an ETS-based approach. The results show the successful utilization
of DHN for meeting thermal requirements and regulating EPN frequency in isolated MGs
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with significant penetration of RES. The presented study, which was published in [141],
could be expanded to explore the feasibility of supplying domestic hot water to consumers
in remote communities through the DHN.
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Chapter 4

Dynamic Modeling and Practical
Application of Boiling Water Small
Modular Reactor Power Plants

This chapter presents a comprehensive dynamic model of a BWSMR power plant, incorpo-
rating all essential components including the reactor, steam turbine, and steam flow control
system to evaluate its practical applications in modern BPSs. Unlike previous studies that
primarily focus on individual elements, this work proposes the first full-system model fea-
turing direct steam expansion, capturing key thermal-hydraulic dynamics of the reactor
such as pressure variations and two-phase drift velocity, thereby improving simulation fi-
delity.

The developed model also includes a detailed representation of the thermal systems
to support the co-generation studies discussed in the next chapter, particularly for DHNs.
Furthermore, the primary frequency control capabilities of the 10th generation BWRX-300
BWSMR, currently being developed in Ontario, Canada, are evaluated under both reactor
leading and turbine leading control strategies. The latter is shown to provide superior
performance, especially in scenarios with increasing levels of RESs penetration. Finally,
the model is integrated into a widely used power system analysis tool to assess its dynamic
behavior and overall impact on Ontario’s BPS.
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Nomenclature

Parameters

Ac Core cross-sectional area [m²]

As Core heat transfer surface area [m²]

Cf Mass heat capacity [kJ/°C]

cp Specific heat capacity [kJ/kg·°C]

cw Water specific heat capacity [kJ/kg·°C]

Hb Heat transfer coefficient, boiling region [W/m²·°C]

Hnb Heat transfer coefficient, core non-boiling region [W/m²·°C]

K Linear fitting slope of HPT [p.u]

Kdroop Droop control coefficient [p.u]

PGref Reference power [MW]

Tset Setpoint temperature [°C]

∆Tb Temperature difference, core boiling region [°C]

αf Fuel temperature feedback reactivity coefficient [p.u]

αv Void feedback reactivity coefficient [p.u]

β Delayed neutron fraction [p.u]

βsp Moisture separated from HPT outlet [p.u]

δ Fraction of fission energy deposited promptly in reactor coolant [p.u]

fref Reference frequency [Hz]

g Acceleration due to gravity [m/s²]

kHPT HPT input-output pressure ratio [p.u]
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ki PI controller integral gain

kp PI controller proportional gain

kpe Polytropic expansion factor [p.u]

l Neutron generation time [s]

λi Decay constant of the i-th group of delayed neutrons [s−1]

σ Surface tension [N/m]

τHPT HPT time constant [s]

τsp Moisture separator time constant [s]

ηHP High pressure turbine efficiency [p.u]

ηLP Low pressure turbine efficiency [p.u]

ṁnom Nominal coolant mass flow rate [kg/s]

ṁset BP valve setpoint mass flow rate [kg/s]

Variables

Ci Concentration of the i-th group of delayed neutrons [p.u]

Pin HPT inlet pressure [MPa]

Pout HPT outlet pressure [MPa]

Psat Saturation pressure [MPa]

Q Thermal power [MW]

SG Specific gravity [p.u]

T0 Coolant inlet temperature [°C]

Tf Fuel temperature [°C]

Tfw Feedwater temperature [°C]
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Tin HPT inlet temperature [°C]

Tm Metal temperature, non-boiling region [°C]

Tout HPT outlet temperature [°C]

Tsat Saturation temperature [°C]

WHPT HPT mechanical power [MW]

WLPT LPT mechanical power [MW]

∆P Pressure drop [MPa]

∆ṁMSI Change in MSI valve mass flow rate [kg/s]

ṁBP BP valve mass flow rate [kg/s]

ṁLPT LPT inlet mass flow rate [kg/s]

ṁMSI MSI valve mass flow rate [kg/s]

ṁc Coolant mass flow rate [kg/s]

ṁex1,ex2,... LPT extracted mass flow rates [kg/s]

ṁin HPT inlet mass flow rate [kg/s]

ṁsp Moisture separator mass flow rate [kg/s]

ṁst Steam mass flow rate [kg/s]

f Frequency [Hz]

hLPT Specific enthalpy of LPT inlet steam [kJ/kg]

hex1,ex2,... Specific enthalpies of LPT extractions [kJ/kg]

mf Mass of liquid [kg]

mg Mass of vapor [kg]

q′′ Heat flux [MW/m²]

u Specific internal energy [kJ/kg]
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uf Specific internal energy of liquid [kJ/kg]

ug Specific internal energy of vapor [kJ/kg]

ufg Latent heat of vaporization [kJ/kg]

ugj Two-phase drift velocity [m/s]

vd Void fraction [p.u]

vf Specific volume of liquid [m³/kg]

vg Specific volume of vapor [m³/kg]

x Steam quality [p.u]

ϕ Average neutron flux [p.u]

ρ Net core reactivity [p.u]

ρex External reactivity [p.u]

ρf Density of liquid [kg/m³]

ρg Density of vapor [kg/m³]

4.1 BWSMR Modeling

The dynamic modeling of the BWSMR power plant involves developing detailed models
for various critical and relevant components. This section presents the modeling justifica-
tion and process for the essential components which are necessary to properly represent
the BWSMR dynamics for proper grid control and stability studies. Thus, the proposed
model of the BWSMR power plant should include the following components, as per the
justification provided next:

1. Nuclear reactor core system: Fuel rods, coolant, neutron kinetics and thermal feed-
back reactivity (Doppler and void), and control rod dynamics.
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2. Direct loop for a natural circulation BWSMR: RPV, riser and downcomer sections,
and core hydraulic structure.

3. Steam turbine system: HPTs and LPTs, turbine control valves, BP valves, moisture
separator, steam extraction ports, reheater, and droop-based governor system.

4. Generator and electrical interface: synchronous generator, excitation system, auto-
matic voltage regulator, breaker and transformer, and load-following interface with
the electric grid.

The reason for modeling these components, as opposed to representing all reactor and
associated plant elements, is to capture the dominant physical and control dynamics of
a BWSMR power plant operating under usual grid-connected or standalone conditions,
such as load-following operation, grid fault conditions, and voltage and frequency regula-
tion. Thus, several other components that are part of SMR power plants have not been
modeled based on their limited influence on the dynamic behavior of interest. Specifically,
safety and auxiliary systems, such as the emergency core cooling system, automatic de-
pressurization system, residual heat removal, containment isolation mechanisms, and fire
suppression systems, have not been modeled, these systems are primarily activated under
abnormal condition such as a sudden loss of cooling, and hence remain inactive during usual
operating conditions, which is the focus of this study. Similarly, environmental interface
systems, such as suppression pools and water chemistry management, have been omitted,
as their effects are negligible on the core thermal-hydraulic and electrical response under
the usual plant operating conditions. Supervisory and operator-level platforms, including
human–machine interfaces, alarm and protection coordination systems, and cybersecurity
frameworks, have also been excluded, since these are designed for monitoring and inter-
face purposes rather than influencing the plant’s dynamics. The aforementioned modeling
strategy is consistent with validated methodologies in the literature. Notably, the au-
thors in [142] developed a dynamic model of a combined-cycle power plant for simulating
frequency excursions, where several plant subsystems are intentionally excluded, such as
the feedwater system, condenser, attemperators, water chemistry, and all supervisory-level
controls. This was justified based on the negligible impact of these systems on the dynamic
response of interest. For instance, the feedwater system responds rapidly to operational
changes, minimally influencing the overall dynamic behavior of the plant. Thus, explicit
modeling of feedwater flow and control is unnecessary for studies focused on frequency re-
sponse or load-following conditions. For these reasons, a fixed RPV water level is assumed
here, as it is well-regulated during usual operation and has negligible impact on steam and
power dynamics in this study. Therefore, by modeling the essential thermal-hydraulic and
generator-side components that govern the power plant’s dynamic interaction with the grid,
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and intentionally omitting systems that do not affect dynamic performance under normal
conditions, the proposed BWSMR power plant model is considered both comprehensive
and appropriate for simulating load-following, grid faults, voltage and frequency regula-
tion, and other typical operating conditions relevant to power plant control and stability
studies.

It is important to highlight that, given the focus of the proposed models on typical
grid-interactive scenarios, as previously discussed, the proposed models do not capture
the activation of safety systems such as the Isolation Condenser System (ICS), which
are designed to operate only during emergencies [45]. Thus transients, while potentially
significant in emerging situations, have no impact under normal grid dynamics. For such
studies, high-fidelity thermal-hydraulic tools like RELAP5 or TRACE, which simulate the
behavior of nuclear reactor systems during transient and accident conditions, would be
needed, which is beyond the scope of this thesis. On the other hand, the exclusion of
auxiliary systems, such as feedwater pumps, condensers, and heaters, can be justified,
under the assumption that these have fast local control, and thus do not influence system-
level dynamics. Therefore, the proposed BWSMR model can be assumed to be robust for
frequency regulation, load-following, and BPS integration studies, which is the focus of
this thesis.

