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Abstract 

Remote Northern communities in Canada suffer from unreliable access to energy. These 

largely indigenous communities derive their energy from fossil fuel-powered electricity generators 

and space heaters. This fuel must be transported long distances, which also contributes to non-

renewable energy consumption. Complicated travel logistics throughout the North further 

compound the issue. 

Renewable energy generators powered from sources such as wind and solar can largely 

address these issues. These generators can provide power on site, partly sidestepping the issue of 

fuel delivery, and greatly reduce greenhouse gas emissions. By employing a mix of thermal and 

electrical energy generation powered from wind and solar, a remote community’s energy grid can 

serve the three chief residential energy loads: space heating loads, domestic hot water loads, and 

plug-in electrical loads. 

MoCreebec Eeyoud Istchee is a grid-connected community located on Moose Factory 

island in Northern Ontario. This thesis uses the case study of the MoCreebec community to 

determine the benefits of implementing a coupled electrical-thermal grid to serve the residential 

energy needs of 140 households. The electrical-thermal grid employs a solar thermal array with 

(and without) heat pump assistance, a wind farm, an electric heater, a district heating grid, and a 

thermal storage tank. 

A model of the proposed energy system is built and simulated in TRNSYS, using a 

combination of empirical data and estimation methods to determine the community energy loads. 

An analysis is conducted to investigate how the yearly household energy costs and greenhouse gas 

emissions of the current grid-connected community fare when compared to a community reliant 
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entirely on fossil fuel (i.e. an off-grid community).  

Findings from the study conclude that in most cases the proposed energy system results in 

higher household energy costs and lower greenhouse gas emissions than the current grid-connected 

case. However, when compared to a more typical off-grid remote community, there are several 

instances where the proposed energy system cuts costs and carbon emissions by more than 50%. 
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Foreword 

Moose Factory, indicated in Figure 1, is an island Cree community located at the mouth of 

the Moose River along the James Bay in Northern Ontario. It was established as Moose Fort in 

1673 and became known as Moose Factory in 1821. Today, the island community stands at a 

population of about 2700 [1]. The island hosts two Indigenous groups; that of the Moose Cree, and 

the MoCreebec Eeyoud Istchee (henceforth, referred to as “MoCreebec”). MoCreebec residents 

number approximately 1000 [2].  

 

Figure 1: Moose Factory, ON [3] 

Unlike most remote communities in Ontario, MoCreebec is connected to the Ontario 

electricity grid (OEG) via a 115 kV transmission line. The transmission line extends over 150 km 

of forest from Moose Factory to Otter Rapids, the closest major switching station  [4], [5]. Thus, 

the community has ready access to electricity, whereas most other Indigenous communities in 

Canada are forced to rely on diesel generator plants for their electrical household needs [6]. Owing 
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to the existing electricity supply, MoCreebec’s residential energy needs were built to rely entirely 

on electrical energy. According to Statistics Canada, the average Ontario household uses 28 MWh 

of energy in a year [7]. By comparison, a MoCreebec residence uses about 27 MWh of energy in 

a year. The difference seems negligible until one considers that space heating and domestic hot 

water (DHW) account for approximately 80% of energy use in an average Ontario home [8]. 

Typically, these two loads are served primarily with gas-burning appliances [9]. As a result, the 

average Ontario home only relies on the OEG to supply around a quarter to a third of their total 

annual energy usage, comprised solely of plug-in appliance loads. Conversely, MoCreebec is fully 

reliant on the OEG to provide for its DHW, space heating, and plug-in loads. Historically, this has 

resulted in unaffordable energy bills for community residents. 

In an effort to rectify this trend, The MoCreebec council formed a partnership with Carleton 

University to initiate research regarding the investigation of sustainable, on-site energy generation 

options with the goal of supplanting the community’s current reliance on the OEG. This 

investigation was subsequently completed under an IESO Education and Capacity Building grant 

(ECB). The IESO-ECB program “provides funding to support awareness, education, skills, and 

capacity building initiatives” centered around energy related issues [10]. Three Master’s students: 

Keelia LaFreniere (i.e. the author of this thesis), Joshua Russell, and Joseph Coady were hired as 

research assistants to work on different but complementary aspects of the energy challenges facing 

the MoCreebec community. While Joshua conducted research on the policy and occupancy 

behavior related aspects of the project, both Keelia and Joseph were tasked with investigating 

potential sustainable engineering solutions for the community. Joseph focused on the feasibility of 

implementing a biomass-powered district heating (DH) grid in the Moose Factory community. 

Keelia focused on the feasibility of implementing a community electrical-thermal energy grid 
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powered with wind and solar thermal energy sources.
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Chapter  1: Introduction 

In Canada, most remote communities are located in the North and have a large proportion of 

indigenous populations. As these communities are unable to connect to the North American 

electricity grid, they rely on diesel to generate electricity. Consequently, energy security and 

affordability are major concerns. Diesel is costly, generates greenhouse gases (GHGs)  and local 

air pollution, causes soil and water contamination, and must be delivered to community sites which 

limits its availability [6], [11]. Such issues make diesel an undesirable energy source. Many remote 

communities have therefore expressed increasing interest in the pursuit of alternative energy 

sources that provide a cheaper, more sustainable, cleaner, and more reliable energy system. 

Alternative energy systems for remote communities may integrate renewable energy generation 

and the usage of district heating (DH) systems [12]. A DH system directly supplies buildings with 

thermal energy through a distribution network made of pipes. The network transports water that 

has been heated from a plant to various locations on the grid [13].  

Many numerical modeling studies have been conducted to assess the impacts of integrating 

various technological options into energy systems of varying scale. A literature review of studies 

focusing on district heating systems powered from solar thermal and wind energy is provided in 

the following section. 

1.1 Literature review of numerical modeling studies 

The following is a review of the studies currently available that focus on solar thermal and 

wind powered district energy systems.  

1.1.1 Solar thermal district heating systems 

In recent years, solar heating has been used with increasing frequency to power DH systems. 

Solar energy is an intermittent power source. Many heating systems that employ solar thermal (ST) 
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are small in scale, encompassing anywhere between one to about a dozen homes. These system 

designs are customized to fit the specific needs and climatic conditions of the location in question. 

Hsieh, Omu, and Orehounig [14] performed a simulation study focusing on centralized and 

decentralized solar thermal powered DH networks. An 11-building neighbourhood in suburban 

Switzerland was used as a case study. This study determined that varying the thermal energy 

storage (TES) sizing and individual energy load profiles can have a major impact on the resultant 

system economics and solar fraction (i.e. the percentage of total energy load served by solar 

power). It was determined that building-level long-term TES systems performed the best of the 

configurations considered. Ampatzi and Knight [15] corroborated this finding with their building-

level study of twelve Welsh dwellings being served by a solar thermal combisystem. A 

combisystem is a solar thermal system that serves both space heating and domestic hot water 

(DHW) needs [16]. Simulations were run using the TRaNsient System Simulations tool 

(TRNSYS). These simulations focused on the effects of weather data, electrical energy needs, and 

thermal comfort requirements on the solar thermal combisystem’s effectiveness. It was noted in 

the study that the higher the resolution of the load profile data, the more accurate and useful the 

economic results of the simulations became. Moreover, to design a robust and efficient system, the 

energy usage trends, housing insulation, physical dwelling layout, and other such parameters must 

be accounted for in great detail [15].  

Due to this high level of customization required in solar thermal system designs, there exist 

many validated solar thermal system models built to supply space heating and DHW needs. 

Ayompe et al. [17] designed two systems in TRNSYS to serve DHW loads in a typical European 

household; one that employed a flat plate solar collector, and one that employed an evacuated tube 

collector. The DHW loads were served using forced water circulation. It was found that TRNSYS 
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routinely overestimated the heat collected by the flat plate solar thermal collectors as well as that 

delivered to the load by roughly 7%. In the case of the evacuated tube collector, TRNSYS 

overestimated these parameters by 12% and 8%, respectively. Banister et al. [18] designed a similar 

solar thermal system. This system was also modeled in TRNSYS and was designed to serve DHW 

loads. However, this system used heat pump-assisted solar thermal (HPA-ST) to serve the DHW 

load for a single household based in Ottawa, ON, Canada. The addition of a heat pump boosts the 

amount of useful energy that can be extracted from the solar thermal system as compared to a 

system charged through only a solar thermal collector. It accomplishes this by enhancing the input 

low-grade energy to high grade energy through the addition of electrical energy [19]. Banister’s 

study compared the TRNSYS system simulation to a two-day experimental trial using a purpose-

built apparatus for the study. The comparison found the results to be in ‘excellent agreement’ [18], 

proving TRNSYS to be an effective tool in the analysis of such systems.  

Larger scale district heating systems are the subject of many studies as well. A study of 6 

simulated households and 3 schools in the climatic conditions of Naples, Italy was conducted using 

TRNSYS over a 5-year period by Rosato et al [20]. Performance of solar thermal heating in 

combination with short-term TES and borehole TES solutions was investigated. Backup heating 

was provided by one of three systems; an electric heat pump, a natural gas-fired boiler, and an 

engine-based micro-cogeneration unit. The simulations that employed the electric heat pump had 

a reduction in primary energy consumption of 8.5%, the largest reduction of the systems 

considered. 

A study of similar scope performed by Wang et al. [21] investigated a solar thermal district 

heating system employing a natural gas boiler as the supplemental heat source. A simulation was 

built in Matlab and applied to a theoretical case study of 20 buildings. As in Rosato et al. [20], the 
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building stock used in this study was mixed. It was comprised of both residential and office 

buildings. The simulations showed that when the area of solar thermal collectors equaled the area 

of the roof space of the buildings considered, the solar fraction of the system reached 15%. It was 

further shown that the DH system thermal losses decreased as the amount of decentralized solar 

thermal arrays was increased. Consequently, system pumping power also increased [21].  

Denmark has the largest share of the world’s solar thermal DH systems; more than 70% [22]. 

The country typically employs ground-mounted flat plate solar thermal collectors to power these 

DH systems, to which 64% of all Danish households are connected. The 111 large-scale ST DH 

networks in Denmark commonly employ electric heaters, gas boilers, heat pumps, and in one 

system, a biomass boiler, as secondary heat sources. The Danish ST DH systems are approximately 

40% efficient.  

To increase this efficiency, thermal energy delivery via DH systems may also be supplied by 

methods other than direct thermal energy transfer. The next section of this thesis explores the 

potential of integrating wind power in DH systems. 

1.1.2 Wind power-to-heat for district heating 

The use of electrical wind power in thermal applications has been employed to address the 

issue of curtailment. Curtailment is a blanket term for using only a portion of the power made 

available by an energy source [23]. With regards to wind power, curtailment means mechanically 

reducing a wind turbine’s output in order to produce less energy than is technically available at 

that moment [24] (see Section 2.3 for more information on curtailment). A 2018 study by Hailong 

et al. [25] examined the effectiveness of using a standalone wind turbine to power a HP, thereby 

providing space heating to a residence. The system used a battery bank to store electricity at times 

when the wind was blowing and no thermal load was present. It was found that while increasing 
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the battery bank size improved the system’s ability to serve the thermal load, further increasing the 

capacity of the wind turbine had comparatively no effect. During times of high thermal load, wind 

intermittency was incompatible with consistent heat pump operation. 

Böttger et al. [26] conducted a study in 2014 into the feasibility of using power-to-heat (PtH) 

technology in DH grids located in Germany. The concept was found to be particularly attractive 

when considering intermittent renewable PtH integration with existing combined heat and power 

(CHP) systems, which is a relatively simple upgrade. However, the economic utility of selling back 

extra power generation to the grid was determined to be unfavourable. This conclusion was owed 

to current German regulations, which include a feed-in-tariff program that pays electricity 

producers for excess electricity. This precludes this excess electricity from use in a PtH application. 

However, these policies are subject to change (feed-in-tariffs are set to expire for German 

renewable installations starting in 2021 [27]), and the study may therefore become economically 

viable in the future. This study also found that the theoretical maximum potential to convert 

thermal energy to electrical energy through the proposed PtH systems in Germany was 32 GWe. 

A similar study, conducted in 2017 by Schweiger et al. [28], examined the potential for PtH 

integration into Swedish DH systems via electric heaters. Although the estimations on the PtH 

heating potentials varied greatly (0.2-8.6 TWh per year), the study determined that the addition of 

TES systems increased the viability of PtH integration. Additionally, system economics became 

more appealing as the cost of electricity decreased. Notably, this study claimed that wind and solar 

energy are highly compatible with PtH technologies  [28].  

Yilmaz et al.’s [29] analysis of the PtH potential in the European energy system corroborates 

these findings. The study analyzed the potential to integrate PtH converters into the existing 

European DH grids using existing hourly residual load and heat load data. It was found that the 
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total potential capacity for PtH in Denmark, Germany, Austria, the Netherlands, France, and Italy 

combined will be approximately 20 GW in 2030. The study confirmed that there exists significant 

potential to integrate renewably sourced PtH converters into heating grids, but electricity prices 

make generating more energy than required to serve thermal loads an economically unsound 

approach. Chen et al. [30] examined increasing Chinese CHP system flexibility to allow for 

additional integration of wind power that would otherwise be curtailed. The CHP system was made 

more ‘flexible’ by increasing the availability of electric heaters and TES solutions to convert and 

store the otherwise-curtailed wind power. The study used a linear optimization model that 

prioritized the use of wind energy in the CHP system serving each of the Chinese heating districts 

considered. It was determined that integrating wind power with PtH technologies into Chinese 

CHP systems in this way was technically viable as well. The study found that 0.19 tonnes of coal 

combustion was displaced for every MWh of curtailed wind power used in these improved CHP 

systems. 

