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Abstract

The building sector is one of the largest consumers of energy and producers of greenhouse
gas emissions in Ontario, representing 13% of the province’s emissions. Recently, countries have
been looking to decrease their emissions in response to climate change. The electrification of space
heating and domestic hot water preparation has gained traction in reducing emissions in countries
with low emission electricity grids. This thesis proposes a hovel energy delivery system called the
Integrated Community Energy and Harvesting (ICE-Harvest) system. The ICE-Harvest system is
amodified 5" Generation District Heating and Cooling (5GDHC) system. An ICE-Harvest system,
much like a 5GDHC system, is a district energy system that incorporates heat pumps to couple the
thermal and electrical energy demands of buildings. The ICE-Harvest system uses heat pumps to
supply both heating and cooling from a one pipe thermal distribution network. The ICE-Harvest
system has unidirectional mass flow in a ring arrangement with branches at each building.
Bidirectional energy flow between the network and buildings is permitted, meaning that heat
rejection from cooling processes can be recovered in the network to reduce the total system heating

load. This concept is referred to as energy sharing.

The energy needs of the network, and thus the buildings, are serviced through a centralized
generation station referred to as the Energy Management Center (EMC). The EMC regulates the
supply temperature of the network to the controlled setpoint. Within the EMC, the primary
generation source is a Combined Heat and Power (CHP) unit. The purpose of this CHP is to offset
the existing centralized natural gas generators on the Ontario electrical grid. These gas generators
operate intermittently and inefficiently as a form of dispatchable generation to stabilize the
provincial electrical grid. In this research, it is proposed that ICE-Harvest systems with on-site

CHPs could replace these gas generators while providing the same support to the electrical grid at



a much higher energy utilization ratio. For an accurate comparison, the CHP is constrained to only
turn on according to the electricity system operator's gas generator dispatching schedule. An
auxiliary boiler is included in the EMC to provide heat when the CHP is not permitted to operate.

However, the possibility for Thermal Energy Storage (TES) to replace this boiler is also explored.

An ICE-Harvest system's ideal design depends on the market conditions, building energy
demands, and available waste energy sources. This research presents an ICE-Harvest system in a
heating demand dominated community located in Ontario, Canada. The community consists of
five buildings. The ICE-Harvest system is compared to conventional and alternative building
energy systems using the energy consumption data of these buildings. The systems are compared
according to their energy consumption, emissions produced, and impact on the electrical grid at
both the distribution and transmission levels. The topic of using thermal energy storage in ICE-
Harvest systems is also discussed, and a parameter sweep is performed on the thermal energy
storage capacity. The results show that the ICE-Harvest system offers demand management
opportunities to electricity system operators, substantially reduces annual emissions, and offers

improved energy utilization compared to conventional systems.
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Chapter 1

1 Introduction and Problem Statement

The building sector is one of Canada’s largest energy consumers and greenhouse gas
producers [1]. With temperatures as low as -40 °C in many major cities, Canadians rely upon space
heating to maintain comfortable living spaces. In 2016, Canadians consumed 1885 PJ of energy
for thermal comfort (heating and cooling) and domestic hot water purposes. In consuming this
energy, the buildings sector produced 82 Mt of CO> equivalent (CO2¢) (a term for describing the
impact of different greenhouse gases under a common unit [2]), which makes it the third-largest
source of emissions behind oil and gas production, and transportation [3]. If Canada is to meet its

stated emissions reduction targets by 2030 [4], improvements must be made in the building sector.

Electrification of space heating and domestic hot water preparation has risen to prominence
in numerous countries seeking to reduce their emissions impact [5]. The Canadian province of
Ontario has a uniquely positioned electrical grid that could take advantage of this technology.
Since phasing out coal powerplants in the province [6], emissions from the electrical sector have
been decreasing steadily. In 2019, approximately 93% of Ontario electricity was generated by non-
emissive sources [7]. A large share of the non-emissive electricity comes from nuclear and
hydropower, which produces 86% of the energy supplied. However, the province still struggles to
incorporate larger shares of variable renewable generators such as wind and solar. Despite
representing 13% of the installed capacity, wind and solar generators supplied less than 8% of the
electricity demand. Also, 2,581 GWh (22% of'the province’s demand) of wind and solar generation
was curtailed which indicates that the renewable resources are not being used to their full potential
[7]. Energy curtailment on an electrical grid is detrimental to the adoption of renewable energy
projects worldwide, leading to lower capacity factors for generators and raising issues for system

1
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operators [8]. System operators are exploring electrical energy storage systems to increase the
utilization of renewable energy resources, but they are currently too costly to be implemented

outside of subsidized pilot projects [9].