4.1.1 Point Kinetic Equations

The dynamic behavior of the reactor core is captured using the point kinetic equations, as
described in [39]. These equations detail the changes in neutron flux density ϕ over time
and are represented as follows:

dϕ

dt
=
ρ

l
− β

l
ϕ+

∑
i

λiCi (4.1)

dCi

dt
=
βi
l
ϕ− λiCi, i = 1, 2, . . . , 6 (4.2)

where all parameters and variables in these and the following equations are defined in the
Nomenclature section of this chapter. The reactivity ρ is influenced by external reactivity
changes, fuel temperature, and mixture’s void fraction as follows:

ρ = ρex + αf (Tf − Tfo) + αv(vd − vdo) (4.3)
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4.1.2 Thermodynamic Equations

The neutron flux density is assumed to be linearly proportional to the thermal power Q
produced by the reactor core. This thermal power is transferred from the fuel rods to the
light water coolant. The thermodynamic heat transfer from the fuel core to the coolant
can be described by [39]:

Q = AsHb(Tf − Tsat) + δϕ (4.4)

And the temperature changes in the fuel and coolant can be modeled using the following
differential equations:

dTf
dt

=
(1 − δ)ϕ

Cf

− AsHb(Tf − Tsat)

Cf

(4.5)

dTm
dt

=
(1 − δ)ϕ

Cf

− AsHnb

Cf

(
Tm − T0 + Tsat

2

)
(4.6)

Equations (4.1)–(4.6) are sufficient to model the dynamic behavior of the RPV of
a BWR, as they capture the key thermal and neutronic interactions, including fuel heat
transfer, subcooled and region dynamics [39]. One simplification considered here is that the
coolant temperature is assumed constant and equal to Tsat along the axial direction of each
fuel channel, neglecting spatial variation along the vertical core length. This assumption
is acceptable and consistent with the existing literature, such as [143], where Tsat is taken
as uniform.

4.1.3 Mixture Void Formation

As the thermal power transfers to the coolant, the water heats up and converts to steam,
creating voids. The void fraction, indicating the proportion of steam to water, is estimated
using the following empirical formulas from [144] and [145]:

ṁc = ṁnomQ
1/3 (4.7)

x =
Q

ṁcufg
(4.8)
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Where the drift velocity ugj and the void fraction vd are calculated as follows:

ugj = 1.53

(
gσ(ρf − ρg)

ρ2f

)1/4

(4.9)

vd =
1

1.2
(

1 +
(
1−x
x

) ( ρg
ρf

))
+ ugj

(
ρgAc

xṁc

) (4.10)

The drift-flux void fraction model in (4.10) employed in this work is consistent with
established formulations widely used to represent the general framework of drift-flux mod-
eling [145]. Furthermore, the void fraction is explicitly linked to the steam quality x, which
itself depends on the thermal power input and the total mass flow rate through the core,
as described by (4.7) and (4.8). This relationship captures the buoyancy-driven flow in the
natural circulation loop comprising the riser and downcomer sections.

4.1.4 Thermohydraulic Equations

The pressure inside the RPV varies based on the thermodynamic properties of the saturated
steam, the generated thermal power, and the feedwater mass flow and temperature. The
thermodynamics of BWSMR steam generation are described by the following differential
equations [146]:

dPsat

dt
=
Q− ṁst(ug − cwTfw)

Ks

(4.11)

Ks = mf
duf
dPsat

+mg
dug
dPsat

− mgufg
vg − vf

dvg
dPsat

(4.12)

The variables in equation (4.12) are dependent on the thermodynamic properties of satu-
rated water and steam, which can be estimated using curve-fitting methods based on data
from saturated water/steam tables [147].

The thermohydraulic equations in [146] represent a secondary fluid lump model de-
rived using mass and volume balances, along with an energy balance that links the steam
generation rate ṁst to the heat transfer input and feedwater subcooling. This leads to
the thermohydraulic formulation in (4.12), which captures the core dynamics of saturated
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steam generation under varying thermal loads. While based on classical PWR secondary-
side models [146], the approach is adapted here for the direct-cycle BWR configuration,
where steam is generated in the core and sent directly to the turbine. The model thus re-
flects the single-loop structure of BWRs, where pressure, steam quality, and heat transfer
are tightly coupled in the RPV.

4.2 Steam Turbine

This section provides a brief description of a widely-used steam turbine dynamic model-
ing from a perspective of power system dynamic studies [148]. The steam turbine for a
BWSMR may consist of several components, namely, the HPT, moisture separator, re-
heater, LPT, and various extraction levels, as discussed next, which allow to properly
model the power plant in frequency regulation and cogeneration studies.

4.2.1 High Pressure Turbine

The relationship between the mass flow rate and the pressure drop across the HPT, in-
cluding the effect of inlet temperature, can be defined as follows:

ṁin =
K√
Tin

√
P 2
in − P 2

out (4.13)

The transfer function for the HPT input-output pressure, considering the HPT time delay,
is given by:

Pout

Pin

=
kHPT

τHPT s+ 1
(4.14)

Assuming that the expansion in the HPT is adiabatic and isentropic, the output tem-
perature can be calculated using the ideal gas law for pressure–temperature as follows:

Tout
Tin

=

(
Pout

Pin

) kpe−1

kpe

(4.15)

And the generated mechanical power equation for adiabatic expansion through the HPT
is given by:
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WHPT = ηHPT cpṁin(Tin − Tout) (4.16)

4.2.2 Moisture Separator

A small fraction of steam wetness is removed from the HPT outlet before entering the
LPT to reduce blade corrosion. The moisture separator’s outlet flow can be expressed as
follows:

τsp
ṁsp

dt
= (1 − βsp)ṁin − ṁsp (4.17)

The reheater dynamics are neglected in this case and modeled as a constant proportional
factor due to their minimal impact.

4.2.3 Low Pressure Turbine

The LPTs have a more complex structure compared to the HPT, with multiple extrac-
tion stages. Thus, the steam pressure decreases progressively across these stages, affecting
turbine performance and power output. It is crucial to use nonlinear functions to evalu-
ate specific enthalpy and entropy throughout the different extraction levels of the LPT,
considering temperature T and pressure P as independent variables as follows:

F (P, T ) = Ff (Psat(T )) +R(T ) × (P − Psat) (4.18)

F (P, T ) = Fg(P ) +R(P, T ) × (T − Tsat) (4.19)

where F denotes a thermodynamic property of the working fluid, such as specific enthalpy
or entropy, and R represents a function capturing F ’s sensitivity to pressure or temperature
changes, as defined in [147].

The mechanical power generated by the LPT and the overall mechanical power can be
calculated as follows:

WLPT = ηLPT [ṁLPT (hLPT − hex1)

+ (ṁLPT − ṁex1)(hex1 − hex2) + . . .] (4.20)

83



Pmech = WHPT +WLPT (4.21)

4.3 Steam Flow Control

In this study, the MSI valve flow is regulated to achieve primary frequency regulation
and facilitate BWSMR primary frequency control using two operation modes. In the
reactor-leading mode, only the MSI valve is controlled while the BP valve remains closed.
The FMCRDs adjust the thermal power to match load changes, causing fluctuations in
fuel temperature, coolant pressure, and temperature. In the turbine-leading mode, both
BP and MSI valves regulate steam flow while maintaining fixed reactor thermal power.
The control rod position remains unchanged, extending the lifespan of BWSMR internal
components.

In the reactor-leading mode, a PI controller is used here to regulate the steam outlet
temperature by adjusting the reactor’s external reactivity as follows:

ρex = kp (Tset − Tsat) + ki

∫
(Tset − Tsat) dt (4.22)

In the turbine-leading mode, MSI valve operation with droop control is proposed for fre-
quency regulation. This approach is further enhanced by accounting for the impact of
steam pressure on the MSI valve mass flow variation, as follows:

ṁMSI = PGref −
f − fref
kdroop

+ ∆ṁMSI(Psat) (4.23)

where ∆ṁMSI varies with the output pressure from the RPV Psat. By incorporating
steam pressure effects, the proposed model more accurately captures transient steam flow
variations, improving frequency control stability.

The flow rate through the MSI valve can be determined by its opening degree Kv as
follows [149]:

Psat = Pin +
SG(1296000ṁ2

MSI)

K2
vρ

2
g

(4.24)

84



Additionally, the BP valve operation can be described as follows:

τBP
dṁBP

dt
= (ṁset − ṁMSI) − ṁBP (4.25)

Equations (4.22)-(4.25) model steam flow dynamics in both reactor-loading and turbine-
loading modes, assuming MSI valve control with a specified ramp rate for both modes.

