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Abstract 

Integrating the electrical and thermal community buildings' energy systems can play an important 

role in harvesting wasted energy resources and reduction of carbon emissions from buildings and 

electricity generation sectors. It also increases demand management flexibility by minimizing the 

curtailed electricity on the grid through electrified heating without increasing the electricity peak 

demand. The current work examines Integrated Community Energy and Harvesting systems (ICE-

Harvest), a new generation of distributed energy resources systems (DERs). They prioritize the 

harvesting of community waste energy resources—for example, heat rejected from cooling 

processes and distributed peak electricity fossil-fuel-fired generators, as well as energy from 

curtailed clean grid electricity resources—to help in satisfying the heating demands of commercial 

and residential buildings. As such, ICE-Harvest systems provide a solution that can minimize 

greenhouse gas emissions from high-energy-consumption buildings in cold-climate regions such 

as North America and Northern Europe.  

In the current research, a thermal energy sharing model was developed to provide a dynamic 

characterization of the potential benefits of integrating and harvesting energy within a community 

of any number of buildings. The proposed model estimates the amount of rejected heat from 

cooling and refrigeration systems that can be simultaneously collected and used to heat other 

nearby buildings connected with a low temperature microthermal network (MTN). It also 

determines the proper timing and quantity of electricity used by the heat pumps in low-temperature 

MTNs as well as the reduction of both GHG emissions and the energy required from the EMC 

relative to conventional stand-alone systems.  For an energy-balanced community cluster, the 

model showed that, over the course of a year, the energy harvesting would reduce this node’s GHG 
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emissions by 74% and cover approximately 82% of the heating requirements compared to the BAU 

system. 

The results also revealed that the diversity in thermal demand between the connected buildings 

increases the harvesting potential. This research develops two clustering methods for the ICE-

Harvest system. The proposed methods are clustering around anchor building and density-based 

(DB) clustering with post-processing by adding the closest anchor building to each cluster that 

focuses on the diversity of the buildings in each cluster. The energy sharing model is used to 

examine these techniques in comparison with the density-based clustering technique, the 

commonly used technique in the literature on a large database of 14000 high energy consumption 

buildings collected in Ontario, Canada. The results of this case study reveal that DB clustering 

with post-processing resulted in the largest emission reduction per unit piping network length of 

360 t CO2eq /km/year. In addition, this research identified seven different cluster categories based 

on the total and simultaneous cooling-to-heating ratios of each cluster. 

The ICE harvest system integrates the thermal and electrical networks to add more flexibility to 

the electricity grid and schedule the electrification of heating (EoH). Current research provides a 

reduced model for the ICE-Harvest system to study its impact for over 1100 clusters of different 

categories on a provincial scale on the GHG emission and electricity demand from the grid.  The 

use of ICE-Harvest systems at this scale can displace the energy required from the gas-fired heating 

resources by 11 TWh, accounting for over 70% of the clusters’ total heating requirements. This 

results in a 1.9 Mt CO2eq reduction in total GHG emissions, which represents around 60% of the 

clusters’ emissions.  

Operating conditions of the thermal network (TN) in the integrated community energy systems 

affect the ability to harvest waste energy and the reduction of GHG emissions as well as the 



 

vi 

 

electricity peak demand and consumption. In the current research, modeling of different thermal 

distribution network operating scenarios was performed for the different community energy profile 

clusters. These operation scenarios include low-temperature (fourth generation), ultra-low (fifth 

generation), a binary range-controlled temperature modulating thermal network operating between 

Low and Ultra-low temperatures (ICE-Harvest), and a new proposed scenario wherein a 

continuous range-controlled temperature modulating micro-thermal network. The continuous 

range-controlled temperature scenario shows the most benefits with the large implementation on 

the identified clusters. It adds more flexibility to balance the electricity grid as well as results in 

large GHG emission savings while controlling the increase in site electricity peak demand.  

The load profile of the cluster affects the selection of the most beneficial energy integrated system. 

This research shows that, for most of the heating-dominated clusters, it is better to employ the 

continuous range-controlled temperature TN with peak control and CHP on sites to serve the high 

heating demands along with short term and seasonal thermal storage. For the majority of balanced 

and /or cooling-dominated clusters, it is better to implement more carbon-free resources to the 

electricity grid or on-site that produce electricity but are not associated with heat such as wind, 

hydro, and solar PV panels. Parametric studies were performed in this research including changing 

the CHP size, the CHP utilization efficiency, and the grid gas-fired generators usage conditions to 

show their impact on the GHG emissions reduction from the clustered buildings.  

The analysis was implemented on a fleet of 1139 sites in Ontario and the results showed that the 

CHP size and operating hours have a measurable impact on GHG emission saving. The system 

can reach up to 58% and 66.5% emission savings of the total sites’ emissions with 93% and 39% 

operating hours respectively following the Ontario grid natural gas peaking power plants for the 
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years of 2016 and 2017 with larger CHP sizes. The largest share of GHG emission saving in 2016 

is by the CHP (61%) as opposed to 30% in 2017. 

The reduced models introduced in this research for the thermal energy sharing, the ICE-harvest 

system operation and sizing, and the MTN operation aid the investigation of the impact of the large 

implementation of the ICE-Harvest systems on the GHG emissions and electricity grid.  
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1.1. Introduction and literature review 

To limit global warming, the Paris Agreement [1], which has been ratified by the 55 countries 

responsible for 55% of global greenhouse gas emissions, was implemented to keep global 

temperatures below 1.5oC above pre-industrial levels [2]. One of the major sources of GHG 

emissions is the building sector, according to the United Nations' Global Status Report 2017 which 

indicates that the building operation and construction sectors account for 36% of global end-energy 

use and 39% of carbon dioxide (CO2) emissions [3]. In cold-climate countries such as Canada, 

most of these emissions are produced by building heating demands. In 2019 the GHG emissions 

from space and water heating in residential and commercial buildings in Canada were 88 Mt CO2eq 

[4]. These figures are notable, as continued growth in the global population will be accompanied 

by a corresponding growth in the building sector and its associated energy demands. In order for 

Canada to meet the global climate targets outlined in the Paris Agreement by 2030, it will need to 

reduce the energy intensity of its buildings sector by an average of 30% (compared to 2015 values) 

[5]. This will be a challenge, as building energy consumption is higher in cold-climate countries 

like Canada, largely due to the high number of heating degree days per year. It is possible to 

mitigate climate change by reducing GHG emissions from buildings’ energy systems while still 

providing desirable levels of service by harvesting buildings' wasted energy, and electricity grid 

curtailed non-fossil fuel energy resources such as nuclear and renewable energy systems, 

especially with the vast range of renewable technologies currently available [6].  

The main objective of this research is to develop energy models that can evaluate the impacts of 

large scale implementation of the harvesting of these community waste energy resources on the 

regional electricity grid and the associated reduction of GHG emissions.  
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The current work investigates the Integrated Community Energy and Harvesting systems (ICE-

Harvest), that prioritize the harvesting of community waste energy resources. As such, ICE-

Harvest systems provide a solution that can minimize GHG emissions from high-energy-

consumption buildings in cold-climate regions such as North America and Northern Europe. The 

ICE-Harvest system connects a group of high energy consumption buildings to allow for energy 

exchange between buildings thus harvesting the cooling processes heat rejected from buildings 

with high cooling demands to heat nearby buildings with high heating demands.  

In the next subsection 1.1, the different ways of harvesting energy between buildings are discussed 

showing the benefits and disadvantages as well as the need for a thermal network to connect 

buildings and allow for energy exchange. In order to achieve a large opportunity for harvesting 

waste thermal energy, buildings with diverse requirements i.e. cooling dominated buildings with 

high process cooling and heating dominated ones with high heating requirements are grouped. 

Section 1.2 show the previous techniques used in clustering buildings for energy integration in 

district heating systems. In order to connect buildings via a thermal network the energy density of 

the buildings, defined as the ratio of the aggregated annual energy demand of the whole cluster 

buildings’ over the trench length of the thermal network, shall be more than 0.5MWh/m/year to 

overcome the thermal and mechanical losses and to maintain the economic feasibility of the 

integrated energy systems. As a result, the current research targets high energy consumption 

buildings relatively close to each other to achieve high linear heat densities. 

The recent generations of district heating networks are focused on low temperature operation of 

the thermal network to harvest low grade heat sources and to allow for electrification of heating 

via heat pump technology as well as to reduce the network thermal losses. The different district 

heating network generations' development is presented in Section 1.3. However full electrification 
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of heating, adds more challenges to electrical grids, section 1.4 and section 1.5 discuss these 

challenges and previous techniques proposed to increase grid flexibility. The last section shows 

the ICE-Harvest system which is the focus of this research with a novel thermal network operation 

schedule that allows harvesting the buildings’ and grid waste energy resources while maintaining 

balance for the electricity grid. 

1.1.1. Building waste heat and thermal energy sharing 

High energy consumption buildings are large energy consumers and carbon dioxide (CO2) emitters 

per unit floor area. Some of these buildings, such as grocery stores, ice rinks, IT servers, and data 

centers, have high year-round cooling loads (i.e., refrigeration and air conditioning), which 

produce a large amount of heat rejection to the environment and low heating demand. There are 

around 5,368 grocery stores and small convenience stores and around 575 ice rinks in Ontario. 

Ontario rejects a waste heat of 21TWh from cooling processes of which 13TWh from grocery 

stores, 0.7 Ice-arenas, 3TWh from data centers, and 4.3TWh from residential towers' air 

conditioning systems [7]. On the other hand, heating-dominated buildings require year-round 

heating, such as residential towers, hotel buildings, and swimming pools. Ontario consumes 191 

TWh of natural gas for building heating [8]. There are many different attempts in harvesting the 

waste heat from these buildings in the literature. Most of the systems focus on recovering the waste 

heat within the same building, such as harvesting the heat rejection from cooling to power an 

absorption chiller [9], [10]. Escriva et al., [11] studied recovering the heat rejected from 

supermarkets’ refrigeration systems in the UK to be used for the supermarket space and domestic 

hot water heating, resulting in a 62% reduction in the supermarkets' heating energy consumption 

and over 50% GHG emissions savings. Nall [12] offered a guide for different ways to reduce the 
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energy consumption of grocery stores by 50% through heat recovery from their refrigeration 

systems. In another study on an ice rink Piché et al., [13] found that harvesting the heat rejected 

from the air-cooled condenser of the rink refrigeration system can lead to 60% savings in heating 

energy consumption. 

Other trials showed that harvesting the rejected heat from the cooling dominant buildings can be 

used for heating other nearby heating-dominated buildings. Recently, Murphy et al., examined to 

recovers of waste heat between two buildings of a data center and a residential building wherein a 

simultaneous heating and cooling heat pump is used to heat the residential building on one side 

while cooling the data center on the other side. Although the study results in large energy savings 

exceeding 50% of the buildings’ energy demand, the methodology is only applicable to space 

cooling and heating demands of the buildings. However, most of the waste heat of the cooling 

dominant buildings results from refrigeration systems. For example, around 60% of grocery stores' 

end energy use is for refrigeration systems [14], [15] which ultimately ends up as cooling process 

waste heat.    

Recently research has focused on thermal energy sharing, which refers to the harvesting of waste 

heat from refrigeration and space cooling systems of cooling-dominant buildings to 

provide thermal energy to other nearby heating-dominant buildings, wherein a thermal network is 

used to redistribute thermal energy within a group of buildings with diverse energy demands [16]–

[19]. The 2017 UN Report [20] detailed a number of trials wherein harvested waste heat from 

different resources. In one of these trials, the waste heat energy from a data center was used as a 

heat source for a high-temperature district heating system in Paris. Wahlroos et al. [19] used a case 

study in Finland to perform a simulation where waste heat from a data center was captured and 

used as an energy source in a low-temperature DH system thermal network. The simulation results 
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showed that this approach provided a cost reduction of approximately 0.6% to 7.3% based on the 

amount of waste heat used, from 18.7 MW to 85.5 MW. 

With the potential interest in energy sharing and integration between buildings, the need for high-

resolution energy sharing models increased. A model that can evaluate the amount of energy that 

can be simultaneously shared among buildings and how it could be affected by the thermal 

distribution network conditions.  

1.1.2. Clustering 

Connecting buildings to create integrated energy communities (building clusters) varies from the 

electrical grid to the DHS networks. The electricity grid is fully connected while microthermal 

networks are usually detached. The diversity inside a thermal cluster is more important than from 

one cluster to another, as in the electricity grid situation. 

The integration of buildings with diverse energy demands improves the efficiency of the district 

heating systems [17], [19], [21], [22]. For example, Pass et al. [17] studied the energy demands of 

some German cities’ buildings and showed that a certain combination of specific building 

archetypes with certain floor areas leads to a yearly cooling to heating ratio of one (i.e. a balanced 

thermal load), with such buildings as a hospital with a grocery store. The results showed that the 

perfect density would mean the community has equal heating and cooling load at any given time. 

Using a low-temperature thermal distribution network with that balanced node maximizes the 

benefits of energy harvesting. In other studies, Brange et al. and Kauko et al. [23], [24] studied the 

application of connecting cooling-dominated buildings as prosumers to a high-temperature district 

heat network in Sweden and Norway, respectively. They both concluded that taking the waste heat 
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from such buildings to a high-temperature DHS reduced the total energy required from the central 

heating network but significantly increased the buildings’ overall electricity consumption. 

District heating systems have always tried to connect the largest number of consumers to the same 

thermal network to increase the economic feasibility of the system. In the past, spatial clustering 

of buildings in a DHS has been done based on administrative boundaries. Recently, many 

clustering methods have been employed such as k-means [25], [26], self-organizing map (SOM) 

[27], and density-based clustering algorithms [28], [29]. The k-mean clustering algorithm is used 

to optimize the number of connected buildings and the total piping length for certain objective 

functions such as minimizing the operating cost [26], [27], [30]. Solving optimization problems at 

an hourly resolution over a whole year is computationally difficult. Common approaches select 

“typical days” to overcome this issue [31]–[33]. 

Marquant et al., [28] applied an OPTICS density-based clustering algorithm to a mixture of 

building types. Specifically, they ran an optimization problem for each cluster and identified the 

building with the highest heating demand, which was then selected as the anchor building of the 

cluster. The district heating network size was iteratively increased by adding the closest building 

to the anchor one up to the nearest N buildings, and the shortest distance for the connection pipe 

was estimated using the minimum spanning tree from a graph theory algorithm as shown in Figure 

0-1 The optimal number of buildings around the anchor building for each cluster was estimated to 

minimize the equivalent annual costs (EAC) function.  
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Figure 0-1: Clustering iterations around anchor building in district heating systems [34]. 

Talebe et al. [35] conducted a review of DH systems. In this review, the DH systems were 

classified based on the linear heating density (LHD) of a network, which is defined as the ratio of 

its total annual heating demand over trench length [36]. In systems with higher heat density, the 

importance of thermal and mechanical losses is less significant [37]. Rosa and Christensen [38] 

studied a low heat density district heating system (less than 0.2 MWh/meter/year) in a German 

city. In this case study, they found that the heat density of 0.05 MWh/m/year caused almost 50% 

thermal losses of the produced thermal energy in the central plant, while increasing the heat density 

to 0.2 MWh/m/year reduced the piping thermal losses to around 20% as shown in Figure 0-2 It 

also showed that the operating cost of the system reduced as the LHD increased. 
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Figure 0-2: The effect of LHD on the DHS thermal losses and operating cost [38]. 

 

According to Talebe et al. [35] review, the economic effect of the LHD depends on the heat 

generation source. The feasible value of the LHD varies from 1 MWh/m for district heating 

systems with a biomass heat source to 0.2 MWh/m for combined heat and power (CHP)-based 

systems [36], [37]. 

Although different buildings’ clustering techniques were used for DHS with certain specific 

characteristics for the connected buildings, assessing or modifying these techniques and 

characteristics in thermal networks with thermal energy sharing is not studied yet. 

1.1.3. Thermal distribution network evolution 

Energy distribution from resources to consumers requires energy networks (grid). In electricity, 

the electricity generators are usually centralized and then a single electricity network distributes 

the electricity to the different buildings (customers).  For thermal energy, the resources could be 

centralized at a city level, or decentralized to a neighborhood or community level as community 

energy systems.  The centralized approach in thermal networks faces a lot of challenges as it 

reaches 1000s of km of thermal piping which required pre-development in the infrastructure of the 
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cities, and it will require a high cost to implement it later or replace it in an existing city. It also 

causes substantive thermal losses as the distance between the energy source and consumers are far 

as well as relatively large mechanical pumping power, especially in low-building density cities 

[39], [40].  The community energy systems that connect a cluster of buildings’ has gained interest 

recently [41]–[45]. It shows more flexibility, modularity, and low risk in investment. It also has 

lower thermal losses and requires less mechanical power [41]–[45].  

Community energy systems consist of two main sections. The first section is the thermal piping 

network (TN) which is required to serve, harvest, and share energy between the clustered buildings 

in the community and distribute the energy resources to the consumers. The second section is the 

main resources hub or the energy management center (EMC) that is mainly responsible for the 

generation of the required energies [7], [21], [46]. In addition, there are energy transfer stations 

that transfer energy between the EMC and the TN and between the TN and the individual 

buildings. The TN operation temperature plays an important role in the ability of the system to 

serve the integrated community buildings. It affects the thermal losses, the ability of waste energy 

harvesting, and the amount of electricity required for this energy sharing and harvesting.    

According to the TN operation temperature, Buffa et al., [47] classified the thermal network of 

District heating systems DHS into five generations. 1st generation (1GDHS) was using steam with 

a temperature higher than 100oC and in the 2nd generation (2GDHS), pressurized water was used 

with an operating temperature higher than 100oC while the third generation used pressurized water 

with about 80-90oC [48]–[50]. All of these three generations were used on large scale over a city 

size which made them suffer from high thermal losses that reach 30% of the heating demands in 

some cases [47], [51], [52]. The 4th generation district heating system (4GDHS) reduced the 

operating temperature to around 60oC to reduce the thermal losses. Also, the 4GDHS goes toward 
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more decentralization with community-size systems [50], [53]–[56]. There are many advantages 

of using the 4GDHS that make it a focus of many researchers recently. From 2014 to 2017, 298 

papers are talking about the 4GDHS according to Lund et al. [50]. Using the low-temperature 

4GDHS also allows for harvesting solar energy for heating requirements, Solar energy with aid of 

thermal storage and good building insulation was able to cover almost 95% of the heating demand 

in the study by Flynn et al.[56]. 

Recently, more carbon-free resources have been implemented in the electricity generation systems 

which has led to a greater focus on the electrification of heating using water or air source heat 

pumps. This strategy has evolved to the concept of a 5th generation district heating and cooling 

system (5GDHCS) that operates at an ultra-low temperature from 6-30oC [47], [55]–[59].  The 

ultra-low operation temperature has less thermal losses than the 4GDHS, it also allows for more 

harvesting of low-temperature waste resources such as process cooling, data centers rejected heat, 

and solar thermal systems.  Buffa et al., [47] made a survey on 40 networks using the 5GDHCS, 

wherein 29 of the 40 systems supply energy to the network from a regenerative energy source such 

as open loop systems like lakes, oceans, geothermal fields, and aquifer thermal energy storage 

(ATES). There are some open loop systems applications of the 5GDHCS that use deep lakes water 

as a heat sink in summer and a heat source in winter such as “Genève-Lac-Nations”, and “La Tour-

de-Peilz [60]. Other open systems use river streams such as Ohrberg, Germany, which provides 

energy for 82 building units [61], and Leuven, Belgium [62]. If there is no open source or sink, the 

5GDHCS will require a more balanced load between heating and cooling and it depends on fossil 

fuel-based resources. Pass et al., [17] showed that the exergy efficiency of the 5GDHCS is low as 

it depends more on electricity for heating purposes. In addition, Ultra-low temperature thermal 
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network U-LTTN operation as 5GDHCS leads to high electricity peaks, especially on extremely 

cold winter days. 

This research studied the integrated community energy and harvesting system [7] which is 

considered a hybrid operation between the 4th and 5th GDHS.  The TN temperature of this system 

is controlled to operate at low temp during some times and ultra-low temp during other times. 

Operating with this schedule is an approach to maximize the benefits of energy harvesting and 

reduce the impact on the electricity grid. Table 0-1 summarizes the differences between all five 

generations of DHS. 

Table 0-1: Comparison between different generations of DHS and ICE-Harvest systems. 

 1GDHS  2GDHS  3GDHS  4GDHS  5GDHCS  ICE-Harvest  

Thermal 

network 

temperature  

Steam  

>100oC  

Pressurized 

hot water 

mostly over 

100°C  

Pressurized 

hot water 

often below 

100°C  

Hot water 

often below 

50-70°C  

Hot water  

6-30°C  

Water varies 

from 20-70°C  

Thermal 

network 

length  

Large  

(City 

Size)  

Large  

(City Size)  

Large  

(City Size)  

Large & 

Medium 

(Campus)  

Medium & 

Small 

(neighborhood)  

Small  

(neighborhood)  

Thermal 

losses  
High  High  High  Medium  Low  Low  

Capability 

for low 

temp source 

heat pump 

harvesting   

Difficult  Difficult  Difficult  Medium  High  High  

Connected 

building 

thermal 

profile  

Heating 

dominant

    

Heating 

dominant    

Heating 

dominant    

Heating 

dominant    

Balanced or near 

heating medium 

(lake or ground 

source)  

Balanced and 

heating 

dominant    

Electricity 

utilization   
-  -  -  -  High  Controllable   

Exergy 

utilization 

from high 

temperature 

sources  

High  High  High  High  Low  High  
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As the recent generations of the TN operate at a low temperature, this leads to more electrification 

of heating. thus, the study of the electricity grid operation is presented in the next section. 

1.1.4. Electrical grid  

To mitigate climate change most developed countries are planning to reach 100% carbon-free 

electricity generation in their grids by 2050. Ontario Canada took the lead, where more than 90% 

of its electricity generation comes from carbon-free resources such as nuclear, hydro, wind, and 

solar which can be considered the grid of the future [63], [64]. However, the large increase in 

renewable energy in the electricity grid with its intermittent behavior led to a challenge for the grid 

due to the mismatch between the electricity available generation resources times and the demand 

times [64]–[67]. Electricity is curtailed during periods of surplus generation from carbon-free 

resources, while in other periods, the grid suffers from high demand and low carbon-free 

generation from renewable resources [63], [68]. 

Figure 0-3 presents Ontario's electricity generation from different resources for a week in March 

2021 [69], during periods of high available wind generation resources but with low demand such 

as March 13, and 14, the grid curtails carbon-free electricity as a result of the surplus electricity 

generation from the carbon-free resources [69]. On the other hand, during periods of high demand 

and low available carbon-free electricity generation resources, the grid utilizes natural gas (NG) 

peaking generators to rapidly respond to these demand fluctuations, as the case on March 16th, and 

17th.  
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Figure 0-3: Ontario electricity grid generation from different resources for a week in March 2021 [69]. 

In total, Table 0-2 shows the annual curtailed electricity by source for four years in Ontario from 

2015 to 2018. Ontario curtailed electricity increased and peaked in 2017 with 10.2 TWh of 

curtailed carbon-free electricity. The curtailment sources can be hydro, wind and solar, and nuclear 

maneuvers.  

In the electrical system in Ontario, NG generators are the main dispatchable generation type where 

9.5TWh (around 6.5% of the supplied electricity) is produced by NG generators, which account 

for 26% (11,317 MW) of the installed capacity [63]. As a backup plan for other generators in case 

of failure or repairs, a large capacity of NG generators is maintained to stabilize the grid. These 

NG generators have low overall electrical efficiencies of around 42% where the remaining energy 

is rejected to the ambient as waste heat [70], [71]. 
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Table 0-3 presents the annual NG generation and operating hours for the years 2015, 2016, 2017, 

and 2018. When the total output of the gas generators reaches 1000 MW or around 10% of the 

installed gas generator capacity, they are regarded as being "ON". This cutoff was set because 

1000 MW of capacity is enough to allow for the coordination of demand response actions. 

It can be seen that the NG generation changes from one year to another, where in 2015, and 2017 

the NG generation was high around 15.4 and 13.2 respectively with a large number of operating 

hours (On-Peak) more than 90% of the year. The figure dropped to less than half in 2017 (5.6TWh) 

with low operating hours lower than 40% of the year being On-Peak hours. In 2018 the NG 

generation increased again to almost double the value. Tables 2, and 3 show a reverse correlation 

between the NG generation and the curtailment. During the years with high natural gas generation, 

the curtailed electricity is low and vice versa, either way, the grid losses energy just more in the 

form of curtailment in years of high carbon-free generation or waste more heat from the NG 

generator in the years of higher gas generation supply and lower carbon-free generation. 

Table 0-2: Curtailed electricity by source for different years in Ontario [63], [68]. 

Curtailment by source 2015 2016 2017 2018 

Wind & Solar (TWh) 0.7 2.3 3.3 2.1 

Hydro (TWh) 3.2 4.7 5.9 3.5 

Nuclear (TWh) 0.9 0.7 1.0 0.2 

Total (TWh) 4.8 7.6 10.2 5.8 
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Table 0-3: Electricity generation from NG for different years in Ontario [63]. 

 2015 2016 2017 2018 

Electricity generated from 

gas/Oil (TWh) 
15.4 13.2 6.4 10 

Number of operating 

hours (% of annual hours) 

8528 

(97%) 

8205 

(93%) 

3347 

(38%) 

4820 

(55%) 

 

Impact of Electrification of Heating (EoH): 

Ultra-low temperature thermal network as a means to electrify heating leads to challenges to the 

electrical grid, especially in cold climate countries.  Full electrification of heating in cold climate 

countries will significantly increase electricity consumption and peak demand. Waite and Modi 

[72] studied the impact on the grid levels in all US states grids showing that the utilization of air 

source heat pumps to electrify heating energy results in a large increase of around 70% in the 

aggregated peak electricity demands, wherein the figure rises to more than twice in 23 states. 

Fawcett et al., [73] studied the situation in the UK grid showing that a 100% use of heat pumps 

would increase national electricity demand by 25%, and peak electricity demand by 65%. 

Harvesting energy between buildings can reduce the EoH, but still increase the challenge during 

the grid peak periods. As a result, recent studies focused on the integration between the thermal 

and electrical grids. 

1.1.5. Electrical grid flexibility and the integration of thermal and electrical 

grids 

There are several techniques in the literature to meet the electricity grid challenges and increase 

the electricity system's flexibility. The most promoted ways in the literature are demand side 

management, building fabric and well insulation play an important role in balancing the electricity 
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grid as well as minimizing buildings’ energy demand [74], [75]. EoH when coordinated can 

provide additional flexibility to the electrical grid. Cooper et al., [76] found that using heat pumps 

for heating will double the peak electricity demand in the UK and suggested using demand 

management and energy storage as a solution to reduce the peak demand. Romanchenko et al., 

[77] investigated the effect of demand response (DR) on the heating energy demand for space 

heating via controlling the indoor temperature with and without thermal energy storage TES for 

DHS in Europe. The results indicate that DR provides great potential for reducing the heating 

energy demand, especially in high energy consumption buildings. Also investigated the effect of 

adding TES and concluded that DR with TES results in the lowest space heating running cost (11% 

reduction). Other techniques have focused on the generation side, with energy storage techniques 

such as electric battery storage [78]–[82], and hydro storage [83].  

According to Olauson et al. [84], a successful system flexibility strategy should not only depend 

on the time scale variability between the loads and generations (e.g. hourly, daily, or monthly), but 

also on the limitations of the electricity transmission and electrification of heating. Recently 

integrated thermal and electrical grids have gained focus as it provides additional flexibility to the 

electrical grid especially when there is a high share of renewable energy penetration to achieve the 

climate goal. Most of the cases focused on using electrothermal resources such as CHPs as a supply 

source for DHS centralized and decentralized while balancing the electrical grid. Denmark was 

able to reach 43% of its power from wind energy.  DH in Denmark is responsible for providing 

60% of the household heating energy consumption wherein CHP supplies around 70% [85] of DH 

generation and provides approximately 50% of the electricity generation. Wang et al., [86] 

performed an investigation on the flexibility in terms of using CHP for supplying DH to balance 

the electrical grid as well as minimizing heat cost. Thermal storage is used in this study to balance 
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the CHP production and the network demand resulting in a reduction of 11% in the daily heat cost 

and reducing the system power imbalance by almost 50%. 

As the electrical grid adds more renewables with less dependence on the gas generators (such as 

Ontario), the dependency on EoH will increase as well as more challenges to the electrical grid 

due to the intermittency nature of the renewable resources. As a result, the research focus turned 

towards utilizing heat pumps and electric boilers alongside CHPs and thermal and electrical energy 

storage systems [74], [87]. 

Most of the previous studies focused on increasing the flexibility of the system by scheduling the 

equipment with the aid of battery storage. However, the current study focuses on the ICE-Harvest 

system that harvests wasted energy resources as well as provides more flexibility via novel 

network and system operation.  