The electrification of space heating and domestic hot water preparation would introduce a
sizeable new load to the electrical system. Intelligent controls and operations are necessary to avoid
overloading the transmission and generation infrastructure. Fortunately, thermal energy demands
are more straightforward to forecast due to predictable weather patterns. They are also more
flexible than typical electrical loads allowing for demand response strategies such as preheating or
precooling buildings and load deferment using thermal energy storage [10]. The problem is that
heating and cooling are currently managed at the building level with no oversight from a system
operator who could coordinate consumers' actions. Also, the energy demands of individual
buildings are inconsequentially small compared to the grid energy demands. Thus, the response of

individual consumers would have little impact on such an extensive system.

The need for coordination between a set of buildings with energy demands large enough
to be non-trivial has shifted the focus towards district energy systems. District energy systems
provide heating, cooling, and electricity to multiple buildings through underground piping
networks. The thermal and the electrical energy are typically generated at one location and
distributed to the district's customers. District energy systems have existed commercially since the
1880s, and they were first introduced to reduce the risk of boiler explosions in individual buildings
[11]. District energy systems have evolved over the years since the 1970s, and today they are
classified according to the temperature level of the transport media and the assets involved in
energy production [12]. The 4" and 5" generations of District Heating and Cooling (DHC) systems

are currently being explored for their ability to become part of a holistic, smart energy system [13].
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Fifth Generation District Heating and Cooling (5GDHC) systems use heat pumps at each
building to deliver heating and cooling from a low temperature piping network [14]. The use of
heat pumps introduces a coupling between the thermal and the electrical energy demands that can
be used by system operators to control the electrical demand. Since heat pumps require electricity
to operate, electricity demands will be linked to the thermal energy required. The ratio between
the amount of thermal energy delivered or extracted versus the amount of electricity consumed is
measured by the Coefficient of Performance (COP) of the heat pump. The COP of a heat pump is
a function of the temperature difference between the heat pump’s evaporator and condenser. In
building applications, the condenser's temperature is fixed according to the required supply
temperature of the building hot water system. Conversely, the evaporator temperature is set
according to the supply temperature of the building chilled water system. For simplicity, the
discussion will focus on heating operation. Therefore, the COP of the heat pump can be controlled

by changing the temperature on the evaporator side of the heat pump.

Typically, heat pumps are connected to a quasi-infinite source such as the air or ground,
whose temperatures are mostly unaffected by the heat pump energy consumption. However, in
5GDHC systems, the heat pump can be connected to a closed-circuit network where the
temperature can be controlled by a system operator. Depending on the size, and thus thermal mass,

of the network, changing the temperature can be within the timescale of minutes to hours.

In this research, a modified 5GDHC system is compared to other building energy delivery
systems. The system is referred to as the Integrated Community Energy and Harvesting (ICE-
Harvest) system. The ICE-Harvest system uses Water Source Heat Pumps (WSHPs) at each

building connected to a single pipe thermal distribution network with an Energy Management
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Center (EMC) to control the network’s supply temperature. A schematic of the system is provided

in Figure 1.1.
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Figure 1.1: Schematic of the ICE-Harvest system. Energy flows are shown and categorized according to thermal
energy (Q) and electrical energy (P).

The single pipe network is connected to each building in series without separate piping for
supply and return. This arrangement allows for heat recovery from building cooling processes to
be used directly by neighbouring buildings in the network. The EMC adds or removes energy to
or from the network as required to maintain a specific temperature setpoint. The piping of this
network is different from conventional DHC systems where four separate pipes are used. The four
pipes in a conventional DHC system are separated according to temperature level, typically using

a hot water supply, hot water return, chilled water supply, and chilled water return. The benefit of
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using a single pipe network is that heating and cooling come from the same pipe allowing for

bidirectional energy flow.