The aforementioned modeling framework provides a comprehensive representation of
the BWSMR power plant, capturing critical thermal and mechanical dynamics. It estab-
lishes a coordinated system that reflects the interaction between the reactor, steam turbine,
and control components in a BWSMR power plant, which are necessary to properly model
the power plant in frequency regulation studies, and thus understand one of the main ad-
vantages of SMRs compared to conventional NPPs. Furthermore, the proposed model will
allow to analyze the use of SMRs in cogeneration studies presented in Chapter 5.

The next section applies these models to the 10th-generation BWRX-300, providing
data to test the proposed dynamic models.

4.4 Results and Discussion

In this section, the BWRX-300 parameters are introduced first, since this is the reactor
being deployed in Ontario, Canada, by OPG. Two main case studies are then discussed to
evaluate the performance of the BWRX-300 power plant when connected to power systems.
Thus, the first case study assesses the primary frequency control capabilities of the BWRX-
300 using its two operational modes through Matlab/Simulink simulations [131]. This
scenario involves a ramp load fluctuations, with matched rates for both load and generation
to maintain power system stability. The second case study examines the response of the
BWSMR power plant, planned for deployment at Darlington, to a three-phase fault within
the Ontario BPS using DSATools [150], which is used by the IESO for power grid studies,
and compares its performance to the existing NPP, implementing a detailed User-Defined
Model of the BWSMR in this software tool, based on the relevant equations and controls
described in Sections 4.1, 4.2, and 4.3.

4.4.1 BWRX-300 Example

Figure 4.1 illustrates the BWRX-300 power plant connected to a dynamic PQ load via
a short transmission line. The dynamic model includes a synchronous machine, governor
droop for frequency control, and excitation control to maintain terminal voltage.
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Figure 4.1: Schematic of BWRX-300 power plant.

4.4.1.1 BWRX-300 Modeling

Table 4.1 lists the essential parameters of the BWRX-300 used to model the kinetic equa-
tions (4.1)-(4.3) [47]. Table 4.2 provides the main dimensions and rated operation condi-
tions of the BWRX-300 from [45], which are utilized to compute the heat transfer coeffi-
cients required for the thermodynamic modeling in equations (4.4)-(4.6) as follows:

q′′ =
Q

As

(4.26)

Hnb =
q′′

∆Tnb
(4.27)

Hb =
q′′

∆Tb
(4.28)

The result of these calculations is shown in Table 4.3.
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Table 4.1: Parameters for Modeling Kinetic Equations [47]

Parameter Value

l 2 × 10−5s

λ 0.1s−1

β 0.007

ρex 0.007

ρex −0.007

αv −0.005

αf −2 × 10−5°C−1

Tfo 900°C

vdo 0

4.4.1.2 Steam Turbine Parameters

Table 4.4 lists key parameters for modeling the HPT and LPTs, including specific heat
capacity, polytropic expansion factor, efficiencies, slope of the linear fitting, and nominal
mass flow rate as per [148]. These parameters are crucial for evaluating turbine performance
under different operating conditions.

4.4.1.3 Effect of RPV Pressure on MSI Valve Operation

The steam flow through the MSI valve is influenced by reactor pressure. The mean matrix
approach can be utilized to characterize the changes in mass flow rate ∆ṁMSI under varying
pressures, averaging key parameters in (4.24), such as flow coefficient, pressure drop, and
steam density to simplify the relationship between steam flow and reactor pressure. This
novel approach yields the following simplified equation, replacing (4.24):

∆ṁ(Psat) = 0.025385P 4
sat − 0.76221P 3

sat

+ 8.5136P 2
sat − 41.702Psat + 75.181

(4.29)
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Table 4.2: BWRX-300 Dimensions and Rated Conditions [45]

Parameter Value

Reactor Dimensions

RPV height 26.0 m

RPV inner diameter 4.0 m

Reactor core diameter 3.4 m

Reactor core height 3.8 m

Fuel bundles amount 240

Full-length fuel rods in each bundle 78

Fuel rod diameter 11 mm

Total surface area, As 2458.28 m2

Reactor core volume 19 m3

Steady-State Parameters

Total reactor core thermal power 870 MW

Nominal vessel pressure 7.2 MPa

Nominal fuel temperature 919.45 °C

Core inlet/outlet coolant temperature 270/288 °C

Mass flow rate of the coolant 512 kg/s

4.4.1.4 Operational Boundary Constraints of the BWRX-300 Model

The dynamic model of the BWRX-300 power plant incorporates essential operational
boundary constraints to ensure accuracy and reliability during transient analyses. These
constraints reflect both the physical and regulatory limits of the reactor and its associated
systems, maintaining realistic operating conditions, as previously mentioned.

Safety limits for the BWRX-300 specify that overpressure is controlled within 1.1 times
the design pressure of 10.3 MPa, setting the maximum allowable pressure at 11.33 MPa
[151]. Regulatory standards limit the maximum fuel element cladding temperature to
1204.4°C [42]. The reactor can adjust its power from 100% to 50% at a ramp rate of 0.5%
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Table 4.3: Heat Transfer Coefficients at Rated Conditions

Parameter Value

q′′ 0.354 MW/m2

Tsat 288 °C

∆Tnb 640.45 °C

∆Tb 631.45 °C

Hnb 0.55 kW/m2 °C

Hb 0.56 kW/m2 °C

Cf 21.295 MJ/°C

Table 4.4: HPT and LPT Parameters [148]

Parameter Value

cp 1.9035 kJ/kg °C

kpe 1.1148

ηHPT 89.31%

ηLPT 82%

K 1194.3

ṁst 512 kg/s

per minute, with the ability to return to full power at the same rate on a daily basis [102].
Furthermore, the model incorporates a coolant inlet temperature of 270°C and a steam
temperature at the turbine inlet of 288°C to mitigate thermal stress. The steam mass flow
rate varies from 256 kg/s at 50% power to approximately 550 kg/s under controlled uprate
conditions. The feedwater flow rate follows a similar range to ensure effective heat removal.

4.4.2 BWRX-300 Primary Frequency Control

As illustrated in Figure 4.2, the initial power drawn from the BWRX-300 power plant for
the dynamic load is 190 MW, which increases to 290 MW with a ramp rate of 80%/min
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Figure 4.2: Thermal and electrical power output of the simulated 300 MW BWRX-300
power plant under varying load conditions.

at 500 s, returning to 190 MW at 1000 s. Note that the generation adapts to load changes
in both operating modes. Observe also that the reactor thermal power variation changes
between 590 MW and 820 MW in the reactor-leading mode, while in the turbine-leading
mode, a fixed reactor thermal power is maintained, with the BP valve acting as a buffer
to minimize disturbances.

Figure 4.3 depicts the frequency or turbine speed for both modes. Note that the turbine
speed stabilizes after the initial fluctuations, with the turbine-leading mode showing supe-
rior performance due to the BP valve’s fast response, compared to the external reactivity
control, which is influenced by the RPV’s high thermal inertia. Observe as well that the
frequency drops from 60 Hz to 59.36 Hz and then returns to 60 Hz.

Figure 4.4 highlights the reactor fuel temperature response. Note that in the reactor-
leading mode, fuel temperature fluctuates between 710°C and 890°C due to thermal power
changes. However, it remains stable at 890°C in the turbine-leading mode, where reactor
power is regulated with a fixed value. Figure 4.5 shows the saturated steam pressure and
temperature responses inside the RPV. During load increases, reactor pressure decreases
due to increased steam demand, and increases when the load decreases, stabilizing at 7.2
MPa and 288°C for pressure and temperature, respectively. The turbine-leading mode
exhibits minimal disturbances in steam output pressure and temperature, as the BP valve
adjusts quickly to maintain stability.
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Figure 4.3: Frequency response under varying load conditions.

Figure 4.6 shows the control rod reactivity, fuel temperature feedback reactivity, void
fraction, and the resultant reactivity. Note that these variables fluctuate in the reactor-
leading mode but remain constant in the turbine-leading mode.

Figure 4.7 presents the input and output temperatures of the HPT, including the reheat
temperature of the steam output from the HPT. Observe that these temperatures vary
due to changes in the turbine’s mechanical power, adapting to load changes and behaving
similarly under both operation modes. Figure 4.8 shows the steam flow rates through
the MSI valve, the PB valve, and the RPV inlet, which are adjusted according to load
changes. Note that the MSI valve regulates steam flow in both operation modes, while in
the turbine-leading mode, the BP valve provides additional regulation, remaining closed in
the reactor-leading mode. Observe also that in the reactor-leading mode, the MSI valve’s
steam flow matches the RPV flow, while in the turbine-leading mode, the RPV mass flow
stays relatively constant.

