Technical Feasibility and Economical Viability of

Remote Hybrid Power Systems in Northern Ontario

By: Jason Gubbels

Supervised by: Dr. Krishnamoorthy Natarajan

August 2011

A Thesis submitted in partial fulfillment of the requirements of the M.Sc.Eng degree in

Electrical and Computer Engineering
Faculty of Engineering

Lakehead University



ProQuest Number: 10611951

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10611951
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, Ml 48106 - 1346



Abstract

As of 1996 there were 302 remote communities with a total population of 205,041 in
Canada. These communities are not connected to the Bulk Electric System (BES)
and as such are responsible for maintaining their own power systems to meet their
energy requirements. As of 2010, 43 of the 302 remote communities were located
in the province of Ontario. These remote communities are primarily powered with
diesel generators which are a proven technology that are not limited by external en-
vironmental constraints. However this begets a dependency upon hydrocarbon based
fuels which are: costly to purchase and transport, subject to volatility in the market,
and diminishing in supply. These trends indicate that fuel prices will continue to
escalate. Due to the relative isolation and cost of expanding the BES it is assumed
that these communities will continue to operate as remote power systems for the fore-
seeable future. As such, this thesis focuses on increasing self-sufficiency within these
communities to positively impact community welfare and the Canadian presence in
the North. This is achieved through a technical feasibility and economical viability

analysis of the application of remote hybrid power systems in Northern Ontario.



To facilitate this research a model of a typical remote power system, located within
Northern Ontario, is developed. This model may be employed for multitudinous tasks
including the technical feasibility and economical viability analysis of this thesis.
Using this model a base case representing the existing diesel based generation is
performed. The technologies investigated for hybrid system implementation include:
methods of energy storage, solar energy conversion systems, wind energy conversion
systems, and fuel cells. The proposed hybrid power systems are compared to the
base case to determine their relative viability. The investigated technologies are also
analyzed to determine their technical feasibility in the North. This investigation was
completed to aid with: the reduction of fossil fuel dependencies and of the net cost
of power generation, the creation of localized employment opportunities, and the
promotion of better planning and infrastructure development to increase community

self sufficiency.
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Chapter 1

Introduction

Chapter 1 introduces the layout of the thesis as well as fundamental terms and back-
ground information that will allow for the development of the appropriate essentials
in the subject area. This will in turn be utilized by the subsequently developed
research. Section 1.1 provides an overview of power systems, Section 1.2 introduces
the concept of a remote community, Sections 1.3 and 1.4 develop the motivations
and contributions of this thesis respectively, and Section 1.5 provides a brief outline

of the thesis in its entirety.

1.1 Power Systems

A power system is a collection of equipment and materials that allows for the genera-
tion, transmission, transforming, and distribution of electrical energy. The majority
of Ontario is connected to a centralized power transmission network, which is also

referred to as the grid, Bulk Electric System (BES), or the Independent Electricity



System Operator Controlled Grid (ICG), with a small number of remote communi-
ties being both independent and responsible for maintaining their own local power

system.

Ontario Power Generation (OPG) is the crown corporation responsible for roughly
70% of the power generation for the grid connected portion of Ontario. This power
is primarily generated through the use of nuclear, hydro, gas, coal, and wind sources.
Overall there are more than 20 generators in Ontario which includes other large scale
generators such as Bruce Nuclear, Brookfield Power, and Portlands Energy. Hydro
One is the crown corporation that owns and operates approximately 97% of the
transmission network, a large telecommunications network, and approximately 70%
of the distribution network across Ontario. The remaining ~3% of the transmission
network is controlled by Great Lakes Power, 5 Nations Power Inc., Canadian Niagara
Power Inc., and Cat Lake Power Utility Limited. Hydro One Networks operates at
the distribution level and serves many rural and commercial based customers along
with the Local Distribution Companies (LDCs) that operate in urban or populated
centres. The only urban centre that is controlled by Hydro One is Hydro One Bramp-
ton which operates within the city of Brampton [1]. The majority of the distribution
network across Ontario is controlled by the 91 LDCs and Provincial Lines. A full list
of LDCs can be obtained from the Independent Electricity System Operator (IESO)
[2]. Table 1.1 demonstrates the approximate total amount of installed capacity for
existing grid connected renewable generators as of April 2011 within the province of

Ontario. The existing renewable generators are classified as either hydraulic, wind,



solar, or biogas and the total installed capacity of the respective generators connected

to the transmission (TX) and distribution (DX) systems are also indicated.

Table 1.1: BES Connected Renewable Electricty Generation in Ontario

Generation | Installed Capacity (MW)
Type TX | DX | Total
Hydraulic | 7,311 | 314 7,625
Wind 1,282 | 283 1,565
Solar - 173 173
Biogas - 105 105

The IESO is responsible for the operation of the Ontario grid connected power sys-
tem with direction from the Ontario Power Authority (OPA), the Ontario Ministry
of Energy (MOE), the Ontario Energy Board (OEB), the North American Electric
Reliability Corporation (NERC), and the Northeast Power Coordinating Council Inc.
(NPCC). The OPA is responsible for the medium to long term system planning to
ensure that the power requirements of the province can be met. The IESO is respon-
sible for the short term planning of the system and ensuring that the power system
is operated within the guidelines set by NERC and the NPCC. The OEB regulates
all non-commodity electricity licences from all participants in the Ontario market.
The ON MOE establishes the energy policies for Ontario and ensures that the On-
tario grid remains robust. The Ontario Electricity Financial Corporation (OEFC)
manages liabilities from the former provincial utility of Ontario Hydro prior to the
development of the free market. Hydro One Remote Networks, a division of Hydro

One, is responsible for the entire power system in a number Ontario’s remote com-



munities. The other remote communities that are not under the jurisdiction of Hydro
One Remote Networks are maintained by the local populace. The transmission net-
work also connects through interconnections to neighbouring states and provinces
which include Minnesota, Michigan, New York, Manitoba, and Quebec which sup-

ports up to 4,000 MW of electricity imports [2].

These interconnections combined with the availability of various power generation
means provide greater flexibility for the operation of the grid which is not possible
in remote power systems. Residences in Ontario are supplied with a split-phase 240
volts (£ 5%) with a 100 to 200 ampere service which is provided by the LDC, Provin-

cial Lines, or Hydro One. The commercial supply varies based on local requirements.

1.2 Remote Communities

In order for a Canadian community to be classified as a remote community two re-
quirements must be met. The first is that the community must not be presently
connected to the North-American centralized power distribution network or natu-
ral gas network. The second is that the community must be a permanent or long
term settlement with at least ten permanent residences where long term is defined
as greater than or equal to five years. As such a remote community is responsible
for maintaining its own power system to satisfy local demand. As of 1996 there were
302 remote communities across Canada with a total population of around 205,041.

The majority of these remote communities are located across Northern Canada and



they do not include several other types of communities such as outpost camps or
some fishing camps as these communities do not meet the two aforementioned re-
quirements. Some of these remote communities are connected to localized grids,
many use independent power systems, and some official remote communities have no
associated power system. Between the years of 1984 and 1996 the total number of
remote communities decreased from approximately 380 to 302. This decrease in the
number of remote communities is primarily a result of the extension of the electrical
grid. However, during the period between 1984 and 1996 the overall population lo-
cated within the remote communities across Canada has remained relatively constant
which indicates that the population levels in the remaining remote communities has

increased to compensate [3].

A community in general can be defined as a residential district that supports a lo-
cal population. The community is primarily constructed of private residences but
commercial and governmental facilities are normally present in smaller quantities.
A remote community is typically removed from other communities and public ser-
vices. They also do not typically have any form of public water, natural gas or
propane connections, or sewer systems. Many of the remote communities in Ontario
are populated by first nation members and located across Northern Ontario. Tables
1.2 and 1.3 provide a cumulative list of the remote communities in Ontario along
with their means of accessibility. Table 1.2 contains a list of communities that are
studied further in depth and Table 1.3 contains the additional communities for com-

pleteness. Most of the remote communities do not have regular road service that



can be used year round and typically the only way to transport materials, including
food, fuel, and building materials, to these locations is either on an ice road or by
air transportation. Transportation by air is significantly more expensive than any
other form of transportation and is minimized whenever possible [4]. For fields in
Table 1.2 that include a question mark it is assumed that the metric is as shown,
however some of the information is difficult to acquire. For the other types of ac-

cessibility on the ground N denotes none, W denotes water, and T denotes train [3, 5].

Ontario has a total of 43 remote communities that vary in both size and location.
Five of the remote communities in Ontario are accessible via the coast. There are
10 remote communities in Ontario that are connected via rail service and they are
primarily located across central Ontario. The remaining 26 remote communities in
Ontario are accessible only by ice road or air and are considered to be located in the
interior of Northern Ontario [3]. The 7’ indicates values that were not obtainable
and Kashechewan is connected to the generators at Albany to form a localized mini-

grid as indicated by the *’ in Table 1.3.



