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Executive Summary

Along with many western developed countries, Canada has pledged to reduce its green-
house gas emissions by 40-45 percent by 2030 from 2005 emissions levels, and to achieve
Net Zero emissions by 2050. This is a huge challenge that, when considered on a global
scale, will do little to stop climate change because emissions by developing countries
are rising faster than emissions are being reduced in developed countries. Even so, the
potential for achieving emissions reduction targets is extremely challenging as there
are questions as to how and whether targets can be met and at what cost. Because elec-
tricity can be produced from any source of energy, including wind, solar, geothermal,
tidal, and any combustible material, climate change policies have focused especially on
nations’ electricity grids.

Canada’s electricity grid consists of ten separate provincial grids that are weakly
connected by transmission interties to adjacent grids and, in some cases, to electricity
systems in the United States. At times, these interties are helpful in addressing small
imbalances between electricity supply and demand so as to prevent brownouts or even
blackouts, and are a source of export revenue for provinces that have abundant hydro-
electricity, such as British Columbia, Manitoba, and Quebec. Due to generally low inter-
tie capacities between provinces, electricity trade is generally a very small proportion of
total generation. Essentially, provincial grids are stand alone, generating electricity to
meet domestic demand (known as load) from the lowest cost local resources.

Because climate change policies have focused on electricity (viz., wind and solar
energy, electric vehicles), this study employs information from the Alberta electricity
system to provide an estimate of the possible costs of reducing national CO, emissions
related to power generation. The Alberta system serves as an excellent case study for
examining the potential for eliminating fossil-fuel generation because ofits large coal fleet,
favourable solar irradiance, exceptional wind regimes, and potential for utilizing BC’s
reservoirs for storage. Using a model of the Alberta electricity system, we find that it is
infeasible to rely solely on renewable sources of energy for 100 percent of power genera-
tion—the costs are prohibitive. Under perfect conditions, however, CO, emissions from
the Alberta grid can be reduced by 26 to 40 percent by eliminating coal and replacing it
with wind, solar, and gas, but by more than 75 percent if nuclear power is permitted. The
associated costs are estimated to be some $1.4 billion per year to reduce emissions by at
most 40 percent, or $1.9 billion annually to reduce emissions by 75 percent or more using
nuclear power (an option not considered feasible at this time). Based on cost estimates
from Alberta, and Ontario’s experience with subsidies to renewable energy, the costs of
relying on changes to electricity generation (essentially eliminating coal and replacing
it with renewable energy sources and gas) to reduce national CO, emissions by about
7.4 percent range from some $16.8 to $33.7 billion annually. This constitutes some 1-2
percent of Canada’s GDP.
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The national estimates provided here are conservative, however. They are based on
removing coal-fired power from power grids throughout Canada. We could not account
for scenarios where the scale of intermittency turned out worse than indicated in our
dataset—available wind and solar energy might be lower than indicated by the available
data. To take this into account, a reserve market is required, but the costs of operating
such a capacity market were not included in the estimates provided in this study. Also
ignored are the costs associated with the value of land in other alternative uses, the need
for added transmission lines, environmental and human health costs, and the life-cycle
costs of using intermittent renewable sources of energy, including costs related to the
disposal of hazardous wastes from solar panels and wind turbines.
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MtCO,

1. Introduction

Aside from addressing the Covid-19 pandemic, the Biden administration in the United
States sees mitigation of climate change as its central task. Because climate change is
impacted by global emissions of greenhouse gases (measured in CO, equivalents and
hereafter simply referred to as CO,), mitigation would require an unprecedented level
of international cooperation that would be extremely difficult and likely impossible to
achieve. At the very least, the major emitters need to fall in line, or else anything the US
and European countries do to reduce emissions is undone within a few years by increases
in China, India, Brazil, Russia, and Africa (figure 1). This is the policy environment facing
the western developed countries wishing to stop or at least slow global warming.

There had been growing pressure on the Canadian government to increase its Paris
target commitments. President Biden convened a climate summit on April 22 and 23,
2021, that included some 30 of 40 invited heads of state. The purpose was to lobby them
to increase their climate mitigation efforts as required under the 2015 Paris Agreement.
The President committed the US to reduce CO, emissions by 50 to 52 percent by 2030
from the base year 2005, and to make the electricity grid carbon neutral by 2035 (White
House Briefing Room, 2021). For its part, the Canadian government pledged to reduce its
domestic CO, emissions by 40 to 45 percent by 2030 compared to 2005, which is more
ambitious than its previous target of a 30 percent reduction by 2030 (Newburger, 2021).

