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Preface

The purpose of this work is to demonstrate a techno-economic model (TEM) of
power generation for a cost-effective integration of renewable energy sources
(RES) in order to reduce greenhouse gas (GHG) emissions in Canada. This will
ultimately contribute to reduction of global climate change and will eventually
bring a significant benefit for industrial countries.

Canada possesses a variable power generation portfolio in which hydro power
has the largest share, followed by fossil fuels, nuclear power, and other renewables.
After analysis of the current state of Canadian electricity infrastructure, it can be
determined that the National Energy Board of Canada (NEB) is planning for more
fossil and nuclear power to overcome its future needs till 2025, in which only 3 %
RES capacity will be added. This model has been named as NEBM-2025 in this
research.

A techno-economic model (TEM-2025) presented in this work demonstrates that
10 % RES transition is possible, practical, and affordable by using an effective
policy till 2025. The methodology used by the author investigates the level of future
investment and determines that the country can reduce its heavy reliance on fossil
and nuclear fuel and can supply a significant amount of power with RES within a
specific timeline. The results of TEM show that 75 % of power can be generated
through RES, while reducing 7 % nuclear and 3 % fossil power generation in
Canada till 2025. The demand side reliability of wind and PV in the context of
intermittency factor has been addressed by utilizing 6823 MW of gas power plants
as a standby power. The second and most important goal was to estimate and
integrate a significant amount of RES that could potentially be harnessed within the
boundaries of available finances without introducing any feed-in tariff or loan-based
financial mode. This target has been achieved by periodic simulation of price
variations in which all projects could be financed fully, while the total price increase
remained less than one CDN $ cent/kWh for only 7 years.
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Chapter 1
Introduction

1.1 Problem Overview

Effective energy management is a major contributor to the long-term competi-
tiveness and the sustainability of every country [1]. Fossil fuels such as oil, coal,
and natural gas are not only a major part of global energy mix but these conven-
tional sources together with nuclear power still dominate the global power gener-
ation with its 79 % share [2]. Multiple recent studies show that use of conventional
power system with fossil and nuclear fuel is associated with environmental, safety,
and health issues. The worst environmental changes are primarily due to the excess
of greenhouse gases (GHG), especially CO2 emissions for which the share of
electricity and heat is 41 % [3]. Such sort of unsustainable use of energy in global
growth scenario is the greatest threat to our collective survival.

Canada generates more than 2 % of global GHG emissions and ranks 7th highest
in the world [4]. Per capita electricity consumption of Canada is among the third
highest levels in the world after Iceland and Norway, whereas Germany is at 27th
place [5]. Moreover, the GHG emissions of Canada are growing faster than those of
most other industrialized nations [6]. In spite of this, Canada is planning more fossil
and nuclear power plants to overcome its future energy needs. The second problem
is that in many parts of Canada, especially in remote areas, diesel generators are still
being used to produce power, due to which the power consumers of those areas are
forced to buy very expensive power.

On the one hand, power generation is one of the major sources of GHG emis-
sions worldwide but on the other hand, it is also a sector where an alternative
solution in the form of renewable energy sources (RES) is available. Power gen-
eration technologies with RES such as hydro, wind, and photovoltaic (PV) have
low or zero emissions and have no fuel costs. In order to implement such tech-
nologies, there are various methodological challenges. The most difficult task is to
replace the reliance on fossil fuels for base-load power generation as these fuels
provide primarily a cheap and reliable source of electricity around the world

© The Author(s) 2016
T. Ahmed, Modeling the Renewable Energy Transition in Canada,
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1



compared to alternative resources. Another key problem with RES like solar and
wind power is intermittency, which is a main obstacle to their extensive penetration
into the grid. In order to address these issues in Canada, an effective energy
management plan within the framework of existing power system in a specific
timeline is urgently needed. In this research work, a technically and economically
feasible energy model with meaningful integration of RES is presented to overcome
all these issues.

1.2 Objective Setup

The power generation system in Canada is already poised to enter into an inno-
vative phase that could lead it to global RES-oriented power production competi-
tiveness. The country has natural untapped potential to produce as much reliable
power from RES as it is being produced through both thermal and nuclear sources.
There is only a need to develop a vision for a green energy future.

An optimal trade-off economic model between alternative and conventional
energy has always been difficult for policy makers, because the uncertainty and
variation of power supply with RES is much greater compared to conventional
power generation. The large power producers still demonstrate the cost-efficiency of
conventional energy. The fact is that conventional energy is only perceived to be
cost-effective because the price of this energy is being demonstrated in enigmatic
ways, irrelevant to the negative impacts of socio-environmental scenarios. This
framework is deeply imbedded into the worldwide energy structure and creates a lot
of obstacles to explore every avenue for consumers to change into environmental
friendly regenerative technologies. Such behavior can be changed if another activity
pattern in the form of an alternative energy model would be introduced, which is
technically and economically feasible. The development of such techno-economic
model is the whole objective for undertaking this research. After examining a
number of technical, economic, and resource implications, an objective has been set
to fulfill up to 75 % of power demand with RES within 10 years of time period in
Canada.

1.3 Roadmap of the Thesis

The heuristic approach adopted in this thesis can play an important role to make an
economical viable transition from conventional power generation toward RES. The
techno-economic typology of each RES has been scanned accordingly for simu-
lation purpose in order to draw an adequate model. The selected renewable energy
technologies are photovoltaic, wind, and hydropower. These technologies are
mature, feasible, and produce none of the pollutants as in the case of fossil fuel and
are very safe compared to nuclear generation. To overcome the intermittency issues

2 1 Introduction



related to wind and PV power, all planned fossil fueled power plants of 6823 MW
are included in form of gas fueled power plants as a standby power.

This work is divided into five chapters. The first chapter summarizes the
background of the problem at global level and sets out goals to solve it. The second
chapter looks at the main features of the power sector, presents an overview of
future power planning by the National Energy Board (NEB) in Canada, and ana-
lyzes the issues that need action in the near and long-term future. Third chapter
specifically reviews the ascendancy of the existing power generation system as a
main source. It also describes the methodology to find the quantity of future power
generation with reference to the capacity factors and investigates the capital costs of
future power plants according to the current state of market investment in RES.
Most of the data related to the capital costs of the power plants presented in this
chapter has been gathered from leading firms that are tracking investment in the
RES energy sector. These data have been then analyzed in the context of alternative
investment. The fourth chapter is the most important part of the thesis, as it
investigates the mechanism of finances across all the power generation projects. It
encircles the whole economy of additional parameters of suggested RES power
generation model, which is called here TEM-2025 and compares it with the power
generation model drawn by NEB, which is called here NEBM-2025. After that, an
adequate tariff has been simulated with minor price increase to cover the capital
costs of RES for the specific time plan. It also examines the capital costs quanti-
tatively by abstracting per kWh price to finance all alternative RES projects. Lastly,
the fifth chapter extracts and elaborates on results of the whole research in which a
target of 10 % increase in RES power generation till 2025 has been achieved
successfully.

1.4 Data Quality and Approach

The data supplied in this research are ensured to be as accurate as possible at the
time of compiling and the key values of technical specifications have been drawn
from a variety of sources. The primary sources are energy surveys and adminis-
trative records received by Statistics Canada (STC) and National Energy Board
(NEB) of Canada. To determine the generation investment between 2015 and 2025,
a thorough web search was first performed to identify the future planning of NEB
and the feasibility of RES investment. The list was then verified using the literature
review and key contacts in Canada. At the next step, the retirement and refur-
bishment dates of existing facilities were identified to determine the substitute RES
for future investment paths. The operational fossil and nuclear power plants have
been considered to be continued till their life cycle. The capacity of planned fossil
power plants has been replaced by RES, but at the same time, this capacity was also
shifted to gas fueled power plants to act as standby power to overcome the inter-
mittency of wind and PV power generation. The capacity of planned nuclear power
plants was replaced with RES fully. Once the planning timings of the proposed

1.3 Roadmap of the Thesis 3



conventional projects were adjusted with RES by determining the future capacity
requirements, capital costs were applied to all new generation projects and the total
generation investment requirements were calculated by using simulator.

Only power generation prospective has been considered to fix the ideas and to
keep this work simple. For such a large country like Canada, the transition of RES
can be complex and it would have been difficult to cover all issues related to the
power sector, in particular, smart grids, transmission, and distribution system within
the framework of this thesis.