Based on the results obtained, it is evident that the BWSMR is capable of providing sat-
isfactory primary frequency regulation, particularly when utilizing turbine-leading control
strategies, which is not the case with existing NPP technologies. Hence, this technology
can be used in modern power grids with increasing penetration of variable RESs, aiming to
phase out CO2-emitting generation plants and facilitate the transition to a net-zero energy
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Figure 4.4: Fuel temperature response under varying load conditions.

system.
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Figure 4.5: Generated steam pressure and temperature response under varying load con-
ditions.

Figure 4.6: Reactivity response under varying load conditions.
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Figure 4.7: HPT and reheater temperature response under varying load conditions.

Figure 4.8: The mass flow rates of the MSI valve, the BP valve, and the RPV inlet mass
flow rate under varying load conditions.
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4.4.3 SMR Versus Existing NPP Units

The Ontario BPS model consists of 4,275 AC buses and 533 generators, and is connected
to 59 other areas, including other provinces in Canada like Quebec and Manitoba, as
well as relevant equivalents from neighboring jurisdictions in the United States, such as
Minnesota, Michigan, and New York. The Darlington NPP, part of this system, includes
four generator units, each with a capacity of 935 MW. In this study, only units 3 and 4 are
assumed to be operational, with unit 4 replaced by three BWRX-300 units. These three
units exhibit similar behavior, and thus only the response of one unit is discussed next.

A three-phase fault is applied at the midpoint of a 500 kV transmission line connecting
unit 3 to a nearby transmission bus, as per a typical dynamic contingency study performed
by the IESO, with the turbine-leading mode utilized to control the steam flow in the
BWSMR units. The frequency response, shown in Figure 4.9, assumes a fault occurring
at 20 s, followed by the removal of the faulted transmission line and the tripping of unit 3
after 0.07 s. Note that the frequency of the BWSMR units, equipped with droop governor
control, exhibits higher oscillations compared to Unit 4 of the existing NPP, which operates
without droop governor control, due to the lower inertia of the BWSMR units. Observe as
well that the frequency stabilizes at 59.99 Hz at around 25 s, indicating the expected robust
recovery, since Ontario’s BPS relies on external areas to compensate for the generation loss
during the short-term disturbance caused by the fault.

The inertia constant of the BWSMR unit within the BPS can be estimated based on the
frequency response depicted in Figure 4.9 and by using the following swing equation [152]:

2H

fo

df

dt
= ∆P (4.30)

where H is the inertia constant in s, fo is the nominal frequency of 60 Hz,
df

dt
is the Rate

Of Change Of Frequency (ROCOF), and ∆P is the power imbalance in per unit.

Thus, as shown in Figure 4.9, the frequency response after the fault indicates a deviation
of 0.55 Hz for the BWSMR and 0.15 Hz for the existing NPP unit, both occurring within
a time window of approximately 0.06 s. Given the power imbalance of 1 p.u. following the
fault, from (4.30) the existing NPP system shows a significantly higher inertia constant
of 12 s than the BWSMR system, which shows an inertia of 3.27 s. This explains the
larger oscillations observed for the BWSMR units in Figure 4.9, compared to the smoother
frequency response of the NPP system.

The voltage response, shown in Figure 4.10, drops sharply from 1 p.u. to 0.34 p.u.
during the fault, and returns to 1 p.u. at 25 s in the simulation. Note that the power
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Figure 4.9: Frequency response of BWSMR and existing NPP units during a three-phase
fault contingency near the Darlington plant.

response, illustrated in Figure 4.11, shows more power oscillations of the BWSMR units
compared with Unit 4 of the existing NPP. Finally, Figure 4.12 illustrates the mechanical
power of the BWSMR units, showing very minimal change, due to the small variations in
grid frequency, as expected from the robust BPS interconnections.

In the light of the aforementioned discussion, the application of the proposed BWSMR
power plant dynamic model to the Ontario’s BPS shows that, despite the higher frequency
oscillations expected due to the BWSMR units’ lower inertia, that are within the mandated
dynamic limits of frequency regulation in Ontario [153], there is no significant impact on
the stability of the BPS. This highlights the important role of the large system inertia
in the North American Eastern Interconnection power grid, ensuring stability without
compromising grid reliability, in spite of the lower inertia of the expected compact SMRs
compared to large NPPs.

It is important to highlight that the simulation results of the proposed BWSMR power
plant dynamic model align with the expected physical behavior under both standalone and
integrated system conditions. Specifically, the reactor and turbine responses under varying
load scenarios, as shown in Figures 4.2–4.8, follow expected trends in thermal power,
steam flow, and frequency regulation, which are consistent with SMR design principles
and the inertia of the coupled turbine-generator set. Also, the two control strategies, i.e.,
reactor-leading and turbine-leading, demonstrate the anticipated performance differences,
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Figure 4.10: Voltage response of BWSMR and existing NPP units during a three-phase
fault contingency near the Darlington plant.

particularly in frequency and fuel temperature dynamics. Furthermore, the integration
into the Ontario BPS and the application of standard contingency events, i.e., three-phase
fault, produce expected frequency and voltage responses, as shown in Figures 4.9–4.12.
These include transient frequency standard deviations, voltage dips, and mechanical power
changes comparable to those observed in dynamic studies. Finally, note that the BPS model
used to study the integration of BWRX-300 power plant with Ontario’s power grid is based
on the real IESO base case, which is typically employed for system stability assessments
in Ontario, as discussed in Section 4.4.3. While the BWRX-300 model has not been
validated against real-world operational data due to the reactor’s ongoing development,
the alignment of the simulation outputs with expected grid behavior, basically validates
the proposed models and controls.

4.5 Summary

This chapter addressed and justified the development of a comprehensive dynamic model
for BWSMR power plants that includes crucial components such as the reactor, steam
turbine, power system, and steam flow controls. The primary goal of this work, which was
submitted for publication in [154], is to provide an adequate physics-based model of the
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Figure 4.11: Power response of BWSMR and existing NPP units during a three-phase fault
contingency.

BWSMR operation under typical conditions for power grid dynamic studies, incorporating
essential dynamics such as pressure variations and two-phase drift velocity, which improve
simulation fidelity and reliability.

The proposed dynamic models were tested and validated through simulations of a sim-
ple generator-load system as well as Ontario’s BPS, comparing two operational modes
for primary frequency control, namely, reactor-leading and turbine-leading. The results
demonstrated the superior performance of the turbine-leading mode in primary frequency
regulation, confirming that the BWSMR power plant can effectively manage load fluctu-
ations through dynamic adjustments in steam flow and pressure control. These findings
validate the BWSMR’s primary frequency control capabilities and suitability for integra-
tion into existing power systems. The practical application of the proposed BWSMR power
plant dynamic model in Ontario’s BPS demonstrated that with all the advantages of SMRs,
it is essential that grid operators consider the lower inertia challenge when replacing con-
ventional reactors with new SMR technologies.

It is important to highlight the fact that the thermal model of BWSMR power plants
proposed allows to study the BWSMR’s capability to provide both electricity and heating
in integrated energy systems. Thus, the model facilitates the potential for steam extrac-
tion between the HPTs and LPTs at adequate temperatures and pressures, which will
be explored in Chapter 5 for applications such as district heating and integration with
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Figure 4.12: Turbine mechanical power for the BWSMR units during a three-phase fault
contingency.

thermal energy storage systems. Additionally, the model accounts for the impact of steam
extraction on mechanical power output, ensuring an accurate assessment of power plant
performance under co-generation scenarios.
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Chapter 5

Modeling and Control of a Boiling
Water Small Modular Reactor
Cogeneration System for District
Heating Applications

Building on Chapter 4, this chapter proposes a novel approach for modeling and controlling
an SMR-based cogeneration power plant designed to support DHNs, contributing to energy
system decarbonization and enhancing BPSs flexibility. While previous work in the existing
literature has explored certain aspects of integrated SMR-based cogeneration systems,
existing studies lack a comprehensive representation of critical elements such as piping
heat losses, thermal delays, variable DHN thermal demand, and the integration of an
extended broader multi-timescale dynamic behavior.