Like electric heaters, the use of heat pumps in tandem with wind power in order to provide 

PtH generation has been previously investigated. Both Meibom et al. [31] and Blarke [32] have 

demonstrated the potential for heat pumps to reduce both wind energy curtailment and reduce fossil 

fuel usage in existing thermal systems. Meibom employed a stochastic wind power model within 

the Northern European energy system. The study found that wind power curtailment was reduced 

by 13% when using heat pumps, and 20% when using electric heaters [31]. Blarke modelled an 

existing natural gas-fired 5 MWe CHP plant with reference data collected from 2003 to 2010. Using 

COMPOSE, a techno-economic optimization program used for the analysis of CHP systems, 

Blarke examined the benefits of adding heat pumps and electric heaters to the operation of this 

plant. The study focused on maximizing intermittency-friendliness and minimizing plant operating 
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costs. The results yielded a 21-33% operational cost reduction for the plant with a heat pump 

utilizing flue gas heat. The same plant with an electric heater reduced operational costs by less than 

1%. The electric heater increased intermittency-friendliness by approximately 5-10%, whereas the 

addition of the heat pump was found to both improve and worsen intermittency friendliness from 

year to year, by roughly 10% in either direction [32].  

1.1.3 Research Gaps 

The studies described in Sections 1.1.1 and 1.1.2 discuss the potential technical benefits of 

integrating solar thermal and wind technologies in district heating systems. The impacts of 

introducing various components to improve system efficiencies were also examined, chiefly the 

effect of TES systems and PtH technologies such as heat pumps and electric heaters. Residential 

load profiles, both estimated and derived from empirical data, were used to assess the efficacity of 

these systems. Worth mentioning is the recurring theme that these renewably sourced heating 

systems are sensitive to a wide and sometimes unpredictable array of parameters, requiring that 

each design be heavily tailored to the current technological, climatic, and political landscape of the 

region in question. 

Although both solar thermal and wind were shown to be viable sources worth integrating in 

electrical-thermal grids via PtH technologies, the studies found in the literature tended to focus on 

the integration of a single source of renewable energy into these energy systems. Multiple 

intermittent renewable energy sources being fed into the same heating grid was not explored. As 

such, the effect of varying the installed capacity of a single renewable energy source in an energy 

system comprised of multiple sources is still not well understood. The evaluation of a HPA-ST 

driven district heating system, wherein the heat pump is powered purely by a wind turbine, is also 
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markedly absent. 

Finally, while there have been grid-connected and off-grid studies of each of the systems 

mentioned above, no studies investigate how the functionality of a single solar thermal/wind driven 

district heating system would fare in a grid-connected versus off-grid environment. 

1.2 Objectives  

The primary objective of this thesis is to assess the impacts of integrating both wind and 

solar thermal energy in a coupled electrical-thermal grid (integrating electrical and thermal energy 

use in a single system) relative to a conventional fossil fuel-based energy system.  

The two sub-objectives of this thesis are: 

1) To investigate the potential benefits of using a HPA-ST system versus a direct ST system, 

and;  

2) To assess the impacts of implementing the proposed system in both grid-connected and 

off-grid communities. 

The MoCreebec community is used as the grid-connected case study in this research. An off-

grid community sharing the same energy profile as MoCreebec is developed and used to assess the 

proposed energy system performance when operating off-grid. 

1.3 Organization of the thesis 

The main body of this thesis contains six chapters. Chapter 2 is an overview of the basic 

engineering principles related to the technologies discussed in this thesis. The principles covered 

include those of solar heating plants, DH grids, wind energy, and coupled electrical-thermal grids. 

Chapter 3 describes the methodology applied to the research. The modelling tool, and the 

case study location and energy profile are discussed. This chapter also describes the energy 

estimation methods utilized to develop the energy models and underlying scenarios. Finally, model 
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assumptions, inputs, costing data, and carbon analysis parameters are provided. 

Chapter 4 presents the simulation results for all proposed energy system models. These 

simulation results span grid-connected, off-grid, HPA-ST, and direct solar thermal models. 

Simulation energy outputs, carbon footprint comparisons, and economic analyses are presented. A 

sensitivity analysis assessing the effect that altering several different costing variables has on the 

system economic results is included. 

Chapter 5 provides an analysis of the simulation results, in which eight key findings of this 

research are outlined and discussed. 

Finally, in Chapter 6, recommendations regarding next steps towards the proposed energy 

system implementation are made. These recommendations include areas for further research and 

recommended actions to be undertaken by the MoCreebec community. These actions account for 

current provincial policies, community preferences, and simulation results. 
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Chapter  2: Background 

In the interest of generating clean thermal energy, many cities and industries have been 

turning to district heating (DH) systems powered by renewable sources. These systems can vary 

greatly in size, from servicing an individual building to entire cities. It is estimated that worldwide, 

there are currently more than 80,000 district heating systems in use [13]. Many of these systems 

use technologies such as thermal energy storage (TES), solar thermal (ST) (with and without heat 

pump assistance [HPA]), and power-to-heat (PtH) plants to convert excess intermittent renewable 

energy to useful heat. 

TES systems are used in conjunction with district heating systems to further increase DH 

system effectiveness. In Canada, domestic hot water (DHW) and space heating loads are 

responsible for an estimated 80% of residential energy use [33], [16]. The advantage of TES 

systems is that they can be charged from temporally fluctuating renewable sources such as solar 

thermal energy at times when excess energy is available and discharged at times when energy is 

required. The use of a TES-based energy grid can increase the penetration of these renewable 

energy sources in a thermal system [34], [14]. This captured sensible heat can be stored in many 

mediums, including but not limited to water, rock or gravel beds, soil, and chemical storage 

systems. Due to its high heat capacity, its low cost, and ready availability, water remains a standard 

storage medium for solar thermal-powered TES installations [33].   

Heat pump-assisted solar thermal (HPA-ST) systems have been in use for decades now. They 

have been determined to be a technically viable alternative to traditional fossil fuel powered 

heating systems, and as such hold great appeal as a more sustainable space heating alternative. 

HPA-ST systems share a key characteristic in common with direct solar thermal set-ups: each 

system is tailor-made for the installation’s regional energy needs and climate. The systems are so 
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highly specialized for their individual installations that a defining characteristic for one system can 

be disregarded altogether in another [35]. 

In addition to being constructed in step with a new district heating system installation, solar 

thermal systems, HPA or otherwise, may be retroactively installed into existing heating grids. One 

study suggests that modestly (in comparison to the capacity of the original system) sized solar 

arrays may be installed into existing DH grids to achieve solar fractions of up to 15% [36]. 

DH systems can also be charged with electrical generation through PtH technologies. 

Electricity that would otherwise be curtailed from a wind farm (WF) can be sent to an electric 

heater (EH) to be converted to thermal energy for use in a DH. Alternatively, this otherwise 

curtailed electricity can be used to operate a heat pump to extract heat from the air, ground, or ST 

systems [37]. 

The technologies mentioned above (and their underlying engineering principles) are 

described in more detail in the following sections. 

2.1 Solar heating plant principles 

A ST collector is a device that absorbs incoming solar radiation, then transfers the amassed 

heat through a heat transfer medium. This medium is usually air, water, or oil. The thermal energy 

can then be used for a variety of purposes, such as DHW or space heating, depending on the supply 

temperature provided by the ST collectors [38], [39].  

A flat-plate collector (FPC) is a simple collector model, which consists of six key 

components. Figure 2 shows the location of these components in an assembled FPC. A glazing 

layer permits radiation to enter the collector. Fluid passageways permit heat transfer fluids to flow 

from the collector inlet to outlet. These passageways can be built using a header pipe that is fed by 

many riser pipes spanning the length of the collector. The passageway may also be a single tube 
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that runs back and forth across the collector in a serpentine fashion. Headers serve as the inlets and 

outlets through which heat transfer fluid is admitted and discharged from the collector. Insulation 

is installed to minimize heat loss. Finally, the collector is assembled inside of a casing in order to 

protect all components from environmental damage [39].  

 

Figure 2: Schematic of flat plate solar thermal collector assembly (adapted from [37]) 

Solar thermal systems are sized according to the desired energy system functionality at the 

point of use. For example, a solar thermal array being installed in a preexisting grid can be sized 

to minimize system installation costs while maximizing fractional energy savings. Conversely, a 

system could instead be sized to produce the largest energy output for the available installation 

area, regardless of cost.  

A simple solar thermal system can be controlled using a differential temperature controller 

(DTC), as shown in Figure 3. In this diagram, two temperature sensors (one at the ST array outlet, 

and one at the storage tank inlet) are read by a DTC. The temperature at the outlet of the ST array 

is read and compared to the temperature at the storage tank inlet. If the ST array outlet temperature 

is above that of the storage tank, then the system is set to charge the tank with the heat transfer 

fluid via a heat exchanger using a solar pump. If not, then the heat transfer fluid continues to 

circulate through the ST collector until it reaches a temperature suitable to charge the TES. The 
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solar pump remains off until this time. 

 

Figure 3: Solar thermal array simple control scheme (adapted from [37]) 

ST systems may also employ heat pumps to increase the amount of useful energy extracted 

from the ST array. Figure 4 shows a simple diagram of such a system. The solar collector feeds a 

DHW storage tank. There is a secondary storage tank, called the buffer storage tank, from which 

a HP draws thermal energy in order to heat fluid that was otherwise too cool to be stored in the 

DHW tank directly. This fluid is then sent to the DHW tank (or through a supplementary heating 

circuit, if necessary) to serve the DHW load.  
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Figure 4: Heat pump-assisted solar thermal water heating system diagram (adapted from [38]) 

The energy collected by ST arrays can be used directly in a DH system. Collectors can be 

arranged in arrays, with combinations of collectors connected in series and in parallel. Sometimes 

specific manufacturer instructions dictate the array connections to ensure the highest heat transfer 

through the system [41]. A solar district heating system at its most basic includes a solar thermal 

array, a heat exchanger, a storage system, a backup system, a piping network, and a load to serve 

[42]. 

The following section discusses the basic engineering principles for renewably-powered 

district heating systems. 

2.2 District heating grid principles 

A simple DH system comprises a production plant, a transmission/distribution system, and 

in-building heating equipment. Figure 5 displays the layout of this simple system. The production 

plant serves as the heat source for the system, and can take the form of a boiler, an incinerator, a 
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heat exchanger, or a chiller. The fuel used in the production plant may be renewable or non-

renewable. The transmission and distribution system then sends heated fluid through the network, 

delivering thermal energy to all points on the grid and directing cooled fluid back to the production 

plant to be reheated. The in-building equipment may be used to serve the DHW load, space heating 

load, or other such applications [43].  

 

Figure 5: Layout of a simple district heating system (adapted from [41]) 

According to Kavvadias et al. [44], combined heat and power (CHP) based DH systems are 

most commonly controlled according to one of the five strategies, as outlined in Table 1. “Heat 

demand following” serves the heating load first, and the electrical load second. “Electricity demand 

following” does the opposite. “Continuous operation” has the system operating for a given amount 

of time, regardless of electrical or thermal energy demand. “Peak shaving” operates strategically 

in order to serve part of the electrical and thermal load during peak hours. Finally, “base load 

operation” sets the DH system to serve a constant portion of the energy load and lets other 
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dispatchable energy systems take care of peaking energy loads. 

Table 1: Typical district heating system control strategies [44] 

Strategy Method 

Heat demand 

following 

Serve heat load first, then buy or sell electricity as required 

Electricity demand 

following 

Serve electrical load first, use via an auxiliary boiler or waste 

generated thermal energy as required 

Continuous operation System operates for a given amount of time, regardless of energy 

demand 

Peak shaving System operates for limited time to serve part of the load during peak 

hours 

Base load operation System operates to provide a constant energy load 

 

The following section discusses wind energy intermittency, and the strategies employed to 

overcome it. 

2.3 Wind energy and intermittency 

Wind energy is harnessed through wind turbines. When multiple turbines are installed at a 

single location, this is referred to as a WF. A simple diagram of a wind turbine energy system is 

shown in Figure 6. When the wind blows through a turbine, it turns the blades, which rotates the 

rotor. The rotational energy in the rotor is transferred through a gear system to power an electrical 

generator. The generated electricity is fed into a power grid for use by consumers. A controller 

operates the gear system and the generator, ensuring such things as a constant voltage output and 

that the turbine does not spin too quickly in heavy winds [45].  
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Figure 6: Basic wind turbine components (adapted from [45]) 

Wind energy is by its nature unpredictable and therefore presents issues when trying to 

integrate into an existing power system. Wind turbines disconnect and reconnect regularly to the 

power grid during periods of limited or excessive wind speeds, causing transient grid instability 

issues [46], [47]. Even wind variations on a scale too small to stop energy production can cause 

voltage fluctuations on the grid, which manifest themselves most notably as flickering lights [47].  

The more common method of preventing these intermittency issues is to curtail the wind 

power output based on the load served by the local electrical grid. A report from the Risø National 

Library [48] suggests that the instantaneous penetration of wind power should be approximately 

25-35% of the momentary energy demand to ensure grid stability. In a study regarding the 

integration of renewable electricity into remote Northern Ontario communities, instantaneous 

penetration from renewables was kept between 20 and 50% for these reasons [49]. 

Off-grid systems most commonly use both wind energy and a diesel generator plant in 

tandem. This ensures a constant source of electricity for remote communities [50]. Wind energy 

penetration is typically kept below 40% in these systems, as further penetration results in a 

reduction of power quality [47].  
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Curtailment presents another issue. In assuring the stability of the grid, potential electrical 

generation is sacrificed. China, one of the world’s largest producers of wind power, curtails an 

annual average of 10-20% of their wind power [23]. To reclaim this wasted energy, district PtH 

technologies may be employed. This technology is explained in detail in the following section. 

2.4 Benefits of district power-to-heat technologies for addressing intermittency 

PtH technologies provide flexibility to an existing electrical grid when intermittent 

renewable energy generators are introduced. It has been established that renewable energy 

availability does not necessarily correlate with energy demand. With PtH systems, excess 

electricity generated during off-peak energy usage times can be converted to useful thermal energy 

and subsequently stored or immediately employed [37], [51]. 

PtH applications are varied, and therefore so are the technologies developed to employ them. 