Figure 1: CO, Emissions by Major Emitters and Global, 1965-2019
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At the same summit, Japan committed to reduce its CO, emissions by 46 percent
by 2030 compared to 2013 emissions, although emissions in 2019 were only 12.5 percent
below those of 2013 and Japan is expanding coal generating capacity to make up for lost
nuclear capacity. India renewed its commitment to install 450 gigawatts (GW) of renew-
able electricity generating capacity by 2030, while Brazil requested $1 billion from the
Biden administration to protect the Amazon rainforest (Newburger, 2021). Prior to the
Biden climate summit, the EU announced that, compared to 1990 CO, emissions, it
would reduce emissions by 55 percent by 2030, while the UK would reduce them by 78
percent by 2035; in addition, Poland committed to eliminate coal-generated power by
2049 (BBC, 2021a; European Commission, 2021).

Under the 1997 Kyoto Protocol, Canada had agreed to reduce its CO, emissions by
6 percent from 1990, but, as seen in table 1, emissions in 2019 exceeded those 0f 1990 by
27 percent, while they exceeded base-year 2005 emissions by 2 percent. In contrast, US
emissions in 2019 were some 15 percent below those in 2005, and about the same as in
1990. US emissions have fallen largely due to a switch from coal to natural gas, because
fracking had increased the supply of gas and thus considerably reduced its price relative
to coal. Meanwhile, Canadian emissions increased as a result of expanded activity in the
oilsands, with energy production in Alberta and elsewhere now accounting for about
one-quarter of Canada’s total greenhouse gas emissions.| |

Table 1: Current (2019) CO, emissions in major jurisdictions and changes in emissions
from base years 1990 and 2005

EU USA UK China | India | Japan |Canada | Russia | World
2019 emissions (Mt CO,) | 3,3304 | 4,964.7 3871 | 98258 | 24804 | 1,1231 556.2 | 156326 |34,169.0
% of global emissions 9.7% | 14.5% 11% | 28.8% 7.3% 3.3% 1.6% 4.5% | 100.0%
Change in 2019 emissions compared to those in:
1990 -23% 0.0% -35% | +323% | +312% +3% | +27% -31% | +60%
2005 -22% | -16% | -33% | +61% |+106% | -14% +2% +5% | +21%

Source: BP Statistical Review of World Energy, June 2020.

Current Canadian climate policy will be determined by the Canadian Net-Zero
Emissions Accountability Act, which was passed on June 29, 2021. 2] The Act commits
Canada to achieving net-zero emissions by 2050, which implies that any CO, emissions
at that time would need to be offset through forestry activities (e.g., tree planting) or

(1] Domestic emissions include those required to mine and export fossil fuels, including petroleum
from oilsands, although emissions from burning those fuels is charged to the importing country.
2] See <https://www.parl.ca/LegisInfo/BillDetails.aspx?Mode=1&billld=10959361&Language=E>.
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carbon capture and storage (CCS), which is an unproven and expensive technology. 3]
While forestry activities do sequester carbon, they cannot be relied upon to soak up left-
over emissions, mainly due to the potential degradation of forests and an accompanying
release of CO,. Recognizing this, Canada’s Nationally Determined Commitment under
the Paris Agreement excludes any emissions related to wildfire or other natural disturb-
ance (e.g., insect infestations). Meanwhile, a CCS unit can capture no more than 85 to 95
percent of the CO, that is produced by a thermoelectric plant, and will require some 10 to
40 percent parasitic energy (required to “scrub out” the carbon and move it to a disposal
site) along with large amounts of additional fresh water (see Eldardiry and Habib, 2018).
While, according to a government report, the oil and gas industry faces a precar-
ious future, the electricity sector will also need to be overhauled (Canadian Institute for
Climate Choices, 2021: 62-68). Indeed, much discussion and most policies are directed
at the electricity generation sector even though it accounts for only one-quarter of global
emissions. [4] Policymakers believe that the least-cost emission reductions—the “low-
hanging” benefits—are found in this sector, because electricity can be generated from any
energy source, especially wind, solar, tidal, geothermal, and other non-carbon emitting
sources; the latter includes nuclear power because it emits no CO,, and hydroelectric
generation, which is considered a renewable energy source. Further, because electri-
city systems are much more centralized from an industrial organization perspective as
compared with other energy systems, governments can more easily target the electricity
sector. However, government policies to increase CSS, reduce reliance on oil and nat-
ural gas for heating, and promote electric vehicles will lead to large increases in load. [5]
Fossil fuel generation of electricity will almost need to be eliminated, with any
remaining such generation offset through forestry activities and CCS. Assuming there is
no appetite for nuclear energy or the construction of hydroelectric dams on major rivers
(viz., objections to BC’s construction of Site C), the electricity sector will need to rely almost
exclusively on non-hydro renewable sources of generation, meaning intermittent wind and

