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Abstract

The building sector is one of the largest consumers of energy and produgeEmsnifouse
gasemissions in Ontariaepresentind.3%of the provit e 6 s e IRecerdly, aumsies have
been looking to decrease their emissions in resgordienate changé he electrification of space
heating and domestic hot water preparation has gained traction in reducing enmssiamdries
with low emissim electricity gids. This thesis proposes a novel energy delivery systdlad the
Integrated Community Energy and Harvesting (8&rvest)system The ICEHarvest system is
a modified 8' Generation District Heating and Cooli(®GDHC)system An ICE-Harvest system,
much like a 5GDHC system, iststrict energysystem thaincorporaésheat pumps to couple the
thermal and electrical energy demands of buildifigfe ICEHarvest system usé®at pumpso
supply both heating and cooling from a one pipenttadistribution network.The ICEHarvest
system has unidirectional mass flow in a ring arrangement with branches at each building.
Bidirectional energy flow between the network and buildings is permitted, meaning that heat
rejection from cooling processean be recoved in the network to reduce the total system heating

load.This concept is referred to as energy sharing.

The energy needs of the netwaakdthus the buildings, are serviced through a centralized
generation station referred to as the gdvlanagement énter (EMC). The EMC regulates the
supply temperature of the network to the controlled setpdifithin the EMC, the primary
generation source is a Combined Heat and Power (CHP) unit. The purpose of this CHP is to offset
the existingcentraized naturabasgenerator®n the Ontario electrical grid. These gas generators
operate intermittently and inefficiently as a form of dispatchable generation to stabilize the
provincial electrical grid. In this research, it is proposed thatHaEsest sgtemswith on-site

CHPscould replace these gas genersiwhileproviding the same support to the electrical grid at



a much higher energy utilization ratieor an accurate comparisdhe CHP is constrained to only
turn on according to the electricity stgm operatés gas generator dispatching schedide
auxiliary boiler is included in the EMC to provide heat when the CHP is not permitted to operate.

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

An ICE-Harvest gstem's ideal desiglepends on the market conditions, building energy
demands, and available waste energy sources. This research paad@idlarvest system in a
heating demand dominated community located in Ontario, Caith@acommunityconsists of
five buildings.The ICE-Harvestsystem is compared toconventionaland alternativebuilding
energy systemssingthe energy consumption data of these buildifigee systems are compared
according to their energy consumption, emissions prodaetjimpact o the electrical grid at
both the distribution and transmission levélhe topic ofusingthermal energy storage in ICE
Harvest systems is also discussadd aparameter swees performed on the thermal energy
storage capagit The resultsshow that thelCE-Harvestsystemoffers demand management
opportunities to electricity system operators, substantially reduces amissionsand offers

improved energy utilizationompared to conventional system
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Notations and Abbreviations

Nomenclature

k Gain of the controller [unitless]

4 Mass flow rate [kg/s]

P Power [W]

Q Heat flow rate [W]

T Temperature®C] or [K]

Ti Time constant of the controlleniegrator [s]

\Y Volume [n7]
Subscripts

B Relating to a bilding
boiler Relating to the boiler
bottom Measured from the bottom of the Thermal Energy Storage
C Relating to a @oling process
Carnot Operating under Carnot conditiotideal, reversible)
CHP Relating to a CHP
con Relating to the endenser
eva Relating to the waporator

H Relating to a batingprocess
HP Relating to a bat pump
max Maximum allowed or expected value
min Minimum allowed or expected value
nominal Relating tothe nominal operating cdition
scaling Parameter is used for scaling
setpoint Relating to a controller setpoint
supplied Energy supplied to the system
TES Relating to the Thermal Energy Storage
th Relating to thermal energy
top Measured fromhe top of the Thermal Energy Storage

Xi



wasted
Abbreviations
S5GDHC
AEF
AFUE
ATD
ATES
BF
BTES
BUR
CCHP
CDH
CHP
CHCP
CHWS
CHWSR
CQOe
COP
DC

DH
DHC
EER
O-NTU
EMC
EUR
FEL
FHL
FTL
GFRP
GSHP

Energy wasted from the system

5™ Generation District Heating and Cooling
Average Emission Factor
Annual Fuel Utilization Efficiency
Aggregate Thermal Demand
Aquifer Thermal Energy Storage
Baufield
Boretole Thermal Energy Storage
Boiler Utilization Ratio
Combined Cooling Heating and Power
Cold District Heating
Combined Heat and Power
Combined Heating Cooling and Power
Chilled Water Spply
Chilled Water Supply and Return
Carbon Dioxide Equivalent
Coefficientof Performance
District Cooling
District Heating
District Heating and Cooling
Energy Efficiency Ratio
Effectiveness Net Transfer Units
Energy Management Center
Energy Utilization Ratio
Following the Electrical Load
Following the Hybrid Load
Following theThermal Load
Glass Fiber Reinforced Plastic

Ground Source Heat Pump

Xii



HOEP Hourly Ontario Electricity Price

HRHP Heat Recovery Heat Pump
HWS Hot WaterSupply
HWSR Hot Water Supply and Return
HVAC Heating Ventilation and Air Conditioning
IBPSA International Building Performance Simulation Association
ICE Integrated Communitignergy
IEA International Energy Agency
IESO Independent Electricity System Operator
IPCC Intergovernmental Panel on Climate Change
LTDHC Low-temperature District Heating and Cooling
LTN Low-temperature Networks
MEF Marginal Emission Factor
MILP Mixed Integer Linear Programming
MR Maximum Rectagle
PCM Phase Change Material
PEC Primary Energy Consumption
Pl Proportionalintegral
PTES Pit Thermal Energy Storage
PV Photovoltaic
PVT Photovoltaic Thermal collector
SBG Surplus Baseload Generation
SEER Seasonal gergy Efficiency Ratio
SPF Seasonal Performance Factor
TAC Thermally Activated Cooling
TES Thermal Energy Storage
T™MY Typical Meteorological Year
TTES Tank Thermal Energy Storage
WSHP Water Source Heat Pump
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Chapter 1

1 Introduction and Problem Statement
The building sector enesgy aomsemerand gréeahousedgad s |

producergl]. With temperatures as low a0 °C in many major cities, Canadians ngphon space

heating to maintain comfortable living spacén 2016, Canadians consunt&B5PJ of energy

for thermal comfort (heating and cooling) and domestic hdemaurposesin consuming this

energy, the buildings sector produced 82 Mt o @Quivalent (C@e) (a term for describing the

impact of different greenhouse gases under a commom2lnitvhich makes it the thirthrgest

source of emissions behind oil and gasduction and transportatiof8]. If Canada is to meéts

stated emissits reduction targetsy 2030[4], improvements must be made in the building sector.

Electrification of space heating addmestic hot water preparatibas risen to prominence
in numepus countries seeking to reduce their emissions injpacThe Canadian province of
Ontario has a uniquely positied electrical grid that could take advantage of tachnology
Since phasing out coal powerplants in the prov[B¢eemissions from the electrical sector have
beendecreasingteadily In 2019 approximately 93% dDntarioelectricity was generated by non
emissive sourcef’]. A large share othe nonremissive electricity comes fromuclear and
hydropowerwhich produce 86% of the engyy supplied. However, the province ssttuggles to
incorporate larger shares of variable renewaldaegators such as wind and solBespite
representing 13% of the installed capacity, wind anarsggnerators supplied less than 8% of the
electricitydemandAlso, 2,581 GW( 22 % of t he p ofwindandsaadgenehttoma n d)
wascurtailed whichindicates that the renewable resources are not being used to their full potential
[7]. Energycurtailment on an electrical grid detrimenél to the adoption ofenewable energy
projects worldwideleading to lower capacity factors for generators and raising issues for system

1



M.A.Sc. Thesig B. Sullivan; McMastetJniversityi Mechanical Engineering

operatorg8]. System operators are exploring electrical energsagto systemto increase the
utilization of renewable energy resourcesit they are currently tocostly to be implemented

outside of subsided pilot projectg9].

The electrification of space heating and domestic hot water preparation would intaoduce
sizeabk new load to the electrical system. Intelligent ouletand operaticgare necessary to avoid
overloading the transmission and generation infragtracFortunately, thermal energy demands
are more straightforwardo forecastdue topredictable weather pattetnshey are also more
flexible than typical ectrical loads allowing for demand response strategiesasycbheating or
precoolingbuildingsand load defermenising thermal energy storae0]. The problemis that
heatingand coolingarecurrentlymanaged at #hbuilding level with no oversight fromsystem
operator who could coordinatsonsumers' actian Also, the energy demands of individual
buildingsare inconsequentially small compared to the grid energy demBmasthe response of

individual consumerwould have little impact on suci &xteng/e system.

The need for coordination between a set of buildings with energy demands large enough
to be nontrivial has shifted the focus towards district energy systérsdrict energy systems
provide heating, @oling, and electricity to multiple buildgs through underground piping
networks. The thermal and the electrical eneagy typically generated at one location and
distributed to the district's customesstrict energy systems haegisted commerciallgince the
1880s and they werdérst introduced to reduce the risk of boiler explosions in individual buildings
[11]. District energy systems have evolved over yearssince the 197Q0sand today they are
classified according to the temperature level of the transport media and the assets involved in
energy productiofi2]. The4" and %" generatios ofDistrict Heating and Cooling (DHQ)stems

are currently being explored for their atyilio become part of a holistisgnart energy sysimn[13].
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Fifth Generation District Heating and Cooling (5GDHstemsause heapumps at each
building to deliver heating and coolidigpm a low temperature piping netwofk4]. The use of
heat pumps intuces a coupling betwedmethermal andheelectrical energy demands ttzan
be used by system operators to control the electrical demand. Since heat pumps require electricity
to operate, electricity demands will be linkedthe thermal energy required he ratio between
the amount of thermal energy delivered or extractesiugethe amount of electricity consumed is
measured by the Coefficieat Performance (COP) of the heat pump. The COP of a heat pump is
a function of the temperature difference bedwéheh e at  pvwapomt®@nd condensein
building applications,the condenser's temperature fixed according to the required supply
temperature of the building hot water syste@onversely the evaporator temperature gst
according to the suppltemperature of the building chilled water systerar simplicity, the
discussion will focus on heating operation. Therefore, the COP of the heat pump can be controlled

by changing the temperatura the evaporator side of the heat pump.

Typically, heatpumps are connected to a quiadinite source such as the air or gnol
whose temperatures ameosty unaffected by the heat pump energy consumptitmwever, in
5GDHC systemsthe heat pump can be connected to a clogedit network where the
temperatre can be controllealy a system operatddepending on the size, atidis thermal mass,

of the networkchanging the temperature can be within the timescale of minutes to hours.

In this researcla modified 5GDHC system is comparéod other building enegy delivery
systems.The system is referred to as the Integrated Conity Energy and Harvesting (ICE
Harvest) systemThe ICE-Harvest system use#&/ater Source Heat Pumps (WSHPs) at each

building connected to a single pipe thermal distribution netwatk an Energy Management



M.A.Sc. Thesig B. Sullivan; McMastetJniversityi Mechanical Engineering

Center (EMC) to control theetwork's supply faperature A schematic of the system is provided

in Figurel.1.
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Figure 1.1: Schematic ofthe | CE-Harvestsystem. Energy flows are shown and categdraccording to thermal
energy (Q) and electrical energy (P).

The single pipe network is connected to each building in series without separate piping for
supply and return. Thismangemenallows forheat recovery from building cooling processes to
be usedlirectly by neighbouring buildings in the netwofthe EMC adds or removes energy to
or from the network as required to maintain a specific temperature setpo@piping of ths
networkis different from conventional DHC systems where four separate pipes are uséoliThe
pipesin a conventional DHC systeare separated according to temperature Jéyeically using

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

bidirectional energy flow.

While there are numerous options for equipment to use within the EMC, this research will
focuson using the wastheat from gas generators as the primary heat soGa®.generators
account for 29% of Ontariobs installed gener
delivered powefl5]. Thisdiscrepancy between capacity and generasitbecause gas generators
aremainlyusedfor dispatchable generatioDispatchable generationeans thathegas generators
respond tesupply ordemand changés balance the electrical grid. Therefore, the gas generators
are contracted to operate for short periods (typically 1 to 3 hours) at infrequent intervals throughout
the year.The generatorgenerally arecontracted to operataccording to e one day ahead
schedule created by the electricity system operatoe. number of contracted generators varies
depending on market conditions suchhepredicted windandsolar availability sudden increases
in demand, or outages from other generataguipmentFor example, the gas generators tend to
operate more frequently during the summer months when there is high variability in demand due
to cooling equipment energy demangsrthermorethe amount of generatiaran also change
annually. For examp) gas generation increassubstantially during 2015 and 2016 doethe

nuclear powerplants entering refurbishmiei].

These gas generators have low efficiencies, typically only convertitgt@@0% of the
fuel they consume into electricift7]. Theheat produced by the generat@skhausted to the
ambient as wastd his research proposes moving the gas generators into communities where the
heat they produce can be used Iocal thermal distributiometwork This will be accomplished
through the use of decentralized Combined ldedtPower (CHP) units installed metEMC.The

concept is similar tthe CHPunitsthat arecommonly usedh District Heating (DH)systemg18].



M.A.Sc. Thesig B. Sullivan; McMastetJniversityi Mechanical Engineering

However, thd CE-HarvestCHP will operateaccording to ane day aheaschedulgrovided by

theelectricity system operatoather than in response to the loeakrgy demands

The noveltyof this approacins that CHPs typically operaby either.

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

- Following anoptimized schedulingoftware

The downside of theseerating strategies is that they do not consigéng the CHP to
offset gridlevel natural gas generators. The waste heat produced by these gas generators represents

a large untapped thermal resource in the province of Ontario.

The ICE-HarvestCHP schedke is predetermined according to gas generafmrating
hours in the Ontario energy marké€he Ontario energy market is used in this thesis bedtlas
a large capacity of renewable and emisdiee generation that is supported by dispatchable gas
generators. This type of market has become irgingdy common as more countries switch to
renewable energy resources but have difficulties managing the energy Jupsythe concept
presented in this researchn be applied to any similar mark€he historical gas generator hours
for 2015 through 208 are shown inFigure 1.2. The gas generators are considered tadib@ n 0
when their combined output is greater than or equal to 1000 MW, approximately 10% of the
installed gas generator capacity. This threshold etesenbecause 1000 MW of capacity is

sufficienty largesuchthat demand response measures could be coordinated

Thereweresignificantly more gas generator hours in 2015 and 2016 than in 2017 and 2018

attributed tancreasedenergy conservation meassr consumer price incentives, and an increase
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in embedded generatigh9]. All of these factors contrilia to reducing the amount of giievel
gas generation requiretihe CHP will be restricted to only operate dgrthese hourshe results
will indicate what would happen if thgas generators' heatre used in @ghermal distribution
networkrather tharbeing wasted by enforcing this restrictidrhe quantification of the possible
fuel and emission savings will prole insight into whether it is worthwhile to relocate gas
generators closer to the communities that they serveCHieheat will be used tapply energy

to the thermal distribution networnkhich acts as the source for the building heat pumps.
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Figure 1.2: IESO gas generator operating hours in Ontario for the years 2015 through 2018. Houn®aped
according tathe month of the yeaihe threshold fothe gas generation to be consider@ddo is 1000 MW of
capacity.Onefi @0 hour corresponds to one hoaf 1000 MW or more gas generation on the grid.

This scheduling limitatiorwill result in adecoupling of the supply and demand of energy.

For example, the CHP could be contracted to operate during the summer when there is no heating
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demand in the networldlso, it is more challenging to decide upon the CHP capaCitpically,

the CHP capacitysi determined by the energy demands of the buildings being serviced.
Methodologiescommory used include the Maximum Demand Rectangiethod[20], the
Aggregde Thermal Demand (ATD[21], or optimized sizing according to a specific objective
function [22]i [25]. Since the ICEHarvest CHP does not respond to local energy demands, an

alterndive sizing strategy must be developed.

In this researcithe CHP is sized according to the total heating demand in the network and
the number of operating houret@HP is scheduled tanin a year. This sizing methodologyas
chosen as it providegbodsystemperformance anteasonablequipmenicapacitiesAs a result
of this sizing methodologyhe CHP capacitys undersized for the largest heating demand
necessitating a boiler for increaseeat output capacity. Thermal Energprage(TES)is also
corsidered tancrease the heat output capacitysome case§,ESwas shown to be capable of

replacing the boilerrdirely.

The ICE-Harvestsystem is compared to other building energy systems. The alternative
options discussed are a conventional systemdividual heating and cooling equipment at each
building, aDH system where a centralized CHP delivers heat dotpto a FTL control strategy
anda Ground Source Heat Pump (GSHP) system with individual geothermal borehole fields at
each building The gstems are compared according to their energy consumption, emissions
produced, and impact on the electrical giithte comparison isnace usingDymola, asystem
simulation softwar¢hatuseslibraries developed as part of the International Energy Agenéy) (IE
Annex 60[26] and Internabnal Building Performance Simulation Association (IBPSA) Project 1

[27] projects.This work aims to quantify th&CE-Harvest system's potentitd utilize the heat
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currently being wasted from gridvel gas generats and prove that demand response is

achievable through a coupled smart energy system.

