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ARTICLE INFO ABSTRACT
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District heating networks offer promising solutions for remote communities, providing centralized heat supply,
improved efficiency, and diverse energy sources, especially with existing diesel generation. Hence, this paper

Frequency control bridges gaps in the existing literature by developing comprehensive dynamic models of combined district

?iat ptin;p lectricity and heati work heating networks within existing electric power networks in remote communities, which allows identifying
I\jllifrg;;r‘isd lectriclly anc heating networ challenges and benefits of district heating networks for these communities. It is shown that district heating

networks allow utilizing waste energy to enable energy exchanges between the electricity and heating systems,
enabling the provision of necessary ancillary services for remote microgrids with renewable energy sources. The
presented dynamic district heating network model incorporates particular considerations in remote, northern
communities such as soil limitations, extreme cold conditions, and piping insulation to minimize heat loss. It
also addresses accurate sizing of heat pumps based on realistic thermal load requirements, weather conditions,
and consumer profiles, proposing demand management controls to enhance frequency regulation for the
integration of variable renewable energy sources. The main contributions of the paper include detailed dynamic
modeling for district heating network operation, heat pump demand response control system design, and a
comparative analysis between centralized district heating networks and decentralized electric thermal storage
units that have been deployed for thermal supply in remote areas. The presented dynamic models are applied,
tested, and validated in an existing electric microgrid at Kasabonika Lake First Nation in Northern Ontario,
showcasing the role of a potential district heating network in facilitating renewable energy sources integration
in isolated microgrids.

Remote communities

1. Introduction Diesel Generators (DGs) having a direct impact on ice melting. Thus,

in these communities, DHNs are regarded as an attractive solution to

The energy transition to net-zero is a global priority, with Canada
aiming to achieve zero CO, emissions by 2050 [1]. In this context,
District Heating Networks (DHNs) are a promising solution, offer-
ing centralized heat supply for multiple buildings, enhancing effi-
ciency, utilizing diverse energy sources, and minimizing infrastructure
needs [2]. While DHNs involve higher initial costs, their scalability
and long-term savings make them attractive to improve energy ef-
ficiency. This is particularly true for remote, northern communities,
which have significant thermal loads associated with their northern
location and present a pressing need for the integration of Renewable
Energy Sources (RES) into their Electrical Power Network (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

* The language editing tool ChatGPT was employed for editing purposes.
* Corresponding author.

supply their thermal needs (e.g., [4-6]). For example, the authors in [4]
study implementing biomass-driven DHNs in northern remote and rural
communities, demonstrating that biomass-driven DHNs offer economic
benefits for remote and rural energy systems. In [5], 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 [6],
the authors analyze a Combined Heat and Power (CHP) microgrid
for remote communities, with integrating renewable energy to reduce
diesel consumption and energy costs. These research 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 the current
paper.
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Nomenclature

Acronyms

CFHX Counter Flow Heat Exchanger

CHP Combined Heat and Power

CoP Coefficient Of Performance

DG Diesel Generator

DHN District Heating Network

EG Exhaust Gas

EPN Electrical Power Network

ETS Electric Thermal Storage

GHG Green-House Gas

GIS Geographic Information Systems

HP Heat Pump

HVAC Heating, Ventilation, and Air Conditioning

HX Heat Exchanger

[EHS Integrated Electricity and Heating System

M Induction Motor

KLFN Kasabonika Lake First Nation

QO0S Quality Of Service

RES Renewable Energy Source

SRLS Smart Residential Load Simulator

TRV Thermostatic Radiator Valve

VSC Voltage Source Converter

WG Wind Generator

Parameters

A Normalized house area [m?2]

Ayyx HX surface area [m?2]

A, Pipeline control volume surface area [m2]

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

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

Can Radiator thermal capacity [J/°C]

Cy Carbon steel heat capacity [J/°C]

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

h Convective heat transfer coefficient be-
tween feed water and pipe wall [W/m?
oc]

k TRV regulation constant

kprins ETS demand response adjustment constants

Kinsi First insulator thermal conductivity [W/m
°C]

Kinso Second insulator thermal conductivity
[W/m °C]

kg Soil thermal conductivity [W/m °C]

kg Carbon steel thermal conductivity [W/m
OC]

ky Water thermal conductivity [W/m °C]

L, Pipeline control volume length [m]

r Pipeline inner radius [m]

ry Carbon steel layer radius [m]

r3 First insulator layer radius [m]

ry Second insulator layer radius [m]

R,qn Radiator hot side resistance [°C/W]

R,y Radiator cold side resistance [°C/W]

Sy House number of floors

Z Pipeline depth [m]

FD R ETS peak power at a given time [W]

Typ Reference HP induction motor torque [N m]

Variables

copr HP coefficient of performance [p.u.]

