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Lay Abstract

This dissertation aims to develop an energy management system for an integrated
smart energy system, called integrated community energy and harvesting (ICE-Harvest).
The ICE-Harvest system is envisioned as the future of energy systems for dense com-
munities in cold climates. This system comprises a single-pipe variable-temperature
micro-thermal network, a micro-electrical network, and distributed energy resources.
The goal is to coordinate all the variables and assets so that the system’s capabilities
in harvesting waste energy to offset the community’s thermal demands, performing
demand management without affecting occupants’ comfort, and realizing energy arbi-
trage are realized. For this aim, a hierarchical decision-making framework is developed
in which three sequential layers are integrated. The three layers determine the long-
term, short-term, and ultra-short-term optimal operation of the ICE-Harvest system.
The layers are differentiated by their objective, planning horizon, time resolution, and

optimization models.
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Abstract

This dissertation presents a comprehensive investigation into the performance opti-
mization of a smart energy system called the Integrated Community Energy and Har-
vesting (ICE-Harvest) system, designed to optimize energy utilization in dense com-
munities in cold climates. This system comprises a single-pipe variable-temperature
micro-thermal network, a micro-electrical network, and distributed energy resources
such as combined heat and power units, boilers, heat pumps, short-term storage sys-
tems, and long-term storage system. The objective of this research is to develop an
optimal operation strategy for the system, considering the coordination of its com-
ponents to realize its full potential including achieving demand management while
ensuring occupants’ comfort, harvesting and sharing waste energy, and facilitating
energy arbitrage and taking advantage of energy price fluctuations, among other
benefits. For this aim, the study begins by formulating precise quasi-dynamic math-
ematical representations of the system, considering the physical and operational lim-
itations to capture the system’s intricacies. The resultant optimization problem is a
mixed integer nonlinear programming model that commercial solvers could not solve.
To make the nonlinear models more tractable and solvable, various mathematical
techniques are employed to linearize them. It is worth noting that many of these for-

mulations are original contributions to the field. Given the specific configuration of
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the system with components requiring short-term and long-term operation scheduling
and the large-scale nature of the optimization problem, a decomposition algorithm
is proposed that breaks down the problem into three sequential layers: long-term,
short-term, and ultra-short-term. Each layer addresses specific planning horizons,
time resolutions, and optimization models, enabling effective optimization of the sys-
tem’s operation. The proposed optimization algorithm offers an effective framework
for planning and optimizing ICE-Harvest operation at various time horizons and reso-
lutions. It demonstrates the system’s flexibility in performing waste energy harvesting
and sharing, demand management, and dynamic switching between energy carriers

based on real-time prices.
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Chapter 1

Introduction

1.1 Motivation and Background

Concerns over climate change have driven a global effort to explore new effective
energy provisions to decarbonize the energy sectors and curb greenhouse gas emissions
(GHG). Building operations are estimated to account for 27% of all GHG emissions in
2021, according to the IEA [1]. A total of 8% of that was emitted directly by buildings,
while 19% was from generating electricity and heat utilized in those structures. Aside
from this, residential and non-residential buildings represented 21.2% and 8.8% of the
final energy consumption in the same year, respectively. Therefore, holistic generation
and demand-side management measures can significantly facilitate the reduction of
emissions and the reduction of carbon emissions in the building sector.

Renewable energy technologies and integrating multiple energy carriers (electric-
ity, heating, and cooling) have been considered promising to decarbonize the resi-
dential and commercial sectors and reduce GHG emissions. In this regard, wind,

photovoltaic, and solar thermal, along with electrifying heating via electric boilers or
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heat pumps (HPs), have been studied by many studies, and their advantages have
been showcased [2].

A cold climate can, however, present challenges when it comes to utilizing renew-
able energy technologies, primarily because solar generation is out of phase with the
heating demand. Furthermore, in these regions, the peak of electric heating demand
during the winter can exceed five times that of the summer [3], posing significant
challenges for the power grid in terms of balancing and flexibility. For example, in
Ontario, Canada, wind power is curtailed for thousands of hours during the fall and
spring seasons due to relatively low heating and cooling demands, while conventional
natural gas power plants (NGPPs) are used as peaking power plants to respond to
load fluctuations and renewable energy generator intermittency [4]. Furthermore,
replacing an 80% efficient natural gas boiler (NGB) with an electric boiler simply be-
cause the electric boiler emits zero site emissions may increase the region’s emissions
if the electric boiler uses NGPP’s electricity. Therefore, electrification of heating may
not only fail to offset emissions in this case but may increase them. These examples
emphasize the importance of holistic measures in optimizing building sector energy
management, considering regional rather than local emissions in analyses.

Harvesting waste heat has always been one of the cornerstones of decarbonizing
heating and cooling. An NGPP converts 42% of natural gas heating value into elec-
tricity, and the rest is wasted [3]. This waste energy in Ontario, Canada, is more
than 10 TWh, accounting for 5% of the total natural gas used for heating loads in
the province [3]. Decentralized combined heat and power (CHP) units can capture
this high-grade heat and facilitate optimal energy management by integrating the

electricity and thermal sectors, which will reduce GHG emissions.
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A further area of harvesting waste heat that has yet to be fully explored is cap-
turing and utilizing thermal energy from cooling processes normally wasted in com-
munities via cooling towers (CTs). It is estimated that 21 TWh of thermal energy
was wasted in the cooling processes of data centers, grocery stores, and other com-
munity buildings in Ontario, Canada, in 2017 [5]. Harvesting this waste energy can
offset the building’s or surrounding buildings’ heating demand, resulting in significant
reductions in GHG emissions and energy consumption.

The most recent technology in this direction is Hth-generation district energy
systems (5G-DESs). 5G-DES puts forward two new concepts: first, the buildings can
provide thermal energy to their communities by harvesting and sharing their residual
energy, and second, cooling and heating demands have mutual benefits [6].

In 5G-DESs, the heating supply temperature is typically lower than the buildings’
heating requirements, and the cooling supply temperature is usually higher than the
cooling requirements. Water-source HPs and chillers are needed to obtain appropriate
temperatures for heating and cooling. Using water-based HPs and chillers results in
partial electrification of heating and cooling as well.

5G-DESs can have one or two pipelines instead of four, as in conventional DESs.
The single-pipeline network is usually called a unidirectional single-pipe network
(USPN) and consists of a single pipeline connecting community buildings in series.
The cooling demand in a building is met by water flowing from the network to the
chiller, and the warmed water is returned to the pipeline. To meet the heating de-
mand, water flows to the HP, and the cooled water is returned to the pipeline. A
two-pipeline system is comprised of a warm and a cold pipeline. Cooling and heating

processes are accomplished similarly to USPNs, with the exception that HPs and
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chillers of the buildings are connected to separate pipelines [7]. The two-pipeline
system is sometimes called a bidirectional thermal network (BDTN).

5G-DESs have lower heat losses and higher efficiency. Thus, they are anticipated
to be the future energy systems, while their adoption entails an in-depth analysis
focusing on economic feasibility and environmental concerns. One of the challenges
with 5G-DESs is that they use significantly more electricity than conventional DESs.
However, 5G-DESs, especially USPNs, can be designed so that in each building,
the HP and the chiller are paralleled with a heat exchanger (HEX). As a result,
if the network temperature is higher than the supply heating temperature, direct
heating (DRH) can be enabled through the HEX, or if the network temperature is
lower, direct cooling (DRC) can be enabled by bypassing the chiller. This allows for
arbitrage between different energy sources so that the high electricity consumption of
USPNs can be managed during peak and off-peak hours.

Recent state-of-the-art studies have conceptualized the future energy systems as
decentralized low-temperature micro-thermal networks coupled to micro-electrical
networks and on-site distributed energy resources (DERs). These systems are called
smart energy systems and are controlled by intelligent central controllers coordinat-
ing supplies and demands so that costs and/or carbon emissions are minimized [8].
Their micro-thermal networks are constituted by the 5G-DESs, so the heat losses are
reduced, and the residual/wasted heat of the cooling processes is harvested to offset
the thermal demand of the building or surrounding buildings. [9].

The main objective of this study is to investigate these capabilities for a smart

energy system equipped with a USPN, named Integrated Community Energy and
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Harvesting (ICE-Harvest) System system. For this aim, an energy management sys-
tem (EMS) for ICE-Harvest is developed to administrate the system and determine
the real-time optimal operating set-points for downstream controllers so that the

system’s performance aligns with desired results.

1.2 Integrated Community Energy and Harvesting
System

ICE-Harvest project is a collaborative research project between academia and in-
dustry, aiming to minimize GHG emissions in the energy sector while maximizing
energy efficiency[10]. The conceptual outline of the ICE-Harvest system is illustrated
in Fig.1.1. The system is envisioned as the next generation of district heating and
cooling networks (DHCNs) for service-dense community areas, such as institutional
campuses or downtown cores, especially in colder climates with massive heating de-
mand [11]. The ICE-Harvest system comprises an energy generation center (EGC),
a micro-thermal network, and a micro-electrical network. In the EGC, electrical and
thermal DERs are placed. The (USPN)comprises a group of buildings as well as a
centralized CT. The micro-electrical network constitutes the electrical section of the
system, including the distribution network and loads.

DERs are a battery energy storage (BES), a CHP, a stratified hot water tank
(SHWT), an NGB, and a geothermal borehole field (GBF). In the EGC, the ther-
mal DERs are connected in series to an HEX via a high-temperature header (see
Fig.1.2). The GBF is also connected to a mid-temperature header, linked to the high-

temperature header via an HP. In EGC, CHP and NGB provide means of responding
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Figure 1.1: ICE-Harvest Conceptual Outline

to real-time electricity and natural gas prices and arbitraging between them. CHP
can offset peak-time fossil fuel power plants while recovering thermal energy usually
wasted. The GBF, as the long-term energy storage, and SHWT and BES, as short-
term thermal energy storage systems, are utilized simultaneously. SHWT and BES
aim to alleviate the daily mismatch between the energy generations and demands,
whereas GBF deals with seasonal variability by storing excess thermal energy during
the summer and spring and releasing it during the winter and fall.

In the USPN, a group of buildings, as well as a centralized CT, are connected in
series to the HEX via the pipeline. Each building has one heating energy transfer
station (ETS) and one cooling ETS, each constituting a HEX and an HP (or chiller).
HPs that electrify the thermal demand in the USPN help harvest the residual /wasted
heat of the cooling processes to offset the thermal demand of the building or surround-
ing buildings. HEXs at the buildings facilitate direct heating (DRH) or direct cooling

(DRC) by bypassing the HPs. That is, if the network temperature is higher than the
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USPN

Figure 1.2: Schematic Representation of the Micro-thermal Network of the
ICE-Harvest System

supply heating temperature, DRH is carried out through the HEX, or if the network
temperature is lower, DRC is realized by bypassing the chiller. There is also a path
that connects the USPN to the GBF so that the excessively harvested energy can be
stored in the GBF.

In the micro-electrical network, two general categories of electrical loads can be
defined: controllable and uncontrollable. The first one includes plugin loads and air
conditioning of the buildings, and the latter one consists of HPs, water pumps (WPs),
and the CT. The controllable loads and the CHP tie the micro-thermal and micro-
electrical networks and facilitate the energy arbitrage and demand management in
the system.

It is anticipated that the ICE-Harvest system operation can benefit the upstream
power network by minimizing the curtailment of renewable energies. This can be

realized since, in ICE-Harvest, the thermal and electrical sectors are interconnected
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through CHP, HPs, and chillers, allowing for managing electrical and thermal loads
simultaneously. For instance, during surplus-based load generation in the grid, ICE-
Harvest can potentially come into play and levelize its electricity consumption. It
can consume less/zero natural gas and more electricity to meet its onsite thermal
demands. On the other hand, during peak hours when 40% efficient NGPPs are
utilized, ICE-Harvest, by manipulating the USPN’s temperature and reducing its
electricity demand along with utilizing onsite BES and CHP with more than 65%
efficiency, can minimize its electricity import from the grid to zero. These features
not only decrease/eliminate the curtailment of renewable energies but also mitigate
GHG emissions and contribute to reducing the penetration of natural gas-fired power

plants in the power grid.

1.3 Energy Management System (EMS)

EMS is a decision-making tool that supervises the system by determining the optimal
operating setpoints for local controllers. To determine these setpoints, EMS solves
an optimization problem in which the system is modeled as a set of constraints. This
model is a quasi-steady-state representation of the system at each discrete time step.
The results of this optimization problem are the optimal setpoints (dispatch) of every
single component by which the system’s operation aligns with what would be desired.

This optimization problem is generally subject to equality constraints (such as g)
and inequality constraints (such as h), which must be satisfied. Additionally, there is

a set of dynamic equation (such as Z;;; = m) that relates the variables at time ¢ to
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the variables at time t 4 1, as illustrated below:

min: > F(Xy, Z;, Uy, Py) (1.3.1)
t
g(Xt7Zt7Ut7-Pt) - 0 (132)
WX, 70, Uy, P) < 0 (1.3.3)
Zt+1 = m(Xt, Zt7 Ut; B) (134)

where X;, Z;, U;, and P, represent different sets of parameters or variables involved
in the problem. The objective is to find values for these variables that minimize the

objective function while satisfying the given constraints and dynamic equation.

1.4 Research Contributions

This dissertation contributes to the field by conducting a thorough exploration of the
optimization and performance analysis of the ICE-Harvest system. It delves into the
intricate details of the system by considering all the nonlinear physical and practical
limitations, offering a more profound understanding of the system. In pursuit of this
goal, an optimized operational strategy that represents the EMS of the ICE-Harvest
system is developed to effectively coordinate the system’s components, enabling the
realization of its full potential in various aspects. It is worth noting that many of
these formulations are original contributions to the field.

The following research questions are addressed in this study:

e What benefits are achieved by a non-convex variable-temperature variable-flow

rate model compared to simpler models?
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e How short-term and long-term energy storage systems be utilized simultane-

ously to alleviate the daily and seasonal energy mismatch?
e How can energy harvesting and sharing be optimized?

e How can energy arbitrage between natural gas and electricity from the grid be

realized within the framework of an integrated energy system?

e What is the impact of dispatch strategies on energy harvesting and sharing and

the economics of the system?

e How is thermal and electrical power switching practiced in the HPs in accor-

dance with the real-time energy carriers’ prices?

e How does the thermal storage capacity of the network contribute to the heating

and cooling demand balancing and economics of the system?

1.4.1 Methodological Approach: Hierarchical Decision-Making

Framework

A novel quasi-dynamic model for optimal dispatch of ICE-Harvest is put forward,
taking all the thermal and electrical characteristics into account. The proposed op-
timal dispatch model is a variable-temperature variable-flow rate model accounting
for heat transfer, hydraulics constraints, and thermal mass of the pipeline. More-
over, the constraints associated with the micro-electrical network, such as power flow
equations, part-load limitations and efficiencies, and ramping of DERs, are included

in the optimization model.

10
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These formulations capture the system’s intricacies and are the foundation for the
EMS. The resultant optimization problem is a mixed integer nonlinear programming
model that commercial solvers could not solve. To make the nonlinear models more
tractable and solvable, various mathematical techniques are employed to linearize
them.

Given the specific configuration of the system with components requiring short-
term and long-term operation scheduling and the large-scale nature of the optimiza-
tion problem, the optimization model is decomposed into three sequential layers, as

illustrated in Fig. 1.3. . In the second layer, using the operation state of seasonal

1 |
1 I
1 |
Long-Term | | Long-Term Prediction Optimization Enginel | |
1 I
1 1 I 1 B |
Optimization : -gg:;nnaJS and  electricty] MILP model |
Model i o Weather data :‘I_fleaﬂy;ta_lann_lntg hor‘lzon :
' * Energy carmiers prices ourlytime intervais !
1 I
| |
1 I
I |
| |
Short-Term | | Short-Term Prediction Optimization Engine Il |«
g |
Optimization | |*Themal and electricty !
! demands ¢ MILP model |
Model I | *Weatherdata * Daily planning horizon ;
! * Energy camers prces ® 30 minute time interval !
1 1
1 |
1 I

Itra short-Term

Real-Time Prediction

Optimization Engine Il

Optimization ;2;”;1':"3 and  electricty « NLP modsls Optimal Dispatch R
Model o Weather data * 2 hours planning honzon

Figure 1.3: Three Stage Decision Making Framework Proposed for the ICE-Harvest

* Energy carriers prices

* 10 min time interval

System’s Operation Optimization
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storage as an input, the optimal operating state of CHP, SHW'T, and NGB and the
direction of the power transaction with the grid are determined. The scheduling
horizon is daily, and the time stamp is 30 minutes. After all, in the real-time or
ultra-short-term stage, the optimal dispatch of all the components is determined.

In the first layer, a year-ahead variable temperature-based optimization problem
is developed for the ICE-Harvest system. The time resolution of the problem is
one-hour, while this granularity is not suitable for changing the charging/discharging
operation state of the GBF. As a result, the GBF’s power can fluctuate hourly while its
operational state remains fixed throughout the day. This layer is primarily responsible
for determining the daily charging/discharging state of the GBF. Furthermore, the
values obtained for other variables, such as network temperature and output powers
of DERs, are utilized as starting points for the second layer.

Moving onto the second layer, this optimization model is employed for day-ahead
operation planning of the system, and the time stamp is 30 minutes. This model is
a linear relaxation of the original problem and takes the operating state of the GBF
for the simulation day from the first layer. The main objective is to determine the
binary variables representing the operational states of the remaining DERs for the
upcoming day. The optimization model in this layer accounts for variable temperature
and variable-flowrate considerations.

Taking the binary variables and the starting point from the first and second layers,
this layer determines the optimal dispatch for the ICE-Harvest. This optimization

model is nonlinear and includes all model details and non-linearities.

12
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Chapter 2

Literature Review

In North America, residential and commercial buildings comprise a significant amount
of the total energy consumption. In the United States, these sectors account for
roughly 40% of total energy consumption [12]; in Canada, they account for approxi-
mately 26% of the total end-use demand[13]. Recent studies have enlightened the po-
tentiality of integrating district energy systems (DESs) with electrical grids to achieve
mutual benefits and an optimal solution for overall energy consumption [14, 15].