While there are numerous options for equipment to use within the EMC, this research will
focus on using the waste heat from gas generators as the primary heat source. Gas generators
account for 29% of Ontario’s installed generation capacity, yet they produce only 6% of the
delivered power [15]. This discrepancy between capacity and generation is because gas generators
are mainly used for dispatchable generation. Dispatchable generation means that the gas generators
respond to supply or demand changes to balance the electrical grid. Therefore, the gas generators
are contracted to operate for short periods (typically 1 to 3 hours) at infrequent intervals throughout
the year. The generators generally are contracted to operate according to the one day ahead
schedule created by the electricity system operator. The number of contracted generators varies
depending on market conditions such as the predicted wind and solar availability, sudden increases
in demand, or outages from other generating equipment. For example, the gas generators tend to
operate more frequently during the summer months when there is high variability in demand due
to cooling equipment energy demands. Furthermore, the amount of generation can also change
annually. For example, gas generation increased substantially during 2015 and 2016 due to the

nuclear powerplants entering refurbishment [16].

These gas generators have low efficiencies, typically only converting 30% to 40% of the
fuel they consume into electricity [17]. The heat produced by the generators is exhausted to the
ambient as waste. This research proposes moving the gas generators into communities where the
heat they produce can be used in a local thermal distribution network. This will be accomplished
through the use of decentralized Combined Heat and Power (CHP) units installed in the EMC. The

concept is similar to the CHP units that are commonly used in District Heating (DH) systems [18].
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However, the ICE-Harvest CHP will operate according to a one day ahead schedule provided by

the electricity system operator rather than in response to the local energy demands.

The novelty of this approach is that CHPs typically operate by either:

- Following the Thermal Load (FTL)
- Following the Electrical Load (FEL)
- Following the Hybrid Load (FHL)

- Following an optimized scheduling software

The downside of these operating strategies is that they do not consider using the CHP to
offset grid-level natural gas generators. The waste heat produced by these gas generators represents

a large untapped thermal resource in the province of Ontario.

The ICE-Harvest CHP schedule is predetermined according to gas generator operating
hours in the Ontario energy market. The Ontario energy market is used in this thesis because it has
a large capacity of renewable and emission-free generation that is supported by dispatchable gas
generators. This type of market has become increasingly common as more countries switch to
renewable energy resources but have difficulties managing the energy supply. Thus, the concept
presented in this research can be applied to any similar market. The historical gas generator hours
for 2015 through 2018 are shown in Figure 1.2. The gas generators are considered to be “On”
when their combined output is greater than or equal to 1000 MW, approximately 10% of the
installed gas generator capacity. This threshold was chosen because 1000 MW of capacity is

sufficiently large such that demand response measures could be coordinated.

There were significantly more gas generator hours in 2015 and 2016 than in 2017 and 2018,

attributed to increased energy conservation measures, consumer price incentives, and an increase
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in embedded generation [19]. All of these factors contribute to reducing the amount of grid-level
gas generation required. The CHP will be restricted to only operate during these hours. The results
will indicate what would happen if the gas generators' heat were used in a thermal distribution
network rather than being wasted by enforcing this restriction. The quantification of the possible
fuel and emission savings will provide insight into whether it is worthwhile to relocate gas
generators closer to the communities that they serve. The CHP heat will be used to supply energy

to the thermal distribution network, which acts as the source for the building heat pumps.
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Figure 1.2: IESO gas generator operating hours in Ontario for the years 2015 through 2018. Hours are grouped
according to the month of the year. The threshold for the gas generation to be considered “On” is 1000 MW of
capacity. One “On” hour corresponds to one hour of 1000 MW or more gas generation on the grid.

This scheduling limitation will result in a decoupling of the supply and demand of energy.

For example, the CHP could be contracted to operate during the summer when there is no heating
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demand in the network. Also, it is more challenging to decide upon the CHP capacity. Typically,
the CHP capacity is determined by the energy demands of the buildings being serviced.
Methodologies commonly used include the Maximum Demand Rectangle method [20], the
Aggregate Thermal Demand (ATD) [21], or optimized sizing according to a specific objective
function [22]-[25]. Since the ICE-Harvest CHP does not respond to local energy demands, an

alternative sizing strategy must be developed.

In this research, the CHP is sized according to the total heating demand in the network and
the number of operating hours the CHP is scheduled to run in a year. This sizing methodology was
chosen as it provided good system performance and reasonable equipment capacities. As a result
of this sizing methodology the CHP capacity is undersized for the largest heating demand
necessitating a boiler for increased heat output capacity. Thermal Energy Storage (TES) is also
considered to increase the heat output capacity. In some cases, TES was shown to be capable of

replacing the boiler entirely.