To address these gaps, this chapter presents a set of dynamic models and control strate-
gies for SMR-based cogeneration systems, featuring detailed thermoelectric modeling. The
proposed framework captures both short- and long-term system responses, enabling robust
analysis of transient behavior and steady-state performance under varying operating con-
ditions. The proposed cogeneration system is validated using the tenth-generation BWRX-
300 SMR, with a case study focused on its potential integration into Ontario’s BPS and
deployment within a DHN in the Darlington region. Since the comprehensive models of the
BWSMR power plant were discussed in Chapter 4, this chapter focuses solely on modeling
the additional components required for the BWSMR-based cogeneration analysis.
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Nomenclature

Parameters

cw Specific heat capacity of water [J/kg·°C]

cst Specific heat capacity of steam [J/kg·°C]

δ Electrical power margin threshold

δe Reduction percentage in electrical power

ηHPT Efficiency of the high-pressure turbine

ηLPT Efficiency of the low-pressure turbine

γ Steam ramp control coefficient

ε1 Effectiveness of steam-to-TES heat exchanger

ε2 Effectiveness of TES-to-water heat exchanger

αe Steam extraction coefficient for DHN

∆t Simulation time step [s]

Variables

WHPT Thermal power from the high-pressure turbine [W]

WLPT Thermal power from the low-pressure turbine [W]

Pmech Total mechanical turbine power [W]

Pel Electrical power output [W]

Pel,max Maximum electric power output [W]

PHPe Total power input to central heat pumps [W]

PHP1, PHP2, . . . , PHPn

Power inputs of individual central heat pumps [W]
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Tin, Tout Inlet and outlet steam temperatures [°C]

Tst Steam temperature entering TES [°C]

TTES TES tank temperature [°C]

TTESnew, TTESold New and previous TES temperature states [°C]

Tret Return water temperature [°C]

ṁin Inlet mass flow rate to HPT [kg/s]

ṁLPT Steam mass flow rate to LPT [kg/s]

ṁex1 First extraction steam flow rate [kg/s]

ṁDHN Steam flow rate to DHN [kg/s]

ṁHX1, ṁHX2 Steam flow rates to heat exchangers [kg/s]

ṁwaste Unused steam mass flow rate [kg/s]

ṁst2 Steam flow rate to TES [kg/s]

ṁw Water flow rate from TES [kg/s]

ṁHPT−LPT Steam flow rate from HPT to LPT [kg/s]

hLPT , hex1, hex2 Specific enthalpies at turbine and extraction points [J/kg]

mTES TES water mass [kg]

dETES

dt
Rate of energy change in TES [W]

dṁDHN

dt
Time derivative of steam flow to DHN [kg/s²]

dṁMSI

dt
Time derivative of MSI flow [kg/s²]

TESmode TES operating mode (Charge/Discharge)

∆Tsup DHN supply temperature deviation [°C]
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5.1 Dynamic Modeling of a Cogeneration System

The proper modeling of the proposed BWSMR cogeneration plant requires dynamic models
for the reactor, ES, HX, DHN, TES, and HP. Given that the dynamic models of the reactor,
HX, DHN, and HP have been proposed and validated in Chapters 3 and 4, this chapter
focuses on proposing proper dynamic models for the remaining essential components, as
discussed in detail next, based on basic component models available in the technical litera-
ture. Thus, a main contribution of the present work is the development of a full integrated
BWSMR-DHN dynamic model.

5.1.1 Steam Extraction

Figure 5.1 shows the proposed steam extraction-based DHN integrating TES and central
HPs for continuous heat supply. The ES between the HPT and LPT is directed through a
control valve to HX1, where it heats the DHN return water. Any excess steam is diverted
via another control valve to HX2 for TES charging. When steam extraction is unavailable,
a control valve allows TES discharge through HX3 to maintain the heat of the DHN’s
return water. If TES energy is insufficient, another control valve regulates the activation
of central HPs to supply the required heat, ensuring a continuous and stable heat supply.

Steam extractions reduce the available mass flow for expansion in the turbines, directly
impacting the mechanical power generated by the LPT, while the HPT remains unaffected.
The following equations model how steam extraction affects the mechanical power output
of each turbine stage and the total turbine output [148]:

WHPT = ηHPT cst ṁin (Tin − Tout) (5.1)

WLPT = ηLPT [(ṁLPT − ṁDHN)(hLPT − hex1)

+ (ṁLPT − ṁDHN − ṁex1) (hex1 − hex2) + . . .] (5.2)

Pmech = WHPT +WLPT (5.3)

where all variables and parameters in these and other equations are defined in the Nomen-
clature section.
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Figure 5.1: Schematic representation of the proposed steam extraction-based DHN model.

5.1.2 Thermal Energy Storage

The TES system is modeled using energy balance principle to represent both charging
and discharging processes. The heat is transferred from the ES to the hot water tank
storage during charging, and from the storage to the DHN water during discharging. The
temperature of the TES is updated based on the net heat energy gained or lost, considering
parameters such as mass flow rates, specific heat capacity, and storage volume. The overall
energy balance for the TES can be expressed as follows [14]:

dETES

dt
= ε1 ṁst2 cst (Tst − TTES) − ε2 ṁw cw (TTES − Tret) (5.4)

And the temperature of the thermal energy storage can be updated as follows:

TTESnew = TTESold +
∆t

mTES cw

[
dETES

dt

]
(5.5)
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5.1.3 Controls

5.1.3.1 Reactor Control

The reactor control system maintains stable thermal power output while responding to
load variations. The external reactivity is regulated to control the reactor’s thermal output
using a PI controller based on the deviation between the setpoint and steam saturation
temperatures as per (4.22).

5.1.3.2 Governor Control

The governor control system manages steam flow through the MSI and BP valves to achieve
primary frequency regulation and maintain system stability. The MSI valve operates under
droop control as per (4.23) and (4.25).

5.1.3.3 Steam Extraction Control

A controlled fraction of steam is proposed here to be extracted between the HPT and
LPT stages of the steam turbine to supply a DHN. As shown in Figure 5.1, the ES passes
through a control valve and is directed to HX1 and HX2, where it transfers heat to the
DHN return water and store thermal energy into the TES, respectively, with the mass flow
rate of ES to the DHN being controlled here as follows:

ṁDHN =

{
αe ṁHPT−LPT if Pel ≤ (1 − δe)Pel,max

0 otherwise
(5.6)

Since the steam extraction occurs only during off-peak hours when the BWSMR’s electrical
power output falls below a specific threshold, namely, (1 − δe) of the maximum generator
capacity power, where δe represents the reduction percentage in the BWSMR’s electrical
generation. In such cases, the ES is a fraction αe of the steam mass flow between the HPT
and LPT stages ṁHPT−LPT ; otherwise, no steam is extracted.

To ensure stable turbine operation, the following constrain guarantee that the ES rate
of change is slower than the steam turbine’s ramp-up or ramp-down rate:∣∣∣∣dṁDHN

dt

∣∣∣∣ ≤ γ

∣∣∣∣dṁMSI

dt

∣∣∣∣ (5.7)
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Finally, the ES mass flow rate balance is represented here by:

ṁDHN = ṁHX1 + ṁHX2 + ṁwaste (5.8)

5.1.3.4 Thermal Energy Storage Control

A TES-based control strategy is proposed here to manage the charging and discharging
processes depending on the reactor’s surplus thermal power and the DHN demand. In this
case, it is assumed that the TES is charged during off-peak hours when electrical demand
is low, provided that its temperature stays within a safe operating range. A minimum
temperature threshold of 80◦C is maintained to ensure sufficient temperature difference
between the TES and the DHN return water, which is necessary to achieve effective heat
transfer through HX3 and deliver water at the required supply temperature. At the same
time, an upper limit is enforced to avoid the risk of water boiling inside the storage tank,
ensuring safe and stable operation. This can be represented as follows:

TESmode =


Charge if Pel ≤ (1 − δ)Pel,max

and 80◦C ≤ TTES ≤ 95◦C

Discharge otherwise

(5.9)

5.1.3.5 Centralized Control of Heat Pumps

The centralized HPs proposed control system regulates the electrical power input based on
the DHN-supplied water temperature difference error ∆Tsup . The control strategy applies
a stepwise adjustment of power levels to efficiently maintain temperature stability. The
relationship between ∆Tsup and the electrical power input PHPe for parallel central HPs
can be defined as follows:

PHPe =


PHP1 if ∆Tsup ≤ 0.5

PHP1 + PHP2 if 0.5 < ∆Tsup ≤ 1
...

PHP1 + PHP2 + · · · + PHPn if ∆Tsup > 3

(5.10)
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5.2 Results and Discussion

In this section, a comprehensive overview of the BWRX-300 cogeneration system, which
is planned for deployment at Darlington NPP, is provided, focusing on its performance
from both electrical and thermal perspectives. Thus, first, the electrical behavior of the
BWRX-300 cogeneration plant is examined, analyzing how steam extraction affects the
system’s dynamics. Second, the use of ES to supply thermal power to a nearby community
in Darlington via a DHN is investigated. Finally, different approaches to supplying thermal
loads in this community are compared, focusing on the utilization of ES-based DHN with
central HPs and TES versus meeting thermal demands exclusively through the current
trend of using distributed HPs. These simulations are carried out using MATLAB/Simulink
[131].