In this regard, some studies have showcased the opportunities in energy-saving and
electrical load profile alteration in DESs by integration of heat pumps (HPs) [16, 17]
and electric boilers [18]. The utilization of surplus renewable energy generated in
the electrical grid for heating purposes [19, 2| and high-efficiency energy provisioning
units such as combined heat and power (CHP) units have also been explored [20-22].

Although these solutions provide a more effective method of managing energy
demands, conventional DESs have certain inherent drawbacks which cannot be alle-
viated simply by them. For instance, distribution temperature in conventional DESs

is high for heating and low for cooling, which leads to increased energy losses to the

13
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surroundings [23]. Further, they cannot harvest waste heat from cooling processes
[24]. In addition, their long pipelines limit the system’s flexibility and controllabil-
ity. To overcome these limitations, redesigning the conventional structure of energy

systems is indispensable [25].

2.1 Literature Review

Recent state-of-the-art studies have conceptualized the future energy systems as de-
centralized low-temperature micro-thermal networks coupled to micro-electrical net-
works and on-site distributed energy resources (DERs). These smart energy systems
are controlled by intelligent central controllers coordinating on-site supplies and de-
mands so that costs and/or carbon emissions are minimized [8].

Micro-thermal networks are analogous to the concept of microgrids but in ther-
mal systems. A microgrid is a localized energy system that integrates various DERs
and enables the generation, distribution, and consumption of electricity in a smaller,
localized area. It operates autonomously or in conjunction with the main grid, al-
lowing for enhanced energy management and resilience. The smart energy system
complements the electrical aspect of a microgrid by providing heating and cooling
services by the micro-thermal network. In a microgrid scenario, while the electrical
grid handles the supply and demand of electricity, the micro-thermal network man-
ages the thermal energy requirements of the buildings or facilities within the smart
energy system. Integrating electrical and thermal systems creates a comprehensive
and efficient energy infrastructure.

Micro-thermal networks are constituted by the fifth generation of DESs (5G-DESs)

14
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that runs near ambient temperature. As a result, heat losses are reduced, and low-
temperature renewable energy sources are better incorporated [26]. Another key
advantage of micro-thermal networks is they are electrified which provides the op-
portunity for energy optimization and synergistic operation. By coordinating the
generation and utilization of electricity and thermal energy at a local level, the en-
ergy system can achieve a higher level of energy efficiency and reduce reliance on
external energy sources. Moreover, each building has one heating and one cooling HP
(or chiller), which helps harvest the residual /wasted heat of the cooling processes to
offset the thermal demand of the building or surrounding buildings. [9].

5G-DESs can have two or one pipelines, unlike the conventional DESs with four
pipelines. The two-pipeline network, usually called bidirectional low-temperature
network (BLTN), includes a warm pipeline, operating in the range of 12-20°C, and a
cold pipeline running within 8-12°C [7]. In the case of cooling demand in a building,
water is guided from the cold pipeline to the heating HP, and the outlet warmed
water is sent to the warm pipeline. Water flows opposite from the warm pipeline
to the cold pipeline through the heating HP when heating is required. FExternal
low-temperature sources such as solar thermal panels, storage systems, or central
HPs may be needed to balance the energy in the micro-thermal network. The one-
pipeline variable-temperature micro-thermal networks are called unidirectional single
pipe networks (USPNs). Energy harvesting and sharing in USPNs are similar to
BLTNSs, except that heating and cooling HPs of the buildings are connected to the
same pipeline with variable temperature (10-60°C), and both warmed and cooled
waters are discharged into the same pipeline [7].

Recent studies suggest that buildings will become decentralized thermal prosumers

15
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by providing thermal energy from their DERs to DESs [27-29]. In this regard, 5G-
DESs construct a foundation for a new type of thermal prosumers that buildings can
contribute to balancing cooling and heating loads in the network by harvesting and
sharing the residual energy without needing any DERs [6]. Another fundamental
improvement is their higher exergy efficiency thanks to lower distribution losses and
waste energy harvesting [30]. There is, however, still a lack of understanding of how
to manage multiple variables to realize the full potential of 5G-DESs [31].

[32] has demonstrated the potential of USPNs to reduce GHG emissions. How-
ever, it has also shown that they can consume significantly more electricity than
conventional business-as-usual (BAU) DESs because of the electrification of thermal
demands [33]. [34] has studied the significance of the network temperature on the
electricity demand of SESs equipped with BLTN and highlighted the necessity of stud-
ies devoted to network temperature optimization. [35] has illustrated the substantial
impacts of the network temperature on energy harvesting and electricity consumption
of the USPN. Furthermore, it has been depicted in [5] that excessive energy harvest-
ing is likely in USPNs without proper temperature optimization and simultaneous
heating and cooling demands. That means electricity is consumed in the cooling HP
to provide the cooling demand and harvest the energy, and further electricity must
be consumed to dump that harvested energy.

Optimizing 5G-DESs is a complex task because there are many competing factors
involved. There have been only a few studies conducted so far in the literature on the
optimization of 5G-DESs, the majority of which are based on energy balance analyses
or predefined network temperatures [36, 37]. In this regard, [38] has proposed a linear

model for the design and operation optimization of BLTNs equipped with DERs using
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energy balance equations. The network temperature has not been modeled in [38],
and predefined average coefficients of performance (COPs) have been assumed for
HPs. Although [38] provided good insights into improving the smart energy system’s
performance, it highlighted the necessity of developing models considering mass flow
and dynamic temperatures for future studies. In [39], an optimal operation and design
methodology has been proposed for DERs connected to a BLTN. A linear optimiza-
tion model has been described based on a predefined operating network temperature
assumption for this aim. For future works, it was suggested that the optimal network
temperature should be determined through optimization.

[40] has proposed an operation optimization for SESs with BLTN that considers
network temperature as a variable and some nonlinearities in the physical system. The
optimization problem was then relaxed by using a linear approximation for the COPs
of the HPs and fixed profiles for mass flow rates in the branches of the BLTN. However,
the linear relaxation used for the COPs is suitable only for low-temperature variations
at the evaporator and will cause significant errors for large temperature fluctuations.
Furthermore, using fixed profiles for the mass flow rates and not optimizing the mass
flow rates and temperatures simultaneously based on the real-time demand can result
in underestimating the capability and benefits of the system. Because if the mass
flow rate of an HP in a branch is assumed to remain fixed, the temperature variances
between the inlet and outlet of the HP will follow its injected /rejected thermal power.
As a result, the operation optimization and the network temperature are severely
constrained. Furthermore, the results of the [40] are limited to the condition that
there is a balance between the rejected and injected energy in the network. However,

it is envisioned that the total injected heat to the network can be higher/lower than
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the demand, which implies that the network can be a thermal storage system. This
can be realized thanks to the short pipeline length and low thermal mass of the
micro-thermal network that allows for the mass flow rate and temperatures to be
manipulated to benefit the system.

5G-DESs, especially USPNs, can be designed so that each building has an HP
and a chiller paralleled with heat exchangers (HEXs). As a result, if the network
temperature is higher than the supply heating temperature, direct heating (DRH)
can be enabled through the HEX, or if the network temperature is lower, direct
cooling (DRC) can be enabled by bypassing the chiller. However, although DRC is
possible for the cold pipeline in BDTNs, they do not support DRH as the temperature
for the hot pipeline is consistently maintained below 40°C.

In none of the studies mentioned above, DRH or DRC have been incorporated into
the optimization models. [41] has proposed a mathematical model for temperature
optimization of a BDTN considering DRC. The results demonstrated that if HEXs
for DRC are available, the optimal network temperature allows the cold pipeline to
cool the building directly. Consequently, BDTN has less excess harvested energy to
dissipate during the summer when DRC is considered. In the mathematical model,
the temperature is an optimization variable, but the temperature variances, gains, or
losses throughout the pipeline are negligible. So, all the heating HPs have the same
COP, as do all the cooling HPs.

For BLTNs, this assumption may be reasonable, but not for USPNs, since it can
lead to an underestimation of total electricity demand. For instance, in cold climates
with heating demand dominating cooling demand, USPN temperatures decrease af-

ter each building. This leads to lower COPs of subsequent heating HPs and higher
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electricity demands. When cooling demand dominates heating demand in buildings,
USPN temperature rises after each building. This results in lower COPs of the fol-
lowing cooling HPs and higher electricity demands. In addition, as we move further
down the network or consider temperature losses to or gains from the surroundings,
this approach’s underestimation of electricity demand can increase. Furthermore, the
effects of buildings’ sizes, arrangements, and locations within the USPNs on the net-
work temperature are overlooked. Furthermore, while the thermal storage capacity of
the network has been included in the optimization model, the thermal and hydraulic
constraints are not, resulting in an overestimation of its benefits [42].

In addition to the challenges and advantages associated with 5G-DESs, it is cru-
cial to accurately model the performance of HPs within these systems, specifically
considering the COP saturation. Surprisingly, previous studies have neglected the
modeling of COP saturation in their models, which is a critical aspect for accurately
assessing the energy efficiency and overall performance of the systems. Implement-
ing COP saturation in HP models is highly nonlinear, posing challenges for system
optimization and control. However, in this research, a novel mathematical model
is developed that effectively linearizes the COP saturation, enabling more accurate

predictions of HP performance and facilitating optimal system design and operation.

2.2 Summary

A summary of the studies on the operation of smart energy systems with 5G-DESs is
presented in Table2.1. As observed, the studies that have implemented temperature
optimization have only focused on BLTNs. The BLTNs and USPNs are fairly distinct,

and the developed models and the gained insights from BLTNs operation cannot be
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Table 2.1: Summary of studies on the operation of 5G-DESs in the literature

USPN Temperature Flow Rate COP Pipeline Storage Building’s Temperature/Heat Demand Energy
Ref. BLTN Optimization Optimization DRC/DRH  gaturation Capacity Location Losses Management Arbitrage
9] BLTN - — — — — v v — —
[29] - - - — - - v v — —
[30] - - - - - v v v - -
[31] - v - - - - - v - -
[32] USPN - - - - v v v — -
(35] USPN - - - - - v - - -
[34] BLTN v - - - - v v v -
[43] USPN - - — — v v v — —
(38] BLTN - - - - - - Heat - -
[39] BLTN - - - - - - Heat - -
[40] BLTN v - - - - v v — -
(36] BLTN - - DRC — v — Heat v —
[41] BLTN v - - - v - Heat v -
This Study USPN v v v v v v v v v

easily extended to the USPNs [34]. USPNs have higher temperature fluctuation and
optimization capabilities, making them a great fit for cold or warm climate condi-
tions [32]. Thus, further studies are necessary to identify and explore the potential
opportunities of SESs with USPNs. setspace

Micro-thermal network modeling based on variable temperature and variable flow
rate, while considering the physical system limits, can demonstrate the significant, yet
realistic capabilities of 5G-DESs. Optimizing the network’s temperatures and mass
flow rates can improve energy harvesting and sharing and reduce total electricity
consumption. This also means performing demand-side management by optimizing
network variables rather than adjusting indoor temperatures and compromising oc-
cupant comfort.

Natural gas-fueled heat sources, such as CHPs and natural gas boilers (NGB), can

20


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/

Ph.D. Thesis — A. Lorestani; McMaster University — Mechanical Engineering Department

be integrated with the USPN through a high-temperature loop connected via a HEX
[43]. By integrating these sources, the system can respond to real-time electricity
and natural gas prices and arbitrage between the two. In this regard, the system can
maximize its electricity consumption during off-peak hours to take advantage of zero
or negative pricing and switch to natural gas during peak hours to minimize electricity
imports. To our knowledge, this study is the first to investigate these aspects of smart
energy systems with micro-thermal networks, specifically with USPNs.

However, it has also been anticipated that, in summer, there might be no need for
all the thermal power recovered by CHP. Additionally, a significant amount of thermal
energy will be injected into USPN from the chillers, exceeding the heating demand.
These two forms of surplus energy can increase the network temperature, reduce the
COPs of chillers, and exacerbate the situation. So, an energy storage solution can
be utilized to alleviate seasonal imbalances in the systems. This can save the excess
energy captured from cooling processes during the summer and surplus thermal power
recovered from CHP for the cold months.

In this regard, it is suggested that long-term energy storage, such as a geothermal
borehole field (GBF), and short-term thermal energy storage, such as a stratified hot
water tank (SHWT), can be utilized simultaneously. SHWT aims to alleviate the
daily mismatch between thermal energy generation and heat demand, whereas GBF
deals with seasonal variability by storing excess thermal energy during the summer
and releasing it during the winter. For this aim, it is necessary to develop a long-term
optimization model for ICE-Harvest to fully capture short-term and seasonal dynam-
ics since the simple representative day approach cannot reflect the interaction between

the short-term and long-term periods. This, however, complicates the optimization
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problem development and intensifies computational load.

There have been no studies that have developed USPN operation optimization
in light of DRC and DRH, leaving a research gap in exploring the full potential of
USPNSs. In contrast to BDTNs, USPNs are expected to be capable of both DRC and
DRH since there is no strict limit on the pipeline’s temperature. As a result, USPNs
are ideal for regions with cold winters and warm summers, such as Ontario, Canada
[32, 35|, and that is the reason ICE-Harvest is designed based upon USPNs. The
DRC and DRH add more degrees of freedom in operation optimization, which affect
not only energy harvesting and sharing but also total electricity consumption in the
system. When heating demand dominates cooling demand, raising the temperature
and DRH can reduce total electricity demand. In contrast, when cooling demand
dominates the heating demand, decreasing the temperature and DRC can reduce
harvesting energy and minimize excess harvest energy and electricity demand. This
can be viewed as providing demand response solutions without adversely affecting
occupant comfort, as the temperature variations occur in the network pipeline, not the
building supply temperature. On the other hand, it is envisioned that the flexibility of
UPSNSs in temperature manipulation can be used to maximize the electricity demand
during off-peak hours to take advantage of zero or negative pricing when surplus RE
is generated. This represents them as a grid modernization solutions provider that

can use free surplus RE that would otherwise be curtailed [44, 3, 43].
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Chapter 3

Day-ahead Scheduling of a

Building Microgrid

In this chapter, a day-ahead operation scheduling of a building microgrid (BMG) rep-
resented by electrical and thermal loads coupled with the energy generation center
(EGC) is studied. The BMG can be viewed as a simplified version of the ICE-Harvest
system. All the components, including heat exchangers (HEXs), water pumps, bat-
tery energy storage (BES), combined heat and power (CHP) unit, stratified hot water
tank, backup boiler, and heat pump (HP), are modeled in detail. The electrical and
thermal sections of the BMG are integrated through the coupled use of the CHP
unit, HP, and water pumps. This integration provides the capability of manipulating
thermal variables such as temperatures and mass flow rates in such a manner that the
total electricity demand follows the desired profile and both electrical and thermal
loads of customers are fully met. The objective is to showcase the competence of
the developed operation strategy in levelizing loads through integrating thermal and

electrical sections of a BMG by taking advantage of CHP, HP, and the hot water
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Figure 3.1: Schematic Representation of the Thermal Section of the BMG.

tank.

3.1 Mathematical Model

The BMG’s structure encompasses two main sections; thermal and electrical. The
configuration of the thermal section is constituted by a CHP unit, a backup natural
gas boiler (NGB), a stratified hot water tank (SHWT), HP, HEX, water pumps, and
a pipeline network (see Fig. 3.1). The electrical section of the BMG is composed of
the CHP unit, BES, the point of common coupling (PCC), and the different electrical
loads (see Fig. 3.2). The Electrical loads in the BMG can be split into two categories;
controllable and uncontrollable. The first one encompasses electricity demanded by
the HP and water pumps, and the latter one includes loads related to occupants,
such as lighting, plug loads, etc. Regarding thermal load, through HP, a controllable

portion of the load is satisfied by electricity and the rest by heat coming from CHP,
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Figure 3.2: Schematic Representation of the Electrical Section of the BMG.

STES, or NGB. Therefore, it could be mentioned that the profiles of thermal and
electrical loads are managed while the consumers’ demands are fully met and their
comfort is fully satisfied. The optimization problem representing the operation of the
BMG is modeled as a mixed integer non-linear programming (MINLP) model. In this
regard, some terms are linearized to simplify the optimization problem. Hereafter, a

detailed description of this model is presented.

3.1.1 Electrical and Thermal Power Balance

The following equations correspond to the global power balance in the thermal and

electrical sections.

HCHP | gNGB | gSHWT < gHEX o (3.1.1)
PtCHP + PtPCC + PtBES — Ptload Vie T (312)
pload — prlugin | pHP 4 pWP vy e (3.1.3)
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3.1.2 Temperature and Mass Flow Rate Limits

The following equations summarize the temperatures and mass flow rates limitations

of the components in the thermal section of the BMG :

e > m,, YteT (3.1.4)

%% < nlo%P < lor e T (3.1.5)
Tmin < 105 < Hppag VEET (3.1.6)
10} <Tosy <To} ., VteT seS (3.1.7)
Tie . <Tiy<Ti,, VieT,seSl (3.1.8)

where S represents the set of all components in the thermal network, including CHP,
NGB, SHWT, HP, and HEXs. m/°? signifies the mass flow rate of the main loop,
and 715, represents the mass flow rates of the components.

To consider the dynamics in the system, the variation of 7y 5, T 5, T4t s, and T'oy
as well as PCHP pBES QCHP QNGB = OSTES indicated by I' in 3.1.9 that must be
within specific limits.

Dy =T 1| < Rpgw VEET (3.1.9)

3.1.3 Mixing Fluids with Different Temperature

For incompressible fluids, when different branches run into the same node, the tem-
perature of the mixed fluid is calculated using the energy conservation principle. Eq.

3.1.10 is applied to CHP, STES, NGB, and HEX.