The ICE-Harvest system is compared to other building energy systems. The alternative
options discussed are a conventional system of individual heating and cooling equipment at each
building, a DH system where a centralized CHP delivers heat according to a FTL control strategy,
and a Ground Source Heat Pump (GSHP) system with individual geothermal borehole fields at
each building. The systems are compared according to their energy consumption, emissions
produced, and impact on the electrical grid. The comparison is made using Dymola, a system
simulation software that uses libraries developed as part of the International Energy Agency (IEA)
Annex 60 [26] and International Building Performance Simulation Association (IBPSA) Project 1

[27] projects. This work aims to quantify the ICE-Harvest system's potential to utilize the heat
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currently being wasted from grid-level gas generators and prove that demand response is

achievable through a coupled smart energy system.

An overview of the work is as follows. Chapter 2 provides a literature review of topics
related to 5SGDHC. This review includes the history of DHC systems, a background on energy
markets in Ontario, a discussion of energy modelling tools and software, and examples of TES
projects. Chapter 3 presents the methodology for the research. This section outlines the
assumptions made during modelling and shows verification of the system performance. Chapter 4
is the results section of the work. In this chapter, results are shown comparing the ICE-Harvest
system to a conventional, district heating, and GSHP system. The systems are compared according
to their electricity demands, electricity supply, impact on the hourly electricity demand, heating
energy supplied, utilization of waste heat, equipment capacities required, and emissions produced.
A parameter sweep on the TES volume is also performed, and the impact of CHP scheduling is
examined using a set of the historical gas generator operating hours in Ontario. Chapter 5 discusses
the emissions and energy consumption reductions of each system and the potential for electrical
demand management. The chapter also shows the energy balances of the GSHP borehole fields
and the TES's temperature and heat loss measurements. Chapter 6 provides conclusions and

recommendations for future work.
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Chapter 2

2 Literature Review

This literature review will cover topics related to the current state of Ontario energy
markets, the evolution of DHC systems, a survey of comparable 5GHDC systems found in
literature, examples of software used for energy system modelling, and a discussion on TES

technologies and practices.

2.1 The current state of Ontario energy markets

2.1.1 Heating, cooling, and domestic hot water

The building sector consists of all human-made structures that require Heating, Ventilation,
and Air Conditioning (HVAC) to maintain the thermal comfort and safety of its occupants. The
Intergovernmental Panel on Climate Change (IPCC) divides the building sector into residential
and commercial [28]. In 2010, the residential sector accounted for 24% of global energy
consumption while the commercial sector accounted for 8%, totalling 32% of global energy
consumption or 32.4 PWh of energy [29]. There are over five million occupied private dwellings
in Ontario, with the majority (54.3%) being single detached houses [30]. In these buildings, 61.7%
of energy is used for space heating, 19.7% for domestic hot water preparation and 3.4% for space
cooling [31]. As shown in Figure 2.1, non-renewable based fuels accounted for 73.5% of all space
and water heating energy use in the residential sector [1]. Most households use natural gas because
of the robust distribution network present in most Canadian cities. Natural gas is an affordable
option for homes located in dense urban centers where numerous customers can use the same

distribution piping. The province of Ontario is currently looking to expand natural gas distribution
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infrastructure in northern and remote communities [32]. The projects are eligible for $130 million

in funding with an expected annual fuel cost savings of $800 to $2500 per household.

WATER-HEATING ENERGY USE (PJ), 2016 SPACE-HEATING ENERGY USE (PJ), 2016
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Figure 2.1: Space and water heating energy use by fuel source across Canada in the residential sector [1]

The high shares of non-renewable fuel sources used in space and water heating are
responsible for most of the emissions from the building sector. In 2017, space and water heating

accounted for 84% of all emissions from Ontario's residential sector [31].

Forced air furnaces are the most common primary heating system in Canadian households
making up 55% of all heating equipment [33]. The efficiencies of furnaces and boilers have
increased considerably in the past decades. New high-efficiency furnaces have Annual Fuel
Utilization Efficiencies (AFUESs) of 90% to 98.5% compared to older furnaces with AFUES
between 56% and 70% [34]. In the interest of improving energy efficiency, government programs
have been put in place to subsidize the cost of high-efficiency furnaces for homeowners [35].
Electric-based heating sources such as baseboard heaters, radiant heaters, and heat pumps
represent 31% of all heating equipment, with 26% being baseboard heaters, 4% heat pumps, and
1% radiant heaters. Currently, electric heating sources are most common in Northern communities