Figure 5.2 illustrates the schematic of the BWRX-300 cogeneration system studied here.
The reactor generates saturated steam at Psat and Tsat, which is then regulated by the MSI
valve to drive the turbine for power generation. A governor droop mechanism controls the
turbine operation to regulate the system frequency. In turbine-leading mode, the BP valve
diverts excess steam to the condenser.

The steam turbine via a generator supplies power to the Ontario’s grid. The BWRX-
300 plant is assumed here to have a governor droop to contribute to frequency control, and
has excitation control to maintain terminal voltage. A portion of the ES after reheating is
directed to supply the DHN during a 4-hour period at night, when electricity demand is
62.4%, so that ES used to heat the return water and charge the TES yields the required
10 MW of thermal power for the DHN. Over the remaining 20 hours, the TES system
discharges stored thermal energy to maintain the heating supply, ensuring continuous op-
eration when excess steam is unavailable. When the TES cannot fully meet the DHN
thermal demand, central HPs are used to provide the required thermal power for reliable
heating throughout the day.
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Figure 5.2: Schematic of BWRX-300-based CHP.
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5.2.1 DHN Near Darlington NPP

Figure 5.3a illustrates the proposed block-based approach to model the potential DHN
near Darlington’s NPP, so that the heating demands of nearby residential buildings can be
met. The modeling begins with Block 1 (B1), which consists of 20 households of varying
footprints shown in Table 5.1, with a total area of 0.0031 km². The SRLS tool [155] is used
to evaluate the B1’s heating demand, assuming each household has two floors, making the
effective heating area twice the footprint. B1 serves as a reference to extend the DHN by
incorporating additional blocks, forming the Baseline DHN Area, as shown in Figure 5.3a.
This Baseline DHN Area consists of 20 blocks covering 0.2771 km², with the corresponding
area of each block listed in Table 5.2.

To further expand the DHN coverage and fully utilize the BWRX-300’s ES, the ag-
gregated thermal demand is increased from 4.5 MW to 10 MW, which is accomplished by
expanding the Baseline DHN Area. As a result, the total DHN coverage increases to 0.61
km², integrating three additional zones as shown in Figure 5.3b, which includes Area 1 cor-
responding to 0.2206 km² of a high-density residential in the northeast, a residential Area
2 of 0.0354 km² in the northwest, and Area 3 supplying heat to 0.0765 km² of buildings in
the southeast. This expansion minimizes wasted steam and enhances energy efficiency.
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(a)

(b)

Figure 5.3: DHN layout near Darlington NPP: (a) Baseline Area and (b) expanded areas.
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Table 5.1: House Areas in B1

House Area [m²] House Area [m²]

H1 152.57 H2 141.08

H3 147.84 H4 149.71

H5 152.92 H6 134.56

H7 134.32 H8 127.03

H9 148.08 H10 150.17

H11 144.50 H12 138.85

H13 168.46 H14 161.46

H15 183.69 H16 200.56

H17 160.08 H18 178.20

H19 153.56 H20 180.32

The piping losses in the DHN are modeled using two lumped sections:

• Section 1 corresponds to the actual DHN piping from the NPP to the initial point of
DHN load distribution, with a pipe diameter of 300 mm and a length of 2.860 km.

• Section 2 represents lumped DHN piping for the studied region, so that the piping
thermal losses correspond to 7.7% of the total demand, which is a typical value for
existing DHNs [156], and is influenced by factors such as piping diameters and length,
as well as insulation quality and operational conditions.
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Table 5.2: Block Areas in the Baseline DHN

Block Area [km²] Block Area [km²]

B1 0.0111 B2 0.0111

B3 0.0093 B4 0.0202

B5 0.0262 B6 0.0252

B7 0.0191 B8 0.0148

B9 0.0108 B10 0.0186

B11 0.0124 B12 0.0336

B13 0.0183 B14 0.0133

B15 0.0162 B16 0.0080

B17 0.0130 B18 0.0116

B19 0.0060 B20 0.0118

5.2.2 Electrical Analysis

As indicated, the system operates so that the BWRX-300 reactor runs at full capacity for
20 h daily and then reduces its output to 62.4% capacity for the remaining 4 h, starting at
midnight. Thus, as shown in Figure 5.4, electrical power generation undergoes a significant
change at 400 s, which is controlled by a ramp-down of electrical output from 300 MW to
187.2 MW with a less than 80% reduction per minute. The total simulation period of 800 s
suffices to effectively capture the dynamic behavior of the nuclear steam turbine under this
varying dispatch condition, which is shown next to be feasible for the BWSMR considered.

As the electrical power generation decreases, surplus steam from the BWSMR becomes
available. The ES is redirected to supply the DHN in the Darlington community studied
here, effectively utilizing the steam that would otherwise be wasted. Figure 5.5 illustrates
how the surplus steam increases from 0 to 228 kg/s, starting at 400 s. The ES control
system is designed to operate with a slower response than the turbine’s ramp up/down
limits to maintain stability. Notably, the BP valve flow rate remains at zero, signifying
that all surplus steam is efficiently diverted to the DHN, thereby maximizing operational
efficiency and reducing energy wastage.

It is assumed here that the reactor operates in a turbine-leading control mode, which
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Figure 5.4: Dynamic response of electrical and mechanical power output of the BWRX-300
power plant during dispatch transitions.

corresponds to the reactor maintaining constant thermal power output while adjusting
its operation based on turbine control valves. As discussed in Chapter 4, this mode of
operation ensures stable reactor pressure and temperature, significantly reducing thermal
stress on the reactor components and extending their operational lifespan. Thus, despite
the assumed fluctuations in electrical output, Figure 5.6 shows that steam pressure and
temperature in the reactor remain stable. This stability is achieved through precise control
mechanisms that buffer the reactor from rapid changes, ensuring continuous operation at
full capacity without subjecting the reactor components to damaging thermal cycling. This
shows the relevance of modeling the BWSMR dynamics in some detail, as proposed in this
thesis, so that the feasibility of the considered operating conditions can be analyzed.
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Figure 5.5: ES and BP valve mass flow rates during dispatch reduction in the BWRX-300
power plant.

Figure 5.6: Stability of steam pressure and temperature in the BWRX-300 reactor under
fluctuating dispatch conditions.

5.2.3 Thermal Analysis

A household thermal performance is illustrated in Figure 5.7, which tracks temperatures
within its various rooms over the first three days of January 2024 [123]. The results reveal
that indoor temperatures are maintained consistently at setpoint levels, even as outdoor
conditions fluctuate.
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Figure 5.7: Temperature profiles of four rooms in a household supplied by the DHN.

Figure 5.8 illustrates the DHN water supply and return temperatures, with the supply
temperature being regulated at approximately 80°C. Temperature fluctuations occur during
system startup phases and when TES energy is insufficient to meet demand. During these
periods, the central aggregated HP is activated to maintain a continuous and reliable heat
supply, temporarily causing temperature dips.

The thermal demand dynamics depicted in Figure 5.9 show how a central aggregated
HP responds to changes in ambient temperature, ensuring uninterrupted heating by dy-
namically adjusting its output based on real-time thermal demands. Figure 5.10 illustrates
the changes in TES temperature and energy over time. Thus, note that during the first
day, the TES fluctuations are less noticeable due to the initial system startup, where most
of the mass flow rate is directed to heat the DHN return water through HX1. This results
in rapid charging and discharging cycles within narrow temperature limits compared to the
following two days. However, on the subsequent two days, the TES temperature increases
steadily from 80°C to its maximum limits of 95°C. When the TES temperature drops below
80°C, the TES stops discharging, and the central HPs take over to maintain the required
thermal supply. Figure 5.11 depicts the mass flow rate of the ES, clearly showing its distri-
bution between two primary HXs, with HX1 dedicated to directly heating the DHN return
water and HX2 dedicated to charging the TES.
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Figure 5.8: DHN supply and return water temperatures variation.

Figure 5.9: Thermal power demand and central aggregated HP operation under different
ambient temperature conditions.
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Figure 5.10: TES temperature and energy variation during charging and discharging cycles.

Figure 5.11: Mass flow rate of ES directed to the DHN and TES under varying dispatch
conditions.
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Figures 5.12 and 5.13 depict the thermal power and energy profiles, along with their
respective energy balances, over the same 72 h operating period. Figure 5.12a shows the
thermal power contributions from the supply sources, i.e., the ES, TES discharging, and
HP, to meet the thermal demand, piping losses, and charge the TES. The ES, available
during the 4 h night period, as discussed previously, is used to charge the TES and sup-
ply the thermal demand and piping losses, and when the ES is not available, the TES
discharging and central HPs operate sequentially to ensure continuity of the thermal sup-
ply. Figure 5.12b compares the instantaneous thermal power balance between the total
supply and demand. Note the close tracking between supply and demand over time, show-
ing proper coordination among the proposed BWSMR-based DHN system components.