Table 1.2: Accessibility Distribution in Ontario - Studied Communities

Accessibility
Air Band Roads Other
Name Code | Number | Regular | Ice | Air | Ground
Armstrong Station YYW 190 N Y Y T
Bearskin Lake XBE 207 Y - Y N
Big Trout Lake YTL 209 N Y Y N
Biscotasing Float 226 Y - Y T
Deer Lake YVZ 237 N? N? | Y N
Fort Hope YFH 183 N Y Y N
Fort Severn YER 215 N? Y Y N
Gull Bay - 188 N? N? - N
Kasabonika XKS 210 N N Y N
Kee-way-win KEW 325 N? N? | Y N
Kingfisher Lake KIF 212 N Y I|Y N
Lansdowne House YLH 239 N Y Y N
Muskrat Dam Lake MSA 213 N? N?| Y N
North Caribou Lake ZRJ 204 N? N? | Y N
North Spirit Lake YNO 238 N Y Y N
Ogoki Post/Marten Falls | YOG 186 N Y | Y N
Peawanuck (Winisk) YPO 146 N Y | Y W
Pikangikum 14 YPM 208 N Y Y N
Poplar Hill YHP 236 N Y Y N
Sachigo Lake ZPB 214 N? N? | Y N
Sandy Lake ZSJ 211 N Y Y N
Sultan - 228 Y - ? T
Summer Beaver SUR 241 N Y Y N
Wapekeka (Angling Lake) | YAX 206 N N? | Y N
Webequie YWP 240 N Y Y N
Wunnumin Lake WNN 217 N Y Y N




Table 1.3: Accessibility Distribution in Ontario - Additional Communities

Accessibility

Air Band Roads Other

Name Code | Number | Regular | Ice | Air | Ground
Albany ? ? N Y Y W
Allan Water ? ? ? ? ? T
Attawapiskat CYAT ? N Y | Y \W%
Auden ? ? ? ? ? T
Cat Lake CYAC ? N Y Y N
Collins ? ? N N Y T
Ferland ? ? N N N T
Graham ? ? ? ? ? T
Hillsport ? ? N N N T
Kashechewan* ? ? N Y Y \%%
Lac Seul 28 - ? ? ? N
MacDowell ? ? N N Y N
Moose River Crossing ? ? N N N T
Oba ? ? N N N T
Ponask ? ? ? ? ? N
Ramsey ? ? N N N T
Wawakapewin ? ? N Y N N

As opposed to Ontario the three territories only operate remote power systems as
the small population and vast distances dictate that a centralized power transmission
network is highly impractical. There are 34 official communities in the Northwest
Territories [6], 26 in Nunavut [7], and 23 in the Yukon [8]. The number of remote
communities located in the Northwest Territories and Nunavut between 1984 and
1996 remained constant however the overall population increased by approximately
25% due primarily to a high birth rate. The number of remote communities in

the Yukon also remained relatively constant between 1984 and 1996 however the



overall population increased by about 30% due primarily to migration [3, 5. Remote
communities will continue to be responsible for their own power generation for the
foreseeable future. As such research focusing on how to create a more self-sufficient
community may have a tremendous impact on the welfare of these communities and

the Canadian presence in the North.

1.3 Motivation

Presently the majority of the remote communities in Canada are powered with diesel
generators and heated using oil. Diesel generation is employed as it is cost effective,
is not dependent upon external environmental constraints, and has been successfully
used in a variety of climates for a long period of time. This indicates that diesel gen-
eration it as a mature technology. The required fuels are normally transported via
ice road, ship, or in rare circumstances by air 3, 4]. In select locations, where both
the resources exist and the system is cost effective to implement, hydroelectric facili-
ties have been installed in the form of mini-hydro turbines. However the availability
of mini-hydro is limited. A small number of electric utilities have also installed a
limited quantity of small scale trial wind turbines in both the near North (Northern

Ontario) and the far North (arctic region encompassed by the three territories).

The harsh climate, extreme temperatures, small populations, and isolated manner
in which the remote communities can be found pose a unique conundrum for energy

production. Due to their energy production portfolio the majority of these remote



communities are dependent upon hydrocarbon based fuels which are costly to both
purchase and transport due to the isolation of the communities and vast distances.
The ever increasing cost of fuel and the decrease in availability indicates that the net
cost of the required fuels will likely continue to escalate [5]. The ice roads, which are
used for primary fuel transportation during short periods in the winter months, have
been operational for shorter periods than ever before due to the change in global
climate [4, 9]. It is projected that this shortening of the usable season will continue

into the future.

The motivation of this thesis is to investigate the communities located across North-
ern Ontario, with regards to power production, to determine if there is a cost effective
method that can be used to decrease the dependency on hydrocarbon based fuels.
This would potentially allow for cheaper energy production both presently and in
the future, the remote communities to become self sufficient, provide new job and
training opportunities within the remote communities, and decreases the funding

required by both the communities and the federal government.

1.4 Thesis Contributions

The contributions of this thesis are twofold. The first contribution of the thesis is
with the development of a system model for Northern Ontario. Due to the large
geographical area of Northern Ontario it was vital to develop a system model that

exhibits the typical or average conditions that can be expected within the boundaries

10



of Northern Ontario. However at present little information is publicly available for
the remote communities located within the bounds of Northern Ontario. The system
model created in this thesis investigates multiple parameters, including population,
housing, climatic, and power system data, which encompass the entire expanse of
the territory contained within Northern Ontario. These parameters were refined and
manipulated to create a functioning model that can be employed for multitudinous

future tasks.

The second contribution is an in-depth technical feasibility and economical viabil-
ity analysis of various power generating technologies as applied to a power system
described by the developed system model at a Northern latitude. Presently few al-
ternative sources of power generation have been investigated for remote communities
particularly in the North. The aim of this thesis is to determine which technolo-
gies are feasible to: reduce fossil fuel dependencies, decrease cost, promote better
planning and infrastructure development, and increase community self sufficiency in

Canadian remote communities located across Northern Ontario.

1.5 Organization of the Thesis

This thesis consists of eight Chapters including the Introduction and nine Appen-

dices. The Chapters are outlined below:
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Chapter 2: System Model

This Chapter investigates population, housing, climatic, and power system data
when available across Northern Ontario, Nunavut, the Northwest Territories, and
the Yukon. Using the available data a system model is created to model a typical
location in Northern Ontario. The system model includes population, power system,
diesel consumption, and climatic variables. This model will be used in subsequent

chapters to complete the analysis of various technologies and power system options.

Chapter 3: Introduction to Simulation Methodologies

This Chapter introduces the simulation concepts and methods, community load pro-
file, and economic dispatch methodology used throughout this thesis. The converter
components that will be used for a number of the simulations in the proceeding

Chapters are also introduced in this Chapter.

Chapter 4: Storage Technologies

This Chapter begins with a brief overview to electrical energy storage technolo-
gies. Energy management storage medians are investigated in-depth with a focus
on pumped hydroelectric storage, compressed air energy storage, large-scale batter-
ies, solar fuels, and thermal energy storage. The various electrical energy storage
technologies are compared and analyzed for implementation in conjunction with the
system model. The energy storage technologies that are selected for implementation

will be introduced in this Chapter.
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Chapter 5: Diesel Generator Systems

This Chapter begins with a brief introduction to Diesel Generator Systems (DGS).
The architecture or construction of the DGS is explored so that a fundamental knowl-
edge is obtained. Using the knowledge developed from the introduction and architec-
ture of the DGSs implementable systems are developed. These DGS conform to the
system model and are accompanied by a detailed economical and technical analysis

obtained from simulation.

Chapter 6: Solar Energy Conversion Systems

This Chapter begins with a brief introduction to Solar Energy Conversion Systems
(SECS). The climatic data associated with the system model that pertains to solar
Photovoltaic (PV) is introduced and explained. The architecture or construction
of the SECS is explored so that a fundamental knowledge is obtained. Using the
knowledge developed from the introduction and architecture of the SECS, along with
the applicable climatic data, implementable systems are developed. These SECSs
conform to the system model and are accompanied by a detailed economical and

technical analysis obtained from simulation.

Chapter 7: Wind Energy Conversion Systems

This Chapter begins with a brief introduction to Wind Energy Conversion Systems
(WECS). The climatic data associated with the system model that pertains to wind is
introduced and explained. The architecture or construction of the WECS is explored

so that a fundamental knowledge is obtained. Using the knowledge developed from
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the introduction and architecture of the WECS, along with the applicable climatic
data, implementable systems are developed. These WECSs conform to the system
model and are accompanied by a detailed economical and technical analysis obtained

from simulation.

Chapter 8: Conclusion

This Chapter is subdivided into two Sections. The first Section includes the author’s
views on future work emanating from the results and work found within this thesis.
The second Section provides a summary of the results determined throughout this

thesis as well as an overview of the thesis through concluding thoughts.

Appendices A and B

Appendices A and B are virtual appendices that contain raw data, additional Tables
and Figures, and other related information applicable to this thesis. The appendices

contain an index of the data found on the accompanying compact disc.

Appendix C

Appendix C contains additional Figures relating to the community load approxima-

tion as introduced in Chapter 3.

Appendix D

Appendix D contains additional Figures and data relating to the Battery Energy

Storage System (BESS) employed by the power system as introduced in Chapter 4.
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This includes additional component detail, source information, and the component
capacity and lifetime curves along with the associated tabular data. The capital cost

of various BESS enclosures are also investigated.

Appendix E

Appendix E introduces additional information on the Diesel Generator Systems
(DGS) introduced in Chapter 5. Various definitions of DG operation will be in-
troduced followed by common and specific technical specifications. The common
technical specifications include derating curves, start-up curves, and efficiency curves.
The specific technical specifications include individual DG unit loading specifics, ad-

vanced unit details, source information, and the related fuel and efficiency curves.