The basic idea and methodology to solve the problem in this work are fully
owned by author and have not been copied from anywhere. All figures and tables
have been designed and drawn by the author. Exception applies only to Figs. 2.1
and 3.1, in which basic partial-idea of image has been taken from external sources.
Then, these images were modified by design and by putting the latest data. The data
source, where applicable, has been mentioned properly. This research work has
been prepared to assist those responsible for developing the medium-term strategies
for power generation planning and setting the energy policy in Canada. The basic
approach is to reinvigorate the power sector of Canada for global competitiveness.
While the best efforts have been used in preparing this work, the author makes no
representations or warranties of any kind and assumes no liabilities with respect to
the accuracy and completeness of the contents. Subsequently, the author will also
not be held liable or responsible to any individual or entity with respect to any
incidental or consequential damages cause, or alleged to have been caused, directly
or indirectly, due to the contents herein.
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Chapter 2
Case Study

2.1 System Introduction

Being the second largest country in the world, Canada has a very diverse landscape,
economy, and natural resources. This diversification is also reflected in the strategy to
deliver power in different regions of the country. These differences in power gen-
eration by source are mainly due to the existing energy resource base in each of its 10
provinces and 3 territories with a total population of around 35.2 million [1] Fig. 2.1.

It can be observed from the above given map that the provinces of Quebec,
British Columbia, Manitoba, and Newfoundland rely predominantly on hydro-
power, whereas Alberta, Nova Scotia, and Saskatchewan use mainly coal. Except
one reactor in New Brunswick, all of the nuclear power is produced in Ontario. The
province of Prince Edward Island fulfills its power demand partially from its diesel
fueled power plant, but is mainly dependent to import power from neighboring
provinces [3]. Yukon and Northwest Territories use a mixture of stand-alone diesel
generators and hydro power, whereas the territory of Nunavut and almost 300
remote areas communities of country are totally dependent upon diesel fueled
power generators [4].

The total power generation of Canada in 2013 was 611.31 Terawatt hours
(TWh) in which hydroelectricity remained the primary source of generation
accounting for 63.4 % [5] Fig. 2.2.

The electricity demand in Canada was 510.99 TWh in 2013, whereas the net
export to USA was 51.95 TWh in the same year. The Canadian industry remained
the largest consumer of power with its 38.8 % share [7]. The second largest group
of consumers was residential customers followed by commercial consumers.
Transportation, agricultural and public administration power consumption remained
low in 2013. The graph in Fig. 2.3 shows the configuration of power consumption
in different sectors of Canada.

Power generated in Canada is transmitted and distributed by means of multiple
interconnected transmission and distribution networks between the provinces.
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In 2013, the transmission system consisted of over 1,00,000 km of transmission
lines and the distribution system contained approximately 8,76,509 km of overhead
and 1,43,537 km of underground lines [9]. The territories of Yukon, Nunavut, and
Northwest as well as small islands and remote areas have no long-distance

Fig. 2.1 Power generation by source in each province and territory in Canada in 2013 [2]

Hydro
63.4%

Nuclear
15.9%

Fossil
19.2%

Wind
1.5%

Solar
0.04% ~ 
0.00%

Fig. 2.2 Total power generation by source in Canada in 2013 [6]
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transmission network and interconnection of any kind with other provinces. Many
provinces have heavy transmission links in a north–south direction for lucrative
power trade between Canada and the United States, instead of having stronger east–
west or interprovincial interconnection. For example, the current interconnection
between Ontario and Manitoba has only a transmission capacity of 200 MW,
whereas the Manitoba-United States interconnection has a transmission capacity of
1850 MW and the Ontario-United States interconnection has a transmission
capacity of 3100 MW. As most of the population of Canada is concentrated in a
narrow southern belt along the border with the United States, the transmission
system of the country is connected with United States via high voltage lines ranging
from 69 kV to 765 kV [9] Fig. 2.4.

2.2 Structure of Future Power

The profile history with the combination of increasing population and economic
growth indicates that power demand in Canada will continue to grow at an annual
rate of 1–2 % [11]. In this regard, various sets of scenarios in different time spans
have been described by energy planners in Canada to determine the future elec-
tricity landscape in the country. The most recent and authentic scenario was pre-
sented by the National Energy Board (NEB) in 2013. According to this scenario,
the installed capacity of power generation should be brought from 135 GW in
2013/14 up to 155.5 GW in 2025 [12]. In this scenario, the age of current power

Residential
29.50%

Commercial
26.4%

Industrial
38.8%

Public
Administration

2.5%

Agriculture
1.8%

Transportation
0.2%

Fig. 2.3 Power distribution in Canada by sector in 2013 [8]
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plants with respect to decommissioning and refurbishment issues, as well as eco-
nomic factors, have been taken into account by NEB. The quantitative values for
future power planning from 2015 to 2025 calculated by policy makers of NEB are
shown in Table 2.1 [12].

The data of National Energy Board Model till 2025 (NEBM-2025) given in
Table 2.1 will be taken as the prototype in order to draw a techno-economic model
for 2025 (TEM-2025) regarding future power generation in Canada. It can be seen
from NEBM-2025 that the plan of the National Energy Board is not adequate
enough in the framework of global energy competitiveness of the twenty-first
century for sustainable power development in Canada. The basic weaknesses can be
identified by preliminary investigation of the above-mentioned values. This
hypothesis can be demonstrated by making simple comparison between the present
installed capacity of power generation and the scenario of power generation
capacity to be installed till 2025 as shown in Fig. 2.5.

Fig. 2.4 Import/export and transmission capacity between Canada and USA [10]
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The key drivers of installed capacity in 2013/14 and NEBM-2025 in Table 2.1
show that policy makers of the Canada Energy Board are not adopting the strategies
to reduce power generation through fossil fuel. Instead of having a joined-up
switching toward strategy-based RES-transition, NEB is endorsing more green-
house gas (GHG) emitters fossil fueled power plants by increasing its fossil
capacity from 37004 MW in 2013/14 to 42340 MW in 2025 by maintaining its
share at 27 %. However, the installed capacity of nuclear power will decline
simultaneously from 10 to 7 %.

Several key findings of recent research indicate that the world is moving quickly
toward energy solutions, predominantly met with RES [18]. In order to address
these challenges successfully, it will require a paradigm shift in strategic thinking
and public policies. However, such transformation of energy is not foreseeable in
NEBM-2025. For instance the hydroelectric power, which is characterized as the
most reliable and cost efficient form of RES, is at a declining format from 56 % in
2013/14 to 54 % in 2025 as shown in Fig. 2.5. Besides this, no specific engagement
has been launched to raise the perceivable capacity of wind and solar power. There
will be only a 3 % growth in wind power till 2025 compared to the level of
2013/14, whereas the increase in solar power will be 2 % during the same period of
time. This power configuration of NEBM-2025 will result only in 3 % net growth in
RES from 63 % in 2013/14 to 66 % in 2025 as shown in Fig. 2.6.

Figure 2.6 shows that on the one hand, there is a 3 % increase in installed
capacity of RES but on the other hand, there will be a 3 % reduction in nuclear
power. Moreover, the total share of installed capacity of fossil fueled power plants
remained unchanged with some internal fuel shifts, in which 5 % of coal power and
2 % of oil power will be compensated by increasing 7 % share of natural gas power
plants. Looking at actual generation data, it can be estimated that the mitigation of
GHG emissions with 3 % reduction in nuclear power is by more than 3 % addition

Table 2.1 National energy board model for 2025 (NEBM-2025) (Planned installed capacity of
power generation) [12]

Year Hydro
(MW)

Wind
(MW)

Solar
(MW)

Nuclear
(MW)

Fossil
(MW)

Total
(MW)

2015 78,955 10,490 3205 13,780 36,778 1,43,208

2016 80,010 11,635 3453 12,415 38,193 1,45,706

2017 80,035 12,332 3573 11,050 38,729 1,45,719

2018 81,314 12,692 3746 10,510 38,899 1,47,161

2019 81,852 12,823 3866 9955 39,678 1,48,174

2020 82,077 13,234 4038 9845 39,219 1,48,413

2021 83,830 13,354 4158 9005 40,089 1,50,436

2022 84,061 13,524 4328 9845 40,629 1,52,387

2023 84,061 13,744 4446 10,145 41,884 1,54,280

2024 84,097 13,914 4613 9305 42,083 1,54,012

2025 84,097 14,134 4728 10,240 42,340 1,55,539
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of wind, PV, and hydro power installed capacity in the future. This is due to the
advantage of capacity factor of nuclear power plants compared to capacity factor of
wind and PV power. However, there will be some GHG emissions benefits due to
7 % reduction in coal and oil power by compensating it with a 7 % increase in
natural gas power generation. In spite of this, the NEBM-2025 can neither con-
tribute to climate change benefits as a whole in the future nor is it compatible with
the modern energy solution trends. Hence, the policy makers of Canada should

Fig. 2.5 Comparison of installed capacity of future power planning (NEBM-2025) [12, 13–17]

Fig. 2.6 Deployment of fossil and nuclear fuel against RES in NEBM-2025 [12, 13–17]
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attempt a strategy shift in order to acquire an efficient result that is technically
feasible, economically viable, and environmentally acceptable. A key question for
designing an alternative model for a transition toward sustainable economy is the
availability of technical potential of RES which should be economically achievable.
For this purpose, a detailed analysis of RES potential in Canada is a prerequisite.