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

Af Frequency deviation [Hz]

y, Water mass flow rate [Kg/s]

f Frequency [Hz]

fo Reference frequency [Hz]

fo TRV control function [Kg/s]

K; Integral controller gain

K, Proportional controller gain

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

Py Thermal power of an electric heater unit
(W]

Prye Electric power of an electric heater unit,
(W]

Py pe HP electrical power [W]

Py pin HP thermal power [W]

Py House thermal power [W]

0] Transferred power between HX fluids [W]

O,q Radiator thermal power [W]

Qs Pipeline heat loss transferred from water to
carbon steel layer [W]

Typ Reference HP induction motor torque, [N
m]

T, Ambient temperature [°C]

Toix Mixer resultant temperature [°C]

Ty pin HP inlet temperature [°C]

Ty pout HP outlet temperature [°C]

Ty xein Cold fluid inlet temperature of the HX [°C]

Ty xhin Hot fluid inlet temperature of the HX [°C]

Tns1 Temperature of first layer insulator [°C]

Tins2 Temperature of second layer insulator [°C]

Ty, Pipeline hot temperature [°C]

Tan Radiator hot side temperature [°C]

T4, Radiator return water temperature [°C]

T, Temperature of carbon steel layer [°C]

Toon Hot water temperature inside pipelines [°C]

Ts Space temperature [°C]

€ Effectiveness of HX

@ po Reference speed of HP induction motor [W]

W HP second-law efficiency [p.u.]

1 Vector of ones

Implementing DHNs in remote communities presents unique chal-
lenges due to geographical 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 [7].

The dynamic operation of the DHN in remote communities encom-
passes special considerations such as piping network design, insulation
requirements, burial depth specifications, and the unique challenges
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posed by low linear heat density and extremely cold ambient tempera-
tures. Thus, an accurate assessment of DHN feasibility in remote regions
necessitates a thorough understanding of the DHN detailed dynamic
modeling. In this context, this paper aims to investigate the dynamic
modeling of utilizing waste energy from a diesel engine’s exhaust to
power a DHN in remote communities, considering that existing static
and optimization models, like for example [6], lack the ability to prop-
erly represent the piping network characteristics and thermal loads’
capacity within the DHN. Furthermore, the dynamic modeling allows
to study the integration of Heat Pumps (HPs), considering their ratings
and the required number of units to meet thermal demands, along
with comprehensive 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
previously. It is important to note that this paper does not address the
economic aspects of DHNs in remote communities, which have been
discussed in the existing literature.

On the other hand, there has been a growing trend towards electri-
cal and thermal systems integration to achieve optimal operation of the
combined systems and minimize GreenHouse Gas (GHG) emissions [8].
Therefore, the presented work also aims to study the integration of
DHNs with the EPN in remote communities, facilitating efficient energy
exchange between the two networks by managing HP demand to pro-
vide 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 microgrids. 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
DGs are redispatched every 15 min [9]. This interval is significant for
the DHN, particularly in the presence of HPs.

The dynamic modeling works of Integrated Electricity and Heating
Systems (IEHSs) with DHNs for EPN studies are limited, especially for
remote microgrids, as previously mentioned. Furthermore, the benefits
of DHNSs for remote communities, where waste heat from DGs can be
exploited, has not been reported in the context of microgrids while
considering the DHN dynamics. Thus, several studies have explored di-
verse strategies aimed at reducing GHG emissions while simultaneously
providing ancillary services when integrating DHNs in EPNs based on
static DHN models. For example, in [10], a control strategy for a DHN
is developed to minimize electric energy consumption from pumping
in the Dark Landing Solar Community in Alberta, aiming to reduce
GHG emissions associated with fossil fuel-based electricity generation
in remote microgrids. The authors in [11] introduce a co-generation
system using a small modular reactor for district heating and frequency
regulation in the presence of variable RESs. Different case studies are
discussed in [12], where the potential of DHNs to provide balancing
services in the European Union is explored. Ref. [13] 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.