Bloess et al. [37] divides PtH technologies into two groups; centralized and decentralized. Of 

interest in this study is the DH system, which utilizes a centralized PtH approach. DH systems can 

be fed by heat pumps, which may be ground-sourced or utilize waste heat from other industrial 

processes. Electrically driven heat pumps can utilize electricity generated from renewable sources 

that would otherwise be curtailed.  

This excess electricity may also be used to run an electrical boiler, which directly heats fluid 

that can then be fed into a DH system. This technology can be applied to both on and off-grid 

systems, especially when paired with a TES system to stockpile excess thermal energy during 

periods of high electrical production and low electrical demand. 
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A study conducted on Helsinki, Finland found that the application of PtH technologies can 

potentially reduce the amount of surplus (i.e. wasted) electricity generated by the current energy 

grid by up to 35%. Adding a TES component to the PtH units further reduces this amount by 

approximately 3-6%, and load shifting was found to reduce it about another 2-5% [52]. In addition 

to technological benefits, PtH technologies also have a positive effect on renewable energy system 

economics, which results in fewer subsidies required to increase the market penetration of 

renewable energy generation [51]. 
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Chapter  3: Methodology 

3.1 Case study: The MoCreebec community 

The MoCreebec community, located in Moose Factory, ON, is used as the case study in this 

research. Researchers from Carleton University travelled to Moose Factory on two separate 

occasions; once for 3 weeks in 2018, then again for 5 days in 2019. Researchers gathered data on 

the local renewable energy supplies, local climate and topology, and community sensitivities 

towards these proposed technologies through meetings, workshops, focus groups, and the 

administering of surveys. This information proved invaluable, as local knowledge nullified data 

previously found through the Government of Canada’s website. This local knowledge is the reason 

why hydro power was removed as a possible renewable energy source, due to poor suitability 

despite high local hydro potential. Concern regarding the continued maintenance of a solar 

photovoltaic electrical system by community residents contributed to the decision to disregard 

solar photovoltaics as an energy source. 

Climate data from Moosonee, ON is utilized as there is no data available specifically for 

Moose Factory. Moosonee is located approximately three kilometers from Moose Factory Island, 

on the mainland. 2016 is the most recent year data is available for the Moosonee/Moose Factory 

area [53]. 

Figure 7 shows the wind speeds recorded in Moosonee in 2016. There is a good, consistent 

wind resource present in the area, providing potential for the installation of a wind farm (WF). In 

Figure 7, Figure 8, and Figure 9, hour 1 represents January 1st at midnight, and hour 8760 represents 

December 31st at 11pm. 
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Figure 7: Moosonee 2016 wind speed [53] 

Figure 8 shows the 2016 daily average incident insolation present in Moosonee. The area 

gets significantly less insolation during fall and winter months. However, it has high levels of 

insolation during the spring and summer. Solar thermal is therefore a viable renewable energy 

source for the region. 

 

Figure 8: Moosonee 2016 solar radiation [53] 

Figure 9 shows the 2016 ambient outdoor temperature in Moosonee. The coldest 

temperatures correspond with the periods of lowest insolation shown in Figure 8 below. The low 

temperature in the area corresponds with high space heating needs for residents. 
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Figure 9: Moosonee 2016 ambient outdoor temperature [53] 

3.1.1 Energy profile 

The MoCreebec community has approximately 1000 residents [1]. The community building 

stock comprises the homes for these residents, as well as several other commercial centres such as 

the hospital, the public school, and the Cree Village Ecolodge (a 20-room hotel) [55]. All of 

MoCreebec’s residences and other buildings reside on the off-reserve segment of the island [1]. 

For the purposes of this study, only the energy profile of the residential buildings is considered. 

This is owing to the difficulty encountered when searching for reliable statistics on energy usage 

in the larger commercial buildings.  

Apart from their electrical plug-in loads, MoCreebec currently uses electricity to serve nearly 

100% of their space heating and domestic hot water (DHW) needs. Figure 10 shows that space 

heating and DHW heating combined comprise approximately 61% of the MoCreebec community’s 

annual residential energy load. This high electricity usage has resulted in a complete dependence 

on the Ontario electricity grid (OEG) for their energy supply. 
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Figure 10: MoCreebec Residential Energy End-Use Distribution 

3.1.2 Energy model description 

The energy system combinations proposed in this thesis use a district heating (DH) grid to 

serve both the DHW and space heating loads of the community, supplanting the current fully 

electrically heated system. This significantly reduces the community’s reliance on third party 

providers for their energy security.  

Two model scenarios are considered in this study. Scenario 1 and scenario 2 are 

representative of a grid-connected system and an off-grid system, respectively. For each scenario, 

two alternative energy system configurations are considered. Configuration 1 represents a single 

thermal energy storage (TES) tank system with a heat exchanger located between the tank and the 

solar thermal (ST) array (henceforth referred to as direct ST), and includes a WF. Configuration 2 

is distinct from configuration 1 in that two TES tanks are utilized instead of one, and the system 

employs a heat pump-assissted solar thermal (HPA-ST) system. Configuration 2 also includes a 

WF. These energy system models and configurations are described in Table 2. 
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Table 2: Energy system scenarios and configurations 

Scenario Configuration Abbreviation System description 

1 1 S1C1 Grid-connected with thermal storage, 

wind power, and direct ST  

2 S1C2 Grid-connected with thermal storage, 

wind power, and HPA-ST  

2 1 S2C1 Off-grid with thermal storage, wind 

power, and direct ST  

2 S2C2 Off-grid with thermal storage, wind 

power, and HPA-ST  

The model configurations are decided upon after many iterations. Different renewable 

energy systems are considered and discarded based on MoCreebec local testimony and available 

resource data. The system is reconfigured several times over to find the simplest version that is 

able to account for all system needs; i.e. system overheat, thermal energy deficits, maximized 

energy extraction, and maintenance on minimum temperature requirements. 

Energy system configurations 1 and 2 (each depicting grid-connected and off-grid scenarios) 

are shown schematically in Figure 11 and Figure 12, respectively. Both grid-connected and off-

grid scenarios govern the transfer of electricity from the WF throughout the rest of the proposed 

energy system through a grid control unit (GCU). Both scenarios utilize an electric heater (EH) to 

convert excess electricity into thermal energy that can be used by the DH system. The TES tanks 

of both configurations are connected to a cooling tower (CT) that provides an outlet for excess 

thermal generation that can neither be deployed in the DH grid nor stored in the TES. The TES 

tanks operate with an upper temperature limit of 95°C. Factoring in heat losses in the DH system 

and assuming the use of tempering valves at DHW taps along the DH grid to lower the water 

temperature and eliminate scalding [56], a minimum DH supply temperature of 70°C is selected 

(maintained through the use of a fossil fuel heater [FFH] should the DH supply temperature fall 

below 70°C). The upper temperature limit of 95°C is selected as it is assumed to be the highest 
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safe temperature at which water can be stored without risk of water vaporization. Both 

configurations operate the ST array with a glycol loop. The working fluid of the loop is 75% 

ethylene glycol by volume to prevent freezing of the fluid during periods of low ambient 

temperature [57].  

The direct ST configuration (C1) employs the use of a single TES, whereas the HPA-ST 

configuration (C2) uses two TES tanks (a large TES and a small solar accumulator tank [SAT]) to 

permit the addition of the HPA-ST system. 

The grid-connected scenario (S1) dumps excess electricity generated by the WF (i.e. 

electricity that cannot be utilized in the community energy system) to the OEG and draws 

electricity from the OEG during periods of high electricity load and low wind availability. The off-

grid scenario (S2) uses a diesel generator plant to provide supplemental electricity as required. As 

there is no larger electrical grid into which to feed excess electrical generation in S2, all excess 

electricity is used to power the HPA-ST (in C2), or converted to thermal energy and either stored 

in the TES or vented through the CT as required.  

The specifics of the simulation parameter selections employed in this research are discussed 

in detail in Section 3.2.3. The dispatch strategies governing the operation of the proposed energy 

systems illustrated in Figure 11 and Figure 12 are discussed in Section 3.2.4
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Figure 11: Schematic representation of Configuration 1 (C1) – wind power combined with direct 

ST system 
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Figure 12: Schematic representation of Configuration 2 (C2) – wind power combined with heat 

pump-assisted solar thermal (HPA-ST) system 
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3.2 The Transient Systems Simulation Tool (TRNSYS) 

The transient systems simulation tool, TRNSYS, is used to develop the models and perform 

the simulations presented in this research. TRNSYS provides a numerical environment for the 

transient simulation of energy systems. The tool focuses on the simulation of solar systems, low 

energy buildings, renewable energy systems, and cogeneration-based systems. To run simulations, 

users connect individual component models (referred to in TRNSYS as ‘types’) together to form 

their system model. The source code governing these types is made available to users, permitting 

the alteration of existing types or the creation of new types in order to suit the users’ purposes [58]. 

TRNSYS is an equation solving program, and as such, the mathematics governing each type can 

be found and verified through the Mathematical Reference that is provided with each version of 

the program [59]. This makes model validation a straightforward process. There exist many papers 

with validations of individual types and components- too many to be mentioned here. A lengthy 

list of journal and conference publications that make reference to TRNSYS may be found on the 

papers and validation page of the University of Madison-Wisconsin website [60]. 

3.2.1 TRNSYS types used to simulate energy model components & 

model assumptions 

The TRNSYS models developed for this research all share the same elements. The model 

runs the simulation in one-hour time steps for the duration of one year. A list of the key components 

employed and the functions they serve is included in Table 3. 
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Table 3: TRNSYS component types used to develop models, and their associated functionalities 

TRNSYS 

Component Names 

TRNSYS 

Type  

Purpose in Simulation 

Solar thermal flat 

plate collector  

942 Flat plate solar thermal collector operating under 

steady state conditions [61]. The parameter values 

used in this type are determined using a method 

outlined by Duffie and Beckman [62] 

Wind energy 

conversion system 

(WECS) 

90 Wind turbine generating power per climatic inputs 

and user inputs for wind turbine parameters, assuming 

operation at the Betz limit [63] 

TES tank 534 Vertical cylindrical constant volume fluid-filled 

storage tank with up to 5 inlets/outlets through which 

to pass fluid [64] 

Auxiliary heater 659 Heats fluid stream passing through the component; 

serves as the FFH [65]. The FFH operates with 95% 

efficiency [66] 

Auxiliary cooler  1246 Cools fluid stream passing through the component; 

serves as the CT. The auxiliary cooler operates with 

100% efficiency [65] 

Electrical boiler 700 Serves as the PtH electrical heater for excess wind 

energy production and converts electrical energy to 

thermal energy, operates with 100% efficiency [65] 

Pump 114 Single, constant speed pump controlled by a binary 

input control signal, operates with 100% efficiency 

[67]. Used in the heating plant 

Variable speed 

pump 

110 Variable speed pump (VSP) serving as the DH grid 

supply pump using direct values from Coady [68] for 

pumping flowrates. Efficiency of the pump was 

assumed to be 80%  

Heat exchanger 91 Zero capacitance, constant effectiveness heat 

exchanger with an effectiveness of one (idealized) 

used to transfer energy to and from different flow 

streams [67] 

Pipe 31 Included in order to encourage numerical stability of 

simulations. Without it, the lack of energy capacitance 

causes numerical oscillation issues which prevent 

system convergence [69] 

 



 30 

 Several components of the proposed energy system model are implemented in TRNSYS 

using simplified methods. The CT, which is present in all scenarios and configurations, is modeled 

in TRNSYS as an auxiliary cooler to remove excess thermal energy from the flow stream directly. 

Similarly, the FFH (also present in all scenarios and configurations) is modeled using an auxiliary 

heater with 95% combustion efficiency [66].  

Energy required from the diesel generator plant is assumed to be the difference between 

the available WF electricity and the plug-in load for the current time step. The generator plant is 

only activated when there is insufficient electrical energy being generated by the WF. The diesel 

generator plant is assumed to have an average electrical conversion efficiency of 42.5% [70].  

The HP is modeled using an auxiliary heater and auxiliary cooler to directly add and remove 

the energy from the load and supply flow streams, respectively. An idealized heat exchanger passes 

this energy to the TES. See Section 3.2.3 for a more detailed description of the HP implementation. 

TRNSYS Model Assumptions 

The following assumptions are applied to the models used in this study: 

1. The infrastructure for diesel generator plants, municipal electricity distribution, and a 

connection to the provincial power grid are already in place. 

This assumption is made because the provincial power grid connection is already in place 

in MoCreebec. Additionally, off-grid communities that rely on diesel have preexisting 

generation and distribution infrastructure. 

2. The wind farm is always generating power if the wind is blowing. 

This assumption is made for the sake of simplicity in the model. The TRNSYS wind turbine 

type in the model is highly generalized, so it is deemed reasonable to ignore cut-out speed 

limitations. 



 31 

3. All pumps operate with no losses and require no energy input to operate. 

The pump supplying the DH distribution network of pipes is the single largest pumping 

load in the system. The DH pumping energy is found to be less than one quarter of a percent 

of the yearly electrical energy load [68]. Since the largest pump represented such a small 

portion of the yearly energy load, it is decided that the pumping energy for all pumps will be 

neglected for simplicity.  

4. All heat exchangers operate at 100% effectiveness. 

This assumption is made for the sake of simplicity in the model. 

5. All storage tanks have an edge loss coefficient of 5 kJ/h·m2·K.  

This is an average value for a storage tank edge loss coefficient acquired from Wills’ work 

with water-based TES systems [69].  

6. The CT uses no electricity. 

This assumption is made for the sake of simplicity in the model, in part due to the 

infrequency with which the CT is employed. 

7. System thermal and pumping energy losses occur only in the DH grid. 

This assumption is made since the model is meant to be implemented in a very compact 

area. Transmission losses are therefore limited to the more widespread DH distribution 

network. 