2.3 RES Analysis

There may be a number of choices to harness RES, but it can be highly constrained
due to technical unavailability of production and infrastructure facilities in a par-
ticular region [19]. In this work, only that pattern of RES potential will be con-
sidered which is decoupled from theoretical potential and is technically and
economically feasible.

Canada has a long history of power generation through RES only due to the vital
role of hydropower. The first hydroelectric generating station was constructed at
Chaudiere Falls in 1891 [20]. The provinces of British Columbia, Manitoba, Quebec,
and Newfoundland generate more than 90 % of their electricity from hydropower
[21]. The current hydroelectric installed capacity is almost 75,430 MW with more
than 500 small and large hydroelectric power plants across the country [13].

As shown in Fig. 2.7, the percentage share of installed capacity of hydropower in
Canada is gradually declining. In 1993, the share of hydropower installed capacity
was 63 % which declined till 56 % in 2013 and will further fall down to 54 % in
2025 according to the NEBM-2025. At the same time, there is still a 163171 MW
of untapped hydropower potential which is technically feasible [23]. Despite all

Fig. 2.7 Sir Adam Beck Hydro Power Plant at Niagara Falls [12, 13, 22]
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that, hydropower is still a leading technology in Canadian RES installed capacity
portfolio with its significant share of 86.9 % [24].

The second largest RES availability after hydropower is wind which is, in
contrary to hydropower, in growing phase. The quality of wind resources in Canada
is as good or in many cases better than other countries with leading wind capacities
like China, United States, and Germany [25]. Alone in the province of Quebec
100,000 MW of wind technical potential exists in the areas that are located within
25 km of existing power transmission lines [25]. At present, 20–30 % of peak
demand can be easily fulfilled by wind by creating a technically and economically
feasible power planning scenario [25]. About 450 locations having a land area of
5500 km2 are available across the country to install more than 55,000 MW of wind
power [21]. NEBM-2025 shows that government has not taken explicit actions to
make wind power installation as a national priority till now. As of December 2014,
total installed capacity of wind power in Canada was only 9219 MW with its share
of 9.1 % in total energy mix and it will be expanded to 14134 MW in 2025 [12, 17]
(Fig. 2.8).

PV systems have been used effectively in Canada to provide power in remote
locations for home electricity, transport route signaling, navigational aids, and
telecommunication as well as for remote sensing and monitoring. Now the sharp
declining cost is the key factor to look for grid connected PV potential in Canada
[26]. The installed capacity of PV power in Canada remained relatively small with
total of 1210 MW till 2013 [16]. The annual PV potential of south facing tilt PV
panel is between 700 and 1400 kWh/kW [27]. In fact, well-populated cities of
Canada possess more solar potential as compared to many other cities of the world

Hydro
87 %

Wind
9 %

Biomass
3 %

Solar
1 %

Fig. 2.8 Installed capacity of RES Energy Mix Portfolio—2013/14 [24]
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where PV power has been developed with much faster pace than in Canada. For
example, Regina (Saskatchewan) has 1361 kWh/kW, Calgary (Alberta) has
1292 kWh/kW, and Toronto (Ontario) has 1161 kWh/kW of solar potential, whereas
Beijing (China) has 1148 kWh/kW, Tokyo (Japan) 885 kWh/kW, Berlin (Germany)
868 kWh/kW, and London (England) has 728 kWh/kW of solar potential [28].

It should be noted that Canada has also 2391 MW installed capacity of biomass,
137 MW installed capacity of biogas, and 44 MW installed capacity of municipal
solid waste power plants in 2013/14 [24]. This power generation has not been
compiled in table and figures of Sects. 1.1 and 1.2 and it will also not be included
and analyzed within the context of RES installed capacity and power generation
calculations in next chapters. The reason is that biomass, biogas, and municipal
waste are only being used by several independent power producers from paper and
pulp industry for self-utilization and for district heating. The potential of biomass
power generation is tremendously abundant due to the huge magnitude of forests in
Canada. Approximately 67 % of landmass in the country consists of forests which
include also timber productive forests [29]. Minimum biomass power technical
potential has been assessed as 6700 MW [30]. So far, installed capacity of biomass
across the country is only 2.9 % within RES [24].

2.4 Findings

In this chapter, the present power system of Canada and the intention of govern-
ment for future power planning (NEBM-2025) as well as the comprehensive
potential of RES have been explained. It is found that the policy makers have not
addressed a spectrum of opportunities regarding RES to keep the system up to date
according to new challenges in power sector. The information barriers, including
lack of awareness about RES among public and power sector stakeholders as well
as lack of research about resource locations and potential, seem to be the major
reasons.

The authorities in Canada are pursuing a limited approach to address the
structural and cost impediments of RES, while the governments of other countries
are developing comprehensive strategies to address these barriers. A classic
example can be taken from revolutionary steps taken by Germany toward devel-
opment of RES. German policy makers understood more than a decade ago that an
urgent action toward flexible energy transformation only has the potential of eco-
nomic success. Therefore, an aggressive strategy was developed in the name
“Energiewende,” translated as “energy transition.” Under this program, a sub-
stantial deployment of RES has been complied across the residential, commercial,
and industrial sectors of country within a decade that boosted more than 68 GW of
solar and wind power installed capacity till the end of 2013 [31]. The installed
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capacity of wind power in Germany was 14.3 GW in 2003 and boosted up to
32.5 GW in 2013 [32]. Overall, there was only 0.4 GW of solar installed capacity in
Germany in 2003 which reached 35.7 GW just in 10 years [33]. On the other hand,
the installed capacity of wind power in Canada was only 0.3 GW in 2003 which
could be increased only up to 7.8 GW till 2013, whereas change in installed
capacity of solar power was from 0.01 GW in 2003 to 1.2 GW in 2013 [16, 17].
It means that solar power alone was developed 80 times more in Germany as
compared to Canada just in past 10 years. Therefore, the technological ingenuity
and initiative of Germans as a response to global climate change, in spite of eco-
nomic challenges due to RES intermittency, should be fairly recognized. Canadian
policy makers should welcome the ideas from Germany and collaborate with the
researchers to address the energy-related tough issues to reform their approach.

It must be understood that the landscape of modern energy development and
production is changing. There is a need to emphasize that a future without drastic
change toward RES can have severe consequences on global climate and
environment-related health issues. However, the policy makers in Canada are
characterizing this challenge as an existential threat for a conventional power
system with an argument that constructions or refurbishments of major hydro
facilities are expensive and gas-fired generation can be built more cheaply. The next
argument asserts that modern RES like wind and solar power have higher cost than
conventional sources of generation, despite having zero fuel costs. Moreover,
reliability factor and intermittent nature of RES generation prevent them to undergo
most significant changes in power system. Therefore, as seen from NEBM-2025,
the power policy makers in Canada will refurbish and rebuild nuclear power plants
and will expand the capacity of fossil power plants in future. The reasons for the
fossil and nuclear fuel fixation include the usual political gridlock and outsized
influence of campaign contribution regarding the highest capital cost of RES.
However, only 3 % growth in RES and stagnating share of fossil-fueled power
plants for future 10 years can be classified as a futile energy management.

In this context, it is important to overcome the vulnerability of capital cost of
RES in order to reengineer the Canadian power generation infrastructure into RES.
Moreover, the reliability factor and intermittency of RES should also be addressed.
In next chapters, a techno-economic model TEM-2025 regarding power planning
till 2025 will be simulated, in which clear, consistent, and stable rules and incen-
tives about RES power generation capital cost and intermittency solutions will be
presented. This will allow power sector participants to establish low-price-increase
curves with a reasonable degree of certainty. A target will be set to attain the power
generation in Canada up to 75 % with RES till 2025 by using abundant indigenous
RES potential, especially using hydropower as a base load.
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Chapter 3
Methodological Approach

3.1 Overview

This chapter reviews the addition and subtraction of the installed capacity of power
in MW between 2015 and 2025 which is summarized in the National Energy Board
Model (NEBM-2025) in Table 2.1. The information in Table 2.1 gives a starting
point to determine the quantity of power generation till 2025 and the investment
shift from conventional power toward the RES-oriented techno-economic model
(TEM-2025). After calculating the capacity factors of all the present power gen-
eration sources in the recent years, the quantity of power generation in TWh can be
determined in order to calculate the capital investment required for the power shift
from fossil and nuclear toward RES. In TEM-2025, the level of required additional
power will be maintained for all the years, while accommodating the power growth
forecast of the Canadian decision makers as described in NEBM-2025 in the pre-
vious chapter. Only the investment in generation side will be taken into account
because the generation costs are among the biggest factors affecting the electricity
prices although transmission and distribution costs also play an important role.
However, a backup power in terms of extra gas power plants will be established due
to the intermittent nature of wind and PV power.