. loop

(i —1ingy) - Tigy + 1S, - Tog, = i’ - Tigr, VteT,seS (3.1.10)
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3.1.4 CHP and NGB

Two heat recovery loops have been assumed in the CHP through jacket water and
exhaust gas HEXs. Additionally, a controllable valve is in the way of the exhaust gas
HEX to increase the level of freedom in the CHP control. Then, the output thermal

power of CHP is calculated by:

1 — nCHPY . ,CHP

ngga]; — ‘PtCHP (( nelecc’H)P Nrec ) VieT (3111)
Mheat

HPHP = g/ + HFY wteT (3.1.12)

HY = Fyw - HOHP vteT (3.1.13)

Hf v =Hiwl — HIW NteT (3.1.14)

HEX, < HPY <HFY, VteT (3.1.15)

A piece-wise linearization approximates the fuel consumption of CHP and NGB:

Ny

F, = Z(O%Pv,t + Bva,t> VteT (3116)
v=1
Bv,t ' Pv,min < Pv,t < Bv,t : Pv,max vieT (3117)
> Bu=U VteT (3.1.18)
v=1
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The start-up and shut-down costs and minimum run/up times for both CHP and

NGB are modeled as follows:

SU,—SD, <U,~U,_, VteT (3.1.19)
SU,+SD; <1 VteT (3.1.20)
t+6°"—1
> Uy=6"-SU, VteT (3.1.21)
t'=t
t+50fF -1
> (1-Un)=67-8D, VteT (3.1.22)

t'=t

3.1.5 Electrical and Thermal Storage Systems
Battery Energy Storage (BES):

To ensure a secure operation of the storage system, the following constraints are

defined for the BES. Similar equations have been applied for the SHWT as well but

SHWT
for H; .

0< P <y phmar yteT (3.1.23)
0 < pieh < ygleh . pleh-maz g ¢ T (3.1.24)
Uh+Us <1 VteT (3.1.25)
pPES — ppcH _ pCH i T (3.1.26)
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The following two equations are utilized to update the state of charge (SOC) of the
BES:

SOC, = SOC,_y + n™ - P" —ph . P vt eT (3.1.27)

SOC in < SOC; < SOCpay V€T (3.1.28)

Stratified Hot Water Tank (SHWT):

The equations corresponding to the SHW'T tank are:

HIES =vVh.p.cp- (T" =T (3.1.29)
HyPS = HiPS — g™ — AH™ VteT (3.1.30)
AHPS = (V™ V™) p-cp- (T = TY - At (3.1.31)
(
0 if VM =0
VI =VIT =9 . Ar if0< V< V! (3.1.32)
0 if VP =Vt
0 < Hyt"™WT < g, SIWT e (3.1.33)

3.1.6 Heat Exchanger

Typically, based on the direction of the inlet and outlet fluids relative to each other,
two types of HEXs are used in the BMG: parallel flow and counter flow. Equation

(34) expresses the relation between the mass flow and temperatures of each side, and
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(35) relates the inlet temperatures of the sides to each other.

HEPX = jnllEX . cp . (THEX _ THEX) (3.1.34)

HEEX — <m0 PR oy (THESLTHEN) e (3135)

The HEX connecting the SHW'T to the loop works as a counter-flow HEX in dis-
charging and parallel flow in charging mode. The following equations ensure the
heat transfer between HEX and STES. For the other HEXs, the same equations are

applied.

Counter-flow HEX

T'>THPX+ A VteT (3.1.36)

T >THY +A VteT (3.1.37)
Parallel flow HEX

Th<THFX+ A VteT (3.1.38)
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3.1.7 Heat Pump

The following are the equations and constraints that express the behavior of the HP.

H;bld — PtHP + (m}g{P> ep - (/I;bld o nbld) V¢ cT

bld bld
Ts — Tt

(™) > (i) vteT,se S

M >TPM 4L A VteT

3.1.8 Water Pumps

) wer

(3.1.39)

(3.1.40)

(3.1.41)

(3.1.42)

The electricity demand of a water pump is linearly dependent on the pressure the

pump compensates. For the main loop, AP can be determined using 3.1.43 while

for the other components, it is taken from their data sheets. Then, the pump elec-

tricity demand can be calculated by 3.1.44:

00 . loo
APtIOOP _ W fl P ((mt P)Q)

VteT
((dloop)5 . (ploop)Q) €
wmp (Mg ) - AP
PP = ”pump. P VteT

Mp p

3.1.9 Objective Function

(3.1.43)

(3.1.44)

The objective of the optimization is to minimize the total costs incurred by the

operation of BMG during the day, which includes the costs associated with CHP,
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NGB, grid, and carbon tax.

T
PP 4 oNOB g o g (3.1.45)
t=1

Cost Equations

The cost equations for each component are as follows:

CCHP — pCHP _ ppfuel | pCHP ) CHP (3.1.46)
GO _ G pyset 1 o8 038 L
Corid — poridimp g ppimp _ paridimp  pp g pLep (3.1.48)
Cetar — (FCHP | pNGBY | pyas (3.1.49)

where Pr/“! represents the natural gas price ($/kWh), HEPY™ and HEP{™ signify
the hourly electricity price (HEP) for import and export, respectively, and Cf*** and

Prt*® denotes carbon tax rate.

3.2 Simulation Studies and Discussions

3.2.1 Case Study

The day-ahead optimal scheduling of the BMG has been conducted for a represen-
tative day in winter. The load prediction is not the focus of this study, and real
data from a case study located in Burlington, Ontario, Canada, has been used as the
predicted load. The time resolution for the simulation is 10 minutes. The time-of-use

electricity price of Ontario, Canada [8] has been used for simulation; however, the
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Figure 3.3: Optimal Operation of the BMG-Electrical Section

sell-to-grid factor of 0.9 has been considered to realize the exporting to the grid. The
MINLP formulation developed in this study is implemented in GAMS using BARON.

3.2.2 Simulation Results

The operation of the electrical section of the BMG is illustrated in Fig. 3. In this
figure, the controllable and uncontrollable loads of the BMG are accumulated, shown
as the total demand. As can be observed, the CHP unit operates during peak and
medium-peak hours. Its output gradually increases based on the defined ramp-rate
limits. The BMG is importing electricity from the grid during off-peak hours while
it contributes to meeting the peak demand of the distribution network. The BES is
charged in 3 periods; the first happens during off-peak hours right before the peak
time starts. Then it is discharged. The second one happens in medium-peak hours
again right before the next peak time starts. The last one occurs to observe the
defined constraint that the SOC of the BES at the beginning and end of the day

must be the same. Intuitively, the BES can be charged and discharged during the
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Figure 3.4: Optimal Operation of the BMG-Thermal Section.

periods in which the following equation is valid. Also, the other reason the charging
and discharging of the BES are economically feasible is the overproduction of the

on-site generation unit.
n . it HEPS® > HEP™ (3.2.1)

The thermal energy demanded by the occupants and provided by the different units
are shown in Fig. 4. Given that the heat demand is higher than the total energy
coming from the thermal, it is observed that the electricity consumed by HP provides
a portion of the load. It is observed that NGB is used only during the early and later
hours of the day when CHP is turned off. Due to the necessity of establishing precise
control strategies for these types of systems, the variation of variables such as mass
flow rate and temperature must be determined. The variation of mass flow rates in
each unit and the main loop are shown in Fig. 5. Moreover, Fig. 6 illustrates the

variation of temperature in four critical points of the thermal section.
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Figure 3.5: Variation of Mass Flow Rates in the System

In many studies in integrated systems, just energy-based management has been
implemented. However, the simulation results show that approach not accurate
enough. It can also be seen that HEX plays a key role in the charging and dis-
charging of SHWT. Moreover, a sudden temperature increase in point A in period
67 implies less heat injection to the BMG. In other words, to meet the load, the
HP compensates for the required heat while the excess heat in the loop is stored in
STES to be used later. So, it can be concluded that HP plays a significant role in

demand-side management in BMG.

3.3 Summary

In this work, an optimization model was presented to determine the optimal schedul-
ing plan for the operation of a BMG. The proposed model integrated thermal and
electrical sections of the system by coupling the operation of the CHP unit and the

HP. This allowed the manipulation of variables such as temperatures and mass flow
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Figure 3.6: Temperature in Different Sections of the Main Loop.

rates so that the total electricity demand followed a desired profile. Results also
showed the necessity of coordinating the operations of the different energy sources

and storage systems in the BMG to fully meet both electrical and thermal loads.
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Chapter 4

Day-ahead Optimal Dispatch of

ICE-Harvest System

The main objective of this day-ahead operation optimization is to illustrate the capa-
bility of the ICE-Harvest system in harvesting waste energy to offset the community’s
thermal demands, performing demand management without affecting occupants’ com-
fort, and realizing energy arbitrage. The day-ahead optimal dispatch of the ICE-
Harvest system is proposed, and a detailed quasi-dynamic optimization model that
incorporates thermal and hydraulic constraints is developed to achieve this goal. To
solve the resulting mixed-integer nonlinear programming (MINLP) problem, a novel
decomposition algorithm is proposed. The decomposition algorithm breaks down
the MINLP problem into a linear sub-problem that determines the binary variables
and a nonlinear sub-problem that determines the optimal dispatch of the system.
In the proposed hierarchical decomposition framework for the optimal dispatch of
ICE-Harvest, the linear and nonlinear subproblems are accommodated, respectively,

in the second and third layers. Upon evaluating five distinct dispatch strategies, it
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is enlightened that not considering thermal dynamics and heat transfer constraints
will result in underestimating electricity and natural gas consumption. In contrast,
if thermal pipeline capacity is not considered and mass flow and temperature are not

manipulated, the system’s capability will be underestimated.

4.1 Mathematical Model

ICE-Harvest comprises a variable-temperature micro-thermal network (see Fig. 6.1)
and a micro-electrical network (see Fig. 4.2). A detailed mathematical representation

proposed to describe the system is provided below.

NGB

HEX

W,

WV

USPN =

Figure 4.1: Schematic Representation of the Micro-Thermal Network of
ICE-Harvest.
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Figure 4.2: Schematic Representation of the Micro-Electrical Network of
ICE-Harvest.

4.1.1 Micro-Thermal Network

The micro-thermal network comprises an energy generation center (EGC) and unidi-
rectional single-pipe network (USPN), as shown in Fig.6.1. In EGC, thermal DERs,
including a CHP, a stratified hot water tank (SHWT), and a natural gas boiler (NGB),
are connected in series to a heat exchanger (HEX) via a high-temperature pipeline.
In the unidirectional single-pipe network (USPN), a group of aggregated buildings
and their heat pumps (HPs) and a cooling tower (CT) are connected in series to the
HEX via the pipeline. Note that, as this chapter showcases the system’s performance

for a day, geothermal borehole storage is not considered.

CHP

As shown in Fig. 4.3, a controllable water valve (V1) controls water flow to the steam-
to-water HEXs (jacket water and exhaust gas) that recover heat from the combustion

process. The electricity and heat production, fuel consumption, and heat transfer
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Figure 4.3: Schematic Representation of CHP.

constraints of the CHP are expressed as:

,r]tCHP,elec _ ng‘HP,elec . [C + bpltCHP + a(PltC’HP)ﬂ

CHP _ pCHP . CHPelec
P, =F * M

CHP __ CHP CHP
Pt - Plt 'Pmam

UCHP . pICHP < p|CHP < [JCHP  pCHP

min max

CHP/Tot __ CHP CHP CHP,rec
H, = (F} - P, )Mo
CHP,JW CHP,EX
HEHP — geteIw g et

HtCHP,JW . HtCHP,Tot

= kyw

0 < HtCHP,EX < HtCHP,Tot _ HtCHP,JW

|PtCHP o PtC;IiIP| S RRC’HP . PCHP

max
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4 Tl SHWT

Figure 4.4: Schematic Representation of SHWT.

CHpP _ , CHP w CHP :CHP
H; =y ep - (Toy ™0 =T ™)
TOtCHP . TZtCHP < ATmax,CHP

SUtCHP _g DtCHP < UtCHP _ tC_‘};IP

SUCHP 1 gpCHP <1

SHWT

(4.1.10)
(4.1.11)
(4.1.12)

(4.1.13)

The temperature in the SHWT is divided into three layers; high temperature (7") on

top, mixing in the middle, and cold (7°¢) on the bottom, as shown in Fig. 4.4. The

heat transfer between the layers causes the middle layer expands, and the temperature

linearly decreases from 7" to T°. Assuming the middle layer expansion rate of A7,

the model of SHWT is summarized below.
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SOCSHWT — GOCSIWT _ (HSHWT 4 [ios) . A (4.1.14)
SOCSHWT — Wh. pv . cp® . (T" — T°) (4.1.15)
Hoss = (W™ — W) . pv . ep® - (Th — T°) (4.1.16)
0 if Wh=0
WM — W = § X Az if 0 < Wh < WTet (4.1.17)
0 if Wh=WwTot
0< VVth < et (4.1.18)
HSHWT _ [[SHWTdeh _ prSHWT.ch (4.1.19)
HEYHWT — g SHWT e (TP HWT i SHWT) (4.1.20)
[ToSHWT _ ySHWT| < pqmaz,SHWT (4.1.21)
where, HP#WTm and gV gre mutually exclusive.
USHWTch | SHWT.h o grSHWT.ch o [7SHWTch | [rSHWT ch (4.1.22)
USHWTdeh | prSHWTdeh o [rSHWTdeh o [rSHWTdeh | prSHWT,deh (4.1.23)
USHWTch | SHWTdch | (4.1.24)
NGB

Here are the equations used to represent the transferred heat, inlet and outlet tem-

peratures, fluid mass flow rate, fuel consumption, and operation limits of the NGB
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[45]:
FNGB o HiNGB
t - NGB
Mo
UtNGB H;fr\{SLB S Ht]VG'B S UtJVGB _Hin\fgiB
B | < RV
HtNGB _ miVGB . cpw . (TOiVGB . TZiVGB)
NGB NGB max,NGB
To, 77 =Ti, 77 < AT
SUtNGB . SDI{VGB S UtNGB . UtZX?B
SUNP + SDNP <1
HEXSs

(4.1.25)

(4.1.26)
(4.1.27)
(4.1.28)
(4.1.29)
(4.1.30)

(4.1.31)

A counter flow HEX connects the EGC to the USPN (see Fig. 4.5), and a two-

direction water-to-water HEX connects the SHWT to the loop. During discharging,

it works in the counter flow state and for charging in the parallel low mode. To

ensure a heat transfer between fluids, Eqs. (4.1.32) and (4.1.33) for a counter flow

and Eq. (4.1.34) for a parallel flow should be satisfied [46].

HEX,h HEX,c HEX
T, > To, + AT,

TOtHEX,h > TZ{-IEX,C 1 ATHEX

min

HEX,h HEX
To/ " ™" > To, "¢ + ATHEX
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Figure 4.5: Schematic Representation of HEX.

The following equation expresses the heat transfer limits across a HEX:

HIPX = ¢ min(mlP5h inTEXey oo (it BXR _ pilEXc) (4.1.35)
HtHEX — ml{{EX . pr . (TZfIEX . To{-[EX) (4136)
| Tof' 5% — TillEX| < ATHEX (4.1.37)

The HEX that connects EGC and USPN is the point at which two time-steps in a

row are connected.

HIPX = GO cpv . (TiCHP — T@'tH_’?X’h) (4.1.38)
HFBX — jqUSPN o (T{USPN _ pillBX.cy (4.1.39)

where Eq.4.1.38 and eq.4.1.39 correspond to the EGC and USPN sides, respectively.

The total energy balance in the EGC can be stated as follows:

HHEX — gCHP | NGB | pSHWT (4.1.40)
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Figure 4.6: Schematic Representation of Two Consecutive Branches (one segment).

Pipeline

Modeling the pipeline of the USPN requires two sets of constraints: thermal and
hydraulic. The first one represents temperature drops and thermal mass throughout
the pipeline. The second one relates to the continuity of mass flow rate at branches,
fluid pressures, and mass flow rate variations. Fig.4.6 shows segment s, which is con-
stituted by two consecutive branches, b and b+ 1 in a pipeline. In this figure, nip/°”
can signify both of the Mm% and mVSFN. m? Til and To! indicate mass flow rate
and inlet and outlet temperatures of any branch in the micro-thermal network, re-
spectively. Due to the short length of the EGC pipeline, thermal losses are neglected,
but hydraulic constraints are used for both pipelines in EGC and USPN.

The temperature losses in segment s in the USPN can be estimated by [47]:

b1 (I+pB)-L° (TP —Temey . 2.0 N\

T —T . 4.1.41
t h cp® - 5PN In(de,/din) +2 -7 - AP - Re ( )

In addition, the thermal losses of each segment and the total losses of the pipeline
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with N* segments can be calculated as:

HI5% = VSPN . opw - (TP — TitH) (4.1.42)
N-S
Hioss — Z H}fass,s (4143)

s=1

The pipeline in the USPN is the medium through which energy is exchanged
between the HEX, HPs, and CT. However, the total injected energy is not necessarily
equal to the total rejected energy at each time step. This feature visualizes the

pipeline as a thermal storage system and is stated as:

SOCYSPN = sOCUSPN 4 gUsPN . Ar (4.1.44)

where, SOCUSPY gignifies the storage level of the pipeline and can also be expressed

as:

SOCUSPN — MUSEN . v (TcwgiPN — Tav?5PN) (4.1.45)
SOCUSPN < OCUVSPN < sOCYSEN (4.1.46)
SOCUSEN — NfUSEN . cpyw . QUSPN (4.1.47)
SOCHEPN = MUSPN - cpe . PPN (4.1.48)

Here, Tav! 5PN is the average temperature in the pipeline, and HUSFY refers to the

total heat of the pipeline, including both injections and rejection. The following
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equation is the thermal energy balance in the USPN:

Np
HPX = HYSPN N (B - Oy + H + HET (4.1.49)

B=1
where Hzné and Cﬁé” represent the injected heat from the USPN to the heating HPs
and harvested energy from cooling processes, respectively. Then, by extracting each
term using and canceling out the same variables at both sides of the equation, we will

have:

HUSPN — jpUSPN _cpw (T HEX _ i HEXy (4.1.50)

This equation indicates that the energy mismatch results in temperature changes in
the USPN. For instance, if H/5FN is positive (the total heat injected into the USPN
is higher than the thermal consumers), the temperature at the outlet of the pipeline
at the current time-step (T97P%X) is higher than that at the previous time (T4375X).
This equation also demonstrates that a larger mass flow in the USPN results in a
smaller temperature variation, and vice versa.