3.2.2 Load distribution of proposed energy system  

The MoCreebec energy model comprises a total of 140 houses, which are broken down into 

2, 3, 4, and 5-bedroom houses, shown in Table 4. There are approximately 30 houses with 2 

bedrooms, 60 houses with 3 bedrooms, 30 houses with 4 bedrooms, and 20 houses with 5 

bedrooms.  
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Table 4: Distribution of MoCreebec housing stock used in model combinations 

Number 

of 

Bedrooms 

per 

House 

Number 

of 

Houses 

2 30 

3 60 

4 30 

5 20 

 

Figure 13 shows a stacked graph of the estimated yearly energy usage for these 140 houses, 

divided into the following three load categories: space heating, DHW, and plug-in loads. Currently, 

the space heating load is estimated based on measured electrical load data for the years 2016, 2017, 

and 2018. To determine the true magnitude of space heating in these houses, it is assumed that an 

additional load equivalent to approximately 5% of the space heating load is added to the estimated 

yearly energy usage to account for the use of wood-burning stoves in the community. This 

estimation is based on the percentage of homes in the MoCreebec community that have a wood-

burning stove in addition to their electric baseboard heaters [71].  

The space heating load comprises the bulk of the yearly energy load. No space cooling load 

is assumed for this study. In Ontario, an average of 5% of yearly energy load is used for space 

cooling. MoCreebec residents use space cooling less than the typical Ontarian [72]. Thus, space 

cooling is assumed to be sufficiently small as to be neglected. DHW loads are estimated using a 

stochastic numerical tool developed by NREL [73]. Details regarding the methods used to estimate 

electrical and heating loads are described in Section 3.2.5.  
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Figure 13: MoCreebec community yearly load distribution (constructed from combination of 

measured data and estimation methods) 

 

3.2.3 Component specifications for combinations 

A total of 140 combinations of the proposed energy system are run in TRNSYS. Each of the 

140 combinations is a different permutation of the following parameters: the size of the ST array, 

the number of turbines in the WF, grid-connected or off-grid, and the proposed energy system 

configuration.  

Table 5 shows a summary of the variations in component sizes used with the combinations 

assessed in this study. These components include the ST array surface area, the SAT and TES 

volumes, and the number of wind turbines in the WF. Variations of these key components are 

determined separately for each of the four scenario and configuration pairs. Following Table 5 is 

an explanation of how each component sizing range listed is determined. 
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Table 5: Combinations of model parameters for the ST array, SAT, TES, and WF used in 

combinations simulated in TRNSYS 

Scenario & 

Configuration 

ST array 

size (m2) 

% Area of 

Maximum 

ST Array 

Size 

SAT 

Volume 

(m3) 

TES 

Volume 

(m3) 

# of 

Turbines in 

WF 

S1C1 0 0 N/A 500 0-6 

3318 25 N/A 125 0-6 

6635 50 N/A 250 0-6 

9953 75 N/A 375 0-6 

13270 (max) 100 N/A 500 0-6 

S1C2 0 0 0.5 300 0-6 

244 25 0.5 75 0-6 

487 50 0.5 150 0-6 

731 75 0.5 225 0-6 

974 (max) 100 0.5 300 0-6 

S2C1 0 0 N/A 500 0-6 

3318 25 N/A 125 0-6 

6635 50 N/A 250 0-6 

9953 75 N/A 375 0-6 

13270 (max) 100 N/A 500 0-6 

S2C2 0 0 0.5 300 0-6 

244 25 0.5 75 0-6 

487 50 0.5 150 0-6 

731 75 0.5 225 0-6 

974 (max) 100 0.5 300 0-6 

 

The maximum ST array size is different for each of the two system configurations. The 

maximum ST array size for the S1C1 and S2C1 energy system combinations (employing a direct 

ST system) is selected based on the area of roof space available for collector installation on the 

140 homes. This value is approximated as 13, 000 m2, assuming an average roof area of 93 m2 per 
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house. Though this study assumes the ST array will be installed as a single centralized plant, the 

surface area of the 140 homes is employed as a logical stopping point for the increase in the ST 

array’s size. Logically, it serves that the larger a ST array, the larger the solar fraction provided by 

the array. However, it is infeasible to continue building larger ST arrays after a point due to the 

rising cost. The flat plate collector (FPC) type implemented in the combinations is modeled after 

the Vitosol 200-FM SH2F model FPCs, built by Veissmann. These FPCs have an absorber area of 

2.32 m2 [41],  which means the full-sized ST array S1C1 and S2C1 combinations have 5720 FPCs 

installed. The ST array is reduced by increments of 25% from the maximum ST array size down 

to 0.  

For the S1C2 and S2C2 combinations (employing a HPA-ST system), the HPA-ST system 

is found to require a much smaller collector area in order to provide solar fractions comparable to 

the S1C1 and S2C1 combinations. The maximum number of FPCs installed in the S1C2 and S2C2 

combinations is therefore set to 420, roughly 14 times fewer than the number used in the S1C1 and 

S2C1 combinations.  

Maximum TES and SAT volumes are selected using the following method. First, the initial 

values for tank sizing used are based on industry standards. These values vary between 41 to 61 

L/m2 of ST array installed, with the caveat that colder climates require smaller ratios [52], [70], 

[71]. By running combinations with variations of these industry standards and recording how the 

installation cost of the tank varies against the fraction of yearly energy load served by the DH grid, 

an optimal ratio of 20 L/m2 of ST array installed is selected.  

To determine the maximum capacity for the TES, combinations of the configuration 1 and 

configuration 2 models are run with all parameters listed in Table 5 fixed except the TES volume. 

To gauge the effectiveness of each component in the proposed energy system, the thermal energy 
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contributed by each system component is listed as a fraction of the total yearly thermal energy 

load. These energy fractions are generated for the direct ST, the HP, the EH, and the FFH. The 

effect that varying tank size has on the proposed energy system component energy fractions is 

recorded and examined for a trend that suggests an optimized TES volume. These energy storage 

results are then compared to the cost of building the TES using costing estimations from Xu et al. 

[77]. The maximum TES size (determined to be 300 m3 for configuration 1 combinations, and 500 

m3 for configuration 2 combinations) is reached by determining the TES volume at which the 

marginal increase in the EH, direct ST, and HP energy fractions obtained by increasing the TES 

volume becomes too small to justify the corresponding increase in cost. 

For all combinations in which there is no ST array, the TES size is reverted to its maximum 

value. This permits the EH to provide the largest possible fraction of yearly energy demand. 

The TES volume in the model is linked with the ST array size and is decreased in linear 

proportion with each decrease in the ST array size, shown in Table 5. The S1C2 and S2C2 designs 

have small, unchanging SAT volumes of 0.5 m3. The addition of the SAT is necessary for the HP 

to operate properly; however, the size of the SAT has little impact on the system performance. It 

is therefore set to an arbitrarily small volume in the S1C2 and S2C2 combinations. 

The wind energy conversion system (WECS) type in the TRNSYS combinations emulates a 

Xant M-24 wind turbine. These turbines are selected since they are designed for operation in colder 

climates, have relatively low cut-in wind speeds, and are designed such that they can be transported 

in standard 12 m containers and assembled using a simple gin-pole and winch or crane. This makes 

them especially easy to transport and assemble in remote areas without the need for large pieces 

of machinery. The turbines are rated for 95 kW output and have a hub height of 24 m. The turbines 

begin generating power when wind speeds reach or exceed 2.5 m/s, which occurs frequently in the 



 37 

area as seen in Figure 7 [53], [54]. The maximum WF size of 6 is determined due to the high cost 

of a larger farm, the large spacing requirements for such a farm, and the concern that a larger farm 

would feed back too much electricity to the OEG. The number of wind turbines in the WF is 

reduced from 6 to 0 for each ST array sizing increment, shown in Table 5.  

The HP in the S1C2 and S2C2 TRNSYS models is implemented using an auxiliary heater 

and cooler (respectively types 659 and 1246 in TRNSYS, see Table 3), which emulate the 

movement of energy through a HP. Heat is exchanged between the SAT and the water flowing 

through the HP with the use of the auxiliary heater and cooler. When operating at full load (i.e. the 

HP is functioning at its maximum capacity), the coefficient of performance (COP) of the system 

is determined using Equation (1). The difference between the heat rejected from the condenser into 

the TES flow stream, 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟, and the heat absorbed into the condenser from the SAT flow 

stream, 𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟, is termed the useful energy generated by the HP, 𝑄𝑢𝑠𝑒𝑓𝑢𝑙. The COP of the HP 

at any given time step is given by dividing 𝑄𝑢𝑠𝑒𝑓𝑢𝑙 by the energy required to run the compressor, 

𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟. 

 𝑪𝑶𝑷 =
𝑸𝒖𝒔𝒆𝒇𝒖𝒍

𝑬𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓
=

𝑸𝒄𝒐𝒏𝒅𝒆𝒏𝒔𝒆𝒓  − 𝑸𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒐𝒓

𝑬𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓
 (1) 

The HP also runs at less than full load. To determine the COP of the HP when it is operating 

at what is referred to as part load, the part-load factor (PLF) method described by Bettanini et al. 

[78] is employed. This method uses Equation (2) to calculate the COP of the HP when it is being 

run at part load, 𝐶𝑂𝑃𝑃𝐿. The HP can’t operate at full load if the compressor requires more energy 

to run than there is excess power available from the WF, 𝐸𝑒𝑥𝑐𝑒𝑠𝑠 𝑝𝑜𝑤𝑒𝑟 (see Figure 14 and Figure 

15 in Section 3.2.4 for a detailed account of how 𝐸𝑒𝑥𝑐𝑒𝑠𝑠 𝑝𝑜𝑤𝑒𝑟 is determined), or if there is 

insufficient capacity in the TES to store the HP energy generated at full load. The ratio of 

𝐸𝑒𝑥𝑐𝑒𝑠𝑠 𝑝𝑜𝑤𝑒𝑟 over 𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 is defined as the part load factor by Bettanini et al [78]. The 𝐶𝑂𝑃𝑃𝐿 
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can be found by multiplying the COP by the part load factor.  

 𝑪𝑶𝑷𝑷𝑳 = 𝑪𝑶𝑷 ∗
𝑬𝒆𝒙𝒄𝒆𝒔𝒔 𝒑𝒐𝒘𝒆𝒓

𝑬𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓
 (2) 

The HP in the model mimics the functionality of a Trane water-to-water HP, chosen due to 

its high operating temperature range. The Trane HP evaporator can operate between -4°C to 50°C, 

and the condenser can operate between 4°C to 50°C. The Trane HP supplies water at 78°C [79]. 

These values are in line with the temperatures yielded by the proposed energy system combination 

results.  

3.2.4 Scenario dispatch strategies  

The dispatch strategies utilized in the model combinations of this study are classified into 

the following component groups: electrical, ST array/SAT, TES, DH system, and CT. A 

description of each of these strategies follows. The dispatch strategies can be understood more 

easily with reference to Figure 11 and Figure 12. 

Electrical dispatch strategy for S1C1 and S1C2 

The first step in each hourly time step of the TRNSYS simulation is to serve the electrical 

load via the GCU. Figure 14 shows this dispatch strategy as employed in TRNSYS for the grid 

connected models S1C1 and S1C2. The strategy determines the amount of excess electricity 

generated by the WF (excess power), and the amount of electricity that must be drawn from the 

OEG (grid power). If the WF generates any power during a time step wherein an electrical load is 

present, it is sent first to serve this load. Any leftover electricity is then utilized in a method 

determined by the TES dispatch strategies (see Figure 17 and Figure 18), to ascertain whether the 

leftover electricity is converted to thermal power and used or sold back to the OEG. If the wind 

generation is insufficient to serve the electrical load, the grid supplies the remainder.  The values 

for excess power and grid power are used in the TES dispatch strategies for S1C1 and S1C2.
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Figure 14: S1C1 & S1C2 electrical dispatch strategy 
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Electrical dispatch strategy for S2C1 and S2C2 

The GCU for the grid-connected (S1) and the off-grid (S2) systems operate close to 

identically. Figure 15 shows the off-grid electrical dispatch strategy, which determines the amount 

of excess electricity generated by the WF (excess power) and the amount of electricity required 

from the diesel generator plant (diesel power). Since the regional electricity grid is not available to 

provide extra power in an off-grid scenario, a diesel generator plant is added to supply 

supplemental electricity as needed. The only difference between the grid-connected and off-grid 

electrical dispatch strategies is the electrical grid penetration limit imposed on the WF output. 

Wind power penetrations do not exceed 30% in these off-grid models [48], [49]. The values for 

excess power and diesel power are used in the TES dispatch strategies for S2C1 and S2C2. 
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Figure 15: S2C1 & S2C2 electrical dispatch strategy 
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Dispatch strategy for the ST array and the SAT 

The charging strategy for the SAT from the ST array is shown in Figure 16. If the heat 

transfer fluid at the exit of the ST array is at a temperature that is greater than the SAT, then the 

ST array control circulates the working fluid through the SAT to heat it. If not, the ST array control 

diverts the working fluid through the solar thermal array diverter loop (STADL) until it reaches a 

temperature that is greater than that of the SAT. This dispatch strategy applies to both 

configurations 1 and 2, as direct ST charging has precedence over HPA-ST charging. The resultant 

SAT temperature is used in the TES dispatch strategy (for all scenarios and configurations). 

 

Figure 16: Dispatch strategy for the ST array and SAT 

TES dispatch strategy for S1C1 

Once the electrical load is served, the S1C1 system must then determine the control logic for 

the direct ST (ST power), the EH (EH power), as well as determining if there is excess electricity 

to send back to the OEG (grid sellback). The EH and ST power serve to charge the TES. Figure 17 

shows the dispatch strategy for a grid-connected direct ST system.  

If the temperature of the heat transfer fluid in the ST array is greater than the temperature of 

the TES and there is room in the TES to store this thermal energy, the system sends all the useful 
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energy from the ST array to the TES. The system then checks to see if there is any excess electricity 

available to be converted to thermal energy. If there is excess electricity available, the system 

checks whether there is a need for it (i.e. whether the TES is at a temperature that is below 95°C). 