3.2 Recalculation of Future Power Planning

As the first step, investigation must be made to establish a base case by considering
the future power demand of the entire system and benchmarking it as a key driver
for system conditions. From Table 2.1 (Chap. 2), a contingency-installed capacity
development forecast of policy makers can be sorted out for nuclear and fossil
powers separately. The values of commissioning or refurbishment as well as the
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values of decommissioning of nuclear power plants are being estimated from
Table 2.1 (Chap. 2) and are summarized in Table 3.1 for 10 years.

Table 3.2 reflects that 5615 MW of nuclear power will be taken out from the
system till the year 2025 and 2075 MW of nuclear power is supposed to be added in
the system within the same period of time.

In the same way, the calculation of commissioning or refurbishment and
decommissioning for fossil-fueled power plants till 2025 can be abstracted from

Table 3.1 Calculation of commissioning/refurbishment and decommissioning of nuclear power
plants installed capacity till 2025 (Ref. Table 2.1)

Year Nuclear
MW

Power to be
retired MW

Power to be
added MW

Remaining
power MW

Annual power
increase MW

2015 13,780 0 0 13,780 0

2016 12,415 −1365 0 12,415 0

2017 11,050 −1365 0 11,050 0

2018 10,510 −540 0 10,510 0

2019 9955 −555 0 9955 0

2020 9845 −110 0 9845 0

2021 9005 −840 0 9005 0

2022 9845 0 +840 9005 840

2023 10,145 0 +300 9005 1140

2024 9305 −840 0 8165 1140

2025 10,240 0 +935 8165 2075

Total 10,240 −5615 +2075 8165 2075

Table 3.2 Calculation of commissioning/refurbishment and decommissioning of fossil power
plants installed capacity till 2025 (Ref. Table 2.1)

Year Fossil
MW

Power to be
retired MW

Power to be
added MW

Remaining
power MW

Power
required MW

2015 36,778 0 0 36,778 0

2016 38,193 0 +1415 36,778 1415

2017 38,729 0 +536 36,778 1951

2018 38,899 0 +170 36,778 2121

2019 39,678 0 +779 36,778 2900

2020 39,219 −459 0 36,319 2900

2021 40,089 0 +870 36,319 3770

2022 40,629 0 +540 36,319 4310

2023 41,884 0 +1255 36,319 5565

2024 42,083 0 +199 36,319 5764

2025 42,340 0 +257 36,319 6021

Total 42,340 −459 +6021 36,319 6021
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Table 2.1. The result, which is elaborated in Table 3.2, reflects that 459 MW of
fossil-fueled power will be taken out of the system till the year 2025 and 6021 MW
of fossil-fueled power is supposed to be added within the same period of time. It can
be observed that in case of nuclear power, more power is subtracted as compared to
power addition, whereas in case of fossil-fueled power plants, more power will be
added as compared to the subtraction of power as shown in Table 3.2.

In order to simulate the RES performance-based model (TEM-2025) for the
future 10-years power generation plan in Canada, a strategy of fossil and nuclear
power reduction and a shift toward RES will be adopted in this research. Under this
strategy, a target of 10 % penetration of RES by replacing nuclear and fossil
generation will be focused. Based on the installed capacity demonstration in
Tables 3.1 and 3.2, the additional nuclear power of 2075 MW will be removed from
the system and the additional fossil power of 6021 MW will be considered as
standby power by shifting it toward gas power generation technology. It means that
8165 MW of nuclear power and 36319 MW of fossil power will remain in the
system till 2025. However, it is important to compensate the quantity of power that
should have to be generated from 2075 MW nuclear power plants and 6021 MW
fossil power plants in order to meet the demand side forecast till 2025. This
compensation of power will be demonstrated by adding RES in the system.

3.3 Data Simulation

The data of power from all the generating sources for year 2013 has been taken as a
key driver to calculate the existing capacity factor of hydro, fossil, nuclear, wind,
and solar power generation in Canada. The value of present capacity factor plays an
important role to determine the quantity of future power generation, future installed
capacity, and relevant capital cost of new power plants till 2025. Table 3.3 shows a
detail of power generation and the installed capacity for the years 2013–2014.

Table 3.3 Detail of power generation in 2013 (Ref. Figs. 2.2 and 2.5 Chap. 2)

Power
Source

Installed capacity in 2013/14 135
GW

Power generation in 2013/14
611.31 TWh

Capacity in
MW

Capacity in
%

Generation in
TWh

Generation in
%

Hydro 75,430 56 387.64 63

Fossil 37,004 27 121.03 19

Nuclear 13,553 10 88.55 14

Wind 7803 6 12.7 2.1

Solar 1210 1 1.39 0.2
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3.3.1 Capacity Factor Calculation

Net Capacity Factor of Hydroelectric Power Plants in Canada in 2013

¼ 387:64 TWh
75430MW� 760 h

¼ 58% ð3:1Þ

Net Capacity Factor of Fossil Power Plants in Canada in 2013

¼ 121:03 TWh
37004MW� 8760 h

¼ 37% ð3:2Þ

Net Capacity Factor of Nuclear Power Plant in Canada in 2013

¼ 88:55 TWh
13553MW� 8760 h

¼ 75% ð3:3Þ

Net Capacity Factor of Wind Power Plant in Canada in 2013

¼ 12:7 TWh
7803MW� 8760 h

¼ 19% ð3:4Þ

Net Capacity Factor of PV Power Plant in Canada in 2013

¼ 1:39 TWh
1210MW� 8760 h

¼ 13% ð3:5Þ

3.3.2 Power Generation Calculation for 2025

From Table 3.1, it can be seen that after the decommissioning of some nuclear
power plants, the nuclear power will remain 8165 MW till 2025. On the other hand,
some nuclear power plants will be refurbished or newly constructed which will add
2075 MW of nuclear power to the system till 2025. As the techno-economic model
(TEM-2025) presented in this thesis will consist of more RES and possibly less
nuclear and fossil power, 2075 MW of nuclear power will not be added in this
model. However, this power should be compensated through RES. For this purpose,
the quantity of power, that would have to be generated from additional nuclear
power according to policy makers of Canada, must be calculated with respect to the
capacity factor of the nuclear power plants. The quantity of this nuclear power
generation is shown in Eq. 3.6:

75%� 2075MW� 8760 h = 13:63 TWh ð3:6Þ

In the same way, Table 3.2 shows that the retirement of some fossil power plants
will reduce the fossil power down to 36,319 MW till 2025. At the same time,
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6021 MW of fossil power has to be added in the system to keep the system running.
This additional power will also be compensated with RES in TEM-2025. Hence,
the quantity of fossil fuel will be calculated according to the capacity factor of fossil
fuel in Canada as following:

37%� 6021MW� 8760 h = 19:52 TWh ð3:7Þ

By adding Eqs. 3.6 and 3.7, total addition of power generation till 2025 will be
as following:

13:63 TWh þ 19:52 TWh = 33:15 TWh ð3:8Þ

Equation 3.8 shows that 33.15 TWh power must be generated through RES from
2015 to 2025 in order to compensate the additional nuclear and fossil power that
otherwise would have to be added in Canadian power system.

3.4 Cost Profile and Power Adjustment

The current and future projected cost and performance characteristics of new power
capacity are critical input into the development of RES projections and analysis.
Several steps are necessary to estimate the level of investment that is likely to be
required over the coming 10 years. Generation of power through RES is a
capital-intensive business and it is extremely difficult to finance a RES project. The
financial barrier remains the most significant obstacle toward RES shift in Canada
today. But at the same time, the main cost of producing power from RES is the
capital cost rather than the operating cost. That means that the cost of power from
RES is more predictable than the cost of the power from fossil fuels. This is an
important factor for mitigation of electricity price shifts. Within RES, the cost of
power varies by its type, power availability, and technical maturity. In TEM-2025,
only the mature RES like hydropower, wind, and PV will be considered because
these technologies are accounted for proven market investment.

A detailed research has been performed in this study for economically feasible
projects throughout Canada in order to determine the investment for power gen-
eration from RES between 2015 and 2025. Equations 3.6 and 3.7 from Sect. 3.3
have specified the level of power generation that should have been produced in case
of addition of fossil and nuclear power plants till 2025 (Table 3.4).

Table 3.4 Additional power planned by NEB till 2025 (Ref. Tables 3.1 and 3.2)

Power to be added
(2015–2025)

Installed capacity
(MW)

Level of power generation
(TWh)

Fossil 6021 19.52 (from Eq. 3.7)

Nuclear 2075 13.63 (from Eq. 3.6)

Total 8096 33.15 (from Eq. 3.8)
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3.4.1 RES Intermittency Control Costs

The most important and disturbing factor of power generation with RES like wind
and PV is that these RES have extreme intermittent nature and the world is
accustomed to reliable on-demand electricity. The only way to turn naturally
fluctuating wind and PV power into a dispatched power is to have some storage
capacity or standby power to take up the slack. Natural gas power plants are fine
solution to overcome this intermittency by ramping up and down to accommodate
wind and PV fluctuation. Therefore, the fossil-installed capacity of 6021 MW will
not be removed in TEM-2025. This capacity will be constructed as a standby power
in the form of natural gas power plants. The funds to construct these power plants
are already allocated in the power planning of policy makers in Canada. It yields
that a level of 19.52 TWh (Eq. 3.7) of power generation will be available as a
standby power in order to overcome the intermittency of wind and PV between
2015 and 2025.