1.1.6. ICE-Harvest System 

The integrated community energy and harvesting system (ICE-Harvest) is a decentralized energy 

system that improves demand flexibility by integrating the thermal and electrical networks 

between a group of high-energy intensified buildings. It harvests wasted energy from buildings’ 

cooling systems and utilizes the wasted heat from the decentralized dispatchable generators. Its 

operation is oriented toward GHG emission reduction. Electrification of heating in this system is 

allowed in times of surplus generation from carbon-free resources on the electricity grid.  

The ICE-Harvest system consists of three main components; a microthermal network MTN that 

connects the buildings cluster; an energy transfer station to transfer the energy to and from the 

network to the buildings’ heating distribution systems; and a centralized energy management 

center EMC that contains the energy resources as shown in Figure 0-4 The MTN is a unidirectional 

High-Density Polyethylene (HDPE) thermal network that operates dynamically between the 4th 
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and 5th generation operating temperature conditions. The working fluid is water. As the flow 

circulates in the MTN, it works as a heat source for the individual building heating systems as well 

as a heat sink for the rejected heat from the building cooling systems. According to the energy 

balance on the MTN, the MTN temperature is controlled by the EMC resources. The MTN runs at 

a low temperature during peak periods and gets most of the heat from the EMC while operating at 

an ultra-low temperature during off-peak periods and depends more on EoH via the ETS heat 

pump, which is favorable during these periods to harvest the grid curtailed electricity.  

The energy transfer stations ETSs are responsible for transferring the thermal energy between the 

MTN and the buildings. This energy transfer can be by only a direct heat exchange via the ETS 

heat exchanger if the MTN temperature is higher than the building heating distribution system’s 

required temperature (TMTN > TB) and a heat pump is utilized in the opposite case. To harvest the 

cooling processes' waste heat a recovery heat pump is used to boost the heat rejection from the 

cooling systems to serve the network when operating at a temperature level higher than the 

rejection temperature (TMTN > Trej) and the ETS heat exchanger is utilized to exchange the heat 

directly in the opposite case (TMTN < Trej). 

The EMC in the ICE-harvest systems contains different resources to supply the network heating 

requirements as well as the site’s electricity needs such as CHP that is backed by the electricity 

grid and natural gas boilers to fulfill the demands depending on the CHP size and operation 

schedule. In the EMC, the CHP is only used to provide the remaining heat to the MTN to maintain 

or increase its temperature in times of peak electricity demand on the grid in order to replace the 

peak natural gas generators on the central grid with the advantage of waste heat utilization from 

the CHP toward the heating demand. In addition, the EMC also includes short and long-term 

thermal storage systems to aid in the mismatch between the generation and demand times.  
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Figure 0-4: Simplified representation of the ICE-Harvest system. Note: the system is not to scale. 

1.2. Summary of previous studies' gaps: 

After studying the literature in the six subcategories in sections 1.1.1-1.1.6, there are many gaps 

in the literature as follows: 

• Although many studies in the literature discussed harvesting the waste heat between buildings, 

most of them are focused on space heating and cooling using dynamic simulations for selected 

case studies. In addition, the literature did not provide a reduced model that can evaluate the 
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energy harvesting from any building’s cooling systems through a low-temperature thermal 

network with high time resolution within the integrated building community.  

• Harvesting waste heat using electric heat pumps is a better way to electrify heating. However, 

the previous studies did not link the usage of extra electricity to the source of this electricity 

which might be coming from fossil fuel sources that could globally increase the total GHG 

emissions. Also, previous researchers did not consider the effects of this electricity increase on 

the peak demand of the electricity grid, which is a major constraint on the feasibility of 

buildings’ energy systems.  

• Although different buildings’ clustering techniques were used for DHS with certain specific 

characteristics for the connected buildings, no prior works have attempted to assess or modify 

these techniques and characteristics for the ICE-Harvest system with thermal energy sharing. 

• There is no reduced model for integrated energy systems that can be applied to any number of 

clusters on a municipal or provincial/state scale which is necessary to show the impact of fleet 

deployment of these systems.  

• Most prior studies on low-temperature thermal networks that targeted energy harvesting 

between buildings were focused on balanced or near thermally balanced demand clusters. 

• Most prior studies that promoted 5GDHCS for networks were using clusters with thermally 

energy-balanced buildings  [17], [47], [57], [58]. but the benefits of balanced load profiles 

cannot be guaranteed on the different clusters' load profiles. In addition, the balanced load sites 

usually have a low effect on the electricity peak, however, for heating dominant sites, the 

impact is greater which represents the majority of the sites in cold climate regions. 

• Previous researchers proposed the integration of CHP as a decentralization for grid natural gas 

generators to balance the electricity grid and heat the thermal network however none of these 
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studies investigates the impacts of different CHP sizes, the CHP operation schedule time 

relative to the electricity grid conditions wherein the model is implemented on a fleet of ICE-

Harvest sites, where the CHP’s accumulated generation shall be constrained to not exceed the 

grid natural gas generation.  

1.3. Scope of research  

1.3.1. Objective and contributions 

The main objectives of the current research can be summarized in the following points: 

1- Investigate the potential benefits of thermal energy sharing via integrating diverse demand 

community buildings on the reduction of GHG emissions and energy harvesting between 

buildings. 

2- Quantify the potential performance improvements from the large-scale implementation of a 

fleet of ICE-Harvest systems (state/provincial level) vs. conventional systems. 

3- Investigate the effects of the different building clustering techniques and energy densities on 

the overall GHG emissions reduction for integrated electrical and thermal energy systems.  

4- Investigate the impact of different thermal network temperature operations for different 

communities’ load profiles on the electricity demand and peak, as well as GHG emissions. 

5- Study the impact of different CHP sizes, the CHP operation schedule time relative to the 

electricity grid conditions, as well as the use of thermal storage and the load profile category 

on the site peak demands, and the overall GHG emissions. 

6- Investigate the appropriate selection of energy resources to be used in the EMC according to 

the dominant load profile category. Also presents the impacts of different CHP sizes, and the 

CHP operation schedule time relative to peak electricity grid demand. 
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The contributions of this Ph.D. work, which are fully documented in the three journal publications 

presented in this thesis, can be summarized in the following: 

- A thermal energy sharing model that can provide the amount of simultaneously shared heat 

energy between the connected integrated community buildings on a high-resolution basis and its 

impact on the buildings’ energy consumption and GHG emissions. 

- New clustering methods focus on the diversity in the buildings connected in each cluster to 

maximize the harvesting of waste energy, wherein buildings with high heat rejection from their 

cooling system were clustered with other buildings with high heating demand to create a large 

opportunity for harvesting wasted energy. 

- Reduced model for the ICE-Harvest system to calculate the potential of large-scale 

implementation of a fleet of ICE-Harvest systems (state/provincial level) and the impacts on the 

total reduction of the GHG emissions, the buildings' energy requirement, and the electricity grid. 

-  Modeling the different thermal distribution network temperature operating scenarios for 

different community energy profiles including; low-temperature (fourth generation), ultra-low 

(fifth generation), smart network (ICE-Harvest) a hybrid between low and ultra-low, and smart 

network with a variable network temperature and evaluate their impacts on the annual electricity 

consumption and peak demand, as well as GHG emissions considering harvesting residual heat 

from cooling processes. 

- Study the effect of the integration of combined heat and power as a decentralization of the 

peaking natural gas plants on the grid as a balance to the renewable resources.  

- Study the impacts of different sizes of the CHP, the operation schedule time relative to the 

electricity grid conditions, and the integration of thermal energy storage for different cluster load 

profile categories on the site energy consumption and the overall GHG emissions.    
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Below is a brief description of the main contributions of each publication. 

Paper I: Ahmed Abdalla, Saber Mohamed, Scott Bucking, James S. Cotton “Modeling of thermal 

energy sharing in integrated energy communities with micro-thermal networks,”. Published in the 

Journal of Energy and Buildings 

The novelty of this manuscript is investigating the impact of harvesting the heat rejected from the 

cooling and refrigeration systems of buildings that have high year-round cooling and refrigeration 

demand such as ice arenas and grocery stores to be used for the heating of other nearby buildings 

integrated with a micro-thermal network on the reduction of GHG emissions and thermal energy 

sharing between buildings by developing a high-resolution reduced thermal energy sharing model. 

This model can provide the amount of simultaneously shared heat energy between the connected 

integrated community buildings on a high-resolution basis. The model also evaluates the changes 

in greenhouse gas (GHG) emissions and the amount of energy that is still required from 

supplemental heating sources after harvesting relative to conventional stand-alone building 

systems. It also shows the effect of changing the operating temperature of the micro-thermal 

network on the reduction of both GHG emissions and energy consumption considering the building 

cooling and heating equipment performance.  

Paper II: Ahmed Abdalla, Saber Mohamed, Friedrich Kelton, Scott Bucking, James S. Cotton 

“The impact of clustering strategies to site integrated community energy and harvesting systems 

on electrical demand and regional GHG reductions,”. Submitted to the journal of Energy 

Conversion and Management. 

This manuscript develops new clustering methods for the Integrated Community Energy and 

Harvesting systems (ICE-Harvest) that prioritize the harvesting of waste heat rejected from cooling 
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processes to help satisfy the heating demands of commercial and residential buildings. The 

clustering approaches focus on the diversity in the buildings connected in each cluster wherein 

buildings with high heat rejection from their cooling system were clustered with other buildings 

with high heating demand to create a large opportunity for harvesting wasted energy. Clustering 

around anchor building and density-based (DB) clustering with post-processing by adding the 

nearest anchor building to each cluster are developed and compared to the full DB clustering 

technique. This work also provides a reduced model for the ICE-Harvest system that focuses on 

harvesting wasted energy from three main resources heat rejected from cooling processes and peak 

electricity fossil-fuel fired generators, as well as energy from curtailed clean grid electricity 

resources that can be applied to a fleet of clusters on a municipal or provincial/state scale to show 

the impact of these systems on GHG emission and electricity demand from the grid.  

Paper III: Ahmed Abdalla, Saber Mohamed, Friedrich Kelton, Scott Bucking, James S. Cotton 

“The impact of the thermal distribution network’s operating temperature and system design on 

different communities' energy profiles,” Submitted to the journal of Sustainable Cities and Society. 

This article investigates four different network operating scenarios of thermal distribution network 

low-temperature (fourth- generation), ultra-low (fifth generation), smart network (ICE-Harvest) a 

hybrid between Low and ultra-low, and a proposed smart network with peak control scenario that 

variably changes the network temperature to avoid significant increase of the peak electricity 

demand and to maintain system feasibility for different network profiles. In addition, studying the 

integration of combined heat and power into the system for a fleet of sites as a decentralization of 

the peaking natural gas plants on the grid as a balance to the renewable resources. It also presents 

the large-scale impacts of different CHP sizes and schedule of operation time relative to the 

electricity grid conditions, as well as the integration of short and long-term thermal storage for the 
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different clusters’ load profile categories on the site peak demands, and the overall GHG 

emissions. 

1.4. Thesis organization 

This thesis is organized into 5 chapters: 

Chapter 1 presents an introduction and literature review of this dissertation. It also highlights the 

objective and contributions of this research. 

Chapter 2 presents the first journal paper titled: “Modeling of thermal energy sharing in integrated 

energy communities with micro-thermal networks” 

Chapter 3 presents the second journal paper titled: “The impact of clustering strategies to site 

integrated community energy and harvesting systems on electrical demand and regional GHG 

reductions” 

Chapter 4 presents the third paper titled: “The impact of the thermal distribution network’s 

operating temperature and system design on different communities' energy profiles” 

Chapter 5 presents conclusions and recommendations for future work. 
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Abstract 

This investigation focuses on the potential of harvesting heat rejected from the cooling and 

refrigeration systems of buildings with high year-round cooling and refrigeration demand (e.g., ice 

arenas and grocery stores) and using it to heat other nearby buildings. Integrating a small group of 

buildings with diverse thermal demands via a low-temperature micro-thermal network effectively 

allows wasted thermal energy to be harvested and shared among the buildings with minimal 

thermal and mechanical losses. This paper presents a reduced model that shows the potential of 

harvesting thermal energy between buildings by calculating the amount of heat energy 

simultaneously shared between the connected buildings on a five-minute time resolution. The 

model also evaluates changes in greenhouse gas (GHG) emissions and the amount of energy that 

is still required from supplemental heating sources after harvesting relative to conventional stand-

alone building systems. This study shows that changing the operating temperature of the micro-

thermal network when primarily sharing between diverse thermal demand buildings has a minor 

effect on GHG emissions but can have a larger effect on electrical energy consumption. The model 

is applied using actual utility energy consumption at one of the potential clusters in Ontario, with 

results showing that approximately 48% of the cluster’s total heating requirements can be covered 

by instantaneous sharing between buildings, and an additional 12% can be covered by daily short-
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term thermal storage. This reduced heating demand results in an approximately 74% reduction in 

total GHG emissions.  

Keywords: Thermal energy sharing, Integrated energy communities, High intensity energy 

buildings, Waste heat, Low temperature micro-thermal network, GHG emissions 

2.1. Introduction 

According to the 2017 United Nations Global Status Report, the operation, and construction 

of buildings account for 36% of global end-energy use, and 39% of energy-related carbon dioxide 

(CO2) emissions when upstream power generation is included [1]. These figures are notable, as 

continued growth in the global population will be accompanied by a corresponding growth in the 

building sector and its attendant energy demands. In order for Canada to meet the global climate 

targets outlined in the Paris Agreement by 2030, it will need to find a way to reduce the energy 

intensity of its buildings sector by an average of 30% (compared to 2015 values) [1]. This will be 

a challenge, as building energy consumption is higher in cold-climate countries like Canada, 

largely due to the high number of heating degree days each year. According to Canada’s Fourth 

Biennial Report on Climate Change 2019 [2], governments at all levels are working on a “net-zero 

energy ready” model building code to be implemented by 2030, as well as new codes for existing 

buildings to be implemented by 2022. These new codes will lead to buildings with smaller energy 

footprints, as they will force the designers of new buildings and operators of existing buildings to 

devise plans to reduce their buildings’ energy consumption. 

Over the last few decades, many techniques have been employed to reduce overall building energy 

consumption. For example, the use of systems designed to recover energy from the air in the 

ventilation system has become a requirement in Canadian building energy codes [3]. Another 
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effective energy-reduction method is to harvest the waste heat energy produced by refrigeration 

system components such as economizer cycles, desuperheaters, and compressor cooling jackets in 

order to heat retail spaces [4]. Indeed, Minea et al. [5] demonstrated that it is possible to use waste 

heat recovered from vapor-absorption refrigeration systems as a heat source for space 

heating. Similarly, Ebrahimi et al.’s [6] study of waste heat recovery in a data center showed that 

it is possible to use recovered waste heat to power one of the building’s absorption chillers. 

Although these studies presented useful methods for improving energy savings, they only focused 

on harvesting waste heat for reuse in the same building. Some buildings such as wholesale 

warehouses and ice skating arenas produce large amounts of waste heat energy, but have low 

heating requirements. As a result, the excess waste heat produced by these buildings is released 

into the surrounding environment. 

Recently research has focused on thermal energy sharing, which refers to the harvesting of waste 

heat from the refrigeration and space cooling systems of cooling-dominant buildings to 

provide thermal energy to other nearby heating-dominant buildings. The 2017 UN Report [7] 

detailed a number of trials wherein harvested waste heat from different resources (eg., sewage 

water, industrial process, solid municipal waste,…etc.) was used as a thermal source in district 

heating systems. In one of these trials, the waste heat energy from a data center was used as a heat 

source for a high-temperature district heating system in Paris.  

While the thermal piping network used in district heating systems has existed since the 19th 

century, Lund et al. [8] have identified four distinct generations of district heating and cooling 

(DHC) systems. The first three generations of DHC systems used long distributed steam/hot water 

pipes for heating and chilled water pipes for cooling [8]. In these earlier-generation systems, the 

thermal network temperature is high (often 100oC), which makes the harvesting of waste heat from 
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lower-temperature sources very difficult. Moreover, these systems often experience large amounts 

of heat loss from the high-temperature heating pipes and heat gain to chilled water pipes [9], [10], 

as well as low utilization rates in off-season times. As a result, researchers have increasingly turned 

their focus toward lower temperature networks in recent years. 

Fourth generation district heating (4GDH) systems address the challenges associated with 

previous-generation systems by replacing the high-temperature thermal with a lower temperature 

network of approximately 50oC/20oC for supply and return, respectively[6, 9, 10, 11]. Flynn et al. 

[14] concluded that the combination of a low-temperature DH system, building insulation, and 

borehole thermal energy storage could enable solar energy to account for 95% of the system's total 

energy heating. Lund et al. [11] reported that, from the beginning of 2014 through the end of 2017, 

the term, “4GDH system,” was mentioned in 298 papers, either as part of the study detailed in the 

paper, or as part of its literature review. They suggested that the high number of references to 

4GDH systems may be due to their low temperatures networks, which allow for the harvesting of 

low-grade waste heat resources and renewable resources, such as solar thermal energy. Fifth 

generation district heating and cooling (5GDHC) systems use a lower-temperature thermal 

network than 4GDH systems, which allows them to recover lower-grade waste heat. The 5GDHC 

system’s use of thermal network temperatures that are lower than the required building supply 

temperature, near the ambient temperature (15-25oC), allows it to recover more waste heat 

resources [13-16]. Since the 5GDHC system’s thermal network temperature is lower than the 

building heating requirement (~50-60oC), a heat pump is required at each building to lift the 

temperature. Talebe et al. [19] classified DH systems based on the linear heating density of their 

networks, which is defined as the ratio of the network’s total annual heating demand to its trench 
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length [20]. In systems with higher heat density, the impact of thermal and mechanical losses is 

less significant [21]. 

The introduction of each generation of DHC system has been accompanied by changes not only to 

the temperature requirements, but also to the piping infrastructure. For example, the four-pipe 

system (heating supply, heating return, cooling supply, and cooling return) used in the first four 

generations was replaced by a two-pipe [18] or even a single-pipe [22] system in the 5GDHC. In 

addition, the 5GDHC system’s use of electrical energy to power its heat pumps significantly 

reduces GHG emissions, provided the electricity is not produced via fossil fuels. However, this 

benefit remains largely unrealized; since electricity prices in many countries, including Canada, 

are higher than natural gas prices, thus most heating systems continue to use natural-gas-fired 

equipment such as boilers. Nonetheless, low-temperature thermal networks’ superior waste-heat 

harvesting abilities can offset a large portion of the heating requirements if the buildings connected 

to the network have diverse cooling and heating demands year-round.  

Zarin et al. [23] analyzed a low-temperature thermal network district system that is capable of 

recovering low-grade heat rejected from the building’s cooling systems. However, their results 

indicated that the system’s large thermal network resulted in high mechanical and thermal energy 

losses. To aid in their analysis, Zarin et al. [22] used a correlation to measure whether the district 

system was more efficient than the stand alone system for a certain combination of buildings. 

Ultimately, they concluded that buildings with different energy demands should be connected in 

order to benefit from load diversity. 

Wirtz et al. [24] developed an optimization model for a bidirectional low-temperature network that 

changes the flow direction according to the thermal cooling or heating mode. In this study, 

buildings with diverse thermal energy demands were connected to a centralized energy hub that 
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included a variety of cooling and heating resources, such as chillers, pumps, heat exchangers, 

boilers, thermal energy storage, cold storage, and batteries, as well as renewable energy resources, 

such as solar photovoltaics (PV). Their results showed that this configuration resulted in a 56% 

reduction in GHG emissions, and about a 42% reduction in cost. 

Wahlroos et al. [25] used a case study in Finland to perform a simulation where waste heat from a 

data center was captured and used as an energy source in a low-temperature DH system thermal 

network. The simulation results showed that this approach provided a cost reduction of 

approximately 0.6% to 7.3% based on the amount of waste heat used, from 18.7 MW to 85.5 MW. 

Murphy et al. [25] conducted a study wherein a simultaneous heating and cooling pump was used 

to capture waste heat from the cooling system of a data center that requires year-round cooling and 

share it with a multi-unit residential building (MURB) that requires year-round heating. The heat 

pump was connected to an evaporator, which cooled the data center on one side and heated the 

MURB on the other. Murphy et al.’s [25] results showed that energy sharing reduced the MURB’s 

heating requirements by 55%, and its GHG emissions by 53%. Similarly, energy sharing reduced 

the data center’s cooling requirements and GHG emissions by 50% and 51%, respectively.  

Previous studies on low-temperature thermal networks have largely focused on buildings with high 

year-round space cooling (e.g., data centers) and heating loads (e.g., residential towers). These 

energy-saving techniques are only applicable in buildings that require space cooling (5 and 10oC 

for supply and return, respectively) throughout the entire year, with data centers being one of the 

few viable options for implementation in cold climates.  

The current work proposes an energy sharing model wherein waste heat is harvested from high-

cooling-energy-intensive buildings that require both space cooling (e.g., data centers) and 
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refrigeration cooling (e.g., ice hockey arenas and grocery stores) year-round. However, Datacenter, 

ice arena, and grocery store cooling systems reject heat similarly at about 25-35oC which can be 

used with the aid of the ETS heat pump integrated into the buildings’ heating systems. The major 

difference is in the cooling product. In data centers, as it is a space cooling, waste heat can be 

simultaneously cooled using the same heat pump that provides heating on the condenser side. 

However, in an ice arena, the lower required temperature is between -30 and -10 oC for the cooling 

product which will require a separate system.  Ice arenas, and grocery stores are among the most 

energy intensive buildings. A large portion of their energy consumption is used for cooling and 

refrigeration. As a result, the heat rejected from the condensers of such cooling and refrigeration 

systems is usually released into the surrounding environment through a cooling tower or 

evaporative condenser.  

Whereas many European cities have existing DH system pipes that service most of their buildings 

and houses, DH systems are less common in Canadian cities due to the comparatively large 

geographical scope of urbanization, extreme temperatures, and low natural gas prices. Indeed, 

high-energy-intensive buildings are usually clustered into groups (e.g., plazas) in Canadian cities.  

The current work presents an Integrated Community Energy and Harvesting System (ICE-Harvest) 

[26] designed to connect a small number of closely situated high-energy-intensive buildings that 

have diverse thermal demands, with at least one requiring a cooling load year-round. As shown in 

Figure 2-1, a group of buildings, known as an integrated community energy node, is connected by 

a Micro-Thermal Network (MTN). There are more than 1,000 grocery stores and ice arenas in 

Ontario that could be clustered with other nearby heating-dominant buildings to create integrated 

community energy nodes. The MTN is a single unidirectional thermal pipe filled with low-

temperature water (TMTN); this low-temperature water is used to harvest the heat rejected from the 
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refrigeration and cooling systems of the cooling-dominant buildings, which is then used to satisfy 

the simultaneous heating requirements of the other heating-dominant buildings within the node. 

Each building is connected to the MTN through an energy transfer station (ETS), which includes 

a lift heat pump (HP) and a heat exchanger (HX). The lift heat pump is used to raise the MTN’s 

temperature to satisfy the building’s required heating temperature, while the heat exchanger is used 

to directly exchange the heat rejected from the cooling and refrigeration systems to the MTN. The 

energy management center (EMC) is a community facility that provides the remaining energy 

needs of the connected buildings to maintain the MTN at a constant temperature. For meeting 

thermal demands, it contains different heating energy resources (e.g., boiler, CHP operated as a 

marginal electricity generator, and thermal energy storage) equipment that provides the remaining 

heating energy requirements not met by thermal sharing.  
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Figure 2-1: An ICE-Harvest system node composed of an Energy Management Center (EMC), Micro-Thermal 

Network (MTN), and Energy Transfer Stations (ETS) that interface with the connected buildings. 

In traditional stand-alone building systems, peak demand and a capacity factor are used to size the 

equipment. In contrast, sizing and control in ICE-Harvest systems require knowing the high 

resolution energy demands (measured at least hourly) of each building in the node, how much 

energy can be shared simultaneously, and when and how much energy needs to be stored or 

discharged from thermal storage.  

This paper uses a reduced high-resolution integrated thermal energy sharing model to evaluate the 

benefits of using an MTN to harvest waste heat rejected from condensers in air conditioning (AC) 

and other refrigeration systems. While this approach allows for the evaluation of the MTN on its 

own, it does not allow for the evaluation of a full ICE-Harvest system, which can incorporate 

different technologies into the EMC and an advanced control system. Benefits of utilizing this 

model include: (1) allowing engineers to predict how much rejected heat energy from cooling-

dominant buildings can be collected and used to heat other buildings in the node; (2) enabling the 
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prediction of the amount of electricity required to drive lift heat pumps to meet the building’s 

heating loads at specific times.; and (3) quantifying the reduction in both the GHG emissions and 

the energy required to provide heating, cooling, and electricity of integrated systems relative to 

conventional stand-alone buildings systems. In the next section, the methodology and flow chart 

of the model is presented. 

2.2. Methodology 

2.2.1. Model Description  

This section presents a mathematical model for evaluating energy utilization in an ICE-

Harvest system. The model utilizes the following inputs: the high-resolution cooling, heating, and 

electricity aggregated energy consumption of a community node (a group of buildings in relatively 

close proximity); the coefficient of performance, or efficiencies, of the cooling and heating 

systems; the buildings’ heating system temperature requirements; and the cooling system heat-

rejection temperatures for all buildings in the ICE node. These inputs are shown in Figure 2-2.  

The model’s outputs include: the amount of thermal energy that can be instantaneously shared 

between the connected buildings (Qsh); the surplus heat energy that can be harvested for later use 

with the aid of thermal short term storage (QSH_STS); the electric energy required by the heat pumps 

needed to harvest waste energy from the cooling and refrigeration processes (WHP); the 

supplemental thermal energy required from the energy management center (QEMC); and the 

reduction in GHG emissions compared to conventional standalone systems. The model is capable 

of evaluating all of these outputs for different time intervals (e.g., 5 minutes, hourly, daily, weekly, 

monthly, etc.) according to the input data resolution. The model uses the following assumptions: 
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• Since the thermal network is short in length, it is considered to have a high linear heat density and 

a low operating temperature; thus, the model assumes minor effects of mechanical and thermal 

losses and thermal network mass. 

• The model assumes that any imbalance in the node’s thermal demands throughout the day can be 

met via a perfectly insulated short-term thermal storage (STS) of infinite capacity. As a first 

preliminary sizing approach, the STS is sized to be enough to store excess rejection heat over a 

24-hour period and use it on the same day toward sharing (Equation (4)). It is considered a perfectly 

insulated storage with no losses. At any time interval, if the heat rejected is more than the required 

heat, the extra heat will be charged to the STS and vice versa. In the current study, no limitation 

on rate or storage size was implemented. The maximum capacity of the largest STS usage in a 

peak day for a given year is tracked so that the STS size needed to achieve this can be estimated 

at the end of the simulation.  

 

Figure 2-2: Thermal energy sharing model inputs and outputs. 

The simultaneous energy sharing between buildings (QSh) is defined as the minimum between the 

heat rejected from the buildings’ cooling systems (Qrej) at a certain time interval (i) and the heat 
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required from the MTN (QH_MTN) at the same time interval (i), as shown in Equation 1. This 

minimum was specifically selected to avoid an increase in the MTN temperature in the event of 

extra heat rejection. The heat rejection from cooling systems is calculated based on their cooling 

loads (Qc) and coefficients of performance (COPc), taking into consideration changes in the COPC-

MTN with the MTN temperature (Equation 1a). The heat required from the MTN (QH_MTN) is 

evaluated based on the building energy requirements (QH_B), which is an input to the model, and 

the electricity (WHP) required by the heat pumps in the energy transfer stations (ETS) at the 

connection points between each building and the MTN (Equations 1b and 1c).  

𝑄𝑆ℎ  =  ∑ 𝑀𝑖𝑛{[𝑄𝑟𝑒𝑗(𝑖),  𝑄𝐻_𝑀𝑇𝑁(𝑖)}𝑛
𝑖=1  (1) 

Where n is the total number of intervals (i) in any calculation period, which could be a day, a 

month, a season, a year, or any other period. 

Qrej  =  ∑ 𝑄𝐶(𝑗) ∗  (
1

𝐶𝑜𝑝𝑐(𝑗)
+ 1)𝑛𝐵

𝑗=1     (1a) 

Where j is the building number, and nB is the total number of buildings in the ICE node. 

QH_MTN = (𝑄𝐻_𝐵 − 𝑊𝐻𝑝)        (1b) 

𝑊𝐻𝑝= (
𝑄𝐻_𝐵

𝐶𝑜𝑝𝐻𝑝
)         (1c) 

The heat rejection from the cooling systems and the heat required from the MTN for heating-

dominant buildings will not be the same at different time intervals. Sometimes, the energy rejected 

from the cooling systems is higher than the energy required from the MTN; at other times, the 

heating energy required by the MTN is higher than the heat rejected from the cooling system. The 

positive difference in the first case is the surplus energy rejected to the MTN (Qrej_s), as shown in 

Equation 2. This surplus rejection can be stored or rejected into the surrounding environment using 

different resources in the EMC, such as thermal storage tanks or a cooling tower, respectively. 
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When the difference between the rejected heat to the MTN and the heat required from the MTN is 

negative, Equation 3 can be used to determine the remaining heat energy that should be delivered 

to the MTN (QH_rem) from heating sources within the EMC, such as thermal storage, CHP, or 

backup boiler. 