3] See <https://www.canada.ca/en/services/environment/weather/climatechange/climate-plan/climate-
plan-overview.html>. During parliamentary debate, defenders of what was then Bill C-12 indicated
Canada could meet non-zero emissions as a “moon shot”, reflecting the US effort to put a man on the
moon. The moon shot was more realistic than “net zero”, because most of the required technology was
already in place, whereas many net zero technologies do not currently exist and may never be brought
to realization because of inherent physical limitations and potentially exorbitant costs.

4] See <https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data>. Forestry and
land use account for 24 percent of global emissions, industry 21 percent, transportation 14 percent,
buildings 6 percent, and other sources for the remainder.

5] Electric vehicles (EVs) come with their own problems: they weigh about double that of a same-
model vehicle with an internal combustion engine, need a long time to recharge the battery, produc-
tion requires many rare earth and other minerals that are environmentally costly to access, and their
manufacture relies excessively on China which has cornered the market for cobalt, an essential input
(Hume, 2021; IEA, 2021a).
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solar power with limited biomass. [6] Intermittent sources of electricity generation require
backup from fast-responding generating assets, such as gas turbines or diesel assets, and/or
from storage. Storage can take several forms—hydroelectric reservoirs and utility-scale bat-
teries are the only realistic sources of storage as compressed air and flywheels are not truly
up to this task. Pumped hydro has the potential to enhance storage, but it too is expensive in
parasitic energy while suitable sites are not readily found. One study concluded that: “The
round trip efficiencies for [electric energy storage] systems have been calculated as between
83% and 86%, falling to between 41% and 69% where parasitic loads are included” (Baker
etal., 2014: 41; see also Lazard, 2020a). Alternatively, electricity produced by intermittent
sources when it is not needed can perhaps be used to produce hydrogen for use as fuel.

The purpose in this paper is to examine Canada’s electricity grid in greater detail
to determine the potential for eventually eliminating CO, emissions from the production
of electricity, perhaps by 2035 and certainly by 2050, and provide some notion of the
potential costs. Before doing so, we provide a broad brush overview of Canada’s energy
needs and greenhouse gas emissions.

6] Activists in the US are lobbying to remove CCS and nuclear energy from Biden’s arsenal for achiev-
ing zero emissions for the electricity sector by 2035 (Smith, 2021).

fraserinstitute.org
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2. Canadian Energy and

tCO, per capita

20

19

18

17

16

15

14

13

12

Carbon Dioxide Emissions

Background

We begin by examining how greenhouse gas emissions and overall energy use have
changed over time in Canada. This enables us to consider the potential for reducing
emissions and our reliance on fossil fuels more broadly. As indicated in figure 2, carbon
dioxide emissions have risen steadily since 1965, although more dramatically from the
mid-1980s to 2009, after the onset of the financial crisis. Much of the rise in emissions
might be attributable to oilsands development as investments in the oilsands had a posi-
tive impact on the overall growth of the national economy. In 1965, per-capita emissions
were slightly more than 13 tCO, per person, surging to more than 18 tCO, by 1980. Per-
capita emissions remained well above 16 tCO, throughout much of the 1990s and into
the new millennium. Emissions slowly began to decline after the financial crisis so they
were slightly below 15 tCO, per capita by 2019. Currently, per-capita emissions remain
above what they were in 1965; with a doubling of the population from 19.6 million in 1965
to 38.1 million todayj, it is not surprising that Canadian emissions have increased overall.

Figure 2: Total CO, Emissions and Emissions Per Capita, Canada, 1965-2019
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(2021).
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Meanwhile, emissions of CO, per $1,000 of GDP fell from 0.67 tCO,/$1,000 in
1965 to 0.29 tCO,/$1,000 in 2019. The path of emissions intensity is provided in figure 3,
which also gives the time path for GDP. This is not to be confused with energy intensity,
which relates energy (measured in tons of oil equivalent or terawatt hours, TWh) to
GDP, although the two measures are related (see below). Canada is among the (mostly
poorer) countries with the highest energy intensity; Canada’s energy intensity exceeds
the global average and that of China but is below that of our large northern neighbour,
Russia. Primary energy consumption in Canada increased by nearly 290 percent between
1965 and 2019, or at an annual rate of 1.98 percent. However, because real GDP increased
by nearly 500 percent, or at an annual average rate of 3.02 percent, the energy required
per dollar of GDP fell from 3.517 megawatt hours (MWh) per thousand dollars of real
GDP t0 2.036 MWh/$1,000, or at an annual rate of about 1.0 percent (figure 4).