A dynamic model of an IEHS is crucial for proper system integration,
particularly control 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 in-
terconnected, especially for remote communities where the extreme
cold temperatures present challenges for the control and operation
of DHNs; in fact, existing models oversimplify crucial dynamics. For
instance, in [14], an equivalent circuit model for the DHN is proposed
without considering relevant dynamics like pipe losses and thermal
energy storage in pipe insulators. In [15], the authors introduce an
integrated heat and power dispatch model without fully accounting for
piping insulation systems or the thermal inertia of consumers. Ref. [16]
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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 [17], the DHN model also neglects the repre-
sentation of piping insulation. Moreover, Refs. [14]-[17] 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 the current paper.

There are various references in the literature discussing the DHN
and its benefits for frequency regulation. For example in [18], the
authors study a combined small modular reactor and DHN to man-
age electric load fluctuations in EPNs, enhancing RES integration and
grid stability. However, the study does not consider the DHN’s sec-
ondary circuit dynamics, using 15 min resolution that does not allow
to consider primary frequency regulation issues. Ref. [19] analyzes
the dynamic operability of interconnected CHP plants and DHN for
flexible power generation, but the models utilized are not detailed
enough to properly capture frequency regulation phenomena. The au-
thors in [20] propose a model-based approach to assess the potential of
power-to-heat assets for frequency regulation. However, the simplified
representation of the DHN in the case study does not fully capture the
necessary IEHS dynamics. In [21], a state space model is proposed to
represent large-scale HPs in DHNs, enabling performance evaluation of
local frequency control methods, highlighting 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.

To address the modeling gaps previously identified for the proper
dynamic studies of the DHN and IEHS, especially in the context of
remote communities, the present paper develops a detailed physical
model for realistic integrated DHN and EPN systems in the context of
remote microgrids, which enables a proper examination of the feasibil-
ity and challenges of the combined systems’ dynamic performance in
isolated microgrids. Thus, the main contributions of this paper can be
summarized as follows:

+ The developing of 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 microgrids, 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.

The design of a control system for HP demand response to study
the provision of reserve power for the EPN to enhance frequency
control in remote microgrids.

The demonstration of the advantages of using DHNs for inte-
gration of variable RESs into the EPN of isolated microgrids to
mitigate their adverse dynamic effects, based on a simulated
model of a DHN and an actual model of an EPN at an existing
remote microgrid, including a comparison between centralized
DHNs and decentralized Electric Thermal Storage (ETS) units
to supply the community’s thermal demand, and their poten-
tial application for EPN frequency control through HP demand
regulation or ETS demand response strategies.

The rest of the paper is organized as follows: Section 2 focuses
on the detailed dynamic modeling and control of a DHN in remote
communities, demonstrating the feasibility and challenges of using DG
heat waste to provide the community thermal needs. The design of
a DHN for the Northern Ontario community of Kasabonika Lake First
Nation (KLFN) is also discussed in this section. Section 3 discusses the
utilization of the DHN for providing frequency support in a microgrid
through HP and ETS demand control, comparing their application
and benefits for a realistic IEHS in the KLFN community. Section 4
highlights the main contributions and conclusions of the presented
studies.
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2. 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.

2.1. Household model

The Smart Residential Load Simulator (SRLS) tool has been used
here for studying IEHS in smart grids [22]. The package contains de-
tailed models of appliances, Heating, Ventilation, and Air Conditioning
(HVAC) systems, and thermal components in homes. In this paper, 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 [23]. Additionally, the representation of temperatures re-
sulting from mixing multiple mass flow rates at different temperatures
within a household is needed [24].

Based on [25], a typical Canadian household consists of four main
spaces with varying dimensions and thermodynamic properties. In the
context of a DHN, each space is presumed to have different radia-
tor 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 calculates 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.