An overview of the work iss follows. Chapter 2 provides a literature review of topics
related to 5GDHC. Thiseviewincludes the history oDHC systemsa backgrounan energy
markets in Ontario, a discussion of energy modelling tools and software, and examfs of
projects. @apter 3 presents the methodology for the research. This section outlines the
assumptions made during modelling and shows verification &fystem performance. Chapter 4
is the results section of the wotk. this chapterresults are shown comparing tlgE-Harvest
systento a conventional, district heating, and GSHP sysiEme systems are compared according
to their electricity demands, ekeicity supply, impact on the hourly electricity demand, heating
energy supplied, utilization of waste heat, @guént capacities required, and emissions produced.
A parameter sweep on the TES volume is also performedhandpact of CHP scheduling is
examired using a set of the historical gas generator operating hours in OGteajpier 5 discusses
the emissions and energy consumption reductions of each systihe potential forelectrical
demand management. The chapter also shows the energyesatdtie GSHP borehole fields
and the TES's temperature and heat loss measureragter 6 provides conclusions and

recommendations for future work.
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Chapter 2

2 Literature Review

This literature review will cover topics related to the current stat®©rmhrio energy
markets,the evolution ofDHC systems, a survey of comparable 5GHDC systems found in
literature, examples of software used for energy system modelang a discussion omMES

technologies and practices

2.1 The aurrent state of Ontario energy markets

2.1.1 Heating, cooling, and domestic hot water

The building sector consists of Allmanmade structures that require Heativigntilation
and Air Conditioning (HVAC) to maintain the thermal comfort and safety of its occupants. The
Intergovernmental P&l on Climate Change (IPCC) divides the building sector into residential
and commercial28]. In 2010, the residential sector accounted for 24% of global energy
consumption while the commercial sector accounted for ®8%lling 32% of glola energy
consumption or 32.4 PWh of enerf}®]. Thereare over five millionoccupied private dwellings
in Ontario, with the majority (54.3%) being single detached hd@6ésin these buildingt1.®%6
of energy is used for space heatihg,7% for domestic hot watergparatiorand 3.4% for space
cooling[31]. As shown irFigure2.1, nonrenewable based fuels accounted for 3d5 all space
and water heating energy use in the residential sgdtdviost households use natural gas because
of the robus distribution network present in most Canadian citidstural gas isan affordable
option for hanes located in dense urban centers where numerous customarsethe same

distribution piping. The province of Ontario is currently looking to expand alagas distribution
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infrastructure in northern and remote communit8. The projects are eligible for $130 million

in funding with an expected annual fuel cost savings of $800 to $250@psehold.

WATER-HEATING ENERGY USE (PJ), 2016 SPACE-HEATING ENERGY USE (PJ), 2016

ELECTRICITY
2 284 & gss
PJ ELECTRICITY W PJ
234

26%

Figure 2.1: Space and water heating energy use by fuel source across Canada in the residentiflsector

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

accounted foB4% of all emissions fronOntario's residentiadector{31].

Forced air furnaces are the most common primary heating system in Canadian households
making up 55% of all heatgy equipmen{33]. The efficiencies of furnaces and lerg hae
increased considerably in thespadecades. New higgfficiency furnaces have Annual Fuel
Utilization Efficiencies (AFUES) of 90% to 98.5% compared to older furnaces with AFUEs
between 56% and 70§84]. In the interest of improving energy efficiency, goveamt programs
have been put in place tolssidize the cost of higéfficiency furnaces for homeowne}35].
Electricbased heating sources such as baseboard heaters, radiant heaters, and heat pumps
represent 31% of all heatiregjuipmentwith 26% being baseboard heaters, 4% heat pumps, and
1% radiant heater€urrently, electric heating sources are moshmon in Northern communities

where there is no access to natural gas piping networks.
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Space cooling demands are much smaller in tbeipce than space heating demands. In
2017, the cooling demand across Ontario in the residential sector was only 1&wmpdred to
the 336.1 PJ used for space heafBtj, which is an18 times differenceThe commercial and
institutional sector is not much differemtith 25.1 PJ ofpace cooling and 240.5 PJ used for space
heating which is a 9.6 times differen¢d6]. The actual energy consumption for space cooling is
difficult to measure because cooling equipment uses elégtidaineeta thermal demandlo get
an accurate estimate of the energy consumghiercooling equipment must be soigtered to
monitor the individual energy consumption which is rarely done. The European Cooling Index
was established to estimate and ustierd the variations in space cooling demands across Europe

[37].

A cooling process's efficiency is refedrto as the Energy Efficiency Ratio (EER), which
varies depending on climatic conditions, building temperature setpaani$, equipment
technology. The Seasonal Energy Efficiency Ratio (SEER) is used to benchowikg
equipment performanaan an annual basis accounting for differences in climatic conditions. The
Canadian government publishes Energy Efficiency regulationscdoting egipment that
manufacturers must satisfy to be eligible for $a83. For example, the minimum SEER for single
package central air conditioners is 12.0 (for threuglti air conditioners) to 14.0fdr othes).

This efficiency corresponds ta COP of 3.1 to &, which means approximatethreeJoules of

heat are removed from the conditioned sgaceachJoule of electricity consumed.

While cooling demands are currently much smaller than heatintpmigs, they are
predicted to increase ithe coming years. In 201&ommercial and residential buildinggase
cooling accounted for an estimated 2.02 PWh of electricity consum@i@jn That demand is

predicted to increase by approxim#t&% annually up until2100 [40]. Cooling demands are

12
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expected togrow due toa global rise in average temperature amcleased accessibility to

electricity in the developing worl@h1].

While the total cooling demand appears small agsorall buildings there are some
specializedouildings with considerably high cooling demanBor examplegrocery stores have
an average energy use intensity of 530 kWHymar, double that of comparable commercial
buildings. The energy use is large do¢he need for refrigerated storage which is 2.1 times more
energyintensive than nonefrigerated storagd2]. Additionally,researchers &anmetENERGY
found that ice rinks have double the average annual energyntesesity as other municipal
buildings (500 kWh/rffyear versus 236 kWhhAtyeai) [43]. This is due to the energy required to
maintain the frozen skatirgurfacesOf this energy consumption, 50% was used for refrigeration
with only 10% of the refrigeration waste energy being recovered. They concluded that the
refrigeration sgtem rejectedhree times the energy required to meet the building heating

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

Another buildingcategory with large cooling demanisdata centers. Data centers are
essentihin the field of information technology for storing and transmitting data. Bet\2640
and 2018internet traffic increased by over tépid and data center storage capacity increased by
25 times to keep up with demafptt]. Data centers require electricity to operatd #re power
they consume is dissipated through the circuitry as heat. Shehabregicated tha#t3% of all
electricity consumed in data centers in the United Statesed for cooling and power provision
systemg45]. Theseenergyintensive buildings witlhigh coolingdemand®ffer opportunities for
localized heat recovery strategies. Amazon was onéefitst companies to take advantage of
this opportunity by partnering with a naigouring telecom building to recycle approximately 4

million kWh of heat each ye§6].

13
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2.1.2 Electricity

Ontarids electricity market consists of numerous power producedspower plants
managd by a centralized electricity system operaidre system operatam Ontariois called the
Independent Electricity System Opera(¢dESO) and they are responsible for managing the
delivery of power from the power plants to the costes. Their primary concern is balancing the
supply and demand of power on a neetantaneous basis to avoid overloading the transmission
infrastructue. They accomplish this through supply and demand predictions based on historical

energy consumptioand weather data.

The Ontario supply mix consists of nuclear, hydro, gas, wind, solar and biofuel. Most
producers are considered transmission connectedraj@n thattransmit power fromtheir
centralizedsites to local distribution companies through higiitage transmission lines (50 kV
and above). Transmission connected generatorsligrele to sell power on the grid at the rates
determined by the IES@ourly Ontario Electricity Price (HOER%7]. The HOEP is determined
dynamically It is used as a leveraging tool ta@émtivize producers with higher production costs
to produce power profitability during increased demand or decreased supply. There are also
distribution ®nnected generatqrevhich are smailscale generatorthat provide electricity to
nearby buildings sut that the demands are managed locallge purpose of distribution
connected generators is to offset demand from the transmissignwipich avoids capaty
enhancements and system bottlenecks. The majofit@ntarids solar power generation is
distribution connected generatiavith 2195 MW of distribution connected capacity compared to

478 MW of transmission connected capapiy].

The supply mix refers to the group of producers providing power at a given moment in
time. The mix of poducers is caimuoudy changing in response to changes in demand or resource

14
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availability. Figure2.2 shows the hourly Ontario supply mix for Jund'td June 1%, 2020.The
nuclear generation is shown in oranggdro in light blue, gas in dark blue, wind in green, solar

in yellow, and biofuel in dark red.
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Figure 2.2: Hourly Ontario supply mix for June 11tA020 through Une 17th2020[49]

Most of the electricity generated comes from nuclear and hyidresetwo resources
provide what is knows baseload powdBaseload power providesstablelevel of power to the
grid to meet a large portion of the electricity demaibwing flexible generators (for example
gas power plants) to meet the transient electrical demahatéearis selected fo this purpose
because oits high output and stable production. The drawback of these plants is that they are
inflexible to variations in demand. Reduciaghuclear reactts output referred to as a nuclear
manoeuvreis when the turbine is bypassed dine fuel energy is not used to produce powét.
Evidence of a nuclear manoeuvre can be seéfigure 2.2 at approximately 7:08M on June

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

To solve this problemsystemoperatorsely upon \ariable and dispatchable generators.
Renewable resources such as wind and solar are classified as variabdéagyeecause operators

cannot control their output. The utilization of these resources is encouraged because the energy
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source isemissionfree and has no associated fuel costhe intermittent nature of variable
generators leads to problems when thermsufficient supply during peak demands or surplus
supply during low demands. Dispatchable generators are used to mitigate this probleiaiyy rap
responding to fluctuations in outpiMatural gas generators are the primary form of dispatchable
generabn on the Ontario electrical grid. Gas generators represent(26%17 MW) of the
installed capacity and only 6¢8.5 TWh)of the supplied eledtity [7]. A large capacity ofas
generabrs is maintaineds a redndancy measure for other generators. In the event of maintenance
or failure, gas generators are used to maingastable power supply while the problem is
addressedlhere is also an estimated 1053 MW capacity of behind the @kl in Ontarid51].
Behind the meter refers to the fact that the power produced by thei€H&=d entirely osite

and they do not supply or sell to tigeid. These projects are popular with businesses and

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

The difficulty in predicting the output of variable generatiesources serves as aee
barrier to widespread adoptifsR]. Thisdifficulty has led to the belief that wind and solar cannot
exceeed a limit of 20% to Z& of all generatiofb3]. However,some researchers believe that higher
renewable energy penetration is possilugh decoupling thgeneration and consumption
using energy storadé4]. The Ontario IESO is currently investigating this opportuaitgas of
2016 hagrocured 2knergy storage projects withtatal installedpowercapacity o650 MW [9].
Results from the report highlight the ability for energy storage systems to withdraw Surplus
Baseload Gemation (SBG) fromthe grid, which is later reinjected or used in a commercial
process. While the report did not comment on the economics of energy storage, a report done in
California assessed the stacked economic benefits of energy storage [Bb]ettseyfound that

by combining multiple revenue streams such as increased transmission / distribution capacity,
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spinning reserves, frequency regulation, and generation capacity, batteries could be valued at
$280/kWyear. Battery prices, howeveange of $200 t&500/kWyear and the revenue streams
discussed are not guaranteed in all markeétsil the reliability of renewable generators can be

improved dispatchable generation is necessary on the power grid.

The variability in the supply mix ahe Ontario eldcical grid leads to a highly dynamic
emissions factor. For example, some hours will have all the power provided by effrission
sourceswhereas other hours could hasignificantshares of gas generation on the grid. The
Atmospheric Fud publishes an amwal report detailing the Average and Marginal Emission
Factors for the provind®6]. The Average Emission Factor (AEF) is the average carbon intensity
of electricity consumed from the Ontario grid based on the weighted averageloproducer's
outputfor that hour and its corresponding emission factor. The Margimagsion FactorNIEF)
is the change in carbon emissions from a change in electricity consumption in each hour. The MEF
is distinguished from the AEF because energy conservation measures are expected to

disproportionatelyeducethe use of highly emissivesrces (such asag generators).

Figure2.3 shows the MEF and AEF for Ontario in 2018. The MEF is always greater than
the AEF because the gas generators that are pngdan the margin are the largest source of
emissions from the electricity sector. The Atmospheric Fund recommends using the AEF for
calculating current or historical emissions on an hourly basis and the MEF to calculate the emission

saving potential of demand intervention project such as instglkolar panels or battery storage.
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Figure 2.3: Ontario 2018 Average and Marginal Emission Factfi8]

Emissions from the electrical sector have been steadily declining in Ontario since the
phaseout of coalfired power plant$6]. In 2019,over 96% of altransmission connectgmbwer
suppliedin Ontariocame from emissicfree sourceq7]. Therefore, there is significapotential
to reduce emissions from the buildings sector by using emifgenrelectricity for heating,

cooling, and domestic hot wateroductioninstead of fossifuels

2.2 The evolution ofdistrict heating and oooling

There are four categories of distrerergy systems: DHistrict Cooling (DC),DHC, and
trigeneration system$he central components all the systems are identic&lome buildingsct
as the consumers of energy, a distribution network to deliver the energy to the buildings, and

energyproducers that supply heating and cooling to the network. DH systems only deliver heating,
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DC systems only deliver coolinpHC systems deliveneatng and cooling, and trigeneration
systems deliver heating, cooling, and poy&at]. Trigeneration is also referred to as Combined
Cooling Heating and Power (CCHP8], Combined Heating Cooling and Wer (CHCP)[21],

or multi-energy systemi®9].

2.2.1 District heating

DH systems are the most common of fitugr categoriesDH systems are divided infove
generationsccording to their network supply temperatutransportation mediunheatingand

cooling equipment.

2.2.1.1 1%through ¥ generation

The first generation of commerciH emergedn theperiodof the 1870s to 1880EL1].
These systems were established.ackport and New York, USAThe systems consisted of an
underground piping network that transporégh-temperaturasteam to bildings from centralized
boiler plants. The primary motivation fdevelopingDH systens was to reduce the risk of boiler
explosions in individual apartments. Other benefits includesttmmomies of scale from using
larger capacity equipment and easierntenance due to fewassés to manage. However, these
DH systems suffered from drawdles, including frequent bursts requiring ext@xe network
maintenance anligh distribution temperaturdisatied to high heat losses in the netwokknost
all DH systems built up until the 1930s used the figeneration desigi.he DH system in New
York is still operational today androvides steam service to roughly 1700 commercial and

residential customef§0].

The second generation 8fH emerged in the 1930s and udadh-temperaturevater

instead of steam as theat carriemedium. Theressurized water temperatuvastypically at or
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abovel00°C and used pressaed piping to avoid vaporizatidi3]. With the intraluction of the

2"d generation oDH came new installations in the Soviet Union and China who adopted the
technology in the 1930s and 1950s, respectidhlytchingto alower network supply temperature
reducel thenetwork heat losses and increase fuelrsga/i By lowering the supply temperature
suppliers were able to ugeHP units CHP-basedDH systems can increase primary energy
utilization by up to 40% compared to traditional power pl§é13. By using the fuel energy to
produce both power and heat, CHPs effectively usettierwise wastetled, thereby increasing

fuel utilization[62]. CHP-basedH systems are some of the most common typ&tbgystems

in the world. For example, in Finland (which supplies 50% of its resglegditing requirements

usingDH), CHP-basedH makes up 73% of alDH systemg63].

The third generation dPH was introduced in the 1970and itcontinued to lowesupply
temperaturedelow 100°C. This temperture level is still appropriate for direct heat delivery to
buildings througha heat exchanger, but the lower temperature further decreased heat losses in the
network. The % generation oDH is the most popalr form of DH system used todaynostnew
sysems installed or extended in North America, Eurapal Asia use this technolog¥3]. It
became possible to prefabricate tietworks' componestwhich reduced costs and increased
adoption rates. The Qil Crisis dfd@ 1970s shiftechany countries' fo@itowardsenergy security
and energy efficiencf64]. DH systems were weBuited for this purpose as CHP units have high

energy utilizaibn andcan usevariousfuel sources.

Therearecurrently an estimated 0 DH systems installed watlvide [65]. The DH

market amounted to 11.5 & heat delivered in 201[66]. Of this amount51% of the heat was

11 EJ (Exa Joule) = 1dJoules
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delivered to buildings, 45% to industries, and 4% to other sectors. Most of the district heat energy
delivered is in Russia, China, and Eurppéich make up 85% of all heating consumiddwever,

it is worth notingthat heat deliveries in North America are légthan reported by the IEA because
many North AmericaiDH systems are operated by emgkrs such as Bpitals and universities,
which is not included in the IEA energy balantgernationally, recycled heat from fossil fuel
based CHPs and industries makg mostuel consumption ifdH networks followed closely by
thedirect useof fossil fuels[13]. Renewabl@nergysources such as geothermal energy, biomass,
and waste comprise just a snadrcentagef theheatsuppliedby DH systemsnternationally. In

the European Union, however, renewable sources represent a larger market shéredhmaat

useof fossil fuels. Thisresults froman increased focus on emissions reductions and renewable

energy sources in the European Union.