Figure 3: GDP in Constant 2010 US Dollars and CO2 Emissions Per Thousand
Dollars of GDP, Canada, 1965-2019
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(2021).
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Energy (TWh)

Figure 4: Total Energy (TWh) and Energy Intensity (MWh per thousand
constant 2010 USD), Canada, 1965-2019
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Oil constituted the dominant primary source of energy in Canada over the period
1965-2019 (figure 5). Reliance on oil fell from 47 percent of primary energy consumption
in 1965 to 30 percent in 1993, and remained at this proportion until the present (figure 6).
From figure 5, we also see that the share of coal in primary energy fell from 13 percent in
1965 to 4 percent in 2019—coal now contributes little to Canada’s energy needs and its
elimination will have little impact in achieving the country’s emissions-reduction targets.
The importance of natural gas for heating and electricity generation rose from 15.8 percent
of primary energy consumption in 1965 to 30.5 percent today, more that compensating
for lost coal. Meanwhile, reliance on hydroelectric power rose from 24 percent in 1965
to 31 percent in 1985-1987, before slowly falling back to 24 percent by 2019. [ /] Finally,
non-hydro sources of renewable energy (termed “renewables” in figure 5) were essen-
tially non-existent prior to the late 1970s, after which they slowly increased to nearly 4
percent of the primary energy mix in 2019; non-hydro renewable energy use had been
increasing at an average annual rate of 6.7 percent since about 1980, but has slowed to
4.6 percent since 2015.

7] It is important to note that BP Statistical Review of World Energy of June 2020 provides hydro-
electric generation, equating it to consumption. However, Canada exports a significant proportion of
its electricity to the US, although electricity still averaged 20 to 21 percent of domestic primary con-
sumption during the 2000s.
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Figure 5: Primary Energy Consumption in Canada by Source, 1965-2019
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Figure 6: Proportion of Total Primary Energy Accounted for by Various Energy
Sources, Canada, 1965-2019
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Figures 1 through 6 are indicative of the challenge facing policymakers. Reliance
on CO,-emitting fossil fuels has changed little since the mid-1990s; while primary energy
consumption has risen, consumption of fossil fuels has gone up at about the same rate.
Consumption of coal has fallen somewhat, replaced primarily by natural gas; however,
as an energy source, coal was never as important to the Canadian economy as it currently
is in many countries, including the US, China, Russia, India, and even Germany. Rather,
hydraulic energy has been an important component of Canada’s primary energy mix, with
nuclear energy playing an important but small role (accounting for 6.0 to 6.5 percent
of total primary energy). While emissions intensity (tCO, per $1,000 GDP) and energy
intensity (MWh per $1,000 GDP) have fallen at a relatively rapid pace, emissions and
energy use have continued to increase, while emissions per capita have remained rela-
tively constant over the past several decades. Population increase and economic activity,
particularly related to the oilsands, are upward trends that will not be easily reversed.

Kaya Identity
A model for considering climate mitigation policy is the Kaya Identity, which is named
after the Japanese economist Yoichi Kaya (Kaya and Yokobori, 1997)—

C=NxY/NxE/YxC/E

—where C refers to carbon emissions (measured in terms of CO,), N is population, Y is
gross domestic product (GDP), and E is total energy consumption. The first term on the
right hand side of the identity is population, the second term is per- capita GDP (denoted
Y/N), the third term is the energy intensity of the economy and the final term is the carbon
intensity of energy. The three ratios are provided in figure 7.

The Kaya Identity indicates that there are only a limited number of ways to reduce
emissions of CO,:

e Manage population;

o Limit the generation of wealth (reduce GDP);

o Generate the same or a higher level of GDP with less energy;
o Generate energy with less CO, emissions; or

o Some combination of the first four factors.