The hydraulic constraints must be satisfied for both of the pipelines in EGC and
USPN. The mass flow rate continuity and fluid temperature at a mixing branch (see

Fig.4.6) can be expressed by:

(i — 1nl) - T 4 b - To? = i - T? (4.1.51)

kBY b < loop (4.1.52)
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Finally, all the mass flow rates are constrained to prevent pipe vibration.

mmin S mt S mmax (4153)

1y — 11| < RRYY mas (4.1.54)

The pressure losses resulting from friction along the pipeline can be estimated by:

APS P = i (1l (4.1.55)

Note that, Eq. (4.1.55) is used to estimate the pressure losses of the pipeline in EGC
and USPN, while for other components such as CHP, SHWT, NGB, HPs, HEX, and
CT, pressure losses are adapted from their data-sheets. Electricity consumption of
WPs is dependent on the pressure losses and the desired pipeline mass flow rate, as

given below:

PP = (1, - APSy) /(¥ T - p* - 3600) (4.1.56)
Buildings and HPs
The power balance equations describing the heating and cooling HPs are as follows:

load HP,h inj Hro HP,c load
% =P +H'y, G5 =P +C% (4.1.57)

where Htlf’gd and Cfg” represent the heating demand of the building and the energy
rejected to the UPSN by the cooling HP, respectively.
The heating demand is provided by the injected energy from the UPSN to the

heating HP complemented by the electrical demand of the HP. On the other hand,
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the total energy rejected by the HPs, referred to as the harvested energy, is the
summation of the cooling demand of the building and the electricity consumed by
the cooling HP. In this regard, the coefficient of performance (COP) for the heating

and cooling HPs is defined as follows:

Hload load
COP/p = PtTIBD , COPfy = —po (4.1.58)
t,B t,B

Tsh +273.15
COP!'y; = mz‘n{ngmh. St ., COPWW} (4.1.59)

’ Tsh — Tav, '

T C

coprh, = mm{ngfﬂh : pr , copmax} (4.1.60)

’ Tav, 3" — Tsh
COPl'; > COPyin , COP{ g > COP,yy (4.1.61)
Tavfé’,h _ tn - t.B 7 Tavf;': _ tn ) t.B (4.1.62)

As seen, the electricity an HP consumes depends on the temperature of the inlet and

outlet fluids. Then, the heat balance in the HP can be stated by:

H =i/ B ep® - (Tif 5" — Tol'F™) (4.1.63)

CgY =, 5 - ep® - (To 5 — Tiy ;) (4.1.64)

Some buildings may utilize their built-in refrigeration units. In that case, the cool-
ing HP supplies cold water for their refrigeration units and recuperates waste heat.

Therefore, the cooling demand of the HP can be calculated as follows:

1
Cload = Cpoptret . (1 T o f) (4.1.65)
t,B
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Figure 4.7: Schematic Representation of CT.

where Céf)gd’ref denote the actual cooling demand provided by the built-in refrigeration

oad

system, and C’t{ 5% is the total cooling demand seen by the HP.

CT

A counter-flow wet CT with mechanical air draft is used as the heat sink in the
ICE-Harvest (see Fig. 4.7). The heat rejected by the CT can be estimated by the
circulating water mass flow rate, m®", and the range temperature, ATgnTg, as given

below:

HT =" ep® - ATRE (4.1.66)
ATHE = (Toy ¢ = Tiy ) (4.1.67)
HET = il epv - (TifT" — Tl (4.1.68)

Here, ATF ! is considered a fixed design parameter [48].
The performance of a CT is constrained by the wet-bulb temperature of the envi-

ronment and its capacity, which is usually represented by the maximum circulating
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water [49, 48].
To{ ™ > (1"P + AT - UL (4.1.69)

mc™ < mSW (4.1.70)

where the binary variable UST denotes the operating states of the CT.
Make-up water is required to compensate for losses during the heat transfer, es-
pecially evaporation, drift, and blow-down. The water mass balance in the CT can

be estimated by [50-52]:

MU = F 4 B 4 DR (4.1.71)
i = 0.03 - mC" (4.1.72)

e = M (4.1.73)
i = 0.002 - g (4.1.74)

where MY is the make-up water mass flow rate; m?” is the evaporation mass flow

rate; PP is the blow-down mass flow rate; and P is the drift loss mass flow rate.
To determine the power consumption of the fan, it is also necessary to calculate the

mass flow rate of air in the tower using:

i = cf - mW (4.1.75)
pergen _ i Clan (4.1.76)
plllT'
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4.1.2 Micro-Electrical Network

The micro-electrical network comprises electrical loads, battery energy storage (BES),

CHP, and a micro-distribution network.

Loads

Two general categories of electrical loads can be defined for ICE-Harvest: controllable
and uncontrollable. The first one includes plugin loads and air conditioning of the
buildings, and the latter one consists of HPs, WPs, and CT. The controllable loads
and CHP tie the micro-thermal and micro-electrical networks and facilitate the energy
arbitrage and demand management in the system. The real and reactive demands of

a building can be expressed by:

Pl = PO PP R BB )
51 = QU an(1T) - (P + P+ (4179
(Ptljlép,h + PZ[;P,C) . tan(ngP)

BES

The state of charge (SOC) of BES is updated by:

SOCtBES — SOCthEIVS . (n(leS,ch . PtBES,ch - n(l]?ES,dch . PtBES’dCh> AT (4179>
SOCPES < SOCPFS < SOCBES (4.1.80)

min max

PpES — pBESdch _ pBES.ch (4.1.81)
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UtBES,Ch . Prfﬁs S PtBES,Ch S UtBES,Ch i PﬁaE:;S (4182)
BESdeh | pBES  pBESdeh o [iBESdeh | pBES (4.1.83)
UBBSch | [BESdch (4.1.84)

where PPF54M and PPPS" are mutually exclusive, and the initial and last SOCBES

must be the same.

Power Flow Equations

A convex optimal power flow model is adapted from [53]. ICE-Harvest can be either
behind the meter or in front of the meter. In either case, the power at the point of

common coupling (PCC) can be expressed by:

PFec — pewr . pimp (4.1.85)
Uer . pPoC < pesw < e pPoc (4.1.86)
yime . prec < pimp < grimp | pPco (4.1.87)

US? 4 U < (4.1.88)

where, in the case of behind the meter, P/ is zero. The reactive power of CHP,

BES, and grid are constrained by:

2 2 2

(PEEY" +(Q7"P)” < (SGER) (4.1.89)
2 2 2

(PPFS)" +(QPF%)” < (SEEY) (4.1.90)
2 2 2

(PFO)" +(QF°C)" < (SESY) (4.1.91)
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4.2 Optimization and Problem Decomposition

The optimization problem is to determine the optimal dispatch of all devices and
energy resources over a 24-hour horizon. The objective function comprises operation
and maintenance costs and is subject to the constraints presented in the previous

section.

48

O™t =N (S + 0SPCC + CSPEM 1+ 0S4+ CSPY) (4.2.1)
t=1
OS5/l = (ENGE 4 pCHP) | ppfue | Ar (4.2.2)
CSPOC — (P HEP™ — P - HEP{™) - Ar (423)
3
O5OM Z(Ptg . proOM) (4.2.4)
g=1

3

CS5Y =S (SUf - ProsU 4 SDf - ProsP) (4.2.5)
g=1

CSP =mMUPr . Ar (4.2.6)

4.2.1 Problem Decomposition

To solve the large-scale non-convex MINLP problem, it is proposed to decompose
it into two sequential layers of MILP and NLP, which are solved successively, as
illustrated in Fig. 4.8. The main idea behind the proposed decomposition is that
the binary variables that determine the on/off operating states of the DERs do not
vary with slight variations in the electrical and thermal demands of the system. The
first sub-problem, named Electrical and Thermal Unit Commitment (ETUC), is a

linear relaxation of the original problem and aims to determine the binary variables
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Input data: energy demands, meteorological data, energy prices, technology parameters

Original MINLP e Linear Model
bilinear terms,

Model CHP, HPs, Loses (ETUC)

Binary Variables
Starting Point

Myspn

Simulation Results:
Temperatures, mass flow rates, generated thermal
and electrical (active and reactive) powers, etc. (ETOD)

Nonlinear Model

Figure 4.8: Proposed Framework for the Decomposition of the Optimization
Problem.

as well as a starting point for the second sub-problem. The second sub-problem uses
the binary variables as fixed parameters and the starting point from the ETUC and
determines the optimal values for the rest of the variables. This sub-problem is called
Electrical and Thermal Optimal Dispatch (ETOD) and includes all model details and
non-linearities. These two sub-problems are accommodated in the second and third

layers of the hierarchical decomposition framework introduced in Chapter 1.

Linearization of heat transfer equation

Some constraints of the optimization problem need to be linearized or reformulated
in advance. The amount of heat injected in or rejected from a component is expressed
as @y = my - cp® - AT;. Due to the presence of a nonconvex bilinear term which is a

product of two continuous variables (r; - AT}), this equation cannot be used in the
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ETUC. Hence, it is proposed to discretize r; as illustrated below:

my = Z(Ulj,t ) Zk:) (4-2-7)

k=1
where, U, is a binary variable that selects the kth 7, in Z = {10,20,40,80} at
time t. The defined elements in Z and Eq. 4.2.7 allows us to generate values for 7,
within the desired range of 10-150 kg/hr with 10 kg/hr resolution. Then, defining
A =U e AT, and substituting it in ); yields:

Qi =cp” - (Apt - Zk) (4.2.8)

£
Il -~
—_

Ay is a bilinear term composed of a continuous variable AT, and a binary variable
UZ,. However, unlike the original bilinear term, it has a linearized representation as

expressed below:

0< Ay < AT (4.2.9)
Uz, ATpin < Ay <UF, - ATy, (4.2.10)
AT, — (1= UZ) - ATpay < Aiy < AT, — (1= UZ,) - ATy, (4.2.11)

This linearization is applied to any equations containing the product of the mass flow

rate and temperature, such as Eq. (4.1.51).
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Linearization of CHP Model

In the CHP model, Egs. (4.1.1)-(4.1.2) are non-linear and non-convex. To obtain a
linear model for the CHP while the model’s accuracy is not sacrificed, Egs. (4.1.1)-

(4.1.3) are compactly rewritten as follows:

PCHP PZCHP
FCHP _ mazx . t 4 2 12
t " CHPelec CHP CHP\2 ( L. )
No [c+b- PICHY + - (PIHP)T]
Then, the above equation can be linearized and FC#F can be expressed as:
CHP Poas” CHP CHP
Ft = % . (Oé . Plt -+ B . Ut ) (4.2].3)

Reformulation of HP’s Model

Although the model of HP is nonlinear due to variables in the denominators, it is
proposed to reformulate the Eqgs. (6.1.30)-(6.1.33) by a set of linear equations with
new variables, named POC[?B and POCY g, which are respectively the inverses of

COP!'z and COP(p, as illustrated below:

Pt{g’ﬁ = H{%" - POC}y Ptfgp’c = C{%* - POCy g (4.2.14)
poCh. > L5~ Tav,p" 1215

BB = ph . Tsh 4 273.15 (4.2.15)

POCE Tavys* ~Ts" 4.9.16

BB = e Tse 4 273.15 (4.2.16)

POCin < POCY 5 < POCigy (4.2.17)
POCin < POCY < POCryay (4.2.18)
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This new set of linear inequality constraints is used in both ETUC and ETOD layers.

Linearization of Energy Losses

In Eq. (4.1.41), which is implemented in the ETED, m{5F" appears in the denom-

inator, making the equation extremely nonlinear [54]. To avoid that, the first order

1 s USPN __ MUSPN
- t

Taylor expansion of the RUSPR around 77, is used:

1 mi]SPN 1

mySPN ~(2- MtUSPN> ' MUSPN (4.2.19)

where MUSPN is the mass flow rate determined in the ETUC layer and is fed into

the ETOD as a parameter and represents an estimation for the mYSFY. In the next
MtUSPN

subsection, it is explained how is computed. The temperature losses between

the two consecutive nodes in the USPN are approximated by:
(4.2.20)

Note that, for calculating the H;°**® from Eq.(4.1.42), the mUSPN in the numerator
and denominator will cancel out. By using this linearization, the only form of non-
linearity left in the ETOD layer will be bilinearity, which allows a wider range of

nonlinear optimization solvers to be used.

ETUC

To keep the linearity of the thermal section model in ETUC, the EGC is implemented
as a single-node thermal power balance model ignoring the temperatures and mass

flow rates constraints. That is, the Eqs. (4.2.13),(4.1.3)-(4.1.9), (4.1.12)-(4.1.13),
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(4.1.14)-(4.1.19), (4.1.22)-(4.1.24), (4.1.25)-(4.1.27), (4.1.30)-(6.1.28), (4.1.40) are used
to represent a simplified but sufficiently accurate model for the EGC.

A similar approach would not suit the USPN as HP temperatures and mass flow
rate directly affect the system’s thermal and electrical performance. Therefore, to
maintain linearity in ETUC while at the same time ensuring a high level of accuracy,
the linearized heat transfer model ( Egs. (4.2.8)-(4.2.11)) is used. The remaining
constraints on temperature and mass flow rate in USPN (Eqgs. (4.1.51)-4.1.54)) are
observed whilst the mass flow rate is linearized by using Eqs. (4.2.7)-(4.2.11). HPs are
described by the proposed relaxed mathematical model (Eqs. (6.2.7)-(6.2.11)), while
another non-linearity still remains in HPs, which is associated with Eqs. (4.1.63)-
(4.1.64). This nonlinearity is handled by a rule of thumb, suggesting that the tem-
perature difference between the inlet and outlet of an HP (T@fl h Tofg’h) and
(Tof e Tz'f %) can be considered constant with a value of 6-10°C’ degree. The
developed mathematical model for CT is entirely linear.

In ETUC, a single-node power balance model with controllable and uncontrollable
loads is developed without considering power losses and reactive powers. For this
aim, Eqs. (4.1.77), (4.1.79)-(4.1.88) are included in the optimization problem to
represent the electrical section. The resultant optimization model is an MILP, which

is significantly faster to solve than the original MINLP.
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ETOD

Taking the binary variables and the starting point from the ETUC, the ETOD deter-
mines the optimal dispatch for the ICE-Harvest. The Eqgs. (4.1.1)-(4.1.11), (4.1.14)-
(4.1.23), (4.1.25)-(4.1.29), (4.1.32)-(4.1.40), (4.1.42)-(6.1.30), (6.1.35)-(4.1.83),(4.1.85)-
(4.1.87), (4.1.89)-(4.1.91), and (6.2.7)-(4.2.20) are used to build the NLP model of
the ETOD.

ETUC solutions could lead to ETOD infeasibility due to insufficient/extra reac-
tive/real power generation. To correct this, the binary variables for the charging and
discharging of the BES are not sent to the ETOD, as the charging and discharging

BES,dch BES,ch
P; “or PTYC

efficiencies force the optimal A in Eqgs.(4.1.79) to be mutually ex-

clusive. In addition to solving the infeasibility issue, this increases the flexibility of

the ETOD in dispatching the BES.

4.3 Simulation Studies and Discussions

4.3.1 Test System Description

The proposed day-ahead optimal dispatch strategy is verified using data from a real
case study in Ontario, Canada. This case study encompasses three public complex
buildings, including a library, a seniors’ center, and a YMCA, and is situated behind
the meter. The capacities of DERs and other parameters are calculated based on the
approach described in [44]. The cumulative heating, cooling, and plug-in electrical
demands of the buildings, along with the real-time hourly electricity price (HEP), are

given in Fig. 4.9. It is evident that the total heating demand of the system outweighs
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Figure 4.9: Plugin Electrical Demand, Heating Demand, Cooling Demand, and
HEP.

the total cooling demand, indicating that the case study location is primarily charac-
terized by heating needs. Moreover, in the HEP curve, the distinct price associated
with peak hours, mid-peak hours, and off-peak hours can be seen. The length of the
USPN is 700 m, and the initial states of charge of BES and SHW'T are optimization
variables. Taking into account the length of the USPN and the minimum velocity of
water in the pipeline, 30 minutes is chosen as the time step, so that the time delay
between buildings can be neglected. The ETUC and ETOD are solved using CPLEX
and BARON [55], with relative convergence gaps of 0.05% and 0.5%, respectively.
The whole algorithm converges in less than an hour; however, when solving the orig-
inal MINLP without decomposition, neither BARON nor Gurobi 9.0 found a feasible

solution within hours.

4.3.2 Electrical and Thermal Power Balance

Fig. 4.10(a) and (b) illustrate the performance of the electrical and thermal DERs,
respectively. As shown in Fig. 4.10(a), during peak and mid-peak hours, the CHP

and the BES meet the electrical load, while the grid has the minimum contribution.
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Figure 4.10: Overall Performance of (a) Electrical and (b) Thermal DERs in EGC.

CHP is turned on at 7:00, 30 minutes before the start of peak hours, to overcome
ramp rate limits, and then operates at maximum capacity. During off-peak times,
ICE-Harvest imports power from the grid to satisfy the electrical demand and charge
the BES.

Fig.4.10(b) presents the heating power of the CHP and NGB and the charging
and discharging power of the SHW'T. It is observed that the NGB is utilized during
both peak and off-peak hours. SHW'T does not contribute to providing the heating
power during the simulation day; however, it is charged to compensate for the losses
so that the initial and last SOCS#WT are the same. Also, SHWT is charged when

NGB is not operating, which means it is charged by the extra recovered heat from
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CHP.

Fig. 4.11 better enlightens the thermal power flow in ICE-Harvest. There are
three types of thermal power providers in ICE-Harvest; DERs (Fig.4.10(b)), electricity
power in heating HPs, and harvested energy from the cooling processes. In addition,
three types of thermal consumers pull energy from the USPN; heating HPs, CT, and
thermal losses.

It is illustrated that the electricity power of heating HPs decreases when energy
harvesting increases, and vice versa. This implies that when the cooling demand
increases in the system, a portion of the electricity consumption in the heating HPs
is turned into electricity consumption in the cooling HPs so that the total electricity
demand (and operation cost) is minimum. Therefore, the reduced electricity demand
in heating HPs is offset by the cooling HPs to harvest the energy that would otherwise
be wasted.

Furthermore, the total harvested energy under the proposed optimal dispatch
strategy is utilized, and no heat is dumped via the CT. Later in this study, it is shown
that other dispatch strategies can lead to harvesting energy from cooling processes
and then dumping it via the CT.