3.4.2 Capital Costs Shift from Nuclear Power
into Hydropower

Costs of nuclear and hydropower plants have been estimated using a consistent
methodology that includes a broad project scope with direct and indirect costs. The
cost figures of different studies in this region were not matching with one another
due to the implementation of different approaches used for cost estimation.
Therefore, only site-specific capital costs or overnight costs of the planned
2075 MW of nuclear power projects were evaluated with different parameters
which gives an average value of 6.1 million CDN $/MW till 2025 [1].

Capital cost needed to construct 2075MW nuclear power till 2025:

2075MW � 6:1million CDN $=MW¼ 12657:5million CDN $ ð3:9Þ

Large- and small-scale hydropower plants with storage capabilities are perfect
matches for quick response power management and are the main focus of
TEM-2025. As the model of this thesis excludes new nuclear power addition
between 2015 and 2025, the cost calculated in Eq. 3.9 should be diverted toward the
construction of new hydropower plants. The capital cost or overnight cost of new
hydropower is 3.469 million CDN $/MW and funds available for new hydropower
construction are 12657.5 million CDN $ (Eq. 3.9). With this amount, the following
quantity of hydropower can be brought to Canadian gird till 2025 [1].
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Hydroelectric power plants (2015–2025)

¼ 12657:5million CDN $
3:469million CDN $=MW

¼ 3649MW ð3:10Þ

Estimated annual power production from additional hydroelectric power plants
between 2015 and 2025:

58%� 3649MW� 8760 h = 18:54 TWh ð3:11Þ

Equation 3.9 shows that the policy makers in Canada have planned to invest
12657.5 million CDN $ to establish 2075 MW of new nuclear power stations
between 2015 and 2025. This amount has now been replaced to build 3649 MW
(Eq. 3.10) of extra hydropower plants that will produce annually 18.54 TWh
(Eq. 3.11) of hydropower in this model. The value of the remaining power which is
required to replace future nuclear- and fossil-generated power into RES power can
be calculated as following:

33:15 TWh Eq: 3:3ð Þ�18:54 TWh Eq: 3:6ð Þ¼ 14:61 TWh ð3:12Þ

It means that 14.61 TWh of power is needed to be produced from RES to
compensate the power gap till 2025. It is being suggested in the next sections of this
chapter to adjust this power by means of clusters of wind and PV power generation
as following:

Wind power ¼ 10 TWh ð3:13Þ

PV Power ¼ 4:61 TWh ð3:14Þ

3.5 Wind Power Integration

Wind energy has now established itself as a mainstream technology and it can play
a key role to present the future vision of power production with RES in Canada [2].
There are several provinces in Canada which have not taken serious steps to reduce
using fossil fuel and to install a significant quantity of green power. The province of
Alberta is generating 85 % of its electricity from fossil fuels and intends to keep on
burning it for decades [3]. Therefore, it is compulsive for this province to act more
quickly to replace at least a part of its power production with wind.

Figure 3.1 shows the wind speed and capacity factor data that has been recorded
by the Environmental Department of Canada at different recording stations in
Alberta. This data is available for approximately 160 sites across the province [4].
After quantifying this data with all its physical constraints, different factors of wind
resource map can be demonstrated by using a representative wind turbine with an
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80-meter hub height and a 113-meter rotor [4]. It can be observed from Fig. 3.1 that
Alberta has a massive potential of wind power generation. It is estimated that over
35 % of land area in the province has a potential of almost 150 GW of wind power
capacity [4].

As of December 2014, the wind-installed capacity of Alberta was only
1471.1 MW [5]. Germany with a land mass half the size of the province of Alberta
had 35678 MW of installed wind power capacity in November 2014 which is 24
times more as that of the present wind power capacity in Alberta [6]. Hence, the
high-quality wind potential of Alberta regarding net capacity factor can be har-
nessed to replace the older fossil fuel units that are close to their retirement age. For
this purpose, the above-mentioned net capacity factor and speed values are used to
set up a scenario. Net capacity factor of 35 % is taken from wind potential
guidelines to landmark the technically feasible sites to construct multiple wind
farms [4]. The available wind speed data has been then combined with the selected
net capacity factors to compile the best result [7]. After spatial analysis, a target of
10 TWh (Eq. 3.8) power is easily achievable through wind sources within a period
of 10 years.

Fig. 3.1 Wind speed and net capacity factor in Alberta at 80 m [4]
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Required installed capacity to produce 10 TWh of electricity with a capacity
factor of 35 % will be:

¼ 10 TWh
35%� 8760

¼ 3262W ð3:15Þ

The current cost estimate of onshore wind turbine installation is 1.98 million
CDN $/MW [1]. Therefore, an incremental capital investment for wind integration
scenario between 2015 and 2025 will be:

¼ 1:98Million CDN $=MW� 3262MW

¼ 6459Million CDN $
ð3:16Þ

Equation 3.16 shows that an investment of 6459 million CDN $ is required to
establish 3262 MW of installed capacity of wind power throughout Canada. This
cluster of wind farms will generate a total of 10 TWh of electric power annually.

3.6 PV Power Integration

The final step to integrate the RES in Canadian system is the integration of PV by
setting the appropriate data. The PV deployment system model can be developed by
simulating the potential adoption of photovoltaic in different geospatially rich
regions of Canada. The second and most important factor to be considered is the
combination of the solar resource regions with the regions of high electricity price,
especially those areas where diesel generators are being used to generate the power.
The solar resources have been estimated by using mesoscale resources nearby more
than 175 communities in Alberta, Ontario, Saskatchewan, Manitoba, Prince Edward
Island, Nova Scotia, Yukon, and Northwest Territories [8]. After the examination of
market competitiveness of regional solar resources, capital costs, electricity prices,
utility rate structures, the following 12 regions were selected as a muster for
grid-connected PV farms.

From all these PV-rich regions that are identified in Table 3.5, almost 175 solar
parks can be assumed to be utilized. To make this study simple, an average annual
potential of all these numerous projects in 12 regions can be taken as a reference
potential. It means that the solar potential of each solar park will be the average
potential of all the selected regions and it will be considered as a reference potential
to be replicated for all these 175 solar parks.

Average annual PV potential of identified 12 regions in Canada will be:

¼ 15201Wh=kW
12

¼ 1267 kWh=kW ð3:17Þ
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Even under standard irradiance and temperature conditions or under standard test
conditions (STC), the impact of losses like inverter efficiency, dirt and dust on PV
collectors, mismatched modules, and differences in ambient conditions can derate
the power output by 20–30 % and reduce the conversion efficiency of PV system
[10]. After the loss calculations of PV module for these specific regions, the con-
version efficiency in this case will be considered as 74.7 %.

Pac = PdcðSTCÞ � 74:7% Pac

¼ 1267 kWh=kW� 74:7% Pac
¼ 946 kWh=kW

ð3:18Þ

This predicted power output will be used to calculate the PV-installed capacity
for targeted power output which is 4.61 TWh (Eq. 3.14). This value is the
remaining part for the integration of RES in Canadian power system.

Required PV Capacity to be installed

¼ 4:61TWh
946 kWh=kW

= 4873 MW ð3:19Þ

Obtained Net PV Capacity Factor of Solar PV Park

¼ 4:61 TWh
4873MW � 8760 h

¼ 10:8% ð3:20Þ

It means that 4873 MW of PV power capacity has to be installed throughout
Canada within the period of 10 years in order to produce 4.61 TWh of sustainable
power per annum with a net capacity factor of 10.8 %.

The general downward trend in PV system pricing has continued in the recent
years and will continue in the near future [11]. After comparative analysis of the
capital cost of PV for solar park, the cost of ground-mounted PV power in 2014 was

Table 3.5 PV hotspots in terms of annual PV potential for south-facing panels [9]

Region Annual PV potential
kWh/kW

Region Annual PV potential
kWh/kW

Regway SK 1384 Lethbridge AB 1331

Wild Horse AB 1373 Thunder Bay ON 1226

Waskada MB 1370 Miminegash PE 1136

Medicine Hat AB 1367 Fort Smith NT 1126

Regina SK 1361 Amherst NS 1125

Saskatoon SK 1346 Burwash YT 1056
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1.55/W and it will reduce to 1.16/W till 2020 [12]. The upper-level price factor has
been considered as reference price to mitigate the cost–uncertainty risk. Therefore,
the capital cost to establish solar PV parks in solar-rich regions throughout Canada
will be as follows:

Capital Cost of PV Power between 2015 and 2025

¼ 4873MW Eq: 3:19ð Þ � 1:55 CDN$ =W 6a½ �
¼ 7553Million CDN $ 3:21ð Þ ð3:21Þ

Equation 3.21 shows that an investment of 7553 million CDN $ is required to
establish the 4873 MW installed capacity of PV power throughout Canada. This
will generate 4.61 TWh of electric power annually with the capacity factor of
10.8 %.