2.1.1. Single space model

The dynamic thermal model of a single space in the SRLS is de-
scribed in some detail in [22], 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 [23]:

dT, Tg —T,
rdh — S rdh + Qrd 6}
dt Crthrdh Crdh

O, = clityy(Tpp — Trgp) (2)

dTrdr — Trdh — Trdr 3)
dt Crdh err

where all variables and parameters in these and other equations are
defined in the Nomenclature section. It is assumed that 7, and 7,,, are
approximately the same, which allows the radiator’s virtual resistance

R, = - L”L in (2) to be included in the space’s electric circuit model.
w

To simulate Thermostatic Radiator Valve (TRV) operation and con-
trol hot water flow rate, the following function can be utilized:

m

max
= 4
1 4 e~ *Tso=Ts) “)

fo

In this study, only conductive thermal resistances are considered, as-
suming a uniform space temperature.

2.1.2. House and mixer models

The household thermal dynamic model consists of individual mod-
els for each of the four spaces, assuming that the return mixed temper-
ature can be described as follows [24]:

i, T,
Tmix — me rdr (5)

Z ml,U
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The household model takes into account the internally generated ther-
mal power, as well the solar irradiation considering all surrounding
directions (south, north, east, west, and roof), based on the equations
described in [22], which discusses in some detail the thermal heat gen-
erated 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
specific input data: beam irradiance (W/m?), diffuse irradiance (W/m?)
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 used in the paper [25], which is a Matlab-Simulink-GUIDE tool that
facilitates the study of energy management systems in smart grids.

2.2. Pipeline heat loss

The household dynamic thermal model is a fundamental component
of the DHN’s secondary 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 dynamics 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 Information 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 [26]:

dT,,p, X
Cw( d,: ) = (Tph - Twh)cwmw + Qw,xt (6)
der Tinsl - Trt
Cl )= Ty~ Quost %)
2rkyL,
C (dTim'l )= Tim'Z — Tinsl _ Tinsl — Txr
ns1A g In(r3/r2) In(ry/r1) (8)
27kins1 Lp 2nkg Ly,
C (dTinSZ) _ T, —Tis2 _ Tins2 = Tins
22 gy T InGrafry) |, InQZ]ry) Inry/ry) )]
27[k,»,,x2Ll, 27[kSLp 2/‘[/{,‘”51Lp

hA (T, =T, ifr, >0
Quu=1 1 0 10)
8rk,,(Ty — T,y ifm,=0

_In(ry/ry)
1= m an
In(rsy/ry)
, = V3772 12)
27rk,-m1Lp
R, = In(ry/r3) In(2Z [ry) 13)
37 2kl | 27k,L,

These equations describe the behavior and dynamics of the pipeline
system using the electric-circuit analogy, with Fig. 1 illustrating an
electric circuit model of a specific pipeline control volume.

The underlying principles and equations governing heat transfer
and temperature dynamics 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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R vr Twll QW,SI T st R 1 Tinsl R 2 TinSZ R3
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Fig. 1. Electric equivalent circuit of the pipeline control volume.

2.3. Heat exchanger

The Heat Exchanger (HX) is a vital component in DHNs that trans-
fers 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 [27]. Here, the design aspects of the Counter
Flow HX (CFHX) are discussed for a given generated thermal power
capacity, considering 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 [28]:

0= £g(THXhin - THXcin) a4
|—e=NTU(1=C,)) . —
m if Cr = g / Cc<l1
€= NT:U (15)
TeNTO e, =1
UpgxA
NTU = % 16)

2.4. 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 paper, the focus is on utilizing waste
heat from the EG of diesel engines 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 r,,, and temperature T,
model, a HX model, and a mass flow rate control model. Each of these
components, which are discussed next, can be characterized by detailed
quasi-dynamic models, including the HP model as an integral part of
the DHN thermal plant.

2.4.1. Diesel exhaust gas

The thermodynamic properties of the EG can be accurately modeled
by utilizing the tabular data provided by the manufacturer for DGs 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 P,,, as follows:
litggs = —2Py,,,” + 3.836P,,, +3.925 a7
Tppy = —21.6P,,,> + 139.9P,,, +412.1 18)

The density of the EG is typically assumed to be 1.33 kg/m> based
on experimental studies in [29], while the specific heat capacity of the
EG is assumed to be 1.005 KJ/Kg °C [30]. In order to regulate the mass
flow rate of the EG, a proportional controller can be employed.
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2.4.2. 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 [31-33] , starting
with the HP COP based on the Carnot cycle:

COP,,, = L 19)
Thot - Tcold
Th t
COP =y - — (20)
Thor - Tcold
Typiy+T
Thar - HPin 5 H Pout (21)
Tcold = Ta (22)
ThpintTH pout
COP=y - 2 (23)

Ty pintTH Pout
s — T,

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:

. (THPin + THPout)/2 +273.15
(THPin + THPout)/2 - Ta

where COP is a dimensionless quantity. Additionally, the heat gained
by the water through the HP Py p,, increases its temperature by AT as
follows:

COP =y (24)

P
cop = Pt (25)
H Pe
P
AT = “HEPth (26)
Cwmw
TH Pout = TH Pin + 4T (27)

Pype - 0.5(T g pous + Tig pin) + 273.15
Ctity, - O'S(THPout + THPin) - Ta

T pour = Trpin T W (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.