Appendix F

Appendix F provides additional information on the Solar Energy Conversion Sys-
tems (SECS) introduced in Chapter 6. The first Section of this Appendix includes
the scaled solar resources experienced by the system model. The second Section
includes the extraterrestrial radiation experienced at the community location. The
third and final Section introduces additional information with respect to the Solar
Generators (SG) that were studied in this thesis. The additional SG information in-
cludes unit specific: technical data, source and manufacturer information, efficiency
of the SGs under STC conditions and the related variables, and the related tempera-
ture coeflicients, optimum operating characteristics, open circuit values, temperature

range, all associated costs, and unit life expectancy.
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Appendix G

Appendix G provides additional information on the Wind Energy Conversion Sys-
tems (WECS) introduced in Chapter 7. This includes information and data related
to the wind rose and frequency distribution, system model wind resources, system
model wind resources at upper air levels, wind power generation and system loading,
and Wind Generator (WQG) unit specific: general technical and source information,

the power curve data points, power curves, and cost curves.

Appendix H

This Appendix begins with an introduction to various fuel cell technologies. The
molten carbonate and solid oxide fuel cells are studied individually and in-depth.
The various fuel cell technologies are compared and an analysis for implementation
of a fuel cell based power system is completed. This fuel cell based power system
conforms to the system model and is accompanied by a detailed economical and
technical analysis. This material was placed in the Appendix as it was not deemed
feasible for implementation within the system model constraints and as such was

removed from the body of the thesis.

Appendix 1

Appendix I provides additional information as it relates to the SECS introduced
in both Chapter 6 and Appendix F with a focus on solar energy and astronomical

terminology.
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Chapter 2

System Model

To achieve the objectives as outlined in Section 1.4 a general system model that
exhibits characteristics representative of the desired geographical locations must be
developed. At present there is no readily available alternative which resulted in an
extensive analysis of Northern Ontario (ON) and of the Canadian federal territories
which consist of the Northwest Territories (NWT), Nunavut (NU), and the Yukon
(YT). The system model, which is the term used here on in, must exhibit all aspects
of a typical community in Northern Ontario which can be broadly summarized by
the following classifications: population and housing data, power system data, and
climatic data. The desired data that would be used to produce the system model
was not publicly available so all available relevant data for the desired province
and territories was collected and analyzed. The collected data was then used to
infer logical estimations of the typical conditions that the modelled system would

experience in Northern Ontario. Natural Resources Canada (NRCAN) published a
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summary of Canadian remote communities in 1996 through RETScreen International
which is the most extensive relevant database in existence [3]. However due to the age
of this database its use was limited in the development of the current system model.
All the raw data that was collected regarding population, housing, and power systems
can be found in Appendix A and the raw climatic data can be found in Appendix B.

A summary of the applicable results can be found in the remainder of this Chapter.

2.1 Population and Housing Data

Population and housing data was obtained for locations across the territories and
Northern Ontario. The population and housing information was obtained from
Statistics Canada’s 1991, 1996, 2001, and 2006 census results, Indian and Northern
Affairs Canada (INAC) community databases, and from some of the remote commu-
nities’ individual websites where applicable. The percentage change in population
was calculated between the census years to determine the overall population trends
when the required information was present. Due to the size, type, and location of the
communities some of the population data was not collected for all locations during
the census periods. The collected data, graphs, and some preliminary results can be

found in Appendix A.

2.1.1 Northern Ontario

In 1996 there were a total of 43 remote communities located across Northern Ontario

with a combined population of 29,296. Ontario contained 14.10 % of the Canadian

18



remote communities and 14.29 % of the total population that resides within the
Canadian remote communities. These figures have changed slightly in the following
years and the overall values are not available after 1996. The remote communities
in Ontario can be divided into three different regions that are used to separate
the remote communities based on their geographical situation. These regions are
coastline, interior, and rail. There are 5 remote communities that are classified as
coastline communities which held a combined population of 6,059 in 1996. Twelve
locations are classified as rail communities which held a combined population of 6,267
in 1996. The remaining 26 communities, which are the majority of the communities
of interest in the system model analysis, are considered interior communities and
held a combined population of 16,970 in 1996 [3]. Table 2.1 contains the list of
studied remote communities in Ontario along with their respective populations from
the 1991, 1996, 2001, and 2006 census results [5]. The periods for which the desired
data was not obtainable are denoted by a ’-’ in the table. The Canadian remote
community database from RETScreen does represent all 43 remote communities in
Ontario however due to the size, limited nature of published data, and the fact that
not all 43 of these locations have an installed power system only the 28 communities

listed in Table 2.1 were studied.
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Table 2.1: Population Distribution in Ontario [5]

Population % Change
Location 1991 | 1996 | 2001 | 2006 | 91-96 | 96-01 | 01-06
Armstrong Station - 115 - 247

Bearskin Lake 344 | 428 | 363 | 459 244 | -15.2 | 26.4
Big Trout Lake -
Biscotasing 137

165 - -

- - -3.0
Deer Lake 611 630 755 681 2.8 19.8 -9.9
Fort Severn 335 365 400 - 8.1 9.6 -
Gull Bay 240 160 252 206 | -33.8 | 57.5 | -18.3
Kasabonika 536 520 740 681 -3.0 42.3 -8.0
Kingfisher Lake 365 305 368 | 415 | -16.4 | 20.7 12.8
Neskantaga 226 235 | 270 | 265 4.0 14.9 -1.9
Sachigo Lake 276 305 443 | 450 10.5 45.2 1.6
Sandy Lake 1352 | 1610 | 1705 | 1843 | 19.2 5.9 8.2
Sultan 179 100 105 -44.1 5.0 -

Wapekeka FN 287 | 210 | 330 | 350 | -26.8 | 57.1 6.4
Weagamow Lake 87 | 506 | 475 | 697 | 700 -6.1 46.7 0.4

Webequie 564 | 445 | 600 | 614 | -21.5 | 34.8 2.3
Fort Hope 453 | 800 | 1000 | 1144 | 76.8 25.0 14.3
Kee-way-win - 235 265 318 - 12.8 20.0
Muskrat Dam Lake | 166 217 61 252 30.7 | -71.9 | 313.1
North Spirit Lake - 160 231 259 - 44.4 12.1
Ogoki Post 187 | 205 - 221 9.1 - -
Peawanuck 150 | 240 193 | 221 59.3 | -19.6 | 14.5
Pikangikum 14 1303 | 1170 - 2100 | -10.2 - -
Poplar Hill 271 290 | 373 | 457 7.0 28.6 22.5

Summer Beaver 307 317 276 362 3.3 -12.9 32.2
Wunnumin Lake 368 455 407 487 23.6 -10.5 19.7

Table 2.2 contains the location of the remote communities, number of private dwellings
during the 1996, 2001, and 2006 census results, and what corporation or organization

is responsible for the power generation at the provided remote communities [3, 5].
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Hydro One Remote Networks is responsible for the power generation in 23 commu-
nities of which 16 are listed in Table 2.2 [1]. The remaining locations operated by
Hydro One Remote Networks are relatively small and it is difficult to find applicable
data. The remaining 10 communities listed in Table 2.2 are provided power through
local band operated utilities. The additional 10 locations in Ontario do not have an

installed power system [3].
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Table 2.2: Dwelling Distribution in Ontario

Location # Dwellings
Name | Lat. | Long. | 1996 | 2001 | 2006 | Operator
Armstrong Station | 50.18 | 89.02 | 115 - 90 | Hydro One
Bearskin Lake 53.55 | 90.58 - - 147 | Hydro One
Big Trout Lake 53.82 | 89.87 - - - Hydro One
Biscotasing 47.18 | 82.06 - 60 - Hydro One
Deer Lake 52.62 | 94.07 | 140 175 213 | Hydro One
Fort Severn 56.01 | 87.35 85 95 - Hydro One
Gull Bay 49.49 | 89.06 55 - 86 | Hydro One
Kasabonika 53.35 | 88.39 | 115 - 210 | Hydro One
Kingfisher Lake 53.01 | 89.51 80 - 113 | Hydro One

Lansdowne House | 52.14 | 87.53 | 145 80 96 | Hydro One
Sachigo Lake 53.53 | 92.09 75 - 154 | Hydro One
Sandy Lake 53.04 [ 93.19 | 390 | 450 | 549 | Hydro One

Sultan 47.35 | 82.46 30 35 - Hydro One
Wapekeka 53.43 | 89.32 50 80 114 | Hydro One
Weagamow Lake 87 | 52.57 | 91.16 | 150 - 232 | Hydro One
Webequie 52.59 | 87.16 | 105 140 174 | Hydro One
Fort Hope 51.33 | 87.59 | 200 | 240 | 286 Band
Kee-way-win 52.60 | 92.48 50 65 100 Band
Muskrat Dam Lake | 53.21 | 91.51 70 - 105 Band
North Spirit Lake | 52.20 | 93.01 40 - 74 Band
Ogoki Post 51.39 | 85.54 55 - 79 Band
Peawanuck 55.00 | 85.25 60 70 66 Band
Pikangikum 14 51.49 | 94.00 | 235 - 387 Band
Poplar Hill 52.05 | 94.18 65 90 117 Band
Summer Beaver 52.48 | 88.27 - - 114 Band
Wunnumin Lake 52.51 | 89.17 | 110 - 137 Band

The infrastructure in the remote communities is supported by INAC in conjunction
with the federal government. Due to the nature of the operations in the remote

communities in Northern Ontario more specific data is not publicly available. Figure
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2.1 shows the population trends for the communities in Northern Ontario that have
population data available for at least two years collected in Table 2.1 not including
site 25 or Pikangikum 14 First Nations as the population there is significantly higher
than the other communities. It can be seen that overall the population has either re-
mained relatively constant or increased slightly between 1991 and 2006. However, the
population in Fort Severn and Fort Hope have increased and decreased significantly

over the studied period respectively.