3.7 Synopsis

In this chapter, it has been found that NEB is planning to add 2075 MW (Table 3.1)
of nuclear power and 6021 MW (Table 3.2) of fossil power in the system. This
combined capacity should produce 33.15 TWh (Eq. 3.8) of electricity in order to
fulfill the demand side management till 2025.

According to techno-economic model (TEM-2025) presented in this research,
the investment of fossil-fueled power plants has been used to build 6021 MW
(Table 3.2) of gas power plants which will produce 19.52 TWh (Eq. 3.7) standby
power to mitigate the risk of intermittency for additional RES at this stage. The
investment of 12657.5 million CDN $ (Eq. 3.9) which was needed for nuclear
power addition has been shifted to build 3649 MW (Eq. 3.10) of hydropower which
will produce 18.54 TWh (Eq. 3.11) of electricity. To fulfill the gap of the remaining
14.61 TWh (Eq. 3.12) of power production, 3262 MW (Eq. 3.15) of wind power
will be installed to produce 10 TWh (Eq. 3.13) and 4873 MW (Eq. 3.19) of PV will
be installed to produce 4.61 TWh (Eq. 3.14).

In order to build 3262 MW wind power, a long-term, low-cost investment of
6459 million CDN $ (Eq. 3.16) is needed. In the same manner, an investment of
7553 million CDN $ (Eq. 3.21) is required for the installation of PV power. The
policy makers in Canada cannot provide these investments because they are already
facing fiscal constraints and still-recovering financial system. To meet this chal-
lenge, a techno-economic financial model (TEM-2025) will be simulated in the next
chapter.
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Chapter 4
Energy Management with RES

4.1 Summary

This chapter presents a techno-economic model (TEM-2025) to achieve a target of
10 % increase in RES share within the period of 10 years without involving any
state investment in Canada. It will give the detail of power planning for each year
between 2015 and 2025 and the respective investment plans for RES power gen-
eration in Canada according to the future energy demand. At the same time, the
power generation and installed capacity planning with respective power addition
from the prospective of policy makers in Canada have also been shown for each
year between 2015 and 2025. This is the power planning from the side of National
Energy Board of Canada called here as NEBM-2025, in which the existing power
generation infrastructure has been sustained and renewed. As shown in the tables of
Sect. 4.2, the cutting down of fossil and nuclear additional power will take place
from NEBM-2025 and the same magnitude of power will be compensated in
TEM-2025 by accommodating the anticipated power growth in the form of RES.
Under this plan, a sufficient amount of gas power plants will be kept as a source of
extra or standby power to meet the challenges of behavioral shifts in future energy
management such as to overcome the intermittency of wind and solar power. The
capital costs of RES have been managed by imposing a slight increase of electricity
price for a few years. After that, the price increase will fall down to its original
level.

The online software HOMER was used for optimal result in order to develop a
mathematical model of power generation, in which only a simple power balance
equation was assumed without any representation of grid connection [1]. With
sufficient data collection, a power generation profile will be mapped within the
framework of time function which is 10 years in this case. The values of power
generation installed capacity mix from policy makers can be analyzed statistically
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with reference to addition of RES and subtraction of fossil and nuclear power till
2025. After exposure of all features, an RES energy management decision-making
scenario can be developed. In this regard, effective generation capacity and price
modeling can be simulated on the software HOMER. With the help of HOMER, all
possible configurations of installed capacity and generation mode with feasible
investment and kWh price can be calculated in different time frames. The strategies
to create an optimal design with least cost will be illustrated in this model.

4.2 Planning Computation Methodology

This section presents the results of different power production levels for which data
is collected for 10 years and compiled in the form of detailed tables which are
shown in the next pages of this chapter.

In the table of year 2015, no change has been shown between the proposed TEM
and the existing National Energy Board Model (NEBM). The power plants from
point 1 (hydro) to point 5 (solar) will be brought online according to the planning.
There will be no extra power or power addition from point 6 (fossil Addition) to
point 11 (extra RES). The capacity factors (CF) of the power plants from point 1 to
point 8 and point 13 will be extracted from the capacity factors calculated from
power generation in the year 2013. Total installed capacity (143208 MW) and total
power production (632 TWh) for NEBM are same as that of TEM for 2015 as
shown in point 12. The power consumption (point 15) forecast has been taken from
the assessment hierarchy of policy makers and it will be the 83.59 % of total power
production which is calculated with reference to the ratio of power production and
consumption in 2013 [2]. A part of remaining 16.41 % of produced power will be
exported to USA and another part of this power will be exhausted in the form of
transmission and distribution losses [3]. The power consumption values will
coincide with one another in both the TEM and NEBM cases throughout the
10-year power planning scenarios (Table 4.1).

The capacity factor (CF) of the existing wind power is 19 % (point 4) and it will
be kept same for 10 years in case of NEBM; however, the capacity factor of the new
wind addition in case of TEM has been taken as 35 %. This value has been
considered after proving it viable in wind-rich areas by simulating these values in
HOMER. The CF of solar in NEBM will remain 13 % but the CF of PV in TEM
has been reduced down to 10.8 %. The reason is that all PV parks in TEM have not
been planned in solar peak areas but the other factors like the areas producing
power with diesel generators have also been taken into account.

According to NEBM in Table 4.2, 1415 MW of fossil power should be added
into system in 2016 (point 6). In the proposed techno-economic (TEM) model, this
power will be added in the form of gas-fueled power plants and will act as a standby
power (point 13). The power generation from 1415 MW in NEBM should be
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4.6 TWh. The same amount of power generation will be compensated in the form of
1305 MW of wind power and 634 MW of solar power in the proposed TEM as
shown in points 9 and 10 of Table 4.2. The simulation has been programmed in a
way that end-power-production in both models (NEBM and TEM) remains the
same (point 12) which is 635.20 TWh in 2016. In case of any deviation of power in
TEM due to the intermittency of RES, an equal amount of power will be available
immediately from the gas-fueled power plants which, otherwise, play the role of
standby power (point 13). It means that the total achievable power in TEM will be
more than the achievable power of NEBM (point 14). In the same way, in years
2017, 2018, 2019, and in 2021, further fossil power will be added in NEBM which
will be compensated with RES in TEM and the added power will be shifted to
gas-fueled standby power. In years 2022, 2023, and 2025, a total amount of
2075 MW of nuclear power will be added in NEBM. This nuclear power will not be
added in TEM but instead of this, RES will be added in the system in a way that
equal amount of power from RES could be achieved as it would have been achieved
through nuclear power in NEBM (Tables 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, and 4.10).

Table 4.1 Power planning scenario for year 2015

Power source Power 2015 (NEBM)
(policy-makers model)

Power 2015
(TEM) (proposed TE
model)

Capacity
(MW)

Generation
(TWh)

Capacity
(MW)

Generation
(TWh)

1. Hydro (existing CF: 58 %) 78,955 401.2 78,955 401.2

2. Fossil (existing CF: 37 %) 36,778 119.2 36,778 119.2

3. Nuclear (existing CF: 75 %) 13,780 90.5 13,780 90.5

4. Wind (existing CF: 19 %) 10,490 17.5 10,490 17.5

5. Solar (existing CF: 13 %) 3205 3.6 3205 3.6

6. Fossil addition (CF: 37 %) 0 0 0 0

7. Nuclear addition (CF: 75 %) 0 0 0 0

8. Hydro addition (CF: 58 %) 0 0 0 0

9. Wind addition (CF: 35 %) 0 0 0 0

10. Solar addition (CF: 10.8 %) 0 0 0 0

11. Extra RES: (for existing gas PP) 0 0 0 0

12. Total installed capacity: total
power production:

1,43,208 632 1,43,208 632

13. Standby power: gas (CF: 37 %) 0 0 0 0

14. Total power achieved 1,43,208 632 1,43,208 632

15. Total power consumption:
(632 × 83.59 %)

528.29 TWh 528.29 TWh
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It can be seen from Table 4.11 that the policy makers of Canada want to plan a
model (NEBM-2025), in which 6021 MW (point 6) of fossil fuel and 2075 MW
(point 7) of additional nuclear power will be added into the system.
A techno-economic model (TEM-2025) proposed in this work shows that the
6021 MW of fossil power will only be constructed in the form of gas-fueled power
plants and will be used as a standby power. Moreover, 802 MW of existing gas
power plants will also act as standby power. The total of 6823 MW (point 13) of
standby gas-fueled power plants have the ability to produce 22.10 TWh, which is
sufficient to mitigate the intermittency of wind and PV power. The nuclear power
addition of NEBM has not been included in TEM. The target of 3649 MW of
hydroelectric power (Eq. 3.10, Chap. 3), 3262 MW of wind power (Eq. 3.15, Chap.
3), and 4873 MW of PV power (Eq. 3.19, Chap. 3) has been achieved in TEM-2025
which is shown in Table 4.11, points 8, 9, and 10. In order to achieve the objective
of 10 % increase in RES, an additional power of 4.1 TWh was needed to include in
TEM-2025. This power has been added in the form of 483 MW of wind power and
503 MW of hydroelectric power as mentioned in points 11a and 11b of Table 4.11.