As depicted in Fig.4.11, the total heat injected into the USPN by thermal providers
can be higher/lower than the thermal consumers. Thanks to the thermal mass, the
pipeline functions as a thermal storage unit and compensates for the mismatch be-
tween the thermal providers and consumers. It is also observed that the thermal losses
in the USPN are negligible. The electricity consumption switching phenomenon is
evident in Fig. 4.12, which displays the breakdown of electrical loads. For this to

happen, when the total cooling demand increases, the average temperature of the
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Figure 4.11: Thermal power flow in ICE-Harvest.

USPN must rise so that the COPs of the heating HPs increase and the COPs of
cooling HPs decrease (see Fig. 4.12). The details of the temperature variations in the
USPN will be explained later. Fig. 4.12 showcases the demand management capabil-
ity of the ICE-Harvest under the proposed optimal dispatch strategy. As observed,
the total electricity demand profile is fairly smooth, and the difference between the
electricity demand during peak, mid-peak, and off-peak hours is relatively small. It
is also observed that the WPs’ electricity demand and micro-electrical network losses

are relatively small but still need to be accounted for in the optimization model.

4.3.3 Energy Harvesting and Sharing

Fig. 4.13 illustrates the flow of the harvested energy from the cooling processes of
various buildings in the USPN and how this energy is used.

It is observed that when the harvested energy from the cooling process of a building
exceeds its heating demand, as in the Library, the residual energy is shared with

adjacent buildings. However, when the heating demand of a building exceeds the
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Figure 4.12: Breakdown of electrical loads in ICE-Harvest.

harvested energy, the building does not share the energy.

4.3.4 Energy Arbitrage

To illustrate energy arbitrage, imported electricity and natural gas of ICE-Harvest
and the conventional BAU scenario are analyzed and compared. In the BAU, the grid
is the only source of electricity to provide the plugin loads and the electricity demand
for the cooling system, there is no HP, and NGB is the only natural gas-fired energy
source that provides the heating demands of the buildings.

Fig.4.14(a) and (b) illustrate ICE-Harvest switching between electricity and nat-
ural gas consumption in response to real-time energy carriers’ prices. As observed,
ICE-Harvest imports more electricity and burns less natural gas than BAU during
off-peak hours. During peak times, however, it reduces importing electricity from the
grid to zero, and burns more natural gas, the more affordable energy carrier. The
dynamical energy carrier switching in response to the HEP and natural gas price can

be regarded as energy arbitrage and is another form of demand-side management
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Figure 4.13: Flow of the harvested energy from the buildings in ICE-Harvest.
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Figure 4.14: (a) Comparison of Imported power and (b) On-Site Natural Gas
Consumption of ICE-Harvest vs BAU.

measure realized within the ICE-Harvest.

4.3.5 Comparison of Different Dispatch Strategies

To further investigate the impact of the accuracy level of the optimization model, four
other dispatch strategies are developed and compared in Table 4.1. This comparison
also helps further explore the capacity for demand management, energy arbitrage,
and energy harvesting within the ICE-Harvest. Assuming that the proposed optimal
dispatch strategy is called ETODI1, the second strategy is called ETOD2, where the
USPN mass flow rates remain constant throughout the day, while they are optimiza-
tion variables. ETOD?2 is still non-convex, but with fewer variables and easier to
solve. However, it is essential to determine to what extent the system’s performance

will be sacrificed.
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Table 4.1: Comparison of Different Dispatch Strategies

Dispatch ~ Temperature  Flow Rate Flow Rate  Pipeline Storage Building’s Temperature Optimization

Strategies Optimization Optimization Manipulation Capacity Location Losses Type
ETOD1 v v v v v v MINLP
ETOD2 v v — v v v MINLP
ETOD3 v v v — v v MINLP
ETOD4 v v — — v v MINLP
ETOD5 v — — v — - MILP

In ETOD1, the pipeline in USPN is visualized as a thermal battery. The third
strategy (ETOD3) is developed to evaluate this model’s capability. ETOD3 is similar
to ETOD1, except pipeline storage capacity is not considered. Therefore, the total
energy injected into the pipeline must equal the total energy pulled at each time step.
This implies that the average temperature of the USPN remains constant while its
value is not predefined. Solving ETOD3 appeared harder to converge as the pipeline
storage capacity relaxes the thermal power balance equation. In ETOD4, the mass
flow rate manipulation capability and pipeline storage capacity are neglected.

ETODS5 is based on the latest study proposed by [41] for BLTNs but altered for
use in USPNs. In ETODS5, the network temperature is an optimization variable,
but temperature losses, gains, or drops along the network are neglected. Therefore,
the temperature remains constant throughout the entire network, although it can
vary over time. Moreover, the mass flow rates have not been represented in the
model, while the pipeline storage capacity is included. In addition, a single-node
power balance approach represents the EGC and micro-electrical network. These
assumptions make the optimization problem linear.

Fig.4.15 illustrates temperatures at eight key points in the USPN, including at the
inlet of the HPs, CT, and HEX, determined by the dispatch strategies. It is noticeable

in Fig.4.15 (a)-(d) that the inlet temperature of the heating HP in a building (HI,
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H2, and H3) is always higher than or equal to the cooling HP of that building (C1,
C2, and C3). Because, in the case of cooling demand, the cooling HP will inject heat
into the USPN, which results in a higher network temperature at the inlet of the
following heating HP. On the other hand, the inlet temperature of a cooling HP is
always lower than that of the heating HP of the previous building. Because a heating
HP, as a thermal consumer, pulls heat from the network, the network’s temperature
after that will drop. It is also observed in Fig.4.15 (a)-(d) that there is a gap between
the inlet temperatures of the HPs of the first two buildings (C1, H1, C2, H2) and
the inlet temperatures of the third building, CT, and HEX (C3, H3, CT, HEX). The
heating demand of the second building is more than double that of the first building
and triple that of the third building, resulting in a temperature drop in the network
after H2, that the subsequent cooling HP cannot compensate for (see Fig. 4.13).
Fig.4.15(a) shows that during the early and late hours of the day when HEP is
low, the temperatures are lower than during peak and mid-peak times. This results
in lower heating COPs and higher cooling COPs during off-peak times, and lower
cooling COPs and higher heating COPs during peak and mid-peak times, based on
Eq.(6.1.31). The Eqgs.(6.1.32)-(6.1.33) show that a lower COP corresponds to higher
electricity consumption and the other way around. Therefore, during the off-peak
hours, ICE-Harvest under ETOD1 tends to increase the electricity consumption in
the heating HPs and reduce it in the cooling HPs. Instead, it reduces electricity
consumption during peak and mid-peak hours in heating HPs but increases it in
cooling HPs. The rationale behind this is that the case study belongs to a cold climate
where the heating demands of the buildings dominate the cooling demands, resulting

in a much higher electricity demand for heating than cooling. Thus, increasing or
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Figure 4.15: Temperatures and Mass Flow Rate in USPN Under (a) ETODI, (b)
ETOD?2, (¢) ETOD3, (d) ETOD4, e) ETOD5
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decreasing the electricity demand in heating HPs represents increasing or decreasing
the system’s total electricity demand. Aside from this, most of the cooling demands
occur during peak and mid-peak hours. Therefore, during peak and mid-peak hours,
the contribution of electricity in heating HPs to serve the heating demand decreases,
and this energy is directed to the cooling HPs. It allows for the harvested energy
from the cooling processes to substitute for the electricity used by the heating HPs,
thereby reducing the total electricity usage. The same behavior is also seen in other
dispatch strategies.

Fig. 4.15(b) elucidates that the constant mass flow rate of USPN under ETOD2
is relatively high to minimize the temperature losses along the network. Furthermore,
a high mass flow rate results in a lower temperature drop after heating HPs along
the USPN. This prevents the COPs of heating HPs from falling as we move further
down the network. Additionally, minor temperature variations are observed across
HPs and, consequently, along USPN. Under ETOD3, as shown in Fig. 4.15(c), the
profiles of mass flow rate and temperatures are slightly different from ETOD1’s.
Since the network’s storage capacity is not considered, the total amount of energy
injected into and drawn from the USPN must be equal at the time. Thus, the
average temperature of the network remains constant during the day. Since ETOD3
has a lower degree of freedom in manipulating the temperature of the network than
ETODI1, a smaller range of temperature variation is observed. In addition, ETOD3
maintains the average temperature of the network relatively higher for the same reason
as ETOD2.

The operation of ICE-Harvest under ETOD4 is illustrated in Fig. 4.15(d). The
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mass flow rate of the USPN is constant, and USPN has a constant average tem-
perature throughout the network. Moreover, ETOD4 has the slightest temperature
variation between all dispatch strategies and provides a relatively constant temper-
ature along the USPN. Also, the average temperature of the network is higher than
that of ETOD1, ETOD2, ETOD3, and ETOD5. The reason for that is, ETOD4
has less flexibility to change the temperatures at different nodes and, consequently,
a tighter temperature variation range. So, the average temperature is optimized to
reduce the electricity demand during peak hours when it has the greatest impact on
operation costs.

Unlike the other dispatch strategies, ETOD5 does not consider temperature vari-
ations by heat injection/rejection or losses/gains throughout the USPN. Therefore,
there is only one temperature for the USPN, as seen in Fig. 4.15(e). It is observed
that, similar to ETOD1, the temperature is lower during the early and late hours of
the day than during peak and mid-peak times. Moreover, the range of the network
temperature variation is similar to ETOD1. That is, the network temperature ranges
from 38°C to almost 58°C. This indicates that ETOD5 determined the optimal net-
work temperature using the relaxed model similar to the average temperatures at
different network nodes calculated by ETOD1.

Note that the temperature and mass flow rate variations do not affect comfort in
ICE-Harvest, since they relate to the network side of HPs, not the building side. In
other words, the buildings’ energy demands are fully satisfied.

Fig. 4.16 and Fig. 4.17 can complement the investigation of the performance
of ICE-Harvest under the developed dispatch strategies. Fig. 4.16 illustrates the

profile of the electricity demand and, thereby, the demand management capability
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of the system, while Fig.4.17 depicts the dumped energy via CT under the dispatch
strategies.

As depicted in Fig.4.16(a) ICE-Harvest under ETOD1 exhibits more flexibility
than ETOD?2 in taking advantage of cheap electricity during off-peak hours. However,
the electricity demand profile under each strategy is pretty similar during peak and
mid-peak hours, and ETOD1 outperforms ETOD2 only for a few hours. Fig.4.16(b)
illustrates that the electricity demand profile under ETOD3 is similar to ETOD2, but
the gap between the ETOD1’s and ETOD3’ is wider than that between the ETOD1’s
and ETOD2’s. In other words, ETOD3 has slightly fewer demand management ca-
pabilities than ETOD2.

The difference between the electricity demand profile of ETOD1 and ETOD4 is
even more significant than the previous two (see Fig.4.16(c)). It is observed that
ICE-Harvest under ETOD4 has not only lower flexibility to take advantage of low
HEP but also lower flexibility to minimize the electricity demand during the peak
and mid-peak hours, both of which lead to higher operating costs.

In Fig.4.17, it is demonstrated that under ETOD1, ETOD2, and ETOD5 dispatch
strategies, ICE-Harvest can utilize all of the harvested energy wasted in conventional
BAU. However, under ETOD4, a small portion of the energy is wasted via the CT.

As observed in Figs.4.16(d), the electricity demand of ETODS5 is consistently below
ETOD1’s; the green gap is not explained by ETODb5’s superior capability to reduce
electricity demand. The model used in ETODb is not accurate enough to estimate
the actual electricity demand of the system since it does not consider the electric-
ity consumption by WPs and temperature variations and losses along the network.

In a dominant heating location similar to ICE-Harvest, the network’s temperature
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Figure 4.16: Electricity Demand of ICE-Harvest Under Different Optimal Dispatch
Strategies.
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Figure 4.17: Dumped Power in the CT in BAU vs. ICE-Harvest Under Different
Dispatch Strategies.

decreases after each building, resulting in lower COPs of the subsequent heating
HPs, and, consequently, higher electricity demand than what ETODS5 is estimated.

This temperature drop phenomenon is not represented in the optimization model of

ETOD5.

4.3.6 Quantification of the simulation results

Table4.2 quantifies the comparison between BAU and ICE-Harvest. The operation
cost of ICE-Harvest under ETOD1 is CA$ 829 per day lower than BAU. The operation
cost of ICE-Harvest under ETOD1 is also lower than that under ETOD2, ETODS3,
and ETOD4. However, the operation cost under ETOD5 is CA$1545 per day, CA$110
below the ETOD1’s, which is due to the optimization model not taking all the details
into account.

The conventional BAU system dumps 2.65 MWh of energy into the atmosphere by
the CTs of the buildings. It is demonstrated in this study that ICE-Harvest has the

capability to harvest and utilize that energy; however, the utilization of the harvested
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Table 4.2: Results of the Operating Strategies vs. BAU

ETOD1 ETOD2 ETOD3 ETOD4 ETOD5 BAU

Operation cost(CA$) 1655 1670 1674 1757 1545 2484
Dumped Energy in CT (MWh) 0 0 0 1.29 0 2.65
Imported Electricity in Peak Times (MWh) 0 0 0 0 0 2.34
Imported Electricity in Mid-peak Times (MWh)  0.25 0.28 0.31 0.39 0 2.95
Imported Electricity in Off-peak Times (MWh) 6.69 6.33 6.27 5.86 6.07 1.82
On-site Natural Gas Consumption (m?) 3568 3627 3624 3807 3392 3581

energy depends on the employed dispatch strategy. Under ETOD1, ETOD2, ETOD3,
and ETODS5, 100% of the harvested energy is utilized, while under ETOD4, 52% of
that energy is used, and 48%, i.e., 1.29 MWh is dumped to the atmosphere via the
CT.

ICE-Harvest maximizes off-peak power usage and minimizes peak power use, re-
gardless of dispatch strategy. So, it does not import electricity from the grid during
peak hours, while BAU imports 2.34 (MWh). However, during mid-peak hours, ICE-
Harvest imports only 3.73%, 4.4%, 4.9%, and 6.6 % of the total imported electricity
from the grid under ETOD1, ETOD2, ETOD3, and ETOD4, respectively. However,
ETODb5 estimates the electricity import of the system during mid-peak hours to be
zZero.

In Ontario, Canada, gas power plants are the marginal power plants during the
peak hours to follow demand fluctuations. Therefore, any variations in electricity
demand during those hours will directly impact natural gas consumption and, con-
sequently, GHG emissions. However, the total natural gas consumption in Table
4.2 reflects only the on-site consumption and does not account for the natural gas
consumed in power plants to provide the electricity demand. So, ICE-Harvest that
does not import power during peak hours and burns natural gas in the CHP with

60-70% efficiency will not cause natural gas to be burned in the peak natural gas
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power plants with efficiency as low as 40%. Consuming less electricity during the
peak from gas power plants and capturing heat from the cooling processes implies
that the ICE-Harvest can reduce global GHG emissions. Also, ICE-Harvest can re-
duce the penetration rate of marginal power plants during peak hours and reduce the
curtailment of renewable power plants during off-peak hours, both beneficial to the

Ontario power grid.

4.4 Summary

This chapter proposes a detailed optimization model for the optimal dispatch of an
ICE-Harvest equipped with a USPN. An accurate quasi-dynamic mathematical model
for optimal dispatch of ICE-Harvest is developed, considering all the thermal and
electrical characteristics to provide a deeper insight into the model. The proposed
dispatch strategy accounts for temperature and mass flow rate manipulation, heat
transfer, hydraulic constraints, and the thermal mass of the pipeline. Further, the
optimization model incorporates constraints associated with the micro-electrical net-
work, such as power flow constraints, part-load limitations, and ramping constraints
of DERs.

The resultant optimization problem is an MINLP model that commercial solvers
could not solve in the desired time. To solve the problem, a novel decomposition
algorithm is proposed that breaks down the problem into two sequential layers, ETUC
and ETOD. ETUC is a linear relaxation of the original problem and aims to determine
the binary variables and a starting point for ETOD that uses the binary variables as
fixed parameters and the starting point to determine the optimal values for the rest

of the variables.
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The proposed optimal dispatch (named ETOD1) showcases the flexibility of ICE-
Harvest in performing waste energy harvesting and sharing, demand management,
and switching between electricity and natural gas in response to the HEP. Four addi-
tional optimal dispatches (ETOD2, ETOD3, ETOD4, and ETOD5) are developed to
explore further the necessity and effectiveness of the detailed modeling of the thermal
and electrical characteristics in the optimization model.

In ETOD2, the mass flow rate in the USPN is not manipulated at each time step
throughout the day and remains constant, but it is not predefined and determined
throughout the optimization. In ETODS3, the pipeline storage capacity is not included
in the model. ETOD4 does not consider the mass flow rate manipulation capability
and pipeline storage capacity, while the optimal mass flow rate is computed through
optimization. In ETODS5, it is assumed that the network temperature remains con-
stant along the network while it is an optimization variable. So, the temperature
losses, gains, or drops are neglected. In addition, the mass flow rates of the network
are not represented in the model.

ICE-Harvest under ETOD1 is more energy-efficient and economical than under
ETOD2, ETOD3, and ETOD4. Moreover, it exhibits more flexibility in altering the
electricity demand in response to HEP. By not considering the thermal dynamics and
heat transfer constraints, the ICE-Harvest’ advantages and capabilities are overesti-
mated under ETODb5. It is shown that the electricity demand of ICE-Harvest under
ETOD?5 is consistently below ETOD1’s. Moreover, the natural gas consumption un-
der ETOD?5 is less than the rest of the dispatch strategies. Nevertheless, this is not
due to the ETODb5’s greater capability, but rather to the insufficient accuracy of the
model. Under ETOD1, ETOD2, ETOD3, and ETODS5, the total harvested energy
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from the cooling processes is used, while under ETOD4, 48% of that is dumped into
the atmosphere via the centralized CT.

It is anticipated that the utilization of long-term geothermal storage and dis-
tributed CTs at buildings can help to minimize the dumped energy and maximize
energy utilization, especially for cooling-dominated locations. So, it is recommended

to expand this study further by incorporating those in the model.