Qrej_s  =  ∑ [𝑄𝑟𝑒𝑗(𝑖) − 𝑄𝐻_𝑀𝑇𝑁(𝑖)𝑛
𝑖=1 ]      if  >0    (2) 

QH_rem  =∑ [𝑄𝑟𝑒𝑗(𝑖) − 𝑄𝐻_𝑀𝑇𝑁(𝑖)𝑛
𝑖=1 ]    if <0   (3) 

Equation 4 calculates the amount of energy that must be stored in a short-term thermal storage 

tank each day (QSh_STS). In this equation, the amount of energy to be stored in short-term storage 

and used each day is defined as the minimum of both the sum of surplus heat rejected to the MTN 

each day and the sum of the remaining heat required from the MTN during the same day. 

𝑄𝑆ℎ_𝑆𝑇𝑆  = 𝑀𝑖𝑛[ ∑ Qrej_s(𝑖)𝑑
𝑖=1 , ∑ QH_rem(𝑖)]𝑑

𝑖=1     (4) 

Where d is the number of time intervals, i, in a day. To consider short-term storage for k number 

of days, the value, d, should be replaced by (k . d).  

The remaining MTN heat requirement after energy sharing is covered by other resources in the 

EMC and can be calculated as shown in Equation 5. 

QEMC = 𝑄𝐻_𝑀𝑇𝑁 −[ 𝑄𝑆ℎ + 𝑄𝑆ℎ_𝑆𝑇𝑆]       (5) 

Not only does an ICE-Harvest system change the amount of heat energy required (QEMC) compared 

to stand-alone systems (QH_B), but it also changes the overall electricity requirement. In the ICE-

Harvest system, electricity usage increases due to the use of a lift heat pump in the ETS (WHP), 

and it also fluctuates due to variance in the coefficients of performance of the existing buildings’ 

cooling systems as they are integrated with the MTN. Equation 6 calculates the difference in 
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cooling system electricity consumption (WC_Var) for a stand-alone business-as-usual system (BAU) 

and an ICE-Harvest system with an MTN.  

WC_Var(i)  =  [𝑄𝐶(𝑖) ∗  (
1

𝐶𝑜𝑝𝑐−𝑀𝑇𝑁(𝑖)
−

1

𝐶𝑜𝑝𝑐(𝑖)
)] (6) 

Where COPc-MTN(i) is the coefficient of performance of the cooling systems in an integrated energy 

system at different MTN temperatures, and COPc(i) is the coefficient of performance of the same 

cooling systems in a conventional stand-alone system. The overall electricity requirement (EICE-

Harvest) in an integrated energy system can be calculated via Equation 7, 

EICE-Harvest (i) = EBAU(i) + WHP (i) + WC_Var (i)   (7) 

Where EBAU(i) is the overall electricity consumption in the business-as-usual system (BAU). 

GHG emissions were calculated for both the ICE-Harvest (GHGICE-Harvest) and stand-alone BAU 

(GHGBAU) systems. In both cases, GHG emissions will come from using natural gas for heating, 

as well as from the grid emission factor associated with importing electricity from the grid. 

Following Canada’s 2018 National Inventory Report [27], Equations 8 and 9 use natural-gas-

combustion-related CO2 emissions of 0.1872 tonnes/MWh, and multiply this figure by the amount 

of heat required in both the BAU and ICE-Harvest systems to calculate their respective GHG 

emissions. Conversely, calculating GHG emissions from imported electricity depends on the fuel 

sources used to generate electricity. Maxime et al. [27] defined the hourly emission factor, EF(i), 

as the ratio of GHG emissions produced by a grid’s fossil-fuel-based plants to the total electricity 

generated in a given hour, (i) (Equation 10). Using these formulas, the emissions associated with 

the imported electricity will equal the amount of electric energy at each time interval E(i) 

multiplied by the EF, as shown in Equation 11.  
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𝐺𝐻𝐺 𝐻𝑒𝑎𝑡𝑖𝑛𝑔_𝐵𝐴𝑈=  [∑ 𝑄𝐻_𝐵(𝑖)] ∗ 0.1872𝑛
𝑖=1         (8) 

𝐺𝐻𝐺 𝐻𝑒𝑎𝑡𝑖𝑛𝑔𝐼𝐶𝐸_𝐻𝑎𝑟𝑣𝑒𝑠𝑡
=  [∑ QEMC(𝑖)] ∗ 0.1872𝑛

𝑖=1  (9) 

𝐸𝐹 (𝑖)=  
𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑝𝑙𝑎𝑛𝑡𝑠(𝑖)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑 (𝑖) 
 (10) 

𝐺𝐻𝐺 𝐸𝑙𝑒𝑐.=∑ [𝐸(𝑖) ∗ 𝐸𝐹(𝑖)]𝑛
𝑖=1                                    (11) 

In the next section, an application of the energy-harvesting model will be presented for a specific 

ICE-Harvest node in Ontario, Canada. 

2.3. Application for the Thermal Energy Sharing Model 

2.3.1. Buildings Node Specification and Load Profiles:  

The Canadian province of Ontario has many potential locations for integrated energy 

communities. The node selected for this study consists of four buildings: two refrigeration/cooling-

dominant buildings (an ice hockey arena and a library with an IT server), and two heating-

dominant buildings (recreation centers with a swimming pool and recreation activities). The 

building demand is unique for each building based on historical electricity demand in 5 min 

intervals and disaggregated cooling demand from the electricity 5 min interval smart meter over a 

full-year period (2017). The disaggregated heat demand is based on measured monthly gas data 

consumption along with 5 min interval weather dependent algorithm to increase the resolution of 

natural gas consumption. The supplied energy always meets the demand, but the energy shared 

between buildings changes depending on availability. The building supply temperature and heat 

recovery temperatures are the same for each building. The BAU energy system used in the ice 

hockey arena is an ammonia refrigeration system, while the IT server and other buildings utilize 

electric chillers to meet their space-cooling needs. The coefficient of performance (COP) of 

refrigeration for the ammonia refrigeration system was based on its actual performance under 
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specific operation conditions (ranging from 3.7 to 2.6 at condenser temperatures between 25 and 

40oC), while the COP of the electric chillers was based on manufacturer datasheets (ranging from 

5.5 to 4.3 at condenser temperatures between 25 and 40oC). The cooling systems of all buildings 

release waste heat into the environment through cooling towers. The average temperature of the 

water entering the cooling tower for heat rejection is approximately 25oC in the winter (October 

1st to April 30th) and 35oC during the summer (May 1st to September 30th). The heating-distribution 

systems in all four buildings use gas-fired equipment that requires a heat-supply temperature 

source of approximately 60oC. Figure 2-3 shows the daily aggregated thermal and electrical energy 

consumption of the four buildings in the node. It should be noted that, while the figures depict a 

daily summary of the data for the sake of simplicity, a five-minute interval analysis was used in 

all of the calculations upon which the results are based.  

 
Figure 2-3: Daily sum energy consumption of the existing conventional system for 4 buildings. 

Although the thermal energy consumption of this node is almost balanced over the course of a 

year, with annual heating and cooling energy consumption values of 4882 MWh/year and 4278 

MWh/year respectively, the consumption of heating energy in winter is higher than cooling energy 

consumption, with the inverse occurring in summer.  Figure 2-3 suggests that this node has a high 
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potential for energy sharing, as the node has a concurrent cooling and heating requirement at many 

times throughout the year.  

2.3.2. Thermal Energy Sharing Model Results and Discussion 

The model was then applied to the specified ICE node, which uses a low-temperature MTN 

to connect its constituent buildings. Each building is outfitted with lift heat pumps, which deliver 

heat from the low-temperature MTN to the higher temperature buildings’ heating distribution 

systems. Each building is equipped with a harvesting heat exchanger, which is used to capture heat 

and transfer it to the MTN when required; these exchangers are installed on each building’s cooling 

equipment rejection devices, which are situated prior to the heat rejection system (e.g., cooling 

tower). The lift pumps’ coefficient of performance was based on manufacturer data [28] at the 

specific operating temperature. The following methods were used in the following order to meet 

the buildings’ heating requirements: simultaneous energy sharing (Qsh); energy sharing using 

short-term storage (QSTS); transferring heat to the MTN from the equipment in the EMC; and using 

electrical energy to power the heat pumps. Figure 2-4 presents a stacked daily profile of the sum 

of these heating resources over a full year. In this figure, the electrical energy required by the heat 

pump is shown separately for both the daytime (7 a.m. to 7 p.m.) and nighttime (7 p.m. to 7 a.m.) 

periods.  

The results in Figure 2-4 show that a large portion (~48%) of the node’s heating requirements is 

covered by simultaneous energy sharing of approximately 2360 MWh/year. In addition to 

simultaneous sharing, approximately 12% of the buildings’ daily heating requirements are met 

through the use of short-term thermal storage to overcome the intra-day mismatch between waste 

heat and heating requirements. Approximately 17.5% of the buildings’ heating requirements are 
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also covered by EMC resources. Figure 2-5 shows a comparison of the heating required by the 

conventional BAU systems and the supplemental heating required by the MTN from the EMC in 

the integrated systems. The remaining 22.5% of the buildings’ yearly heating requirements are 

supplied by using electricity to drive the ETS heat pumps, which increase the low-grade heat 

energy from the MTN to the temperature required by the building’s heating systems. The heating 

energy covered by different resources is summarized in Table 2-1. 

Table 2-1 

Heating energy covered by different resources of the total node heating requirements 

Simultaneous energy sharing   2360 MWh/year (48% of heating demands) 

Energy sharing using short-term storage  575 MWh/year (12% of heating demands) 

Supplemental heating requirement from EMC 850 MWh/year (17.5% of heating demands) 

ETS heat pumps electricity  1097 MWh/year (22.5% of heating demands) 
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Figure 2-4: Integrated system daily heating energy covered from different resources. 

 
Figure 2-5: Supplemental heating energy requirement of the integrated system compared to the conventional system. 

Figure 2-6 shows a stacked daily profile comparing the energy consumption of the BAU system 

and the integrated system with a heat pump during both the daytime and nighttime periods. 

Although the total yearly electrical energy consumption increased by around 30%, approximately 

24.5% of this increase was due to heating demands during winter. The remaining 5.5% of the 

electrical energy required by the heat pumps was for the summer months, with only a 2% increase 

during the daytime when peak electrical demand occurs. Thus, there is only a minimal increase in 

peak electricity demand during the summer. 
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Equations 8 and 9 were used to calculate the GHG emissions for the remaining heat energy 

required from the EMC, and the total heat required from the conventional heating system, 

respectively. Since the examined node is located in Ontario, Canada, the GHG emissions from the 

imported electricity, which depends on the grid’s fuel source [29], were calculated using the hourly 

Ontario electricity grid GHG emissions factor (EF), as shown in Equation 11. Figure 2-7 presents 

a comparison of the daily GHG emissions produced by the BAU and integrated systems. As can 

be seen, the integrated system produces approximately 730 fewer tonnes of GHGs compared to 

the conventional stand-alone system annually, which represents a decrease of 74%. This 

substantial reduction is due to the 82.5% reduction in heating energy required from the EMC. 

Additionally, the GHG emissions factor is very low during the winter, as most of Ontario’s 

electrical energy comes from non-fossil fuel energy resources. Although the integrated system’s 

GHG emissions are impacted by the EMC’s heating energy requirements, these requirements are 

much lower during the summer. However, the EF for the electricity produced during this time is 

higher, especially during peak times, as shown in the dotted rectangular area in Figure 2-7. 
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Figure 2-6: Electrical energy requirement of the integrated system compared to the conventional system. 

 

 
Figure 2-7: CO2e emissions of the integrated system compared to the conventional system. 

2.3.3. Effect of Thermal Network Temperature on Energy Utilization  

The MTN works as a sink for the buildings’ cooling and refrigeration systems, as it receives 

the waste heat rejected from these systems. However, the MTN also works as a heat source for the 

ETS heat pumps that supply heat to the buildings’ heating-distribution systems. Varying the MTN 

temperature will positively affect the performance of one of these systems, and negatively affect 

the performance of the other. The COPs of a cooling system, whether it is refrigeration or space 
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air conditioning, are a function of the heat source and sink temperatures as presented in Appendix 

A. As the MTN represents the sink temperature for the cooling system.  The MTN temperature is 

selected to be at 5oC Lower than the rejection temperature (Trej) of the cooling systems (TMTN=Trej 

–5) to allow a direct exchange between the rejection and the MTN. Hence increasing the MTN 

temperature will require a corresponding increase in the rejection temperature of the cooling 

system and reduce the cooling systems’ coefficient of performance as shown in Appendix, Figure 

2.A1, and Figure 2.A2 which leads to more electricity consumption—a negative effect during 

periods of peak electrical demand. Conversely, for the ETS heat pumps that lift the temperature of 

the rejected heat to be used toward the heating of the buildings, the MTN represents the heat 

source. The higher the MTN temperature the higher the COP as shown in Appendix Figure 2.A3, 

which reduces their electricity consumption—a positive effect during periods of peak electrical 

demand.  In this section, the effect of MTN temperature on energy consumption and GHG 

emissions is discussed in terms of seasonality, as the ratio of heat rejection from cooling systems 

to the heating requirements of buildings’ systems reverses from season to season. The above-

described thermal energy sharing model was used to investigate how MTN temperature influences 

the ICE-Harvest system performance criteria. Different MTN temperatures from 10oC to 40oC, 

adjusted in increments of 5oC, were used in the thermal energy sharing model with an input load 

resolution of five-minute intervals. The results indicated that changes in the MTN temperature 

resulted in corresponding changes to the thermal equipment’s coefficients of performance. Figure 

2-8 presents the total seasonal amount of Qsh, QSh_STS, and QEMC for each MTN temperature for 

both the winter (left) and summer periods (right).  

Similarly, the thermal energy sharing model was used to calculate the electrical energy 

consumption of the buildings’ heat pumps and the change in the electrical energy consumption of 
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the BAU’s cooling systems. Figure 2-9 shows the effect of the MTN temperature on the amount 

of electrical energy increased by the heat pump, the change in the electrical energy required by the 

cooling system, and the overall change in the electricity consumption relative to the BAU system 

for both winter (left) and summer (right) seasons. Figure 2-10 presents a summary effect of the 

MTN temperature on the change in the overall electrical energy consumption and reduction of 

GHG emissions relative to the conventional system in both seasons. 

 
Figure 2-8: Heating energy covered from different resources at different MTN temperatures for the winter (left) 

and summer (right) seasons. 
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Figure 2-9: Effect of the MTN temperature on the electricity consumption of cooling and heating systems relative to 

the BAU systems for the winter (left) and summer (right) seasons. 

 

 

Figure 2-10: Summary curve showing the heat required from the EMC, the extra electrical energy required, and 

reductions in GHG emissions relative to the BAU case for winter (left) and summer (right) seasons. 

The results depicted in Figure 2-8, Figure 2-9, and Figure 2-10 indicate that the selection of a fixed 

seasonal MTN temperature (TMTN) will depend on the dominant load requirements. In the winter, 

when heating energy requirements are higher than the cooling demand, the use of MTN 

temperatures below 20°C will result in better refrigeration equipment performance and, hence, less 
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cooling-related electrical energy consumption; in contrast, heat pumps will consume more 

electrical energy during this period, leading to an overall increase in electrical energy consumption. 

However, the use of a TMTN range of 20oC to 25oC results in approximately constant overall energy 

consumption, as the decrease in the heat pumps’ electricity usage is nearly balanced by the increase 

in the cooling system’s electricity usage. As the TMTN is increased above 25oC, the resultant 

increased electrical energy consumption by the cooling system becomes dominant and once again 

increases the overall electricity consumption. In summer, when heating energy requirements are 

very low compared to cooling energy requirements, raising the TMTN above 20oC reduces the 

performance of the cooling systems, thereby increasing the total electrical energy consumption. 

However, this increase in total electricity consumption is low compared to the winter season, as 

the heat pump requirement is relatively lower during the summer months.  

Moreover, during the summer, the heat rejected from the cooling systems is several times higher 

than the MTN heating requirement. To reject this extra heat through systems such as cooling 

towers or dry coolers, the rejection temperature must be higher than the ambient sink; this poses a 

challenge, as the ambient sink of the buildings in this case study can reach or exceed 35oC during 

the summer. While GHG emissions depend on both electricity usage from fossil fuel sources and 

heating requirements, however they are mostly affected by heating. Thus, GHG emissions are 

reduced slightly with lower TMTN in winter and remain almost constant during the summer. In 

summary, the results presented in this section show that the most energy efficient seasonal fixed 

operating MTN temperature ranges for this node are 20oC to 25oC during the winter and 20oC or 

less during the summer.  

To determine whether using a fixed seasonal thermal network temperature or one that varies on a 

smaller time period (e.g., daily) will result in more efficient electricity consumption in the 
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integrated system, the effect of changing the TMTN on a daily basis over the winter was investigated, 

as this season had the highest electricity use (Figure 2-10). For this investigation, the TMTN was 

selected each day based on achieving minimum electricity consumption. Figure 2-11 shows the 

relationship between the selected TMTN at minimum electricity consumption and the daily energy 

ratio between the heat rejected from the cooling systems and the MTN heating requirements 

(QH_MTN/Qrej). Figure 2-11 also shows that the TMTN ranges will be low, between 10oC and 15oC, 

at low QH_MTN/Qrej ratios (less than 0.7). At a balanced ratio (from 0.7 to 1.3), the TMTN will be at 

a medium temperature, from 20oC to 25oC, with most days in this balanced node falling within 

this balanced range. At energy ratios between 1.3 and 2.5, the TMTN ranges from 30-35 oC, while 

the TMTN climbs to 40oC or higher at QH_MTN/Qrej ratios of 2.5 or more. However, this study did 

not consider TMTNs above 40oC, as this is the maximum temperature at which the modeled 

refrigeration systems equipment can reject heat. The thermal load data used for this study consisted 

of buildings with diverse cooling and heating loads, which enabled a high degree of thermal energy 

sharing in all seasons. For heating-dominated ICE-Harvest nodes with less thermal load diversity 

(e.g., where most days have high QH_MTN/Qrej ratios), using a heat pump on the rejection side of 

the cooling system to raise the rejection temperature could allow for higher MTN temperature and 

higher heating COPs, thus lower electricity consumption. Moreover, by controlling the electricity 

usage during each hour via changing the MTN temperature, it is possible to add dispatchable 

electrical load and use carbon-free sources in the grid, such as nuclear and renewables, that would 

otherwise be shut off during surplus generation times. Modeling the impacts of such a high-

resolution MTN temperature with an hourly MTN temperature control strategy is recommended 

to be considered in future work. A comparison between the cost and economic performance of the 

ICE-Harvesting system and the conventional system could be investigated in future work as well. 
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Table 2-2 provides a comparison of electricity consumption at fixed seasonal temperatures and 

variable daily TMTN temperatures selected to achieve minimum electricity consumption during the 

winter season. As the results show, the electricity consumption for the variable daily TMTN (831 

MWh) is 7% lower than the electricity consumption for the best constant seasonal TMTN (895 

MWh). 

 
Figure 2-11: MTN temperatures for winter season days selected for minimum electricity consumption. 

Table 2-2  

Electrical energy increase at different MTN temperatures relative to the BAU systems during the winter season. 
 

MTN Temperature (TMTN) Winter season electrical energy increase 

10 oC 988 MWh 

15 oC 928 MWh 

20 oC 897 MWh 

25 oC 895 MWh 

30 oC 921 MWh 

35 oC 980 MWh 

40 oC 1081 MWh 

Daily MTN temperature selected for 

minimum electricity consumption 
831 MWh 
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2.4. Conclusion 

This investigation studies a thermal energy sharing model that can provide a real-time 

characterization of the potential benefits of integrating and harvesting energy within a community 

of buildings. The proposed model allows engineers to: estimate the amount of rejected heat from 

cooling and refrigeration systems that can be collected and used to heat other buildings in the node; 

determine the proper timing and quantity of electricity used by the heat pumps necessary in low-

temperature MTNs; and reduce both GHG emissions and the energy required from the EMC 

relative to BAU conventional stand-alone systems.   

The model was applied to a community node of four buildings—two heating-dominated buildings 

and two cooling-dominated buildings—with diverse thermal loads in Ontario, Canada. The results 

of this case study showed that the model is capable of providing a high-resolution evaluation of 

energy consumption and GHG emissions in an integrated energy system relative to a BAU system. 

The model showed that, over the course of a year, the use of an ICE-Harvest system along with 

balanced thermal load requirements would reduce this node’s GHG emissions by 74% and 

supplemental heating requirements by approximately 82% compared to the BAU system. 

Although this approach led to a 30% increase in yearly electrical energy consumption, this increase 

was very modest during peak electrical periods during the summer; indeed, most of this increase 

took place during winter, where in Ontario the winter peak is typically several thousand MW lower 

than the summer peak.  

This study also investigated how the performance of the ICE system was affected by using a fixed 

seasonal MTN temperature. For the seasonally balanced node, the results indicated that the MTN 

temperature had only a minor effect on GHG emissions, as the major source of emissions reduction 

was energy sharing between buildings. The analysis also showed that the dominant load mode was 



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

63 

 

the main factor driving the MTN temperature. During the winter season, when the heating load is 

dominant, the best energy utilization and emissions performance are achieved at an MTN 

temperature between 20-25oC. During summer, when the cooling load is dominant, the best 

performance is achieved at a fixed seasonal MTN temperature of 20oC or lower. Finally, the effect 

of varying the MTN temperature to achieve minimum electricity consumption on a daily basis 

over the winter was investigated and found to be better by over 7% of the best seasonal fixed MTN 

temperature with respect to electrical efficiency. 
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Appendix A 

 
Figure 2.A1: Ammonia refrigeration system COP at different MTN temperatures with evaporator 

temperature -9oC 

 
Figure 2.A2: Electric chiller COP at different MTN temperatures with evaporator temperature 10oC 
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Figure 2.A3: Heat pump COP at different MTN temperatures with condenser temperature 65oC 
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Abstract 

The current work examines the Integrated Community Energy and Harvesting system (ICE-

Harvest), an integration of thermal and electrical distributed energy resources. The system 

prioritizes the harvesting of community waste energy resources—for example, residual heat 

rejected from cooling processes and peak electricity fossil-fuel fired generators, as well as energy 

from curtailed clean grid electricity resources—to help in satisfying the heating demands of 

commercial and residential buildings. As such, ICE-Harvest systems provide a solution that can 

minimize greenhouse gas emissions from high-energy-consumption buildings in cold-climate 

regions such as North America and Northern Europe. The current work focuses on where to locate 

these systems and introduces different clustering methods for integrated energy systems that focus 

on thermal load diversity among buildings in each cluster. In the first technique, buildings with 

the highest amount of rejected heat from their cooling systems (anchor buildings) are clustered 

with nearby high heating demands buildings to create a large opportunity for harvesting wasted 

energy however, buildings not located close to anchor buildings are clustered using density-based 

clustering methods. The energy harvesting capabilities of this technique are compared to those 

provided by full DB clustering without specifying the anchor buildings, as well as to full density-
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based clustering with a post-processing step in which the nearest anchor building is added to each 

cluster. The selected clustering method also demonstrates the grid level potential of the ICE-

Harvest systems to impact greenhouse gas emissions, heating, and electricity consumption by 

presenting a reduced model for the ICE-Harvest system that can be applied to any number of 

clusters on a municipal or provincial/state scale. Specifically, the model is applied to a database of 

14,832 high-energy-consumption buildings with the potential for forming 1,139 clusters in the 

province of Ontario, Canada. The results of this case study reveal that density-based clustering 

with post processing resulted in the largest emission reduction per unit piping network length of 

360 t CO2eq /km/year. In addition, the use of ICE-Harvest systems can displace the energy required 

from the gas-fired heating resources by 11 TWh, accounting for over 70% of the clusters’ total 

heating requirements. This results in a 1.9 Mt CO2eq reduction in overall sites’ emissions, which 

represents around 60% of the clusters’ emissions.  

Keywords: Thermal energy sharing, Integrated energy system, Density-based clustering, Energy 

harvesting, City scale impact. 

Abbreviations 

5GDHCS    Fifth Generation District Heating and Cooling System 

AEF     Average Emission Factor 

BAU    Business as usual 

CHP     Combined Heat and Power 

CO2e     Carbon Dioxide Equivalent 

COP     Coefficient of Performance 

DB    Density-Based 

DER    Distributed Energy Resources 

DHS     District Heating Systems 

EAC    Equivalent Annual Cost 
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EMC     Energy Management Center 

ETS     Energy Transfer Station 

HHP     Heating Heat Pump 

HRHP     Heat Recovery Heat Pump 

ICE     Integrated Community Energy 

IESO     Independent Electricity System Operator 

LHD    Linear Heat Density 

LTS    Long-Term Storage 

MEF     Marginal Emission Factor 

OPTICS   Ordering Points to Identify the Clustering Structure    

PV     Photovoltaic 

STS    Short-Term Storage 

SOM    Self-Organizing Map 

TTD    Terminal Temperature Difference 

Nomenclature 

Q     Heat flow rate [kW] 

T     Temperature [°C]  

L    Length [m] 

W     Electric work [kW] 

E    Electricity demand [kW] 

Subscripts 

a     Relating to the maximum allowable value 

B     Relating to a building 

boiler     Relating to the boiler 

C     Relating to a cooling load 

CHP     Relating to a CHP 

Conv     Relating to the conventional system 

H     Relating to a heating process 
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HP     Relating to a heat pump 

min     Minimum allowed or expected value 

nB     Number of buildings 

T    Relating to the total number 

rej    Heat rejection from cooling systems 

Sh    Related to thermal energy sharing 

3.1. Introduction 

The Paris Agreement [1], which has been ratified by the 55 countries responsible for around 

55% of global greenhouse gas (GHG) emissions, was implemented with the goal to keep global 

temperatures from rising more than 1.5oC above pre-industrial levels [2]. One of the key challenges 

as presented in the United Nations' Global Status Report 2017 is the building operation and 

construction sectors which accounts for 36% of global end-energy consumption and 39% of carbon 

dioxide (CO2) emissions [3]. In cold-climate countries, most of these emissions are produced by 

building heating demands. Fortunately, harvesting waste energy resources such as heat rejected 

from cooling processes and peak electricity fossil-fuel-fired generators, and electrical grid 

curtailed carbon-free energy (e.g., nuclear and renewable), can reduce heating-related GHG 

emissions, while still providing the required levels of utility service [4]–[6].  

This introduction is organized as follows, sections (1.1 and 1.2) examine the previous attempts to 

harvest buildings’ waste heat, as well as address the wasted energy resources in the electrical grid. 

Integrated energy between buildings to increase energy harvesting and reduce energy waste has 

gained attention in the last few decades however, their potential for mass implementation has not 

been explored. Section 1.3 presents different integrated energy systems. Following that, section 

1.4 presents the different clustering techniques that were used in the literature to group buildings 
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in integrated energy systems. The research gaps and the scope of this study are discussed in section 

1.5. 

3.1.1. Building waste heat and thermal energy sharing 

Buildings are classified as either cooling-dominated or heating-dominated depending on 

their energy profiles integrated over the course of a year [4]. Cooling-dominated buildings are 

characterized by high process cooling throughout the year (i.e., refrigeration and air conditioning) 

such as grocery stores, ice rinks, IT servers, and data centers. The cooling systems in such buildings 

produce large amounts of waste heat, which is usually released into the environment through heat-

rejection equipment. In contrast, heating-dominated buildings are buildings with higher heating 

requirements, such as residential towers and hotel buildings.  

Many strategies for harvesting waste energy from cooling-dominated buildings have been 

documented in the literature, including the use of heat-recovery systems to harvest wasted energy 

within the same building. Minea et al, [7] examined the recovery of refrigeration system heat 

rejection to meet the space heating demands in a supermarket, founding that 30% of the rejected 

heat can be recovered. Escriva et al., [11] studied recovering heat rejected from supermarkets’ 

refrigeration systems in the UK which covers 62% of the heating energy requirements and results 

in over 50% GHG emissions savings. Nall [8] offered a guide for different ways to reduce the 

energy consumption of grocery stores by 50% through heat recovery from their refrigeration 

systems. In another study on an ice rink, Piché et al., [9] found that harvesting the heat rejected 

from the air-cooled condenser of the rink refrigeration system can lead to 60% savings in heating 

energy consumption.  
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Murphy et al., [9] examined recovering waste heat between two buildings of a data center and a 

residential building via a simultaneous heating and cooling heat pump. Although the study results 

in large energy savings exceeding 50% of the overall buildings’ energy demand, the methodology 

is only applicable to space cooling and heating This approach is not applicable to process 

refrigeration systems which are considered as a major source of waste heat. For example, around 

60% of grocery stores' end energy use is for refrigeration systems [10], [11] which ultimately ends 

up as cooling process waste heat.  