2.2.1.2 4" generatiorand beyond

The 4™ generation oDH is distinct from previous generations because it introduces the
idea d DH as part of a holistic energy concept. Researchers have shown that CHPs together with
renewable energy resources offer important synergies between thermadandatienergyl3],
[67]. The 4" generation builds on previous generations by supplyingrveatower temperatures
but more importantlyit introducesDH as part of a smart energystem[5]. The smart ermgy
conceptentails crossectoral integration otnergy (i.e.., thermal andelectrical sector$ to
maximize the possible energy saving synergsnefitsinclude the active regulation of CHP
plants using TES, integrating heat pumps into DH networksinahetling CHPs as part of a grid

stabilization strategy
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Figure 2.4: Evolution ofDH from the 1st to 4th generatigh3]

Figure 2.4 depicts the evolution dbH systems fom the 1880s tdhe present day. As
depicted on the-pxis the temperature level steadily decreases with each successive generation
while the energy efficiency increases dudawer heat losses. Along theaxis there are also
pictures indicating the seurces involved in the system. As the generations evolwe resources
are incorporated. InitiallyDH systemgelied on thalirect useof fossil fuels such as coal and oil
to creaténeat energy to be delivered to customerstigeheration systemthere are no generators
that only produce heat using foss$ilels. Examples of energy suppliers are industry waste heat
sources, CHP waste incinerators, and cemg&dliheat pumpslThesesources are connected to

external marketsuch as industrial processesste disposal, and power generation thdieymnd
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simply delivering thermal energy. The resources shown in green (renewable surplus electricity,
large scale solar, geothermal) indicate that thgeheration oDH is part of the overall energy

marketincluding electricity.

Increasing renewable energy pengdra levels is one of the largest problems facing
electricity system operators todd&ainuly outlined the major barriers associated with renewable
energy penetratioj8]. These barriers include technical issues such as intermittent generation and
difficulties in forecasting demands to financial barriers caused by the lack of existing market
structure for financing enewable energy projects. The greatest potential for tédoily the
integration of these resources has been found through coordinating thermal and electrical energy

demandg$69].

The most recent generationdH is the ¥' generation oDH [14]. The %' generatiorDH
systems use supply temperatures lowantthat of building hot water system$! §eneration
systems requirezatersource heat pump8USHPS to deliver energy to the buildings at the dasire
temperature leveWSHPs at each building alloB" generation systems to deliver both heating
and coolng from the same pip&or this reason, thé"5eneration oDH is referred to as thé's

Generation District Heating and Cooling (5GDHC).

Buffa etal. conducted a survey BHC systems in Europe, of whi¢here are 40 5GDHC
systems currently in operati[14]. Beforethe classification as 5GDH@umerous systems were
using different names tcedcribe the same technology. 5GDHC has also been referreddwo-as
temperatureDistrict Heating and Coalg (LTDHC) [70], [71], Low-temperatureNetworks
(LTNs)[71]i[74], Cold District Heating (CDH|75], [76] and Anergy netarks According to the

definition of 5GDHC provided bfuffa et al.:
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A 5GDHC network is a thermal energy supply grid that uses water or brine as a
carrier medium and hybrid substations with Water Source Heat Pumps (WSHP). It
operates at temperatures so®#ato the ground that it is not suitable for dirbeating
purpose. The low temperature of the carrier medium gives the opportunity to exploit
directly industrial and urban excess heat and the use of renewable heat sources at low
thermal exergy content.h€ possibility to reverse the operation of the custome
substations permits to cover simultaneously and with the same pipelines both the
heating and cooling demands of different buildings. Through hybrid substations,
5GDHC technology enhances sector cauplof thermal, electrical and gas grids in

a decentralked smart energy systdaw].

5GDHC will be the primary focus of this research as the proposed system falls into the
classification provided adve. Further discussions will be limited to 5GDHC sys$ and their

operation.

2.3 5" generation district heating ard cooling

There is no single design of 5GDHC systems. Instggtems are divided into numerous
classifications depending on the type of lptiee number of distribution pipes, and the direction
of energy and medium flow in the network. The types of loops are divided intelagemnd
closal-loop systems similar t&SHPsystemd77], [78]. Openloop systems pump the transport
medium from a quasnfinite source (exlakes or groundwateandclosedloop systems circulate
the transport mediunmia piping circuit. The number of distribution pipes is counted according to
the number of pipes at different temperature levels in the netw@k [80]. For example, a
traditional DHC system with pipes for hot and chilled water supply and return is classified as a

four-pipe network. The direction of energy flow refers to whether buildings are censwn
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prosumers of energy81]. Prosumers can add energyo the network to be used for heating in

other buildings. Systems with distributed pumping stations can reversetisport medium's

directionin the network which distingushesthese systemgom traditional systems where the

flow direction is unidiretional and managed by a centzati pumping statiornlable2.1 provides

a summary of the different 5GDHC classifiers with descriptions of each term.

Table2.1: Summaryf 5GDHC classifier¢adapted fron{14]).

producer supplieg
energy to be use
by consumers

leading to banges
in the flow direction
in some network

branches

and reject energy
into the same
network

Classifier
Operrloop: the trans_p_o_rt_medlum IS Closedloop: the transport medium is
extracted from a quagifinite source, . : I
Type of loop circulated in a closed circuit where
passed through the network then .
. energy is added and extracted
discharged to the s#& source
Two-pipe: the Three-pipe: like
supply temperature the twapipe design Four-pipe:
Number of One-pipe: supply| is greater than the| but a third pipe is| separate supply
distribution only, no return return in heating included at a and return for
pipes pipe mocde and less than temperature heating and
the return in cooling suitable for direct cooling
mode heating or cooling
e Unidirectional N Directional
Unidirectional eneray flowi Directional energy enerav flowi
energy flowi ergy flow i ergy
27 directional C directional
Unidirectional i ] Unidirectional X _
i . medium flow: m_eQ|um flow. medium flow: medium ﬂQW'
The direction o ' traditional DH/DC o decentralzed
traditional : centralzed :
of energy and system with : pumping system
. DH/DC system ) pumping system )
medium flow multiple producers allowing for flow
where one but users can add

reversal and user
can add and rejeq
energy into the
same network

In their survey, Buffa et a]14] showed tha29 of the 40 systems use a regetieeaenergy

source for supplying energy to the network. Examples of regenerative energy sources-are open

loop systems like Aquifer Thermal Energy Storage (ATES), lakes, oceans, and geothermal

borehole fieldsTheremaining systems use noggenerative sysins where tsource's thermal

energyis not regenerated naturally. Examples of this are waste heat recovery and fobsitakl

heat sources.
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Most of the systems (62.5%) are supplied by only a single energy source. Single energy
source systems are tgpily openloop systems that extract or inject energy into the transport
medi um before discharging it bacévellamNatthi eo nssoou r
and ALdePé@blbed systems that use deepeditsolree wat e
during winter monthg82]. Rivers are another viable energy source. There are twobased
5GDHC heating systems, one in Ohrberg, Germdhat provides energy for 82 building units

[83], and another in Leuven, Belgiudy].

Research is lacking, however, around multisource 5GDHC systems. Multisourcassyste
include at least two thermal energy sourtegprovide energy to the distribution network. There
is a significant gaponcerningmultisource 5GDHGystemghat use excess and recycled heat as
a majorenergy system componer@f the 40 systems surveybg Buffa et al., onlyfifteen are
classified as multsurce energy system®f thosefifteen, only threesystems use excess heat
sources such as biomass boilers or GiHhts None of these systems consider changing the
network's supply temperature basad CHP operation or integrating the CHP as a grid level
service providerwhich is a primary feature of this resear@¥ith such a strong presence of CHP
systems throughout the history of DiHere is an immediate need to incorporate this equipment

as parof the 8" generation framework.

2.3.1 Waste heat recovery

The objective of this research is to quantify the potentiabfofCEHarvest systenn
Ontario market conditions. The proposed system will use waste heat produced by gas generators
on the electricagrid and waste heat from cooling processes to provide heating to a cluster of

buildings. In this spacéwo projectsare the mossimilar tothe proposed system.
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The first projecsimilar to the proposed systaaithe FLEXYNETS project out of Europe
[85]. The project i's part of [B6hreseaEcl and mreowation Un i o |
programmeand it is coordinated by EURAC searcH87]. The project is currently working with

threeearly adopter projects located in Heilbronn (GermangjeHaastrup (Denmark), and Trento

(Italy) [88].

Muiltifamily house

Singlefamily house

Office building

Commercial building

Refrigeration industry

High temp. industry

Biomass power plant

Solar + ORC plant

Large seasonal storage pit

Figure 2.5: Network schematic of a FLEXYNETS sy<i@@h

Figure 2.5 shows the network schematic of a FLEXYNETStegs The FLEXYNETS
system is a 5GDHC network usingig-basedlistribution structure. The ring connects/arious
building types including muti-family andsinglefamily houses, officescommercialbuildings
refrigeration unitshigh-temperaturendudrial sources, and solar thermal plants. The primary
purpose of the FLEXYNETS system is to capture renewable andjlade waste heat that is
rejected by cooling systems in urban centers. This is accomplished by operating the network
temperature between 2@ and 30°C while WSHPs exchange heat with the same pipeline. Large

scale seasondlESis used to balance out the seasonal energy supply incealahheaesearch's
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primary objective is to exploit the synergetic primary energy savings potential of gratete

energy system argkevelop the business models for a heat trading market.

Results from the early adopter case studies show that FLEXYNE@T®rk heat losses
are reduced by 75% over the conventional system just by using a lower network supply
tempeature[89]. On the financial sidehe FLEXYNETS system is approximately 50% more
expensive than conventional DH netwqrkat costs can be reduced considerably by integrating
more inexpensive waste energy sources such as supermarttetatacenters. The project also
hypothesizes that theresgnificantpotentialfor demandresponse services on the electrical grid
through thecoupling of thermal and electrical demands. This is hugely beneficial to electricity
system operators and cdbutes to a more stable electricity grid with greater potential for
renewable resource integratidrhe project also reports significant emissisaduction potential
(up to 95% over the conventional system) using large 3&#90]. The use ofESreduces the
need or auxiliary energy sourcewhich has been found to lower annual £&issions and heat

costs.

The second projesimilar to the proposed systaathe Life4HeatRecovery projegthich
started in 2018 in three cities across Eurf®ig. The project has four maiobjectives. Firdy, to
demonstrate thepportunity for waste heat recovery from urban sources such as air conditioners
and industrial processes. Second, to demonstrate manatysiregegies for DH networks that
prioritize the harvesting of waste energy sources and interact with the elegmditp benefit
both the utility owners and customefihird, to demonstrate energy trading schemes wherein
customers act as bogproduces and consumers of energy. Finally, to develop the financial
schemes that produce a replicable and reliable busiasssariousinvestment markets. The

project is currently under development and is gathering results from foundeatmnsites. The
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firstis a foundry in Italy, the second iviaspital in the Netherlandhe tird is a detergent factory

in the Netterlands, and the final project is a sewer waste heat recovery project in Germany. Once
the sites’ datehas been compiled and analyzéte Life4HeatRecovery project will publish its
results. The results witbcus onthe effectiveness of using prefabricghtkidsand will producea
database athe DH network solutionsvaste heat sources, energy trading schemes, and financial

schemes devebed.

2.4 Experimentation and modelling of 5GDHC

There are two main categories of 5GDHC systems: physical systems vathadaered
from instrumentation and modelled systems with data gathered ritonerical simulations
Physical systems are preferred beeatley provide real information about the system operation
subject to realvorld conditions. Thehallengewith physica systems is that they are costly and
difficult to implement, typically requiring coordination from multiple stakeholders to operate
successfully. This barrier to entry has limited the development of most 5GDHC systems te smaller
scale pilot pojects whichseek to verify a single component of the system operation. To avoid
significant capital expenses, some researchers have chosen to create models of 5GDHC systems
thatcan be simulated to estimate the real system performanceh@hengewith models is tht
the quality of the results depends entirely on the quality of the inputs and assumptions used in
mathematical modellingnaccuracies in modelling can lead to significant variance between the

estimated and actual system performance.

2.4.1 Physicasystems

There are 40 documented 5GDHC systems currently in operation in Harjp¥etterli

et al.[92] analyzed the monitored data frahe 5GDHC system in the Surstattistrictlocated in
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Risch Rotkreuz, Switzerlan@he district currently consists oineteenlow-energy commercial
and residential buildings with approximately 32 buildingbesiuled forfuture development.
Examples of buildings included in the development are kindergartens, communigyscent
residential buildings, and officef.he buildings within the district are clustered into groups
referred to as Baufields (BFs). The Bi@ve their kating and cooling demands serviced using a

low-temperaturéhermal network. A schematic of the network is provideBigure2.6.

Baufeld 1 & 4 Baufeld 2 Baufeld 3 & S41 Baufeld 5 Baufeld A,B & C
B
| | x r i
) \ R
| il pae |
) Q) 4l e
LEE —{CIH=] } ‘ :L,J;—-T_Ii
o -
| 1

R

@ Domestic hot water (DHW) [E}-Floor heating / free-cooling  [E}-Storage DHW Heat pump (HP)

Hotduct  — Cold duct @ Borehold field Hybrid solar panels (PVT)
Figure 2.6: Schematic of the 5GDH€ystem in the Suurstoffistrict [92]

The network consists of 21lsoreholes at a 150 m depth connected to the BFs through
decentralied heat pumpsna heat exchangef82]. The geothermal borehole field functions as
seasonal storage that permits bidirectional mass flow throughout the network. dieere
Photovoltaic PV) andPhotovoltaic Thermal collectoP{T) systems located at the buildings to
provide electricity for the heat pumps, circulating pumps, and otheiirmkelvel electrical loads.
The heat produced by the PVT system and the heatgeambirom building space cooling is used
to regenerate thborehole field's heat conterithe first construction phase of the project was

completed in 2012. Energy and temperatuwonitoring devices were included in the construction
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to gather data on thgtem operation. The energy fluxes for heating and cooling, typical system
temperatures, and itemized power demands are recorded by over 300 measurement devices at 15
minute intevals and the data is aggregatedekly. Between the years 2012 and 2(thé project
gatheredive yearsworth of operational datavhich was analyzeby Vetterli et alto quantify the

performance gap between the design calculations and the measuif®2jents

The monitored data exposed numerous inconsistencies between the design and actual
system performance. Namelghe heat consumption for spaceatieg was underestimated by
127%, the power consumed by circulating pumps uvaterestimated by as high as 233% in one
BF, and the power consumed by the distributed heat pumps was underestimated by 49%. This
enormous discrepancy highlighted the need foprowed performance monitoring and sub
metering in 5GDHC systems. For examples circulating pump power differenceas attributed
to the circulating pumponstantly operatingegardless of whether the heat pump was operating or
not. This conclusion was bnnoticeabledue tosubmetering the circulating pump and heat pump
separatgl. Despiteinaccuraciesn absolute measurements, the Seasonal Performance Factor
(SPF), a ratio of the heating energy delivered to the power consumed, was only different by 6%

with a design value of 4.1 and a measured value of 4.4

The monitoring of phyisal systems is essential in accurately reporting energy consumption
and fluxes in 5GDHC systems. A major component of 5GDHC systems is waste heat recovery
from cooling processeSubmetering of cooling equipment such as chillers and air conditioners
is essential in monitoring the waste heat recovery of this equipment. Thisstébing is not
typically done in building$12], making it difficult to monitorcooling systems' energy flevAs
Vetterli et al.[92] demonstrated, monitored consumption data can be sigmilycdifferent from

design values.
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2.4.2 Modelled systems

Modelled systems are the alternative to monitoring physical 5GDHC networks. Modelled
systems are beneficial in thesign and proof of concept stage of a technolmrause modelled
systems are inexpsiveto develop, iterate, anthnevolve aghedesign changseor is disproven.

The downside of modelled systems is that the results are significantly impacted bylitgeagda
accuracy of thenodelsand inputs. This can be problematic in systems su&dG&HC, where

there is limited monitored data for whole system performance. Fortunately, the underlying
technologies that comprise 5GDHC systems, such as heat pumpsex¢tieatgers, pumps, and
piping, are well understogdnd verifiedmodels readily existTherefore, it is possible gimulate
5GDHC systems of validated componamtdelsthat can predicthe overall system performance

to a reasonable degree of accuracy.

Numerous software programase capable of modelling 5GDHC syster@snnolly et al.
reviewed 37 different software progrants simulatethe integration of renewable energy into
various energy systenf83]. Many of the software programs listed in this paper are suitable for
the simulation of 5GDHC system&xamples include EnergyPLANB4], energyPRO[95],
HOMER [96], and TRNSYJ97]. Of these software tools, TRNSYS is the one most used by
researchers in the DHC field. TRNSYS has been used for the modelling of CHP with Thermally
Activated @oling (TAC) in a DHC systerfb8] and exegy analysis of DHC systenj99]. The
FLEXYNETS projet uses TRNSYSo simulatedifferent 5GDHC components to determine
profitability and annual total emissiof80]. TRNSYS has difficuies in modelling large D8
networks with multiple building nodes due to 8wdtware's computational limitatiorend it also
does not easily incorporate the monitoring of energy across different streams (thermal and

electrical).
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Other researchers usguationbasedsolvers suclasIBM CPLEX and GAMsto simulate
DHC systemsThe systems that are simulated using these tools are typically linear systems of
equations that are classified under the field of Mixed Integer Linear Programming (MILP). The
systemsaretypically governed byhe flow of energy from one component to another and neglect
the ransport medium's temperatureseach component. The temperature levels between various
componentareassumed to be sufficiently large to allow for heat trarisféne desired direction
and at the desired ratdhe benefit of this simplification is that it allows for extremely fast
simulation which is necessary for system optmation. Thereforethese software tools are
typically used when the objective is totiopize the DHC network dégn or operation. Common
objective functions include Primary Energy Consumption (PEC), annual total emissions, and
annual total cost. For example, Prasanna gt4jloptimized theSuurstoffi DH system's operation
with the objective fundadn of minimizing annual &bon emissionsAhmadisedigh and Gosselin
[100]optimize d t he operation and design of a DHC sys
the dual objective function of minimizing both cost and emissi@vins [22] used a multi
objective genetic algorithm to optie@ the design of a DHC system and a MILP to optéhe

sysemoperationto reduceemissions, capital costs, andning costs.