where there is no access to natural gas piping networks.
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Space cooling demands are much smaller in the province than space heating demands. In
2017, the cooling demand across Ontario in the residential sector was only 18.7 PJ compared to
the 336.1 PJ used for space heating [31], which is an 18 times difference. The commercial and
institutional sector is not much different, with 25.1 PJ of space cooling and 240.5 PJ used for space
heating, which is a 9.6 times difference [36]. The actual energy consumption for space cooling is
difficult to measure because cooling equipment uses electricity to meet a thermal demand. To get
an accurate estimate of the energy consumption the cooling equipment must be sub-metered to
monitor the individual energy consumption which is rarely done. The European Cooling Index
was established to estimate and understand the variations in space cooling demands across Europe

[37].

A cooling process's efficiency is referred to as the Energy Efficiency Ratio (EER), which
varies depending on climatic conditions, building temperature setpoints, and equipment
technology. The Seasonal Energy Efficiency Ratio (SEER) is used to benchmark cooling
equipment performance on an annual basis accounting for differences in climatic conditions. The
Canadian government publishes Energy Efficiency regulations for cooling equipment that
manufacturers must satisfy to be eligible for sale [38]. For example, the minimum SEER for single
package central air conditioners is 12.0 (for through-wall air conditioners) to 14.0 (for others).
This efficiency corresponds to a COP of 3.1 to 3.5, which means approximately three Joules of

heat are removed from the conditioned space for each Joule of electricity consumed.

While cooling demands are currently much smaller than heating demands, they are
predicted to increase in the coming years. In 2016, commercial and residential buildings' space
cooling accounted for an estimated 2.02 PWh of electricity consumption [39]. That demand is

predicted to increase by approximately 7% annually up until 2100 [40]. Cooling demands are

12
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expected to grow due to a global rise in average temperature and increased accessibility to

electricity in the developing world [41].

While the total cooling demand appears small amongst all buildings, there are some
specialized buildings with considerably high cooling demands. For example, grocery stores have
an average energy use intensity of 530 kWh/m?/year, double that of comparable commercial
buildings. The energy use is large due to the need for refrigerated storage which is 2.1 times more
energy-intensive than non-refrigerated storage [42]. Additionally, researchers at CanmetENERGY
found that ice rinks have double the average annual energy use intensity as other municipal
buildings (500 kWh/m?/year versus 236 kWh/m?/year) [43]. This is due to the energy required to
maintain the frozen skating surfaces. Of this energy consumption, 50% was used for refrigeration
with only 10% of the refrigeration waste energy being recovered. They concluded that the
refrigeration system rejected three times the energy required to meet the building heating

requirements, signifying the potential for an improved waste heat recovery program.

Another building category with large cooling demands is data centers. Data centers are
essential in the field of information technology for storing and transmitting data. Between 2010
and 2018, internet traffic increased by over ten-fold and data center storage capacity increased by
25 times to keep up with demand [44]. Data centers require electricity to operate and the power
they consume is dissipated through the circuitry as heat. Shehabi et al. reported that 43% of all
electricity consumed in data centers in the United States is used for cooling and power provision
systems [45]. These energy-intensive buildings with high cooling demands offer opportunities for
localized heat recovery strategies. Amazon was one of the first companies to take advantage of
this opportunity by partnering with a neighbouring telecom building to recycle approximately 4

million kWh of heat each year [46].
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2.1.2 Electricity

Ontario’s electricity market consists of numerous power producers and power plants
managed by a centralized electricity system operator. The system operator in Ontario is called the
Independent Electricity System Operator (IESO) and they are responsible for managing the
delivery of power from the power plants to the customers. Their primary concern is balancing the
supply and demand of power on a near-instantaneous basis to avoid overloading the transmission
infrastructure. They accomplish this through supply and demand predictions based on historical

energy consumption and weather data.