Ontario Population Over Time
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Figure 2.1: ON Population Over Time
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2.1.2 Northwest Territories

On April 1, 1999 the Canadian federal government approved the subdivision of the
existing territory known as the Northwest Territories into two territories. The new
federal territory created was named Nunavut and the remaining land was still gov-
erned under the name of the Northwest Territories. The census data from 1991 and
1996 as well as the data provided by the 1996 RETScreen Canadian remote commu-
nity summary use the definition of the Northwest Territories prior to April 1, 1999.
During the data collection and analysis the combined data from this period in time
was manually separated with respect to the current definitions of the federal terri-
tories. Over the past 20 years many locations found across the territories have also
had official name changes which create logistical issues when researching statistics
for various communities in conjunction with a change in federal jurisdiction. The
names of the communities explored here on in should represent the current names
of the locations but many sources will still list information under obsolete naming
conventions. In the rare cases where the obsolete name is still extensively used an

effort has been made to include both naming conventions.

In 1996 there were a total of 34 remote communities located across what is now
known as the Northwest Territories with a combined population of 34,167. The
NWT contained 11.26 % of the Canadian remote communities and 17.81 % of the
total population that resides within the Canadian remote communities [3]. In 2010
there are still a total of 34 official communities in the Northwest Territories all of

which utilize remote power systems. A total of 19 communities were studied in depth
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as they are all powered with only diesel generators. In 1996 these 19 communities had
a combined population of 7,825. The remaining 15 communities are powered with an
assortment of hydro, diesel-hydro hybrid, and limited natural gas installations [6].
Table 2.3 lists the 19 studied communities along with their corresponding population
based on the 1991, 1996, 2001 and 2006 census results, location, and the number of
private dwellings in 2001 and 2006 [5].

Table 2.3: Population Distribution in the Northwest Territories

Population % Change
Location 1991 | 1996 | 2001 | 2006 | 91-96 | 96-01 | 01-06
Aklavik 801 | 727 | 632 | 594 -9.2 -13.1 -6.0
Colville Lake 69 90 102 | 126 30.4 13.3 23.5
Deline 551 616 536 | 525 11.8 13.0 -2.1
Fort Liard 485 512 530 583 5.6 3.5 10.0

Fort Good Hope | 602 | 644 | 549 | 557 7.0 -14.8 1.5
Fort McPherson | 759 | 878 | 761 | 761 15.7 | -13.3 0.4
Fort Simpson 1142 | 1257 | 1163 | 1216 | 10.1 -7.5 4.6

Gameti - 256 | 274 | 283 - 7.0 3.3
Jean Marie River | 49 53 50 81 8.2 -5.7 62.0
Lutselk’e 286 | 304 | 248 | 318 6.3 -18.4 -1.2
Nahanni Butte 85 75 107 | 115 | -11.8 42.7 7.5
Paulatuk 255 | 277 | 286 | 294 8.6 3.2 2.8

Sachs Harbour 125 135 114 122 8.0 -15.6 7.0
Tsiigehtchic 144 162 195 175 12.5 20.4 -10.3
Tuktoyaktuk 918 943 930 870 2.7 -14 -6.5

Tulita 375 | 450 | 473 | 505 | 20.0 5.1 6.8

Ulukhaktok 361 | 423 | 398 | 398 | 17.2 -5.9 0.0

Wha Ti 392 | 418 | 453 | 460 6.6 8.4 1.5
Wrigley 174 | 167 | 165 | 122 | -4.0 -1.2 | -33.0

Table 2.4 contains the locations of the remote communities, number of private
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dwellings during the 2001 and 2006 census results, and the number of dwellings

that were occupied by regular residents in 2006 throughout the NWT.

Table 2.4: Dwelling Distribution in the NWT

Location Private Dwelling | Usual Residents

Name Lat. | Long. | 2001 2006 2006
Aklavik 68.13 | 135.00 | 261 254 218
Colville Lake 67.02 | 126.05 | 37 43 35
Deline 65.19 | 123.42 | 208 222 173
Fort Liard 60.14 | 123.28 | 180 211 175
Fort Good Hope | 66.15 | 128.37 | 204 209 176
Fort McPherson | 67.26 | 134.52 | 335 293 265
Fort Simpson 61.45 | 121.14 | 489 531 434
Gameti 64.06 | 117.21 | 99 99 71
Jean Marie River | 61.31 | 120.37 | 22 28 23
Lutselk’e 62.41 | 110.74 | 75 144 111
Nahanni Butte | 61.02 | 123.23 | 39 46 35
Paulatuk 69.21 | 124.04 | 72 87 75
Sachs Harbour | 72.00 | 125.16 | 48 54 45
Tsiigehtchic 67.26 | 133.44 | T2 77 60
Tuktoyaktuk 69.27 | 133.00 | 343 348 274
Tulita 64.54 | 125.34 | 159 170 144
Ulukhaktok 70.45 | 117.48 | 144 152 134
Wha Ti 63.08 | 117.16 | 118 154 113
Wrigley 63.13 | 123.28 | 55 63 43

Figure 2.2 shows the population trends for the communities in the Northwest Ter-
ritories as summarized by Table 2.3. It can be seen that overall between 1996 and

2006 that the population levels remain fairly constant in the selected communities.
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NWT Population Over Time for Diesel Based Communities
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Figure 2.2: NWT Population Over Time for Diesel Based Communities

2.1.3 Nunavut

In 1996 there were a total of 26 remote communities located across what is now
known as Nunavut with a combined population of 20,636. Nunavut contained 8.61
% of the Canadian remote communities and 10.16 % of the total population that
resides within the Canadian remote communities [3]. Table 2.5 contains a complete
list of the remote communities in Nunavut [7] along with their respective populations
during the 1991, 1996, 2001, and 2006 census results [5]. All of the communities
located within Nunavut were studied as they are all diesel powered remote power
systems. The periods for which the desired data was not available are denoted by a

- in the Table.
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Table 2.5: Population Distribution in Nunavut

Population % Change
Location  [1991 | 1996 | 2001 | 2006 | 91-96 | 96-01 | 01-06

Arctic Bay 543 | 639 | 646 | 690 17.7 1.1 6.8

Arviat 1323 | 1559 | 1899 | 2060 | 17.8 21.8 8.5
Baker Lake 1186 | 1385 | 1507 | 1728 | 16.8 8.8 14.7
Bathurst Inlet 18 18 5 0 0.0 -72.2 | -100.0

Cambridge Bay | 1116 | 1351 | 1309 | 1325 | 21.1 -3.1 1.22
Cape Dorset 961 | 1117 | 1148 | 1236 | 16.3 2.7 7.7

Chesterfield Inlet | 316 337 345 322 6.6 2.4 -3.8
Clyde River 565 708 785 820 25.3 10.9 4.5

Coral Harbour 578 669 712 769 15.7 6.4 8.0
Gjoa Haven 783 879 960 | 1064 | 12.3 9.2 10.8
Grise Fiord 130 148 163 141 13.8 10.1 -13.5
Hall Beach 526 543 609 254 3.2 12.2 | -58.0

Igloolike 936 | 1174 | 1286 | 1538 | 25.4 9.5 19.6
Iqaluit 3552 | 4220 | 5236 | 6184 | 18.8 24.1 18.1
Kimmirut 365 397 433 411 8.8 9.1 -5.1
Kugaaruk - 496 605 688 22.0 13.7

Kugluktuk 1059 | 1201 | 1212 | 1302 | 134 0.9 74
Pangnirtung 1135 | 1243 | 1276 | 1325 9.5 2.7 3.8
Pond Inlet 974 | 1154 | 1220 | 1315 | 18.5 5.7 7.8
Qikigtarjuaq - 488 519 473 - 6.4 -8.9
Rankin Inlet 1706 | 2058 | 2177 | 2358 | 20.6 5.8 8.3
Repulse Bay 488 | 559 | 612 748 14.5 9.5 22.2
Resolute Bay 171 198 215 229 15.8 8.6 6.51
Taloyoak 580 | 648 | 720 | 809 11.7 11.1 124
Whale Cove 235 | 301 305 | 353 28.1 1.3 15.7

Table 2.6 contains the locations of the remote communities, number of private
dwellings during the 2001 and 2006 census results, and the number of dwellings

that were occupied by regular residents in 2006 throughout Nunavut [5].
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Table 2.6: Dwelling Distribution in Nunavut