2.5. 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.

2.5.1. Thermal demand estimation

By using the household’s thermal model provided in [22] 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 commu-
nity and commercial buildings, which include the school, police station,
band office, nursing center, and church, with each of these structures
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being modeled independently as a separate consumer group using the
same household thermal dynamic model discussed in Section 2.1, 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 [34]:

Py = ASy Py, (29)

Based on the SRLS, a thermal peak power of around 16.4 kW is
necessary to fulfill the heating requirements of a 196 m? area. This cal-
culation takes into account a minimum ambient temperature range of
—38 °C over a 24-h time interval in January, according to [35], 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 [36]. These house structures adhere
to the standard Canadian house design [22]. 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 establish-
ment 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 [37]. To estimate the maximum
thermal power demand in the KLFN community for piping purposes,
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.

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.

2.5.2. Thermal demand grouping

Simulating all residential houses in a potential DHN is time-
consuming and computationally demanding. To reduce simulation
time, the model assumes groupings of nearby thermal loads, treat-
ing them as a single load. This methodology significantly reduces
simulation 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.

2.5.3. Piping routing design

The pipeline system under consideration consists of a double-way
routing and comprises several layers, as depicted in Fig. 2. These layers
include: (1) a Carbon steel layer, which is the first layer of the pipeline
and serves as the structural component; (2) 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 (3) 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 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:
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Table 1

Piping network design parameters.
Parameter Value
Carbon steel density 7843 kg/m?
Carbon steel specific heat capacity 434 J/kg °C
Carbon steel thermal conductivity 45 W/m °C
First-insulator density 30 kg/m?
First-insulator specific heat capacity 1500 J/kg °C
First-insulator thermal conductivity 0.02 W/m °C
Second-insulator density 32 kg/m®
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

Ground surface

V111 177777 77 171777 7777 77 77 7

gecond insulag,,

yirstinsulatop

Hot water %
ry E

Fig. 2. Cross-sectional design of a DHN pipeline.

+ 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.

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 [38]. These soil
conditions complicate the civil engineering works, thus increasing
deployment costs.

The community experiences harsh weather conditions, with tem-
peratures 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 needs to be considered:

» 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 [39].

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 [40]. Although this approach may
have a high initial cost, it is necessary to reduce the excessive
piping heat loss. Moreover, by utilizing EG from diesel engines,
the CHP system efficiency can be improved, potentially offsetting
initial costs over time. This cleaner heating source decreases
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Table 2
Pipeline layers’ diametrical ratios for Fig. 2 in KLFN.
rafry r3/ry ra/rs ryfry
1.1 1.364 1.333 2
Table 3
EG recovery system data for different DG loadings.
DG 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
Table 4
KLFN Thermostat temperature setpoints.
Building Time intervals Setpoint
From To
. . 9 AM 5 PM 18 °C
Residential 6 PM 8 AM 25 °C
Commercial 6 AM 10 PM 35 °C
11 PM 5 AM 18 °C
Communi 8 AM 5 PM 25 °C
v 6 PM 7 AM 18 °C

the KLFN community’s reliance on oil, reducing high carbon
emissions and pollution, and enhances the EPN reliability by tak-
ing advantage of the DHN’s thermal inertia. These benefits may
justify the high initial cost of the IEHS in remote communities.

These considerations yield the diametrical ratios presented in
Table 2 for different layers of carbon steel and insulation materials
relative to the original inner pipe diameter, ensuring efficient heat
transfer and minimizing heat loss.

2.5.4. Waste heat recovery system

The assumed waste heat recovery system employs an HX to extract
thermal power from the EG of KLFN community diesel engines through
water heating. The energy collected by the recovery system is modeled
using tabular data from Caterpillar generators [41], with Table 3 illus-
trating the EG recovery system data for different DG loadings. This data
varies with DG 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.