Moreover, Figure 5.13a illustrates the cumulative thermal energy contributions of each
component over the 72 h period, illustrating the total energy delivered or stored. Note
the thermal energy of the ES, when available, is utilized to charge the TES, supply the
thermal demand, and compensate for piping losses. Otherwise, the TES discharges and
provides the required thermal demand. When the TES energy is insufficient, the HPs
provides the required energy. Finally, Figure 5.13b shows the cumulative thermal energy
balance between supply and demand, illustrating the overlap between the two curves as
expected from energy balance principles.Note that the small deviations are due to transient
conditions or control transitions, but at the end, both values are essentially the same, as
expected.
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(a)

(b)

Figure 5.12: Thermal power profiles: (a) Power components and (b) power balance.
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(a)

(b)

Figure 5.13: Thermal Energy profiles: (a) Energy components and (b) energy balance.
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5.2.4 Distributed HPs

An additional study is conducted to compare the BWSMR-based DHN system with an
alternative setup based on HPs, with one aggregated HP for each of the 20 blocks in the
Baseline Area, which are reasonably assumed to linearly scale up for the expanded Areas
1 to 3. These HPs supply the same thermal loads under the same operating conditions
discussed in Section 5.2.3.

Figure 5.14 displays the temperature profiles of four rooms of a household located
near the Darlington NPP. Figure 5.15 illustrates the total aggregated electrical power
consumption and thermal power supply of the distributed HPs. Figure 5.16 compares the
total electrical energy consumption of the central HPs integrated with the BWSMR-based
DHN system against the distributed HPs. These figures show significant energy savings,
with the central aggregated HP consuming approximately 75 MWh over the three-day
study period, while the distributed HPs require around 221 MWh during the same period.
The latter represents nearly three times the energy usage compared to the centralized
system.

Figure 5.17 compares the cumulative thermal demand energy supplied over the 72 h
period by the BWSMR-based DHN system and the distributed HPs. Note that both config-
urations meet the same total thermal demand, with closely overlapping curves throughout
the time horizon. The slight difference that can be observed at certain intervals, with the
distributed HPs supplying marginally less cumulative thermal energy, is primarily due to
the distributed HP configuration’s limited ability to maintain temperature setpoints across
all indoor rooms, resulting in slightly less heat demand. Specifically, the distributed HP
case assumes one HP per household, with the control based on a single room’s tempera-
ture, leading to uneven heating, which is common in residential buildings. In contrast, the
BWSMR-based DHN supplies heat through dedicated radiators to each room individually,
enabling precise temperature regulation across all zones. Nevertheless, the depicted results
confirm that both systems effectively fulfill the thermal demand over the studied period.

It is important to highlight that the simulation results for both the BWRX-300-based
cogeneration system and the associated DHN model show the expected behavior across
both electrical and thermal systems. Thus, the BWRX-300 response to dispatch transi-
tions, including ramp-down events and steam extraction, aligns with expected dynamics
for SMRs operating in turbine-leading mode, as shown in Figures 5.4–5.6. The thermal re-
sponse for the TES, HPs, and DHN water loops, illustrated in Figures 5.8–5.10, also match
the proposed control logic and properly reflect the thermal inertia effects. The presented
results are consistent with the DHN behavior discussed in Chapter 3 and the BPS dynamics
presented in Chapter 4, and are further validated by the thermal power and energy balance
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Figure 5.14: Temperature profiles of different household rooms supplied by the distributed
HPs.

studies shown in Figures 5.12 and 5.13, which demonstrate close tracking between thermal
supply and demand. Furthermore, note that the BPS model used for co-simulation is based
on the real IESO base-case data, which is routinely used for power system stability studies
in Ontario, ensuring the reliability of the presented power system studies. However, for the
Darlington DHN itself, no real-world operational data is available, as this system does not
yet exist. Nevertheless, the alignment of the simulation outcomes with expected physical
and control behavior supports the validity of the proposed models and controls.

The presented results highlight the superior energy efficiency of the BWSMR-based
DHN system. The centralized approach not only reduces overall energy consumption, but
also enhances operational reliability.

5.3 Summary

This chapter proposed a comprehensive dynamic model for a BWSMR-based DHN cogen-
eration system, demonstrating the feasibility of utilizing SMRs for thermal energy sup-
ply. The developed models and controls in this work, which was submitted for publica-
tion in [157], properly capture the interactions between BWSMR, EPN, DHN, TES, HPs,
and HXs, incorporating thermal delays, piping heat losses, and transient dynamics. The
extended broader multi-timescale analysis enables an in-depth evaluation of short-term
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Figure 5.15: Aggregated electrical and thermal power of the distributed HPs.

stability and long-term cogeneration operation, addressing gaps in previous studies. The
proposed TES and HP control mechanisms facilitates efficient thermal energy management
by adjusting the steam extraction, TES discharge, and HP activation based on demand
conditions.

The proposed model was used to study the application of a BWRX-300 SMR in the
Ontario’s BPS for heating purposes through a DHN deployed in Darlington region. The
results demonstrated the feasibility of this application, which compared to a system that
relies solely on distributed HPs, it was shown to significantly reduce electrical energy
consumption, highlighting that integrating BWSMR-based DHN with TES and central HPs
reduced electrical demand, significantly enhancing system sustainability and flexibility.
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Figure 5.16: Total electrical energy consumption comparison between the central and
distributed HPs over three days.

Figure 5.17: Comparison of cumulative thermal demand energy supplied by the BWSMR-
based DHN and distributed HPs over a 72 h period.
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Chapter 6

Conclusion and Future Work

6.1 Summary and Conclusions

This thesis focused on proposing dynamic models and control strategies for integrated en-
ergy systems to support the transition toward zero-emission solutions, with a thorough
review of the relevant state of the art in IEHS dynamic modeling and control, SMR mod-
eling for power system dynamics and control studies, and SMR cogeneration modeling and
control. Thus, the thesis started by identifying the key research gaps, which were properly
and clearly outlined to be addressed throughout the subsequent chapters.

Chapter 2 provided a comprehensive qualitative background review of the key systems
examined in this thesis. The chapter began with a discussion of MGs, where it highlighted
their architecture, components, dynamic modeling, and hierarchical control strategies. It
then examined DHNs, outlining their historical development, main components, energy
sources, and control hierarchies, with an emphasis on modeling approaches that captured
thermal losses and delays. This chapter also introduced IEHSs as a potential solution for
energy sector decarbonization, supported by coordinated control between electrical and
thermal subsystems. The chapter then concluded with an overview of SMRs, particularly
BWSMRs, where it discussed their natural circulation design and control, and turbine
operation. This included the modeling of steam extraction and integration with TES for
DHN applications, within the broader context of cogeneration systems based on NPPs,
which were also briefly covered. These foundational concepts and modeling principles
laid the groundwork for the detailed dynamic modeling and control studies presented in
Chapters 3 through 5.

In Chapter 3, detailed dynamic modeling and control of IEHSs in isolated MGs were
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developed and validated, with a focus on remote northern communities. The design and
modeling of a DHN to provide space heating in these communities were discussed in detail,
based on the utilization of waste heat energy from DGU exhaust systems. In this context,
the developed dynamic model enabled the analysis of specific insulation requirements for
DHN piping in remote areas due to their low linear heat density, which is an analysis
that is not feasible using existing static models. The dynamic IEHS model of the DHN
and EPN, including HPs, was also presented. This model incorporated both primary and
secondary frequency control strategies to provide power reserves for frequency regulation
in isolated MGs, supporting the integration of variable RES while leveraging the signif-
icant TES capacity of DHNs. Finally, the feasibility and benefits of using an integrated
DHN+EPN IEHS to meet both thermal and electrical demands in remote communities
were demonstrated through dynamic simulations and by comparing the integrated system
with an ETS-based approach. The results showed the effective use of the DHN for satisfy-
ing thermal requirements and regulating EPN frequency in isolated MGs with high RES
penetration. The proposed models and controls of IEHSs in Chapter 3 have been published
in [141].

Chapter 4 presented and justified the development of a comprehensive dynamic model
for BWSMR power plants, incorporating key components such as the reactor, steam tur-
bine, power system, and steam flow controls relevant to power system dynamic and control
studies. The primary objective of this work, which has been submitted for publication
in [154], was to provide a proper physics-based model of BWSMR operation under typical
conditions relevant for power grid studies. The model included essential dynamic phenom-
ena such as pressure variations and two-phase drift velocity, which enhanced the fidelity
and reliability of the simulations. The proposed dynamic models were tested and validated
using simulations of a simple generator-load system and Ontario’s BPS.