To provide better energy harvesting opportunities, the focus has recently switched towards 

employing thermal networks to capture and redistribute waste thermal energy within a group of 

buildings with different energy demands. For example, Pass et al., [12] analyzed the energy 

demands of some Germain cities’ buildings and demonstrated that the optimum combination of 

building archetypes in terms of energy savings is the one that results in a yearly cooling to heating 

demand ratio of one (i.e. a balanced thermal energy demand), with such buildings as a hospital 

with a grocery store. The results showed that using a low-temperature thermal distribution network 

with that balanced loads maximizes the benefits of energy harvesting. Wahlroos et al., [13] 

conducted a simulation on a case study in Finland where up to 60 MW of waste heat from a data 

center was captured and used as an energy source in a low-temperature DH system thermal 

network. Abdalla et al. [4] presented an energy sharing model wherein a group of buildings with 

diverse energy demands was connected with a microthermal network to form a thermally balanced 

cluster. Their findings in that balanced demand case study showed that the proposed energy sharing 

system was able to satisfy about 80% of the cluster’s heating demands, resulting in around a 72% 

reduction in GHG emissions.  
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3.1.2. Electrical grid waste energy resources 

There are two major waste energy resources from electricity grids. Some electrical grids 

with a large ratio of carbon-free generation capacity curtail energy production for frequency 

regulation during periods when carbon-free generation potential exceeds demand (off-peak 

periods). However, during periods of high demand and low availability of clean resources (peak 

periods), most grids use dispatchable centralized natural gas plants to meet the electricity demand. 

Unfortunately, the efficiency of these plants is low typically around 42%, and most of the fuel 

energy is wasted as heat loss [14]. 

Most developed countries have been increasing the use of carbon-free technologies in their 

electricity generation systems such as nuclear and renewable resources (e.g., solar, wind, and 

hydro). However, the increased prominence of renewable resources has resulted in greater 

mismatches between generation and demand, as well as the further curtailment of clean resources. 

According to the 2018 Energy Conservation Progress Report [15], Ontario, Canada, increased its 

use of carbon-free resources for electricity generation in the last 10 years from about 2 GW to 

almost 13 GW but this increase was also accompanied by an increase in the annual curtailed 

electricity from 1 TWh to about 10 TWh. Similarly, in 2016, around 20 TWh of wasted heat from 

the Ontario grid was due to the usage of centralized natural gas plants at peak periods. 

This increase in curtailed electricity caused by the surplus generation of carbon-free resources 

during off-peak periods creates numerous challenges to the electrical grid. Elsewhere, Olauson et 

al., [16] concluded that greater system flexibility is required in Nordic countries’ electrical grids 

due to the imbalance between high-generation and high-demand periods caused by the significant 

implementation of renewable resources in these grids. Different techniques for increasing system 

flexibility have been detailed in the literature. For example, Ziegler et al., [17] analyzed using 
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diverse short-term storage technologies to increase the reliability of renewable resources for 4 

different electricity grids in the US. The study estimated that the storage energy capacity cost 

should be below $20/kWh to be cost competitive. On the other hand, other researchers suggested 

that long-term storage provides great flexibility to renewable power generation and reduces 

curtailment with low cost levels [18], [19]. Dowling et al., [18] found that storing large quantities 

of wind and solar energy via long-term storage (seasonal and multi-year) can lead to a 50% cost 

reduction compared to wind and solar short-term battery storage system.  

Other techniques to add flexibility were focused on the demand side, such as demand-response 

techniques (i.e., the bidirectional charging of electric cars [20] and incentive-based demand-

response programs for heavy industries to allow for flexible loads [21]) which ultimately leads to 

a loss of productivity of these industries. Integrating thermal and electrical networks can add 

another flexibility to the electrical grid which will be presented in the next section. 

3.1.3. Integrated energy systems 

Recently many researchers have been moving towards the integration between thermal and 

electrical grids via the electrification of heating. The electrification of heating can also enhance 

electrical grid flexibility while simultaneously reducing fossil fuel usage and GHG emissions; 

however, the non-dispatchable full electrification of heating in cold-climate countries significantly 

increases electricity demand [22]. Waite and Modi [22] evaluated the impact of electrification of 

heating for all US grids via air source heat pumps resulting in a 70% increase in the aggregated 

electricity peak demand. Similarly, Cooper et al., [23] found that using air source heat pumps in 

the UK for heating will double the aggregated electricity peak demand.  
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Inter-building energy harvesting with a thermal network can be an effective approach to reduce 

the impact of the electrification of heating on the electricity grids. Fifth-generation district heating 

and cooling (5GDHCS) systems [24] were designed to harvest low-grade heat sources such as 

cooling processes waste heat and energy produced by renewable sources (e.g., solar, and PV) from 

neighborhood-sized areas with ultra-low temperature thermal networks (near ambient around 

20oC). These systems are based on the use of electric heating using water source heat pumps in 

each building, which raise the network temperature to meet the heating requirements of the 

buildings in the cluster. Bünning et al., [25] showed that the application of 5GDHCS for two case 

studies of balanced and heating dominant neighborhoods leads to an emission reduction of  63% 

and 26% emissions respectively. Rogers et., [11] modeled 5GDHCS on a case study of nine 

different building archetypes in Ontario. The system resulted in around 34% reduction in the total 

energy utilization however, the electricity demand and peak increased by 50% and 100% 

respectively. The use of unresponsive constant ultra-low temperature thermal networks could lead 

to higher electricity demand during non-preferable times (peak times) especially on extremely cold 

winter days [26], [27].  

The current study focuses on the Integrated Community Energy and Harvesting System (ICE-

Harvest) that harvests buildings’ cooling systems and grid waste energy resources while providing 

better flexibility to the electrical grid via novel network and system operation. 

The ICE-Harvest system proposed a smart thermal network operation that allows electric heating 

only when there is surplus generation from non-fossil-fuel resources on the grid. This proposed 

operation overcomes the 5GDHCS system’s significant dependence on electricity at peak 

electricity demand periods [5]. In addition, the ICE-Harvest system is designed to harvest wasted 

energy from multiple resources such as building cooling systems, centralized low-efficiency peak 
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electrical generators, and curtailed clean-energy resources. The system description is explained in 

detail in section 2. 

3.1.4. Clustering 

Previous researchers have employed different methods for clustering district heating 

systems (DHS), including k-means [28], [29], self-organizing map (SOM) [30], and density-based 

clustering algorithms [31], [32]. Some of these approaches consider the spatial relationships 

between buildings, while others include the temporal dimension, which includes the energy 

demand profile. In DHSs, building clustering approaches mainly aim to group buildings in close 

proximity with high heating loads in order to reach high Linear Heat Density (LHD), which is 

defined as the annual heating demand/length of the thermal network connecting the clustered 

buildings. A higher LHD translates to lower mechanical and thermal losses as well as network 

costs [33]. Yan et al., [28] performed 2 stage optimization for district energy systems wherein k-

means clustering algorithms are performed to divide the district into smaller size sites, then MILP 

programming is used to optimize the operation and configuration of the buildings in each cluster 

to minimize the total annual cost. The model was applied to a case study of 20 buildings including 

schools, hospitals residential, and hotels that results in a 24% saving in the TAC compared to a 

centralized system. Jafari et al., [30] developed a SOM for clustering with a genetic algorithm to 

cluster 30 houses based on their energy profiles. Their results showed that clustering buildings 

with shared energy production technologies (e.g., solar and battery) reduced the system costs by 

13%. In a different work, Marquant et al., [31] applied an OPTICS density-based clustering 

algorithm to different building archetypes. In this study, an optimization problem for each cluster 

was solved by identifying the building with the highest heating demand as the anchor building of 
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the cluster. Then, the nearest building to the anchor one was iteratively added to minimize the 

equivalent annual costs (EAC). Applying this method in a case study of 221 buildings showed that 

14.4% of the EAC was saved over individual building systems. Marquant et al. [31] also performed 

an optimization algorithm on each cluster that aimed for minimizing the GHG emissions instead 

of the EAC which resulted in the addition of all buildings in each cluster achieving the maximum 

carbon emissions reduction.  

3.1.5. Previous studies gaps and the scope of the present work: 

  Although different building clustering techniques have been applied for DHSs made up of 

buildings with certain characteristics, assessing or modifying these techniques and characteristics 

to fit within integrated electrical and thermal networks with thermal energy sharing was not 

investigated in previous works. This work presents a comparison of three clustering techniques—

namely, the existing spatial clustering technique, a novel technique based on the use of an anchor 

building, and an upgraded combined technique—to identify the most beneficial technique for 

energy sharing and GHG emissions reduction. 

In addition, the previous works that targeted energy harvesting between buildings were focused on 

balanced or near thermally balanced demand clusters. The current study includes results from 

different thermal demand conditions such as heating dominated, cooling dominated, and balanced 

thermal demands clusters.  

The ICE-Harvest system design [5] presents a new opportunity for harvesting waste energy from 

process cooling and low-efficiency peak natural-gas-fired electrical generators, as well as curtailed 

clean-energy resources on site. This work demonstrates the potential impact of implementing ICE-

Harvest systems at a grid scale on a state/provincial level.  
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The remainder of this article is structured as follows: The ICE-Harvest system description is 

explained in section 2. The detailed procedure of the three clustering approaches is described in 

section 3. Later in the same section, reduced model of the ICE-Harvest system and the parameter 

selection methodology are described. To compare the clustering methods database of 14832 in 

Ontario is used as a case study. A detailed description of the case study is presented in section 4. 

Section 5 presents the comparison results of the different clustering approaches, and the best 

approach is determined in terms of energy harvesting, network length, LHD, and GHG emissions 

reduction. Also provided in Section 5 are the impacts of the ICE-Harvest system mass 

implementation for the resulting clusters on the overall clusters’ heating, electricity, and GHG 

emissions. The limitation of the current work and future studies' recommendations are presented 

in section 6. Section 7 provides the conclusion of the study. 

3.2. ICE-Harvest system description 

The ICE-Harvest system connects a group of high-energy-consumption buildings using a 

Micro-Thermal Network (MTN), as shown in Figure 3-1. The MTN is modeled as a single 

unidirectional thermal distribution pipe that carries water at a temperature (TMTN). This 

temperature is adjusted depending on the real-time availability of different thermal resources and 

the site’s current heating and cooling requirements. Each building in the integrated energy cluster 

has an energy transfer station (ETS) with two heat pumps and two heat exchangers. A set of a heat 

pump and a heat exchanger connects the MTN to the heat rejection condenser of each building’s 

cooling system, while the other set connects the MTN to the building’s heating distribution system 

(Figure 3-1). The ETS  provides the MTN unique flexibility by allowing it to operate within a wide 

temperature range from about 20oC to 80oC. The MTN operates at an ultra-low temperature level 
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during off-peak times, thus allowing a direct exchange between the MTN and the cooling system’s 

heat rejection via the ETS heat exchanger. The heating heat pump (HHP) in the ETS is used to 

raise the MTN Temperature (TMTN) to meet the building heating required temperature. Operating 

the MTN at an ultra-low temperature level increases the aggregated electricity demand created by 

the electrification of heating, which is favorable during off-peak periods and aids in harvesting the 

grid curtailed electricity. During peak periods, the MTN is operated at a higher temperature level 

to decrease the aggregated electricity demand created by the electrification of heating. In addition, 

it allows for direct heat exchange between the MTN and the building heating distribution systems. 

To harvest the heat rejected from building cooling systems in this operating condition, the heat 

recovery heat pump (HRHP) raises the temperature of the rejected heat above the MTN 

temperature to allow for direct heat exchange. 

The energy management center (EMC) of the ICE-Harvest system is a centralized component that 

provides the remaining energy requirements of the MTN.  This  EMC includes a CHP, STS, LTS, 

and a backup gas fired boiler. The CHP displaces the centralized grid natural gas peak generators 

by distributing the generation to numerous sites to allow the ICE-Harvest system to harvest their 

residual heat toward the MTN’s heat requirements. In addition, the short-and long term thermal-

energy storage technologies are employed to increase the system flexibility for the demand and 

generation mismatch.  
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Figure 3-1: Simplified representation of the ICE-Harvest system. Note: the system is not to scale. 

3.3. Methodology 

This section describes the three different clustering approaches used in this study. In order 

to facilitate comparison, various parameters are assessed for the clustering strategies to identify 

the best approach for the integrated energy systems including the reduction of GHG emissions, 

total piping length, LHD, and thermal losses. Additionally, a simplified ICE-Harvest system model 

is developed that includes the MTN and the EMC design and operating parameters to evaluate the 

impacts of the large scale implementation of a fleet of ICE-Harvest systems. 
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3.3.1 Clustering techniques  

The first clustering method (A) is a hybrid technique based on two phases of clustering. 

First, buildings were clustered around an anchor building (cooling dominated) that is identified in 

Section 3.1. In this phase, all buildings that are located within 1km distance from the anchor 

building are clustered to provide a large opportunity for energy sharing. In phase 2, all buildings 

in the database not used in phase 1 due to being too far from an anchor building (i.e., > 1km) are 

clustered using the unsupervised machine-learning density-based (DB) algorithm [34]. The DB 

clusters are created by using a radius of 1km and a minimum of 3 buildings in each cluster.  

The second clustering method (B) only employed the unsupervised machine learning DB 

algorithm without specifying the anchor buildings.  

The third method (C) is similar to method B with an extra post-processing step of adding the closest 

anchor building (within a 1km distance) to increase the energy sharing potential. A visual 

illustration of the three different clustering methods is presented in Figure 3-2Figure . 

Next, a deeper comparison of the three clustering methods was conducted by calculating the 

shortest piping length, total heating demand, linear heat density (MWh/m.year), and thermal pipe 

losses for each cluster. The methodology of these models will be presented in section 2.2. 

Additionally, the reduced thermal energy sharing model [4] was applied to identify the overall 

energy harvesting potential of each clustering method.  
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Figure 3-2: Illustration of the three different clustering methods. 

3.3.1.1 Clustering constraints  

The following constraints were applied to the clusters produced by the three clustering 

algorithms: 

• The maximum allowable MTN length (LMTN)  

The maximum MTN length selected is set to be 6 km [5] to avoid large centralized networks 

with large thermal and mechanical losses, and thermal mass. In addition, the MTN 

temperature in the ICE-Harvest system change in a wider range than the DHS of around 

50oC.  The thermal network is designed intentionally to be small in length, in order to keep 

the water thermal mass sufficiently small to be able to vary the network temperature between 

20 and 70oC to provide the ability to fuel switch and as a demand response strategy. Large 

networks have large thermal masses which is not possible to change the temperature in the 

time scales needed for grid electricity control and demand management [35]. Small scale 

networks also feature lower mechanical and thermal losses and lower investment risk. 

However, as the number of networks in a community increases, these individual networks 
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could be connected to make a larger district system and increase harvesting potential while 

being still controlled independently. The metaheuristic Tabu search algorithm [36] was then 

employed to estimate the shortest MTN length connecting the buildings.  

• The maximum allowable CHP size of the cluster  

This constraint is used to avoid centralized, large-capacity clusters with more than 5 MWe 

of peak electricity demand. Additionally, this constraint helps to “de-risk” the system by 

lowering the initial capital costs and eliminating the need for significant upgrades to the local 

distribution grid infrastructure. To apply this constraint before calculating the CHP size, the 

cluster’s maximum allowable heating demand is used to represent the constraint as follows:  

 

The maximum allowable annual heating energy consumption of the cluster = maximum 

allowable CHP size * the number of operating hours * the heating-to-electricity ratio of the 

CHP /CHP average part loading ratio.  

Where: the number of operating hours with high dispatchable loads and high electricity 

generation from natural gas was used  Based on 2017 data in Ontario, of about  3350 hrs 

[37]; the average heating-to-electricity ratio for the CHP was estimated as 1.2; the average 

partial loading of the CHP is selected to be 0.667.  

Using these values, a maximum allowable annual heating energy consumption (QH,a) of 30 

GWhth was calculated. 

Cluster lengths and heating demands should be less than the maximum MTN length and the 

maximum allowable annual heating energy consumption; if they exceed these values, they will be 

allocated to smaller clusters using the k-mean algorithm [38]. The clustering method is 

summarized in Figure 3-3. 
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Figure 3-3: Clustering method. 

3.3.2. ICE-Harvest system modeling 

In this section, a simplified ICE-Harvest model is developed to evaluate the impact of energy 

harvesting on GHG emissions. The model inputs consisted of the electrical and thermal energy 

profiles (cooling Qc, heating QH, and electrical demand EBAU) of all buildings in each cluster 

finalized in the previous step. The current stand-alone business-as-usual system (BAU) for all the 
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buildings in the database is assumed to use ammonia and electric chillers to meet the buildings’ 

refrigeration and air conditioning demands respectively and a gas-fired boiler to meet their heating 

demands. Electricity consumed would all be imported to the site from the electrical grid. The 

reduced ICE-Harvest model’s outputs included the MTN’s operation temperature at different 

conditions, the amount of shared heating Qsh via the harvesting of heat rejected from the buildings’ 

cooling systems, the added demand from the MTN’s thermal losses, the new heating demand from 

the EMC, the new electricity demand after using the ETS heat pumps to aid energy sharing, the 

suitable CHP size (if needed), and the reduction in GHG emissions. The following sections will 

discuss the model, the applied constraints, and the utilized assumptions in greater detail. 

3.3.2.1. Microthermal network modeling 

The model presented herein builds on prior work by Abdalla et al. [4]. However, the present model 

allows the MTN temperature to be varied on an hourly basis via the ETS to run at either 70oC or 

20oC. The model was modified to follow the ICE-Harvest system’s smart network operation with 

sharing prioritization as in [5]. The ETS in each building gives the flexibility to use either of these 

two operational protocols:  

A. Using the HRHP to harvest and increase the temperature of heat rejected from the cooling 

process AND to facilitate direct heat exchange to buildings’ heating distribution systems (in 

case of low MTN temperature of 70oC). 

B. Using the HHP to raise the MTN temperature to the buildings' heating distribution systems 

required temperature AND direct heat exchange to the MTN to harvest the heat rejected from 

the cooling process (in case of ultra-low MTN temperature of 20oC). 
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The heating-distribution systems required temperature in all 14832 buildings assumed to be within 

60-65oC. The piping system is sized to achieve the maximum energy demands at different MTN 

operating temperatures with fiberglass insulation thickness based on ASHRAE standard 90.1 [39].  

Figure 3-4 presents a flow chart illustrating the decision-making process regarding which MTN 

temperature to use at each hour. The 70oC setting is selected to allow direct heat exchange with a 

terminal temperature difference between the MTN and the individual buildings' heating 

distribution systems. However, the 20oC setting is selected to allow direct heat exchange with a 

terminal temperature difference (TTD) of at least 5oC between the MTN and the individual 

buildings’ cooling rejection systems (condensers). In the low-temperature setting, (70oC) less 

electricity is required just to raise the temperature of the heat rejected from cooling systems via 

HRHP to the network, and the remaining heating requirement by MTN is met via the EMC 

resources. In contrast, in the ultra-low temperature setting for the MTN, the HHP consumes more 

electricity to serve the heating demands of the buildings which will lead to more electrification of 

heating than in the low MTN temperature settings. Thus, the MTN temperature is used to control 

the amount of electricity-based heating used on an hourly basis. As the flow chart in Figure 3-4 

shows, if the grid’s centralized peak electricity gas generators are running (i.e., on-peak) at a 

certain hour, the MTN temperature should be set to low to reduce the electrification of heating; if 

the generators are not running (i.e., off-peak), the temperature can be set to ultra-low to harvest 

the grid curtailed carbon-free electricity. Furthermore, during the summer months, it is common 

for the heat rejected from the cooling systems to be sufficient to satisfy the cluster’s heating 

demands. In this situation, an ultra-low temperature MTN setting is preferred, as it helps to reduce 

thermal losses. Since the thermal network is short in length, it is considered to have a high linear 

heat density and the model assumes minor effects of mechanical losses.  



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

90 

 

3.3.2.2. Harvested heat by sharing 

This section provides more detail about the evaluation of the amount of heat harvested by sharing 

(Qsh), the thermal losses from the MTN, the EMC’s new heating demand after sharing, and the 

new electricity demand after using the ETS heat pumps to aid energy sharing. The heat recovered 

by harvesting rejected heat at a certain time interval (i), 𝑄𝑆ℎ, is considered to be the minimum 

between the summation of the rejected heat and the HRHP work (Qrej + 𝑊𝐻𝑅𝐻𝑃) and the building’s 

heating requirements minus the HHP work (QH_B - 𝑊𝐻𝐻𝑃) at the same time interval (Equation 1). 

As shown in Equation 1a, the heat rejected from the cooling system is calculated based on the 

cooling load (Qc) and the system’s coefficient of performance (COPc). 
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Figure 3-4: MTN Modeling. 

The 𝑊𝐻𝑅𝐻𝑃=0 when the MTN is set to 20oC, which is lower than the heat rejection temperature 

(25oC – 35oC) by a 5oC TTD, while a direct exchange happens between the MTN and the rejected 

heat via the heat exchanger. The 𝑊𝐻𝑅𝐻𝑃 has a certain value when the MTN is set at 70oC, wherein 

the HRHP is used to raise the temperature of the heat rejected from the cooling system to be higher 

than the MTN by a TTD of 5oC to facilitate heat exchange, which is calculated using Equation 1b. 

The 𝑊𝐻𝐻𝑃=0 when the MTN temperature is higher than the building heating system temperature, 
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and it has a certain value at a lower MTN temperature, which is calculated via Equation 1c. The 

cluster’s total electricity usage is equal to the electricity used by the original BAU plus all of the 

electricity consumed by the heat pumps, as shown in Equation 2. 

𝑄𝑆ℎ=  ∑
𝑀𝑖𝑛{[𝑄𝑟𝑒𝑗(𝑖) + 𝑊𝐻𝑅𝐻𝑃(𝑖)] ,

[𝑄𝐻_𝐵(𝑖) − 𝑊𝐻𝐻𝑃(𝑖)]}
𝑛
𝑖=1  

(1) 

Where n is the total number of intervals (i) in any calculation period (day/month/year). 

Qrej =  ∑ 𝑄𝐶(𝑗) ∗  (
1

𝐶𝑜𝑝𝑐(𝑗)
+ 1)

𝑁𝐵𝑇
𝑗=1     (1a) 

𝑊𝐻𝑅𝐻𝑃=  {

𝑄𝑟𝑒𝑗

𝐶𝑜𝑝𝐻𝑅𝐻𝑃−1
   𝑖𝑓 𝑇𝑀𝑇𝑁 = 70 °𝐶

0                  𝑖𝑓 𝑇𝑀𝑇𝑁 = 20 °𝐶
 

(1b) 

𝑊𝐻𝐻𝑃=    {
𝑄𝐻_𝐵

𝐶𝑜𝑝𝐻𝐻𝑃
   𝑖𝑓 𝑇𝑀𝑇𝑁 = 20 °𝐶

0            𝑖𝑓 𝑇𝑀𝑇𝑁 = 70 °𝐶
    

(1c) 

Where j is the building number and NBT is the total number of buildings in the ICE-Harvest cluster. 

𝑄𝑀𝑇𝑁_𝐿 = 
𝑄𝐻_𝐵

𝐶𝑜𝑝𝐻𝐻𝑃
    at   𝑇𝑀𝑇𝑁 = 20 °𝐶 (2) 

Where QMTN_L is the total heat required by the MTN at ultra-low temperature (𝑇𝑀𝑇𝑁 = 20 °𝐶). 

The total electricity requirement (ETot) after harvesting can be calculated via Equation 4, 

𝐸𝐸𝑇𝑆 = 𝑊𝐻𝑅𝐻𝑃 + 𝑊𝐻𝐻𝑃  (3) 

𝐸𝑇𝑜𝑡 = 𝐸𝐵𝐴𝑈 + 𝐸𝐸𝑇𝑆  (4) 

The heat required from the MTN (QMTN) is evaluated based on the building’s heating requirements 

(QH_B) and the ETS heating heat pump work (WHP) (Equation 5). 

𝑄𝑀𝑇𝑁= (𝑄𝐻_𝐵 − 𝑊𝐻𝐻𝑃)         (5) 

𝑄𝑀𝑇𝑁_𝑟𝑒𝑚= (𝑄𝑀𝑇𝑁 − 𝑄𝑆ℎ − 𝑊𝐻𝑅𝐻𝑃)         (6) 

Equation 6 is used to determine the remaining heat energy required by the MTN after harvesting.  

The MTN losses (QLoss) were calculated using the analytical approach developed by Wallentén 

[40]. 
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Equation 7 is used to determine the total heat energy that should be delivered to the MTN (QEMC) 

from heating sources within the EMC, such as thermal storage, the CHP system, or the backup 

boiler. 

𝑄𝐸𝑀𝐶 = (𝑄𝑀𝑇𝑁_𝑟𝑒𝑚 + 𝑄𝐿𝑜𝑠𝑠)            (7) 

3.3.2.3. Energy management center modeling 

The energy management center (EMC) is a DER integration facility that provides the cluster’s 

remaining energy requirements after sharing in order to maintain the MTN temperature at the 

desired level. To meet these demands, the EMC utilizes a number of different heating energy 

resources, including a CHP, which operates as a marginal electricity generator, short-term (STS) 

and long-term (LTS) thermal energy storage, and a backup boiler. The cluster’s electricity 

demands are met by the CHP and the electrical grid.  

The reduced ICE-Harvest model was used to specify the suitable size of the different equipment 

in the EMC for different regulation scenarios (i.e., no CHP, CHP with no export, and CHP with 

export to the grid) and a maximum peak cluster electricity demand limit. The size of the CHP in 

this model starts with no-CHP (CHP size of 0) then it increases in an increment of 250 kW until a 

maximum limit of peak electricity demand in the cluster in the case of the No-Export, and it is 

doubled that limit in the With-Export case. The selected CHP size by the model is the maximum 

size in the specified range that meets the following constraints: 

• The annual overall combined electrical and thermal CHP efficiency must be maintained above 

65% to adhere to typical regulations set forth by the grid operator [41].  

• Since the CHP is only intended to support the system during peak hours, oversizing can be 

prevented by limiting the incremental increase in the CHP size such that size increases must 
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be maintained for at least 10% of the CHP’s running hours (i.e., if a CHP with a size of 1,000 

kW is used for 4,000 hours per year, stepping up the size to 1,250 kW requires the additional 

250 kW to be used for at least 400 hours). 

The CHP operation methods are constrained as follows:  

• The CHP only operates if there is a gas peak generator running on the electrical grid. 

• The CHP can operate on a partial load (with min 25%) if the export is not allowed. 

• The heat generated from the CHP is primarily used to cover the heat required by the EMC. 

The STS is used to cover the daily mismatch between the heat generated by the CHP and the 

QEMC requirements, with the STS’s size being based on the maximum daily mismatch over the 

year. The STS is considered a perfectly insulated storage with no losses. The LTS is used after 

STS to cover the seasonal mismatch between the heat generated by the CHP and the demand from 

the EMC with assumed efficiency of 50% [42]. The remaining heating requirements are met by 

the EMC's backup boiler. At each hour, the cluster's electricity import or export from and to the 

grid is calculated as ETot – ECHP, where a positive number corresponds to import and a negative 

value to export. 

3.3.2.4. GHG emissions calculations 

The natural-gas-combustion-related GHG emissions used in this work were calculated based on 

Canada’s 2018 National Inventory Report, which lists CO2 emissions of 0.1872 t CO2eq/MWh 

thermal. The GHG emissions produced by conventional and ICE-Harvest systems were then 

calculated by multiplying this number by the amount of heat required by a gas-fired boiler, as 

shown in Equations 8 and 9. Conversely, calculating the GHG emissions from imported electricity 

depends on the fuel sources that were used to generate it. The average emission factor (AEF) is 
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the ratio between the GHG emissions produced by the grid’s fossil-fuel-based plants and the total 

electricity generated in a given hour (Equation 10). The GHG for the conventional system is 

calculated using the AEF in Equation 11. 

𝐺𝐻𝐺 𝐵_𝐶𝑜𝑛𝑣=  [∑ 𝑄𝐵𝑜𝑖𝑙𝑒𝑟_𝐶𝑜𝑛𝑣(𝑖)] ∗ 0.1872𝑛
𝑖=1         (8) 

𝐺𝐻𝐺 𝐵_𝐸𝑀𝐶=  [∑ QBoiler_EMC(𝑖)] ∗ 0.1872𝑛
𝑖=1  (9) 

𝐴𝐸𝐹 (𝑖)=  
𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑝𝑙𝑎𝑛𝑡𝑠(𝑖)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑 (𝑖) 
 (10) 

𝐺𝐻𝐺 𝐸−𝐶𝑜𝑛𝑣=∑ [𝐸𝐶𝑜𝑛𝑣(𝑖) ∗ 𝐴𝐸𝐹(𝑖)]𝑛
𝑖=1                                    (11) 

The emissions from the additional electricity required by the ETS heat pumps is also calculated 

using the AEF, as illustrated in Equation 12. However, during peak hours, the increase in electricity 

consumption due to ETS usage will add marginal GHG emissions due to the use of natural gas 

generators; as such, it is more appropriate to consider this electricity as being supplied solely from 

the natural gas generator. Equation 13 is used to evaluate the GHG emissions for what is known 

as the marginal emission factor. Since the electricity supply is carbon-free during off-peak hours, 

the GHG emissions from electricity are set to zero. 