If the answer to both these queries is ‘yes’, the system uses PtH through the EH to heat the TES to 

a maximum of 95°C. If afterwards there is still excess electricity, the system feeds it back to the 

electrical grid.  
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Figure 17: S1C1 TES dispatch strategy 
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TES dispatch strategy for S1C2 

The TES operates differently in S1C2 to accommodate the HPA-ST system. Figure 18 

displays a similar dispatch strategy to Figure 17 with identical outputs (i.e. “EH power” and “grid 

sellback”). The only difference is the existence of the HP, and that ST power now includes the 

energy from the direct ST system and the HPA-ST system. 

The HP only operates at night. This gives the SAT as much time as possible to charge and 

provide direct ST energy through the HEX during the day. The electrically-powered HPA-ST 

system is activated only if the following criteria are met: the SAT is at a temperature that is below 

that which is required to directly charge the TES, the sun has set, there is enough excess wind 

generation to run the HP compressor, and activating the HP will not drop the SAT temperature 

down below 20°C (an arbitrarily set minimum). If these conditions are met, Ecompressor is sent to the 

HP (Ecompressor is taken from excess power determined in Figure 14).  

If there is still excess power available after running the HP, the excess power is considered 

for PtH conversion. This excess electricity is converted to thermal energy and stored in the TES 

until the TES reaches its maximum setpoint of 95°C. At that point, if there is still excess electricity 

available, it is sold back to the electrical grid. 
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Figure 18: S1C2 TES dispatch strategy 
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As the dispatch diagrams for S2C1 and S2C2 are nearly identical to Figure 17 and Figure 18, 

they have not been shown here. The only difference between the S2C1 and S2C2 dispatch 

strategies is where the excess electricity is directed. These strategies have been included in 

Appendix A: Off-Grid TES Dispatch Strategy Diagrams.

Dispatch strategy for DH 

The DH dispatch strategy is shown in Figure 19 and applies to all scenarios and 

configurations. The dispatch strategy is used to determine the district heating diverter loop (DHDL) 

setting. If there is a DH load and the fluid supply temperature from the TES is above the DH 

setpoint temperature of 70°C, then the system activates the DHDL to temper the fluid down to the 

setpoint temperature. The DHDL diverts cooled fluid returning from the DH grid back into the hot 

DH supply fluid to bring down the temperature. If there is a DH load and the supply temperature 

from the TES is below 70°C, then the FFH is activated to bring the supply fluid up to the setpoint 

temperature. The DH grid provides enough energy to serve the heating load as well as the heating 

and pumping losses incurred by the DH grid. District heating losses and pumping flow rate are 

discussed in Section 3.2.6 and 3.2.7, respectively.  
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Figure 19: DH dispatch strategy 
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Dispatch strategy for the CT 

The dispatch strategy for the CT determines whether the CT needs be activated at all and, if 

so, how much cooling is required to bring the TES temperature down to 95°C (CT power). The CT 

is activated only when the TES is in danger of overheating (i.e. when the TES is at a temperature 

greater than 95°C). The CT is implemented in TRNSYS with an auxiliary cooler for simplicity. 

The algorithm in Figure 20 calculates and subsequently removes the required amount of heat 

directly from the fluid flow to bring the TES temperature back down to 95°C. The CT otherwise 

remains idle.  

 

Figure 20: CT dispatch strategy 

3.2.5 Estimation of hourly electrical and heating load distributions 

The MoCreebec hourly electrical and heating load distributions are estimated from measured 

electricity load data gathered from the community from 2016, 2017, and 2018. Since the 

community primarily uses electric baseboard heaters, electric furnaces, and electric water heaters, 

these bills represent both thermal and electrical loads given in terms of energy consumed per hour. 
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The acquired data is disaggregated from a single lumped sum of energy into three vectors; DHW, 

space heating, and plug-in loads.  

The DHW load profile is generated using a tool developed by NREL and Hendron et al. [73].  

Hendron’s tool generates random DHW usage event profiles based on realistic probability 

distributions for the event durations, flow rates, and time between the events. The effect of vacation 

periods, weekend versus weekday use, seasonality, and geographic location are also accounted for. 

These realistic probability distributions are derived from the measured data of over 1200 

residences. 

This tool is employed to generate a year’s worth of hot water events for the community. For 

each event, the tool outputs the flow rate, �̇�𝑒𝑣𝑒𝑛𝑡, flow duration, 𝑡𝑒𝑣𝑒𝑛𝑡, and temperature, 

𝑇𝐷𝐻𝑊 𝑠𝑢𝑝𝑝𝑙𝑦. Using this information in conjunction with the average water mains temperature, 

𝑇𝑚𝑎𝑖𝑛𝑠, and the specific heat of water, 𝑐𝑤𝑎𝑡𝑒𝑟, the DHW energy demand for each event, 𝑄𝐷𝐻𝑊, is 

determined, as shown in Equation (3) [80]. 

 𝑸𝑫𝑯𝑾 = �̇�𝒆𝒗𝒆𝒏𝒕𝒕𝒆𝒗𝒆𝒏𝒕𝒄𝒘𝒂𝒕𝒆𝒓(𝑻𝑫𝑯𝑾 𝒔𝒖𝒑𝒑𝒍𝒚 − 𝑻𝒎𝒂𝒊𝒏𝒔) (3) 

An average mains temperature of 10°C is assumed in this study. This value is assumed to be 

reasonable based on the climate data obtained from the One Building online repository of climate 

data for use in building performance simulation [53]. 

Since the NREL tool uses probability distributions to generate realistic DHW draw profiles, 

there is an element of randomness to the generated profiles. In order to accurately represent the 

DHW profile of 140 houses, the NREL tool is run 140 times based on the housing stock distribution 

(i.e. by number of bedrooms per house). These 140 profiles are summed to represent a net 

distribution for 140 homes. Fairbanks, AK is chosen as it is the location most closely matched to 

Moose Factory’s climate available with the NREL tool [73]. 
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One issue encountered with the tool is the assumption of a 14-day vacation taken every year 

by the simulated home’s occupants [53]. This results in a 14-day period in which there is no DHW 

usage. This does not align with the lifestyle of the MoCreebec residents, whom do not take 

vacations with such frequency or regularity. To adjust for this, loads from similar times of the year 

(e.g. weekends, weekdays) are copied into the blank spaces left by the vacations so that an entire 

year’s worth of DHW loads is obtained. 

The second issue is that the tool was developed to emulate a typical home located in an urban 

centre [53]. To account for the more conservative use of water typified in Moose Factory, the DHW 

energy demands are reduced by a factor of 25% [81]. 

Once the annual DHW load profile is estimated for the community, it is subtracted from the 

lumped sum energy load for the community. The remainder of the lump sum load comprises the 

combined space heating and plug-in loads. In order to separate these two remaining loads, a heating 

degree hour (HDH) method for calculating heating load, adapted from Duquette et al. [82], is 

utilized for estimating the community space heating load. The steps taken to determine the space 

heating load are depicted in Figure 21.  

Step 1: If the outdoor ambient temperature, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡, is at a temperature that is less than or 

equal to the setpoint temperature 𝑇𝐻 (assumed to be 17°C, assumed to be one degree higher than 

more typical averages based on correspondence with community residents that indicated more 

liberal use of space heating [82], [83]), the temperature difference for this hourly time step, ∆𝑇𝑖, is 

calculated as the difference between 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 and 𝑇𝐻. Otherwise, ∆𝑇𝑖 for this time step is set as 

zero. The result is a vector of 8760 temperature differences, ∆𝑇; one entry for each hour of the 

year. 

Step 2: Each entry of ∆𝑇 is then altered as follows- the difference between ∆𝑇𝑖 and the 
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smallest entry of ∆𝑇 is divided by the difference between the largest and smallest entries of ∆𝑇. 

This generates another vector with 8760 entries, ∆𝑇𝑖𝑛𝑡𝑒𝑟𝑖𝑚. ∆𝑇𝑖𝑛𝑡𝑒𝑟𝑖𝑚 is normalized by dividing 

each hourly entry by the sum of the entire vector, which generates ∆𝑇𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑. The entries of 

∆𝑇𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 equal one when summed. 

Step 3: To find the yearly space heating load profile, 𝐸𝑠𝑝𝑎𝑐𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔, each hourly entry from 

∆𝑇𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 is multiplied by the total profile, 𝐸𝑠𝑝𝑎𝑐𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑡𝑜𝑡𝑎𝑙 𝑓𝑜𝑟 140 ℎ𝑜𝑚𝑒𝑠. This gives an 

hourly space heating profile that varies according to the ambient temperature. 

 

Figure 21: Algorithm to disaggregate heating load from community energy usage 

By process of elimination, the plug-in loads are what is left after the space heating and DHW 
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loads have been removed from the lump sum value given by the load data gathered from 

MoCreebec. Space cooling is not considered for this study, due to the cold climate of the region. 

3.2.6 Estimation of hourly thermal grid heating loss distributions 

Heating losses in the DH system are calculated and added to the thermal energy load. This 

is done to ensure that the required thermal load for the community occupants is met, despite energy 

losses occuring during transit of the fluid through the DH piping network [84]. Figure 22 shows 

the heat loss values calculated for this DH system in terms of the total heat load (DHW and space 

heating) being served in hourly time steps for one year. These heat loss values are obtained from a 

study conducted by Coady [68]. A DH grid model for MoCreebec, consisting of interconnected 

buried steel pipes, was built in this study. The model was built in Simulink and executed for a 

period of one year in hourly time steps. The DH system working fluid was assumed to be water, 

which operated in steady state with incompressible, one dimensional flow. Heat was assumed to 

be distributed equally throughout the DH grid. Frictional losses from pipes, fittings, valves, and 

heat exchangers, as well as convective losses from the piping itself, were calculated and totalled 

to determine the heat loss in the DH grid. 

The large dispersion seen in Figure 22 as the heat load increases is assumed to be due to 

variations in the ambient air temperature. The heat load used in this study was the hourly heat load 

(DHW and space heating combined) calculated in Section 3.2.5. The same magnitude of heat load 

occurs more than once throughout the year of heat load data. However, at each of these time steps 

with multiples of the same heat load, the ambient temperature differs. This results in multiple 

values for heat loss in the DH system occurring for the same total heat load value.  

The values in Figure 22 are used directly in the TRNSYS model combinations (refer to 

Figure 19). Due to the dispersion present, some error is introduced to the model.  
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Figure 22: Heat loss in DH piping network compared against time step DH heat load input [68] 

3.2.7 Estimation of hourly flow rates in the DH grid 

A variable speed pump is employed in the TRNSYS model to serve as the DH pump (shown 

as P4 in Figure 11 and Figure 12). The flow rates through the DH VSP required to serve the thermal 

load are also supplied by Coady’s work [68]. They were generated by calculating the energy 

balance across the DH variable speed pump and expressing the work of the variable speed pump 

as a function of total system head. These resultant flow rates are given in Figure 23, and are used 

directly in the TRNSYS model DH dispatch strategy. Normalized values for the pump flow rates 

are inputted to the DH variable speed pump component in the TRNSYS model (refer to Figure 19).  
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Figure 23: Flow rate inputted to DH VSP corresponding to time step DH heat load input [68] 

3.2.8 Estimation of hourly wind distribution 

Hourly climatic data from the OneBuilding online climate data repository from 2016 is used 

by TRNSYS as an input to the WECS type to determine WF energy output in the model [53]. 

Both wind velocity and wind direction are provided to the WECS type in the TRNSYS model 

by the data file found in the OneBuilding climate data online repository [53]. The WECS type in 

TRNSYS reads in the height at which the wind data has been collected and the hub height of the 

turbine, then uses Equation (4) to model the vertical wind shear. Vertical wind shear is the change 

in wind speed per change in unit of height [59].   

 𝑼𝟐 = 𝑼𝟏 (
𝒛𝟐

𝒛𝟏
)

𝜶

 (4) 

In Equation (4), 𝑈1 represents the known wind speed at height 𝑧1. 𝑈2 represents the 

calculated wind speed at height 𝑧2. The 𝑈2 value in Equation (4) is the hub height of the turbines. 

For this study, it is assumed to be 24 m [54]. 𝑧1 is the data collection height, and is assumed to be 

4 m for this study according to a rough estimate for the anemometer height as reported by the 

community. 𝛼 represents the power law exponent. This value changes based on the topology of the 

area. A smooth surface (i.e. the ocean or flat ground) has a power law exponent of 0.1, whereas an 
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urban centre has a power law of approximately 0.4. An 𝛼 of 0.2 was selected for this study. This 

𝛼 value is used for topologies consisting of occasional trees and small buildings, an appropriate 

representation of the surface in and around the Moose Factory area [85].  

 𝑼𝟐 = 𝑼𝟏 (
𝒛𝟐

𝒛𝟏
)

𝜶

 (4) 

TRNSYS then uses the newly calculated wind speed along with its other WECS parameter 

inputs to calculate the electricity generated by the turbines [59]. 

3.2.9 Estimation of hourly solar thermal radiation distribution 

Hourly solar radiation information for Moosonee for the year 2016 is acquired from the 

OneBuilding climate data online repository [53]. This radiation information, along with additional 

climatic inputs, is inputted to the FPCs in TRNSYS to determine the outlet temperature for the ST 

array [61]. Following standard practice, the FPCs modeled in TRNSYS are assumed to be tilted at 

an angle that is equivalent to the latitude of Moose Factory [86]. 

3.2.10 Model validation 

All TRNSYS components used in this model have been thoroughly validated in a number of 

studies. A catalogue of studies that validate these TRNSYS components can be found on the 

University of Wisconsin-Madison website [60].  

To ensure that the various TRNSYS components are operating correctly within the system 

proposed in this thesis, energy balances are performed across a range of input values. For example, 

the temperature gain between the inlet and outlet streams of the ST array is compared to the 

insolation of the array during the same time step to ensure the energy output by the SAT matches 

the energy gain from the ST array. This is done by ensuring that the first law of thermodynamics 

is never broken across any energy flow in the system (i.e. the total energy of a system remains 

constant, regardless of its conversion from one form to another) [87].  Similarly, flow streams 
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across the TES, the SAT, and the DH network are checked to ensure the energy is being transmitted 

through the model as intended. No discrepancies are found. 