The Ontario supply mix consists of nuclear, hydro, gas, wind, solar and biofuel. Most
producers are considered transmission connected generation that transmit power from their
centralized sites to local distribution companies through high voltage transmission lines (50 kV
and above). Transmission connected generators are eligible to sell power on the grid at the rates
determined by the IESO Hourly Ontario Electricity Price (HOEP) [47]. The HOEP is determined
dynamically. It is used as a leveraging tool to incentivize producers with higher production costs
to produce power profitability during increased demand or decreased supply. There are also
distribution connected generators, which are small-scale generators that provide electricity to
nearby buildings such that the demands are managed locally. The purpose of distribution
connected generators is to offset demand from the transmission grid, which avoids capacity
enhancements and system bottlenecks. The majority of Ontario's solar power generation is
distribution connected generation with 2195 MW of distribution connected capacity compared to

478 MW of transmission connected capacity [48].

The supply mix refers to the group of producers providing power at a given moment in
time. The mix of producers is continuously changing in response to changes in demand or resource
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availability. Figure 2.2 shows the hourly Ontario supply mix for June 11" to June 17%", 2020. The
nuclear generation is shown in orange, hydro in light blue, gas in dark blue, wind in green, solar

in yellow, and biofuel in dark red.
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Figure 2.2: Hourly Ontario supply mix for June 11th, 2020 through June 17th, 2020 [49]

Most of the electricity generated comes from nuclear and hydro. These two resources
provide what is known as baseload power. Baseload power provides a stable level of power to the
grid to meet a large portion of the electricity demand, allowing flexible generators (for example,
gas power plants) to meet the transient electrical demands. Nuclear is selected for this purpose
because of its high output and stable production. The drawback of these plants is that they are
inflexible to variations in demand. Reducing a nuclear reactor's output, referred to as a nuclear
manoeuvre, is when the turbine is bypassed and the fuel energy is not used to produce power [50].
Evidence of a nuclear manoeuvre can be seen in Figure 2.2 at approximately 7:00 AM on June

14™ 2020 when the nuclear supply decreases in response to a decrease in demand.

To solve this problem, system operators rely upon variable and dispatchable generators.
Renewable resources such as wind and solar are classified as variable generators because operators

cannot control their output. The utilization of these resources is encouraged because the energy
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source is emission-free and has no associated fuel costs. The intermittent nature of variable
generators leads to problems when there is insufficient supply during peak demands or surplus
supply during low demands. Dispatchable generators are used to mitigate this problem by rapidly
responding to fluctuations in output. Natural gas generators are the primary form of dispatchable
generation on the Ontario electrical grid. Gas generators represent 26% (11,317 MW) of the
installed capacity and only 6% (9.5 TWh) of the supplied electricity [7]. A large capacity of gas
generators is maintained as a redundancy measure for other generators. In the event of maintenance
or failure, gas generators are used to maintain a stable power supply while the problem is
addressed. There is also an estimated 1053 MW capacity of behind the meter CHP in Ontario [51].
Behind the meter refers to the fact that the power produced by the CHPs is used entirely on-site
and they do not supply or sell to the grid. These projects are popular with businesses and

institutions that have large energy demands to reduce their energy costs.

The difficulty in predicting the output of variable generation resources serves as a severe
barrier to widespread adoption [52]. This difficulty has led to the belief that wind and solar cannot
exceed a limit of 20% to 25% of all generation [53]. However, some researchers believe that higher
renewable energy penetration is possible through decoupling the generation and consumption
using energy storage [54]. The Ontario IESO is currently investigating this opportunity and as of
2016 has procured 21 energy storage projects with a total installed power capacity of 50 MW [9].
Results from the report highlight the ability for energy storage systems to withdraw Surplus
Baseload Generation (SBG) from the grid, which is later reinjected or used in a commercial
process. While the report did not comment on the economics of energy storage, a report done in
California assessed the stacked economic benefits of energy storage projects [55]. They found that

by combining multiple revenue streams such as increased transmission / distribution capacity,
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spinning reserves, frequency regulation, and generation capacity, batteries could be valued at
$280/kW-year. Battery prices, however, range of $200 to $500/kW-year and the revenue streams
discussed are not guaranteed in all markets. Until the reliability of renewable generators can be

improved, dispatchable generation is necessary on the power grid.

The variability in the supply mix of the Ontario electrical grid leads to a highly dynamic
emissions factor. For example, some hours will have all the power provided by emission-free
sources, whereas other hours could have significant shares of gas generation on the grid. The
Atmospheric Fund publishes an annual report detailing the Average and Marginal Emission
Factors for the province [56]. The Average Emission Factor (AEF) is the average carbon intensity
of electricity consumed from the Ontario grid based on the weighted average of each producer's
output for that hour and its corresponding emission factor. The Marginal Emission Factor (MEF)
is the change in carbon emissions from a change in electricity consumption in each hour. The MEF
is distinguished from the AEF because energy conservation measures are expected to

disproportionately reduce the use of highly emissive sources (such as gas generators).