Table 4.2 Power planning scenario for year 2016

Power source Power 2016 (NEBM)
(policy-makers model)

Power 2016
(TEM) (proposed TE
model)

Capacity
(MW)

Generation
(TWh)

Capacity
(MW)

Generation
(TWh)

1. Hydro (existing CF: 58 %) 80,010 406.5 80,010 406.5

2. Fossil (existing CF: 37 %) 36,778 119.2 36,778 119.2

3. Nuclear (existing CF: 75 %) 12,415 81.6 12,415 81.6

4. Wind (existing CF: 19 %) 11,635 19.4 11,635 19.4

5. Solar (existing CF: 13 %) 3453 3.9 3453 3.9

6. Fossil addition (CF: 37 %) 1415 4.6 0 0

7. Nuclear addition (CF: 75 %) 0 0 0 0

8. Hydro addition (CF: 58 %) 0 0 0 0

9. Wind addition (35 %) 0 0 1305 4

10. Solar addition (10.8 %) 0 0 634 0.6

11. Extra RES: (for existing gas PP) 0 0 0 0

12. Total installed capacity: total
power production

1,45,706 635.2 1,46,230 635.2

13. Standby: gas (CF: 37 %) 0 0 1415 4.6

14. Total achievable power 1,45,706 635.2 1,47,645 639.8

15. Total power consumption:
(635.2 × 83.59 %)

530.9 TWh 530.9 TWh
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4.3 Project Planning

In order to plan the electricity infrastructure for the next 10 years in Canada, this
thesis looks only one main component of the sector which is power generation
through RES. As the fossil-fueled power plants are already in pipeline according to
NEBM-2025, it is assumed that these power plants will be constructed in the form
of natural gas-fueled power plants in TEM-2025 and will act as standby power.
The RES project planning was done by compiling the feasibility database of the
future projects in each province and territory. In this scenario, the area selection of
small hydroelectric power plants, wind farms, and PV parks has been investigated
in those regions where diesel fuel is being used as the sole energy source to produce
electricity. From this gathered information, the selected RES projects include the
total facility name plate capacity (MW) with primary energy source, project starting
year, and the initial year of operation. After collection of this data, a list of all
projects can be determined as shown in Table 4.12 [4–6].

4.4 Investment Planning

An effective investment planning mechanism has been developed in this section in
order to ensure the availability of funds before the starting date of RES projects. The
final detail of RES-installed capacity, power output, and required capital cost has
been shown in Table 4.13.

According to this scenario, a new investment of around 29.37 billion CDN$ is
required in RES by 2025, of which 12.65 billion CDN$ (hydro-I) has already been
provided in terms of investment for reciprocal of nuclear power which has been
calculated in Eq. 3.9 in Chap. 3. Hence, the residual investment will be as
following:

Required Residual Investment ¼ 29371 � 12658 Hydro-Ið Þ
¼ 16713 Million CDN $

ð4:1Þ

Tables 4.14 and 4.15 cover the investment simulation for 7 years (2015–2021),
in which “Hydro-1” projects have been adjusted through the investment for nuclear
planning by NEBM-2025 and the investment of 16,713 million Canadian dollars
for other RES projects have been adjusted through the simulation of electricity price
increase for 7 years.
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Table 4.12 Projects-planning scenario for future 10 years

RES Capacity

MW

Year

15 16 17 18 19 20 21 22 23 24 25

Hydro (118)

Wind (1305)

PV (634)

Hydro (394)

Wind (326)

PV (740)

PV (529)

Hydro (433)

Wind (489)

PV (634)

Wind (256)

Hydro (1023)

Wind (227)

PV (634)

Wind (489)

Hydro (689)

Wind (587)

PV (645)

Hydro (98)

Wind (66)

Hydro (503)

Hydro (894)

PV (1057)

Total Power: 12770 MW
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Table 4.14 describes the steps followed in applying the simulation methodology
in TEM to solve the problem of capital investment in the area of RES from 2015–
2018. In this table, four electricity prices are identified after the proper application
of the simulation. The price obtained at the end of one-year calculation should
suffice to fulfil the total cost of all RES for the projects starting in that year.

In Table 4.15, some further steps of the previous phase described in Table 4.14
are investigated. Here, the electricity price increase has been determined for the
years 2019–2021. The price has been calculated after obtaining the value of
investment for projects starting in each year as well as the value of power con-
sumption for that year. For example, the investment required to start the projects of
587 MW wind power and 645 MW PV power is 2162.01 Million CDN$ in year
2019. The electricity price increase for that year will be 0.4069 CDN Cent/kWh.
For the same year, 689 MW hydro project will also be started and will be supported
through the investment which otherwise would have been spent on nuclear power.

The fundamental weakness of the power structure in Canada is that it has high
electricity price variation from one region to other due to the diversified landscape
of the country. The policies of price variation are effective at supporting the utility
cost adoption but can threaten the financial stability of the electricity distribution
companies and result in cross-subsidies between the electricity users of different
regions. There are many factors contributing to this phenomenon, in which the most
important are the fuel costs associated with geographical costs. For example, the
price of electricity for residential consumers in certain communities in the territory
of Nunavut is up till 114 cent/kWh, whereas the price in other communities in
Quebec is 5.57 cent/kWh [7, 8]. According to Canadian key electricity statistics
released in June 2014, the average residential electricity price in 2013 was
12.07 cent/kWh, whereas the average industrial electricity price in 2013 was
7.96 cent/kWh [9]. These rates vary strongly from one province to another province
or territory. In order to calculate the increase in total price due to deployment of
new RES in system, an average amount of residential and commercial prices has
been assumed as a reference fix price of electricity during the investigation period,
which is 10.06 cent/kWh. The following graph shows the increase in price due to
new RES from 2015 to 2021.

Table 4.13 Total RES-installed capacity, power output and costs till 2025

RES type Installed capacity (MW) Power output (TWh) Capital cost Million CDN $

Hydro-I 3649 18.54 12,658

Hydro-II 503 2.6 1745

Wind-I 3262 10 6459

Wind-II 483 1.5 956

PV parks 4873 4.61 7553

Total: 12,770 37.25 29,371
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Table 4.14 Investment adjustment with reference to price increase (2015–2018)

RES type Completion
period

Investment
calculation

Total investment Power
consumed

Hydro
(118 MW)

2015–2018 118 × 3.469 = 409.34 (adjusted with nuclear costs)

Wind
(1305 MW)

2015–2016 1305 × 1.98 = 2583.9 3566.60 Million
CDN $ (2015)

528.29 TWh
(2015)

PV
(634 MW)

2015–2016 634 × 1.55 = 982.7

Electricity price increase to compensate the investment in 2015:

¼ 3566600000 CDN $

528290000000 kWh
¼ 0:6751 CDN cent/kWh

Hydro
(394 MW)

2016–2019 394 × 3.469 = 1366.79 (adjusted with nuclear costs)

Wind
(326 MW)

2016–2017 326 × 1.98 = 645.48 2612.43 Million
CDN $ (2016)

530.9 TWh
(2016)

PV
(740 MW)

2016–2017 740 × 1.55 = 1147

PV
(529 MW)

2016–2019 529 × 1.55 = 819.95

Electricity price increase to compensate the investment in 2016:

¼ 2612430000 CDN $

530900000000 kWh
¼ 0:4921 CDN cent/kWh

Hydro
(433 MW)

2017–2021 433 × 3.469 = 1502.08 (adjusted with nuclear costs)

Wind
(489 MW)

2017–2022 489 × 1.98 = 968.22 2457.80 Million
CDN $ (2017)

528.54 TWh
(2017)

PV
(634 MW)

2017–2021 634 × 1.55 = 982.70

Wind
(256 MW)

2017–2019 256 × 1.98 = 506.88

Electricity price increase to compensate the investment in 2017:

¼ 2457800000 CDN $

528540000000 kWh
¼ 0:4650 CDN cent=kWh

Hydro
(1023 MW)

2018–2022 1023 × 3.469 = 3548.79 (adjusted with nuclear costs)

Wind
(227 MW)

2018–2021 227 × 1.98 = 449.46 2400.38 Million
CDN $ (2018)

529.62 TWh
(2018)

PV
(634 MW)

2018–2022 634 × 1.55 = 982.7

Wind
(489 MW)

2018–2023 489 × 1.98 = 968.22

Electricity price increase to compensate the investment in 2018:

¼ 2400380000 CDN $

529620000000 kWh
¼ 0:4532 CDN cent=kWh
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Figure 4.1 shows that the electricity price will increase from 10.06 cent/kWh in
2014 to 10.74 cent/kWh in 2015, as three main projects of wind, hydro, and PV
power will start in this year (Table 2.14). From 2016 to 2021, the price will decline
gradually as the financial solution of all of the projects will be attained till 2021. In
year 2022, the price will come down to its original level as it was in year 2014.