Recently, there has beeising interest inusingthe Modelica[101] coding languag¢o
design5GDHC systems. In 201éhe IBPSAannounced the start of the IBPSA Project 1 project
[27]. The project bilds on the work accomplished as part oflfB& Annex 60 projec{26], where
four libraries developed in Modelica were amalgamated and standardized fofibiragr
compatibility. The libraries arethe Buildings library developed by the LawrenBerkeley
National Laboratory [102], AIXLib developed by RWTH Aachen Germany [103],

BuildingSystems developed by UdK Berl[t04], Germany, andDEAS developed by KU
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Leuven, Belgiunj105]. These librarieare composed oferified and validateéquipmenimodels
commonly used in DHC systems. The three maskdaf the IBPSA Project 1 are to develop
unified Modelica libraries, develop building and city quarter models, and to demonstrate the
project through application and dissemination of the results. Rbsisastill ongoing with a

project timeline of 20170 2022.

Numerous researchers have used the Modelica libraries developed by the IEA Annex 60
and IBPSA Project 1 teams to do simulation work in 5GDHC systems. For example, [ROGgrs
used tle library models alongside @ custom models to compagemodified 5GDHC system's
performanceas a retrofit solution to an existing DHC network. Pass ¢1@F] used the models
developed to perform a thermodynamic aeslpf a 5GDHC system with dalirectional medium
andenergy flow. Rinning et al[72] used the models to test an agbased control strategy on a
5GDHC system to better manage and coordinate distrilemgzdy resources. The benefit of using
the Modelicadnguage for the development of 5GDHC systems igittisain acausal motiang
language Acausal modellingmeans that relationships between components are expressed
according to their physical or mathatal relationship, thus eliminating the needd&line the
inputs and outputs [108] explicitlyhe simulations are solved dynamically usingegoation
basedsolverthatcan efficientlysolvelarge systems of equationEherefore, it can beoncluded

that Modelica is a viable option for simulating 5GDH&tworks.

2.5 Thermal energy storage

2.5.1 Introduction

TESis an important component of many 5GDHC systems. iSEpplied to store excess

thermal energy for use atatertime. Thetwo primarytypesof TES aresensibleandlatentenergy
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storag€e[108]. Sensible TEStores heain a mediumby raising the temperate of the medium.
Examples of this include hot water tanks, solar walls, anch@aéing building ai Latent TES
stores heah a medium by changing tipase of the medium. Examples of this include ice storage

and Phase Change Materials (PCMsich agparaffin wax

Sensible energy storages are by far the most common type of TES used in the buildings
industry today. The most common medium used in skn$IBS is water because of its relatively
high heat capacity, ease of transport (inert and stableé)apropriate liquid phase temperature
range for most building energy requirements. Latent TES igalp used in solar thermal
applications where theystem's performance depenals the system temperature. Since phase
change occurs at a constant temperm latent TES offers more stable operating temperatures than
sensible TE$109]. Latert TES also has a higher energy dendigntsensibl@ES, which allows
for storage othe same amount of energy in smaller storage voluResearchers haweported
ashigh asthree times reduction in storage volume across small temperature diffefeb@ps
Latent TES can also shift electrical loads when coupled with a heat[p@idjpHowever, because

sensible TES is currently the most common type of, TiB&ll be the focus of thisesarch

SensibleTES can come in many formisut theprimary TES for DHC applications are
Tank Thermal Energy Storage (TTES), Pit Thermal Energy Storage (PTES), Borehole Thermal
Energy Storage (BTES), amAlTES. Schematics of each storage typel gheir tygcal energy

densties (kWh/n¥) are provided irFigure2.7.
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Tank thermal energy storage (TTES) Pit thermal energy storage (PTES)
(60 to 80 kWh/m®) (60 to 80 kWh/m?)
o 2 e
v .d"' i
§f 22
2 ":J 2

Borehole thermal energy storage (BTES) Aquifer thermal energy storage (ATES)
(15 to 30 kWh/m®) (30 to 40 kWh/m?)

- >

ft

o

Figure 2.7: Schematics of the four most common TESs used in DHC systems. Figure reprodu¢&ti2fom

TTES is the most common of the four TES systermearly 300 Danish DH plants have
TTES with an averagstorage volume ofpproximately3000 n¥, with the largest measuring
approximately 70,000 #j113]. The tanks are, on average, operated from 35 f&C95TES can
bemade from stainless steel, concrete, or Glass Fiber Reinforced Plastic (GFRP), udevoahera
for insulation, and water as a storage medivtost TTES are located above ground level and
occupy a large amount of surface area. Some TTES are betwd ground level, such as the one
shown inFigure2.7, where the area on top of the tank can be used ler gurposes. TTE&n
achieve low heat losses with sufficient insulatib@ES also have a highenergy densitghan
other storage optienfor district energy applicationbecause th heat does not ngeto be
transferred into a storage mediuRTES havegood economies of scale up to 5009 batit is not
a favaurable option for installations larger than thidumedue to having higher ctssper unit of

capacity than alternative storage options.
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PTESuses a large waterproof membrane to store watereirssipitthatis dug into the
ground. The membrane is uninsulated and prevents the water from leaking into the soil. The
surrounding soil is used as insulation for fites sides and bottorwhile an insilated lid is used
on the top. PTES is the most commiargescak storage system in Denmark with multiple
locations built with storage volumes abd@000 i, the largest of which is ithe town ofVojens
with a volume of more than 200,006 [80]. PTES operates in similar temperature ranges to TTES
within the range of 35 to 9%C for district heating purpose¥he large storage volues make
PTES a suitable solution for seasonal enstgyage. PTE has a lower efficiency than TTES due
to slightly higher heat losses, however, PTES has lower specific investment costs because the pit
provides most of the storage structure. The typedatHiosen has a significant impact on the heat
lossesand cost othe project. Some lids can be designed such that structures can be built on top

of the PTESthus reducing the spatial requirements for the storage.

BTES systems are composed of numerousboles buried in the ground which transfer
heat fromburied pipesnto the surrounding soil. BTES acts like a heat exchanger where the storage
is charged by running hot water through the pivbgh transferheat into the soil. The heat is
extracted by ruming cooler water through the pipes whicansferheat from the soil. Théneat
transfer ratento and out of the fields governed by the temperature difference between the pipe
medium (typically wateor a waterglycol mixture)and the soillt is important to balance the
amount of energyransferred ito and out ofBTES systems to avoid introducing a temperature
drift to the soil. Temperature drifts result in annual increases or decreases to the average soill
temperature due to improper energy balandhag.example, the 5GDHC system in the Surrstoffi
distict hadto add solar thermal collectors after one year of operation to avoid drifting the

temperature downwar@82]. The efficiency and energy detysof BTES is dependent on a variety
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of geological factors. Ideal)) BTES should be in soils with high heat capacities and limited

groundwater flow.

ATES is constructedusing a natural ohumanmade aquer located underground.
Typically, ATES systemssetwo drilled wells where one well is used for heat storagel the
other is used for cold storage. Water is pumped from the hot well during the heating aedson
heat is extracted in the network beftw&ing dumped into the cold storage well. The psses
then reversed during the cooling seasons. ATES is a highly financially viable option efdatge
TES, however, they can only be constructed in locations vitmgermeablequifersexist, which

limits their application.

A summary of TES technolags can be found irTable 2.2. A summary of existing
international TES projects with equipment, capacities, and storage volumes ¢amnbein

Appendix A.
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Table2.2: Sumnary of TEStechnologiesReprinted fronj90].

Type TTES PTES BTES ATES
Storage Water Water or gravel <o .
medium water

Energyv densit 6071 80 for water
[kvg\]/)rlm/mﬂ g 607 80 307 50 for 15- 30 307 40
gravelwater

Cost per unit

16071 300 (for

307 60 (for PTES

307 60 for BTES
above 50,000

757 90 (for ATES
above 10,000
water equivalent).
Investment costs

requirements

stable ground

conditions, low
groundwater flow,
51 15m of depth

groundwater flow,
51 15m of depth

volume TTES above 2,00( water equivalent :
above 50,000 A) ) . are highly
[CAD$/mM?| m°) including kuffer dependent of the
tank) .
charge / discharge
power capacity
Cost per unit
capacity $3.4- 311 $0.47 $7.6 $1.771 $2.9 $2-$3
[CAD$/KWh]
Abov:ogremnd. Drillable ground,
_ Buried: Stab_lt_e ground | sall Wlth high heat
Geobgical ' conditions, low |capacity and thenal

conductivity, low
groundwater flow,
307 100m ofdepth

Accessible aquifer

Long time /

Short time / seasonal storage Lona time / Long time /
Application diurnal storage, short time for g seasonal heand
: seasonal storage
buffer storage large capacity cold storage
CHP
Storage
temperatures [ 57 95 57 95 57 90 7-18
OC]
High Provides heat and
Ad High charge / chargeédischarge | Most properties arg cold storage and
vantages : . ; ) .
discharge capacity capacity and low suitable many geologically
investment costs suitable sites
_ Low
Disadvantages High investment Large area chargédischarge Low-temperature
costs requirements capacity and | ow

2.5.2 Thermal energy storage 5GDHC

TES can be extremely useful in 5GDHC systems, patrticularly in locations with dynamic

erergy prices large changes in ambient temperatumad electrical emission factors. The

FLEXYNETS project found that usg TTES in three reference cities: Rome (ltalypndon
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(England), and Stuttgart (Denmaskgnificantly lowered annual G@missions ath heat delivery
costs[90]. In this casethe TES was used as a seasonal energy storage to store heat rejected from
building coolingprocesses. Without TE®#e heat would be exhausted to ambient unugdsihg

Heat Recowery Heat Rmps(HRHPs)and TESthe FLEXYNETS system can capture and store

the typically wasted heatBlinning & al. [72] also used seasonal TES with a large volume
(V=2x10° m3) to balance bidirectional 5GDHC network's temperatueulting in a significant

decrease in energy consumption and emissions.

2.6 Summary

In conclusion the 8" generation of DHC is a relativelgew field of district energy
solutions. With only 40 known installations in Europe and a wide variety of proposeslut
there isa significant opportunity for new developmentSGDHC systems offer numerous
improvements over previous generatiosischas reduced heat losses and increased potential for

multiple energy sources because of the low supply temperature.

TheOntarioenergy market offers a novel situation farl@E-Harvest systenirhe unique
combination of low electricalverage emission fearsbecause of largesupply ofemissionfree
energy sources and dynanm@arginal emissions factecreates the oppamity for substantial
emissions saving®lso, there is significant potential to replace the existing-ddficiency gas

generators wittnigher efficiency CHP units thate otherwise wasted thermal energy.

The use oflistributedenergy resources is alsonew t@ic in the field of district energy.
Distributed energy resources wergroduced in the " generation as prosumerhus creting
bidirectional energy networks.id@rectional energy networks must be explored further to realize

their full potental. The deal design of 5GDHC usindistributedenergy resources is highly
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dependent on the market structure and building energy deréigs system being analyzed.
While the thermodynamic principles remain the same across all locations, the quaatéighp

of these systems remains unknown.

Thereforethere is a neet quantify the potential of 5GDHC systems in the Ontario energy
market from an energetic and emission perspeclive.work will addresshisissueby comparing
an ICE-Harvest systendesignedfor the Ontario energy market to common energy system

alternatives.
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3 Methodology and Verification

This section explains thECE-Harvest systenand the methodology used in developing
each of the systemmodels.This research’'s scope is limiteddoergyintensive buildings such as
data centers, residential towers, and arenashigiiier energy use intensity values (G3/than
single-family residence$42]. This limitationis choserbecause the buildings with higher energy

use intensity are the most viable candidates for district energy syjd#ns

3.1 System schematics

For this research, five different systems are beongsidered. The energy flow schematics

of each system are provided in the figures below.

3.1.1 Conventional system

Elec. Building

Boiler Chiller Heat Ambient

4

The first system is referred to as the convmrdl system. This system representsypeal

‘ Fuel | 3
Elec.

Figure 3.1: Schematic of the conventional system

currentheating and cooling equipment found in Canadian buildings.y&tera consists of a fossil

natural gasased boiler for heating and an electric chiller for cooling. The heating and cooling
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equipment$ isolated to service a single building. As showkigure 3.1, the boiler orfurnace
consumes fuel to produtiee heatthatis delivered to the building. The chiller uses electricity in a
refrigeration cycle to dract heat from the buildingvhich is rejected to the ambietitrough a
constant return temperature heat excharigjectricity is delivered to the building and deeit from

the grid. The boiler operates at a constant efficiency where the efficiencybdedtre ratio of

heat delivered to the fuel energy consumed. The chiller COP is calculated using the building

Chilled Water Supply (CHWS) temperature and the amlemperature.

3.1.2 Ground source heaump system

Elec. Building

Elec. Heat pump Heat pump Elec.

Ground

Figure 3.2: Schematic of the GSHP system

The second system is referred to as the GSHP systamsystem aims to quantify the
effects of electrification onhe building sector using current heat pump designs. The system
consists of wateto-waterheat pumps connected to a borehole field at each building. As shown in
Figure 3.2, the heat pumps extract and reject heat intagytbenddepending orthe heating and
cooling demand. In this system, gn®und boundryis contained to the geothermal borehole field
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which acts as a sink and source for thermal enditgy heat pumps osume electricity to deliver

heat to and remove heat from the building using a refrigeration &ytlge a single heat pump
could be ued for both heating and cooling, the heat pumps were modelled separately for clarity.
Also, sometimes dackup boiler isised toincrease the heating capacity, but that was excluded
from this modelElectricity is delivered to the building and heat pumgsti the grid. The COP

of the heat pumps is a function of the average soil temperature and the dddtdWater Supply

(HWS) and CHWS temperatures.

3.1.3 District heating system

Elec.

Elec.

Building
Lol Elec. Chiller
exchanger

iy

Thermal distribution network

Heat »

g by

CHP

Figure 3.3: Schematic of the Didystem

exchanger
/ /I ==—j\\\
{_  Fuel D Boiler
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The third system is referred to as the DH system. The DH system serves to quantify the
currentperformance of anodern DH network. As shown igure3.3, the system consists of a
centralized generation plam thermal distribution network, and buildieyel heating and cooling
equipmentThere are multiple buildings conrted to the thermal distribution netwotkowever,

only one is shown in the figufer clarity.

The centralized generation houses twatls®urces, a CHP, and a boiler, both of which are
fossil fuetbased. The heat they produce is transferred to the théistrébution network through
a heat exchanger. The CHP is controlled=bjfowing the Thermal Load (FTL)f the network,
and the boileis used to supplement the heating supplied when the heating demand exceeds the
CHP capacity. The thermal distributioetwork is a ring structure with a unidirectional medium
and energy flow. The bulings extract heat from the network using heat exabr@ndieat is
removed from the buildings and rejected to the ambient at the building level. Electricity for the
buildingsand chillers comes from the grid. The electricity produced by the CHP is eitiseroed

locally or exported to the grid when the protlon exceeds the local demand.

The CHP's efficiencys defined as the ratio of the heat and electricity produceck ttméh
energy consumed. THeHP's efficiency varies according to the gagd raio, which is the ratio
between the current output ath@ maximum capacity. Therefore, the part load ratio is 100% when
the CHPoperatesat full capacity and 0% when the CHg?off. The efficiency of the boiler is
constant. The COP of the chiller is caklteld using the building CHWS temperature and the

ambient temperature.
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3.1.4 IntegratedCommunityEnergyandHarvesting system

3.1.4.1 Low-temperature thermal network

Elec. Building
Ambient
L1
8
Elec. Heat pump Elec. Chiller Heat > Heat pump
Thermal distribution network
Heat Heat Heat
I exchanger
/'(/i J‘\%\
Boiler € Fuel > CHP Heat Storage
.5"“‘Q‘]—I==[ﬁ /
kL
88}

The fourth system is referred to as the Integrated Comyntniergy Harvesting (ICE
Harvest) system. There are two variants of the-HaEvest system presented in this thesis. The
first is the lowtemperaturesystem(below direct exchange temperatures,uassd 60°C for
building hot water)which uses a heat punfgr delivering heat from the network, and the second
is a hightemperaturesystem(at or above direct exchange tempemasithat uses a heat exchanger
for delivering heat. The lowemperature syst is discussed here, and the Higmperature

system willbe discusseth the next sectionAs shown inFigure 3.4, the ICEHarvest systa

Figure 3.4: Schematic of the IGEHarvest system
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consists of a centralized generation area, a thermal distribution network, and bleNeifteating

and cooling equipment. At the ritealized generatignreferred toas the Energy Management
Center (EMC)there is a CHP, a boiler, am&S. As the distict heating system, there are multiple
buildings connected to the thermal distribution netwhdwever, only one is shown in the figure

for clarity.