2.5.5. Simulation results

This subsection presents some relevant results for the designed DHN
of the KLFN community, with the dynamic components of the KLFN’s
DHN being modeled with equations (1)-(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 x 3600 = 1 s = 1 h. The setpoint temperatures
range from 18 °C to 25 °C, at different times depending on the building
topology. Table 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 [35]. Fig. 3(a) 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
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Fig. 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.

18 20 22 24

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.

Fig. 3(b) depicts the regulated supply temperature Ty,, and water
temperatures Ty p;, and Ty p,, 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. Fig. 4 illustrates the dynamics 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
decreases with decreasing setpoint. Similarly, the generated thermal
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Fig. 5. Heat balance between the thermal supply and demand of the KLFN DHN.

power is proportional to the thermal demand, but it does not necessar-
ily balance the heat demand instantaneously, 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 [42].

The fluctuations in the supply temperature in Fig. 3(b) and the
thermal demand in Fig. 4 are due to the dynamic behavior of the DHN
customers. For instance, at 9 h in Fig. 3(b), 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 Fig. 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
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Fig. 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 Fig. 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
Fig. 3(b). 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 DGs in the community’s EPN. These results further
strengthening the case for such DHN deployment in remote communi-
ties, which have been demonstrated 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 on
the potential deployment of DHNs in these communities, as it has been
suspected but it is now demonstrated in this paper through detailed
dynamic modeling and studies.

3. EPN model

Due to space constraints, this section describes briefly the tradi-
tional dynamic models considered for EPNs in remote microgrids, 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 microgrids.

3.1. Isolated microgrid dynamic model

3.1.1. Diesel generator

Synchronous DGs are widely used in remote microgrids as dispatch-
able grid-forming resources to support the system frequency. In this
work, the Simscape Electrical library is utilized for accurate DG dy-
namic modeling, including all required controls [43]. The synchronous
machine model simulates the behavior of an alternator and can be ad-
justed to fit the specific parameters of microgrid generators. Cascading
blocks are used to represent the governor droop for frequency con-
trol. The automatic voltage regulator model ensures that the terminal
voltage is maintained at the specified nominal voltage levels.

3.1.2. Wind generators

The Wind Generators (WGs) modeled here are based on full Voltage
Source Converter (VSC) interfaces. The VSC model utilized for the WGs,
along with its controls, is described in detail in [44].

3.1.3. 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 [45].
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Table 5

HP IM drive parameters.
Parameter Value
Py py 250 kW
k. 0.04354 kW s°
Awyp 125.664 rad/s*
kyp 60 p.u.
k, 10 p.u.
k; 100 p.u.

Table 6

KLFN Generator ratings.
Generator type Rating
DG1 1500 KW
DG2 1000 KW
DG3 600 KW
WG 60 KW
Exist. PV 10 KW
Added PV 250 KW

3.1.4. 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 microgrid loads [44].

3.1.5. 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:

®pp, = Pyp,+kypAf (30)
Af =f~1, (€20)]
THp = kcwiqpo (32)

Droop control allows the HP IM to improve the performance of the
EPN frequency response compared to solely applying droop control to
the DG units. Table 5 depicts the main parameters used to represent the
HP IM drive model, including the maximum change in angular velocity
Aoy p.

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, thereby
eliminating the need to wait for approximately 15 min for DG redis-
patch, which is the usual dispatch rate of microgrid energy manage-
ment system [9]. Thus, secondary frequency control is implemented
here on the HP’s IM drives utilizing an anti-wind Proportional-Integral
controller. This controller is employed to adapt the HP shaft power
reference, based on the following equation:

Py p, = K,Af () + K; / Af(ndt (33)

The HP demand response used here for frequency regulation pur-
poses 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 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.
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Fig. 6. Power fluctuation of PV panels, with a sudden trip at about 50 s.

3.2. KLFN community example

3.2.1. 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 [46]. Thus, there are three 1500 kW, 1000 kW, and 600 kW
DG 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 microgrids. 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 [47].

Fig. 6 shows the PV power fluctuations observed from the modeled
250 kW PV panel, based on scaled real measured data of the existing
10 kW PV panel over a 100 s time window. A sudden loss of PV
generation at about 50 s due to a grid contingency is assumed to test
the IEHS performance for a significant EPN contingency.