Location Private Dwelling | Usual Residents
Name Lat. | Long. | 2001 2006 2006
Arctic Bay 73.02 | 85.10 | 170 190 161
Arviat 61.06 | 94.03 | 456 497 453
Baker Lake 64.17 | 96.04 | 464 478 450
Bathurst Inlet | 67.34 | 108.30 | 20 0 0
Cambridge Bay | 69.06 | 105.08 | 457 524 449
Cape Dorset 64.13 | 76.31 333 356 321
Chesterfield Inlet | 63.32 | 91.04 | 103 120 100
Clyde River 70.29 | 68.31 | 160 183 173
Coral Harbour | 64.11 | 83.21 | 194 242 195
Gjoa Haven 68.37 | 95.52 | 249 246 237
Grise Fiord 76.25 | 82.53 49 55 48
Hall Beach 68.46 | 81.13 | 134 154 146
Igloolike 69.23 | 81.48 | 324 370 329
Iqaluit 63.45 | 63.45 | 2105 2460 2074
Kimmirut 62.50 | 62.50 | 108 116 113
Kugaaruk 68.31 | 67.49 | 120 137 134
Kugluktuk 67.49 | 67.49 | 392 407 359
Pangnirtung 66.08 | 66.09 | 403 433 365
Pond Inlet 72.41 | 72.41 | 308 335 311
Qikigtarjuaq 67.33 | 67.33 | 150 156 136
Rankin Inlet 62.49 | 62.49 | T44 776 655
Repulse Bay 66.31 | 66.31 | 130 153 136
Resolute Bay 74.43 | 74.43 85 83 67
Taloyoak 69.32 | 69.32 | 192 205 185
Whale Cove 62.10 | 62.10 91 93 91
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Figure 2.3 shows the population trends for the communities in Nunavut as sum-
marized by Table 2.6 for the communities where the census population results were
available for all four years not including Iqaluit. Iqaluit was not included as the pop-

ulation in the capital city of Nunavut is significantly higher than any other location




and it has seen significant growth over the 15 year period. It can be seen that overall
the trend in population is that it is increasing slightly for the majority of the com-
munities over the studied 15 year period. The only communities that experienced a
significant decrease in population were Bathurst Inlet and Hall Beach. Due to the
small initial population of Bathurst Inlet in 1991 the population change in Figure
2.3 is difficult to read. However in 2006 the community had population is zero which

translates to a -100% change in population over the studied period [3, 5].
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Figure 2.3: NU Population Over Time

2.1.4 Yukon

In 1996 there were a total of 23 remote communities located across the Yukon with a
combined population of 33,326. The Yukon contained 7.62 % of the Canadian remote

communities and 16.41 % of the total population that resides within the Canadian
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remote communities [3]. Table 2.7 contains a complete list of the studied remote
communities in the Yukon along with their respective populations during the 1991,
1996, 2001, and 2006 census results [5]. The Yukon has 10 communities which are
solely powered by diesel generators with a combined population of 4,881 in 1996.
These 10 communities are subdivided by large and small diesel operations. The 7
small diesel communities had a combined population of 905 in 1996 and the 3 large
diesel communities had a population of 3,981 in 1996. The remaining 13 commu-
nities are hydro based power systems which form localized grids with a combined
population of 28,440 in 1996. Liard Post, BC (Lower Post) is also included within
this analysis as the utility that operates there is the same as that within the Yukon.
Burwash Landing is connected to the power system located in Destruction Bay [3, 8].
The periods for which the desired data was not available are denoted by a ’-’ in the

Table.

Table 2.7: Population Distribution in the Yukon

Population % Change
Location | 1991 | 1996 | 2001 | 2006 | 91-96 | 96-01 | 01-06

Beaver Creek 104 131 88 112 26.0 | -32.8 | 273
Burwash Landing | 77 58 68 73 =247 | 17.2 7.4
Destruction Bay 32 34 43 55 6.3 26.5 279

Dawson City 2,026 | 1,287 | 1,251 | 1,327 | -36.5 | -2.8 6.1

Liard Post, BC 124 125 28 113 0.8 -77.6 | 303.6
Old Crow 256 278 | 299 | 253 8.6 7.6 -154

Pelly Crossing 216 238 328 | 296 10.2 37.8 -9.8

Stewart Crossing | 42 42 40 35 0.0 -4.8 | -12.5
Swift River 14 15 15 10 7.1 0.0 -33.3
Upper Liard 162 111 159 178 | -31.5 | 43.2 11.9
Watson Lake 912 | 993 | 912 | 846 8.9 -8.2 -7.2
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Table 2.8 contains the locations of the remote communities, number of private
dwellings during the 2001 and 2006 census results, and the number of dwellings

that were occupied by regular residents in 2006 throughout the Yukon [5].

Table 2.8: Dwelling Distribution in the Yukon

Location Private Dwelling | Usual Residents

Name Lat. | Long. | 2001 2006 2006
Beaver Creek 62.24 | 140.52 | 58 72 58
Burwash Landing | 61.22 | 139.03 | 53 53 41
Destruction Bay | 61.51 | 138.48 | 20 30 24
Dawson City 64.06 | 139.41 | 675 768 599
Liard Post, BC | 59.56 | 128.30 | 22 69 48
Old Crow 67.34 | 139.50 | 148 153 118
Pelly Crossing | 62.49 | 137.22 | 124 126 115
Stewart Crossing | 63.32 | 139.43 | 18 19 16
Swift River 60.00 | 131.18 9 18 5
Upper Liard 63.03 | 128.54 | 94 96 79
Watson Lake 60.06 | 128.49 | 422 424 337

Figure 2.4 shows the population trends for the communities in the Yukon as summa-
rized by Table 2.8 for the communities not including Dawson City and Watson Lake.
Dawson City and Watson Lake were not included as the population in these locations
are significantly higher than the other locations in the Yukon. It can be seen that the
population in the Yukon varies greatly over the examined years. Overall population

levels were slightly higher in 2006 as compared to the starting period of 1991.
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Yukon Territory Population over Time
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Figure 2.4: YT Population Over Time

2.2 Power System Data

Unfortunately power system data is not publicly available for remote locations within
Ontario operated by either Hydro One Remote Networks or independently through
the resident native band. The Yukon Electrical Company (YEC) and Quilliq Energy
Corporation (QEC), which operate as utilities in the Yukon Territory and Nunavut
respectively, also do not make information on their power systems publicly available.
QEC does however have information for four locations available to the public through
a study performed by [10]. The Northwest Territories Power Corporation (NTPC),

the public utility in the Northwest Territories, publishes a significant amount of their
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power system information which is available to the public. The RETScreen Canadian
remote community summary from 1996 contains significant data but is dated [3].
The available present day data from QEC and NTPC along with applicable data
from the 1996 RETScreen summary is analyzed in this section so that the results
can be translated to a potential remote system in present day Northern Ontario to
further develop the system model. Power system information from within Alaska
is also briefly introduced being as there are many similarities between Alaska and
the targeted focus areas. There has been substantially more research performed in
Alaska in the field of remote power systems and Alaska boasts a larger population
for development [11, 12, 13]. Although Alaska is not a major focus of this thesis an
introduction is provided. The collected data, graphs, and some preliminary results

can be found in Appendix A.

2.2.1 Northwest Territories

Table 2.9 lists the 19 communities in the Northwest Territories that utilize power
systems that produce electricity from 100% local diesel generators. Table 2.9 also
provides a corresponding location identification number, present quantity and size
of the diesel generators, and the total size of the installed power system for the 19

diesel locations both at present day and in 1996 |3, 6].
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Table 2.9: Power System Installed Capacity in the NWT

Location Generator (kW) | Installed Capacity (kW)
Name # | Quantity | Size | 2010 | 1996
Aklavik 1 4 320 | 1,280.00 1,350

Colville Lake 2 3 75-90 | 255.00 140
Deline 3 1 200 - -
2 320 | 1,140.00 1,240
Fort Liard 4 1 1320 1,320 1,135
Fort Good Hope | 5 1 1230 1,230 1,230
Fort McPherson | 6 1 1825 1,825 1,805
Fort Simpson 7 1 3210 3,210 4,325
Gameti 8 1 100 - -
(Rea Lakes) 1 212 - -
1 300 612.00 550
Jean Marie River | 9 1 230 230.00 180
Lutselk’e 10 1 180 - -
(Snowdrift) 2 320 | 820.00 740
Nahanni Butte | 11 1 245 245.00 185
Paulatuk 12 1 840 840.00 750
Sachs Harbour | 13 1 795 795.00 745
Tsiigehtchic 14 1 500 500.00 400
Tuktoyaktuk 15 1 2205 | 2,205.00 3,085
Tulita 16 1 1100 | 1,100.00 880
Ulukhaktok | 17 1 1160 | 1,160.00 1,140
Wha Ti 18 1 175 - -
(Lac la Martre) 1 480 - -
1 320 975.00 1,015
Wrigley 19 1 781 781.00 465

Table 2.10 provides the peak demand of the installed power system in 1996 as well
as the annual demand for 1996,/97, 2006/07, 2007/08. These metrics will be utilized

for the parameter derivation of the system model later in this Chapter.
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Table 2.10: Power System Peak and Annual Demand in the NWT

Location Peak Demand | Annual Demand (MWh)
Name # (kW) 1996 1996/97 | 2006/07 | 2007/08
Aklavik 1 721 3,408 3004 2996

Colville Lake 2 81 319 357 395

Deline 3 633 2,930 2721 2724

Fort Liard 4 530 2,368 2717 2786
Fort Good Hope | 5 700 2,579 2867 2944
Fort McPherson | 6 830 4,032 3546 3583
Fort Simpson 7 1,703 4,032 8103 8419
Gameti 8 342 1,265 999 1011
Jean Marie River | 9 103 354 303 322
Lutselk’e 10 358 1,565 1604 1647
Nahanni Butte | 11 130 412 416 432
Paulatuk 12 264 1,394 1338 1492
Sachs Harbour | 13 272 1,215 944 1063
Tsiigehtchic 14 223 698 737 765
Tuktoyaktuk 15 1,057 5,416 4458 4450
Tulita 16 498 2,257 2458 2700
Ulukhaktok 17 499 2,146 1918 2070
Wha Ti 18 466 1,869 1680 1624
Wrigley 19 254 1,012 728 727
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Figures 2.5 and 2.6 demonstrate the allocation of the generated power by community
for the 2006/07 and 2007/08 periods respectively. The generated power is allocated,
represented from top to bottom for the 19 communities represented by the columns,
to either street lighting services, general services, or residential services. The re-
lated community name to reference number (independent variable representing the

19 communities) for both Figures can be found in Table 2.9 or Table 2.10.