Figure 2.3 shows the MEF and AEF for Ontario in 2018. The MEF is always greater than
the AEF because the gas generators that are producing on the margin are the largest source of
emissions from the electricity sector. The Atmospheric Fund recommends using the AEF for
calculating current or historical emissions on an hourly basis and the MEF to calculate the emission

saving potential of a demand intervention project such as installing solar panels or battery storage.
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Figure 2.3: Ontario 2018 Average and Marginal Emission Factors [56]

Emissions from the electrical sector have been steadily declining in Ontario since the
phase-out of coal-fired power plants [6]. In 2019, over 96% of all transmission connected power
supplied in Ontario came from emission-free sources [7]. Therefore, there is significant potential
to reduce emissions from the buildings sector by using emission-free electricity for heating,

cooling, and domestic hot water production instead of fossil fuels.

2.2 The evolution of district heating and cooling

There are four categories of district energy systems: DH, District Cooling (DC), DHC, and
trigeneration systems. The central components of all the systems are identical. Some buildings act
as the consumers of energy, a distribution network to deliver the energy to the buildings, and

energy producers that supply heating and cooling to the network. DH systems only deliver heating,
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DC systems only deliver cooling, DHC systems deliver heating and cooling, and trigeneration
systems deliver heating, cooling, and power [57]. Trigeneration is also referred to as Combined
Cooling Heating and Power (CCHP) [58], Combined Heating Cooling and Power (CHCP) [21],

or multi-energy systems [59].

2.2.1 District heating

DH systems are the most common of the four categories. DH systems are divided into five
generations according to their network supply temperature, transportation medium, heating and

cooling equipment.

2.2.1.1 1% through 3" generation

The first generation of commercial DH emerged in the period of the 1870s to 1880s [11].
These systems were established in Lockport and New York, USA. The systems consisted of an
underground piping network that transported high-temperature steam to buildings from centralized
boiler plants. The primary motivation for developing DH systems was to reduce the risk of boiler
explosions in individual apartments. Other benefits include the economies of scale from using
larger capacity equipment and easier maintenance due to fewer assets to manage. However, these
DH systems suffered from drawbacks, including frequent bursts requiring extensive network
maintenance and high distribution temperatures that led to high heat losses in the network. Almost
all DH systems built up until the 1930s used the first-generation design. The DH system in New
York is still operational today and provides steam service to roughly 1700 commercial and

residential customers [60].

The second generation of DH emerged in the 1930s and used high-temperature water

instead of steam as the heat carrier medium. The pressurized water temperature was typically at or
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above 100 °C and used pressurized piping to avoid vaporization [13]. With the introduction of the
2" generation of DH came new installations in the Soviet Union and China who adopted the
technology in the 1930s and 1950s, respectively. Switching to a lower network supply temperature
reduced the network heat losses and increase fuel savings. By lowering the supply temperature,
suppliers were able to use CHP units. CHP-based DH systems can increase primary energy
utilization by up to 40% compared to traditional power plants [61]. By using the fuel energy to
produce both power and heat, CHPs effectively use the otherwise wasted heat, thereby increasing
fuel utilization [62]. CHP-based DH systems are some of the most common types of DH systems
in the world. For example, in Finland (which supplies 50% of its resident's heating requirements

using DH), CHP-based DH makes up 73% of all DH systems [63].

The third generation of DH was introduced in the 1970s, and it continued to lower supply
temperatures below 100 °C. This temperature level is still appropriate for direct heat delivery to
buildings through a heat exchanger, but the lower temperature further decreased heat losses in the
network. The 3" generation of DH is the most popular form of DH system used today; most new
systems installed or extended in North America, Europe, and Asia use this technology [13]. It
became possible to prefabricate the networks' components, which reduced costs and increased
adoption rates. The Oil Crisis of the 1970s shifted many countries' focus towards energy security
and energy efficiency [64]. DH systems were well-suited for this purpose as CHP units have high

energy utilization and can use various fuel sources.

There are currently an estimated 80,000 DH systems installed worldwide [65]. The DH

market amounted to 11.5 EJ* of heat delivered in 2014 [66]. Of this amount, 51% of the heat was

11 EJ (Exa Joule) = 10*® Joules
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delivered to buildings, 45% to industries, and 4% to other sectors. Most of the district heat energy
delivered is in Russia, China, and Europe, which make up 85% of all heating consumed. However,
it is worth noting that heat deliveries in North Ameri