𝐺𝐻𝐺 𝐸−𝐸𝑇𝑆−𝐴𝐸𝐹=∑ [𝐸𝐸𝑇𝑆(𝑖) ∗ 𝐴𝐸𝐹(𝑖)]𝑛
𝑖=1         (12) 

𝐺𝐻𝐺 𝐸−𝐸𝑇𝑆−𝑀𝐸𝐹=  {
∑ [𝐸𝐸𝑇𝑆(𝑖) ∗ 𝜂𝑔𝑒𝑛 ∗ 0.1872]𝑛

𝑖=1    𝑖𝑓 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑔𝑎𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖𝑠 𝑜𝑛
 

                          0                               𝑖𝑓 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑔𝑎𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖𝑠 𝑜𝑓𝑓
 (13) 

Finally, the average electrical efficiency of a centralized peak natural gas generator is assumed to 

be 42% [43]. 

3.4. Case study 

In order to examine the different clustering techniques and to study the potential of the ICE-

Harvest systems, a database of 14,832 for 9 different high-energy-consumption buildings’ 

archetypes in Ontario was collected to examine the clustering methods. Figure 3-5 represents the 
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selected different archetype and their spatial location on the Ontario map. Field measurement of 

hourly electricity and monthly heating energy demands for 2000 buildings in Ontario is collected 

in [5]. To move the resolution of the heating demand from a monthly to an hourly basis, a 

weather-dependent model was used [5]. For the different building archetypes, the ones that 

match the Ontario monthly benchmark was chosen as representative building [44]. Based on the 

building floor area the representative profiles were normalized and used to estimate the energy 

profiles for the Ontario collected database. 

 

Figure 3-5: Database of high-energy-consumption buildings in Ontario. Buildings are color-coded by archetype. 

The representative energy demand profiles of the various archetypes were analyzed. Figure 3-6a 

shows the annual percentages of cooling and heating demands for each building archetype (i.e., 

the grocery store has about 72% of the annual thermal energy usage for cooling and 28% for 

heating). For further analysis, the model presented in [4] is used to calculate the internal energy 

that could be recovered within the same building as well as the extra heat rejection during the 

summer and winter seasons (Figure 3-6b). The percentage of these values to the annual heat 
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rejection is presented in Figure 3-6b for each building archetype. Although the model in [4] was 

used for a group of buildings, the same model can be used for each building separately by 

excluding all other buildings from the model. For example, the model equation 

(QSh=  ∑ Min{[Qrej(i), QH_B(i) − WHHP(i)}n
i=1 ) is used to evaluate the internal energy 

recovered with n=1 where n is the number of buildings. The buildings that have a large 

percentage of extra rejected heat during the winter season that was not recovered internally are 

selected as anchor buildings such as grocery stores, ice arenas, and libraries with IT servers. As 

such, these building archetypes are considered to be good candidates for integration with other 

archetypes with high heating demands, such as residential towers, department stores, hotels, 

swimming pools, and offices. Figure 3-6c presents the remaining heating requirements of each 

building archetype during the summer and winter seasons after the internal energy recovery. The 

buildings with large percentages of heat demand after recovery are considered heated dominated 

buildings. For example, hotel buildings still require around 75% of the heating demand after 

internal recovery.   
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Figure 3-6: Representative thermal-energy demand and energy sharing potential for different building archetypes. 

a) The annual percentage of the building’s cooling and heating demands. b) The annual percentage of internal 

recovery and the extra heat rejection during the winter and summer seasons to the total heat rejection from the 

building’s cooling system. c) The percentage of the remaining heating requirements of each building during the 

summer and winter seasons after the internal energy recovery to the annual heating demand. 

a) 

b) 

c) 
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3.5. Results and Discussion 

A comparison between the clustering methods is performed by applying these methods to the 

identified buildings' database. The results of the comparison include the number of identified 

clusters, the clusters' energy profile categories, and the physical characteristics such as the piping 

length and the LHD. In addition, the results present the evaluation criteria such as the amount of 

energy shared and the reduction in GHG emissions from each clustering method. After identifying 

the best clustering technique, the potential impacts of using the ICE harvest system for all the 

clusters’ heating, electricity, and GHG emissions are presented. 

3.5.1. Clustering results 

Applying the three clustering techniques on the database results in 1,196 clusters in method A and 

1139 clusters in methods B, and C. The identified clusters that included at least one anchor building 

are 484, 407, and 452 for methods A, B, and C respectively. Table 3-1 summarizes the results of 

the different clustering methods. The results show that, while the total heating demands of the 

clustered buildings in methods A and C are almost identical, method C required approximately 

175 km less piping than A, which resulted in a higher linear heat density and lower thermal losses. 

Table 3-1 shows that method B had the highest LHD and lowest piping losses however, the 

comparatively smaller number of implemented anchor buildings (630) resulted in about 0.2-0.21 

TWh less shared harvested energy and an additional 30,000-40,000 t CO2eq of the GHG emissions 

compared to methods A and C. This deficiency in method B is addressed by the modification 

incorporated in method C. While Method A is simpler and has lower computational costs 

compared to method C, Method C was selected as the optimal approach, as it resulted in the largest 
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emissions reduction per unit piping length (360 t CO2eq /km/year compared with 330 t 

CO2eq/km/year in method A, which is equivalent to an improvement of 8.3%). 

Table 3-1: Comparison of the results of the three examined clustering methods for the Ontario database. 

Clustering Criteria\Clustering Method  
A) Clustering 

Around Anchor  
B) Density-Based 

C) Density-Based with 

Adding Closest Anchor 

Total piping length (km) 2,270 2,010 2,100 

Total heating energy consumption (TWh) 15.91 15.76 15.92 

Linear heat density (MWh/(m.year)) 7.0 7.9 7.6 

Total piping losses (TWh) 0.42 0.38 0.40 

Energy sharing (TWh) 2.62 2.42 2.63 

Number of anchor buildings 703 630 715 

Number of clusters with anchor 484 407 452 

Total number of clusters 1,196 1,139 1,139 

Number of clustered buildings 11,475 11,299 11,384 

Number of outliers 3,357 3,533 3,448 

GHG emissions reduction (1000 t CO2eq) 756 726 762 

GHG emissions reduction / total heating (t 

CO2eq /GWh) 
47.5 46 47.9  

GHG emissions reduction / total piping length 

(t CO2eq /km/year)  
332.6 362 363.2 

 

The resulting clusters are categorized into three main types according to the ratio of the cooling 

demand to the total thermal demand of each cluster as presented in Table 3-2. These categories 

are: 

1- Cooling-dominated clusters 

Clusters in this category have a cooling to total thermal demand ratio greater than 50%. Two 

sub-categories are identified according to the simultaneous heating and cooling demands as 

shown in figure 7 (purple color). The first sub-category, high-concurrent harvesting clusters, 

has a high degree of concurrence between cooling and heating demand, thus resulting in high 

waste-energy harvesting potential. In contrast, the second category, low-concurrent 
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harvesting clusters have a lower potential for harvesting due to the low concurrence between 

the cluster’s heating and cooling demand as presented in Table 3-2 first and second rows. 

2- Balanced-demand clusters  

Clusters in this category feature a cooling-to-total thermal demand ratio of between 40-50%. 

Similar to the previous category, this category consists of high-concurrent and low-

concurrent harvesting clusters. 

3- Heating-dominated clusters 

Heating-dominated clusters are characterized by a cooling to total thermal demand ratio of 

less than 40%. Heating-dominated clusters can be broken down into three subcategories 

high-concurrent and low-concurrent harvesting. However, in cold-climate countries it is 

common for clusters to have a very low cooling to thermal demand ratio (<15%); such 

clusters are classified as extra-heating-dominated nodes. 

Figure 3-7 shows a graphical representation of the monthly cooling (blue), heating (red), and 

concurrent heating and cooling (purple) demand in each cluster category and subcategory. 

Although the calculations were done on an hourly basis, the monthly representation was selected 

for simplicity. The characteristics of each cluster category are presented in Table 3-2, including 

the percentage of heating demand covered by concurrent sharing (Qsh /QH %); the electrification 

of heating with the ETS heat pumps (EETS /QH %); the remaining heat required from the EMC 

(QEMC /QH %); the increase in electricity consumption compared to BAU consumption (EETS /EBAU 

%); and finally, the percentage of rejected heat from the cooling system that is harvested (Qsh /Qrej 

%).  

The calculated characteristics of each cluster category show that almost all of the heating 

requirements in high-concurrent cooling-dominated clusters are covered by shared/harvested heat 
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as well as electricity from the ETS, with almost no heat being required from the EMC (1%). This 

means that clusters in this category have nearly no need for supplemental boiler heating or the use 

of a CHP, as most of their heating demands are covered by energy harvesting and electrification 

of heating. In the low-concurrent cooling-dominated cluster subcategory, the percentage of 

harvested heat was significantly lower compared to the high-concurrent case, which caused the 

EMC heating requirement to increase from 1% to 33%. 

Conversely, low-concurrent heating-dominated and extra-heating clusters relied on the EMC for 

59% and 77% of their heating requirements, respectively. In addition, their electricity usage 

increased over the BAU case by 35% and 43%, respectively. These results show that these cluster 

categories are perfectly suited to the use of a CHP in their EMC. As shown in Figure 3-8,  78.5% 

of the clusters in cold-climate areas fall into the heating-dominated category. 

Table 3-2: Harvesting characteristics of the different cluster categories for 1,139 clusters in the province of 

Ontario. 

Cluster Profile 
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No. of 

clusters 

% of total 

clusters 

Cooling 

Dominant 

High Concurrent 

Harvesting 
>50% 

66 33 27 1 33 53 

13.5 
Low Concurrent 

Harvesting 
37 29 20 33 24 100 

Balanced 

High Concurrent 

Harvesting 
(40-50) % 

55 30 39 16 51 42 

8 
Low Concurrent 

Harvesting 
34 27 24 39 36 50 

Heating 

Dominant 

High Concurrent 

Harvesting 
(15-40) % 

37 25 39 38 57 107 

35 
Low Concurrent 

Harvesting 
18 22 35 60 50 290 

Extra Heating <15% 5 18 43 77 42 493 43.5 
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Figure 3-7: Cluster categories according to thermal demand. 

 

Figure 3-8: Building cluster categories for 1139 clusters in the province of Ontario. 
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3.5.2. Impacts of mass implementation of ICE-Harvest systems 

Integrated energy systems and harvesting can significantly reduce GHG emissions and help 

address electrical grid challenges caused by mismatches between generation and demand. This 

latter point is key, as mismatches in generation and demand lead to the use of fossil-fuel generators 

during peak times and the curtailment of carbon-free electricity during off-peak times. To evaluate 

this impact, the reduced ICE-Harvest model was applied to 1,139 clusters in Ontario comprising 

11,384 buildings with high energy usage and different levels of rejected heat from their cooling 

systems. 

The application of ICE-Harvest systems on all clusters enabled the recovery of almost 41.5% of 

the rejected heat, which was then used to satisfy the cluster’s heating demands (Figure 3-9). Figure 

3-9 shows the hourly harvested energy compared to the hourly rejected heat from all buildings.  

 

Figure 3-9: The summation of the clusters’ hourly harvested heat from the overall clusters’ heat rejection for 1,139 

clusters in the province of Ontario. 

The MTN length and the LHD are important characteristics of the ICE-Harvest system that affects 

its performance. Figure 3-10 presents a histogram illustration of the MTN length ranges for 

different clusters. The figure shows that more than 75% of the clusters have an MTN length from 

0.5 to 2.5 km. These short piping lengths reduce the infrastructure cost risks as well as the thermal 
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and mechanical losses during operation.  Figure 3-11 shows the LHD for all 1,139 clusters 

analyzed in this study, along with the thermal loss to heating demand ratio. The cumulative average 

of this correlation is LHD = 7.6 with a thermal loss of 2.5% of the total heating, which is 

represented by the red circle in Figure 3-11. In early research, Rosa and Christensen’s [33] study 

on a group of detached houses revealed that a LHD of 0.2 resulted in thermal losses of 20% of the 

produced heat. The significant difference in thermal losses reported in the present study and Rosa 

and Christensen’s works highlights the importance of clustering high-energy-consumption 

buildings using the shortest possible MTN.  
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Figure 3-10: Histogram of the range of MTN lengths for 1,139 clusters in the province of Ontario. 

 

Figure 3-11: Correlation between the thermal loss to heat production ratio and the LHD for 1,139 clusters in the 

province of Ontario. The red circle represents the accumulative average for all clusters. 

 

The CHPs in the EMC for the 1139 identified clusters are sized according to two different scenarios 

(No Export and With Export) as mentioned in the methodology. Figure 3-12 presents histograms 

of the CHP different sizes that were used for each scenario. In the No Export case, almost 75% of 

the clusters required CHP sizes from 0.25 MW to 1.5 MW. Conversely, over 70% of the clusters 

in the With Export case required CHPs ranging between 1 MW and 4 MW in size, with about 40% 

falling within 3 MW and 4 MW. To provide perspective Ontario has a 38.6 GW installed 

generation capacity that produces around 147.4 TWh/year, whereas the CHPs in the ICE-Harvest 
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clusters studied have predicted installation and generation capacities of 1.1 GW and 3.3 TWh/year, 

for the No Export case and 2.1 GW and 6.9 TWh/year, for the With Export case. Around 13.5% 

of the nodes did not require a CHP; most of these were cooling-dominated and balanced nodes 

whose heating demands were satisfied using harvested shared energy. 

 

Figure 3-12: CHP size-range histograms for the No Export scenario (left) and the With Export scenario (right) for 

1,139 clusters in the province of Ontario. 

The heating resources used in integrated energy systems include not only gas-fired boilers, as in 

the BAU standalone buildings scenario, but also heat harvested from other buildings, CHPs, and 

ETS heat pumps with the aid of STS and LTS systems. Figure 3-13 illustrates how the heating 

resources changed between the BAU standalone scenario to the integrated systems in the No 

Export and With Export scenarios. From Figure 3-13, the following can be concluded: 

• The supplemental heat required from boilers in the No Export case is still high, accounting 

for up to 40% of the heating requirements compared to only 17% in the With Export case. 

This difference is due to the smaller size of the CHP used in the No Export case. 

• The ETS mainly consumes electricity during off-peak times from the grid, where it harvests 

some of the grid’s curtailed electricity (only 19% of ETS electricity consumption occurs 

during on-peak periods). 
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• The larger the installed CHP, the higher the size and need for STS and LTS. 

• In this study, the LTS losses were assumed to be 50% [42] of the stored energy across the 

charging and discharging seasons.  

• Approximately 2.63 TWh of energy was harvested from rejected waste heat sharing, and 

another 2.35 and 4.6 TWh of energy was produced by converting centralized peak electricity 

generators to DER CHPs for the No Export and With Export cases, respectively. 

  

 
Figure 3-13: Heating resources (supply) and demands in the conventional (BAU), No Export, and With Export 

scenarios for 1,139 clusters in the province of Ontario. 
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The implementation of ICE-Harvest systems in all of the clustered nodes significantly impacted 

the amount of electricity demanded from the grid, not only in terms of overall annual consumption 

(due to the electrification of heating), but also with respect to on-peak and off-peak maximum 

hourly electricity demand from the grid (peak hour). DERs that use CHPs as a source of electricity 

and heat cause peak shaving of the grid on-peak periods demands. Although the model uses hourly 

data, the results are also presented on a daily timeframe for the sake of simplicity. Figure 3-14 

presents a stacked profile showing the system’s daily electricity consumption and the different 

electricity resources that are used to satisfy this demand. Additionally, Figure 3-14 shows 

consumption during off-peak and on-peak periods for various operation scenarios during 2017. 

Figure 3-15 presents the total annual electricity consumption (demand) and the different resources 

used to satisfy it, while Figure 3-16 presents the hourly maximum imported electricity from the 

grid.  Figure 3-14, Figure 3-15, and Figure 3-16 present the relevant data in relation to the 

following operation scenarios: 

Conventional (BAU): Figure 3-14a presents the stacked daily imported electricity from Ontario’s 

grid during off-peak and on-peak periods. As can be seen, currently the electricity peaks during 

the summer months, when more electricity is required for cooling and less is required for heating. 

In the BAU case, the hourly maximum imported electricity is almost 2 GW and 1.8 GW during 

the on-peak and off-peak periods, respectively (Figure 3-16), and the total annual electricity 

imported from the grid is 4.2 TWh/year during on-peak periods and 5.5 TWh/year during off-peak 

periods (Figure 3-15).   

Sharing only, no CHP: Figure 3-14b presents the daily imported electricity from the grid when 

sharing with the electrification of heating using the ETS heat pumps is performed and boilers are 

used to serve the remaining clusters’ MTN heating demands (i.e., no CHP is used). In this case, 
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and due to the use of different MTN temperatures to prevent an increase in electricity consumption, 

the importing of electricity from the grid mainly increases during the winter months, especially 

during off-peak times, which aids in the harvesting of curtailed electricity from renewable 

resources. While the maximum hourly imported electricity in this scenario slightly increased to 

2.1 GW during on-peak periods, a larger increase was observed during off-peak times, with 

consumption rising to 3.2 GW (Figure 3-16). The total annual electricity imported from the grid 

increased to 4.8 TWh/year and 8.2 TWh/year during on-peak and off-peak periods, respectively 

(Figure 3-15). 

CHP, No Export: The implementation of a CHP to localize production that would otherwise come 

from peak gas generators on the grid had a significant effect. Since the CHP only runs during on-

peak periods, electricity imported from the grid will be lower during these times. Figure 3-14c 

shows that using CHPs with restricted sizes—to avoid electricity export—will reduce the 

maximum amount of hourly electricity imported from the grid during on-peak periods by more 

than 50%; however, imported electricity during off-peak periods will remain the same (Figure 

3-16). Furthermore, the total annual electricity imported from the grid dropped from 4.2 TWh/year 

(BAU case) to 1.5 TWh/year during on-peak periods, while remaining similar during off-peak 

periods, as the CHP’s operation is restricted to these times (Figure 3-15).   

CHP, With Export: The use of larger CHPs on site combined with the exporting of electricity 

had a considerable impact on demand from the electrical grid and subsequent GHG emissions. 

During on-peak periods, the amount of electricity produced by the CHP exceeds demand, which 

results in a net export of electricity (Figure 3-14d). The surplus electricity is exported to the grid 

via the DERs, with waste heat being harvested to satisfy the clusters’ heating demands. Figure 

3-15 shows that an annual total of 1.2 TWh of electricity is imported from the grid during on-peak 
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periods, while 3.3 TWh is exported to the grid. Thus, this scenario results in a net export of 2.1 

TWh/year. 
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Figure 3-14: Hourly electricity consumption/export over the year for 1,139 clusters in the province of Ontario 

supplied from different resources for: a) conventional systems; b) ICE-Harvest systems, no CHP; c) ICE-Harvest 

systems with CHP (No-Export); d) ICE-Harvest systems with CHP (With-Export). 
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Figure 3-15: Comparison of annual electricity demand and export (left) and supply (right) for the conventional and 

ICE-Harvest systems with different operating scenarios for 1,139 clusters in the province of Ontario. 

 

Figure 3-16: The peak hour demand from the grid during On-Peak and Off-Peak times for the conventional systems 

and the ICE-Harvest systems with different operating scenarios for 1,139 clusters in the province of Ontario. 

 

The application of ICE-Harvest systems with different technologies and scenarios in 1,139 clusters 

in Ontario reduced GHG emissions by up to 2.3 Mt CO2eq, or 80% of the clustered buildings' 

original emissions. Figure 3-17 presents a comparison of the GHG emissions produced by the 

BAU system and the different ICE-Harvest systems under different operating scenarios. According 

to Figure 3-17, the buildings in the BAU system produced about 3.2 Mt CO2eq of GHG emissions, 
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with nearly 90% of these emissions being produced by the buildings’ heating systems (gas-fired 

boilers).  

Sharing only, no CHP: This configuration enabled GHG emissions to be reduced to about 2.4 Mt 

CO2eq, or about 25% lower than the BAU case. However, this scenario resulted in higher 

electricity emissions due to the increase in electricity usage at the ETS for energy harvesting; in 

this case, the reduction in GHGs was largely due to the use of harvested/shared heat rejected from 

cooling systems to heat the buildings in the node. This reduces the need for gas-fired boilers to 

satisfy the remaining heating demand.  

Sharing + CHP: Since CHPs displace electricity produced by peak gas-fired electricity generators 

on the grid, the heat harvested from them is considered a non-additional GHG emission resource. 

In the No-Export case, the size of the implemented CHPs was limited, which resulted in GHG 

emissions of 1.9 Mt CO2eq and 1.4 Mt CO2eq in the With-Export case compared to 3.2 Mt CO2eq 

in the BAU case. This reduction is due to the reduced use of boilers on site for heating.  

Impact of thermal storage systems: CHPs only run at specific times according to the electrical 

grid, which means that they may operate during periods of low thermal demand. The use of thermal 

storage can help overcome such mismatches in resource availability and demand. Applying STS 

to address hourly and daily mismatches reduced GHG emissions to about 1.8 Mt CO2eq in the No-

Export case and about 1.3 Mt CO2eq in the With-Export case. However, adding LTS further 

reduced emissions to about 1.6 and 0.9 Mt CO2eq for the No-Export and With-Export cases, 

respectively. The use of thermal energy storage balances the CHPs heat energy generation with 

the clusters’ demands thus reducing GHG emissions. 
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Figure 3-17: Comparison of GHG emissions produced by the conventional system and ICE-Harvest systems under 

different operating scenarios for 1,139 clusters in the province of Ontario. 

3.5.3. Limitations and future recommendations  

The present work developed a reduced model for the ICE-Harvest system to evaluate the impact 

of the mass implementation of the system. A detailed study of the system operation for different 

cluster categories in the future is recommended. The ICE-Harvest system’s MTN operation 

presented in this study aims to serve the building’s space and water heating demands that require 

a temperature of about 60oC. However, many recent building heating systems start to reduce this 

temperature by separating space heating and domestic water heating. Further study will be required 

to investigate the impact of this change on the ICE harvest system design and operation.  

Electrification of heating during curtailment periods is one of the key elements of the ICE-Harvest 

system however, a large portion of the renewable resources are curtailed during the fall and spring 

seasons which are not captured by the ICE harvest system due to the low heating demands in these 
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periods. Further upgrading of the system is recommended to maximize the harvesting of these 

resources perhaps by adding an air source heat pump with the aid of seasonal thermal storage.  

The ICE-Harvest system also proposes a solution for mixed generation electrical grids (fossil fuel 

and carbon-free resources) whereas future grids plan to reach net zero. It is advised that low 

emissions combined electrothermal systems be investigated as a potential substitute for the natural 

gas-operated CHP such as fuel cells and small modular reactors.  

Investigate the effect of intra-cluster by connecting different ICE-Harvest clusters EMCs and/or 

networks which could increase waste energy capture and benefit from demand diversity. Finally, 

cost and life cycle analysis of the ICE-Harvest system for the different cluster categories are 

recommended to be investigated in the future.  

3.6. Conclusion 

Harvesting wasted energy provides a great opportunity to minimize GHG emissions, and it can 

play a key role in the development of entirely carbon-free building energy systems. The ICE-

Harvest system captures wasted energy from multiple resources to be used to meet the buildings’ 

heating demands. Two novel clustering techniques for analyzing the city-wide impact of the ICE-

Harvest system were developed in the current study. The first method groups the buildings around 

a pre-defined anchor building within a specified distance. The second method employs density-

based (DB) clustering with post processing step that involves including the closest anchor building 

to each cluster in order to benefit from energy diversity in the connected buildings. Using a 

database of 14000 buildings in Ontario as a case study the clustering methods are investigated as 

well as the potential impacts of mass implementation of ICE-Harvest systems. The study’s findings 

led to the following conclusions: 
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• Clustering buildings with diverse thermal energy demand increase energy harvesting.  The 

DB clustering approach that includes the addition of the closest cooling dominant building 

to each cluster is the most beneficial, especially in terms of the reduction of GHG emissions 

and network length.  

• Based on the clusters' overall and concurrent cooling-to-heating needs, seven different 

cluster groups were determined. High levels of simultaneous cooling and heating in high 

concurrent cluster categories were heated mostly through thermal energy sharing, whereas 

CHP provided the majority of the recovered heat in the heating dominant clusters. 

• With the mass implementation of ICE-Harvest systems, the amount of heating provided by 

natural gas boilers was significantly reduced by about 8.5 TWh in the No-Export scenario 

and 11 TWh in the With-Export scenario, which correspond to roughly 54% and 70% of 

the clusters' overall heating needs, respectively. Moreover, the boiler heating supply can 

be further reduced by 1.9 TWh using long-term thermal energy storage, which leads to a 

decrease in carbon emissions of up to 72%. 
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Abstract 

The use of heat pumps to increase the flexibility of heating networks is critical for overcoming the 

intermittent nature of renewable energy. This article introduces a novel thermal network operation 

strategy, referred to as “Smart Network with Peak Control,” which entails adjusting the network 

temperature to control the peak electricity demand created by the electrification of heating. A 

comparison between four different operating scenarios—namely, low-temperature (fourth-

generation), ultra-low temperature (fifth-generation), smart network (hybrid of low and ultra-low 

temperatures), and smart network with peak control—is conducted for different sites of different 

energy profiles. For heating-dominant sites, the application of the smart network and smart 

network with peak control resulted in 10% lower emissions than the other scenarios. While the 

peak electricity demand in the smart network scenario was double that of the conventional system, 

the smart network with peak control scenario was able to counter this effect by adjusting the 

network temperature. The effects of integrating combined heat and power with different sizes and 

operating schedules based on the hours of natural-gas peaking generators in mixed electrical grids 
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were also investigated. The developed model was applied to 1139 sites in Canada, revealing 

significant carbon emissions reductions of up to 73%. 

Keywords: Thermal distribution networks, Demand response, Electrification of heating, 

Combined heat and power, Smart grids 

Nomenclature 

E    Electricity energy [kW] 

H    Pipe depth from the ground surface [m] 

K    Thermal conductivity [W/mk] 

L    Length [m] 

Q     Heat flow rate [kW] 

R    Thermal resistance [K/W] 

T     Temperature [°C]  

W     Electric work (kW] 

Subscripts 

B     Relating to a building 

boiler     Relating to the boiler 

C     Relating to a cooling process 

ch     Relating to a storage charging 

CHP     Relating to a CHP 

Conv     Relating to the conventional system 

direct     Relating to a CHP direct use 

dis     Relating to storage discharging 

Elec    Related to electricity 

ext     Relating to extra heat from CHP 

g    Related to ground 

H     Relating to a heating process 

HP     Relating to a heat pump 
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ins    Related to pipe insulation 

Los    Related to pipe losses 

max     Maximum allowed or expected value 

min     Minimum allowed or expected value 

rej    Related to heat rejection from cooling systems 

rem     Related to remaining heat required 

Sh    Related to thermal energy sharing 

tank     Relating to thermal storage tank 

th     Relating to thermal energy 

Tot     Relating to the total value 

Abbreviations 

1-3GDHS   First Three Generations of District Heating Systems 

5GDHCS    5th Generation District Heating and Cooling System 

ASHP     Air Source Heat Pump 

BHP     Boost Heat Pump 

BAU    Business as Usual 

Bal    Balanced 

BH    Balanced High-Concurrent 

BL    Balanced Low-Concurrent 

CDD    Cooling Degree Days 

CD    Cooling Dominant 

CHP     Combined Heat and Power 

CH    Cooling High-Concurrent 

CL    Cooling Low-Concurrent 

CO2e     Carbon Dioxide Equivalent 

COP     Coefficient of Performance 

DB    Density-Based 

DER    Distributed Energy Resources 
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DHS     District Heating Systems 

EMC     Energy Management Center 

EoH    Electrification of Heating 

ETS     Energy Transfer Station 

ExH    Extra-Heating 

GHG    Greenhouse Gas 

HDD    Heating Degree Days 

HD    Heating Dominant 

HH    Heating High-Concurrent 

HL    Heating Low-Concurrent 

HAEF     Hourly Average Emission Factor 

HTTN    High Temperature Thermal Network 

ICE     Integrated Community Energy 

IEA     International Energy Agency 

IESO     Independent Electricity System Operator 

IPCC     Intergovernmental Panel on Climate Change 

LHD    Linear Heat Density 

LTTN    Low Temperature Thermal Network 

LTS    Long-Term Storage 

MEF     Marginal Emission Factor 

NG    Natural Gas 

PV     Photovoltaic 

RHP    Recovery Heat Pump 

SMTN    Smart Thermal Network 

STS    Short-Term Storage 

TN    Thermal Network 

TTD    Terminal Temperature Difference 

U-LTTN   Ultra-Low Temperature Thermal Network 
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UN    United Nations 

VT    Variable Temperature 

 

4.1. Introduction 

The United Nations estimates that 37% of global GHG emissions are the product of building 

and construction end-energy consumption [1]. In cold-climate countries, most of these emissions 

are generated by building heating systems, which typically function by burning fossil fuels. 

Along with improving the energy efficiency of heating systems, two key strategies have been 

employed to reduce GHG emissions from the building sector: harvesting waste heat for use in 

meeting heating demands and electrifying heating using carbon-free resources, such as renewable 

energy resources.  