Allocation of Generated Power 06/07 by Community

100%

e B | | m || [ ]
ox N H B | B X
e B . H B B [ |
e B | | H B B B
- = | | H B 5 |
[ | | BN | | | [ |

40%
e B [ | H B [ | |
e B | | H B | |
2 [ | | B | | |

10%
o | [ | | N | o [ |

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Location Number
W StreetLight [MWh]} H General Service [MWh] W Residential Service [MWh]

Figure 2.5: NWT - Allocation of Generated Power by Community for 2006/07 [6]
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Figure 2.6: NWT - Allocation of Generated Power by Community for 2007/08 [6]

Overall the allocation of generated power remains relatively constant between the
two periods and generally the 19 communities have a similar percentage of allocation

between the three service sectors. Jean Marie River, Sachs Harbour, and Wrigley
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do use significantly more power for street lighting services than the other fifteen
locations and Sachs Harbour uses the most power for residential services. Table
2.11 consists of the median and mean of the allocation of generated power as a
percentage for both 2007 and 2008. The raw data used for developing the figures
and tables for the allocation of generated power can be found in Appendix A. It
can be seen that on average general services consume approximately 51.5% of the
generated power. Residential services consume approximately 46% and street lighting

consumes approximately 2.5% of the generated power.

Table 2.11: Allocation of Generated Power Statistics in the NWT (2007/08)

% Street Lighting | % General | % Residential
Statistic | 2007 2008 2007 | 2008 | 2007 | 2008
Median | 2.131 1.992 50.635 | 51.290 | 47.068 | 46.929

Mean | 2.579 2.359 51.655 | 51.251 | 45.758 | 46.400

Average of the Above 2007/2008 Percentages
Median 2.062 50.962 46.998
Mean 2.469 51.453 46.079

The number of NTPC customers also remains relatively constant over the two year
period. By comparing the difference between the sold and generated diesel power
statistics it was found that among the 19 communities there was approximately an
11.5% loss between the generator and end user. Figure 2.7 demonstrates the diesel
generator size versus the diesel power generated at each of the 19 communities over
the two year period. It can be seen that the energy generated between 2006/07

and 2007/08 remained relatively constant. The energy generated in 1996/97 is lower
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than the other two later years but is still a strong linear relationship. It can be seen
that over the 14 year period that the annual energy produced per person increases.
Regardless of the year in question the size of the power system is linearly propor-
tional to the total power generated for the year at any given location as all three
demonstrate a strong linear relationship. The majority of the power systems have a
generation capability of less than 1,500 kW. It can be interpolated from Figure 2.7
that for a power system with an installed capacity of around 1,144 kW that the total

diesel power generated per year is approximately 2,326 MWh.
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Figure 2.72 NWT - Installed Capacity vs. Annual Energy Demand [6]

Figure 2.8 demonstrates the overall sales versus customers for the 19 communities. It
can be seen that Fort Simpson (top right point) is an extreme outlier which should

probably be ignored during analysis. The quantity of customers versus installed

39



capacity is not available for 1996. The majority of the communities serve between
100 and 250 customers in 2006 with net sales being typically between 1 to 3 GWh.
It can be interpolated from Figure 2.8 that for a power system with approximately

242 customers that the total diesel power generated per year is almost 2,326 MWh.
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Figure 2.8: NWT - Total Community Sales vs. Customers [6]

2.2.2 Nunavut

In [10] data for four locations across Nunavut is available and was used to obtain
the power information below in Table 2.12. The diesel usage in Table 2.12 indicates
the volume of diesel used in 2006/07 for electricity generation purposes only. These
communities consist of Cambridge Bay, Iqaluit, Rankin Inlet, and Resolute Bay and
their respective peak demand, total kWh used, total diesel usage, and total electrical

power generated for the 2006/07 year were provided. The peak demand, annual
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demand, and installed capacity for all locations in Nunavut during 1996 can be

found in Appendix A.

Table 2.12: Power System Sizes in Nunavut

2006

Diesel Electrical

Peak Total kWh Usage Generation

Location Demand (kW) | Used 06/07 | 06/07 (L) | (MWh/yr)
Cambridge Bay 1,400 6,253,712 1,679,111 7,692

Iqaluit 10,000 50,546,130 | 13,273,102 -

Rankin Inlet 3,000 14,501,716 3,936,378 14,016
Resolute Bay 700 3,861,979 1,110,019 3,872

Figure 2.9 demonstrates the total amount of diesel in litres that was used in the four

communities during 2007 on a monthly basis. As expected consumption is lowest

during the summer months but overall the usage does not vary significantly.
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Figure 2.9: NU - Diesel Usage for Energy Production in 2007

Figures 2.10 and 2.11 demonstrate the annual energy distribution between five ser-
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vices for two of the four locations. Both Figures start with the 1994/95 year and
project the expected levels until 2013/14. It can be seen that for both locations that
energy requirements have already increased significantly since the mid 1990’s and
they are expected to continue to rise. Similar to locations in the Northwest Territo-
ries the commercial and domestic applications are roughly equal in consumption and
constitute the majority of power needs. As with most power system applications it
can be expected that future requirements will continue to tax the existing systems

and the installed systems should be able to handle some increase in demand.
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Figure 2.10: NU - Annual Energy Distribution in Cambridge Bay [10]

42



Annual Energy Distribution in Iqaluit

OlLosses

DOStation
Service
OStreetlights

BCommercial

Energy (kWh)

| @Domestic

& bdﬁ @é\é‘@@& &@Q@@\&\&@&Q‘@e’@z‘ﬁé’é\ 6\@@& e"}@-@\\ \“‘@»{1} )

Figure 2.11: NU - Annual Energy Distribution in Iqaluit [10]

Figure 2.12 demonstrates the peak demand of Cambridge Bay between the years of
1994/95 and projects the peak demand until 2013/14. It can be seen that although
the peak demand is not always increasing the overall trend does. The peak demand
is expected to increase significantly between 2006/07 and 2013/14. Appendix A
contains the raw data, supporting material, and additional information on the power

systems in 1996 across NU.
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Annual Peak Demand in Cambridge Bay
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Figure 2.12: NU - Annual Peak Demand in Cambridge Bay [10]

2.2.3 Alaska

Within the state of Alaska there are approximately 175 remote communities with a
combined population of around 620,000. The Alaska Power Association (APA) is the
state-wide governing trade association for the majority of the LDCs located across
Alaska. More than 90% of the population of Alaska obtains their power from either a
cooperative or one of the 118 independent LDCs. The two large cooperatives located
in Alaska are the Alaska Village Electric Cooperative (AVEC) and the Kotzebuse
Electric Association (KEA). As with the remote communities located across Northern
Canada the remote communities can also be accessed via plane, barge, rail, or ice road
dependent upon location within the state. The AVEC represents remote communities

with populations ranging from 100 - 1,100 across 51 remote communities with a total
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population of around 20,000. These communities typically have three to five diesel
generators and experience temperatures ranging from -54 to 342C. Some of the larger
communities within the AVEC service area connect to smaller nearby communities
to supply the base load for the community. It is common for the smaller community
to have a small diesel generator located on hand for peaking and some redundancy.
In 2002 the average rate of electricity was 39.9 ¢/kWh (USD) with fuel rates being
between 1.02 to 2.88 $/US Gallon. Depending upon the location it is typical to
store 9 to 13 months of fuel on site. The AVEC publishes some power system
data that includes the installed capacity and population in 2010 and the population,
annual energy use, average daily use, average load, peak load, and storage capacity
in 2002. The associated graphs can be found in Appendix A and generally the
results obtained from the AVEC graphs are comparable to that obtained from their

Canadian counterparts [11, 12, 13].