The demand of the commercial and community buildings are repre-
sented using measured data collected for the various existing facilities,
and the total residential demand is calculated by subtracting the de-
mands of the commercial and community buildings from the measured
total generation, realistically assuming minimal losses in the microgrid
feeders. A 24.7% unbalance condition is considered, as commonly
observed during Winter months in the KLFN microgrid [46]. 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 DG unit is assumed to be supplying the
electrical load needs.

Table 6 presents the nominal power of various generation sources
in the community. Additionally, Table 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.

Fig. 7 shows the KLFN’s IEHS structure, depicting the KLFN poten-
tial DHN described in Section 2.5, illustrating 55 thermal load groups
corresponding to 215 residential houses along with the 10 commu-
nity and commercial buildings. This figure shows the interconnections
between the EPN and the DHN.

In the KLFN IEHS, both the DG and the HP IM present frequency
droop controls with opposite slopes, as shown in Fig. 8. The compressor
load torque in the IM drive is modeled with (32).
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Table 7
KLEN 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

3.2.2. Simulation results
The frequency response for KLFN EPN is illustrated in Fig. 9 for the
100 s studied window for four distinct case studies:

10
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+ Case 1 represents the EPN operating independently without the
DHN, solely supplying 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.

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

Observe in Fig. 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 [47].
Note the initial frequency variations due to the system components’
startup, notably the DG, 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 loss of PV generation at about 50 s, re-
sulting in the frequency dropping to 59.84 Hz for Cases 1 and 2. During
this period, only the DG droop control is responsible for regulating the
frequency in these two cases, while the demand from the HP motor
remains 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 relying on the 15 min DG redispatch process.

Fig. 10 presents the power output from the DG unit for Case 3,
which remain fixed at 825 kW to supply the base EPN and DHN HP
loads, as per the required dispatch rules at KLFN [47]. 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 loss of PV
generation 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 Fig. 11. Following
the loss of PV generation, a 15 min monitoring period of HP and DG
powers is used to assess the worst-case scenario before a subsequent DG
redispatching, 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 data for the KLFN community.
Despite these EPN generation and load fluctuations, DG power remains
relatively constant at 825 kW, while HP shaft power notably decreases
from 242 kW to 87 kW to compensate for both the loss of PV generation
and the increase in the base load during the 15 min interval to mitigate
EPN steady-state frequency deviations. At the same time, HP thermal
generation decreases from 490 kW to 200 kW, indicating a signifi-
cant loss in thermal power generation that impacts the DHN supplied
thermal power. Additionally, Fig. 11 illustrates HP’s COP variations,
highlighting its nonlinear variation, which directly depends on HP
thermal and electrical power values.

As shown in Fig. 10, the electrical system is being simulated with
seconds resolution, whereas the thermal system is simulated with min
resolution, as shown in Fig. 11. This is possible due to the IEHS
electrical and heating systems having different time constants, 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
Fig. 11, the load varies gradually, as per actual measurements at the
KLFN community [47], while the DG power remains basically fixed,
since this is only re-dispatched every 15 min through a typical energy
management system. The figure shows that the DG governor’s impact
on the generator power output is small, since the HP regulates the
frequency in this case, as illustrated in Fig. 10.
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Fig. 10. Generator power, HP shaft power, and shaft speed with frequency changes.

To examine the impact of HP thermal power reduction due to
droop and secondary frequency controls, Fig. 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 Fig. 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
DG unit re-dispatch that allows resuming the HP normal operation.

When the EG thermal power generated is sufficient to supply the
KLFN thermal demand, the HP would not be needed and hence would
be turned off. Consequently, secondary frequency control cannot be
provided using the HP, with the DG unit having to deliver this regu-
lation service during the usual 15 min DG redispatch intervals, as it is
now the case in existing remote EPNs, which is costlier compared to
utilizing the DHN thermal inertia for this purpose.
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Fig. 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.

3.2.3. 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 de-
mand in KLFN community is met by individual ETS units currently de-
ployed in some remote communities, comparing the EPN performance
with respect to the IEHS results.