79


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/

Chapter 5

Multi-objective Operation-Aware
Optimal Design of ICE-Harvest

System

The objective of this chapter is to develop an optimization framework for the op-
timal design and operations of of the ICE-Harvest system. For this aim, a novel
and detailed optimization framework for the optimal design and operation of the
ICE-Harvest system is proposed and then linearized. A multi-objective approach is
utilized considering the total annual cost (TAC) and GHG emissions as the objec-
tive functions. To assess the GHG emissions of energy systems, two approaches can
be envisioned; average emission factor (AEF) and marginal emission factor (MEF).
The AEF is calculated by dividing the total CO2 emissions of electricity generation
by total electricity generation over a given period [56]. This implies that a change
in demand will be spread equally across all generators, which does not match how

electricity markets function as the marginal generator will compensate for the change
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[56]. Therefore, AEF cannot properly reflect the effects of dispatchable demands on
GHG emissions. The MEF concept, defined by the marginal generator, tracks the
marginal change in the demand, and as such, it can reflect the actual change in GHG
emissions caused by a change in the electricity demand. This allows a more accurate
analysis of the benefits of manipulating the temperatures in reducing GHG emissions.
Finally, a Pareto front curve using e-constraint method is obtained, the compromise

solution is chosen, and its operation is discussed.

5.1 Mathematical Formulation

5.1.1 Energy Generation Centre

To maintain the linearity of the thermal section, the energy generation center (EGC) is
implemented as a single-node thermal power balance model ignoring the temperatures

and mass flow rates constraints.
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Combined Heat and Power Unit

The design and operation of the combined heat and power (CHP) unit can be modeled

by a set of linear and nonlinear equations, given below [45]:

ngg{Pelec _ ng'HP,elec . [C +b- Plccl:tHP +a- (Plg:tHP)z] (511>
PCHP
CHP,elec d,t
Nt = FomP (5.1.2)
dpt
PCHP
CHP dyt
PIGT = G (5.1.3)
gf{P,mam _ (FCHP PCHP) X ngHP,rec (514)
CCl:f{P,ma:c _ dt + QEX ,mazx (515)
_ kJW QCHPmaz (516)
thx < Qg (5.1.7)
o= Qi + Qi (5.1.8)
| CHP HP| < WCHP OapCHP (519)
CapCHP,min . Ugcgp < CapCHP < C«apCHP,ma:c Ug(gP (5110)

where Ugq, in this chapter signifies the existence of the asset.

Thermal and Electrical Energy Storage Systems

The detailed formulations for operating thermal and electrical storage systems units
have already been introduced in chapter 4. The capacities of the stratified hot water
tank (SHWT) and battery energy storage (BES) are defined as the volume of the tank
(Cap™™9) and the maximum energy stored in the BES, respectively. The following

equations are used to accommodate the capacities of the SHWT and BES in the
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model.
SOCSHWT — CapSHWT . o cp . (Th — T°) (5.1.11)
CapSHWT,min . UgZ;WT < CCLpSHWT < CapSHWT,maa: . gngT (5113)
C&pBES,min . UCBaEpS < C(lpBES < CapBES,max . CBaEpS (5114)

Natural Gas Boiler

The operation of the NGB has already been explained in 4. The following equation

relates the output heat power of the NGB and its capacity.

QYFP < Cap™P (5.1.15)
QYFP — QYR < WV CapN P (5.1.16)
CapNGB,min . UéVa(;B S C’apNGB S CapNGB,max . éVaG’pB (5117)

Heat Exchanger

The thermal power balance at the heat exchanger (HEX) connecting the EGC and

unidirectional single-pipe network (USPN) is as follows:

HEX = QI + Q)PP + QIS (5.1.18)
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The following constraint describes the heat transfer across the HEX and relates two

time-steps in a row.
HftEX _ mdUSPN Cep® - (Tl-dePN _ Tlgf_)lf) (5.1.19)

Finally, the capacity of the HEX is defined by its area (AHEX) as stated in the
following equation:

HiPY = UEEX - ATEX ATy (5.1.20)

Cooling Tower

The operation of a cooling tower (CT) has been described in Chapter 4. The capacity
of the CT is defined by the circulating water and can be expressed by the following

set of equations.
gy < Cap®” (5.1.21)

The on/off operation state of the CT (UF/") is constrained by the existence of the

unit, which is decided by UB“":

CapCT,min . UCap S mg:}:/v S OapCTvmax . Ugg (5122)
USt <USt (5.1.23)
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5.1.2 Micro-Thermal Network

Unidirectional Single-Pipe Network

The detailed mathematical model used to describe the temperature drop and heat
losses, pressure drop resulting from the friction, and water pumps’ (WPs) electricity
consumption are presented in Chapter 4. The only part that still needs to be added
to the USPN’s model is the maximum thermal energy that can be transferred by the
pipeline, or in other words, its capacity:

Np

> Q") < CapSTN (5.1.24)

B=1

Buildings and Heat Pumps

The mathematical model and the corresponding linearization proposed to describe
the buildings and heat pumps (HPs) are introduced in Chapter 4. The remaining

part corresponds to the capacity design of the HPs and chillers which is as follows:
load, H HP,H load,C HP,C
aip < Capp ", Qu % < Capp (5.1.25)

Thermal Power Balance in USPN

The thermal energy balance in the USPN is described as follows:

Np Np
HEX inj j loss,b CcT
dt = Z( Z;,Lt],B - :litj,B) + Z Qd?fs + Qd,t (22a)
B=1 b=1
HEX CHP SHWT NGB
dt T Ydt + Qd,t + Qd,t (22b)
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5.1.3 Micro-Electrical Network

A single-node power balance model is developed to describe the micro-electrical net-
work without considering losses and reactive powers. The electrical power balance

can be written as

Np NWP
PCHP PBES+PPCC Z PloadB +Z dtl PCTfan (5.1.26)
B=1
Péota% Pgltu]g + P;{tpé{ + P;{tljgc (5127)

where the system is assumed to be behind the meter and not allowed to export
power to the grid. Two types of electrical loads can be assumed; controllable and
uncontrollable loads. Uncontrollable loads are plugin loads, air conditioning, etc. and

controllable loads are HPs and WPs

5.2 Optimization Problem

The optimization problem is represented by a mixed-integer non-linear programming
(MINLP) model. To maintain a linear optimization problem, the nonlinear equations
are linearized, so that the resultant optimization problem is a mixed integer linear

programming (MILP) problem and is solved by CPLEX.

5.2.1 Linearization of the Model
CHP model

Non-linearity in the CHP model corresponds to Egs. (5.1.1)-(5.1.3). To tackle this

issue, these equations are merged, and the resultant equation is linearized, as follows:
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Fi' = a- PGP 4+ - Cap®t'? (5.2.1)

However, this equation does not work for the case that CHP is off, so it is modified

by including the ON/OFF status of the CHP unit, as shown below:

FC’HP PCHP 4 ﬂ . C'apCHP UCHP (522>

Although there is still another non-linearity from the product of a binary variable

(USH'F) and a continuous variable (Cap®”?), this non-linearity has an exact linear
representation by considering (IDCH P—Cap®™? .U gtHP , as follows:

G < Cap®* (5.2.3)

LBCHP UCHP < q:)CHP < UBCHP UCHP (524)

q)CHP < C’apCHP ( UCHP) LBC’HP (525)

(I)C'HP > O&pCHP ( UCHP) UBCHP (526)

q)C'HP < CapCHP ( UCHP) UBCHP (527)

oG PICHE < PO < @TTP (5.2.8)

Mass Flow rate in USPN

The mass flow rate in USPN (1mY%F") is not an optimization variable, as it will
not have a significant effect on the optimal sizes of the components, which are the
preliminary goals of this optimization problem. Therefore, i is determined in

the preprocessing stage using Eq. (5.1.18) under the worst-case scenario.
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HPs Model

Nonlinearity exists in the HPs are linearized by the approach proposed in Chapter 4.

5.2.2 Objective functions

The objective functions of the optimization problem are TAC and GHG emissions.
TAC includes capital expenditures of the selected units and operating costs such as
operation and maintenance of equipment, imported electricity, and fuel consumption.

GHG emissions are narrowed down into CO4 levels.

TAC

The following equation describes the TAC of the system.

Nd Nt
TAC =1C+ Y Y (OMCyy+ FLCyy + GCqy + WCay) (5.2.9)

d=1 t=1

where the following linear expressions are employed to estimate the investment (/C)

and operation and maintenance (MC') costs of each component [2]:

IC =) IC" - CEPCH (5.2.10)
q€Q
IC"=kf - (FC? UL, +VC Cap?) (5.2.11)
OMC =Y OMC* (5.2.12)
q€Q
OMC = OMF9 - ICY (5.2.13)
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The fuel costs (F'LCy,), grid costs (GCqy), and water consumption costs (WCy,) are

calculated by:

FLCyy = Priv - (Fg/'" + FP) (5.2.14)
GCqy = Priye- P17 (5.2.15)
WCyy = Prv -mgy’ (5.2.16)

GHG Emissions Calculation

The sources of GHG emissions in the system are CHP, NGB, and grid. There are
two approaches to evaluating the GHG emissions. In the first one, AEF is used as
the grid’s emission factor, which is determined by dividing the total CO, emissions
of generators by total electricity generation, over a given period. Thereby, a change
in demand will be spread equally across all generators. This approach does not take
the effects of demand response and controllable loads on GHG emissions into account
as, in reality, the change in demand will be compensated by the marginal generator,
not all generators.

In the second approach, changes in the generation of the marginal generator are
the main criteria to evaluate the emissions of a system with controllable loads. With
this approach, base loads (noncontrollable loads) are handled by base-load generators,
and marginal changes in demand are compensated by marginal generators. Therefore,
to calculate the GHG emissions resulting from the noncontrollable loads, AEF is used,
whereas MEF' (emission factor of the marginal generator) is used for controllable loads.
BES can act as a positive or negative controllable load; that is, during charging, it

pulls power from the marginal generator, while during discharging, it reduces the
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power of the marginal generator. So, the total GHG emissions by ICE-Harvest can

be written as follows:

Ng Ny Ng
GHG = 355 EN + ABRy P+ MR (S — Py
Nw p

CT,fan BES,ch BES,dch
+ Y (PE) + P PP — PEEREN) (5.2.17)
=1

where it is assumed that, when CHP unit is working, it plays the role of a marginal

generator and determines the MEF.

5.2.3 Implementation of e-constrain method

To solve the multi-objective optimization problem, e- constraint method is employed,
in which one of the objective functions is optimized, and the other one is turned into
an extra constraint for the problem [57]. In this study, TAC is maintained as the
objective function to be minimized while restricting GHG emissions within certain

limits. This can be expressed as follows:

min TAC
st. GHG <e (5.2.18)

Rest of the Constraints

As these two objectives tend to be in conflict, the final solution of the optimization
will be a set of points that lie on the Pareto front that presents the compromise
between the two criteria. Then, a fuzzy logic-based method is utilized to determine

the best compromise design solution for the ICE-Harvest.
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Table 5.1: Simulation Parameters

FrCc vc OMF CEPC Parameters
CHP 125 500 0.015 1.091 a =2.48,3=0.39,ksyy = 0.6
NGB 23307 20 0.020 1.091  n)Y98 =0.8wNE =0.5
SHWT 125 156.3 0.015 1.091 T" = 80,T° = 60
BES  40.72 170.7 0.015 1.091
HP 12195 327.1 0.008 1.055  TsB¢ =10,TsP" =80
HEX  -207 267.7 0.015 1542 UHEX =3.942 TIM = 27
CT 3402 0.104 0.015 1 Neyeles = 6,EVF = 0.03
Pipe 0.003 1130.5 0  1.166 BPF =08

5.3 Simulation Studies and Discussions

For this study, real loads and meteorological data from a real case study in Ontario,
Canada, are used. Regarding the electricity price, hourly Ontario electricity price
(HOP) is employed. For the sake of simplicity, we consider a design day with an
hourly resolution for each season (Winter, Spring, Summer, and Fall) to run the
one-year simulation. The life span of the system is assumed to be 30 years, and the
simulation data is given in Table 5.1. The optimization variables are capacities of the
components, installation of the components, and operating variables such as on/off
states of units, outputs of units, temperatures at different spots in USPN, COPs of
HPs, fuel consumption, etc.

Results illustrate that relaxing the GHG emissions constraint displaces the TAC
from the top left of the Pareto front to the bottom right (upper plot in Fig. 5.1).
In the bottom of Fig. 5.1, the optimal configurations of the system obtained from
the different points in the Pareto front are observed. Tightening the GHG emissions
constraint leads to larger CHP and BES units and, consequently, a smaller NGB. It

is important to notice that the NGB is installed once the GHG emissions overpasses
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Figure 5.1: Pareto front (top) and the corresponding capacities of the components
(bottom) relative to the GHG emission level.
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600 tons. This is related to the fact that the CHP can generate both thermal and
electrical energy at the expense of large investment costs. This would lead to more
electricity being utilized in the HPs to mitigate the lack of another thermal energy
source while avoiding large electricity imports from the grid. The HPs and CT ca-
pacities experience a slight decrease when TAC increases, but their variability is not
so pronounced. The red rectangles in the Pareto front and system configuration plots
distinguish the compromise design solution. In the compromise design solution, the
TES achieves its maximum capacity, and the NGB is not required in the ICE-Harvest
system. Note that, CHP is not the only source of heat in the system; there is also
harvesting heat via cooling HPs, which provides a great deal of heat in the system.

The optimal operation of the system for the compromise configuration in different
design days is illustrated in Fig. 5.2. In the winter, CHP represents the main thermal
energy source, and storage systems have minor contributions. However, in other sea-
sons, BES and TES have a critical role in correcting any kind of unbalances between
supplies and demands. In the spring, TES is charged during the day and discharged
during the night. CHP is partially utilized to charge the TES and meet the elec-
tricity demand when the electricity price is proportionally high. As expected, only
during the summer, when the heating requirements are lower than the cooling, the
CT participates in the system’s operation by dumping the extra heat and decreasing
the temperature of the USPN.

Several factors can affect the temperatures of different spots in the USPN, such
as the type of previous HP (cooling or heating) and the size of its load, electricity
price, etc. In Fig. 5.2, the average temperature at different spots in the USPN is

shown in red dots for each season. It is observed that the average temperature in
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winter is relatively high during the day. This is because the heating load of the system
during the winter is so much higher than the cooling load, so the heating HPs are the
dominant electrical load in the system. Therefore, by increasing the temperature of
the USPN, the electricity demand for the heating HPs decreases while the electricity
demand for cooling increases. This leads to lower electricity consumption in the
winter, in which the peak demand of the Ontario grid occurs. However, during
spring, the average temperature is even higher than that in the winter. The heating
and cooling loads are almost at the same level, and electricity price is lower due to
the curtailment of renewable sources in the power grid. Thus, the optimal solution
is to consume more electricity in the cooling HPs from the grid than burning natural
gas in CHP to provide the heating load. It is also noticed that when cooling demand
is high, the average of temperatures in the USPN decreases, so the COPs of cooling
HPs increase, and the electricity consumption and heat rejection from the HPs to
USPN decrease. This also leads to lower energy waste in the CT. Note that, the
higher the temperatures in the USPN, the higher the electricity demand for cooling
HPs, and the greater the heat rejection from the USPN.

The capability of the ICE-Harvest system to manipulate the temperatures in the
USPN to alter the electricity demand is demonstrated. Aside from this, the ICE-
Harvest system has the capacity to diminish the energy that would have been curtailed
in Ontario’s power grid during the spring, by switching from natural gas consumption
to electricity consumption. It is worth mentioning that demand response occurs
in the ICE-Harvest system without affecting the comfort level of the occupants, as
temperature manipulation takes place in the USPN and not in the buildings. In

addition, 1072.409 MWh of energy has been harvested from the cooling HPs that
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Figure 5.2: ICE-Harvest system’s operation in each design day.

would normally be wasted in the CTs of the buildings.

5.4 Summary

This chapter tends to provide an accurate optimization model for the optimal design
and operation of the ICE-Harvest system. The resultant nonlinear optimization model
is linearized, and a multi-criteria approach is utilized considering TAC and GHG

emissions. The MEF approach is applied to calculate GHG emissions and showcase
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how dispatchable loads can reduce them. Finally, a Pareto front is obtained, and the
compromise solution is determined. An increase in TAC to reduce GHG emissions is
directly associated with a higher capital investment in CHP capacity. In addition, the
compromise optimal configuration depicts the predominant participation of the CHP,
SHWT, and BES in the operation of the ICE-Harvest system. Then, the capability of
the ICE-Harvest system to manipulate the temperatures in USPN to maximize energy
utilization and demand management without affecting the comfort of the occupants
is demonstrated. In addition, it is shown that 1072.409 MWh of energy is harvested
for the case study that would normally be wasted in conventional district heating

networks.
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Chapter 6

Long-Term Operation
Optimization of ICE-Harvest

System

The objective of this chapter is to develop a long-term optimization framework for
the ICE-Harvest system to exploit the system’s full potential in minimizing cost and
GHG emissions by coordinating all the assets, realizing demand response and energy
arbitrage, and energy harvesting and sharing. In this chapter, the full configuration of
the ICE-Harvest system is implemented, taking into account the geothermal borehole
field (GBF), direct heating (DRH) and direct cooling (DRC), and COP saturation.
For optimization, the problem is formulated as a mixed-integer nonlinear pro-
gram (MINLP) that accurately describes the physical behavior of the system. The
MINLP problem is then linearized into a mixed-integer linear program (MILP) that

encapsulates the most relevant aspects and features.
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6.1 Mathematical Model

6.1.1 Micro-Thermal Network

The micro-thermal network comprises an energy generation center (EGC) and a uni-
directional single-pipe network (USPN), as shown in Fig.6.1. In the EGC, distributed
energy resources (DERs) such as CHP, NGB, stratified hot water tank (SHWT), and
GBEF are installed in series to an HEX via a high-temperature header. The GBF is also
connected to a mid-temperature header, linked to the high-temperature header via

an HP. The mathematical models used to describe the CHP, SHWT, NGB, CT, and

USPN

Figure 6.1: Schematic representation of the micro-thermal network of ICE-Harvest.

pipeline are fully explored and discussed in Chapter4. For the long-term operation

optimization study of the ICE-Harvest system specifically, the exact mathematical
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models proposed in Electrical and Thermal Unit Commitment (ETUC) explained in
Chapter4 are utilized to maintain the linearity of the problem.