3.2.11 Energy system economic assessment assumptions 

An economic analysis is conducted for each of the 140 combinations of the proposed 

energy system. In this section, various data are shown regarding components used in the model 

and their economic parameters.  

  For the purposes of this study, the overall system lifetime is set to 60 years [88]. The DH 

system is installed at year 0 of the project and remains in use for the duration of the 60-year project 

lifetime. All other system components are replaced in their entirety every 20 years (a rough 

estimation of their aggregated lifetimes [89]) at a cost determined by the values given in Table 6. 

For all calculations, a discount rate of 6% is assumed. This discount rate is chosen as it is a middle-

range rate according to Zhuang et al [90]. It is assumed that the community pays out-of-pocket for 

the entire cost of the system (capital costs, recurring costs, and fuel costs). 

Table 6: Component costing data for economic analysis 

Component Cost Unit Costing assumptions 

Ethylene glycol 

(75% by volume) 

5,283 $/m3 Cost acquired from Dynalene Inc. [91], 

[57] 

ST Array 141  $/ft2 Cost from 2016 NREL renewable 

energy estimation of costs [92] 

TES/SAT 933  $/m3 Estimation based on de Wit’s free-

standing insulated heat storage tanks 

costs [93] 

DH trenching 4,493,400  $ Cost calculated by Coady [68] using 

values taken from RetScreen 

DH connection 7,500  $/connection 

to grid 

Cost calculated by Coady [68] using 

values taken from RetScreen 

WF 1,960  $/kW IEA average wind capacity installation 

cost [49] 

CT 397  $/kW Average wet CT installation cost 
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according to a 2011 Tenaska 

Trailblazer Partners LLC report to the 

Global Carbon Capture and Storage 

Institute [94] 

Condensing 

propane heater 

(FFH)  

122  $/kW US Department of Energy 2008 gas-

condensing water heater costing 

estimate [95] 

EH 167  $/kW US Department of Energy 2008 

electric water heater costing estimate 

[95] 

Diesel 37.9  $/GJ Natural Resources Canada retail fuel 

pricing from Yellowknife, NWT 

(closest geographical approximation 

with costing data available) [96] 

combined with a 2011 appendix of 

heating values for gas, liquid, and solid 

fuels, released by Argonne National 

Laboratories [97] (lower heating value 

used).  

Propane 35.9 $/GJ Natural Resources Canada retail fuel 

pricing from Yellowknife, NWT [98] 

(closest geographical approximation 

with costing data available) combined 

with a 2011 appendix of heating values 

for gas, liquid, and solid fuels, released 

by Argonne National Laboratories [97] 

(higher heating value used) 

Operations and 

maintenance 

(O&M) 

0.5  % of capital 

cost 

Average O&M cost from 2016 NREL 

renewable energy estimation of costs 

[92] 

 

Electricity costs are modeled after Ontario’s time-of-use (TOU) pricing scheme and a tiered 

pricing scheme. TOU pricing changes the cost of electricity based on the time of day, the day of 

the week, and the season. During periods of historically high electricity use, electricity rates are 

increased. Conversely, during periods of historically low use, electricity rates are lowered. This 

method of pricing attempts to lessen peaking electricity use. Pricing periods and electricity prices 

in the current Ontario TOU policy are displayed in Figure 24. 
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Figure 24: Ontario TOU pricing [99] 

Electricity use in some areas of Ontario is also priced according to tiered rates. The price of 

tiered rates depends on the season, as well as the current sum of energy already consumed during 

the pricing period. After a certain amount of energy use, the electricity rates increase. Table 7 

shows these tiered electricity pricing rates. 

Table 7: Ontario tiered electricity pricing [100] 

When Power used (kWh) Rate (¢/kWh) 

Summer (May 1 - Oct 31) < 600 7.7 

≥ 600 8.9 

Winter (Nov 1 - Apr 30) < 1000 7.7 

≥ 1000 8.9 

 

This study examines the effect of two different electricity pricing policies on the system 

economics in the grid-connected scenarios. The first pricing policy is the current Ontarian net 

metering policy, which adheres to the rules as laid out by Ontario Regulation 541/05 [101]. The 

net metering policy is described in Figure 25. A represents the electricity bill incurred by the 

generator (the client), employing TOU pricing (see Figure 24). B represents the regulatory and 
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delivery fees charged to the generator. C represents the cost of electricity used by the generator 

during the billing period. D represents the total value of the electricity sent to the generator, before 

losses are incurred during transmission. E represents any electricity credits leftover from previous 

billing periods that can be applied to the current billing period. A credit is defined as a unit of 

electricity generated by the generator and fed back into the OEG. This credit can be used to ‘pay’ 

for an equivalent unit of electricity consumed by the generator. If D and E combined are worth less 

than C, then A is assigned to be the difference between B plus C and D plus E. Otherwise, A is 

equal to B. 

The billing period is monthly in Ontario net metering. For simplicity, the billing period is 

expanded to be one year for the economic analysis in this study [101]. 

 

Figure 25: Net metering pricing guide [101] 

The second pricing policy considered is a system similar to the now-defunct feed-in-tariff 

(FIT) program, which was in operation in Ontario from 2009 to 2018 [102].This proposed policy 
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(referred to hereafter as the two-way tiered pricing [TTP] policy) allows electricity to be bought 

and sold to the OEG according to tiered pricing regulations (see Table 7). The TTP policy does not 

deal in credits as the net metering policy does. Instead, the profit from the selling of excess 

electricity to the OEG is considered an income stream. This income stream does not have an upper 

limit, unlike the credit system in the net metering policy. 

All grid-connected scenarios examined in this research follow the expense flow diagram in 

Figure 26. Individual consumers (the residents of the 140 homes considered) pay their electricity 

bills to the OEG based on tiered or TOU pricing, depending on the pricing policy being considered. 

The OEG sends either the accrued net metering credits or direct TTP income to the MoCreebec 

municipality. Individual consumers pay the MoCreebec municipality for their heating costs. These 

heating costs are incurred through the usage of the proposed DH grid, and are set such that the 

system’s net present value (NPV) is maximized at the project lifetime’s end. The municipality of 

MoCreebec generates a profit through the management of these expenses.  

 

Figure 26: Flow of electricity and heating costs between the consumer, the local distribution 

company, and the municipality  
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The results obtained from the TRNSYS simulation work in this study are economically 

evaluated based on what is termed ‘yearly household energy cost’. The yearly household energy 

cost is the average annual dollar amount that must be charged to each of the 140 households for 

both electrical (electricity cost in Figure 26) and thermal energy (heating cost in Figure 26) in order 

for the MoCreebec municipality to at least break even by the end of the 60-year project lifetime.  

Yearly household energy cost is calculated using the NPV equation shown in Equation (5) 

[103]. The NPV is the difference between the present value of all incoming cash flows and the 

present value of all outgoing cash flows over the project lifetime, 𝑚. Equation (5) sums these cash 

flows from initial year, or 𝑛, 0, to the end of 𝑚. For each of these 𝑚 years, the net cash flow of 

year 𝑛, 𝑁𝐶𝐹𝑛, is determined. 𝑁𝐶𝐹𝑛 is the sum of all cash inflows (assumed to be positive) and cash 

outflows (assumed to be negative). 𝑁𝐶𝐹𝑛 is then multiplied by a factor determined by the discount 

rate, 𝑑, and 𝑛. 

 𝑵𝑷𝑽 = ∑ 𝑵𝑪𝑭𝒏 (
𝟏

(𝟏+𝒅)𝒏)𝒎
𝒏=𝟎  (5) 

The annual heating cost from Figure 26 is set for each proposed energy system combination 

such that the NPV for each combination is at least zero (i.e. the combination has broken even). The 

yearly household energy cost is then equivalent to the sum of the yearly heating cost and the yearly 

electricity cost. 

3.2.12 Greenhouse gas accounting 

For the purposes of the greenhouse gas (GHG) analysis in this study, only emissions arising 

from operational energy usage are considered. As such, the three GHG emission sources are the 

OEG power grid, the FFH (which uses propane as fuel), and the diesel generator plants in the off-

grid scenarios.  

The OEG power grid is assumed to have an average carbon intensity of 30 gCO2 eq./kWh 
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[90], propane a carbon intensity of 214.5 gCO2 eq./kWh [106], and diesel a carbon intensity of 

247.7 gCO2 eq./kWh [107]. 
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Chapter  4: Results 

Simulation results of the system combinations considered in this study are analyzed under 

three different scopes; energy analysis, economic analysis, and greenhouse gas (GHG) emissions 

analysis. 

4.1 Energy analysis 

Energy performance is measured in terms of the yearly residential energy fractions (see 

Section 3.2.3) served by each major component of the model. A system combination is considered 

to be ‘high-performing’ if the renewable energy system components contribute a higher net energy 

fraction than the fossil fuel-powered components. The goal is to minimize the fossil fuel energy 

fraction in each combination. The thermal energy and electrical energy analyses are separated for 

the sake of clarity.  

In accordance with Table 5, the solar thermal (ST) array size of each combination is referred 

to as 0 ST (no ST array), 25 ST (25% full size ST array), 50 ST (50% full size ST array), 75 ST 

(75% full size ST array), and 100 ST (full size ST array). 

Figure 27 shows the S1C1 combination with 100 ST energy results, in terms of percentage 

of yearly thermal load served from each source. The S1C1 100 ST results are presented by the size 

of the wind farm (WF) considered in each combination. The direct ST system provides a maximum 

of just under 30% of the yearly thermal energy load with a WF of 0, with the propane heater (a.k.a. 

the fossil fuel heater [FFH]) supplying the remainder. However, with a WF of 1, the electric heater 

EH contributes 40% of the yearly thermal energy load supplied by excess wind generation.  

Increasing the size of the WF increases the fraction of thermal energy provided by the EH, 

as well as decreasing the thermal energy production fractions of both the FFH and the direct ST. 

The marginal benefit that adding a turbine to the WF has on the FFH consumption is found to be 
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inversely proportional to the size of the WF. The community electrical load does not always 

temporally coincide with periods of wind generation, and therefore cannot be served solely with 

the WF, no matter its size. 

Figure 27 also displays a notable lack of cooling tower (CT) usage. Due to the optimized 

sizing of the thermal energy storage tank (TES), the system provides power to the DH grid, as well 

as stores a significant amount for later use with little risk of overheating the tank. The TES has a 

large storage capacity owing to the difference between the maximum TES storage temperature of 

95°C and the district heating (DH) supply temperature of 70°C. 

 

Figure 27: S1C1 100 ST thermal energy production results 

The addition of a heat pump-assissted solar thermal (HPA-ST) system largely reduces the 
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direct ST’s yearly energy load fraction, as demonstrated in Figure 28. This is because the heat 

pump (HP) draws out energy from the solar accumulator tank (SAT) to charge the TES overnight. 

The ST array is typically unable to recharge the SAT to a temperature exceeding that of the TES 

over the course of the next day before the HP activates again the following night and cools the 

SAT again.  

The S1C2 models have a maximum ST array size that is approximately 14 times smaller than 

the maximum ST array size of the S1C1 models. In the absence of a WF to power the HP and the 

EH, this smaller ST array size results in a much smaller direct ST energy fraction than in the S1C1 

model combination energy results. Consequently, the FFH supplies nearly the entire year’s thermal 

energy load. A WF of 1 allows the EH and the HPA-ST system to operate, drastically reducing the 

FFH’s energy fraction. With a larger WF, the EH usage increases and the FFH usage decreases. 

As in Figure 27, the subsequent WF size increase has an inversely proportional marginal impact 

on these energy fractions. 
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Figure 28: S1C2 100 ST thermal energy production results 

The results of the electrical energy generation analysis vary between S1C1 and S1C2. 

However, this difference is so slight that Figure 29 suffices to represent the results of both 

combinations. Figure 29 shows the S1C1 and S1C2 electrical production results presented in terms 

of fraction of yearly electrical load provided by either the WF or the Ontario energy grid (OEG). 

In Figure 29, the positive y-axis represents electricity used to serve the community electrical load. 

The negative y-axis represents excess electricity generated in the combination. With no WF, the 

entirety of the load is served by the OEG. A WF of 1 generates enough electricity to reduce the 

OEG’s contribution from 100% down to approximately 30%, with roughly 1.5 times the yearly 

plug-in load being generated in excess. This excess electricity is used to power the EH, the HPA-
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ST, or is fed back into the OEG. 

Each additional turbine in the WF results in a narrow reduction in the fraction of yearly 

electrical load served by the OEG. The WF can only provide power when the wind is blowing and 

there is an electrical load. Figure 29 shows that roughly 20% of the community electrical load does 

not temporally coincide with periods of wind generation. 

 

Figure 29: S1C1 & S1C2 electrical energy production results 

Figure 30 shows the 100 ST thermal energy results for the S2C1 model. The results are 

similar to the S1C1 model. The only difference between the functionality of the scenario 1 & 2 

models is the percentage of wind power permitted to penetrate the community electrical grid. There 

is a 30% limit imposed on the WF penetration in off-grid systems (see Section 3.2.4), whereas the 

grid-connected systems have no such limitation. This increases the amount of electrical energy 
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available for the EH and the HPA-ST system in the S2C1 and S2C2 models, compared to the S1C1 

and S1C2 models with WFs of identical size. It follows that the EH energy fraction in Figure 30 is 

larger than that in Figure 27, having supplanted more FFH production due to the higher amount of 

electricity available for use in the EH.   