2.3 Climatic Data

Environment Canada was utilized for data acquisition from their climate data on-
line, climate normals and averages, and Canadian Weather Energy and Engineering
Datasets (CWEEDS) data collections. The climate data online and climate normals
and averages data collections provide both climate averages and extremes for various
locations across Canada that have at least fifteen years of data available between the
years of 1971 and 2000. CWEEDS was created to track long term weather patterns

to aid in the development of urban environments and in the design of eflicient build-
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ings. CWEEDS provides raw hourly data for twenty one different weather metrics
for a collection of locations ranging between the years of 1953 and 2005. Some of the
metrics provided by CWEEDS are estimated through various prediction algorithms
when measured data is unobtainable at the given station. More information on these
algorithms and their implementation can be found in the CWEEDS supporting doc-
umentation [9]. An interface was developed to determine the monthly averages for
the eight solar related metrics and six wind related metrics during the periods pro-
vided for the individual stations so that the raw hourly data could be summarized.
The source code along with the raw data text files and their respective summarized

".out’ files can be found in Appendix B.

The Ministry of Natural Resources was utilized for data acquisition from their
Renewable-energy and Energy-efficient Technologies (RETs) RETScreen clean energy
project analysis software. RETScreen provides information to evaluate the energy
production and savings, costs, emission reductions, financial viability and risks asso-
ciated with renewable power implementations through the use of product, project,
hydrology, and climate databases [3]. Table 2.13 provides a comprehensive list of the
various locations within Northern Ontario that were examined during the climatic
analysis along with their respective period of study and data source information. The
period of study provided is only relevant to data obtained from Environment Canada
as RETScreen only provides overall, non period specific averages. The data collec-
tion labelled as other includes both the climate data online and climate normals and

averages data collections from Environment Canada and the coordinates provided
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are those of the weather recording stations. This data from Environment Canada’s
climate data online and climate normals and averages databases includes data related
to precipitation, wind chill factors, and maximums and minimums of various weather
metrics in conjunction with additional weather station locations both of which were

not available through the CWEEDS or RETScreen databases.

Table 2.13: Northern ON Climatic Location and Data Summary

Location Period Data Collection [3, 9]

Name | Lat. | Long.| Startf End| CWEEDS | RETs | Other
Armstrong 50.28| 88.90 | 1953 | 1967 Yes Yes No
Atikokan 48.75| 91.62 | 1967 | 1988 Yes Yes Yes
Big Trout Lake | 53.83| 89.87 | 1967 | 1990 Yes Yes Yes
Geraldton 94.70| 86.95 | 1968 | 2000 Yes Yes Yes
Graham 49.27| 90.58 | 1953 | 1966 Yes No No
Lansdowne House | 52.14| 87.53 | 1971 | 2000 No Yes Yes
Kapuskasing 49.42 82.47 | 1953 | 2005 Yes Yes Yes
Kenora 49.80| 94.37 | 1953 | 2005 Yes Yes Yes
Moosonee 51.27| 80.65 | 1957 | 1993 Yes Yes Yes
Nakina 50.18| 86.70 | 1953 | 1966 Yes No No
Pickel Lake 51.26| 90.13 | 1971 | 2000 No Yes Yes
Red Lake 51.04| 93.47 | 1971 | 2000 No Yes Yes
Sioux Lookout 50.12( 91.90 | 1953 | 2005 Yes Yes Yes
Thunder Bay 48.37| 89.32 | 1953 | 2005 Yes Yes Yes

Overall climatic data was collected for 12 locations in Northern Ontario, 5 in the
Northwest Territories, 9 in Nunavut, and 5 in the Yukon. Only the climatic data
relevant to Northern Ontario was studied in depth and it was used to provide the
climatic analysis of the system model. Table 2.14 provides a comprehensive list of

the additional locations that were investigated. The period for all locations is from
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1971 to 2000. The CWEEDS data set is available for many of the locations but
since the climate data was not studied in depth for the various territories it was not
utilized. A summary of the weather station data from the territories can be found

in Appendix B.

Table 2.14: Territory Climatic Location and Data Summary

Location Data Collection [3, 9]
Name | Lat. | Long. | CWEEDS | RETs | Other
Fort Liard, NWT 60.14 | 123.28 None No Yes

Fort Simpson, NWT | 61.45 | 121.14 | Available Yes Yes
Sachs Harbour, NWT | 72.00 | 125.16 | Awvailable Yes Yes
Tuktoyaktuk, NWT | 69.27 | 133.00 None Yes Yes
Ulukhaktok, NWT 70.45 | 117.48 None No Yes
Baker Lake, NU 64.17 | 96.04 Available Yes Yes
Cambridge Bay, NU | 69.06 | 105.08 | Available Yes Yes
Cape Dorset, NU 64.13 | 76.31 None Yes Yes
Clyde River, NU 70.29 | 68.31 Available Yes Yes
Coral Harbour, NU | 64.11 | 83.21 Available Yes Yes
Hall Beach, NU 68.46 | 81.14 Available Yes Yes
Iqaluit, NU 63.45 | 68.33 Available Yes Yes
Rankin Inlet, NU 62.49 | 92.07 Available Yes Yes
Resolute Bay, NU 74.43 | 94.59 Available Yes Yes

Beaver Creek, YT 62.24 | 140.52 None No Yes
Burwash Landing, YT | 61.22 | 139.03 | Available Yes Yes
Old Crow, YT 67.34 | 139.50 None No Yes
Pelly Crossing, YT | 62.49 | 137.22 None No Yes

Watson Lake, YT 60.06 | 128.49 | Available Yes Yes
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2.4 Development of a Northern ON System Model

The system model was developed using the population and housing, power system,
and climatic data for the available locations as previously explored. Due to the fact
that power system information is difficult to obtain, a comparison was done between
the available population, housing, and power system data in the territories and the
available population and housing data from Northern Ontario. The climatic data
was acquired for the territories and Northern Ontario. However since it was later
determined that the heating in the territories and Northern Ontario is typically oil
or wood and thus not electric the difference in climate between Northern Ontario
and the territories was neglected for power system sizing. Being as the territories do
not rely on electric heat it was assumed that the power requirements would remain
similar between Northern Ontario and the territories. As such only the climatic data
from Northern Ontario from the available applicable weather stations was analyzed in
depth. The power system data available for the territories was translated to Northern
Ontario and used to form the basis of the model. Additional population concerns
will be addressed in the following Section. From an analysis of the various weather
stations in Ontario the average latitude and longitude were found to be 50.39 and

88.89 degrees respectively. The average elevation was found to be 297.9 metres.

2.4.1 Population and Housing Parameters

As seen from Figure 2.1 the population trends for the communities in Northern

Ontario that have population data available for all four collection years has either
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remained the same or increased slightly between 1991 and 2006. When comparing the
population of a remote community with the number of private dwellings in Northern
Ontario it is found that the number of private dwellings is about 256% of the entire
population. Using the population values from Table 2.1 the mean population from
all of the remote systems in Ontario, regardless of utility, was determined as well
as the utility specific maximum, minimum, mean, and median populations over the
studied period. The results are displayed in Table 2.15. The overall mean population
across Ontario during the 1991, 1996, 2001, and 2006 census periods is 469.84. The

increase between 1991 and 2006 is evident from Table 2.15.

Table 2.15: Population Statistics Across Ontario

Utility Independent Statistics - Across Ontario

Statistic 2006 2001 1996 1991
Mean 578.73 454.50 416.33 429.81
Overall Mean Population from 1991 to 2006: 469.84
Statistics Based Upon Utility
Statistics Hydro One Band Operated
(Pop.) 2006 | 2001 | 1996 | 1991 | 2006 | 2001 | 1996 | 1991
Min. 206 105 100 179 221 61 160 150
Max. 1843 1705 1610 | 1352 | 2100 | 1000 1170 | 1303
Mean 575.92 | 513.79 | 421.64 | 447.77 | 582.10 | 350.75 | 408.90 | 400.63
Median | 454.50 | 384.00 | 335.00 | 344.00 | 340.00 | 270.50 | 265.00 | 289.00

Figure 2.13 graphically demonstrates the change in the mean population during the
provided census periods. The projected change in the overall mean between the 2006
census period and present day is also indicated. This projected figure was derived
from independent community specific population sources and through current INAC

publications. The projected mean in population during 2010 across ON is 614.12
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as determined from the available total band population data in 2010. When this
projected 2010 mean population is averaged with the existing mean population of
469.84 from the provided census periods the resulting mean population between 1991

and 2010 is found to be 498.70.

Mean Population Across ON
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Figure 2.13: Projected Change in ON population by 2010

Using the results from Table 2.15 and Figure 2.13 it is determined that an appropriate
population range for the remote system was between 300 to 700 people. This range
will be used to aid in the development of the power system specific parameters. The
model will use a population value of 500 as the total population size. This value was
chosen as it is both close to the overall mean of 498.70 during the 19 year period and
it is midway between the desired population range of 300 to 700. Using the supplied
acceptable range of population for a given remote community Table 2.16 summarizes
the communities that fall within the acceptable range. There are 6 communities

located within NU, 8 within the NWT, and 13 within ON. It should be noted that
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there are no communities within the acceptable population range located within the

YT. The system model is designed for present day however since the last census was

in 2006 the population values used represent those of 2006 even though some of the

power system data from the NWT is representative of present day installations.