In the USPN, a group of buildings and their energy transfer stations (ETSs)
are connected in series with a cooling tower (CT). In addition, there is a path that
connects the USPN to the GBF via an ETS to store the excessively harvested energy
in the GBF.

6.1.2 Energy Transfer Station

In the ICE-Harvest system, the ETS comprises an HP and an HEX that can be
utilized for both heating and cooling purposes (see Fig. 6.2 ). This combined setup
enables more efficient energy transfer based on the temperature of the USPN.
When the USPN temperature is sufficiently high for heating (or cold for cooling),
heat transfer occurs directly through the HEX, eliminating the need for electricity
consumption. However, if the USPN temperature is not suitable for direct heating (or
cooling), the HP is employed to adjust the temperature by consuming electricity. The
USPN temperature directly influences the electricity usage of the HP. As the USPN
temperature approaches the desired temperature at the receiving end, the electricity
consumption of the HP decreases, and vice versa. Therefore, it can be stated that the
ETS plays a crucial role in managing electricity demand in the ICE-Harvest system.
The mathematical formulation devised to represent the parallel operation of the
HEX and HP in ETS, considering HP’s COP saturation, exhibits nonlinearity and

nonconvexity. However, to simplify the equations, various techniques are employed
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USPN

Figure 6.2: Schematic representation of the ETSs in a building
to linearize them, which are elaborated as follows.
T;:USPN > Tvtsc . (1 _ Utc _ Uth) + (T;:SC _ ATC) . Utc + (Tsh + ATh) . Uth
T;tUSPN S Tsh . (1 o Uth) + T’maa: . Uth

ﬂUSPN o Tsh o ATh < (1 . Uth) M

jﬂtUSPN _ Ttsc + AT* < (1 - Utc) M

100
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Heating

In the given context, the binary variables Uf and U}' are responsible for the real-
ization of DRC and DRH, respectively. The constraints presented above establish a
connection between these binary variables and the temperature of the USPN.

In Chapter 4, which presents the linearization of a single HP, the explanation
primarily revolves around utilizing the inverse of COP, denoted as POC, instead of
COP in the equations, while the implementation of HP’s COP saturation and DRC
and DRH are not covered in that particular chapter. The subsequent set of equations
is intended to establish a relationship between the COP (or POC) of the HP and
DRH.

Tsh + T;:USPN
(Tsh + 273.15) - 1,

POCH = (6.1.5)

POC = max{POC!, POC™"} (6.1.6)

where POC! is the inverse of COP of the HP that is theoretically computed. In order
to add the COP saturation, POC?“ is defined as the actual POC.

If DRH occurs, Ul is 1, then HP is bypassed by the HEX. Hence, the COP of HP
and, consequently, its electricity consumption cannot take any values. Therefore, the

following equations are developed to take care of that.

POCU! = POC!™ . (1 — UM (6.1.7)

pltEh — gload . poCU} (6.1.8)
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Hlead — pHPh Lt (6.1.9)

Cooling

In the case of a cooling HP, if the temperature is sufficiently low, it becomes possible
to directly meet the cooling demand by utilizing the HEX, bypassing the heat pump.
DRC allows for more efficient cooling operations by leveraging the lower network
temperature for direct cooling supply. If the network temperature is higher and the
cooling demand cannot be met directly through the HEX, the cooling HP comes into
play to lower the temperature. The following set of equations, similar to those used

for the heating HP, represents this cooling operation.

T%USPN _ TSt

POCH = (T's; + 273.15) - 1, (6.1.10)
POCH = max{ POC¢, POC™"} (6.1.11)
POCUf = POC? - (1 - U?) (6.1.12)
pltte — gload . pOCU? (6.1.13)

H¢ = Cload 4 plibe (6.1.14)

Here, the equations possess non-linear terms that need to be linearized. These
required linearizations are developed in the subsection 3.1.2. The same approach as

the one presented in this section is utilized to represents the parallel operation of the

HEX and HP that connect the GBF and USPN.
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6.1.3 Geothermal Borehole Field

The GBF represents an underground structure comprising an array of boreholes de-
signed to store significant amounts of thermal energy. In the ICE-Harvest system,
this unit receives thermal energy from two distinct pathways (see Fig.6.3). The first
pathway involves a direct transfer from the CHP via a HEX that connects to the
hot header located within the EGC. The second pathway is in USPN, through the
combined use of a heat pump (HP) and a parallel HEX. This energy would be wasted

in the cooling tower (CT) in Chapter 4. When it comes to discharging, the GBF re-

EGC USPN

Figure 6.3: Schematic representation of the GBF.

leases the thermal heat to the mid-temperature header within the EGC. Subsequently,
an HP facilitates the enhancement and transmission of the thermal heat to the high-

temperature header. Further elaboration on the mathematical modeling of the GBF’s
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charging and discharging processes can be found in the subsequent sections.

It is assumed that the GBF, as the long-term thermal storage, remains constant in

its charging and discharging state throughout the day, while its power level may vary

hourly. On the other hand, the SWHT, which functions as the short-term thermal

storage in the system, is responsible for handling minor fluctuations between the

thermal supply and demand, and its charging or discharging state can change every

hour.

EGC Side

Dch,GBF Dch,GBF HP,EGC
Hy™ = Hsgy" + Py

Hthch,GBF _ PdHtP,EGc .CO PCZP,EGC

GBF __ GBF GBF Chr,GBF Chr,GBF
SOCd,t - SOCd,tfl " Mioss + (Hd,t n )_

Dch,GBF ;,_Dch,GBF
Hsgy /n )- AT

max

SOCSPF < S0CSEr

EMC,GBF __ ;yDch,GBF Chr,GBF
Hd,t - Hdt - Hdt

Chr,GBF Chr,GBF Chr,GBF
Hy, < U, X Hyron

Dch,GBF Dch,GBF Dch,GBF
Hsg, < U, X Hyroy

104

(6.1.15)

(6.1.16)

(6.1.17)

(6.1.18)

(6.1.19)
(6.1.20)

(6.1.21)


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/

Ph.D. Thesis — A. Lorestani; McMaster University — Mechanical Engineering Department

USPN Side

In the Energy Transfer Station section, a comprehensive description of the HEX and
HP operation, along with their mathematical representation, is provided. The same
approach can be used to represent the HP and HEX connecting GBF and USPN, as
follows:

HEST 4 gfl < gy et (6.1.22)

where this constraint is to ensure that the total recovered heat from the cooling

process is higher than the summation of the energy rejected by the CT and sent to

the GBF.

th + TgtSPN

POC,, = T, 2m05) (6.1.23)

POC;Y = max{POC™", POCy;} (6.1.24)

Uy, P05t < pip < Uy - pREUSPN (6.1.25)

Uy - HEE2ST < g HRST <y, pHE2ST (6.1.26)

Ujyy < Uay s Ugy +UPMEPE <1, UL+ UPMEPE <1 (6.1.27)

H R2ST signifies heat recovery to storage, which means the recovered energy stored
in the GBF. U}, indicates whether the charging of the GBF from USPN is occurring
by HEX or HP, where a value of 1 indicates that the HP is responsible for charging,
and a value of 0 indicates that the HEX is responsible, and U, signifies if charging
CBG from the USPN is being realized at all. Uj, and U$P" are mutually exclusive
with UdD ch.GBE meaning that if GBF is discharging, then GBF cannot be charged

from the USPN at that time step.
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However, it is important to note that the same mathematical model cannot be
applied to represent the HEX and HP of the GBF. This is due to the fact that
in buildings, the heating (and cooling) loads are predetermined, allowing the 6.1.8
and 6.1.13 to be linear. In GBF, the corresponding parameter in the model is the
amount of total heat sent to the GBF', denoted as Hﬂ", which is variable, introducing
an additional nonlinearity. The objective is to mathematically model the parallel
operation of the HEX and HP that connect the GBF and the USPN. The proposed
approach involves the development of a linear regression model to approximate the
relationship between Hdc:t}” and its influencing factors, which are the actual COP of
the HP and the recovered energy stored from the cooling processes that are sent to
the GBF.

The regression model is formulated using the following equation,
HSIm = U] - (ky + ko - HIEFST + ky - POCSS) (6.1.28)

Here, ki, ko, and k3 are the regression coefficients associated with the respective

variables. The influencing factors considered in the regression model include HZR25T

and POCST.

By applying the nonlinear mathematical model to fit the data into the regression
model, the value of H{}" based on the known values of H;}**" and POC{{. This
linear regression approach provides a simplified representation of the relationship
between the variables, enabling more efficient modeling and analysis of the parallel
operation of the HEX, HP, and GBF within the USPN context.

Fig. 6.4 depicts the training data that has been fitted to the model, along with

the corresponding estimated values. Notably, it can be observed that there is a strong
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Figure 6.4: 3D plot for the fitted regression of GBF’s COP

agreement between the fitted data and the estimated values, indicating a favorable
alignment between the two.

The following set of equations is used to ensure

(1= Up) - BT 4 (U, = U)) - (T] + AT) < TS (3h)

The high-temperature header in the EGC is connected to the pipeline in the
USPN by a HEX. This allows the thermal energy generated by the different DERs
to be transferred to the pipeline in the USPN. The following thermal energy balance

expresses this:

HI'PX = HOMP 4 HYNOP 4+ HEMVT 4 HEPE (6.1.29)
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Pipeline

The thermal and hydraulic constraints associated with the USPN are discussed in 4.
a simplified version of the proposed model fo pipeline in 4 is used in this chapter.
The pipeline in the USPN is the medium through which thermal energy is exchanged
between HEXs and HPs located in the buildings, the CT and the GBF. However, the
total injected thermal energy is not necessarily equal to the total rejected energy at
each time step. This feature turns this pipeline into a defacto thermal storage system,

which can be mathematically stated as:

SOCYSPN — SOCYSPN 4+ HYSPN . Ar (6.1.30)

where SOCTPP signifies the storage level of the pipeline, and it can also be expressed

as:

SOCUSPN MUSPN . o5 (TdUtiI;N TtUSPN> (6.1.31)
SOCUIPN < SOCTPPN < sOCTIN (6.1.32)
SOCUSPN — NUSPN . pyw . TUSEN (6.1.33)
SOCUSPN — NfUSEN . cpyw . QUSPN (6.1.34)

Here T72"" is the average temperature in the pipeline, and HJ 7" refers to the total
heat of the pipeline, including both injections and rejection. To better understand

that, the following is the thermal energy balance in the USPN:

HYEX = gUSPN Z HYYy — Oy + Hyos + HST + HPFST (6.1.35)
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where Hfl’? 5 and Cji/} represent the injected heat from the USPN to the heating

HPs and harvested energy from cooling processes, respectively.

6.1.4 Micro-Electrical Network

The micro-electrical network consists of electrical loads, a BES, a CHP system, and a
micro-distribution network. In the long-term optimization, the mathematical model
employed to describe the micro-electrical network is identical to the model utilized in

the ETUC discussed in Chapter 4.

6.2 Optimization

The optimization problem is to determine the optimal dispatch of all devices and
energy resources over a one-year horizon. The objective function is comprised of
operation and maintenance costs and subject to the constraints presented in the

previous section and those that are cited from Chapter 4.

365 24
O™t =3 "N (CSI + €8P + 0SPM + OSy, + CSPY)) (6:2.1)

d=1 t=1
CSftLel — (FNGB 4 pCHP) . ppfue . A7 (6.2.2)
CSFOC = (PI - HER™ — P - HEP{™) - Ar (6.23)

3
CSPEM = Z(ptg . Pro:OtM) (6.2.4)
g=1
3
CS5Y = (SU§, - ProsU + SDY - prosP) (6.2.5)
g=1

CSY, =y Pr - At (6.2.6)
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6.2.1 Linearization

To simplify and handle the non-linear terms within the proposed non-convex MINLP
model, various linear approximations have been devised. Specifically, the lineariza-
tions for the CHP and HP, excluding COP saturation, were previously discussed in
Chapter 4. Furthermore, the linearization method for the GBF USPN-side HP was
presented earlier in its corresponding subsection. The following is the linearization
approach developed for any HP and HEX employed in the system, whether it is
the ETS of the buildings or the GBF. The equations provided below are specific to
a heating ETS, but the same equations can be applied to other HPs parallel with
HEXs.

HEXs/HPs Model

Some of the equations in the model that described the parallel operation of HEXs and
HPs have to be also linearized. For instance, COPs are reformulated by implementing
a new set of linear equations with new variables, named POC'; and POCY 5. These

new variable are the inverse expressions of C’OPZ}B and COP; g, respectively:

Pl = Hi%' - POCYy | Pl = Cl%t - POCY (6.2.7)
TSh _ TUSPN

POC!, > t 6.2.8

BB = b Tsh 4-273.15 (6.2.8)
TUSPN — Ts

POCE, > — 6.2.9

BB s - Tse 4 273.15 (6.29)

POCin < POCY 5 < POCigy (6.2.10)

POCyin < POC; 3 < POClgy (6.2.11)
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Here, the linearization of Eq. 6.1.6 requires the definition of the binary variable

y and the following equaitons:

POC, — POC™™ < M -y,

act

act

Then, another set of eqgs. is defined:

POCEt > POC,

POC > pOC™™

act

POCH < POCy + M - (1 —y;)

POC < POCI" + M -y,

act

To represent the saturation of the HPs, the following eqs. are required:

Tsh - ch + ATe
(Tsh 4 273.15) -

POC}™ =

Tmazr _ Ttsc
(T3¢ + 273.15) - 1.

POCI™ =
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There is a relationship between y and Uf and U}, which is highlighted in the following

set of eqs.:

Us+ UM <1

yt+Uth§1

Ur<1

Now, Eq. 6.1.7 is linearized by using the following set of equations:

0 < POCU! < POC;™=

POC™m . (1 — UM < POCU! < POC™ . (1 — U

act

POCM™ — (Ul POCI™™®) < POCU!M < POC!™ — (U! - POCT™)

act

POCU!M < POC!M™ + (Ul - POC™®)
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6.3 Simulation Studies and Discussions

6.3.1 Test System Description

The effectiveness of the proposed long-term optimal dispatch strategy is validated by
utilizing data from an actual case study conducted in Ontario, Canada. This partic-
ular study focuses on four public complex buildings—namely, a residential building,
a library, a seniors’ center, and a YMCA—all located behind the meter. Fig. 6.7 de-
picts the hourly energy demands of the system during the course of the year. As for
the hourly electricity price, the most recent suggested Time-of-Use electricity tariff
by Ontario Energy Board is used, according to which the weekly electricity price has
profile shown in 6.6.

The capacities of DERs and other relevant parameters are determined using the
methodology outlined in the publication by Cotton et al. [44]. The USPN has a
length of 1000 m, and the initial states of charge for the GBF, BES, and SHWT are
considered as optimization variables. The simulation time interval is set at 1 hour. In
this system, it is assumed that the GBF remains consistently either in a charging or
discharging state throughout the day, with its power level potentially varying hourly.
Conversely, the BES and SHW'T, serving as short-term thermal storage components,
are responsible for managing minor fluctuations between supply and demand. Con-

sequently, their charging or discharging state may change every hour.

6.3.2 Community-Wide Waste Heat Harvesting and Sharing

To gain insights into the effectiveness of the ICE-Harvest system in community-wide

waste heat harvesting and sharing, the cumulative heating and cooling demand of
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Figure 6.5: Instantaneous Energy Demands in ICE-Harvest System
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Figure 6.6: Time-of-Use Electricity Price

the community is presented in Fig. 6.7. It is evident that in this community, the
total heating load surpasses the cooling load during the winter, whereas the cooling
load exceeds the heating load during the summer. This observation helps to better
understand the system’s performance.

As thoroughly explained and showcased in Chapter 4, the ICE-Harvest system
achieves waste heat recovery through the utilization of cooling ETSs. The total
energy supplied by each cooling ETSs is the combination of the building’s cool-
ing /refrigeration load and the electricity consumed by the HP. The proportion of
these two components is determined by the COP of the HPs, which, in turn, depends
on the optimization variable of the network temperature. Fig. 6.8 displays the ratio
between the electricity consumption of the cooling HPs and the cooling/refrigeration
loads in the system for each month. It is illustrated that, during the summer and
spring, the cooling loads/refrigeration significantly dominate the electrical consump-
tion of the cooling HPs. This dominance of cooling loads over electrical consumption
is still present during colder seasons, although the difference is not as significant.

It can be observed in the pie-chart that the proportion of electricity consumption
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Figure 6.7: The Cumulative Heating and Cooling Demands.

for the cooling heat pumps is 21%, while the remaining 79% is attributed to the
cooling loads. This indicates that the annual COP of all cooling ETFs together is
4.762, which is notably higher than the annual COP of individual cooling HPs alone,
which would be below 3.

Regarding the utilization of the harvested energy, Fig. 6.9 demonstrates that
in colder seasons, the majority of the harvested heat is instantly shared within the
community to fulfill the heating demand. Conversely, during the summer months,
when cooling demand rises and heating demand declines, a larger proportion of the
harvested heat is stored in the GBF.

Furthermore, it is observed in the pie-chart of Fig. 6.9 that only 1% of the
harvested energy is discarded by the CT. However, this energy dumping occurs ex-
clusively during the months of July and August, as depicted in Fig. 6.8. During this
period, the harvested energy primarily originates from the Heat Exchanger (HEX)
and cooling loads, with the electrical consumption of the cooling HPs making a min-

imal contribution. Consequently, we can conclude that no energy is consumed by the
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Figure 6.8: The Breakdown of Sources of Harvested Heat from Cooling Process

cooling HPs to harvest the energy that is subsequently dumped by the CT.

6.3.3 Overall Performance of System

The temperature of the network serves as one of the primary driving forces for the
phenomena discussed in this chapter and those to be discussed later. Fig. 6.10 depicts
the monthly average network temperature throughout the year. It can be inferred
that the average network temperature is higher during the colder seasons compared

to the warmer seasons. This can be attributed to the fact that a higher network
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Figure 6.9: The Breakdown of Utilization of Harvested Heat from Cooling Process.

temperature results in a higher Coefficient of Performance (COP) for heating Heat
Pumps (HPs), leading to lower electricity consumption. As shown in Fig. 6.7, dur-
ing the winter and fall seasons, heating demands outweigh cooling demands, hence
increasing the network temperature reduces the total electricity consumption of the
system. Similar reasoning applies to the warmer seasons, where lower network tem-
peratures lead to the decreased total electricity consumption of the system due to
the dominance of cooling demands over heating demands. Furthermore, lowering the

network temperature results in reduced energy injected into the network from cooling
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Figure 6.10: Monthly Network Temperature Over the Year

processes, which is advantageous during the warmer seasons when heating demands
are minimal.