Recent studies have the benefits of using rejected waste heat harvested from peak natural gas 

electricity generators and the cooling systems of high-cooling-demand buildings to heat other 

nearby buildings with high heating demands. To harvest waste heat and share it between buildings, 

a thermal distribution network is required [2]. The thermal network and energy generator resources 

(community energy system) can be centralized at a city level or decentralized at a neighborhood 

level [3]. The centralized approach can require anywhere between 50 to 1000 or more connected 

kms of piping infrastructure, which can result in thermal losses as large as 30%, especially in low-

density cities [4], [5]. In addition, the centralized approach must be implemented during the 

development of the city itself, as it is both difficult and prohibitively expensive to implement 

afterward [5]. In contrast, the use of decentralized community energy systems with distributed 

energy resources (DER) that connect a group of buildings (clusters) via thermal and electrical 

networks can be more advantageous compared to the centralized approach [6]. A community 
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energy system consists of two main components: a thermal network (TN) to distribute, harvest, 

and share thermal energy, and an energy management center (EMC) to provide the site’s energy 

demands thermally and electrically [7]. The temperature of the TN affects its ability to harvest 

waste heat, as well as the system’s thermal losses and its electricity requirements. Buffa et al. [8] 

provided a detailed overview of both the current generation of direct heating systems (DHS) and 

earlier generations that functioned via the flow of high-temperature (>90) steam/water through the 

network by centralized energy systems. The high-temperature thermal networks (HTTN) in the 

first three generations of district heating systems (1-3GDHS) suffered from significant heat loss, 

which could often account for up to 30% of the system’s heating demand [8]. To address this 

problem, fourth-generation district heating systems (4GDHS) moved away from the use of HT 

piping systems in favor of lower temperature (60oC) networks that could still meet space heating 

and domestic hot water temperature requirements. The subsequent fifth-generation of district 

heating and cooling system (5GDHCS) [9] networks operate at ultra-low temperatures (5-30oC) 

that are highly dependent on the electrification of heating via the extensive use of water source 

heat pumps [10]. One notable drawback of 5GDHCSs is that ultra-low temperature thermal 

networks (U-LTTN) are prone to high electricity peaks, especially on extremely cold winter days. 

However, the 5GDHCS’s ultra-low operating temperatures and intended use in small-sized 

networks (i.e., neighborhood size) allows it to harvest low-grade heat sources (i.e., cooling 

processes, combined heat and power CHP heat rejection, and renewables such as solar thermal) 

while avoiding the high costs associated with thermal and mechanical losses [11]. The ICE-

Harvest system [3] is considered a combination of the 4th and 5th generation DHSs, as it features 

smart network operation that provides the flexibility to operate at a low temperature (70oC) during 

peak periods and an ultra-low temperature (20oC) during off-peak periods. Although operating at 
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ultra-low temperatures during off-peak periods (i.e., periods of surplus carbon-free electricity 

generation) is favorable for harvesting curtailed electricity, it has a substantial impact on the annual 

site peak demand, which is typically constrained by the building’s electrical connection capacity 

to the distribution grid infrastructure [3]. For example, Rogers et al. [12] developed a Dymola 

simulation of a 5GDHCS for nine buildings in Ontario, Canada. Although the proposed method 

reduced the system’s overall energy use by 34%, it also raised its electricity consumption and peak 

by 50% and 100%, respectively. In another study, Abdelsalam et al. [3] found that the application 

of an ICE-Harvest system at a balanced site in Ontario, Canada, resulted in approximately 60% 

savings in carbon emission, but nearly doubled peak electricity demand. Table 4-1 summarizes the 

differences between the different thermal distribution networks. 

Table 4-1: Comparison of different thermal distribution network temperature operation 

 1-3GDHS 

(HTTN) 

4GDHS 

(LTTN)  

5GDHCS  

(U-LTTN) 

ICE-Harvest 

(SMTN)  

Thermal network 

temperature  
 ≥90°C  50-70°C  5-30°C  20-70°C  

Thermal losses  High  Medium  Low  Low  

Capability for harvesting 

low temperature waste heat  
N/A  Medium  High  High  

Thermal network length  
Large  

(City)  

Medium 

(Campus)  

Small 

(neighborhood)  

Small  

(neighborhood)  

Electricity demand and 

peak utilization   
-  -  High  

High during off-peak 

hours and low during 

peak hours   
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Prior studies focusing on 5GDHCSs employed clusters consisting of buildings with almost equal 

heating-to-cooling demand ratios [2], [7], [8], [13], [14]; however, the benefits reported in these 

works cannot be guaranteed for cases with different cluster-load profiles. Abdalla et al. [15] 

classified cluster thermal demands into 7 categories based on their annual cooling-to-heating 

consumption ratios, as well as their ratio of cooling-process heat rejection to heating demand. 

 

Figure 4-1: Cluster profile categories in Ontario [15]. 

As shown in Figure 4-1, Abdalla et al. identified 3 major heat-to-cooling ratio categories 

comprised of 2 to 3 subcategories defined by their simultaneous heat rejection-to-heating ratios. 

The share of heating accounted for by harvesting cooling process heat rejection, also known as 

energy sharing [2], increases in proportion to the amount of concurrent cooling and heating 

demands. Abdalla et al. [15] applied these classification load ratio criteria in a case study set in 

Ontario, Canada, which is a cold climate region with anywhere between 3000 to over 5000 Heating 

Degree Days (HDD), much like the northern United States and the Nordic countries [16]–[18]. 

Almost 80% of the identified clusters in Ontario are heating dominant (HD) with 2500 hours below 
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0oC [19], which enables very low COPs for the air source heat pumps (ASHP). The findings 

indicated that the use of ASHPs in this region significantly increases electricity demand. In a 

different work, Waite and Modi [20] investigated how the use of ASHPs to electrify heating energy 

impacted grid levels in all US states. Their findings revealed that this approach resulted in an 

approximately 70% increase in aggregated peak electricity demands, with demand increasing by 

more than 100% in 23 states. Elsewhere, Hutty et al. [21] found that the use of ASHPs in a 

neighborhood of 50 houses caused the electricity peak demand to increase by 2.36 times, which is 

close to the findings reported in [22], [23]. It is expected that around 80% of clusters in hot-climate 

regions with more than 3000-5000 cooling degree days (CDD) will fall into the cooling-dominant 

(CD) category. EoH through the use of heat pumps or the use of low-temperature networks in cold 

climate regions will result in a significant increase in the peak electricity demands from both the 

grid and the sites in the network [3], [15]. Thus, there is a need to study how the TN operating 

conditions impact the different cluster load profiles, and to recommend the optimal operating 

conditions based on the dominant type of clusters in mass-scale applications, such as at the 

provincial level.  

In addition to selecting the optimal operational scenario for the thermal network, it is critical that 

the DHS’ energy management center (EMC) be designed to integrate the system’s thermal and 

electrical resources to meet the buildings' energy demands. Previous researchers have proposed 

incorporating different energy resources into the EMC, such as adding CHP to enable the 

decentralizing of the grid’s natural gas generators and using renewables, such as solar 

photovoltaics (PV). The EMC usually includes on-site CHP as a way of decentralizing the grid’s 

natural gas generators, as the heat produced by these generators can be used to serve the sites’ 

heating demands. This approach is advantageous, as harnessing the CHP heat results in a 



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

132 

 

significant reduction in cost and GHG emissions. Several electrical grids generate a significant 

amount of their power from fossil fuels. These fossil fuel resources produce a lot of residual heat 

that is typically rejected to the environment as waste heat and have a low overall electrical 

efficiency of roughly 42% [24], [25]. Displacing the fossil fuel generators by on-site CHPs 

connected to thermal distribution networks allows the heat generated to be used to supply the 

network heating demand. For example, in Denmark, DHSs provide 60% of household heating 

energy, with CHP satisfying around 70% [26] of the DHS’s heating needs and approximately 50% 

of the country’s electricity needs [27]. The recent proliferation of renewable technologies has 

resulted in most grids shifting away from fossil fuels and towards more carbon-free electricity 

generation (e.g., Denmark has been able to attain 47% of its electricity from wind power [28]). As 

the use of renewable and carbon-free electricity generation continues to grow, the share of natural 

gas generation will decrease. However, the large increase in renewable energy in the electricity 

grid with its intermittent behavior led to a challenge for the grid due to the mismatch between the 

electricity available generation resources times and the demand times. Thus, grids still require 

flexible generation resources (e.g., natural gas generators) that can be reliably dispatched to 

supplement renewable generation and provide balance to the electricity grid [29]. In this case, the 

use of CHP to completely displace the electricity grid is inefficient and may lead to an increase in 

GHG emissions. Several publications have attempted to develop an optimization model for the 

design and operation of a CHP distributed-generating system in an urban area setting [30]. In one 

study, Wang et al. [29] investigated coupling the electricity and heating sector by utilizing a CHP 

to supply the energy needs of a DHS, while also balancing the electrical grid. Their findings offer 

a useful roadmap for actions intended to maximize the flexibility potential of CHPs for both 

lowering the cost of heat and balancing a local energy portfolio. Elsewhere, Yasser et al. [3] 
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suggested running CHP only during peak periods with highly dispatchable electricity loads in order 

to offset natural gas generation. However, studies allow the CHP to produce as much electricity as 

the site needs during peak periods which could lead on a large-scale or a fleet of sites such as city 

level to higher accumulated generation from the CHP’s than the existing grid natural gas usage. 

For example, carbon-free sources account for around 95% of the electricity generated by Ontario's 

grid, with only 5% coming from centralized natural gas power plants (10 TWh/year) [31], which 

is mainly used to meet the dispatchable demands and stabilize the grid.  Therefore, for large-scale 

implementation of CHPs in a fleet of sites (at the city or provincial level), it is critical to set a limit 

on CHP generation so that the accumulated generation does not exceed the grid's natural gas 

electricity generation in order to avoid forcing the grid to abandon carbon-free resources.  

4.1.1. Contributions of this work 

This study introduces a novel operational approach for integrated energy systems on both the 

network and system sides. On the network side, the current work details a novel “smart network 

with peak control” strategy wherein the thermal network temperature is variably changed to control 

increases in peak electricity demand caused by the electrification of heating. Most prior studies 

focusing on U-LTTNs with the electrification of heating have consisted of case studies based on 

the energy profiles of specific sites, mainly balanced sites with a large simultaneous cooling and 

heating demand. In contrast, this work investigates how different thermal network temperature 

operations and design conditions impact the different site load profiles. This investigation will 

provide a more detailed understanding of the integrated energy system’s capabilities in each 

situation and how the studied factors affect electricity demand and peak, as well as GHG 

emissions. On the system side, the current work introduces a new CHP operation. The proposed 
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operational approach links the site utilization and electrical grid operation for a fleet of sites at the 

provincial level. Prior studies have focused on optimizing CHP size and operation for a certain site 

for economic and environmental purposes without considering the cumulative impact of CHPs on 

the electrical grid for a fleet of sites at the provincial scale. The current study investigates the 

cumulative impact of different CHP sizes and operating schedules based on site utilization and 

different grid operations. Different operational scenarios for different grid’s natural gas operating 

schedules will also be considered. The cumulative CHP electricity generation for a fleet of sites is 

linked to the electrical grid where the CHP generation is set not to exceed the grid peaking natural 

gas generation at each period. 

4.2. Methodology 

4.2.1. System description and operation 

The integrated energy system uses a one-pipe thermal network that connects a group of high-

energy-consumption buildings with diverse thermal energy demands via an energy transfer station 

ETS. The ETS includes heating heat pumps and heat exchangers that enable thermal energy 

exchange between the network and the buildings’ heating distribution systems. The thermal 

network satisfies the heating energy requirements for the buildings, while the cooling energy is 

supplied separately for each building. The heat rejected from the buildings' cooling systems is 

utilized as a heat source for the network, known as thermal energy sharing [32], via the ETS, which 

redirects the excess residual heat to the ambient via heat rejection equipment (i.e., cooling towers). 

The remaining heat energy required to control the network temperature is supplied by a local 

energy management center (EMC). A comparison of three different ETS configurations is 

presented in Figure 4-2, with four different thermal network operation scenarios.  
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Figure 4-2: Thermal network operating scenarios: a) Ultra-Low Temperature; b) Low Temperature; c) Smart. 

The four scenarios, which vary in terms of the thermal network operating temperature, are defined 

as follows: 

Ultra-low-temperature thermal network (U-LTTN) 

In this scenario, the network operates at a constant low temperature similar to the 5GDHCS 

(~20oC) to allow direct exchange between the network and the low-grade heat rejected from the 

cooling systems (QSh) via a heat exchanger (Figure 4-2a). The remaining heating energy required 

by the network is supplied by the EMC (QEMC). A boost heat pump (BHP) is used to increase the 

temperature of the energy provided by the network (QTN) to the buildings’ required temperature 

(assumed to be 50-65oC) plus a terminal temperature difference TTD of at least 5oC, which results 

in a final temperature of about 70oC. 

Low-temperature thermal network (LTTN) 

Here, the network operates at a constant temperature of 70oC, which is suitable for the building 

heating distribution systems. A recovery heat pump (RHP) is used to raise the lower-temperature 
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heat rejected from process cooling up to the network temperature TTD (~5oC) to allow for direct 

exchange, as shown in Figure 4-2b. 

Smart thermal network (SMTN): a binary range-controlled temperature-modulating 

thermal network 

In this scenario, the network temperature is set to operate at an ultra-low temperature (20oC) during 

off-peak hours and a low temperature (70oC) during peak periods. This configuration (Figure 4-2c) 

can be considered a hybrid binary operation between low and ultra-low temperatures. Operating 

at an ultra-low temperature requires a high EoH during off-peak hours, thus harvesting the 

curtailed electricity via the BHP, while increasing the network temperature during peak periods 

eliminates the use of electricity for EoH.  The TN at each site is sized to form a microthermal 

network of less than 5km to minimize its thermal mass and allow for temperature changes within 

approximately 1 hour [33]. The heat rejected from the building’s cooling processes can be directed 

either into the atmosphere or for heat recovery with the thermal network. This can be achieved 

with a direct exchange during ultra-low temperature TN operation or via the RHP during low-

temperature TN operation [3].  

Smart thermal network (SMTN) with peak control: a range-controlled temperature-

modulating thermal network 

In the previous scenario, operating the system at an ultra-low temperature during off-peak periods 

can significantly increase electricity peak demand at certain hours. Peak control allows the network 

temperature to be continuously controlled between 20-70oC during off-peak periods. While any 

control value is possible from zero to max EoH, an arbitrary value was selected for demonstration 

purposes. The model in this study only allows a limited increase of around 30% over the BAU 
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peak to avoid large increases in site peak electricity demand. The lowest network temperature that 

meets this constraint is selected, thus benefiting from EoH while maintaining the system’s 

feasibility. 

To avoid large centralized networks that require a significant upfront investment, the thermal 

network is relatively short—less than 5 kilometers—compared to district heating systems. 

Moreover, small-scale networks have less mechanical and thermal loss as well as less investment 

risk [8]. The thermal network is purposefully made to have a short length in order to maintain a 

water thermal mass that is small enough to change the TN temperature between ultra-low level of 

about 20°C and a higher level of around 70°C (i.e., 50°C range) within 1 hour time interval [33]. 

The EMC contains different resources to supply the network heating requirements, as well as the 

site’s electricity needs such as CHP that is backed by the electricity grid and natural gas boilers to 

fulfill the demands depending on the CHP size and operation schedule. The CHP is set to only 

operate at peak periods to displace electrical grid natural gas peaking generators where the heat 

generated is used to provide the heating requirements of the thermal network to maintain or 

increase its temperature. In addition, the EMC also includes short and long-term thermal storage 

systems to provide flexibility to the system and overcome the mismatch between the CHP 

generation and demands. These models are compared to the business as usual (BAU) case, which 

uses grid import for electricity and a natural-gas-fired boiler for heating. In this scenario, heating 

energy is separated from electricity, and there is no harvesting of residual heat from cooling 

processes. 
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4.2.2. Mathematical modeling: 

The modeling relations presented in this section fall into two main categories: the modeling 

equations for the thermal network and the ETS, and the modeling and sizing parameters and 

constraints of the EMC equipment. Following that, the method for calculating GHG emissions is 

presented. Flowcharts that describe the modeling steps are presented in Appendix A. Modeling 

was done with Matlab software, and the model was verified against a Dymola dynamic simulation 

conducted by Van Ryn [33] (see Appendix B). The model uses the following hypothesis: 

• The model neglects the temperature variation along the network length at each time step, this 

is due to the small length of the TN compared to the DHS networks, and the EMC equipment 

is sized to maintain a maximum temperature difference of 10oC over the TN at the largest 

load. 

• Since short thermal networks have low pumping power [7], [34], the relatively small 

pumping power is neglected in the model. 

• The thermal network temperature can be changed between 20oC and 70oC in an hour via the 

available resources in the EMC. This controlling ability is due to the small thermal mass of 

the network [33].   

• For simplification and to show the impact on large-scale applications, CHP operation 

parameters are estimated based on energy balance. The model assumes that the dynamic 

parameters’ fluctuations can be managed by the thermal energy storage systems.  

• In order to quantify the effects of its large-scale implementation, the LTS model is simplified 

in this study, with no further constraints attached to the charging and discharging rate and 

real-time efficiency. 
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4.2.2.1. Mathematical modeling of the thermal network and energy transfer 

station 

The energy recovered via thermal energy sharing in all TN operation scenarios can be evaluated 

using Equation 1. This equation is generalized, which makes it valid in all operation scenarios with 

setting values for different network operating conditions. The minimum is used to only use the 

amount of heat required by the network in times of larger heat rejection than the network heating 

requirements to avoid the increase in the TN temperature while the extra rejection is emitted to the 

ambient from each building separately.  

𝑄𝑆ℎ=  ∑
𝑀𝑖𝑛{[𝑄𝑅𝑒𝑗(𝑖) + 𝑊𝑅𝐻𝑃(𝑖)] ,

[𝑄𝐻(𝑖) −  𝑊𝐵𝐻𝑃(𝑖)]}
𝑛
𝑖=1  

(1) 

Here, n is the total number of intervals (i) in any calculation period (day/month/year). 

All parameters are dependent on the TN temperature, which can be set between an ultra-low 

temperature level lower than the rejection (𝑇𝑟𝑒𝑗 − 𝑇𝑇𝐷) to a higher temperature (TH) than the 

building heating distribution system requirements  (𝑇𝐵 + 𝑇𝑇𝐷). The first is to allow for a direct 

exchange between the heat rejection from the buildings' cooling systems while the latter is to allow 

for a direct exchange between the network and the building heating distribution system [35]. The 

thermal network operating range is shown in Equation 2.  

(𝑇𝑟𝑒𝑗 − 𝑇𝑇𝐷)  ≤  𝑇𝑇𝑁 ≤  (𝑇𝐵 + 𝑇𝑇𝐷)   (2) 

The heat rejection from the cooling processes is calculated based on the second law of 

thermodynamics as a function of the coefficient of performance of the cooling equipment (COPC), 

as shown in Equation 3. The COPC of an ammonia refrigeration system is selected for the 

refrigeration systems in ice arenas and grocery stores, as it is the most commonly used system in 

Canada. In addition, an air-cooled chiller is selected for use in air conditioning systems using the 

COPs employed in [32]. 
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Similarly, the work of the heat pumps is calculated in Equations 4 and 5 as a function of the heat 

pumps’ COPs. The COPs of the heating heat pumps change with the network temperature, and the 

values are set following the water-cooled heat pump COPs listed on the data sheet for the Nordic 

heat pumps used in [3]. 

QRej =  ∑ 𝑄𝐶(𝑗) ∗  (
1

𝐶𝑜𝑝𝑐(𝑗)
+ 1)

𝑁𝐵𝑇
𝑗=1     (3) 

𝑊𝑅𝐻𝑃=  {

𝑄𝑅𝑒𝑗

𝐶𝑜𝑝𝑅𝐻𝑃−1
        𝑖𝑓 𝑇𝑇𝑁 ≥ 𝑇𝐻 + 𝑇𝑇𝐷

           0                𝑖𝑓 𝑇𝑇𝑁 ≤ 𝑇𝑇𝑁 − 𝑇𝑇𝐷
 

(4) 

𝑊𝐵𝐻𝑃=    {
  0                   𝑖𝑓 𝑇𝑇𝑁 ≥ 𝑇𝐻 + 𝑇𝑇𝐷

 
𝑄𝐻

𝐶𝑜𝑝𝐵𝐻𝑃
           𝑖𝑓 𝑇𝑇𝑁 ≤ 𝑇𝑇𝑁 − 𝑇𝑇𝐷

    
(5) 

In the above equations, NBT is the total number of buildings connected to the network and j is the 

counter of each building number. 

Equation 6 presents the incremental electricity results from EoH via the ETS heat pumps.  The 

overall electricity consumption (ETot) after harvesting is evaluated via Equation 7 [2], which sums 

up the BAU electricity and the ETS heat pump electricity consumption. 

𝐸𝐸𝑇𝑆 = 𝑊𝑅𝐻𝑃 + 𝑊𝐵𝐻𝑃  (6) 

𝐸𝑇𝑜𝑡 = 𝐸𝐵𝐴𝑈 + 𝐸𝐸𝑇𝑆  (7) 

The heat required from the TN (QTN) is determined based on the building’s heating requirements 

(QH) and the ETS heating heat pump work (WBHP) (Equation 8) by applying the first law of 

thermodynamics [35]. 

𝑄𝑇𝑁= (𝑄𝐻 − 𝑊𝐵𝐻𝑃)        (8) 

Thermal network scenarios of operation  

In the U-LTTN scenario, the 𝑊𝑅𝐻𝑃 = 0 and the 𝑊𝐵𝐻𝑃 ≠ 0. The recovery heat pump is not needed 

in this configuration because the network operates at an ultra-low temperature (TTN=20oC), which 

allows the network to capture the low-grade waste heat rejected from the cooling processes directly 

using a heat exchanger, while EoH is achieved by using a boost heat pump to raise the temperature 



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

141 

 

of the heat supplied by the network to the temperature required by the buildings’ heating 

distribution systems. 

Conversely, in the LTTN scenario, the 𝑊𝑅𝐻𝑃 ≠ 0 (unless there is no heat to be recovered from 

the cooling systems) and the 𝑊𝐵𝐻𝑃 = 0.  The network temperature is higher than the buildings’ 

required temperature (TTN=70oC), allowing a direct exchange without the need to boost the 

network temperature i.e. 𝑊𝐵𝐻𝑃 = 0.  In this case, a recovery heat pump is used to increase the 

rejected heat from process cooling to a temperature higher than that required by the network by a 

TTD of 5oC. 

The SMNT scenario can be considered a combination of the two previous scenarios. In this 

scenario, the SMNT runs as a U-LTTN during off-peak hours (𝑊𝑅𝐻𝑃 = 0 and 𝑊𝐵𝐻𝑃 ≠ 0) to enable 

more EoH via the BHP, which in turn boosts the total heating required from the network (QTN) to 

the building's required temperature while using less heating energy from the EMC. During peak 

periods, the SMNT operates as an LTTN (𝑊𝑅𝐻𝑃 ≠ 0 and 𝑊𝐵𝐻𝑃 = 0), thus allowing direct 

exchange between the network and the building heating distribution systems. Here, high heating 

from the EMC and RHP can be used to boost the Qrej to the TN. 

The SMTN with peak control scenario adds a limitation such that the network temperature is 

controlled to ensure the BHP and RHP electricity consumption does not exceed the peak electricity 

of the site within a certain threshold, which in this case is set to be 30% higher than the BAU peak. 

This approach allows the network temperature to be decreased during off-peak hours to a level 

selected based on the electricity consumption. Thus, during certain hours, the network temperature 

can be set to a level that exceeds the cooling system’s heat rejection temperature but is lower than 

the building heating requirements, as shown in Equation 2. During these hours, both the BHP and 
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RHP operate simultaneously to exchange the energy with the TN, with a minimum temperature 

difference of 10oC across the heat pumps being set as a constraint. 

Thermal network pipe sizing and thermal loss calculations:  

The network's piping system is sized to meet the largest energy requirements at various TN 

operating temperatures and uses insulation material consisting of fiberglass in accordance with the 

regulations specified by ASHRAE standard 90.1 [36]. The network losses (QLos) are evaluated 

using the analytical approach developed by Wallentén [37], who developed a series of analytical 

models for different pipe configurations, including insulated single pipes, double pipes, and 

embedded pipes. The heat transfer problems were solved at the zero, first, and second orders for 

each configuration using the multipole approach. The thermal losses are calculated using a second-

order solution for a single insulated pipe. The network heat loss and the relationship’s defining 

parameters are evaluated in Equations 9, 10, and 11 using the model developed in [37]. 

  

𝑄𝐿𝑜𝑠(𝑖)= 
(𝑇𝑇𝑁(𝑖)−𝑇𝑔(𝑖))

𝑅𝐿𝑜𝑠
        (9) 

 𝑅𝐿𝑜𝑠=
1

2𝜋𝐾𝑔
(

ln (
𝑅𝑜

𝑅𝑖
) +∝ + [1 +

1

2

(1+∝)

(1−∝)

(1+2∝)

(1−2∝)
(

𝑅𝑜

2𝐻
)

2

−
3

2

(1−2∝)

(1+2∝)
(

𝑅𝑜

2𝐻
)

4

] ∗

 [1 − ((
2𝐻

𝑅𝑜
)

2

− 3
(1−2∝)

(1+2∝)
(

𝑅𝑜

2𝐻
)

2
)

(1+∝)

(1−∝)
−

(1−2∝)

(1+2∝)
(

𝑅𝑜

2𝐻
)

4

]
−1 )    (10)               

𝛼= 
𝑘𝑔(𝑇𝑇𝑁−𝑇𝑔𝑠)

𝑘𝑖𝑛𝑠
ln(

𝑅𝑜

𝑅𝑖
)        (11) 

 

Where 𝑅𝐿𝑜𝑠 is the thermal resistance from the pipe to the ground, 𝑘𝑔is the ground thermal 

conductivity,  𝑘𝑖𝑛𝑠 is the pipe insulation's thermal conductivity,  𝑇𝑇𝑁 is the TN water temperature, 

𝑇g is the ground surface temperature, 𝐻 is the buried pipe depth, R𝑜 is the outer radius of the pipe 

insulation, R𝑖 is the outer radius of the pipe, and 𝛼 is a dimensionless thermal resistance parameter. 
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The ground thermal conductivity is set at 2 W/mK [38]. For simplicity, the model neglects the 

temperature variation along the network length. The TN is buried 1.5 m below the ground surface 

and the TN diameter is selected for different clusters based on a maximum flow velocity of 1.5 

m/s. An energy balance across the TN is used to calculate the remaining energy needed from the 

EMC to keep the network temperature at the prescribed setpoint. as presented in Equation 12 [35].  

𝑄𝐸𝑀𝐶 = (𝑄𝑇𝑁 − 𝑄𝑆ℎ − 𝑊𝑅𝐻𝑃 + 𝑄𝐿𝑜𝑠)            (12) 

4.2.2.2. Energy management center 

As the current study investigates the effect of using different equipment in the EMC to 

supply the energy required by the network, multiple designs were evaluated. In the first design, 

the EMC only included heating energy supply equipment—in this case, a natural gas boiler, which 

is the most common system used in Canada—with electricity demand being met by the electricity 

grid. In the second design, a CHP is integrated into the EMC to serve as a priority source of heat 

when running and is set to operate only during peak periods in order to decentralize the central 

electrical grid’s peaking natural gas generator. In addition, short-term thermal energy storage is 

coupled with CHP to mitigate the short-term mismatch between CHP generation and the network 

demand, while long-term seasonal storage is employed to address the mismatch over the seasonal 

periods. The CHP is sized using an iterative method, with a minimum size of 0 kWe and a 

maximum size of twice the site’s electricity peak with a step change of 250 kWe. In sizing the CHP 

and the STS for each cluster, some constraints are applied, including:  

• The minimum allowed annual combined heat and power efficiency for the CHP is 65%. 
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• The maximum allowed hourly export of electricity from a site to the grid is restricted to 

not exceeding the site's peak electricity to avoid the need for costly grid infrastructure 

improvements.  

• The total electricity generated by all CHPs across all sites is limited at any given hour so 

as not to surpass the amount of electricity produced by the grid's natural gas peaking plants. 

• The STS is sized to cover the maximum daily mismatch between the excess heat from the 

CHP and the heat required by the EMC. 

The amount of heat generated by the CHP that is directly used to satisfy the EMC’s heat energy 

requirements (𝑄𝐶𝐻𝑃𝑑𝑖𝑟𝑒𝑐𝑡
) is evaluated via Equation 13 [3]. This amount is the minimum between 

the CHP capacity and the required heat by the EMC at each time interval. 

𝑄𝐶𝐻𝑃𝑑𝑖𝑟𝑒𝑐𝑡
(𝑖)=  𝑀𝑖𝑛[𝑄𝐶𝐻𝑃(𝑖), 𝑄𝐸𝑀𝐶(𝑖)] (13) 

CHP heat generation and the heat required from the EMC by the TN will not be the same at 

different time intervals; that is, sometimes, CHP heat generation will be higher than the energy 

required by the TN and vice versa. The positive difference in the first case is the excess heat 

generation from the CHP (𝑄𝐶𝐻𝑃𝑒𝑥𝑡
), as shown in Equation 14 [3]. When the difference between 

CHP heat generation and the heat required by the EMC is negative, Equation 15 [3] is applied to 

determine the remaining heat energy that must be transferred from the EMC resources rather than 

the CHP to the TN (𝑄𝐸𝑀𝐶𝑟𝑒𝑚
). The thermal storage element's main function is to store excess heat 

produced by the CHP when QCHPext
(i) > 0 and discharge it when QEMCrem

(i) > 0.  