The CHP and boileare both fossil fuebased heat generators. The CHP is only operated
at full capacityaccording to an on/off schedule dictated by the historical hourlyleyel gas
generationThis operating schedule intemidhat the IE-Harvest systems replace the giegel
gas generators, which do not capture waste heat, with more efficient Uiréflsermal storage is
used to capturthe CHP's excess heahen the supply exceeds the demand @gltvers heat to
the network when the Mdoes not supplgufficient heat(either due to the CHP being off or
insufficient capacity). The boiler is used wherbthe CHP and thermal storage cannot meet the
demand. The heating equipment interfaces the thermal distribution network through a heat

exchanger.

The thermal distributin network is a ring structure with bidirectional energy flow and
unidirectional medim flow. The building extracts heat from the network using a heating heat
pump. Heat is removed from the building using an electricechstbnnected to Heat Recovery
Heat Pump (HRHPand the ambient. THERHP removesheat from the chiller condenser ciiicu
andtransferst into the thermal distributionetworkas neededr hisconfigurationallows for waste
heat recoveryreferred to asreergy sharing, where the heat rgel from building space cooling
processes can be used to hathier buildings in theetwork. Whether to send heat to the heat
pump or the ambient depends onithe t w deating demand. For example, thHRHP does not

inject heat into the network duririge summer because there is no heating demand. Electricity is
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provided to the buildingj chillers, and heat pumps from the grid. The electricity produced by the
CHP is either consumed locally or exported to the grid whenptoduction exceeds the local

demand.

The efficiency of the CHP varies according to the-fatl ratio discussed section3.2.4
The efficiency of the boiler is constant. The COP of the hea®ad) pump is calculated ugithe
building hot water supplyemperature and the thermal distribution network temperature. The COP
of the HRHP is caktulated using the chiller condenser water temperature and the thermal
distribution network temperature. TIEOP of the chiller is calcated using the buildinghilled

water returrtemperature and trembient temperature.

3.1.4.2 High-temperature thermal network

Elec. Building
Ambient
e
{} ?
Heat .
exchanger Elec. Chiller | Heat > Heat pump

afin .

Thermal distribution network

g5

Heat Heat
exchanger

Boiler £ Fuel CHP Heat Storage

N [V

Elec.

Figure 3.5: Schematic of thhigh-temperature ICEHarvest system
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The hightemperaturevariant of the ICEHarvest system uses all the same equiprasnt
the lowtemperature systenwith the only exception beg a substitution of a heat exchanger in
place of a heat pump interfacing tteermal distribution network to the building HWA.heat
exchangelis usedto reduce theystem's electricity demarny eliminating the need to use a heat
pump for HWS.In this g/stem, the network supply temperature is closer to the CHP supply
temperaturen the EMC.Therefore, by having highernetworksupply emperature, less exergy
is destroyed when the heat is transferred from the EMC to the netiWowkever, the higher
tempeature networkhas higher heat losses from the network pipesraqdires moravork to

inject heat into th&lRHP, thus increasing eleatal consumption.

Ideally, thenetwork's temperatuneould be optimzed depending on the amount of heat
available fromcooling heat rejection compared to the total thermal demand. However, 8iss the
is focused on investigating the limiting cases by dolyking at the high and low network

temperature cases.

3.2 Model types, architecture, and behaviour

Each of the schematigpresented in the previous section was modelled in the Modelica
coding languge for simulation in Dymola. These models were createdgustie library of
components developed as part of the IEA AnneXx2&) and IBPSA Project ]27] projects.In
this research ystem modelsvere created thabnsist of multiple componerftom these libraries.
Before each simulatigsystemwide parameters are set to govern the capacity and control of each
piece of equipment. The models are separated into thtegazies: generation models, building

demand models, and system models.
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3.2.1 Geneation models

The generation models are used to reprabententral generation equipment used in DHC
networks. The primary purpose of these models is to convert fuel andceleetrergy into heat
delivered to the buildings through the thermal distidounetwork. The twayeneration models

developed in thisasearch artheDH FTL and the ICEHarvest generation station.

3.2.1.1 District heating following the thermab&d

PUMP PI
port_a port_b
O BOILER BE?SETR O
CHP
" e
il
e G [ — BOILER | T SUP.
T SET CHP S
CHP ON/OFF

Figure 3.6: DH FTL model

The system diagram of the DH FTL system is showFfigire3.6. The system consists of
a heat exchanger, CHP, boiler, pump, expansion tank, tempesans@s and controllers. The
network return water enters the system through port_a on the left and exits through port_b on the
right. The temperature of the return water is measured by the temperature sensor TaN&led

RET. The temperature reading ised by the heat exchanger, labelldEX, to determine the
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amount of energyhat must beadded to the network to achieve the desiredvordt supply
temperature. The heat exchanger interfaces between the network and the generation model header
pipe. Water g circulated in the header pipe at a constant mass flow rate by the header pump,
labelledPUMP, with the header pressure defined by ¢éxpansion tank, labelle@XP. TANK.

The header water is first returned to the CHP, lab€&lldB, which controls the sujyptemperature

based on an internal Bontroller(k = 10, Ti = 60 s) The supply temperature setpoint is defined

by the parameter SETCHP, and the Boolean expression dictates that the CHP should always be
turned on. Next, the header water goes throhgtboiler, labelledBOILER, which adds heat to

the header based on the temperature reading from the temperature sensor, TalslEed
HEADER. The boiler is also controlled using a PI controller (k = 0.1, Ti = 60%.header's
configurationplaces theCHP before the boiler so that the boiler only supplies dsn the
heating demand exceeds the CHP capacity. The water then rettirastat exchanger from the
generation equipmerdnd the cycle continues. iBimodel adds heat to the network amaintins

a specific network supply temperature.
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Figure 3.7: Example of the aggregate theahuemand method

As shown inFigure 3.7, the CHP is sized according to tAggregate Thermal Demand
(ATD) method[20]. The ATD method is accomplished by sorting boéding heating demanid
descending orddor each hour othe reference year. For example, th@ximumheating demand
in this particular year is approximatei$00 kW and the minimum demand is approximately 200
kW. Next, theCHP's capacitys determined by creating the rectangle with the Ergeea beneath
the ATD curve. This rectangle is referred to as the Maximum Rectangle (MR). In this case, the
CHP capady of 1400 kW with approximately 3800 run hours produced the largest area. The
remaining area above the MR area and below the ATD asirmet using thedaler. For example,

a heating demand of 2500 kW would require the CHP to operate at full capacitgipgpd400
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kW and an additional 1100 kW to come from the boiler. The area to the right of the MR area
beneath the ATD curve corresporidsheating demandbat are lower than the CHP capacity. In
systems where the CHP cannot be part loaded, this demared issing TES or a boiler. In this
example, the CHP is assumed to be able to part load50énto 100%thus, the boiler meets the

remaning demand.

3.2.1.2 ICE-Harvest Energy Management Center

T_ret EMC

T NET. =
RET.

exp EXP_
E TANK
® PUMP PI T SET port_b
o BOILER | | BOILER o)
HEAT | i,.,\ ‘:‘:":::;sscn

SINK || CHP
TES 5% 7
i}iﬂ

combiTimeTabie featmoBoolean © BOILER || T SUP.
H— .t HEADER
CHP
CHP ON/OFF

SCHEDULE

Figure 3.8: ICE-Harvestmodel

The ICEHarvestEnergy Management Center (EM@)odel system diagram shown in
Figure3.8is like the DH FTL model. The only differenbetween the two modeisthe addition
of two new components: a TERBpelledTES a heat sink, labelleHEAT SINK, and a different

control strategy for the CHP. In the ICE generation model, the @b#uesheat according to
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the historical gridevel gas generation houstored n the table labelled CHP SCHEDULE
Furthermaoe, the CHP only operates on an on or off signal, meaning there is hoaplamgof the

CHP in the ICEHarvest model. Therefore, tigHP 6 s o0 psenot deppenadent on the demand

for thermal energy in the nebrk. The TES and heat sink are used to martag heat supplied by

the CHP during periods when there is no heating demand. The TES has an internal controller that
monitors theheacakr water's return temperaturem the heat exchanger. When the temperature
above the setpoint, the storage is use@lsorb some of the heat. When the storage is fully
charged, the heat sink is used to reject heat from the header that otherwisehaxaldo
mechanism of beindissipated The heat rejected to the heat sinknisnitored to determine the
amount of wastetieat produced by th€HP, which could instead go into lorgrm TES The

CHP and TES control strategies will be explained and demtesiresection3.3.

The CHP is sized according to the thermal energy demand of the netwadhie. ICE
Harvest system, the CHP is only allowed to operate when there is gas generation on the grid. For

these systems, the capaaifythe CHP vas calculated using the following equation

50D O f OO Obt L0 QM OOQa we Q (3.1)
600 O VDWW -
d DOoaOIONQE Qi WOBIOI

Where, the at heat demant the heating demand in the network pdexd by the EMC
and the nmber of gas generator run hoisshe number of hours the grid gas generation was

above 1 GW on the Ontario electricity grid

Using this method of sizing the CH#fsures that the CHP'gdt supply is equal to the
network's heatemand Therefore, when the CHP is on with a low netwagkttdemand there will
be excess heand when the CHP capacity is lower than the network heat demand there will be a
heat deficit.
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3.2.2 Building models

The bulding models are used to represent thiediint options for building level equipment
available in dfferent systems. The purpose of these models is to act as the consumers in the system,
extracting energy from the thermal distribution network. In the-HaEvest model, the option to
inject heatmto the network is also available. There are five diffebeilding demand models: the
conventional building, the DH building, the GSHP building, the-temperature ICHarvest

building, and the higitemperaturédCE-Harvest building.

3.2.2.1 Conventional buildig
The conventional building model diagram is showrrigure 3.9. The model is a closed
systemmeaning it does not interact with any systems outside of the diagram. The building demand

model, labelledBUILDING, isin thediagram's centewith four fluid pats attached td.

The building model contains the hourly heating, cooling, and electrical demand data of the
sample buildings on text fileg\ccording to the text file's demand, the building model adds or
remo\es heat from the hot and chilled water &inehe circuitabove the building is the Hot Water
Supply and Return (HWSR) line, and the circuit below the building is the Chilled Water Supply

and Return (CHWSR) line.
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Figure 3.9: Conventionabuilding model
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There is aoiler on the HWSR linelabelledBOILER, which heats the water returning
from the building. The supply temperature from the boiler is controlled using the temperature
sensor, labelled SUP. BOILER, and a PI controller with a pply temperature setpoifgbelled
T SET BOILER The water is circulated at a constant mass flow rate in the HWSR line using the
pump, labelledUMP HW, with the pressure boundary condition defined by the expansion tank,

labelledEXP. TANK HW.

There is ahiller on the CHWSR lindabelledCHILLER, which cools the water returning
from the building. The supply temperature from the chiller is controlled using the temperature
senso, labelled T SUP. CHILLER, and a Bdntrollerwith a supply temperature setpblabelled

T SET CHILLER The chiller exchanges heat with a constant temperature heat sink, labelled
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AMBIENT SUP,, which supplies water at constant temperature and mass flow rate. The return
water on the cooling side édschargedo a sink, labelledAMBIENT RET. This arrangememas

chosen to simulate a cooling tower with a constant return temperature. ,|tieltgturn water
temperature would be a function of the ambient air temperdtaveever,a constant temperature

was chosen due to limitationstime available model§ his assumption is justifiedelsausall the

systems being compared, except for the GSHP system, use the same arrangement for rejecting heat
to the ambient. Thereforeghen comparinghe systems, chamgy this assumption will affedll

the systems in the s@mvay. Also, as shown in sectidr®.4 the electricity demand for cooling is

small relative to the other electrical demands. Wheer iscirculated at a constant massa rate

in the CHWSR line using the pump, labelleddMP CHW, with the expansion tank's pressure

boundary conditionlabelledEXP. TANK CHW.

3.2.2.2 District heating building
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Figure 3.10: DH building model
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The DHbuilding model diagram is shownkigure3.10. This model is not a closed system
and requires a connection to an external pipeline to function. The building demand model and
CHWSR line are the same as the converdicystem. On the HWSIe, the boiler is replaced
with a heat exchanger, labelletEX, that interfaces with an external pipeline through port_a and
port_b. The heat exchanger extracts heat from the external pipeline and adds it to the building
HWSR line The amount of heat elxanged is determined using the pErature sensof, RET.

HEX, and the specified supply temperature to the building from the heat exchanger.

3.2.2.3 Ground source heat punbpilding
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Figure 3.11: GSHP building model

p—
94

oeﬁ'w‘un@
—
S

p—
=2

jun @eo

—
~

—
o0

N —
(=R

The GSHP building model diagrasishown inFigure3.11. The model is a closed system
and does not require external connections. The building demadel nabelledBUILDING, is
identical b the conventional modelhere arewaterto-water heat ponps, labelledHEAT HPand
COOL HP, on theHWSR and CHWSHnes. These heat pumpgchange heat with the geothermal
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borehole field, labelleGEO FIELD. The emperature sensors, labelledSUP. HEAT HPand T

SUP. COOL HP, are used with bntrollers todetamine the heat pump compressor |caul

control the amount of heat added or removed from the HWSR and CHWSR lines.

The geothermal borehole field consists af aray of single ttube boreholes witla
specified spacing, depth, and soil properties. Wateirgsilated through the field at a constant
mass flow rate using a pump, labeldMP GEQ and is split on the supply and return using two
flow junctions, lakelled SUP. JUN. GE@GNdRET. JUN. GEOThe pressure boundary condition
is defined by the expansidank, labelledEXP. TANK GEQ The water from the field is delivered
to the evaporator on the HWSR heat pump and the condenser on the CHWSR heat ptegt. The

addedinto and removedrom the soilalters theboreholes' soil temperatubased on théeld's

calculated soil volume

3.2.2.4 Low-temperature ICHarvest building
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Figure 3.12 Low-temperature ICEHarvest bilding model
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The lowtemperature ICEHarvest model diagram is shown kigure3.12. The model is
not a closed system and requires external conneaiopsrts al, bl, a2, and b2. The building
demand model, labelldBIUILDING, is identical to the conventiahmodel. The HWSR line and
heat pump, labelleddEAT HP, operate the same as the GSHP mpaldly the geothermal borehole
field pipeline has been regled by the external connection of port_al to portThére is a chiller
on the CHWSR line, labelled CHILER, at the building levelwhich removes heat from the
building CHW line and rejects it to thmoling tower return watefabelledAMBIENT SUP. The
cooling water leaving the chiller condenser then goebklRHP, labelledHRHP. The HRHP
extracts heat frorthe chiller cooling water circuit and adds it to the exadconnection of port_a2
to port_b2. The amount of heat removed is determined by the ¢entsblown below the port_a2
to port_b2 line, which monitors the supply and return temperatures toitti@dpehiller (labelled
T SUP. CHILLERand TRET. CHILLER), the return temperature from thHRHP (labelled T
RET. HB, and the return temperature hetnetwork (labelled RET EMC). The behaviour of

this controller will be explained further gection3.3,

3.2.2.5 High-tempeature ICEharvest building

The hightemperature ICEHarvest model diagram is shownkigure3.13. The model is
identical to the lowtemperature ICHarvest model, with the only difference being the
replacement othe HWSR heat pump with a heat exchanger, labélleX. The heat exchanger
removes heat from the external connectibpart_al to port_bl and delivers it to the building

HWSR line.
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Figure 3.13: High-tempeature ICEHarvest building model
3.2.3 System models
The systems discussed in SectBohare composed of multiple components and models to
create system modelThe system models are classified into two categondszidual system
models and connected system modeélse diagram of an individual system model is shown in

Figure3.14, and the diagram of a connected systeadel is shown ifrigure3.15.
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Figure 3.14: Diagram of an indvidual system model
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Figure 3.15: Diagram of a conacted system model
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The individual system modebnsistsof individual building demand models like the ones
presented in SectioB.2.2 The individual system does not connect the buildings with a thermal
distribution network. Therefore, each building model in an indigidsystem model contains all
the guipment necessary to meet the building heating and cooling demands. These systems are
isolated and do not have the opportunity for energy sharing or bidirectioaay flow between
buildings. The systems that use timedel type are the conventional & and the GSHP system.

While the GSHP system could be designed as a connected system model, the individual system
model was chosen as it is the most common gardition.For future work it is recommended to
study a GSIP system as a connected system rhodl@s will add the benefit of waste energy

sharing and result in different heating and refrigeration ratios than the ones shown in this research.

The connectedystem modetonnects the building models using a therdiatribution
network. The buildingnodelshave external port connections and are connected in series to the
network pipesThus, these systems are connectedba the opportunity for energy simay if
the building models have the capabiliti€se geneation model, labelle&MC, provides thermal
energy to the network and controls its supply temperaiure network pipes are connected to a
ground temperature ooindary condition, labelledSROUND TBVIP., which provides the
temperature boundary condition foonduction heat losségm the networkto the surrounding
ground Water is circulated in the network at a constant mass flow rate using a pump, labelled

PUMP NETWORK, with a pressure boundary catieh provided by the expansion tank, labelled
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EXP. TANK NETWORK. The systems that use this model type are the DH system and both the

low and hightemperature ICEHarvest systems.