Table 2.16: Cummulative List of Acceptable Locations Based on Population

Location | Pop. 06 Location | Pop. 06
Nunavut Ontario

1 Arctic Bay 690 2 Bearskin Lake 459
7 Chesterfield Inlet 322 ) Deer Lake 681
15 Kimmirut 411 6 Fort Severn 445
16 | Kugaaruk (Pelly Bay) 688 9 Kasabonika 681
20 Qikigtarjuarq 473 20 Kee-way-win 318
25 Whale Cove 353 10 Kingfisher 415

North West Territories 26 Poplar Hill 457
1 Aklavik 594 13 | Sachigo Lake FN 450
3 Deline 525 27 Summer Beaver 362
4 Fort Liard 583 16 Wapekeka FN 350
5 Fort Good Hope 557 17 | Weagamow Lake 87 700
10 Lutselk‘e 318 18 Webequie 614
16 Tulita 505 28 | Wunnummin Lake 487
17 Ulukhaktok 398
18 Wha Ti 460

It is clear from the previous population analysis across the territories and Northern

Ontario that in general the population in the NWT is relatively constant and the

population in Northern ON has continued to increase. The power system is being

designed from a combination of aspects from the 1996 and present day data and

as such it is important to also consider the change in the community population

for system sizing information. The average population across ON during 1996 and
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2006 for the remote communities with a population between 300 and 700 was 424.50
and 497.83 respectively. This yields a 73.33 person or 14.74 % difference between
1996 and 2006. In the NWT the average population during 1996 and 2006 for the
remote communities with a population between 300 and 700 was 481.00 and 492.50
respectively. This yields an 11.50 or 2.34 % difference between 1996 and 2006. This
general trend was also verified in Section 2.1 during the full population analysis. This
also demonstrates that between 1996 and 2006 that there was an overall difference
of 12.40 % in the rate of population growth between the NWT and N ON. From
the population analysis it was found that there is a difference in the increase of
population over the 14 year period and that there is a faster rate of increase in
population across N ON when compared to the NWT. However, given that remote
power systems are already designed to allow for moderate population growth over
time and that the installed capacity was investigated across a 10 year span there is
a sufficient margin to allow for the aforementioned differences in population growth.
In the future additional installed capacity will be provided as required alongside the

current infrastructure.

2.4.2 Power System Parameters

Figure 2.14 demonstrates the population versus the installed capacity for the loca-
tions of accepted population within the NWT as listed in Table 2.16. Numbers 1
through 18 in Figure 2.14 represent locations in the Northwest Territories as de-
scribed in Table 2.9. The line of best fit in Figure 2.14 has an r-squared value of
approximately 0.575 in 1996 and 0.738 in 2006 which denotes an acceptable mid-range
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linear relationship to aid in the development of the power system model. Location
17, or Ulukhaktok, is an outlier which does negatively skew the results of the line of
best fit. A possible explanation for this is that in Ulukhaktok there is only one diesel
generator. In order for a diesel generator to be operational it must have a minimum
load ranging from typically 30-50% and to operate at an optimal level it should be
loaded at around 70-80%. With only one diesel generator it is very possible that
more power was created by the system than was required to meet these constraints.
Through interpolation it is found from Figure 2.14 that for a population of 500 the
resulting installed power system size is approximately 1,144 kW. Although the in-
stalled capacity does change during the 10 year period for the two provided data sets
when interpolating for a population of 500 the installed capacity is virtually identi-
cal between 1996 and 2006. Since the installed capacity is derived from the latest
published values from NTCP in 2008 it is assumed that the derived approximation
of 1,144 kW installed capacity is valid in the present day as well. The reason being
that the above analysis was performed under the guise of 2006 when NTCP made
information available for the 2006-2008 period and since census population data is

available for 2006 it is the de facto year for the provided data set.
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Population vs. Installed Capacity for Locations of Accepted Population Across the NWT in 1996 and 2006
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Figure 2.14: Population vs. Installed Capacity for Locations of Accepted Population
across the NWT in 1996 and 2006

Figure 2.15 demonstrates the population versus the peak demand for the locations of
accepted population within the NWT as listed in Table 2.16. Numbers 1 through 18
in Figure 2.15 represent locations in the Northwest Territories as described in Table
2.9. The line of best fit in Figure 2.15 has an r-squared value of approximately 0.887
in 1996 which denotes a strong linear relationship to aid in the development of the
power system model. Through interpolation it is found from Figure 2.14 that for a
population of 500 in 1996 that the resulting peak demand of the power system is
approximately 588 kW. The mean population of the selected communities in 1996
was 461 and 493 in 2006. The peak demand is dependent upon many variables one
which includes the population of the given power system. The mean population
increased by 6.8% between 1996 and 2006. For simplicity it is assumed that the peak

demand increased proportionally which produces an approximate peak demand of
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628 kW.

Population vs. Peak Demand for Locations of Accepted Population Across the NWT in 1996
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Figure 2.15: Population vs. Peak Demand for Locations of Accepted Population
Across the NWT in 1996

For the eight locations in the NWT that have the appropriate population and power
system sizing information the size of the installed capacity required (in Watts) per
dwelling in 2001, person in 2001, customer in 2006/07, and person in 2006 were cal-
culated. Figure 2.16 demonstrates the amount of installed capacity required for the
metrics listed above. The sites 1 through 18 represent locations in the Northwest
Territories as described in Table 2.9. Location 10, or Lutselk’e, does not include
variables for 2001 as the population during the census was below that of the deter-
mined appropriate population range. It was assumed for the dwellings and person
2001 (noted by the *) that the installed capacity of the power system in 2001 was

the same as 2006.
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NWT - Installed Power (W) per Variable for the Chosen Population Range
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Figure 2.16: Installed Power per Variable for the Chosen Population Range

It can be seen from Figure 2.16 that the installed capacity per person in 2001 is very
similar to that in 2006 with Wha Ti being the most extreme case. The installed
capacity per customer and dwelling are also closely related. Table 2.17 provides the

calculated mean and median for the data graphed in Figure 2.16.
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Table 2.17: Installed Power (W) per Variable Statistics

Dwelling Person Costumer Person
Statistic 2001 2001 2006/2007 2006
Mean | 6712.034 W | 2325.094 W | 5169.268 W | 2323.712 W
Median | 6918.239 W | 2240.437 W | 5105.141 W | 2193.238 W

Assuming that the installed power per a person in 2006 is 2,300 W then a community
with 500 people would require 1,150 kW of installed power which is comparable to
the 1,144 kW obtained from Figure 2.14.

Figure 2.17 represents the 19 communities in the NWT and the quantity of Wh
generated by 1 L of Diesel over the course of the two years. It can be seen that many
locations are similar across the two year period. The ability for diesel to generate
power varies from location to location but is relatively consistent within 2400 and
3800 Wh.

Quantity of Wh Generated with 1 L of Diesel

= 2006/07
W 2007/08

Resulting Wh Generated with 1 L of Diesel

Figure 2.17: Quantity of Wh Generated with 1 L of Diesel
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Table 2.18 contains the means and medians that were calculated from the raw data
over the course of the two years for the quantity of Wh generated by 1 L of diesel.

It can be concluded that 1 L of diesel will produce about 3,400 Wh of power.

Table 2.18: Quantity of Wh Generated by 1 L of Diesel Statistics

| Statistic | 2006,/07 | 2007/08 |
Mean [ 3421.521 [ 3417.525
Median | 3574.813 | 3492.289

Using the data provided by [10] in Table 2.12 for Resolute Bay the above assumption
that 1 L yields roughly 3,400 Wh can be verified. The total kWh used in 2006/07
divided by the factor of 3,400 Wh/L yields 1,135,876 L of diesel which is only 2.33%
more than the actual consumed quantity of 1,110,019 L in 2006/07. Thus the as-
sumed factor also works with the power system information obtained for Nunavut as
well for similar communities. Figure 2.18 demonstrates the percentage of fuel used
per month for the overall diesel energy production in 2007 at the four NU locations.
It can be seen that the usage is highest during the winter months and that the four

locations in NU are closely related.
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Figure 2.18: NU - Percentage per Month of Diesel Used for Generation in 2007

Table 2.19 displays the average percentage per month of the overall diesel usage for
energy production in NU during 2007 for the locations in Figure 2.18. This anal-
ysis of the monthly fuel utilization will be used within the thesis to demonstrate
operational costs and to demonstrate the potential decrease of hydrocarbon fuel de-
pendencies in remote communities upon a technical and economical analysis of the
various technologies. Due to the limited nature of publicly available data the per-

centage of diesel consumed per a month in NU is used as a basis for the consumption

archetype in Northern ON.
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Table 2.19: Average Percentage of Diesel Used per Month in NU for 2007

| Month | Percentage | Month | Percentage |

Jan. 9.41 July 7.03
Feb. 8.63 Aug. 7.13
Mar. 9.43 Sept. 7.63
Apr. 8.65 Oct. 8.48
May 7.98 Nov. 9.17
June 7.11 Dec. 9.36

2.4.3 Power System Overview

NU and the NWT were previously studied in-depth as both territories had the 1996
RETScreen Canadian remote power system data and recent utility data available
for analysis. The overall trends of the installed capacity, peak demand, and annual
demand for Northern ON, NU, and the NWT were studied for the desired population
range of 300 to 700 people which were primarily based off of the 1996 data set as
indicated. Figure 2.19 provides an overview of the population versus the installed
capacity. The only data set with an acceptable r-squared value is that of the NWT
in 2006 at 0.738. ON exhibits a very poor relationship between population and
installed capacity with an r-squared value of 0.004. This indicates that in 1996, for
the population range that includes the average population of a remot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>