The simulation of this chapter has established that a slight increase in electricity
rate can produce huge funds to plan and construct a lot of new RES projects. As a
whole, the emergent behavior of such funding system together with the shift of
planned nuclear and thermal investment can solely finance all RES projects in
TEM-2025. This methodology provides information to underpin the policy and
strategy for sustainable energy development which is being concluded in the next
chapter.

Table 4.15 Investment adjustment with reference to price increase (2019–2021)

RES type Completion
period

Investment calculation Total investment Power
consumed

Hydro
(689 MW)

2019–2023 689 × 3.469 = 2390.14 (adjusted with nuclear costs)

Wind
(587 MW)

2019–2025 587 × 1.98 = 1162.26 2162.01 Million CDN
$ (2019)

531.30 TWh
(2019)

PV
(645 MW)

2019–2025 645 × 1.55 = 999.75

Electricity price increase to compensate the investment in 2019:

¼ 2162010000 CDN $

531300000000 kWh
¼ 0:4069 CDN cent/kWh

Hydro (98) 2020–2024 98 × 3.469 = 339.96 (adjusted with nuclear costs)

Wind
(66 MW)

2020–2024 66 × 1.98 = 130.68 1875.59 Million CDN
$ (2020)

531.13 TWh
(2020)

Hydro
(503 MW)

2020–2025 503 × 3.469 = 1744.91

Electricity price increase to compensate the investment in 2020:

¼ 1875590000 CDN $

531130000000 kWh
¼ 0:3531 CDN cent/kWh

Hydro
(894 MW)

2021–2025 894 × 3.469 = 3101.29 (adjusted with nuclear costs)

PV
(1057 MW)

2021–2023 1057 × 1.55 = 1638.35 1638.35 Million CDN
$ (2021)

536.56 TWh
(2021)

Electricity price increase to compensate the investment in 2021:

¼ 1638350000 CDN $

536560000000 kWh
¼ 0:3053 CDN cent/kWh
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Chapter 5
Conclusion

The methodology used in this work demonstrates that RES transition and trans-
formation is possible, practical, and affordable. With an effective policy, any
country can reduce its heavy reliance on fossil and nuclear fuel and can supply a
significant amount of power with RES within a specific time frame. In this research,
the result of techno-economic model (TEM-2025) shows that 75 % of power can be
generated through RES in Canada till 2025. The growth of 10 % integration of RES
within the time span of 10 years has been achieved successfully. Extra gas power
plants of 6823 MW have also been planned to utilize as a standby power to
overcome the intermittency factor of wind and PV power generation to an optimum
level in order to meet the demand side reliability factor. The second and most
important goal was to estimate and integrate a significant amount of RES that could
potentially be harnessed within the boundaries of available finances without
introducing any feed-in tariff or loan-based financial mode. This target has been
achieved by periodic simulation of price variations in which all projects could be
financed fully while the total price increase remained less than one cent/kWh for
7 years.

In Table 5.1, the power configuration of three different models has been reflected
for comparative analysis. In the first part, the present power configuration in Canada
has been replicated as a reference point. In the second part, the scenario of policy
makers in the form of National Energy Board Model till 2025 (NEBM-2025) has
been illustrated, whereas in the third scenario, a vision of techno-economic model
till 2025 (TEM-2025), which is simulated in the previous chapter, has been shown.
This two-track approach in comparison with the existing power configuration
shows very clearly that the roadmap of NEBM-2025 is leveraging to explore more
conventional power till 2025; however, the scenario proposed in TEM-2025 is in
particular upscaled in RES power generation for the benefit of the whole region.

Table 5.1 shows that NEBM-2025 has planned to increase only 3 % share of
RES installed capacity till 2025, which will produce 4 % more power through RES
from the level of power generation in 2013/14. The installed capacity of fossil
fueled power plants in NEBM-2025 will remain constant at the level of 27 %, but

© The Author(s) 2016
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the share of power generation from fossil fueled power plants will be increased
from 20 to 21 %. In 2025 the installed capacity of nuclear power will fall by 3 %
compared to 2013/14, which will bring the reduction in nuclear power generation
from 15 to 10 %. This means that 5 % less nuclear power generation will be
compensated with 4 % RES and 1 % fossil power generation. As both nuclear and
RES power generation do not contribute to GHG emissions primarily and fossil
fueled power generation is mainly responsible for GHG emission, therefore by
reducing 5 % nuclear power generation and expanding 4 % RES with the combi-
nation of 1 % fossil fueled power generation will give a net increase of 1 % in GHG
emission by 2025. Considering these facts, the energy management of NEBM-2025
is contradictory in view of enforcing environmental protection in Canada.

Contrary to the above given model, TEM-2025 shows remarkable progress of
10 % increase in RES installed capacity that will also generate 10 % more RES
power in 2025. Here, the values of hydro, wind, and PV power installed capacity
will rise from 63 to 73 % between 2013/14 and 2025 and the rate of power
generation will expand substantially from 65 % in 2013/14 to 75 % in 2025. The
fossil fueled power installed capacity will reduce from 27 to 22 %, which will
deliver power from 20 % in 2013/14 to 17 % in 2025. The nuclear power generation
will be reduced from 15 to 8 % between 2013/14 and 2025. This means that 3 %
reduction in fossil fueled power generation and 7 % reduction in nuclear power
generation will be compensated by 10 % expansion in RES over the whole period.
On average, in the period 2013–2025, annual GHG emissions will remain 3 %
below the base year levels. This is significantly 4 % less than the 1 % expansion
level achieved by NEBM-2025. Therefore, the structural shifts implemented in
TEM-2025 are on track to deliver timely-mannered reliable power with less
emissions and more RES power generation (Figs. 5.1 and 5.2).

The central attribute of the framework in TEM-2025 was the binding target to
ensure the generation of 10 % more RES power with a methodology that involves
no external finances. The simulation of such financial methodology with
techno-economic objectives has been explained in Chap. 4 of this work. It shows
that price shift of nuclear projects and an average of 0.45 cent/kWh or 4.5 % price
increase for 7 years can financially support all RES projects to expand the share of
RES by 10 % till 2025.

Figure 5.3 of this plausible financial scenario shows that the price of electricity will
increase by 0.68 CDN Cent/kWh in 2015 in order to collect 3566 million CDN$ to
finance two projects of wind and PV to be completed in 2016 (Chap. 4, Table 4.14).
After that the price will gradually start to decrease from 0.49 CDN Cent/kWh in 2016
till 0.31 CDN Cent/kWh in 2021 to support the rest of the projects that should be
completed till 2025. In 2022 the electricity price will come back to its original level as
it was in 2014.

This work has proposed a techno-economic modeling (TEM-2025) of energy
management for the transition of RES in Canada. It proves that the objective of
increasing the share of RES to at least 75 % by the year 2025, as shown in Fig. 5.4,
can be achieved by means of a quantitative heuristic approach. By continuing the
same roadmap, it can even be raised up to 85 % in further 10 years. The need for
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action by Canadian power planners is urgent to stay competitive among global
power economies. This competitiveness requires ambitious, aggressive, and inno-
vative power sector planning. History shows that natural gas and oil prices are
notoriously volatile. It is very plausible that its price will rise and fall unpredictably.
Renewable energy sources present an opportunity to mitigate these price risks by
diversifying supply and addressing the supply–demand gap with secure fixed-cost

Fig. 5.1 RES, Nuclear and fossil power generation till 2025 by NEBM-2025 (Ref. Table 5.1)

Fig. 5.2 Comparison of TEM-2025 power generation configuration with present power
generation (Ref. Table 5.1)
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power generation. The National Energy Board of Canada should re-evaluate its
planning NEBM-2025 using the variables of this research for optimization of its
power system.

The ideas presented in this work provide some avenues for future research and
can be verified by reverse simulation techniques. There is clearly significant work
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Fig. 5.3 Projection of price increase under TEM-2025 scenario (Ref. Fig. 4.2)

Fig. 5.4 Projection of RES power generation in TEM-2025 scenario (Ref. Table 5.1)
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ahead for researchers to create an RES-oriented power network of the future in
Canada. While the emerging RES technologies may represent significant oppor-
tunities for many firms or industries, it may just as well represent a significant threat
to some conventional power businesses. However, the intent of this research work
is to help in bringing some clarity to a possible high-tech energy future for the
economy of Canada. This will allow better informed decision-making and smarter
RES-oriented forecasting. It is expected that additional research and discussions
among business, government, and academia may help to determine the policies and
actions that can enable the transition of RES in Canada.
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