3.2.4 CHPefficiency

The efficiency of an iternal combustion engiAgased CHP uhchanges depending on the
part load ratio of the engirf20]. The part load ratio is typically expressed as a percerdaadat
is defined as the ratio between the current CHP output to the maximum CHPycafjaitatio
can be calculated usirgther the thermal or electrical output and capacity. &ffieiency of a
CHP can be expressed in three ways: thermal, electrical, or total. The thermal efficiency is the
ratio between the useful heat output and thednergy input. The electrical effemcy is the ratio
between the electrical output and thelfenergy input. The totatilizationis the ratio othe sum

of the thermal and electrical output to the fuel energy input.

Figure3.16 andFigure3.17 show the partoadefficiencies used in this researdline part
load efficiencies are categorized according to @P's thermal capacitysing data from the
AIXLib CHP databas¢103]. The efficiencies for under 50% part load are excluded because the
CHP only operates at a part load of 50% or gredhe CHP units are classified into CHP units

with grederthanl MW, capacity and CHP units with less than 1 Mdapacity.
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Figure 3.16: Efficiency vs part load for a CHP over 1M\WWapacity
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Figure 3.17: Efficiency vs. partoad for a CHP under 1MWcapacity
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The reason for the distinction is that units over 1 dNdve characteristically lower Heat
to Power Ratios (HPR). The HPR defines the ratio efttlermal to electrical output at a given
part load ratioCHP units withcapacities greater than 1 M\WWave higher electrical efficiencies
and lower thermal efficiencieshich decrease rapidly with higher part load ratios approaching an
HPR close taunity at full capacity. Conversely, CHP units under 1 M@énsistently prodce a
larger amountof thermal energy throughout all part load ratioserEfiore, CHP units with
capacities greater than 1 MWare better suited for electricity productjomhile unis under 1

MW are better for heat delivery.

3.3 Verification

This sectiorwill verify the controls of different subystems in the presented systems. The
subsystems presented ackharging and discharging tHEES a heat exchanger between two

headers, andhe heating and cooling of a building with waste heat rexgov

The individual components used are verified by the library creators. For example,
explanations and examples of the Buildings library models can be fo{i@Rihand descriptions
of Modelica and use cases for thenex 60 Modelica libraries can be found in the project final
report[26]. Additional verifications of the CHRnd the thermal energy storacgn be found in

Appendix B.

The purpose of the verifications presented here igtiymhe subsystems' responseder
all the conditions gxerienced in the ICE Harvest system. This verification will prove that the

controllersrespondcorrectly and that theubsystems' componeierformas expected.
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3.3.1 Charging and discharging tifermalenergystorage

3.3.1.1 Background

| Header return temperature

Pump
| Storage top temperature | Mass flow rate = 10 kg/s

...............

Storage
Volume = 50 m? !
Height =3 m Storaigle ---------------------- Heat sink /
n=10 controlier source
Initial temp. = 90°C i _____________________________

}

| Storage bottom temperature

| Header supply temperature

Figure 3.18 System schematic for the thermal energy storage verification

The first subsystem to be verified is the TEHgure3.18 shows the system sematic for
the test being conducted. For this verificatiest, the storage has a volume of 50) anheight of
3 m, a uniform initial temperature of 9C, and it is disagtized intotennodes. The TES model
selected is the stratified storage model frow Buildings library{114]. The TES is connected to
the heat sinlsource through a piping header. The heat/smkce isassumed to add or remove
heat from the header to maintain a specified return temperaturepétiéesi return temperature
varies between 5TC to 90°C during the test. Water is circulated in the header using a pump with
a constant mass flow rate of 10/&gThere are four temperature sensors in the header for
monitoring the header supply temperatuthe header return temperature, the storage top
temperéure, and the storage bottom temperature. The temperature sensors are connected to the

storage contradlr, which controls the TES charging and discharging.
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The heat flow rate is transferred throulgl heasink/sourceccording to the profile shown
in Figure 3.19. A negative heat flow rate corresponds to heat being removed from the header
(header return temperature less than header supply temper#&upsitive heat flowrate
corresponds to heat being added to the header (heztden temperature greater than header

supply temperature).
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Figure 3.19: Heat flow rate [kW] vstime [h]. Negative corresponds to heat removednftbe headerand positive
corresponds to heat added teetheader.
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Figure 3.20: Schematic of the thermal energy storage piping and controls
Figure 3.20 shows the schematic of haiwe TES is piped into the header and how the
controller isoperated to control the charging and discharging rate. The TES controller controls the
header supply tempature to a specified setpoint by varying the charging and discharging pump
mass flow ratesising Pl control. There are four pipes connected to Ef® With two pumps on

the supply side and two valves on the return side. The discharging valve is opgrddatarging

and closed during charging and viersa for the charging valve.

The contoller also monitors the storage top and bottom temperathde¢he header return
temperature to decide when to charge and discharge. For example, when the sirage to
temperature is lower than the header return temperéter@d ES cannot deliver heat teetheader.
Thereis a minimum temperature difference betwethe TES and the header for charging and

dischargingo avoid cycling the pumpsn this example, the tguerature difference is &.

The header supply temperature is a function of the spedéimgerature setpoint, the

minimum allowed temperature d#ffence between the TES and the header, and the current
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temperature of the TESTable 3.1 explains how the controller adjusts the header supply

temperature based on the TE&$s and temperature conditions.

Table3.1: TES contrder logic

TES status Condition Supply temperature
. . T1es top>= Tsetpoint+ %T Tsetpoint
Dischargin :
g g TTES,top< Tsetpoint+ %T TTES,top‘ Cp-ﬁﬂn
. TTES bottom<= Tsetpoint' Cp-l;ﬂn Tsetpoint
Chargin :
g g TTES,bottom> Tsetpoint' Canin TTES,bottom+ %T

3.3.1.2 Results

100

90

(

DN -~

80 -

70 A

60 -

50 A

40

Temperature [°C]

30 A

20 A

— =Setpoint ——Top ——Bottom ——Return —— Supply

10

T T rTrrr[rrrr|frrrrfrrrr[rrrrfrrrrrrrr

o
—_
)
w
n
W

Time [h]

Figure 3.21: TEStemperature PC] vs. time [h] results plot. The supply temperaturgpeat (long dash black line),
TEStop temperature (redrie), TESbottom temperature (blue line), header return temperature (green énd),
header supply temperature (purple ljraze plotted for 5 hours.
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Figure 3.22 TheTESmass flow rate [kg/s] during changg and discharging vs. time [hn[heTEScharging mass
flow rate is plotted in redand TESdischarging mass flow rate isqited in blue.

Figure3.21 plots theTES temper&ure versus the time in hour§he dashed black line is
the supply temperature setpoint for the header. The red amdlibks are the temperature
measurements at the top and bottom of the TES, respectively. The green and purple lines are the
header's temgrature measurementsturning to and supplying from th&$, respectivelykigure
3.22 plots the mass flow rate versus time in hours. The mass flow rate during charging is shown
in red and during discharging is shown in bleiring the targingprocess, watdtowsfrom the
top to thebottom of the TESDuring thedischargingorocess, wateffows from the bottom to the

top of the TES. Thisontrolwas done to maintain stratification in the TES.
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For the first two hours of the sirfation, theheader's return tempevat decreases linearl
from 80°C to approximately50 °C. While the return temperature decreases, the TES discharges
to maintain the supply temperature at the setpoint cf@MDischarging the storage causes an
immedide decrease at the bottom of the T&sSthe lower tempenmate header water enters from
the bottom.The discharging pump's mass flow ratereases during this time because the heat
flow rate from the header is increasidq increase in the heat flow rate®m the heademeans
that more flowfrom the storage iseeded to maintain the setpoiAfter approximately 1.5 houys
the temperature at the top of the T&&reasesas the water entering from the bottom has now

reached the top of the storage.

When the temperature at the top of the sgraeaches 8%C, after approximately 2 hours,
the controller setpoint changes to the temperature at the top of the TES minus the minimum
temperature difference (). The storage continues dischargiagd the tempetare at the top
of the TES decreaseAs the temperature #he top of the TES decreases Do does the supply
temperatureDuring this time, the heat flow rate from the header is condtaug the mass flow
rate from the storage is also constartie constant mass flow ratmaintains theemperature
difference between the header supply temperature and the TES top temperature at a cifistant 5

which is the minimum allowed temperature difference specified by the controller.

The storage continues disolging until approximately 3. hours when the return
tempeature increases to match the supply temperature. The storage remainsapiiedaimately
0.1 hours as evidenced by zero flow through the charging and discharging puhilesthe return
temper&ure continues to increase. Once spply temperature aghes the temperature setppint
the storage begins chargiri@uring charging, the mass flow ratereases while the heat flow rate

into the header increases, then remains constant when the hegttéas constanCharging the
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storage causes the temgteire at the top of the TES to incredisgt, which shows that the valve

controls are working correctly

3.3.2 Heat exchanger between the generation model and the thermal distribution
network

3.3.2.1 Background

Heat
exchanger
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| PSR 5. Heat exchanger pum
controller | 1___) ' get pump
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8. Header supply temperature

Header flow

1| 6. Heat exchanger return

___________________________________________________________

Figure 3.23: System schematic for the heat exchanger verification

Figure3.23 shows the schematic of the heat exchangeisgstiem being verifiedThe
verification will test theheat exchanger controller's performanaden the header sulyp
temperature and the network return temperature are varied. The heat exchanger model selected is
the -NTU model from the Buildings librarfl15]. The heat exchanger exchanges heat between
the network and the header. The theachanger's header side has a pump and mixing valv
controlled by the heat exchanger controller. Therotler receives inputs from the netwarturn
temperature, the header supply temperature, and the heat exchanger return temperature. The pump

is conditionallyoperatediono or fioffowhile the mixing valve position is varied continuously using

73



M.A.Sc. Thesig B. Sullivan; McMastetJniversityi Mechanical Engineering

a PI contrdler. The mass flow rate on the netwakd header sides are both constant at 10 kg/s.
The controller uses the network return temperature and the heat exchanger return temperature to
calculate the desired mixing valve position to maintain a specified nesupply temperature.

The mixing valvemixes the heat exchanger return water with the header supply water to achieve

the required heat exchanger supply temperature.

3.3.2.2 Results
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Figure 3.24: Heat exchangeverification temperature PC] vs. time [h] results plot. The supply temperature
setpoint (long dash black line), network return temperature (red line), network supply temperature (blue line),
header temperature (green line), and heat exchanger supply temgetatirple line) ardor five hours.
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Figure 3.25: Mass flow rate [kg/s] vs. time [h] through the heat exchanger.
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For the first 1.2 how, the network return temperature is above the sefpberefore, the
heat exchanger is off, and heat is not exchanged. From 1.2 hours to,2Hertetirn temperature
decreases from 20 to 2C, where it is held constant fane hour. When the retutamperature
crosses the setpoint, the mass flow rate increases to 10 kg/s and heat is exchanged. The heat
exchanger supply temperature increases as the network return temperature decreases to maintain
the requirecheat transferate Using this control, th heat exchanger can maintain a network

supply temperature of 2.

At 3 hours the temperature in the header decreases frota 80°C. The temperature in
the generation model heademisw lower than the network supply temp&ure setpointand the
heat exchanger pump turns difithout heat being supplied from the headlee, network supply
temperatur@lropsdown to 10°C. The network supply temperature increases back to 20 °C over
the next hour only because of the incregsiwetwork returntemperature. fiere is still no heat

being exchangeds evidenced blgigure3.26.

From 4 hours to 5 hourghe header temperature increases back td6C3@nd the hea
exchanger turns back on. Here, the returnpnature is very close to the setpoartd the heat
exchanger does not have to deliver much heat to maintain the supply temperature at the setpoint

of 20°C. Therefore, the heat exchanger model and contrelesarking correctly.
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3.3.3 Heating and cooling of lauilding with waste heat recovery

3.3.3.1 Background
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Figure 3.27: System schematic for the heat recovery heat pump verification

Figure3.27 shows the schematic for the heatovery heat pump verification in the ICE
Harvest system. The schematic features a building model with HWSR and CHWSR lines going to
a heating bat pump and a chiller model, respectively. The heat pump and chiller models are the
constant effectiveness mel from the Buildings librar. Details of the model can be found here
[116]. The cooling water is supplied to the chiller by a constant return temperature cooling tower
and is rejected to a shared junction for tHeHP and the cooling tower supply. The HRHP has a
controllerthatremoves heat from the cooling water when availabie required in the network.

PI1 controllers control the HWS and CHWS temperature

For the verification, the HWS temperature setpoint is°6pthe CHWS temperature
setpoint is 15.6C, and the network return temperature setpoint iSQ0~or the first har, the
building heating demand is greater than the building cooling dertteeréfore, there is more heat
required than is available to ti#RHP. For the next hour, the heating demand is equal to the

cooling demand, and for the last hotlve heating denmal is less than the cooling demand. The
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HRHP controller will decide how much heat to extract from the chiller cooling water return based
on the network supply water temperature after the heating heat @ndpthe HRHP supply
temperature. Also, the HRHP gréxtracts so much heat such that the HRHP return temperature

is not less than the constant return water temperature from the cooling tower.

3.3.3.2 Results
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Figure 3.28: ICE-Building model verification temperature plot. BuildikyVS(red), buildingCWSsupply (blue),
network supply to the building (greef)RHP/network return after heating (purple), meork return after heat
recovery (orange).
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Figure 3.29: ICE-Building model verification heat flow plot. Building heating demand (red), building cooling
demand (blue), network heat required / heat remova the network for building heating (greeHRHP heat
available / buliding condenser heat rejected (purple).

Figure3.28 andFigure3.29 show the verification of thelRHPin the ICEHarvest system.
Figure 3.28 shows the buildig HWS temperature, shown in red, and the building CHWS
temperature, shown in blue. The building HWS and CHWS kxekangeheat with the thermal
distribution retwork through theHRHP, shown in purple. The network supply and return
temperatures are showngreen and orange, respectivelyisierification aing to show how the
HRHP operates with variations in building heating and cooling demand. The heat #iswarat
the system are shown kigure3.29. First, the heating demand, shown in red, is greater than the
cooling demand, shown in blue. Therefore, the amount of heat required to raise the network

temperature to theupply temperature setpoint, sioin green, is less than the amount of heat
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available to the HRHP, shown in purple. When the heating demand is greater than the cooling
demand the network return temperature should be below the supply temperature. When the
heating demand is greater thanequal to the cooling demaritie network return temperature

will equal the supply temperature.

For thesimulation's first hourthe building heating demand is greater than the building
cooling demand. The amount of heatuired in the network is lesean the building heating
demand becaugbke heat pump compressor work supplies part of the building he@tisgamount
of heat available to the HRHP is greater than the building cooling demand because it is on the
condenseside of the chillerDespite his, the HRHR-annotraise the temperature of the network
to the desired supply temperature. The network water is supplied to the buildin§CGatAf¢er
the heating heat pump evaporator extracts heat, the network's tempdezreases to 9.5C,
whereit is supplied to the HRHRondenser The HRHP only increases the network return

temperature to 18C because of the lack of available waste heat.

For the next hour, the building heating demand is equal to the buildinggdeimand. In
this scenario, t amount of heat required is approximately equal to the amount of heat available.
Thecontrollersresponccorrectlyby raisingthe network return temperatue20 °C. The decrease
in building heating demand is showtheincrease in supply temperature to the HRHP from 9.5

°Cto 13°C.

For the final hour, the building heating demand is less than the building cooling demand.
Therefore, the amount of heat required is less than the amount of heat available. Here the HRHP
doesnot remove more heat than is required from the chiller condenser circuit and only delivers the

required amount of heat to the network. This results in a stable network temperatuf€.of 20
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3.3.4 Summary of verifications

In conclusion, there were threeriigations shown for the models presented in the
methodology section. The first verification was on the charging and discharging of the TES to the
generation station header line. The second verification was on the heat exchanger model used to
connect thgeneation station to the network. The third verification was on the functionality of the

HRHP under different building heating and cooling demands.

TheTES charging and dischargisgowed that the TES controls theader's temperature
by varying the masiow rate. The pumps also demonstrated that they maintain stratification by
charging and discharging to the top of the storage. The TES was able to maintain the header
temperature setpoint when the storage temperature was above the setpoint. Wheretagutemp
decreasedhe TES maintained a & difference between the top of the storage and the header.

When the header temperature increased above the setpeifiES began charging.

The heat exchanger verification showed that the heat exchanger Igorespbnds to
temperature changes both sides to deliver heat in the correct quantity and direction. When the
network did not require heat, the heat exchanger did not operate. Once the network temperature
was below the setpoint, the heat exchanger wad b maintain the desired supply temperature.
When the header temperature was lower than the setfh@rtieat exchanger turned off again to
avoid extracting heat from the network. Once the header temperature inctteabeadt exchanger
was again abl® transfer heat into the network. However, because the network return temperature

was equal to the network supply temperature setpoint, no heat transfer accurred

The HRHPrecoveredhe correct amount of heat for three different building heating and

coding demand conditions. When the heat required was greater than the waste heat awailable
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HRHP used all the available heat. When the heat required was greater than or equal to the heat
available the HRHP only used the amount of heat required to aehibe desired supply

temperature setpoint.
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Chapter 4
4 Results

The results section of this thesis focuses on the yearly simulation of five different heating
and cooling systems. The systems are quantitatively compared according to their ability to deliver
heatng, cooling, and electricity to a sample set of buildings. The demands for the buildings are
sourced from real hourly energy consumption data collected from the buildingsvadloation
metricsare the system's total energy consumption, greenhassangsions produced, and impact
on the hourly electricity market. All of the results presented in this section were produced using
the Dymola software and the Annex [@&] and IBPSA Project 127] libraries. The simulations
were all solved urg the DASSL solver with a tolerance of ¥ an interval length of 3600

secondsand for theduration of 1 year.