 

Figure 30: S2C1 100 ST thermal energy production results 

The energy results for the S2C2 model combinations shown in Figure 31 also bear 

resemblances to the S1C2 results shown in Figure 28. For the same reasons as outlined above, the 

EH energy fraction has increased, further reducing the fraction of the yearly energy load provided 

by the FFH.  
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Figure 31: S2C2 100 ST array thermal energy production results 

The S2C1 and S2C2 models are off-grid, and therefore have no way to sell or purchase 

additional electricity from the OEG. Figure 32 shows the S2C1 and S2C2 model electrical energy 

outputs in terms of fraction of yearly electrical load provided by either the WF or the diesel 

generator plants. Excess electrical energy is sent to the HPA-ST, the EH, or failing both those 

options, is converted to thermal energy and sent to the CT to be vented. The wind power penetration 

is never high in the off-grid scenarios, due to its imposed 30% cap.   
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Figure 32: S2C1 & S2C2 electrical energy production results 

No matter the scenario or configuration, the CT usage is minimal to nonexistent. Owing to 

the HPA-ST and EH components available to make use of extra wind generation, as well as the 

generously sized TES tanks to permit large amounts of thermal energy storage, the combinations 

rarely have to activate the CT to cool the TES. 

Simulations were run for all other combinations shown in Table 5. The energy fractions 

served by each system component do not change much when decreasing the ST array size. 

Therefore, the graphs detailing the results for 0, 25, 50, and 75 ST for all four system scenario and 

configuration pairs have been included in Appendix B: S1C1 0, 25, 50, 75 ST array energy 

generation results through to Appendix E: S2C2 0, 25, 50, 75 ST array energy generation results. 
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4.2 Economic analysis 

The base-case scenario economic result is defined as the current yearly cost of energy for a 

single residence. The base-case scenario is hereafter referred to as the Business-as-Usual (BaU) 

scenario. For all grid-connected scenarios considered in this study, the BaU cost is $1.4k CAD per 

MoCreebec household. 

Figure 33 shows the economic combination results for S1C1 compared to the BaU scenario 

when a net metering pricing policy is considered for the sale of excess electricity generated by the 

WF. Every combination’s price drops with each increase in the WF’s size until the third turbine is 

installed. After a WF of size 3, the combinations become increasingly expensive with each added 

turbine. None of the combinations produce a less expensive alternative to the BaU scenario. 

 

Figure 33: S1C1 yearly household energy cost analysis with net metering electricity pricing 

policy 

The yearly household energy cost results for the S1C2 model combinations are shown in 
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Figure 34. For all combinations with an ST array, a similar trend to that seen in the S1C1 results 

repeats itself. Yearly household energy costs drop with a WF of 1, and then increase steadily with 

each increase in the number of turbines in the WF.  

The 0 ST combination with no WF is much less expensive than the other combinations with 

no WF. The 0 ST combination’s capital costs are considerably lower than the other combinations 

without WFs, since no ST array or associated components are installed. A WF of 1 in conjunction 

with the 0 ST combination greatly increases the price due to the increase in capital cost necessary 

to install the wind turbine. A second wind turbine installation decreases costs, as the marginal 

increase in capital expenditure is small compared to the marginal increase in EH use. Any 

additional turbine installations increase the yearly household energy costs in the same way they do 

for the combinations with ST arrays. The results show that the household energy cost is still 

relatively high for all combinations relative to the BaU scenario.  

 

Figure 34: S1C2 annual household energy cost analysis with net metering electricity pricing 

policy 
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 The implementation of a hypothetical two-way tiered (TTP) pricing scheme increases 

income from excess electricity significantly. The TTP income increases as the WF is increased in 

size, as a larger WF produces more excess electricity. The large income stream to the municipality 

allows for it to charge a much lower heating cost (see Figure 26), making the combinations more 

economically attractive compared to the BaU scenario. Therefore, as the WF increases in size, 

yearly household energy cost decreases with a TTP pricing scheme. Figure 35 shows the S1C1 

combination results with a TTP pricing scheme. The TTP program decreases the yearly household 

energy cost an average of $1 - 2k CAD for every additional increase in the WF size.  

Some of the S1C1 combinations yield yearly household energy costs low enough to 

undercut the BaU scenario. In the 0 ST combinations with a WF of  size 3 or larger, it becomes 

possible to give away thermal energy to community residents for free and conclude the 60-year 

project term with a profit, rather than only breaking even (see Table 8 for more combination results 

yielding a profit at the end of the project lifetime). Note that while thermal energy may be given 

away for free, consumers must still pay for their electricity use (see Figure 26). Implemented in 

reality, the combinations yielding free thermal energy would continue to charge a rate for thermal 

energy to generate a larger profit. The thermal energy is listed as free for the purposes of  

comparison only. 
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Figure 35: S1C1 annual household energy cost analysis with TTP electricity pricing policy 

Using the TTP pricing policy for excess electricity in the S1C2 model combinations produces 

even more yearly household energy costs that are lower than the BaU case, as shown in Figure 36. 

With a WF of 6, every iteration of the ST array size results in a lower household energy cost than 

the BaU scenario. Any combination with a WF of 6 yields a yearly thermal energy cost lower than 

the BaU scenario. The 25 ST- 5 WF combination has a household energy cost equal to the BaU 

scenario. The 0 ST- 0 WF combination and the 0 ST- 5 WF combination both produce yearly 

household energy costs lower than the BaU scenario. The price for 0 ST combinations increases 

until the WF is size 2, and thereafter decreases for the same reason the 0 ST combinations decreases 

as described in Figure 34 and Figure 35. 
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Figure 36: S1C2 annual household energy cost analysis with TTP electricity pricing policy 

Table 8 enumerates all grid-connected model combinations that result in free household 

heating costs as well as a profit at the end of the project lifetime under a TTP electricity pricing 

policy. Consumers still pay for their electricity bills, which amount to just under $1k CAD per year 

per household. 
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Table 8: Combinations with zero household energy cost resulting in a profit at the end of project 

lifetime under a TTP policy for a grid-connected system 

Combination & 

Configuration 

Model 

Parameters 

End-of-project-lifetime Profit ($M 

CAD, NPV) 

S2C1 0 ST, 5 WF 2.2 

S2C1 0 ST, 6 WF 4.6 

S2C2 75 ST, 6 WF 0.35 

S2C2 50 ST, 6 WF 0.81 

S2C2 25 ST, 6 WF 1.3 

S2C2 0 ST, 4 WF 0.0055 

S2C2 0 ST, 5 WF 2.5 

S2C2 0 ST, 6 WF 4.9 

 

The proposed energy system model economics are also compared to an off-grid BaU 

scenario. In the off-grid BaU scenario, all energy needs are served by propane heaters and diesel 

generator plants. The off-grid BaU scenario has a yearly household energy cost of $9k CAD and 

is assumed to have the same energy profile as the MoCreebec case study. The lack of electrical 

grid connection forces the BaU scenarios to rely on more costly and carbon intensive fossil fuels 

to provide both electrical and thermal energy.  

Figure 37 shows the annual household energy costs for the S2C1 combinations compared to 

an off-grid BaU scenario. All combinations with a WF of 1 or more, except for the 0 ST 

combinations, produce annual household energy costs greater than the BaU scenario. After the 

initial drastic decrease in price that precipitates from the installation of the first turbine, the yearly 

household energy cost decrease per turbine added to the WF is less than $100 CAD. 
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Figure 37: S2C1 annual household energy cost analysis  

The addition of a HPA-ST system drops the annual household energy costs even further. The 

S2C2 results in Figure 38 show that every combination with a WF of at least 1 results in a cheaper 

yearly household energy cost than the BaU case. As in the S1C2 results, the yearly household 

energy cost lowers significantly with a WF of 1. With a WF of 2 or more, the yearly household 

energy cost begins to increase again for all combinations with ST arrays.  
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Figure 38: S2C2 annual household energy cost analysis 

4.3 GHG emissions analysis 

The grid-connected BaU scenario GHG emissions result is defined as the current yearly 

GHG emissions for 140 typical MoCreebec residences. This is set to 114 tonnes of CO2 eq. per 

year. 

The GHG results of the S1C1 combinations, shown in Figure 39, yield annual GHG 

emissions larger than that of the BaU case with six exceptions; the 100 ST combinations with a 

WF of 5 and 6, the 75 ST combinations a WF of 5 and 6, and the 50 ST combination with a WF 

of 6.  
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Figure 39: S1C1 GHG emissions analysis 

 The S1C2 model combinations, shown in Figure 40, overall yield more results with fewer 

GHG emissions than the BaU scenario than results with greater GHG emissions. Of the 0 ST 

models, only the combination with a WF of 6 yields fewer GHG emissions than the BaU scenario. 

All ST array sizes without a WF produce more GHG emissions than the BaU scenario, as well as 

the 25 ST and 75 ST combinations with a WF of 1. All other combinations result in fewer GHG 

emissions than the BaU scenario.  
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Figure 40: S1C2 GHG emissions analysis 

The off-grid BaU scenario GHG emissions result is defined as the current yearly GHG 

emissions for 140 typical remote residences. This is set to 2053 tonnes CO2 eq. per year. 

Both configurations of the proposed energy system produce fewer GHG emissions than the 

off-grid BaU scenario for every model combination. Figure 41 shows that, excepting the 

combinations with a WF of 0, every S2C1 combination results in half the GHG emissions or less 

than the off-grid BaU case. The same is true of the S2C2 combinations shown in Figure 42. 
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Figure 41: S2C1 GHG emissions analysis 

 

Figure 42: S2C2 GHG emissions analysis 
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4.4 Sensitivity analysis 

The effects of altering the O&M cost, the discount rate, the cost of propane, and the capital 

cost of the grid-connected combinations are examined to determine which of these variables has 

the greatest effect on the economic performance of the model. Changes in the yearly household 

energy cost charged by the municipality produced by alterations of the initial values of the variables 

listed are used to determine system sensitivity to these variables. The economic results using the 

TTP pricing policy are investigated for both grid-connected model combinations. Only the 100 ST, 

6 WF combinations of each configuration are examined. These combinations are chosen since they 

are the most economically lucrative configurations when considered under a net metering policy.  

Figure 43 shows the sensitivity analysis results for the S1C1 combination. Increasing the 

O&M cost decreases the yearly household energy cost, and does so with a slightly larger impact 

than increasing the cost of propane. Adjusting the capital cost has the single largest impact on 

system economics. Increasing or decreasing the capital cost by 20% correspondingly increases or 

decreases the yearly household energy cost by just under $4k. The system is also found to be highly 

sensitive to changes in the discount rate. Increasing the discount rate largely increases yearly 

household energy cost, and vice-versa. A discount rate reduction of 20% (from 6% to 4.8%) results 

in a $2100 decrease in yearly household energy cost. An additional reduction of 20% (down to 

3.6%) results in a $2000 decrease in yearly household energy cost.  
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Figure 43: S1C1 sensitivity analysis for 100 ST and 6 WF with net metering, analyzing O&M, 

discount rate, propane cost, and capital cost 

 Figure 44 shows the sensitivity analysis results for S1C2 combination. The same trends that 

are true in Figure 43 are true in Figure 44. The key difference is that while the trends remain the 

same, the S1C2 combination is a little less than half as sensitive to all variables than the S1C1 

combination. A 20% increase or decrease in capital cost results in a corresponding $1.7 k increase 

or decrease in yearly household energy cost, roughly half that of the S1C1 combination. The same 

is true for the S1C2 discount rate sensitivity analysis results; a discount rate reduction of 20% 

(from 6% to 4.8%) results in a $1000 decrease in yearly household energy cost. An additional 

reduction of 20% (down to 3.6%) results in another $1000 decrease in yearly household energy 

cost. The S1C2 combination is less sensitive to changes in propane costs because the combinations 

employing configuration 2 use less fossil fuels than those employing combination 1.  
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Figure 44: S1C2 sensitivity analysis for 100 ST and 6 WF with net metering, analyzing O&M, 

discount rate, propane cost, and capital cost 

The effects of altering the O&M, the discount rate, the cost of propane, the cost of diesel, 

and the capital cost of the off-grid combinations are examined to determine which of these 

variables has the greatest effect on the economic performance of the model. Only the 100 ST, 6 

WF combinations of each configuration are examined. 

The S2C1 combination sensitivity analysis results in Figure 45 are very similar to the S1C1 

combination results in Figure 43. The S2C1 combination is less sensitive to adjustments in propane 

costs than the S1C1 combination, as the combination uses much less of it than the S1C1 

combination. However, the S2C1 combination is very sensitive to the cost of diesel. A 20% 

reduction in diesel cost results in a $500 decrease in yearly household energy cost. As in both 

Figure 43 and Figure 44, the system is most sensitive to changes in capital cost. A 20% reduction 

in capital cost results in a ~$3.5 k decrease in yearly household energy costs. A 20% reduction in 
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discount rate results in a $1900 decrease in yearly household energy costs. A further reduction by 

20% drops costs by another $1600. The S2C1 combination is only slightly less sensitive to all 

variables analyzed than the S1C1 combination.  

Only the reduction of the capital cost of at least 60% results in a better yearly household 

energy costs than the BaU scenario. 

 

Figure 45: S2C1 sensitivity analysis for 100 ST and 6 WF, analyzing O&M, discount rate, 

propane cost, diesel cost, and capital cost 

Figure 46 shows the S2C2 combination sensitivity analysis results. As with the grid-

connected results, the S2C2 configuration is less sensitive overall to the fuel costs as it consumes 

less fossil fuel than the S2C1 combination. The combinations are most sensitive to changes in 

capital cost, diesel cost, and discount rate. A 20% reduction in capital cost decreases yearly 

household energy cost by $1300. A 20% reduction in diesel cost decreases yearly household energy 

costs by $500. A 20% reduction in discount rate reduces costs by $850, and a further reduction by 
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20% drops costs by another $700. As seen in the comparison between the S1C1 and S1C2 

combinations, the S2C2 combination is consistently half as sensitive to all variables as the S1C1 

combination. 