To estimate the electric power demand required to fulfill the ther-
mal demand of the community with ETS units, the SRLS tool was used.
Thus, Fig. 13 illustrates the building heating control for the ETS units
used in the SRLS to represent the thermal dynamics 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 temperatures at a specified setpoint by adjusting the discharge
resistance Ry;,.;,, which reflects the variable speed of the ETS unit’s heat
distribution fan. In this case, it is assumed that all 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 [48,49], and [50].

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 [51],
which is implemented here using the following equations:

1 1
T 1 4 ekori@ftkpra) 2

Sfpr (34
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Table 8
ETS demand response control parameters.
Parameter Value
kpri —600 p.u.
kpro —-0.02 p.u.
kprs 100 p.u.
dp DRI1 Y
2 = KorsfprPpr = Ppri (35)
Pppry =min (| Ppg — Ppg1 1) (36)

where the control function fjz, based on sigmoid function due to
its smooth, non-linear, saturating behavior, and ease of adjustment,
effectively generates the desired demand response Pp; based on the
frequency deviation Af, with constants kpg;, kpra» kprs» and Pppr
defined in the Nomenclature. Py, is then compared with Py, which
signifies the vector encompassing all the potential on/off combinations
of ETS power consumption of 55 groups in the KLFN community. The
value closest to Ppg; among the elements of Ppy defines the ETS load
combination selected to generate the actual actuating demand response
Ppgy. Table 8 presents the parameter values used in (34)-(36) to model
the demand response control of the ETS units, which determine their
response for primary frequency control.

Fig. 14 depicts the thermal demand of the community with a DHN
vis-a-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 DG units would need to be dispatched, which is not the
usual dispatch strategy in remote Ontario communities [52].

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

+ 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 DG units DG1 and DG2 which corresponds to
688 kW of base electric load, as in the EPN+DHN simulations, and
1800 kW of demand from the ETS units. The two generators have droop
control, sharing the power changes proportionally to their capacity.

Under the same fluctuations in PV panel power discussed in Fig. 6,
Fig. 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 EPN compared to the
centralized HP-based control. However, this requires a more complex
distributed approach, with more significant control and communica-
tion requirements than the centralized HP-based frequency regulation
technique. Furthermore, the proposed ETS frequency regulation con-
trol presents significant uncertainties associated with the individual
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 DG
units would need to be dispatched, and the DG 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
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Fig. 15. Comparison of frequency response between IEHS and EPN with ETS units.

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 communication
network and control requirements, plus smoother and less uncertain HP
speed control compared to ETS demand response switching.

3.2.4. 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.
Fig. 16(a) shows that both controllers react by adjusting their demand



M. Abuelhamd and C.A. Cafiizares

1.85 - 1
175
1.65 - J

1.55 4
1.45 - —©— Base load power

135 F —#—HP shaft power
125k ETS units aggregated power

1.15 4
E‘ 1.05 - 1

S 095 I .

g

Lossr
075
065 [ 1
055 .
045 .
035 .
025 = % .

h

0. 1 5 1 1 1 1 1 1 b 1 1
10 20 30 40

50
Time [s]

(a)

60.1 T

60 70 80 90 100

=—¥—[EHS

60.05 ~—©— EPN with ETS units |

59.95

/~-e

w

)

=)
I

60

Frequency [Hz]

w

©

%

o3
I

[59.9

59.8

W
©
0

597

5975 L 49.5 50.5 515 525 53501 | i

59.7 I I I I I I I I I
10 20 30 40 50 60 70 80 90

Time [s]
(b)

Fig. 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.

100

to maintain adequate primary 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, Fig. 16(b) demonstrates
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 Fig. 16(b), 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.

3.2.5. IEHS frequency control for overlapping RES and load fluctuations
To further evaluate the capability of the DHN for providing effective
secondary frequency control in remote microgrids, the KLFN IEHS is
tested under an overlapping RES dips and a sudden load increase.
Thus, as depicted in Fig. 17, the PV power fluctuations are the same
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Fig. 17. IEHS secondary frequency control under overlapping RES and load
fluctuations.

as those shown in Fig. 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 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 DG 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.

4. Conclusions

Detailed dynamic modeling and control of IEHSs in isolated micro-
grids were developed and validated, with a focus on remote commu-
nities. 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 DG 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 mi-
crogrids 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
microgrids with significant penetration of RES. The presented study
could be expanded to explore the feasibility of supplying domestic hot
water to consumers in remote communities through the DHN.
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