4.1 Background

The community considered in this study consists of five existing buildings that are within
proximity of one another. The buildis@rea residential tower, a library, a senior center, an athletic
center (referred to as the YMCA), and an arena. The buildings are currently heated using individual
boilersandfurnaces and cooled using chillers and air conditiofiérs hot water and dhed water
supply temperatures is 60 °C are 15.6 °C, respectiValy.electrial grid provides the electricity
they consume for the cooling equipment and plug lokds the comparison, there will be five
systems studied: the conventional, GSHP, DH, -tempeature ICEHarvest, and high
temperature ICHarvest. Two of these systems, the conventional and GSHP, are individual

systems where all the heating and cooling equipment is located at the buildings. The other three

83



M.A.Sc. Thesig B. Sullivan; McMastetJniversityi Mechanical Engineering

systems, the DH, lowemperature ICHarvest, and highemperature ICEarvest are network

systems that require a thermal distribution network.

4.1.1 Thermal distribution network layout

Residential 150 m 150 m

esidential l gy | EMC  |e—>| Library

Tower
! S

150 m ’ 150 m

4

Arena +—> | YMCA |&t&—> (S:en{[or

100 m 200 m cntet

Figure 4.1: Schematic diagram of the network layout.

Figure4.1 shows the assumed simplified network layout for the buildings and the thermal
distribution network. The same network layout is used for alworx systems. The network is

assumed to be a smooptihpel durs elde daul ea 4d0e pstthe ed:

insul ation thickness of 60 (0.1524m) and insul

was chosen to maintain a constant vigyoof 1.66 m/s in the network. The water is circulated
continuously at a&onstant mass flow rate by a single network pump. The generation station is

referred to as the EM(Energy Management Centr@hnd it is assumed to be located between the
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residentiatower and the library. The total network length is 900 m witluid transit time (the

time it takes for a fluid elemett circulate the networlgf approximately 9 minute®42seconds).

4.1.2 Building energy demands

The demands are measured on an hourysbr one year. The heating demand was
calculated using the measuredunat gas consumptiofincluding space heating and domestic hot
water) building temperature setpoint, and the Typical Meteorological Year (TMY) dry bulb
temperatureThe cooling demad was calculated using the building electricity consumption and
TMY dry bulb temperature. The electricity demand was gathered omandge interval and
averagedn an hourly basis. The TMY dflgulb temperature for the site is showrFigure4.2.

The highest temperature experienced4s'@ in July, and the lowest temperatureii4 °C in

December.

Dry bulb temperature [°C]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 4.2: TMY dry-bulb temperature for the proposed site
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Figure 4.3: Hourly combined heting, cooling, and electricity deman@s0 coincides with January 1)

Table4.1: Building demand summary

Annual Annual Annual Peak Peak Peak plug
heati i | S heai I load
Building eating cooling electricity eding cooling clectrical
demand demand demand demand demand demand
[MWh] [MWh] [MWh] [kW] [kW] kW]
Arena 807 1198 165 306 562 20
Library 731 1823 818 332 855 100
Residential| g, 273 1123 2697 362 415
tower
Senior 506 310 286 219 255 35
center
YMCA 2837 999 1023 837 442 120
Combined 10808 4602 3515 4391 2098 690

Figure4.3 shows the combined hourly heating, cooling, phudrloadelectricity demands

of the buildings under studyrhe electricity demand shown excludes the dl@ttrdemands for
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cooling equipmenbecause the cooling demand is thermal energy rather than electrical energy.
Sincethe cooling equipment's subetered electrical demandagere not available, the cooling
demand was disaggregated from the electricity derbgrassuming a plug load electridaimand

limit for each building and a constant COP of 3.3 for the building cooling equiprkat.
individual energy demands of each building can be foApdendix C. Asummary of the
individual buildingenergy demands oabe found inTable4.1. The heating demands are higher
during the winter monthslecreasing to a baseload of domestic hot water during the summer. The
cooling demands are highest during summer monthbut thereare cooling demands during the
winter because of refrigeration loads for the arenaaaddta center located in thibrary. The

electricity demand is the most stable with few fluctuations.

Table4.2: Summay of heating, cooling, and electricity demands

Min Max Average Std. deviation
Heating [kWth] 216 4366 1234 038
Cooling [kWth] 0 2028 525 392
Electrical [kWe] 106 667 401 44

Table4.2 presents a summary of thembined heating, cooling, and electricity demands.
The heating demand has the highest standard deviatiorhigithheating demands during the
winter and low heating demands during the sumifilee. minimum heating demand is 216 kW
during the summer morghfor domestic hot water purposes. The maximum heating demand is
4366 kWh during the winter monthsvith the absolie maximum occurring in December. Unlike
the heating demand, the cooling demand minimum is @, ld&spite yearound cooling demands
in the arena and library data centdhe cooling demand has a maximum of 2028 kWth in
September when the buildings have gheaestspacecooling demanddg-or most of the year, a
cooling demand existisecause of the refrigeration requiremeattthe arena forfce production

andatthe library for data center cooling. The electricity demand is the plug loads of the buyildings
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excluding all cooling equipment. Examplespifig loadsare lighting, appliances, serveend
computersThe cooling equipment is exclutleecause the cooling demasdliscussed as thermal
energy rather than electrical energy in this resedrbl. standrd deviation of the electricity
demand is much smaller than the heating and cooling demahdssmall standard deviation
indicates thatte electricity demand is relatively stable and does not experience significant hourly

fluctuations.

Electricity [MWh]
3515
19%

Heating [MWh]
10808
57%

Cooling [MWHh]
4602
24%

Figure 4.4: Annual total heating, cooling, and electricity demand

Figure4.4 shows the annual total heating, cooling, and electricity demand. The annual total
heating demand is 10808Wh, and it represents 57% of the total energy demand. The heating
demand is the majity of the thermal energy requirements; thereftnis group of buildings can
be classified as heating demasmminant The cooling demand is 4602Wh, and it represents
24% of the total energy demand. The electricity demand is the smallest energy @é¢r@ahd

MWh per year. Tt building group's thermaemands (heating and cooling) drétimes greater

88



M.A.Sc. Thesig B. Sullivan; McMastetJniversityi Mechanical Engineering

than the electricity demands. Therefore, the buildings requitees more thermal energy added
or removed from the buildings than electrical enefigyis is an important metric to predict the

increae in electrical demand caused by meeting the thermal demands using electricity.

4.1.3 Network heat losses and pumping power
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Figure 4.5: Ground temperature usedrfsimulation
The KusudaAchenbach equatiofill7] was used for the ground temperature in the

network.Figured5s hows t he yearly ground temperature at

for Ithaca, New Yorkwere choseias it is the closest region to the area under study.

Thenetwork's pumping poweran be calculated using the Darcy Weisbach equtis]

using the pipe parameters defined earlier. Assuming a pumping efficiency oftl8®%nnual
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pumping power is 15.4 MWHvhich is only 0.4% of the annual electricity consumption. Therefore,

the pumping power will be ignored in this discussion.

4.1.4 Geotkermal borehole fields for ground source heat pumps

Table4.3: Geothermal borehe field parameters

Building Number of boreholes| Depth [m] Spacing [m] | Arrangement
Arena 100
Library 100
Resdential tower | 196 300 7.5 Square
YMCA 144
Senior center 100
0 i 1 L 1 1 I 1 L 1 1 I L L 1 1 : [ 1 1 1 I 1 1 1 1
50 +
-100 +
'E-150 +
= I
O, L
D _ £
o 200 :
250 +
300 +
350 1
10 12 14 16 18 20

Soil temperature [°C]

Figure 4.6: Geothermal borehole field initial temperature distribution

The geothermal borehole fields used for the GSHP system were sized to avoid

significant seasonakoil temperature fluctuation3able 4.3 provides the borehole field
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parameters used for each building. The number of boreholes varies from 100 to 196
boreholes depending on the energy demahdisedbuilding. Buildings with largemergy
demands required more boreholes than buildings with lower demands. The depth, spacing,
and arrangement were kept constant for all the buildings. The depth refers to the distance
in which the borehole is buriecebeath the surfacdhe depthwas chose to be 300 m.

The spacing of the boreholes was chosen as 7d&nhdit refers to the distance between
borehole centers. The boreholes are arranged in a square Faguag.4.6 shows the
assumed initial soil temperature in the borehole field. The temperature at the surface is
assumed to be 1%, and it increases linearly to & at a depth of 300 m. A portion of

the heat that is injected into the bavkhfield is unrecoverdd due to heat dissipation.
These losses areferred to as fafield losses. The fafield is assumed to be at a constant

temperature of 15C.

4.1.5 The electrical grid and hourly emission factor

The electrical supply mix and hourly emission factor data waken from the Ontario
IESO. The historical supply data for the year 2016 was used in these rEegute4.7 shows the
hourly emission factor for 2016. The peak emission factor is around 0.0®k(kWh and an
average of 0.02 k§Ox¢/kWh. In 2016 over 1 GW of gas generation on the Ontario electrical grid
for 8205 hourgi.e., 94% of the yegr The number of gas generation hours is used for calculating

the CHP capacity and the CHP run hours in the-HaEvest sgtem.
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Figure 4.7: Hourly emission factor for the Ontario electrical grid in 2016

4.2 System comparison

This set of simulation results compares toaventional, DH, GSHP, and |GHarvest
systems' performancen their ability to meet the building'thermal and electrical energy
requirements. The IGHarvest system is simulated at three different network supply
temperatures20 °C, 35°C, and 70°C. The systems are compared according to their electricity
supply mx, annual and hourly electricity demd, heating supply mix, utilization of cooling heat
rejection, CQe emissions, and equipment capacithdssystems are assumed to have a building

level hot water supply temperature of 60 °C and chilled water sugplyerature of 15.6 °C.
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4.2.1 Heating supply
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Figure 4.8: Annual total heating thermal energy supplied of each system divided into the boiler (red), CHP (blue),
ambient (green), heat pump power (purple), sharingrige),and wasted heat (yellow)

Figure 4.8 shows the annual total heating supply in each of the six systems. The
conventional system's heating suppbmes entirely from the boiler because it is the only heating
equipment availableThe annual total heating delivered totals B0V h, which is equal to the
buildings' heating loadrhe DH system supplies heat from both the boiler and the CHP. The heat
supplied in the DH system sightly greater than the conventiarsystem because of network heat
losses. The network heat losses accountegif@dditionaR22 MWh of heat over the yeavhich
is 2% of the annual heating demand. The CHP accounted folo724¥ supplied heaand the

boiler supplied the remaining 28%he GSHP has the same total heat supplied as the conventional
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system because there are no distribution losses. 72% of the heat came from the geothermal
borehole field (referred to as the aentt in the figure)and 28% of the heat is from the compressor
work. Therefore, théeating HP in th&SHP system has an annual average COP of ®iéh

is reasonable for th&tudy's geographic regioAlso, note thattie boiler and CHRre not part of

the GSHP systenthus they do not contribute to the heat supply

The ICEHarvest systems have a multitude of heat sources resulting in more subcategories.
In the ICEHarvest systemd$ieat can be supplied by a CHP, a boiler, the compressor work in the
heding HP, and by harvesting heat from cooling processes (referrag sharing). Unlike the

GSHP system, the ICBarvest system does not pull heat from the ambient

Starting with the 20C network, thethermal distribution network’'s annual heat losses
small, measuring only 39 MWh (0.3% of the total heat demaxdignificant portionof the heat
comes from sharing (44.5%), which is the Heatvestedromo t h e r  bcodlidg drocasges. 6
Therefore, energy sharing reduced the required energy frioen sburces to only 65.5% of the
conventional system. The heairheat pump provided 2720 MWh from compressor work
comparable to the GSHP system at 3011 M#mnifying a similar heating COP between the two
systems The annual average COP of the heatiegtipump in the 20C network is 3.99. The
remaining heat supplig provided by the CHP and boiler located at the EMC. The CHP is only
operating whematuralgas generatorare connected tthe grid and the capacity of the CHP is
394 kW, which is lower thn the average heating demantderefore, the boiler is used sapply
heat when the CHP capacity is insufficient or when the CHP is off. The wastédhieatappears
as a yellow bar in Figure 4.8 heat produced by the CHP whitre heat production igreater

than the heat demanieh. practice, it is unlikely that plant operator would turn the CHP on when
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there is no heat demankowever, this parameter has been quantifiedstomatethe available

CHP heat potentidor TES.

There is little differene between the 33C network and the 20C network besides a
decease in heating HP power and an increase in wasteahddbeat losses from the thermal
distribution network. The heat losses increased to 95 MWh from 39 MWh in ti@ r2&work.

The decrease in heating heat pump power results in an annual average £8Pvdfich is a

26% improvement over the GSHP systéFhere are also slightly higher losses in the°85
network and slightly more shared energ@je amount of shared energy increased because the
higher COP of the heating heat pump in theé@System reslts in more heat being extracted on

theheat pump'svaporator (network) side

(%H (iL
Heating Q Q,+P
heat Pyp cop=—"= % Pyp HRHP
pump HP HP

|

l Q Network flow Qy
suppl = ) ©
Y ‘ Network supply temperature | ‘ Network return temperature—l

Figure 4.9: Explanation of increased sharing potential causeabygher heating HP COP.

Figure4.9 explains this concept in more detail. The COkheheating HP is a measure of
the heat delivered, Qto the electrical power used;#Since @ is constant, the same amount of
heat is delivered in both the 2@ and 35°C systems, the poweonsumed rast decrease for the
COP to increase. However, the COP is also related to the heat extracted at the evaporsor, Q
the equation irFigure4.9 shows, for @ to remain constant with a lowep# Q. must increase.
Therefore, moréeat is extracted from the network with increasing heating HP COP. When more

heat is extracted from the networkethIRHP (which transfers recovered heat into the network)
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can recovemore heat from the chiller cooling wat#rus increasing the sharings &xplained in
section3.3.3 the HRHP controller calculates theat transfer rat the lmp using the specified
network return temperature. When the network return temperature decreases, due to more heat

being extracted frorthe network, there is more potential for the HRHP to recover heat.

Lastly, he 70°C network substitutes a heat exchanm place of the heating heat pump
eliminatinga heating energy supply source. This loss of energy is made up for by an increase in
heating supplied by the EMC. Both the boiler and CHP supply more heat over the year and the
waste heat increases becao$e¢he increased CHP capacity. The energy sharing also increases
becausemore heat is extracted frohe network resulting in more wade heat recovery
opportunitiesas explained earlieThe higher network supply temperature &samlsto an increase
in heat losses from the thermal distribution network. The heat losses increased to 223 MWh from

95 MWh and 39 MWh in the 35 and 2G sysems, respectively.
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4.2.2 Cooling heat rejection
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Figure 4.10: Annual total heairejection in each system divided into heat rejected to the ambient (red) and heat
recovered for sharing (blue)

Figure 4.10 shows the annual total heat rejection in each of the six sysidmsheat
rejection refers to the cooling water line at the building level chillers. Therefore, for the ICE
Harvest systenthis is Q on the HRHP shown iRigure4.9, whereas irFigure4.8, the sharing
refers to Qu of the HRHP. In some systems, the cooling water can only reject heat to the ambient
through the cooling tower. In the IGHarvest systeghowever, sme of the cooling water heat is
harvested in the HRHP. Tfigure ains to see if it is possible teplace the cooling tower capacity
using a HRHPIn the conventionahndDH systemthe condenser heat is rejected to the ambient

through the cooling tower
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The conventional and DH systems reject the same amount of heat because they have the
same chille water systemsvith the same CHWS and cooling water return temperatlies
GSHP system rejects slightly less heat because the GSHP has a higher coBlithgCthe other
systems. The heat in the GSHP system is rejected to the geothermal borehodghiezlthan a
cooling tower like in the conventional and DH syst@ims heat is used to increase ge®thermal
borehole field's soil temperature minimize the thermal drif The ICEHarvest systems can use
the rejected heat for energy sharimigen thee isa heating demandedudng the amount of heat
sent to the ambient. The 3& network system has the least amount of energy recovered for
sharing howeve, Figure4.8 showsincreasedhared energy over the 20 network system. This
is because the COP of ti#RHP is higher in the 20C network than in the 38C network.
Therefore, the 38C network systemamoves les heat from the building chilled water condenser
stream but rejects more heat into the network fromHRHP electrical work.For further
clarification, the 35°C network system uses 322 MWh less electricity than théC0etwork
system in the éating hat pump because of the higher network temperature. However, fii 35
network system consumes 318 MWh more electricity than tR€ Betwork system in the HRHP
making the annual balance appear equiaé 70 °C network system had increased shhead

rejection over the 35 °C system because the heat exchanger removed more heat from the network.