Two operational modes for primary frequency control, i.e, reactor-leading and turbine-
leading, were compared. The results demonstrated the superior performance of the turbine-
leading mode in regulating frequency, confirming that the BWSMR power plant could ef-
fectively manage load variations through dynamic steam flow and pressure control. These
findings validated the BWSMR’s frequency regulation capability and confirmed its suit-
ability for integration into existing power systems.

The chapter also demonstrated the practical application of the proposed BWSMR
model in Ontario’s BPS, emphasizing that despite the advantages of SMRs, grid operators
must account for the challenge of reduced system inertia when replacing conventional reac-
tors with SMRs. Additionally, the chapter highlighted that the thermal model developed
for BWSMR power plants enabled the study of their potential to deliver both electricity
and heating in integrated energy systems. The model allowed to represent steam extraction
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between high-pressure and low-pressure turbine sections at appropriate temperature and
pressure levels for the DHN and TES integration studies represented in Chapter 5.

Finally, chapter 5 proposed a comprehensive dynamic model for a BWSMR-based DHN
cogeneration system and demonstrated the feasibility of using SMRs for thermal energy
integration. The developed models and control strategies, which were submitted for pub-
lication in [157], accurately captured the interactions among the BWSMR, EPN, DHN,
TES, HPs, and HXs, while incorporating thermal delays, piping heat losses, and transient
dynamics. An extended broader multi-timescale analysis enabled an in-depth evaluation
of both short-term stability and long-term cogeneration operation, addressing limitations
found in previous studies. The proposed TES and HP control mechanisms facilitated effi-
cient thermal energy management by adjusting steam extraction, TES discharge, and HP
activation according to thermal demand.

The proposed model was applied to evaluate the integration of a BWRX-300 SMR into
Ontario’s BPS for providing heating via a DHN in the Darlington region. The results
demonstrated the feasibility of this approach. Compared to a system relying solely on dis-
tributed HPs, the BWSMR-based DHN, integrated with TES and central HPs, significantly
reduced electrical energy consumption, thereby enhancing overall system sustainability and
operational flexibility.

6.2 Contributions

Based on the identified research gaps, the key contributions of this thesis are summarized
next.

6.2.1 IEHS Modeling in MGs

• Developed dynamic models to assess the feasibility and challenges of utilizing diesel
engine exhaust waste heat to supply a DHN in remote MGs, considering soil con-
straints, extreme climatic conditions, insulation strategies, and optimal HP sizing to
meet variable thermal loads based on weather, EPN characteristics, and consumer
demand.

• Designed a demand response control strategy for HPs to provide frequency regulation
reserves in the EPN of isolated MGs.
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• Demonstrated the benefits of integrating variable RESs through DHNs in remote
MGs, using a simulated DHN model and a real EPN case study to compare central-
ized DHNs and decentralized ETSs in supplying thermal loads and supporting grid
stability via HP or ETS demand response.

6.2.2 SMR Modeling

• Developed and justified an enhanced BWSMR dynamic model incorporating pressure
variations and two-phase drift velocity to improve simulation accuracy for proper
dynamic and control studies.

• Proposed a novel equation linking reactor pressure changes to steam turbine mass
flow rate to properly represent turbine dynamics in transient studies.

• Evaluated reactor-leading and turbine-leading strategies for frequency control, high-
lighting their impact on system stability.

• Validated the BWSMR model in the Ontario BPS to demonstrate its practical ap-
plication in large-scale power systems.

6.2.3 SMR-based DHN Modeling

• Developed a cogeneration system model integrating a BWSMR with a DHN, distinct
from existing IPWR-based models.

• Represented thermal losses, transport delays, and time-varying heating demands for
realistic BWSMR-based DHN operation.

• Integrated electrical and thermal transients to capture the interdependencies within
the cogeneration system.

• Demonstrated the role of TES and HPs in utilizing excess SMR thermal energy during
low electric demand, enhancing operational flexibility.

• Applied an extended broader multi-timescale dynamic analysis to develop robust and
adaptive control strategies.

• Applied the proposed models and control strategies to a potential BWSMR-based
DHN in Darlington, Ontario, confirming their feasibility and effectiveness.
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6.3 Future Work

The following directions for future work can enhance the research presented in this thesis:

• Expand dynamic IEHS models to include domestic hot water delivery through DHNs,
enhancing their value in remote and urban communities, since this load constitutes a
substantial share of household thermal consumption and affects overall DHN sizing
and operation.

• Develop an EMS for the proposed IEHS, enhancing operational flexibility and effi-
ciency in both MGs and BPSs, since an integrated EMS is essential for optimizing
the coordination of thermal and electrical subsystems, especially under variable RES
generation and demand profiles, thus supporting optimal and reliable operation.

• Perform techno-economic analyses of IEHS to evaluate long-term viability, cost-
effectiveness, and environmental impact compared to traditional heating systems,
exploring their economic feasibility for both MGs and BPSs. This is needed to pro-
vide critical insights into the practical deployment potential of IEHS solutions, guid-
ing investment decisions and policy development based on quantitative performance
indicators.
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[36] M. Polo-Labarrios, L. Franco-Pérez, L. Quezada-Téllez, and G. Fernández-Anaya,
“Local dynamic analysis in boiling water reactor,” Annals of Nuclear Energy, vol. 137,
p. 107084, 2020.

[37] D. Hennig, “A study on boiling water reactor stability behavior,” Nuclear Technology,
vol. 126, no. 1, pp. 10–31, 1999.

[38] G. D. Prasad and M. Pandey, “Stability analysis and nonlinear dynamics of natural
circulation boiling water reactors,” Nuclear Engineering and Design, vol. 238, no. 1,
pp. 229–240, 2008.

[39] J. Fleck, “The dynamic behaviour of boiling water reactors,” Journal of Nuclear
Energy Part A: Reactor Science, vol. 11, no. 2-4, pp. 114–130, 1960.

[40] A. N. Nahavandi and R. F. von Hollen, “A space-dependent dynamic analysis of
boiling water reactor systems,” Nuclear Science and Engineering, vol. 20, no. 4,
pp. 392–413, 1964.

133



[41] P. Girijashankar, G. Srikantiah, and M. Pai, “Dynamic simulation of a boiling water
nuclear reactor,” Annals of Nuclear Energy, vol. 3, no. 2-3, pp. 133–145, 1976.

[42] “Darlington New Nuclear Project: BWRX-300 Preliminary Safety
Analysis Report.” https://www.opg.com/document/2022/BWRX-
300 Preliminary Safety Analysis Report.pdf.

[43] A. Huning, J. Rader, and P. Ramuhalli, “Development of a BWR system fault sim-
ulator using TRANSFORM/Modelica,” technical Report, Oak Ridge National Lab-
oratory (ORNL), Oak Ridge, TN (United States), 2022.

[44] G. Trundle, “Reliability assessment of passive ICS in an SMR as part of the PSA
analysis,” master’s thesis, KTH Royal Institute of Technology, 2023.

[45] A. Pomogaev, “BWRX-300 isolation condenser system analysis,” master’s thesis,
Lappeenranta–Lahti University of Technology LUT, 2022.

[46] K. Kulkowski, M. Grochowski, K. Duzinkiewicz, and A. Kobylarz, “Nuclear power
plant steam turbine—Modeling for model based control purposes,” Applied Mathe-
matical Modelling, vol. 48, pp. 491–515, 2017.

[47] B. Poudel, K. Joshi, and R. Gokaraju, “A dynamic model of small modular reac-
tor based nuclear plant for power system studies,” IEEE Transactions on Energy
Conversion, vol. 35, no. 2, pp. 977–985, 2019.

[48] International Atomic Energy Agency, “Nuclear cogeneration for climate change
mitigation and sustainable development goals,” Tech. Rep. IAEA-TECDOC-2056,
2021. [Online]. Available: https://www-pub.iaea.org/MTCD/publications/PDF/
TE-2056web.pdf.

[49] J. Vujić, R. M. Bergmann, R. Škoda, and M. Miletić, “Small modular reactors:
Simpler, safer, cheaper? ,” Energy, vol. 45, no. 1, pp. 288–295, 2012.

[50] G. Locatelli, A. Fiordaliso, S. Boarin, and M. E. Ricotti, “Cogeneration: An option
to facilitate load following in small modular reactors,” Progress in Nuclear Energy,
vol. 97, pp. 153–161, 2017.

[51] E. Pursiheimo and T. J. Lindroos, “Optimal investment analysis for heat pumps and
nuclear heat in decarbonised Helsinki metropolitan district heating system,” Energy
Storage and Saving, vol. 1, pp. 80–92, 2022.

134

https://www.opg.com/document/2022/BWRX-300_Preliminary_Safety_Analysis_Report.pdf
https://www.opg.com/document/2022/BWRX-300_Preliminary_Safety_Analysis_Report.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/TE-2056web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/TE-2056web.pdf
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