𝑄𝐶𝐻𝑃𝑒𝑥𝑡
(𝑖) = {

𝑄𝐶𝐻𝑃(𝑖) − 𝑄𝐸𝑀𝐶(𝑖)                  , 𝑖𝑓 𝑄𝐶𝐻𝑃(𝑖) > 𝑄𝐸𝑀𝐶(𝑖) 

0                                                   , 𝑖𝑓 𝑄𝐶𝐻𝑃(𝑖) ≤ 𝑄𝐸𝑀𝐶(𝑖)
 

(14) 

𝑄𝐸𝑀𝐶𝑟𝑒𝑚
(𝑖) = {

|𝑄𝐶𝐻𝑃(𝑖) − 𝑄𝐸𝑀𝐶(𝑖)|                 , 𝑖𝑓 𝑄𝐶𝐻𝑃(𝑖) < 𝑄𝐸𝑀𝐶(𝑖)

0                                                   , 𝑖𝑓 𝑄𝐶𝐻𝑃(𝑖) ≥ 𝑄𝐸𝑀𝐶(𝑖)
 
(15) 
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The model then calculates the charging rate (QSTSch
) based on the comparison between QCHPext

 

and the storage maximum energy capacity (QSTS,max). The excess heat generated from the CHP 

at any given time is charged to STS as long it does not exceed the storage maximum capacity; if 

the excess heat exceeds the STS’s maximum capacity, the STS will only charge up to its capacity. 

The amount of energy that can be charged at any time interval is calculated via Equation 16 [3]. 

Similarly, during discharge, the storage discharges heat to meet the remaining heat required by the 

EMC, as presented in Equation 17 [3]. The amount of heat stored in the STS tank at any time 

interval is calculated using Equation 18 [3]. 

𝑄𝑆𝑇𝑆𝑐ℎ
(𝑖) = {

𝑄𝑆𝑇𝑆𝑚𝑎𝑥
− 𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘

(𝑖 − 1)  , 𝑖𝑓 𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖 − 1) + 𝑄𝐶𝐻𝑃𝑒𝑥𝑡

(𝑖) ≥ 𝑄𝑆𝑇𝑆,𝑚𝑎𝑥

𝑄𝐶𝐻𝑃𝑒𝑥𝑡
(𝑖)                              , 𝑖𝑓 𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘

(𝑖 − 1) + 𝑄𝐶𝐻𝑃𝑒𝑥𝑡
(𝑖) < 𝑄𝑆𝑇𝑆,𝑚𝑎𝑥

 
(16) 

𝑄𝑆𝑇𝑆𝑑𝑖𝑠
(𝑖) = {

𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖)                                     , 𝑖𝑓 𝑄𝐸𝑀𝐶𝑟𝑒𝑚

(𝑖) ≥ 𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖)

𝑄𝐸𝑀𝐶𝑟𝑒𝑚
(𝑖)                                    , 𝑖𝑓 𝑄𝐸𝑀𝐶𝑟𝑒𝑚

(𝑖)  < 𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖)

 
(17) 

𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖) = {

𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖 − 1) +  𝑄𝑆𝑇𝑆𝑐ℎ

(𝑖)        , 𝑎𝑡 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑒

𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖 − 1) − 𝑄𝐸𝑀𝐶𝑟𝑒𝑚

(𝑖)            , 𝑎𝑡 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑒

𝑄𝑆𝑇𝑆𝑡𝑎𝑛𝑘
(𝑖 − 1)                                     , 𝑎𝑡 𝑖𝑑𝑙𝑒 𝑠𝑡𝑎𝑡𝑒

 

(18) 

As a preliminary sizing approach, the STS is sized to cover the maximum daily mismatch between 

the excess heat from the CHP and the heat required by the EMC (Equation 19) similar to [2]. The 

maximum capacity (QSTS,max) of the largest STS usage on a peak day for a given year is tracked, 

and the STS capacity is sized to satisfy this demand. For simplicity, the model assumes a perfect 

insulated tank with infinite charging and discharging rates.  

QSTS,max = Max( ∑ Min[∑ QCHPext
(i)24

i=1 , ∑ QEMCrem
(i)] 24

i=1
365
1 )  (19) 

 

Over the course of a year, a large portion of CHP heat generation is wasted due to low heating 

demands during the summer season. As such, the model also investigates the impacts of adding 
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seasonal long-term storage (LTS) to cover seasonal mismatches between the sites’ CHP production 

and the demands of individual sites. The potential impact of using LTS is calculated using Equation 

20 [39]. The amount of energy used from the LTS is considered the minimum between the required 

and the available annual heating energy. The model does not account for the dynamic behavior of 

the storage. The surplus heat generated from CHP that is not stored in STS can be stored in LTS. 

For simplicity and to show the large-scale impact of the LTS, the model replaces the losses term 

for LTS with efficiency (ηLTS). Two different LTS efficiencies are used: 50% as in geo-storage 

[39], and 100%, as in a perfectly insulated tank to show the ideal limit. 

𝑄𝐿𝑇𝑆 =  𝑀𝑖𝑛 (
∑  [QCHPext

(𝑖) − 𝑄𝑆𝑇𝑆𝑐ℎ
(𝑖)] ∗ 𝜂

𝐿𝑇𝑆

8760
𝑖=1 ,

∑  [Q𝐸𝑀𝐶rem
(𝑖) − 𝑄𝑆𝑇𝑆𝑑𝑖𝑠

(𝑖)]8760
𝑖=1

)  
(20) 

 

After servicing the system’s heating demands via CHP heat, STS, and LTS, the remaining required 

heating energy is provided by a natural gas boiler in the EMC. Equation 21 is used to determine 

the heating energy covered by the boiler via applying heat balance over the EMC. 

𝑄𝑏𝑜𝑖𝑙𝑒𝑟= (𝑄𝐸𝑀𝐶 − 𝑄𝐶𝐻𝑃𝑑𝑖𝑟𝑒𝑐𝑡
− 𝑄𝑆𝑇𝑆𝑑𝑖𝑠

+ 𝑄𝐿𝑇𝑆)            (21) 

The CHP operation is set to follow the electricity produced by gas on the grid, with CHP electricity 

generation (ECHP) being used to service the site’s demand. When CHP production is lower than 

the site demands, the remaining electrical demand is satisfied via power imported from the grid 

(EImport). Conversely, when CHP production exceeds the site's demand, the excess generation is 

exported to the grid (EExport). Equations 22 and 23 [3], [40] are used to evaluate the amount of 

imported and exported electricity. On the other hand, while the generated heat is used to service 

the site’s demand, some of this heat is not utilized, especially in the case of large-capacity CHPs. 

Thus, the CHP is sized to meet a specified minimum overall annual efficiency with the aid of STS. 
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The minimum value of the overall CHP efficiency is evaluated via Equation 24 (must be greater 

than or equal to 65% to meet Ontario regulations) [41]. 

𝐸𝐼𝑚𝑝𝑜𝑟𝑡(𝑖) = {
𝐸𝑇𝑜𝑡(𝑖) − 𝐸𝐶𝐻𝑃(𝑖)                  , 𝑖𝑓 𝐸𝐶𝐻𝑃(𝑖) < 𝐸𝑇𝑜𝑡(𝑖) 

0                                                   , 𝑖𝑓 𝐸𝐶𝐻𝑃(𝑖) ≥ 𝐸𝑇𝑜𝑡(𝑖)
 

(22) 

𝐸𝐸𝑥𝑝𝑜𝑟𝑡(𝑖) = {
|𝐸𝑇𝑜𝑡(𝑖) − 𝐸𝐶𝐻𝑃(𝑖)|                 , 𝑖𝑓 𝐸𝐶𝐻𝑃(𝑖) > 𝐸𝑇𝑜𝑡(𝑖)

0                                                   , 𝑖𝑓 𝐸𝐶𝐻𝑃(𝑖) ≤ 𝐸𝑇𝑜𝑡(𝑖)
 

(23) 

  

𝜂𝐶𝐻𝑃 =
∑ [𝑄𝐶𝐻𝑃𝑑𝑖𝑟𝑒𝑐𝑡

(𝑖)+𝑄𝑆𝑇𝑆𝑑𝑖𝑠
(𝑖)+𝐸𝐶𝐻𝑃(𝑖)]8760

𝑖=1 ∗100

∑ [𝑄𝐶𝐻𝑃(𝑖)+𝐸𝐶𝐻𝑃(𝑖)]8760
𝑖=1

     
    (24) 

4.2.2.3. GHG emissions calculations 

The GHG emissions from the natural gas boiler (𝐺𝐻𝐺 𝑏𝑜𝑖𝑙𝑒𝑟) are calculated via Equation 25 

based on the boiler efficiency (𝜂𝐵), which is assumed to be 85%, and the CO2 emissions for each 

MWh of thermal energy, which are set to 0.1872 t CO2eq/MWh based on Canada’s 2018 National 

Inventory Report [42]. The GHG emissions for the electrical side are calculated using Equation 26 

and the BAU electricity consumption, which is based on the grid hourly average emission factor 

(HAEF) in accordance with the method presented in [43]. The HAEF [43] is calculated using 

Equation 27. However, the GHG emissions for incremental increases in electricity demand by the 

ETS heat pumps during peak periods are calculated with the assumption that the incremental value 

is entirely generated by natural gas generators on the grid at an efficiency (𝜂𝑔𝑒𝑛) of 42%, as 

presented in Equation 28. This results in 445 tonnes of CO2e/GWhe [25].  

𝐺𝐻𝐺 𝑏𝑜𝑖𝑙𝑒𝑟=  [∑ 𝑄𝐵(𝑖)]/𝜂𝐵 ∗ 0.1872𝑛
𝑖=1         (25) 

Where 𝑄𝑏𝑜𝑖𝑙𝑒𝑟  is the heat supplied by the boiler in MWh.  

𝐺𝐻𝐺 𝐸−𝐵𝐴𝑈=∑ [𝐸𝐵𝐴𝑈(𝑖) ∗ 𝐻𝐴𝐸𝐹(𝑖)]𝑛
𝑖=1                                    (26) 

𝐻𝐴𝐸𝐹 (𝑖)=  
𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑝𝑙𝑎𝑛𝑡𝑠(𝑖)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑 (𝑖) 
 (27) 
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𝐺𝐻𝐺 𝐸−𝐸𝑇𝑆=  {
∑ [𝐸𝐸𝑇𝑆(𝑖)/𝜂𝑔𝑒𝑛 ∗ 0.1872]𝑛

𝑖=1    𝑖𝑓 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑔𝑎𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖𝑠 𝑜𝑛
 

                          0                               𝑖𝑓 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑔𝑎𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑖𝑠 𝑜𝑓𝑓
 (28) 

Since the CHP heat serves to decentralize the natural gas electricity resources, it is considered as 

being zero emission to avoid double counting. The CHP’s distributed electricity emissions are 

assumed to be the same as those of the central grid peaking natural gas generators it is displacing. 

Since the distributed CHP is displacing central grid peaking natural gas generators, there are no 

CHP site emissions; the site CHP emissions are included either in the grid hourly average emission 

factor, or as a marginal emission factor for the incremental electricity consumption, just like the 

central grid peaking natural gas generators emissions. 

4.2.3. Case study 

The database used in this study includes the energy profiles for the 1139 clusters in Ontario 

collected in [15]. These clusters comprise 14832 high-energy-consumption buildings representing 

9 different archetypes, including residential towers, hotels, grocery stores, and ice arenas. The 

study used a semi-supervised clustering approach called “density based with adding the nearest 

anchor building”. In this algorithm, the density based clustering algorithm is first applied to the 

database to identify the closest cooling-dominant building in each cluster within a specified 

distance, with the identified buildings subsequently being connected to the cluster to maximize 

thermal energy sharing. In this study, the resulting clusters were categorized as either cooling, 

balanced, or heating dominant based on their annual cooling-to-heating demand ratio. Each 

category consisted of two subcategories—high and low concurrent harvesting—which were 

defined by the thermal energy sharing percentage. Notably, the heating-dominant category 

contained a third, extra-heating subcategory, thus resulting in 7 total subcategories (Figure 4-1). 
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The average profile for each of the 7 categories was calculated to study how the different TN 

operation scenarios impacted the different cluster load categories. This was achieved via the 

following steps: 

1  First, the four network operating scenarios were modeled using the average cluster of each 

of the 7 cluster’s subcategories. 

2  Second, the impact of integrating CHP was modeled for all 1139 clusters in the database 

using the most beneficial scenario in each of the four network operating scenarios, and the 

effects of this integration on each of the three main cluster categories (CD, Bal, and HD) 

were analyzed.  

3  The overall impact of different CHP operating hours on GHG emissions is calculated using 

the grid natural gas peaking power plants for two years of operation: 2016, which had a 

high number of peak hours (93% of the year), and 2017 which had a low number of peak 

hours (38% of the year). 

4   Finally, the impact of changing the CHP minimum allowed efficiency at all sites with and 

without LTS, as well as overall CHP sizes, was assessed. 

4.3. Results and discussion 

A comparison of the four network operating scenarios was performed by applying the above-

described methods to the 7 cluster categories. The results of the comparison provided insight into 

the network thermal losses vs. the LHD, the electricity and heating energy consumptions, and the 

GHG emissions. In addition, the results provide data for evaluation criteria such as the amount of 

energy shared and the reduction in GHG emissions for each clustering method. After identifying 
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the best clustering technique, the ICE harvest system’s potential impacts with respect to the 

clusters’ heating and electricity needs and GHG emissions are presented. 

4.3.1. The impact of the different thermal network operating scenarios for the 

different categories of clusters 

In their case study of Ontario, Canada, Abdalla et al. [15] classified 1139 clusters into 7 categories 

based on their cooling-to-heating and simultaneous waste heat rejection-to-heating demand ratios 

(Figure 4-1). The present work examines how the use of different TN operation and design 

conditions impacts the different cluster load categories in order to better understand the integrated 

energy system’s capabilities in each situation.   

 

 

Figure 4-3: Summation of annual heating energy consumption for the different cluster categories. 

In the Ontario case, heating-dominated clusters with over 5000 HDDs account for nearly 80% of 

the total identified sites. The ExH and HL clusters combined account for 85% of the overall heating 

energy consumption, consuming approximately 8 TWh/year and 4.5 TWh/year, respectively 

(Figure 4-3). Conversely, the CH and BH clusters had the lowest heating energy consumption at 

less than 0.25 TWh/y, or around 3% of total consumption. This indicates that the heating dominant 

clusters, mainly HL and ExH can be selected as representative clusters in cold climate regions. 
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Figure 4-4: (Top) Heat loss % for the different cluster’s categories based on network operation scenario. (Bottom) 

Comparison of cluster’s categories with respect to LHD. 

 

The findings indicate that operating temperature and LHD have a significant impact on the 

network’s thermal losses. LHD is used to express the ratio of the total heating energy served per 

year to the pipe length (MWh/year/m). In Figure 4-4, thermal losses are shown as a ratio of the 

total network heating for the four TN operating scenarios. As can be seen, the proportion of the 

total heating that is lost increases alongside the network temperature and LHD; thus, a higher 

network temperature and a lower LHD will result in higher thermal losses. Heating-dominant 

cluster sites usually have a higher LHD than the cooling-dominant clusters; for example, the LHD 

of the ExH-dominated cluster reaches around 10 MWh/m/y compared to 3 MWh/m/y for the CH 

clusters. With respect to TN temperature, Figure 4 shows that, in the LTTN scenario, the CH 
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clusters experience approximately 11% loss of the total network heating demand compared to 

around 4% in the ExH clusters. Notably, the heat loss for the CH cluster in the LTTN operation 

condition was nearly 4 times greater than in the U-LTTN operating scenario (11% to 3%, 

respectively). However, in the SMTN operation scenario, the network temperature is alternated 

between the LTTN and U-LTTN conditions to optimize electricity usage, which enables 

comparable thermal losses to the U-LTTN cases (i.e., the ExH clusters exhibit thermal losses of 

over 4% in the LTTN operation case compared to around 1% and 2% in the U-LTTN and SMTN 

cases, respectively). 

 
Figure 4-5: Comparison of the annual electricity consumption percentage of the conventional system (left) and 

peak electricity (right) for different network operation scenarios for an average cluster from each of the 7 

categories. 

Figure 4-5 presents the impact of the TN temperature operation schedule on the annual electricity 

consumption and hourly peak demand of each cluster category (results are presented for the 

average cluster load profile for each category). The impact is shown as the percentage of electrical 

usage above the BAU case (100%). This extra usage is due to EoH and energy sharing via the ETS 

heat pumps. Figure 4-5 also shows that the LTTN condition has the lowest impact on electricity 

consumption and peak in all categories. As the usage of RHP only depends on the heat rejected 
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from process cooling, the degree of concurrence between cooling and heating will be directly 

related to electricity consumption and peak in the LTTN case as the case in the BH category (34% 

consumption and 31% peak increase) and very low impact in the ExH category (5% consumption 

and 9% peak increase). Although the LTTN condition has the lowest impact on the electricity 

consumption and peak demand of the clusters, it does not allow for EoH during off-peak hours and 

it has the highest heat energy loss of the four scenarios.  In contrast, the U-LTTN operation 

scenario has the highest ability to harvest waste heat from the buildings while suffering minimal 

network losses. Figure 4-5 clearly illustrates the high electrical impact of operating at an ultra-low 

temperature year round, especially for heating-dominated clusters (dark blue bars). As shown in 

Figure 4-5 the electricity consumption and peak increased by 80% and 123% higher than the BAU 

peak in the ExH cluster. This operating scenario increases the electricity consumption at peak and 

off-peak periods. Unfortunately, increasing electricity consumption during peak periods may raise 

a significant challenge to the electrical grid, potentially leading to a rise in GHG emissions and 

operating costs. By using the smart network operation schedule, the TN is set to operate at an ultra-

low temperature of 20oC during off-peak periods to maximize the use of clean electricity resources 

on the grid, and at 70oC during on-peak hours when the central electricity grid employs marginal 

peak natural gas generators. While this schedule shifts most of the increase in the electrical 

consumption to clean grid periods in order to harvest the curtailed grid electricity, it also increases 

the cluster peak demand (light blue). Figure 4-5 shows large peak increases, especially in the 

heating-dominated clusters, with a 60% increase in the HL clusters and more than double that for 

the ExH clusters, which is highlighted by the red rectangle. This increase in peak demand at the 

site either results in large infrastructure costs related to the electricity distribution network or the 

occupation of a significant share of electrical storage. Smart network operation with peak control 
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provides the advantage of energy harvesting while minimizing the impact on the electricity peak 

demand. This is achieved by controlling the TN temperature to increase the network temperature 

during the site's annual peak electrical demand period to avoid increasing the network’s annual 

peak electricity demand (Purple). Figure 4-6 shows the percentage change in the electricity peak 

of each of the 1139 clusters operating under the four different TN scenarios in relation to the BAU 

(100%) condition. The figure clearly shows that, in the U-LTTN scenario, the peak rises to more 

than twice the BAU peak in around 600 clusters. In contrast, the clusters in the LTTN condition 

typically showed an increase of less than 20% over the BAU level, with fewer than 10 clusters 

showing a 40% increase. Although the peak electricity in the SMTN operating scenario is lower 

than in the LTTN condition for the majority of the clusters, their peak electricity is still relatively 

high, as around 35% of the clusters (400 clusters) peaked at levels more than double the BAU 

peak. On the other hand, the SMTN with peak control scenario allows the peak electricity to be set 

to any desired maximum demand above the BAU level by controlling the network temperature.  

A comparison of the four different scenarios with respect to electricity consumption on an hourly 

resolution for the ExH cluster is presented in Appendix C. 
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Figure 4-6: Percent change in the electricity peak of each cluster compared to the BAU (100%) for the 1139 

clusters operating under the different TN operation scenarios. 

The results indicated that the SMTN with the peak control schedule provides the most benefits for 

the thermal and electrical networks, in addition to enhancing the network’s harvesting capability 

in favorable times, while also minimizing the increase in electricity peak demand from EoH and 

sharing heat pumps. Because of the flexibility in this scenario, most of these sites may not require 

battery storage systems, resulting in considerable cost savings. 

4.3.1.1. Impact of the TN temperature operation schedule on the total annual 

GHG emissions for sharing and EoH 

Figure 4-7 illustrates the impact of the network temperature operation schedule on the 

collective annual GHG emissions of the clusters in each load category. As noted earlier, in 2017 

the grid utilized natural gas for electricity generation for approximately 38% of the year’s hours, 

whereas in 2016 gas was used to generate electricity for almost 93% of the year’s hours. The results 

are presented with respect to the total GHG emissions (per 1000 tonnes) for all 1139 clusters in all 

load categories for the different TN operation schedules and as a percentage compared to the BAU 

case. The network is considered a heat source for the BHP thus the amount of heating required 
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from the TN is determined by performing an energy balance on the BHP (QH= QTN + WBHP). The 

network heating requirements (i.e., the thermal energy required to maintain the network 

temperature) are supplied through sharing and by the EMC resources. When the heat rejected from 

process cooling is high enough to cover the network needs, the network heat (QTN) can be met by 

the harvested heat. However, in the case of low heat rejection from cooling processes, as in the 

heating dominant sites, most of the QTN is covered by the EMC. Furthermore, as the harvesting 

potential in these scenarios is very low, the GHG reduction benefits associated with the use of heat 

pumps for EoH are lost during peak periods. Indeed, cases with low heat rejection from cooling 

processes are characterized by higher GHG emissions, as the incremental electricity required to 

power the heat pump is produced by natural gas generators on the grid which are around half as 

efficient as boilers (42% to 85%, respectively). In 2017, only 35% of the hours were peak hours, 

which is one of the main reasons for the good reduction in GHG emissions observed for the U-

LTTN scenario for cooling and balanced sites, as well as for high concurrent heating sites. On the 

other hand, most of the 2016 hours were comprised of peak hours, which means that the grid 

natural gas generators were operational most of the year. In this case, operating the network at a 

low temperature and electrifying heating increased GHG emissions, as the incremental electricity 

is produced by a low efficiency natural gas generator. This impact decreases in clusters that attain 

a large share of their heat from sharing. 

Conversely, the low-temperature network reaps very low benefits from the electrification of 

heating. This operating scenario realizes more reductions in GHG emissions when there are more 

peak hours, as was the case in 2016. Although LTTN has a slight effect on peak periods by 

avoiding EoH, it loses the benefits of EoH during off-peak periods when electricity is generated 

from carbon-free resources (curtailment). 



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

157 

 

The smart network operation scenario provides greater GHG reduction compared to the two lower-

temperature scenarios, as it benefits from the electrification heating during off-peak periods by 

implementing ultra-low temperature operation and increasing the network temperature during peak 

hours, thus not allowing EoH during these periods. As shown in Figure 4-5 and Figure C 4-1 the 

peak electricity consumption more than doubled due to the EoH, especially in the Extra HD 

clusters (40% of the clusters). The smart network with peak control prevents this from happening 

by limiting EoH during peak hours. Indeed, the smart network with peak control’s impact on GHG 

emissions is within 1-2% of the smart network operating scenario’s, as high peak hours occur 

relatively infrequently. When the grid’s use of gas peak generators is moderate (2017), the 

harvesting and sharing of rejected waste heat from cooling systems has a large impact on the GHG 

emissions for all types of load category clusters. The SMTN and the SMTN with peak control 

operating schedules enabled the greatest reduction in GHG emissions. The site electricity peak 

control schedule reduces EoH at specific times to prevent a large increase in the site’s peak 

electricity usage. During times of reduced EoH, the SMTN with peak control schedule depends on 

the use of gas boilers to overcome the difference in heating resources, which is the reason for the 

slight increase in GHG emissions observed with this schedule compared to the SMTN without site 

peak control schedule. 

If the electricity grid’s utilization of natural gas generators is high most of the time, as in the case 

of 2016, the harvesting and sharing of rejected heat from cooling processes will have an 

insignificant impact on GHG emissions. The insignificant impact on GHG emissions in such cases 

is due to the fact that the ETS heat pumps require additional electricity to raise the low-temperature 

residual heat that is harvested and shared between buildings. This added demand represents a new 

incremental load, which in 2016 was likely predominantly satisfied via the use of peaking natural 
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gas generators as marginal generators. Figure 4-5, 4-6, and Figure C 4-1 clearly indicate that the 

U-LTTN operation schedule has the highest electricity demand from the electrification of heating.     

The results indicate that the SMNT with site peak control approach offers the greatest benefits 

with respect to harvesting ability, providing EoH at favorable times, and avoiding the huge 

increases in site electricity consumption and peak inherent to the other strategies. Significantly, 

the SMNT with site peak control approach also offers the highest reduction in GHG emissions.  
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Figure 4-7: Summation of GHG emissions in tonnes for each cluster category and percentage of BAU emissions 

in two different years of operation, with sharing and EoH. a) 2017, b) 2016. 

4.3.2. Impacts of the integration of combined heat and power system 

In the previous section, the sharing of waste heat from the cooling process between site 

buildings was presented as the first resource for serving heating demands, with traditional natural 

gas boilers supplying the remaining network thermal demand. This section demonstrates the 

effects of utilizing CHP systems to displace natural gas generators at the site with the aim of 

harvesting a secondary source of residual heat. This approach is investigated using the SMNT with 

a) 

b) 
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site peak control operating schedule, as the results presented in the previous section identified it as 

offering the greatest number of benefits. 

The results presented in this section include the hourly electricity consumption and the energy 

resources that are used to meet that consumption, as well as their impact on heating requirements 

and GHG emissions. These results reflect the data for an average cluster of 902 heating-dominant 

sites, an average cluster of 140 cooling-dominated sites, and an average cluster of 95 balanced 

sites.  

4.3.2.1. Impacts of combined heat and power in an average heating-dominant 

cluster 

The hourly electricity requirements for the average heating-dominant cluster are presented 

in Figure 4-8a for both the BAU system (black) and the SMNT with site peak control schedule 

after energy harvesting by the ETS heat pumps (purple). The average heating-dominated cluster 

has a peak electricity demand of 1.5MWh in the summer and 1.9MWh in the winter. The energy 

resources employed to service this load are presented on an hourly basis in Figure 4-8b (stack-up 

curves). These resources include imported electricity from the grid during off-peak hours (carbon-

free resources). The dark blue represents the BAU system’s electricity consumption, while the 

light blue represents the extra power used to run the ETS heat pumps during off-peak hours. During 

peak periods, the electricity required from the grid (black) is almost negligible, as most of the site 

electrical demands are met by the CHP, which is presented by the orange color (Figure 4-8b). This 

on-site electricity generation is made possible by the heat generated by the CHP, which is also 

used to meet the buildings’ heating requirements. Any surplus electricity that is generated is 

exported to the grid at peak times (light green). The dark green area represents the range of 

electricity the CHP can export to the grid without limiting the CHP electricity production. Since 
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the hourly basis results for the whole year are too dense to present effectively, the results for three-

week periods from different seasons (winter, shoulder, and summer) are presented in Figure 4-10.   

For the winter period, there are many peak hours wherein the grid meets demand via gas-fired 

generators; however, these periods involve lower gas consumption compared to the summer 

period, which causes the CHP to run at partial load most of the time to reduce the electricity 

exported to the grid and to avoid increasing the GHG emissions from the grid. As shown in Figure 

4-10a (winter period), the dark green sections are larger than the light green sections. In the off-

peak hours, the site depends on the clean grid for electricity (blue). For the shoulder season period 

(spring/fall; Figure 4-10b), the grid is carbon-free almost all the time, which means the demand is 

serviced by electricity imported from the grid and the CHP is usually off. For the summer period 

(Figure 4-10c), the grid has more peak hours and a larger capacity compared to the winter period. 

Thus, the CHP is in full load most of the time to serve the site and export as much electricity as 

possible to the grid (the light green area is larger than the dark green area).  

A major difference between running the CHP in the summer and winter is the concurrent heat 

demand. As shown in Figure 4-9, there is a large heat demand during the winter period, so any 

heat produced by the CHP will be used immediately or diverted to short-term storage. However, 

the extra heat produced by the CHP during the summer (green) period requires seasonal storage 

so it can be used during the winter period, as the heating demand is low in the summer period 

(Figure 4-9).  
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Figure 4-8: (a) Hourly electricity consumption in megawatts and (b) electricity supplied from and exported to the 

grid for average heating-dominated cluster utilizing a smart network with peak control and conventional systems. 

 

Figure 4-9: Average heating-dominant cluster heating energy consumption covered by different resources and 

extra heat rejection from CHP. 

 

a) 

b) 
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Figure 4-10: Hourly electricity supply and export from different resources for an average heating-dominant cluster 

over a week for: a) winter period, b) shoulder period with harvesting only (no CHP), and c) summer period. 