Greater amounts of shared energy lead to less heat being sent to the,aethiemgthe
need for heat rejection equipment such as cooling towers, radiatodryarablers None of the
ICE-Harvest systemsould harvest all the heat despite theildings' heating loadeing
significantly larger than the cooling load. This is becausesthex periods when heat rejection is
available but there is no heating loaal service. During these periQd¥€S could potentially store

the he& however, that is outsideithresearch scope
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4.2.3 Electricity supply
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Figure 4.11: Annual electricity supply of each system divided ingeteicity imported from the grid, exported to the
grid, and generated onite

Figure 4.11 shows the annual electricity supply in each of the six systems. The
conventional and GSHP systems import 100% of the atagtfrom the grid. The DH and IGE
Harvest systems have-site power generation from the CHP. When@éP's electricity supply
is greater than the building electricity demaritls,system must export electricity. The amount of
exported electricity is gegest in the DH systerfsince the CHP is operated to follow the thermal
demand, the CHBroducesoth hat and electricity simultaneously even though there might not
be corresponding electricity demand. This can be problematic for electricity systenoigperat

because the supply must be handled by the transmission infrastructure which can overload the local
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grid. If the electricity cannot be exportethen the CHP must decrease its output in the absence of
a battery thus reducing the heat supply. To makdarghe thermal deficit either a boiler must be
used, which will increase the emissions, or a TES ieistischarged. Thereforgystems that do

not export electricity are preferred to systems that export electki¢itife the ICEHarvest system
does exprt someelectricity, it is considerably less than the DH syst&éhe amount of orsite
generation andxorts increases with increasing network temperature in theHi@&#&est system

because th€HP capacityncreases with higher network temperatures.

4.2.4 Eledricity demand

10000
9000 ® Plug loads m Chiller m Heating HP ®m Cooling HP = HRHP

8000
7000
6000
5000
4000
3000
2000
1000

Electricity [MWh,]

Figure 4.12: Annual electricity demandf each system divided into electricity demands for the plug loads (red), the
chiller (blue), the heating heat pump compressor work (gréba);oolingheat pump compressor work (purple),
and theHRHP (orangse.
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Figure4.12 shows the annual total electricity demand in each of the six sysi&msed
bar shows the plug loads of the building#ich are constant fo each systemThe chiller
electricity demandshown in blueis the same in the conventional, DH, and 18&rvest systems
because the building chilled water systems are iderdivdl have the same CQRhe GSHP
replaces the chiller with a cooling GSHRdaglectrifies the heat sulypusing a heating GSHP.
The heating GSHP uses significantly more electricity than the cooling GSHP totalling 3011 MWh
and 753 MWh, respectively. The heating GSHP delivers 10808 MWh aof resatting in an
average COP of 3.amd the cooling GSHP deliveds02 MWh of cooling resulting in an average
COP of 6.1The electricity demand increases from 4391 MWh in the conventional system to 7279

MWh in the GSHP system

The 20°C and 35°C ICE-Harvest systems have electricity demafatsthe chiller, the
heatig HP, and the HRHP. In the 2@« system the heating HP consumes 2720 MWh of
electricity, 291 MWh less than the GSHP system. However, the total electricity demand is greater
than the GSHP system because of the electricity corsbynthe HRHP. The HRHP ds@ot use
much electricity because theetwork's low temperaturereates a high COP for waste heat
recovery. While the HRHP does not heat or cool the building directly, it contributes by reducing

the heat required from the CHPdaboiler andeducing the gat rejected to the ambient.

The 35°C system has a comparable total electricity consumption to tH€ 2ystem,
totalling 7675 MWh and 7680 MWHh, respectiveowever, the differences appeir the
proportions of electricity sed by the heating HP anldet HRHP. The 35C system uses less
electricity in the heating HP but more electricity in the HRHP for waste heat recovery showing the
tradeoff between network temperature and electricity consumption. As the network temperature

increaseghe COP of thedmting HP increasedecreamg the electricity consumption for heating.
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Conversely, the COP of the HRHP decregseseaig the electricity consumption for waste heat
recovery. As explained in sectidn2.], this created an interesting scenario where the amount of
heat shared increased but the amount of heat removed from the chiller cooling water decreased.
Therefore, increasing the network temperature does noyshgduce the need for a coolingviar

despite increasing the heat delivered by sharing.

The 70 °C ICE-Harvest system increases the electricity demand to 5975,M\W/584
MWh increaseover the conventionalThe hightemperature ICEHarvest system has awer
electricity demandhan the othr ICEHarvest systembecause there is no heating heat pump
electricity demand.This highlights the potential for the IGHarvest system to control the
electrical demand by changing the network temperature. For exahmgp2)°C network and the
70 °C had an annual electricity consumption of 7680 MWh and 5974 MWh, respectively.
Therefore,a potential 1706 MWh of electricity can be modified by changing the temperature
between 20 °C and 70 °C representing a large potdatimlemand managementhich could
benefit electricity system operato@mmercially available heat pumps are rated for temperatures
of 10 to 32°C for heating and coolin§l19], and heat exchangers could be installeddirect
heating at higher temperatures. Therefore, there is no technical reason that the cainot e
operated across such a wide temperature range, adddigmer of the system should explore the

benefit of such operation
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4.2.5 Hourly electricity demands
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Figure 4.13: Hourly electricity demands of each system divided into conventional (red), GSHP (blue), 2
network (green), 35 °C netwlo(purple), and 70 °C network (orange). The district heatirsjesy is excluded
because the hourly electricity demand is identical to the conventional system.

Figure 4.13 shows the hourly electricity deandsof four different systems compared
against the conventional systewhich serves as the baseline for comparison. The conventional
system hourly electricity demand is relatively letreoughout the year with higinequency daily
fluctuations and a lw amgitude annual frequency. The electricity demands peak during the
summer months due to an increaséhmcooling demands. Taking the annual average electricity

demand (501 kW) as the base, the conventional system has a peak above the base ofd@2 kW. T
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peak above base measuremestimateshe electrical power generation capacity required to meet
the peak demand. Systems with a lower peak above base require less capacity to meet their

electricity demands.

Table4.4: Summary of hourly electricity demands of simulated systems

System Average [kW] Peak [KW] Peak above base [kW]
Conventional 501 923 422
GSHP 831 1708 878
20 °C network 877 1926 1049
35 °C network 876 1986 1110
70 °C network 682 1592 910

Table4.4 summarizeshe average, peak, and peak above base electricity demands in each
simulated systemlhe GSHP system increased the average eliégtdemand by 66% and the
peak electricity demand by 85%. Theage of the annual electricity demand also shifesililting
in a winter peak demand rather than a summer peak deassden in the conventional system.
This is because the heating demarfde®@buildings in this study are much greater than the cooling
demands. Therefore, transitioning to a GSHP system would result in 85% greater electricity
demand capacity and 66% greater average electricity demand. Tt &t 35°C network
systems hava similar effect on the hourly electricity demand. These systeonease the average
electricity demand by 75% and increase the peak electricity demand by 109% and 115%
respectively. Also, both systems shift the peak electricity demand from the sunmthentoter.
Therefore, the 20C and 35°C network considerablincrease the average electricity demand and
peak electricity demand. The 7Q has the lowest average and peak electricity demand increase
over the conventional system of the four systemsidened. This is because the network
system uses a heatahanger isteadof a heat pumjpreducingthe electricity demand during the

winter. In conclusion, the 7@ network increases the average electricity demand by 36% and the
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peak electricity demand by 66%he next section will show the electricity demaifaisa single

winter day.
4.2.5.2 Winter
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Figure 4.14: Hourly heating, cooling, andeleétrc i t y demands for a winteré
of each system (right)

Figure4.14 shows the hourly heating, cooling, and electricity demands on the left and the
corresponding hourly electricity demands for each system on the right. Both plotstheesimme
24 hour periodiuring thewinter. Looking at thdeft figure, the heating deands are high and there
is an intermittent cooling demand that peaks towards the middle of the day. The electricity demand
(which consists of all electricity demands mménelectricity used for cooling equipment) is
relatively flat throughout the day. Loalg at theright figure the conventional and DH electricity
demands are identigahus, the two curves overlap. The electricity demand for both of these
systems has iatmittent spikes throughout the day in response to the building cooling demands.

The GEHP system has a higher average electricity demand as electricity is used to provide heating

and cooling through the heat pumps.

The ICEHarvest systems have signifitgndifferent hourly demand profiles depending

on the network temperature. The ZDand 35°C network systems have similar demand profiles
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to the GSHP system when the demand is healtimginant However, when the cooling demand
increasesthe ICEHarvestsystem has a higher electricity demand because®i¢P turns on to

inject recoveredheat into the network. The increase in electricity demand contributeduoing

the heat required from the EMC due to energy sharing. Therefore, thé 20d 35°C network

systems have the highest average electricity consumption during this wintéhdag0°C ICE-

Harvest system has the same electricity demand as the conventional and DH systems when there
are only heating demands in the network. The electricity dernmamedases whenever there is
cooling because of thHéRHP. During the peak cooling ged of this day (approx. 9 AM PM),

the electricity demand of the 7€ network system increases to a level comparable to the GSHP

system.

Comparing the 20C network sytem at O hr to 8 hr and 19 hr to 24 hr profiles with the 70
°C 8 hr to 19 hr profit demonstratethe potential to level the electricity demands of the-ICE
Harvest system during the winter season by changing the network temperature in response to the
building energy demandBy removing the peaks and valleys from the electrical denthaedCE
Harvest system will contribute to leliag the electrical gridAlso, by increasing the electrical
demand at night by lowering tmetwork's temperaturéhe ICEHarvest systems can be used for
demand managemerithis is beneficial to electricityystem operators because lagjectrical
demand peak®quirealarge reserve capagito servicelf the peaks only occur for a short period
each yearthe asset remaindle for the remaining time. Likewise, valleys create a problem where
renewable genators must be curtailed (ordered to bypass power generdtmn)the grid
resulting inrenewablegenerators shtihg down. Currently, curtailment amounts to 22% (2,581

GWh) of Ontarios annual electrical demanédnd it mainly occurs during winter nightsich
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shoulder seasong]. The ICEHarvest systentan use this power by adjusting thetwork's

temperatur@ccording to the availability of renewable energy resources.

4.2.5.3 Summer
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Figure 4.15: Hourly heating, cooling, and electricity demands f& @ m m eay {edt). Hourly electricity deman
of each system (right)

Figure 4.15 shows hourly heating, cooling, and electricity densand the left and the
corresponding hourly electricity demands for each system on the right. Both plots are for the same
24 hour period. Looking at theft figure, the cooling demands anegh and rise from 0 kW to 900
kW over 7 hourswhere they remainagar constant from 9 AM to 9 PM before decreasing back to
near zero by midnight. There is also an overnight heating dethatdkcreases towards mithy
before reaching a constant minimdion domestic hot watethen rising again in the evening and
into midnight. The electricity demand is fairly constant throughout the day. Looking aglite
figure, the electricity demands are fairly similar across all systems. The electricity denthad in
conventional and DH systems are identical. €leetricity demand in the GSHP, 2G network
and 35°C network are nearly indistinguishable outside of a small increase in théld@Est
systems between 4 AM and 7 AM. The 70 network has a similar deand profile to the

conventional and DH systems whthe heating demand is greater than the cooling demand. The
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70 °C network has a slightly higher electricity demand as the cooling demand increases. The
differences betweesach system's electricity demarae not as drastic in the summer as they are

in the winter because there is minimal opportunity for energy sharing and the COP of all of the
cooling systems are very similar. Therefore, when theeelasv potential for energy sharing,
possibly due ta lack of simultaneous heating and cooling demartus,|ICEHarvest systems

have similar performance to a GSHP system. Also, because the cooling demand is greater than the
heating demand during the summer, the EMC does not have to supply heat to the network.
Therefore, TES is necessary tosethe heat availale from gas generators during the summer

months.
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4.2.6 Annual CQe emissions

4.2.6.1 Total
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Figure 4.16: Annual total CQe emissions of each system divided by boilat)(relectricity (blue), CHP operation
during gas gaerator hours (green), and CHP operation outside of gas generator (joungle).

Figure 4.16 shows the annual total G® emissions in each of the siysgeems.In the
conventional system, the boiler accounts for most of the eatédsions The boiler is used only
for heating purposes. The remainder of the emissions come frdmittimgs' electricityfor plug
loads andtooling equipmentln total, the conventionalystem produces 223drinesof COxe per
annum. The emissions are calculatesing the carbon intensity factors of natural gas for the
heating equipment and the Ontario HoullyerageEmissions Facto(AEF) for the electricity

emissions.The AEF was assurdeto remain constant across all systems despite the electrical
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demand changg between the systems. Typically, in Ontario, additional demands at night are
managed by hydro whereas additional demands during the day are managed by gas generators.
Therefore,additional electrical loads could increase the grid emission factor if daheynot
coordinated properly. However, modifying the AEF is outside the scope of this research, thus the

same hourly AEF is used for all systems.

The DH system has fewer emissidran the boiler than the conventional system because,
as shown irFigure4.8, most of the heat is supplied by the CHP. The CHP has a lower thermal
efficiency than the boiler (45% in the CHP vs. 90% in the boitagrefore the total emissions
are greater when the CHP is used as the primary heat sourc@HPhemissionare divided into
two categories: CHP emissions that occurred when gas generation was on {oéggiiand
CHP emissions that occurred when gaseration \&s not on the grighot offset) For the year
simulated in these results (2016), gas generation was abundant on the Ontario electriGtidgrid.
level gas generats have approximately tisame electrical efficiency as distributed CHP ergjine
Therefore,if a CHP is operating at the same time as a gas generator, the electrical output of the
CHP could be used to offset the gas generator output. The CHP would provide the same electricity,
but at a higher total efficiency because the thermabgrfeom theexhaust can be used for heating
rather than being wasted. The emissions coming from the CHP while it is offsetting a gas generator
can, therefore, be discounted because the CHP system simply enables the utilization of an
otherwise wasted resme. However, this is not to sayhat the emissions from the increased
electricity consumption of the IGBHarvest system are ignored. All emissions are calculated by
multiplying the total electrical demand by the grid hourly emission factor just as b@fdyethe

emissions produced by the CHP when it offsets a gas generator are subtracted because it is assumed
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that the CHP is replacing the gas generator and burning the same amount of fuel but with higher

utilization.

The GSHP system has the lowest ahnotal COe emissions because it does not use a
fossil fuetbased energy source. The Hourly Emissions Factor in Ontario is very low because of a
large baseload generation from nuclear and hydro. Therefore, in Ontario, elebagaty heating
systems ha much loweemissions than fossil fuélased systems. The GSHP reduces the annual
emissions to 11lonhneswhich is a 95% reduction. The IGHarvest systems all have annual total
emissions less than the DH system. Most of the emissions come from then@iRer, it 4
contributes to offsetting gas generation because theH&f#est control strategy requires that the
CHP only operates when there is gaseratioron the grid. The boiler accounts for the next largest
share of emissions. Both the 20 and 35 °C have laver total emissions than the conventional
system. They reduce the annual emissions to 1@@#&stand 1731 dnnes providing a 27% and

23% reduction, respectively.
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4.2.6.2 Excluding CHP that coincides with gas generation
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Figure4.17: 2016 aanual total CQe emissions of each system divided by boiler (red), electricity (D¢,
(purple). It does not include emissions produced by the CHP when gas generators are operating.

Figure4.17 shows the annual total G&emissions in each of the six systems, not including
emissions from the CHP wheentralizedyas generatonwould have beeoperating. Tks figure
aims to show the difference in emissions when the CHPtegjiated with the electricity market.
By recognizing that the CHP can provide the same servicepaslaenergy providemwhich
provides intermittent electricity in response to demand fluctuai the emissions can be
discounted when the CHP is used t@laee acentralizedgas generatorThis assumption
significantly reduces the emissionstbe ICEHarvest systems, where the CHP only operates

when there are gas generators on the grid. Becdukes constraint, th€HP emissionsre zerg
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and the only surces of emissions are the boiler and electricity demahedre are still CHP
emissions in the DH systebecause the CHP does not have the constaigtto operate when

there are gas geneoas on the grid.

Nonetheless, thdH system's emissiondecrased from 3818 t to 879 t because,
coincidentally, the CHP electricity supply correlated with the grid level gas generator electricity
supply. This represents a significant decreaseparedo the conventional system, but it depends
on the gas generatacteedule. The emissions from the GSHP system do not change because there
is no CHP in the GSHP system. The l€&rvest systems eliminate CHP related emissions
because the CHP only operates whiere are gas generators on the grid. Therefore, the total

emissions are reduced drastically, and the boiler becomes the new largest source of emissions.

4.2.6.3 Annual CQe emissions for 2015, 2017, and 2018

For the sake of comparispRigure4.19, Figure 4.20, andFigure4.21 show the annual
emissions for the years 2015, 2017 and 2018. As shofsigume4.18, 2015 had a similar amount
of gas geerator run hours to 201@hile 2017 and 2018 had considerably fewer hours.éfbes,
according to equation 3.1, the CHP capacity will also vary depending omuthberof gas
generator hourd.he years 2015, 2017, and 2018 have 8528, 3347, and 5418 gatigenerator

run hours, respectivelirhe grid emission factor for each yean be found in Appendix D.
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Figure 4.18: IESO gas generator operating hours in Ontario for the years 2015 through 2018.
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Figure 4.19: 2015 anual total CQe emissions of each system divided by boiler (red), electricity (blue), CHP
(purplé). 1t does not include emissions produced by the CHP when gas generators are operating.
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Figure 4.20: 2017 aanual total CQe emissions of each system divided by boiler (red), electricity (blue), CHP
(purple). It does not include emissions produced by the CHP when gas generators are operating.

Figure4.21: 2018 anual total CQe emissions of each system divided by boiler (red), electricity (blue), CHP
(purple). It does not include emissions produced by the CHP when gas generators are operating.

115























































































































































