 

Figure 46: S2C2 sensitivity analysis for 100 ST and 6 WF, analyzing O&M, discount rate, 

propane cost, diesel cost, and capital cost 

The results of the sensitivity analysis indicate that all variables affect the yearly household 

energy cost linearly except for discount rate, which increases costs at a higher rate corresponding 

to higher discount rates. Changes in fuel costs and O&M costs have little effect on the yearly 

household energy costs when compared to changes in capital costs and the discount rate, with the 

exception of S2C2, which is also highly sensitive to diesel costs. To maximize system profitability, 
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the lowest possible system capital cost should be obtained through acquiring optimized finance 

rates or gaining access to preferential loads (for example). 

The S2C2 combimation analyzed already provides a better yearly household energy cost than 

the BaU scenario. The adjustment of several of these factors further reduce the costs, however, 

making the system that much more economically appealing. 

Of note is the higher incidence of vandalism sometimes seen in Northern communities [108]. 

As such, O&M costs may in fact be higher than the 0.5% assumed in this study. In all cases 

examined, O&M was found to be the second least sensitive variable, which means economics will 

be minimally affected even with the assumption of a higher O&M cost to account for vandalism. 
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Chapter  5: Discussion 

5.1 Key findings and contributions 

Finding 1: The proposed energy system does not currently offer an economically preferable 

option to the BaU scenario for MoCreebec, the case study for this thesis; however, the 

combinations offer social benefits that should be considered 

All the S1C1 and S1C2 combinations with net metering pricing schemes result in higher 

yearly household energy costs than that of the grid-connected business-as-usual (BaU) scenario 

(see Figure 33 and Figure 34). This study assumes that the community pays out-of-pocket for the 

entire cost of the system- capital costs, recurring costs, and fuel costs- at a discount rate of 6%. 

With no financial aid for these costs, the system proves to be much more expensive than the BaU 

case, the costs for which consist only of the price of electricity usage. 

Although the grid-connected economic results using the net metering electricity pricing 

scheme do not compare favourably to the BaU case in the MoCreebec community, the proposed 

energy system also generates energy completely on-site. There is no need to import fuels or 

transmit energy across long distances, which increases system reliability and community 

autonomy. The results may still hold value owing to this, despite their comparatively poor financial 

performance, as MoCreebec has expressed interest in increasing self-reliance for energy generation 

and distribution.  

The Ontario long term energy plan forecasts that residential energy prices will increase by 

53% between 2019 and 2029 [109]. Conversely, the costs calculated by the model will remain 

largely static. In fact, the capital costs of the model are likely to fall as the years pass, since 

renewable energy installations are expected to become cheaper in the coming decades [110]. As 

time passes, the model economics for both scenarios 1 & 2 will continue to look more attractive 
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when compared to the BaU scenario. 

Finding 2: Several combinations of the proposed grid-connected energy system provide 

lower household energy costs relative to the BaU scenario when a two-way tiered (TTP) pricing 

policy is in place 

Using a TTP pricing policy allows for an income stream from the excess electricity generated 

by the wind farm (WF). This means that a larger WF results in progressively lower household 

energy costs, dropping costs below the grid-connected BaU scenario in several combinations. In 

S1C1, the combinations with no solar thermal (ST) array and WF of 4 or more provides yearly 

household energy costs lower than the BaU scenario (see Figure 35). In S1C2, all combinations 

with a WF of 6 provide yearly household energy costs lower than the BaU scenario (see Figure 

36). A few combinations yield not only free thermal energy to the community residents, but also 

generate a profit by the end of the system lifetime. The combination results that generate a profit 

are listed in Table 8. 

Currently, the only pricing scheme available to Ontarians is the net metering approach, as 

the TTP program no longer exists in the province. Permitting remote communities to sell back 

extra electricity reduces the burden of generation on the provincial grid. The implementation of a 

TTP program improves the financials of this study’s system to the point where several 

combinations of both grid-connected configurations offer lower yearly household energy costs 

than the BaU scenario, several of which generate profit by the end of the project lifetime. These 

results may be used as motivation for a community to negotiate with utility for a TTP pricing 

scheme. 

Finding 3: The proposed grid-connected energy system lowers GHG emissions relative to 

the BaU scenario  
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All configuration 1 combinations are modeling the Ontario electricity grid (OEG) as the 

electricity grid. The OEG has very few greenhouse gas (GHG) emissions, as it derives less than 

10% of its energy supply from GHG emitting sources [111]. All S1C1 combinations result in more 

GHG emissions than the grid-connected BaU scenario, excepting the following six combinations: 

the 100 ST combinations with a WF of both 5 and 6, the 75 ST combinations a WF of both 5 and 

6, and the 50 ST combination with a WF of 6. In the S1C2 combinations, the results compare more 

favourably against the BaU GHG emissions. Of the 0 ST models, only the combination with a WF 

of 6 yields fewer GHG emissions than the BaU scenario. Combinations of every ST array size 

without a WF produce more GHG emissions than the BaU scenario, as well as the 25 ST and 75 

ST combinations with a WF of 1. All other combinations result in fewer GHG emissions than the 

BaU scenario.  

  The proposed grid-connected energy system would fare much better in terms of GHG 

emissions analysis when compared to an electricity grid that is more reliant on fossil fuels (for 

instance, in the province of Ontario, the grid produces less than 10% of its energy through fossil 

fuels [111], whereas in the province of Alberta, the grid produces 89% of its energy through fossil 

fuels [112]).  

Finding 4: The proposed off-grid energy system significantly reduces both yearly 

household energy costs and GHG emissions relative to the BaU scenario 

In the S2C1 combinations, the proposed energy system with no ST array and a WF of at least 

1 yields lower yearly household energy costs than the off-grid BaU scenario (see Figure 37). Every 

S2C2 combination with a WF of at least 1 results in a lower yearly household energy cost than that 

of the BaU scenario (see Figure 38). 

The S2C1 and S2C2 model combinations are compared to a BaU scenario in which a remote 
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energy grid provides electricity from diesel generator plants and thermal energy from propane 

heaters. This increases the yearly GHG emissions from 114 tonnes of CO2 eq. in the grid-connected 

BaU case to 2053 tonnes of CO2 eq. in the off-grid BaU case. Compared to this off-grid BaU 

scenario, the S2C1 and S2C2 scenarios provide lower GHG emissions in every model combination. 

The proposed energy system offers an attractive alternative energy supply for remote off-

grid communities, both economically and environmentally. 

Finding 5: The heat pump-assissted solar thermal (HPA-ST) system consistently provides a 

cheaper household energy costs and fewer GHG emissions than the direct ST system, regardless 

of scenario 

The HPA-ST configurations provide cheaper household energy costs than the direct ST 

configurations of the same scenario (see Section 4.2). The HPA-ST configurations also generate 

fewer GHG emissions than the direct ST configurations of the same scenario (see Section 4.3). 

Additionally, the HPA-ST configurations are less sensitive to fossil fuel prices than the direct ST 

configurations. 

Finding 6: The increase in the WF from size 0 to 1 in the proposed energy system has the 

largest marginal benefit in terms of fossil fuel displacement 

Going from no WF to a WF of 1 in any of the proposed energy system designs has the largest 

marginal decrease on the fossil fuel heater (FFH) energy usage. This marginal benefit tapers off to 

nearly nothing with each subsequent increase in WF size. Increasing the size of the WF beyond a 

single wind turbine has more of an effect on system economics than it does on the system fossil 

fuel usage. 

Finding 7: The implementation of a heat pump-assisted solar thermal system to the 

proposed energy system significantly reduces the share of energy provided by the FFH 
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In both the grid-connected and off-grid combinations with a WF of 1, the addition of a heat 

pump (HP) reduces the FFH energy share from approximately 35% to 12%. While the addition of 

the HPA-ST also reduces the yearly energy load fraction provided by the direct ST, this disbenefit 

is not outweighed by the reduction in fossil fuel usage. 

Finding 8: The system is extremely sensitive to changes in the discount rate and the capital 

cost 

For all scenarios and configurations, the system economics were highly affected by the 

alteration of the discount rate and the system capital cost. Should this model be pursued, the 

community implementing it should attempt to secure as low a finance rate as possible, as well as 

find funding sources to reduce the burden of the capital costs. This will greatly increase the overall 

system value (see Section 4.4). 
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Chapter  6: Conclusions, Recommendations, and Future Work 

6.1 Conclusions and Recommendations 

When compared to the current BaU scenario in Moose Factory, the proposed energy system 

model combinations with a net metering excess electricity pricing scheme, no preferential loan 

access, and a finance rate of 6%, result in more expensive household energy costs. However, the 

proposed energy system model combinations yield many scenarios that provide fewer greenhouse 

gas (GHG) emissions than the business-as-usual (BaU) scenario. The social benefits of the system 

are also significant. The system provides energy reliability and community autonomy. Fossil fuels 

need not be imported to the island, and Ontario energy grid (OEG) outages will no longer interrupt 

electrical energy supply to the community. With training, the system could be entirely managed 

by members of the MoCreebec community.  

The S2C1 combinations with no solar thermal (ST) array and a wind farm (WF) of at least 1 

can provide energy to off-grid communities at a lower cost than the off-grid BaU case, with a GHG 

emissions reduction of 50% or more in combinations with a WF of at least 1.  

All S2C2 model combinations with a WF of at least 1 reduce yearly household energy costs. 

All S2C2 model combinations with a WF of at least 1 reduce GHG emissions by 60% or more. 

These models offer an attractive template with which to design reliable and autonomous remote 

energy systems. 

The present net metering policy does not offer any system combinations that are cheaper 

than current energy costs for MoCreebec residences.  However, the implementation of the 

hypothetical two-way tiered (TTP) pricing policy considered in this study results in several model 

combinations that provide for the energy needs of the 140-home residential energy load at a lower 

cost than the grid-connected BaU case. Negotiating or advocating for a TTP pricing policy or an 
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independent power purchasing agreement should be pursued if the project moves forward in 

MoCreebec. 

The grid-connected model combination results considered under a net-metering policy do 

not yield economically attractive alternatives to the BaU scenario. However, they offer a significant 

increase in community energy independence. The community should discuss whether there is merit 

to paying higher energy costs, if that increase in price is accompanied by an increase in community 

energy autonomy. 

It should be noted that for the purposes of this case study, the MoCreebec community is 

assumed to fund the full cost of the endeavour. Moving forward, it would benefit the community 

to investigate potential sources of financial aid in order to reduce the project capital costs. Grants 

and other income sources should be pursued. 

6.2 Future work 

One area that should be further explored is the effect of different electrical grid carbon 

intensities on the carbon analysis of the combination outputs. The carbon intensity of the OEG is 

very low compared to other electricity grids, as it is largely powered by nuclear power and 

renewable sources. It would be useful to see how the combinations fared against a fossil fuel heavy 

grid, such as the Albertan grid. In addition, a carbon tax could be added to the economic analysis 

of these more heavily polluting grids to see how drastically it alters the yearly household energy 

costs of the more carbon intensive combinations. 

The combinations built in TRNSYS are highly idealized. Boilers function at 100% 

efficiencies, pumps have no losses and require no power to run, etc. (see Section 3.2.1 for all 

assumptions made in model). A more in-depth energy system model, including thermal losses, 

pumping energies (both the district heating (DH) variable speed pump and the smaller system 
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pumps), and system outages would give a more accurate representation of the system’s 

functionality.  

An analysis could be conducted to introduce electrical storage to the system, so that when 

the wind farm (WF) is generating power but the thermal energy storage (TES) has no room to store 

it, the energy does not go to waste. This would be particularly useful in the off-grid system, where 

there exists no grid to purchase and sell electricity as required. Waste heat from diesel generators 

could be harnessed in off-grid scenarios to further improve system efficiency. 

Additional sources of renewable electricity and thermal energy generation could be 

investigated. Biomass generation is an example of a potential source. 

The wind energy conversion system (WECS) system in TRNSYS assumes operation at the 

Betz limit, which is an impossible limit to reach. The implementation of a wind turbine component 

in the TRNSYS model that utilizes a power curve would yield more realistic combination results. 

Additionally, the simplified heat pump (HP) model used in this research could be replaced with 

one of the more sophisticated TRNSYS HP types. 

Propane and diesel fuel prices from Yellowknife, NWT are used to estimate fuel costs in this 

study. This was the closest geographical approximation to Moose Factory for which reliable 

costing data was available. Costing data from Moose Factory or Moosonee could be obtained 

directly in the future to ensure a more accurate economic analysis. 

The energy profile investigated in this study is purely residential. The addition of large, 

singular energy loads, such as a hospital, community centre, or any commercial centres, will 

undoubtedly alter the economic and emissions results. The study should be expanded in the future 

to more closely examine these altered results.  
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Appendix A: Off-Grid TES Dispatch Strategy Diagrams 

 

Figure 47: S2C1 TES dispatch strategy 
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Figure 48: S2C2 TES dispatch strategy
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Appendix B: S1C1 0, 25, 50, 75 ST array energy generation results 

 

Figure 49: S1C1 0 ST thermal energy production results 
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Figure 50: S1C1 25 ST thermal energy production results 
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Figure 51: S1C1 50 ST thermal energy production results 
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Figure 52: S1C1 75 ST thermal energy production results 
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Appendix C: S1C2 0, 25, 50, 75 ST array energy generation results 

 

Figure 53: S1C2 0 ST thermal energy production results 
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Figure 54: S1C2 25 ST thermal energy production results 
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Figure 55: S1C2 50 ST thermal energy production results 
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Figure 56: S1C2 75 ST thermal energy production results 
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Appendix D: S2C1 0, 25, 50, 75 ST array energy generation results 

 

Figure 57: S2C1 0 ST thermal energy production results 
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Figure 58: S2C1 25 ST thermal energy production results 
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Figure 59: S2C1 50 ST thermal energy production results 
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Figure 60: S2C1 75 ST thermal energy production results 
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Appendix E: S2C2 0, 25, 50, 75 ST array energy generation results 

 

Figure 61: S2C2 0 ST thermal energy production results 
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Figure 62: S2C2 25 ST thermal energy production results 
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Figure 63: S2C2 50 ST thermal energy production results 
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Figure 64: S2C2 75 ST thermal energy production results 

 

 