4.3.2.2. Impacts of combined heat and power in an average balanced-load cluster 

The hourly electricity requirements for the average balanced-load cluster are presented in 

Figure 4-11a for both the conventional BAU system and the smart network with peak control 

a) 

c) 

b) 
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system (purple). The balanced cluster consumes more electricity than heating-dominant sites due 

to its large cooling demand. As shown in Figure 4-11a, the average balanced cluster’s peak 

electricity ranges from 2.5 to 3 MWh, which is almost double the peak demand of the average 

heating-dominated cluster. The results of integrating the CHP to help service this load are 

presented in Figure 4-11b. Since balanced clusters have relatively smaller heating requirements 

compared to heating-dominated sites, they typically employ smaller CHPs to avoid wasting the 

heat they generate. In addition, the use of smaller CHPs results in significantly higher levels of 

electricity being imported from the grid during peak times (black) compared to the heating-

dominated case. For this load category cluster, the CHP generates low levels of electricity during 

peak hours (orange) and no export electricity is available (no green sections). The week's zoom-in 

presentations (Figure 4-13) clearly show that the limited CHP size requires more electricity to be 

imported from the grid during peak periods (black sections).   

As shown in Figure 4-12 the heating demand in the winter period is almost fully covered by energy 

harvested from different resources, such as sharing with EoH and CHP with aid of STS. This 

results in extra heat produced by the CHP in summer (green) that will go unused, even with 

seasonal thermal storage. 
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Figure 4-11: (a) Hourly electricity consumption in megawatts and (b) electricity supplied from and exported to the 

grid for an average balanced cluster utilizing a smart network with peak control and conventional systems 

 

Figure 4-12: Average balanced cluster heating energy consumption provided by different resources and extra 

heat rejected by the CHP. 

 

a) 

b) 
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Figure 4-13: Hourly electricity supply and export from different resources for an average balanced cluster for: 

a) the winter period, b) the shoulder period with harvesting only (no CHP), c) the summer period. 

4.3.2.3. Impacts of combined heat and power in an average cooling-dominant 

cluster 

The hourly electricity requirements of an average cooling-dominant cluster are presented 

in Figure 4-14a. This cluster has a relatively larger cooling demand compared to the heating-

dominant site, which results in electricity demand of about 2.5 to 3 MWh. This demand is nearly 

a) 

b) 

c) 
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double the peak demand in the average heating-dominated site and similar to that of the balanced 

site. Since cooling-dominated clusters have very low heating demands, they use smaller CHPs 

compared to the heating-dominant and balanced load clusters to minimize waste heat. Figure 4-14b 

shows that the majority of the electricity is imported from the grid (black) during peak periods. 

This explains why the impact of the SMTN system with a CHP is relatively small in this load 

cluster. As shown in Figure 4-15, the heating demand in cooling-dominant clusters is mostly 

covered by sharing and there is no need for thermal storage.  

 

Figure 4-14: (a) Hourly electricity consumption in megawatts and (b) electricity supplied from and exported to the 

grid for average cooling-dominated cluster utilizing a smart network with peak control and conventional systems 

 

a) 

b) 
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Figure 4-15: Average cooling-dominant cluster heating energy consumption provided by different resources and 

extra heat rejected by the CHP. 
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Figure 4-16: Hourly electricity supply and export from different resources for an average cooling-dominant cluster 

during: a) the winter period, b) the shoulder period with harvesting only (no CHP), c) the summer period. 

It can be concluded that, for the majority of heating-dominated clusters, it is better to employ the 

SMTN system with peak control and CHP to service their high heating demands, although this 

approach requires more thermal storage, especially seasonal storage. For the majority of balanced 

and/or cooling-dominated clusters, the need for CHP is very low as there is a large amount of 

b) 

c) 

a) 
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excess heat from the cooling systems. Using thermal storage systems to harvest the excess heat 

rejection from cooling during low heating demand and use it to serve heating demands during high 

demand periods could eliminate the need for the CHP. The focus in balanced and cooling 

dominated sites shall be targeted toward the cooling demands. Thus, it is better to implement more 

carbon-free resources on-site that produce electricity but are not primarily associated with heating. 

Examples of such resources include wind, hydro, and solar PV panels to serve the cooling demand.  

The next section examines how the GHG emissions of the different clusters are impacted by the 

allowable minimum CHP efficiency, the electricity grid's different use of peak gas generators, and 

the use of thermal storage. 

4.3.2.4. Impacts of changing the maximum allowable CHP system efficiency 

In the previous section, the impact of adding a CHP with a minimum allowable combined 

heat and power efficiency of 65% was illustrated. This constraint results in the use of a specific 

CHP capacity to avoid wasting residual heat. It is important to add a sensitivity analysis for this 

constraint, as the regulations from the grid operator might change from one location to another. 

While relaxing this constraint by reducing the efficiency to 60% or 55% will result in a CHP with 

a larger capacity (about 2.2 GW), the CHP will inevitably only run at partial load due to the other 

constraints in the study related to its sizing. However, increasing this constraint by raising the 

minimum efficiency to 75% and 80% will enable the use of a smaller-capacity CHP (less than 0.25 

GW), as shown on the right side of Figure 4-17. The GHG emissions reduction for the different 

CHP overall annual efficiencies is presented on the left side of Figure 4-17. As can be seen on the 

left side of Figure 4-17, there is no significant change in GHG emissions reductions in the case of 

lower allowable efficiencies; however, a significant change of almost 50% can be observed 
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between the lower efficiencies and the 65% and 80% cases. The results also show that thermal 

storage plays an important role in increasing the GHG emissions reductions in most cases, but has 

limited impact on smaller CHPs, as in the case of the CHPs with 75% and 80% minimum allowable 

efficiencies. 

 

Figure 4-17: GHG emissions with and without thermal energy storage for different minimum overall CHPs 

efficiencies (left) and overall CHP sizes (right) for 1139 clusters in Ontario. 

4.3.2.5. Impacts of different combined heat and power operations for different 

grid operating schedules  

As the CHP is operated to displace the grid’s natural gas generators, CHP electricity 

production shall not exceed the grid’s natural gas electricity production in order to avoid displacing 

carbon-free electrical resources on the grid. The operation of the CHP is dependent on the 

operating hours of the grid's natural gas generators: a high number of operating hours results in 

more CHP utilization and less dependency on EoH, whereas a low number of operating hours has 

the reverse effect. To illustrate the impact of thermal storage on the GHG emissions reductions 

achievable by the integrated energy systems, the GHG emissions reductions enabled by the 

different systems were evaluated for all the clusters. Figure 4-18 shows the reduction in GHG 



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

172 

 

emissions enabled via sharing in conjunction with EoH, by incorporating CHP with STS, and by 

using LTS for two different years: 2017 (right side) and 2016 (left side). The GHG emissions were 

calculated based on a case wherein the maximum accumulated hourly CHP electricity production 

for the 1139 sites is limited to the grid's natural gas generation capacity. Furthermore, to 

approximate the emission reduction that can be achieved in grids with substantial natural gas 

output, GHG emissions were computed with no restriction on CHP generation, assuming that the 

system produces large amounts of natural-gas-generated electricity during peak hours. 

In 2017, around 50% of the emissions savings were achieved via sharing and EoH; this percentage 

was much lower in 2016 as shown in Figure 4-18. The reason for this discrepancy is that, in 2016, 

only 10% of the annual hours were off-peak with less than half the curtailment compared to 2017, 

while the NG generators run 90% of the time with double the NG electricity generation. Thus, 

CHPs ran 90% of the time in 2016 following the grid's natural gas electricity operating schedule. 

Figure 4-18 shows that the reduction in GHG emissions was greater in 2016 than in 2017, due to 

the capture of additional high-grade heat from CHP. In 2016, the operation of the CHP without 

production limits can represent grids with large electricity generation from natural gas. Figure 4-18 

(left) shows that, in 2017, the GHG emissions savings were around 55% with approximately 25% 

resulting from sharing and EoH, 17% provided from CHP with STS, and 17.5% via LTS (12% at 

50% efficiency and another 5.5% at 100% efficiency). The results also show a case wherein 

natural-gas-based electricity production is high during peak hours. Here, the constraint on CHP 

production no longer affects GHG emission savings. In 2016, the reduction in GHG emissions was 

mostly dependent on the CHP for the reasons mentioned above, only reaching around 68% with 

CHP production constraints and approximately 72% in the case of no production limits. These 

results indicate that using distributed CHPs to displace the grid natural gas generators will enable 
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significant reductions in GHG emissions in cities where fossil fuel energy sources comprise a large 

share of the grid’s resources. However, in cities where renewable energy accounts for a large share 

of the grid’s resources, dependency on CHPs should be decreased and replaced by EoH via 

different available technologies. 
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Figure 4-18: CHP emissions reductions from different resources with and without CHP production limitations for 

the years 2017 (left) and 2016 (right). 

4.3.3. Comparison of GHG emission reduction potentials with prior work 

This section presents the potential of GHG emissions reduction from the current system compared 

to previous case studies that employed different technologies and operation conditions. Table 4-2 

shows the GHG emission reduction for different case studies in the literature compared to the 

current work.   

Song et. al. [44] investigated the use of an absorption heat pump to heat an LTTN in a community 

center, resulting in a 25% reduction in GHG emissions. In a medium-sized neighborhood of 137 

buildings, Ameri et al. [45] evaluated the use of CHP as a heat supply to an LTTN, which resulted 

in a 35% decrease in GHG emissions.  According to [46] the employment of GSHP, industrial 

waste heat, and solar in a district heating network can reduce GHG emissions by around 44%. 

Each of these studies investigated the employment of different types of technology. On the other 

hand, Wirtz combined a variety of resources with an ultra-low temperature thermal network, 

resulting in a 56% reduction in GHG emissions. The present system makes use of a range of 
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resources, including on-site CHP and grid renewables. The recent study offered a novel system 

operation and technology that may reduce GHG emissions by up to 73% for a fleet of 1139 small-

scale sites, which is more than all previous trials. The key reason for the greater GHG emissions 

reduction than [7] is that the system is connected to the grid, allowing for CHP export and hence 

more heat to be captured to meet site needs. Additionally, the TN operating scenario proposed in 

the current work “SMTN with peak control” provides great flexibility to the electrical grid while 

maintaining the system feasibility via controlling the site's peak demand.  

Table 4-2: Comparison of different prior case studies and present work. 

Study 

Thermal 

network 

operating 

scenario 

Thermal 

network size 
Employed technology 

GHG emissions 

reduction % of 

the BAU 

emissions 

Song et al. 

[44] 
LTTN 

Small-scale 

(Business center) 

Absorption heat pump 

with low temperature 

geothermal water, natural 

gas boiler  

25% 

Ameri et al. 

[45] 
LTTN 

Medium-scale  

(137 buildings) 
CHP, natural gas boiler 35% 

Abdurafiko 

et al. [46] 
LTTN 

City scale  

(District) 

Solar photovoltaics (PV), 

industrial waste, ground 

source heat pumps   

44% 

Wirtz et al. 

[7]  

Bidirectional 

U-LTTN 

Small scale  

(17 buildings) 

CHP, solar photovoltaics 

(PV), electric boiler, 

natural gas boiler, low-

grade cooling processes 

residual heat, thermal 

energy storage systems, 

battery storage 

56% 

Present 

Work 

SMTN with 

peak control 

Multiple small-

scale  

(1139 sites 

include14832 

buildings) 

micro-CHP, low-grade 

cooling processes residual 

heat, connected to a 

mixed electrical grid. 

73% 
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4.4. Conclusion 

This study demonstrates that the operating temperature of the heating distribution network 

in an integrated energy system significantly impacts its performance and greenhouse gas 

emissions. To achieve these results, four thermal distribution network operating scenarios were 

modeled for various community energy profiles, namely: a low-temperature network (fourth-

generation); an ultra-low temperature network (fifth generation); a smart network (ICE-Harvest), 

which is a hybrid system comprising elements of the low and ultra-low systems; and a new 

operating scenario (smart network with peak control) wherein the peak electricity demand is 

controlled by changing the network temperature. The findings of this study enable the following 

conclusions: 

Ultra-low temperature thermal network (20oC) 

o This case enables the most electrification of heating and the lowest use of gas-fired boilers; 

it also causes the site electricity peak to more than double for heating-dominant sites.  

o Large emissions savings in sites with high simultaneous cooling and heating, such as high 

concurrent balanced and high concurrent cooling-dominant clusters and with grids 

characterized by low levels of natural-gas-generation resources and peak hours, as well as 

high levels of carbon-free electricity generation. 

o Can increase the emissions in heating-dominant clusters with grids with high peaking 

natural gas generator running hours. 

o Large electrification of heating during peak and off-peak hours allows the system to benefit 

from the curtailed electricity resources from the grid. However, the increased electricity 

demand during peak periods forces the grid to increase electricity generation via natural 

gas resources, which in turn increases emissions.  
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Low-temperature thermal network (70oC) 

o This case features the lowest use of electrification of heating and the highest use of gas-

fired boilers in integrated systems. 

o Enables higher GHG emission savings compared to ultra-low temperature systems for sites 

with low simultaneous cooling and heating, such as low concurrent balanced and heating-

dominant clusters, especially those connected to grids with low natural gas resources and 

high carbon-free electricity generation. 

o Low increase in electricity consumption and peak demand, resulting in a low impact on the 

electricity grid and minor benefits from carbon-free resources curtailed from the grid. 

Smart thermal network (70oC during peak and 20oC during off-peak) 

o Balances the electricity grid by electrifying heating only during periods of surplus carbon-

free electricity generation. 

o Increases site electricity peak demand by more than double in heating-dominant sites, 

which may jeopardize the system's feasibility. 

o Provides the greatest carbon emission savings compared to all other operating scenarios. 

Smart thermal network with peak control (70oC during peak periods and varying between 20oC 

and 70oC during off-peak periods) 

o Provides the most benefits for both thermal and electrical networks, as it offers good 

harvesting capability in favorable times and avoids a sizable increase in site electricity peak 

demand. 

o Similar to the smart thermal network operating scenario, this system provides a good 

balance to the electricity grid by electrifying heating only during periods of surplus carbon-

free electricity generation. 
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o Provides large emission savings that are only slightly lower compared to the smart thermal 

network operating scenario. 

The integration of CHPs affords significant benefits, particularly for heating-dominant sites, 

especially those connected to grids where a large portion of electricity generation uses natural gas 

resources. The developed model was implemented on a fleet of 1139 sites with different energy 

profiles in Ontario, Canada. The results indicated that, for most of the heating-dominated clusters, 

it is better to employ the smart network with peak control and a CHP on site to serve these clusters’ 

high heating demands, and that this approach further benefits from the use of thermal storage, 

especially seasonal storage. For the majority of balanced and cooling-dominated clusters, it is 

better to implement more carbon-free resources that produce electricity but are not associated with 

heat. Examples of such resources include wind, hydro, and solar photovoltaic panels.  

The findings of this study also revealed that CHP size significantly affects carbon emission 

savings. The CHPs in this study were sized to achieve a minimum overall efficiency ranging 

between 55% and 80%, with results indicating a significant reduction of approximately 35% for 

the lower-efficiency ranges (55%-65%) in 2017 with 36% CHP operating hours. The savings 

nearly doubled in 2016 with 93% of CHP operational hours. In contrast, the greenhouse gas 

emission savings were very low in the high-efficiency range because the CHPs had to be sized 

very small to achieve these high efficiencies. Also, short- and long-term thermal storage played a 

critical role in harvesting residual CHP heat, thus further lowering carbon emissions. Indeed, 

approximately half the emission savings from CHP residual heat were achieved by short- and long-

term thermal storage. In order to achieve net-zero carbon, future work should consider replacing 

the CHP with low-carbon electrothermal resources, such as micronuclear reactors and fuel cells. 

It is also recommended that future work investigate additional solutions for harvesting curtailed 



Ph.D. Thesis - Ahmed Abdalla                      McMaster University - Mechanical Engineering 

179 

 

electricity during shoulder seasons with low heating demands and moderate outdoor temperatures; 

such solutions may include the use of air source heat pumps with the aid of thermal storage, 

especially in heating-dominant sites with low sharing potentials. The scope of this research was 

limited to waste energy recovery from cooling and refrigeration processes. Therefore, it is 

recommended that future work explore other waste heat sources (e.g., solar thermal, industrial, 

sewer water, etc). Finally, the cost and economic performance of the system, as well as a life cycle 

analysis, should be explored in future work as well. 
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Appendix A 

A.1. Thermal network and energy transfer station modeling steps 

 

Figure A1: Thermal network and energy transfer station modeling steps 
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Note: The figure continues on the following page 

A.2. EMC modeling steps 
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Figure A2: EMC modeling steps 
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Appendix B 

Model verification 

The mathematical model used in this current work was developed on Matlab and tested using the 

hourly resolution data attained via Van Ryn’s Dymola model [33]. The Dymola model was run 

using a 10 minute resolution, with the average hourly results being used for the comparison. The 

case study includes 5 buildings: an ice arena, a community center, a library with an IT server, a 

YMCA, and a residential tower. Table B1 lists the buildings’ cumulative energy profiles. This 

site's cooling load accounts for 40% of the overall thermal energy consumption; according to the 

classifications outlined by Abdallah et al. [15], this site would be categorized as balanced. 

Table B1: Total heating and cooling energy. 

Demand source Energy demand [MWh] 

Cooling  10,808 

Heating  7,341 

Electricity 4,918 

Heat rejection  8,655 
 

The comparison was performed using a constant network operation temperature of 70oC. The 

modeling operation and calculations are described in the Methodology section. The results 

generated by both models were compared, including the amount of heat shared (harvested heat 

from cooling systems), the network thermal losses, the heat required from the EMC, and the heat 

covered by the different resources in the EMC, such as the CHP, STS, and boiler. The network 

used in the model was 900 m long, the CHP size was 3,500 KWth, and the STS size was 1,000 m3. 

Figure B1 shows the annual energy results for the Matlab and the Dymola models. The largest 

differences between the two models are the quantity of heat loss and the heat required from the 

EMC. The Matlab model suffered a loss of 278 MWh, accounting for 2.5% of the overall site 

heating demand; by contrast, the Dymola model only had losses of 175 MWh, which accounted 
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for 1.6% of the site’s overall heating demand. This difference is likely attributable to the type of 

pipe insulation used in both models. The Matlab model used fiberglass insulation with a thermal 

conductivity of 0.042 W/mK, while the Dymola model used urethane foam insulation with a 

0.022W/mK thermal conductivity.  These differences resulted in a larger heating requirement from 

the EMC resources, mainly the CHP and STS, as shown in Figure B1.  

Overall, the models showed good agreement, thus providing confidence in the application of the 

Matlab model.  

 
Figure B1: Comparison between the annual energy results from the Matlab model vs. the Dymola model. 

Appendix C 

This section details the effects of the TN temperature operation schedule on the hourly 

electricity consumption of an extra heating-dominated cluster, which represents around 45% of the 

clusters in Ontario. Figure C 4-1 shows a comparison of the hourly electricity consumption for the 

U-LTTN, LTTN, SMTN, and SMTN with peak control systems versus the BAU system’s 

electricity consumption (black). As can be seen, electricity consumption increased slightly during 

the summer for all scenarios. This result is due to the fact that heating requirements are very low 

during the summer, typically only being required for domestic hot water.  
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In the U-LTTN scenario, the TN heating source consists of harvested residual heat and the EMC 

gas-fired boiler at low temperatures. Boost heat pumps are used to increase the network 

temperature to meet the temperature requirements of the buildings’ heating distribution systems. 

The boost heat pump runs continuously during peak and off-peak hours, which results in a 

significant increase in electricity consumption during these times. This case entails the largest use 

of EoH and the lowest usage of natural-gas-fired boilers. As shown in Figure C 4-1a, the site peak 

electricity rose to more than twice that of the conventional system in this operating scenario.  

Conversely, the LTTN scenario had the lowest EoH year-round (Figure C 4-1b), as the network 

operates at a higher temperature than the building heating requirements, thus allowing for a direct 

exchange of heat without the need for a BHP. The increased electrical demand in this scenario 

comes from the RHP, which raises the temperature of heat rejected from the buildings’ cooling 

systems and exchanges it with the network. Although electricity consumption also increases 

significantly in the SMTN scenario (Figure C 4-1c), this increase happens only during off-peak 

periods when the network runs at ultra-low temperatures. During peak hours, the SMTN runs as 

an LTTN to reduce EoH. Although the large rise in electricity consumption during off-peak periods 

is favorable for harvesting carbon-free resources curtailed from the grid, the site electricity peak 

demand increased to 4.4MW, just over double the conventional system peak (2.12MW). As a 

result, large infrastructure upgrades in the distribution grid or a larger share of battery storage are 

necessary. In the SMTN with peak control scenario (Figure C 4-1d), electricity consumption 

increased during off-peak periods similar to the SMTN scenario, but the increase is always limited 

to ensure peaks do not surpass 2.75 MW, which is 30% higher than the BAU peak. The 30% limit 

was set as an arbitrary value that can vary from the conventional peak to a maximum value equal 
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to the U-LTTN peak. This limitation in the electricity usage for heating is replaced by a gas-fired 

boiler; however, this only happens in extremely cold weather hours. 
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Figure C 4-1: Hourly electricity consumption compared to the BAU electricity consumption for an extra heating-

dominated cluster: a) U-LTTN; b) LTTN; c) SMTN; (d) SMTN with peak control. 
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5. Chapter 5   

              
Conclusions and Recommendations For Future Work 
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5.1. Conclusions 

This research investigates the impact of harvesting residual energy via integrating the 

electrical and thermal community buildings' energy systems which plays an important role in the 

decarbonization of heating in the building sector. Increasing the use of renewable energy resources 

to electricity generation requires more flexible generation resources and demands; this increases 

the need for a combined thermal and electrical demand management strategy that minimizes the 

curtailed electricity on the grid and electrifies heating without increasing the electricity peak 

demand.  

The current research developed an integrated community energy thermal energy sharing 

model that can provide a dynamic characterization of the potential benefits of integrating and 

harvesting energy within a community of any number of buildings. The developed model estimates 

the amount of rejected heat from cooling and refrigeration systems that can be simultaneously 

collected and used to heat other nearby buildings in the cluster. It also evaluates the timing and 

quantity of electricity used by the heat pumps necessary in low-temperature MTNs as well as the 

reduction of both GHG emissions and the energy required from the EMC relative to BAU 

conventional stand-alone systems.  For an energy balanced community cluster, the model showed 

that, over the course of a year, the energy harvesting would reduce this node’s GHG emissions by 

74% and cover approximately 82% of the heating requirements compared to the BAU system. 

Selected buildings in integrated community energy clusters are affecting the benefits of 

integration. Two novel clustering techniques were proposed and examined in the current 

work for Integrated Community Energy and Harvesting systems (ICE-Harvest) that prioritize the 

harvesting of waste heat rejected from cooling processes to help satisfy the heating demands of 
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commercial and residential buildings. Clustering around anchor building and density-based (DB) 

clustering with post-processing by adding the nearest anchor building to each cluster were 

developed based on the energy diversity in the connected buildings in each cluster. These 

techniques were examined with the aid of the developed energy sharing model over a large high 

energy consumption buildings database in Ontario and compared to the commonly used DB 

clustering technique in the literature.  The results of this case study reveal that DB clustering with 

post-processing resulted in the highest GHG reduction per unit piping network length of 360 t 

CO2eq /km/year. In addition, this research identified seven different cluster categories based on 

the total annual and simultaneous cooling-to-heating ratios of each cluster. 

The ICE harvest system integrates the thermal and electrical networks to add more flexibility to 

the electricity grid and schedule the EoH. In addition, it harvests wasted energy from three main 

different resources, process cooling, surplus carbon-free electricity generation on the electricity 

grid; and wasted heat from peak gas generators. Current research provides a reduced model for the 

ICE-Harvest system to study its impact on a fleet of over 1100 clusters of different categories on 

a municipal or provincial/state scale on the GHG emission and electricity demand from the grid.  

The use of ICE-Harvest systems on this scale can displace the energy required from the gas-fired 

heating resources by 11 TWh, accounting for over 70% of the clusters’ total heating requirements. 

This results in a 1.9 Mt CO2eq reduction in total GHG emissions, which represents around 60% of 

the clusters’ emissions.  

Operating conditions of the TN in the integrated community energy systems affect the ability to 

harvest waste energy and the reduction of GHG emissions. Modeling of four different thermal 

distribution network operating scenarios was performed in this research for the previously 

identified different community energy profiles. These operation scenarios include low-temperature 
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(fourth- generation), ultra-low (fifth generation), a binary range-controlled temperature 

modulating thermal network (smart network ICE-Harvest), and a range-controlled temperature 

modulating micro-thermal network (smart network with peak control) which variably change the 

thermal network temperature to control peak electricity demand caused by electrification of 

heating. The Ultra-low temperature thermal network shows high emission savings in sites with 

high simultaneous cooling and heating such as high concurrent balanced and high concurrent 

cooling dominant clusters, especially with grids of low natural gas generation resources and peak 

hours as well as high carbon-free electricity generation. It causes a significant increase in the 

electricity demand in heating dominant clusters during peak periods thus adding a great challenge 

during peak periods which also increases GHG emissions, especially for the extra heating 

dominant sites. Conversely, the low-temperature thermal network causes the least usage of 

electrification of heating and the most usage of gas-fired boilers in integrated systems thus, low 

effect on the electricity grid as well as slight benefit from the grid curtailed carbon-free resources. 

This results in the least electricity demand and consumption at all times thus, losses the benefit 

from electrification of heating during off-peak periods. It has higher GHG emission savings than 

the ultra-low in heating dominant sites. Smart thermal network operation balances the electricity 

grid through electrifying heating only during periods of surplus carbon-free electricity generation. 

Although, this operation results in the most emission savings compared to all other scenarios of 

operation as it allows EoH only during off-peak periods, it increases the site electricity peak 

demand to more than double in heating dominant sites. The proposed operating scenario smart 

network with peak control adds more flexibility to the system. It balances the electricity grid like 

the smart network scenario.  It also results in GHG emission savings slightly lower than the smart 

thermal network operating scenario, but without the huge increase in site electricity peak demand. 
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The integration of CHP adds a large benefit especially for heating dominant sites as well as in sites 

connected to grids with high electricity generation from natural gas resources. 

The last model was implemented on the 1139 identified sites with different energy profiles in 

Ontario, Canada, and the following is concluded: 

• For most of the heating-dominated clusters, it is better to employ the SMTN with peak 

control and CHP on sites to serve the high heating demands- this will require more thermal 

storage especially seasonally.  

• For the majority of balanced and /or cooling-dominated clusters, it is better to implement 

more carbon-free resources to the electricity grid or on-site that produce electricity but are 

not associated with heat such as wind, hydro, and solar PV panels.  

Another conclusion is that the CHP size and operating hours highly affect the GHG emission 

saving wherein the CHP in this work were sized to achieve a minimum overall efficiency in the 

ranges from 55% to 80% with two different operating hours percentages low 36% and high 93% 

following the NG operating hours in Ontario grid for the years 2017 and 2016 respectively. The 

results showed a significant reduction of around 35% of the 1139 sites’ emissions for the lower 

efficiencies ranges of 55%-65% with 36% CHP operating hours, where the low efficiencies allow 

larger sizes of CHPs. And the savings almost doubled for 2016 with 93% CHP operating hours. 

On the other hand, the GHG savings is very low in the high-efficiencies range as the CHPs sized 

to very small sizes in order to achieve these high efficiencies. Also, short and long-term thermal 

storages play a great role in harvesting the CHP residual heat thus reducing the sites’ emissions. 

The study shows that about half the emission saving of the CHP residual heat is achieved by short 

and long-term storage.  
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5.2. Recommendations for Future Work  

Investigating the impact of integrating the electrical and thermal community buildings' energy 

systems on the reduction of GHG emissions and energy harvesting between buildings is 

challenging. Although the contributions made by the research in this thesis address many of these 

challenges, there remain several avenues for future research to build upon this work, including:  

• Investigating the integration of Air source heat pumps ASHP that operates during periods 

of moderate outdoor temperature (>5oC) and during shoulder season with thermal storage 

especially for heating dominant sites and with grids that use high carbon-free electricity 

generation. 

• Investigate the effect of intra-cluster by using a connected energy hub to serve different 

thermal networks and gain from diversity loads. 

• Study the impact of using the TN to operate according to the space heating that requires a 

heat source in the range of 30-40oC and the small load of domestic heating that requires 

60-70oC can be served by an extra heat pump. This might impact the EoH and the system's 

performance.  

• This research was limited to waste energy recovery from cooling and refrigeration 

processes. It is recommended that other waste heat sources are explored in future research 

(solar thermal, industrial, sewer water, etc.). Which will also require an upgraded clustering 

technique.  

• According to the case study on Ontario, only 42% of the total waste heat from the sites’ 

cooling processes is harvested. Most of the heat is rejected during the summer season with 
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low heating demands. Using seasonal storage to harvest this heat is a recommendation for 

future work. 

• The cost and economic performance of the ICE-Harvesting system as well as its life cycle 

analysis could be investigated in future work.  

• Consider adding low emissions combined electrothermal resources in the EMC instead of 

the natural gas operated CHP such as fuel cells or small modular reactors.  
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