Fig. 6.11 presents the monthly total electrical power generated by the CHP unit.
As anticipated, it is evident that, in line with the network temperature, the CHP
system generates more energy during the colder seasons compared to the warmer
seasons. This can be attributed to the higher heating demand during the colder
seasons. Conversely, during the warmer seasons, the heating demand is considerably
reduced, and as shown earlier, a significant portion of the harvested energy from
cooling processes is directly stored in the GBF. It is important to note that this
figure only represents the monthly operation of the CHP and does not account for
hourly variations. In other words, there may be specific hours during the summer
when there is no cooling demand and, subsequently, no harvested energy. During such
times, the CHP system may provide the required heat power for the system. More
details about the hourly operation of the system have been discussed in Chapter 4.

To provide further clarity on the monthly operation of the CHP system, Fig. 6.12
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Figure 6.11: Monthly Electrical Power of CHP

showcases the surplus heating energy generated by the CHP stored in the GBF'. It can
be observed that during February and December, only a negligible amount of heating
energy is sent to the GBF for storage. In January, the entire heating power of the
CHP is either immediately utilized by the heating demand or stored in the SHW'T
for same-day usage. As mentioned earlier, during the summer season, a substantial
quantity of the CHP’s heating energy is stored in the GBF.

Regarding the analysis of electrical demand, Fig. 6.13 presents the breakdown
of electricity consumption within the system. It can be observed that 47% of the
total electricity consumption is attributed to plugin loads. Heating HPs account for
approximately 29% of the total electricity consumption, which is more than three
times higher than the 8% consumed by cooling HPs. In the third position, the HP
in the EGC utilized for GBF discharging is, while the other HP of the GBF in the
USPN contributes only 2% to the total electricity consumption. Fig. 6.14 showcases
the distribution of electricity consumption by the cooling HPs according to Time-

of-Use. The figure reveals that a minor portion of electricity consumption occurs
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Figure 6.13: Distribution of Electricity Consumption in the ICE-Harvest System
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Figure 6.14: Electricity Consumption Analysis of Cooling HPs Based on
Time-of-Use
during the overnight period when electricity prices are low, while the majority of

consumption takes place during mid-peak hours.

6.3.4 Long-Term Operation of Geothermal Borehole Field

Fig. 6.9 presented the stored amount of harvested energy in the GBF. In Fig. 6.15,
the total energy stored in the GBF from the USPN path is depicted, which generally
can be broken down into the amount of harvested energy sent to the GBF and the
electricity consumption of the GBF’s HP on USPN side. As discussed in the previous
subsection, it is observed that the GBF primarily receives energy from the USPN
path during the summer and spring seasons, with a significant portion corresponding
to the harvested energy. This indicates that the average annual COP of the ETS for

the GBF is 7.692, surpassing that of the ground source HP.
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Figure 6.15: Breakdown of Energy Sources Contributing to GBF Charging

Fig. 6.16 illustrates the state-of-charge of the GBF, offering insights into its per-
formance across different seasons. It can be observed that, in general, the GBF under-
goes charging during the warmer seasons and discharging during the colder seasons.
Upon closer examination of the figure, it becomes apparent that during the winter,
the GBF is discharged to meet the heating demand until its usable state-of-charge
(SOC) reaches zero in the early days of spring. During spring, there is no specific
trend for the GBF’s SOC as it experiences both charging and discharging periods.

As summer arrives, the GBF begins to charge, gradually reaching its maximum SOC
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Figure 6.16: State-of Charge of the GBF

point, which serves as a turning point for its operation. Subsequently, the GBF starts

discharging again to fulfill heating demands in the fall.

6.3.5 Offset Fossil Fuel-Burned Power Plants

To showcase the ability of the ICE-Harvest System in reducing reliance on fossil fuel
power plants operating during peak hours in Ontario, examining the imported power
by the system during different electricity price intervals can provide valuable insights.
In this context, Fig. 6.17 compares the imported power of the ICE-Harvest system
with the Business-as-Usual (BAU) scenario for on-peak hours, mid-peak hours on
workdays, mid-peak hours on weekends, and overnight hours. The BAU scenario rep-
resents actual data. It can be observed that the ICE-Harvest system does not import
electricity power except during off-peak hours when renewable energy resources con-
tribute significantly to the Ontario power grid. Additionally, there is only a negligible

amount of imported power during mid-peak hours on weekends.
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Figure 6.17: Distribution of Imported Power of ICE-Harvest System Vs.
Business-as-Usual

This figure also highlights the ICE-Harvest system’s capacity to implement de-
mand response strategies without compromising occupant comfort. The system’s op-
eration aligns with the desired grid conditions by importing power exclusively during
off-peak hours while ensuring that the energy demands of the community occupants
are fully met without any impact on their comfort.

Furthermore, to gain a deeper understanding of the ICE-Harvest system’s ability
to offset fossil fuel power plants in the Ontario power grid, the operation of the
CHP unit during on-peak hours, mid-peak hours on workdays, mid-peak hours on
weekends, and overnight hours is depicted in Fig. 6.18. It can be observed that the
CHP unit is not utilized during overnight hours when renewable energy resources and

nuclear energy predominantly meet the electricity demand in Ontario.
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6.3.6 Demand Response Without Affecting Occupant Com-

fort

The ICE-Harvest system’s ability to implement demand response strategies while
ensuring occupant comfort has been extensively discussed in Chapter 4. This capacity
is further demonstrated in the long-term simulation of the system. As illustrated in
Fig. 6.17, the system exclusively imports power during off-peak hours. Furthermore,
Fig. 6.19 provides a specific example by comparing the imported electricity power of
the ICE-Harvest system to the BAU scenario on the 24th of January. It is evident
that, as previously explained, the ICE-Harvest system avoids importing electricity
during peak hours, which differs from the BAU scenario. Instead, the CHP unit in
the ICE-Harvest system effectively handles the electrical load during peak and mid-
peak hours. The CHP unit operates at near-maximum capacity, starting at 7 am.
Conversely, during off-peak hours, the ICE-Harvest system imports power from the

grid to fulfill the electrical demand while the CHP unit remains inactive.
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Figure 6.19: Imported Power and CHP Generation between ICE-Harvest and BAU

6.3.7 Simulation of Different Scenarios

Fig. 6.20 illustrates the range of network temperature variations across four distinct
scenarios: No DRC and No DRH (NO DRCH), DRH only, DRC only, and both
DRC and DRH (DRCH). It can be observed that, as expected, the presence of DRH
in the system leads to higher network temperatures, resulting in a generally higher
average temperature. Conversely, when DRC is feasible in the system, the network
temperature tends to be lower. When both DRC and DRH are implemented in the
system, the network temperature spans a broader range from 5°C, which represents
the cooling demand supply temperature for direct cooling, to 70°C, which represents
the required heating supply temperature for direct heating. On the other hand, this
temperature profile difference between the scenarios results in different operation
performances and costs. For example, Fig. 6.21 presents a representation of the
CHP power generation at different electricity price ranges for each scenario. The

overall performance of the CHP unit is similar for all scenarios, but it is also evident

127


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/

Ph.D. Thesis — A. Lorestani; McMaster University — Mechanical Engineering Department

Network Temperature

M noDRcH M DRH I DRC ] DRCH

Figure 6.20: The Range of Network Temperature Variations Across the Scenarios

that the CHP unit does not run overnight when DRH is feasible (DRH and DRCH).
The imported power from the grid under different scenarios is observed in Fig. 6.22
that the performance of all scenarios is similar. All of the scenarios do not import
electricity during peak hours. However, when DRH is feasible (DRH and DRCH),

the system imports less power during mid-peak hours.

6.4 Summary

This chapter presents the development of a comprehensive optimization framework
for the long-term optimization of the ICE-Harvest system, specifically focusing on
scheduling the geothermal borehole field (GBF) for optimal performance. The com-
plete configuration of the ICE-Harvest system is considered, incorporating direct heat-
ing (DRH), direct cooling (DRC), and COP saturation. To address the optimization
problem, a mixed-integer nonlinear program (MINLP) formulation is utilized and fur-
ther linearized into a mixed-integer linear program (MILP) to capture crucial system

behaviors. The long-term model serves as the long-term layer within the three-layer
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Figure 6.22: Imported Power Variation across Price Ranges and Scenarios
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decision-making framework created for the energy management system of the ICE-
Harvest. The simulation results demonstrate the effectiveness of the proposed strat-
egy and offer valuable insights into optimizing the long-term operation of the system
under DRH and DRC. The capabilities of the ICE-Harvest system, such as waste
heat harvesting, demand response, and reducing reliance on fossil fuel power plants,
are successfully demonstrated. Furthermore, the GBF displays seasonal charging and
discharging patterns, discharging during winter until its state of charge (SOC) reaches

zero and charging during summer until it reaches its maximum capacity.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

The motivation behind this study stemmed from the pressing concerns of climate
change and the need to decarbonize the energy sectors, particularly the building
sector, which accounts for a significant portion of greenhouse gas emissions. This
dissertation investigates the optimization and performance analysis of the Integrated
Community Energy and Harvesting (ICE-Harvest) system. ICE-Harvest is designed
to optimize energy utilization and promote sustainability in dense communities in
cold climates. It comprises a single-pipe variable-temperature micro-thermal network,
a micro-electrical network, and various distributed energy resources (DERs). The
DERs, located in the energy generation center of the system, are combined heat and
power (CHP) units, boilers, heat pumps, battery energy storage (BES), stratified hot
water tank (SHWT), and a geothermal borehole field (GBF) as a long-term (seasonal)
storage system. The objective of this research is to develop an optimal operation

strategy for the system, considering the coordination of its components to realize its
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full potential. Due to the specific configuration of the system with components that
require short-term and long-term operation scheduling, a hierarchical decision-making
framework is put forward in which three sequential layers are integrated. The three
layers determine the long-term, short-term, and ultra-short-term optimal operation
of the ICE-Harvest system. The layers are differentiated by their objective, planning
horizon, time resolution, and optimization models.

For this aim, the study begins by formulating precise quasi-dynamic mathemati-
cal representations of the system, carefully considering the physical and operational
limitations. These formulations capture the system’s intricacies and serve as the
foundation for optimization models.

In pursuit of this goal, the structure of the ICE-Harvest system is broken down
into smaller pieces, and then the other parts of the system are gradually added to
form the whole system. For this aim, at first, EGC, excluding the GBF and its
correspondences, is directly connected to a building represented by electrical and
thermal loads and equipped with water source heating and cooling HPs to form a
building microgrid (BMG). A precise quasi-dynamic mathematical representation of
BMG is developed considering physical and operational limitations, and the operation
of the DERs together is studied.

Following that, an advanced version of the ICE-Harvest system is developed, in-
corporating single-pipe variable-temperature micro-thermal and micro-electrical net-
works. A detailed quasi-dynamic optimization model is introduced, considering elec-
trical, thermal, and hydraulic constraints. To solve the resulting nonconvex mixed-
integer nonlinear programming (MINLP) problem, a novel decomposition algorithm

is proposed. It divides the problem into linear and nonlinear sub-problems, solved
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successively. The linear sub-problem representing the short-term layer of the three-
layer decision-making framework determines the binary variables, and the nonlinear
sub-problem representing the ultra-short-term layer determines the optimal dispatch
of the system. Additionally, to assess the significance and efficacy of detailed model-
ing in the optimization process, four other distinct mathematical models and dispatch
strategies are created and extensively compared to the proposed dispatch strategy to
evaluate the system’s performance under each approach. Upon evaluating five dis-
patch strategies, it is enlightened that not considering thermal dynamics and heat
transfer constraints will result in underestimating electricity and natural gas con-
sumption. In contrast, if thermal pipeline capacity is not considered and mass flow
and temperature are not manipulated, the system’s capability will be underestimated.

Furthermore, a long-term optimization framework is developed for the ICE-Harvest
system, specifically focusing on the geothermal borehole field (GBF). The problem
is formulated as a mixed-integer nonlinear program (MINLP) and further linearized
into a mixed-integer linear program (MILP) to capture essential system behaviors.
This long-term model is represented as the long-term layer of the three-layer decision-
making framework designed for the energy management system of the ICE-Harvest.
Overall, the simulation results showcase the effectiveness of the proposed strategy and
provide insights for optimizing long-term system operation. The capabilities of the
ICE-Harvest system, including waste heat harvesting, demand response, and offset-
ting fossil fuel power plants, are demonstrated while emphasizing the importance of
detailed modeling for accurate optimization and system evaluation. In addition, GBF
exhibits seasonal charging and discharging patterns, discharging during winter until

its state-of-charge (SOC) reaches zero and charging during summer until it reaches
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maximum capacity.

In addition to operation optimization, a multi-objective approach is proposed for
the optimal design of the ICE-Harvest system, focusing on component sizing. The
resulting nonlinear optimization model is linearized, considering total annual cost
(TAC) and greenhouse gas (GHG) emissions as criteria. Two approaches for assessing
GHG emissions in energy systems are discussed: average emission factor (AEF) and
marginal emission factor (MEF). AEF calculates emissions by dividing total CO2
emissions by total electricity generation, but it does not accurately reflect the effects
of dispatchable demands on GHG emissions. MEF, on the other hand, tracks the
marginal change in demand and provides a more accurate analysis of the actual
emissions impact. The optimization process generates a Pareto front curve using the
e-constraint method, and a compromise solution is selected. The results demonstrate
a trade-off between TAC and GHG emissions, with higher capital investment in CHP
capacity associated with reduced emissions. The optimal configuration of the ICE-
Harvest system involves the predominant involvement of CHP, SHWT, and BES.
The study highlights the substantial amount of harvested energy (1072.409 MWh

annually) that would otherwise be wasted in conventional district heating networks.

7.2 Future Work

The following areas are proposed as potential directions for future research:

e Integration of Renewable Energy Sources: Investigate the potential integration
of additional renewable energy sources, such as solar photovoltaic (PV) systems

or wind turbines, into the ICE-Harvest system. Assess the impact of these
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sources on system performance, optimal operation strategies, and overall energy

sustainability.

e Scalability and Replicability: Study the scalability and replicability of the ICE-
Harvest system for different community sizes and geographical locations. Assess
the system’s performance and optimal design considerations when implemented
in larger or smaller communities. Investigate the economic viability and po-
tential barriers to widespread adoption of the ICE-Harvest system, considering
factors such as initial investment costs, policy and regulatory frameworks, and

stakeholder engagement.

e Life Cycle Assessment and Techno-Economic Analysis: Conduct a comprehen-
sive life cycle assessment (LCA) and techno-economic analysis (TEA) of the
ICE-Harvest system to evaluate its environmental impacts and economic fea-
sibility. Consider the entire life cycle of the system, including manufacturing,
installation, operation, and end-of-life considerations. Assess the system’s over-
all sustainability, including its embodied energy, resource consumption, and

potential for circular economy principles.

e Real-world Demonstration Projects: Collaborate with industry partners and
local communities to implement real-world demonstration projects of the ICE-
Harvest system. Monitor and evaluate the system’s performance, energy sav-
ings, environmental benefits, and user satisfaction. Gather valuable feedback
from stakeholders and occupants to further refine the system’s design, operation

strategies, and integration into existing energy infrastructure.
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By addressing these future research directions, we can continue to advance the ICE-
Harvest system, enhance its performance, and contribute to the transformation of the

building sector towards more sustainable and energy-efficient communities.
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Appendix A

Verificaiton Study

This appendix presents a comparative study that aims to compare and cross-validate
the results obtained from ICE-Harvest system operation optimization in this study
with an alternative modeling (control) approach. For this verification study, the
results provided by the proposed optimization-based operation strategy are compared
to the ICE-Harvest system simulated in Modelica software by [58].

Due to a lack of access to the actual Modelica simulation models, the compar-
ison is limited to evaluating the ICE-Harvest system’s performance in natural gas
consumption and total electricity import using the data provided in [58]. Tt should
be noted that operating the ICE-Harvest system with two different control strategies
can lead to variations in primary energy consumption as it impacts how the system
utilizes its energy resources, manages demand, and optimizes overall performance.
This study uses an optimization approach that minimizes the cost to generate the
system operation set points. In contrast, in [58], the set-points are pre-established
and somehow fixed by prioritizing waste energy harvesting. Therefore, according to

[58], it is expected that the electricity consumption to be greater than the proposed
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optimization approach as there is no priority in the optimization approach other than
minimizing the cost considered.

Fig. A.1 illustrates the electricity imported from the grid and total natural gas
consumption of the ICE-Harvest system compared to the BAU. The natural gas
consumption in the ICE-Harvest system includes two components: on-site natural
gas consumption and the estimated natural gas consumed in natural gas-fueled power
plants in the power system to meet the system’s electricity demand. On-site Natural
Gas Consumption refers to the total amount of natural gas consumed within the ICE-
Harvest system’s premises. It accounts for the energy used by the natural gas boiler
(NGB) and the combined heat and power (CHP) units. The estimated natural gas
consumed in the Natural Gas-Fueled Power Plants represents the quantity of natural
gas required to produce the electricity supplied to the system. This component takes
into account the energy losses, efficiency of power generation, and transmission losses
associated with generating electricity from natural gas in power plants outside the
ICE-Harvest system.

By considering both on-site and off-site natural gas usage, the assessment provides
a more complete understanding of the system’s overall reliance on natural gas and its
implications for energy efficiency and environmental impact under different operation
strategies. It is noteworthy that, based on the proposed optimization strategy, the
ICE-Harvest system exhibits higher natural gas consumption but lower electricity
consumption compared to the Modelica simulation. Furthermore, the figure presented
below illustrates the imported electricity during peak hours. As anticipated, the
optimization approach empowers the ICE-Harvest system to curtail its reliance on

imported power during peak hours, effectively avoiding the higher electricity prices
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Figure A.1: Total Imported Electricity and Natural Gas of BAU Vs ICE-Harvest
System

prevalent during that time period.
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Figure A.2: On-Peak Imported Electricity by BAU Vs ICE-Harvest System
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