Although not shown in figure 7, population has been rising at an annual rate of
about 1.20 percent between 1965 and 2019, thereby nearly doubling over this period.
Meanwhile, output per person has been increasing at an annual rate of 1.80 percent,
while energy intensity and carbon intensity have fallen at rates of 1.02 and 0.56 percent
per year, respectively. These trends have resulted in an increase in average annual CO,
emissions of 1.42 percent.

fraserinstitute.org
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Figure 7: Elements of the Kaya Identity: Per-Capita GDP, Y/N (left axis); Energy
Intensity of Economy in MWh per $1,000, E/Y (right axis); and Carbon Intensity
of Energy in 10xtCO, per MWh, C/E (right axis); Canada, 1965-2019
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Targeting Emissions Reduction

As indicated in the Introduction, Canada has agreed to reduce CO, emissions by 40-45
percent by 2030 from 2005 baseline emissions. In 2005, greenhouse gas emissions
amounted to 542.7 Mt CO, equivalent compared to 556.2 Mt CO, in 2019, an increase
of nearly 2.5 percent. Based on the lower target, emissions will need to be reduced to
325.6 Mt CO, by 2030, implying that emissions will need to fall by an average of 21 Mt
CO, per year from 2019 (for a total reduction of 230.6 Mt CO,), or at an annual rate of
decline of 4.99 percent.

Assume that population growth stagnates (i.e., no net immigration) and there is
no increase in GDP (so Y/N remains unchanged). Even under these assumptions, the
energy intensity of the economy and carbon intensity of energy have to fall much faster
than previously. Energy intensity (E/Y) will need to decline at an average annual rate of
3.22 percent rather than 1.02 percent, and carbon intensity (C/E) will need to be reduced
at an annual rate of 1.77 percent rather than 0.56 percent. Given that we are already two
years beyond 2019, these rates will have to be even higher, especially if Canada wishes
to attain the higher level of mitigation—the 45 percent target for emissions reduction.
However, when we relax our earlier assumptions and recognize that population and GDP
will in fact continue to grow in Canada over the coming decades, the emissions targets
will be that much more difficult to achieve.

To achieve emission reduction targets and, eventually, net zero carbon emissions,
the consensus is that how we use energy will need to change dramatically. All energy
will be produced as electricity, with electricity used to produce hydrogen that, in turn,
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can support energy needs related to sectors that cannot possibly use electricity directly,
such as air travel. It is thus necessary to electrify space heating, manufacturing, vehicles,
and any other non-electrical uses of energy. Further, it will be necessary to remove all
fossil fuel generation sources from the electricity grid. Is such a goal attainable? Is it even
possible to reduce the electricity grid’s reliance on fossil fuels by one-quarter? Is it even
possible to lower the level of CO, emissions from power production by 40 percent by
20307 If so, what might it cost? These issues are addressed in Section 4.

fraserinstitute.org
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3. An Overview of Canada’s
Electricity Grids

Before we consider some technical aspects of power generation and the costs of produ-
cing electricity, we examine the structure of the electricity grid—the assets that gener-
ate the electricity that we consume and how effective investments in renewable energy
(mainly wind) sources have been in reducing our reliance on fossil fuels.

Structure of Canada's Electricity Grid: How Far Must We Go?

Each province has its own electricity grid and electricity system operator (ESO), with links
between provinces and with the United States limited by the capacity of transmission interties.
For example, Alberta and British Columbia currently have transmission interties that have
the physical capacity to allow Alberta to import up to 1,000 MW from BC or export up to
1,200 MW to its neighbour. These amounts are comparable to a large coal-fired power plant.
The potential role of transmission interties in achieving “net zero” is discussed further below.

In table 2, we provide the installed nameplate capacity of Canada’s electricity gen-
erating sector. Hydro accounts for some 55.6 percent of total capacity, followed by natural
gas with 11.6 percent, coal and oil (mainly diesel in remote areas) with 10.8 percent, and
wind and solar with 10.1 percent. However, the nameplate capacity is a poor indicator of
a generator’s ability to deliver electricity at any given time or over a period of time. The
performance of a generator on this score depends on its capacity factor. The capacity
factor (CF) is calculated as the actual output (measured in MWh) of a generating asset
over a period, say one year, divided by the nameplate capacity of the asset multiplied by
the number of hours in the period (8,760 hours in a non-leap year).

Hydro capacity is influenced by the level of water in the reservoir, or, in the case
of run-of-river assets, by the flow of water at any given time. As the water level drops or
river flow diminishes, the capacity of a hydroelectric generator drops, as does its capacity
factor. Likewise, the nameplate capacity of wind and solar assets might be quite high, but
such intermittent assets are rarely capable of producing at or even near capacity—they are
dependent on wind speed or solar irradiance, which is affected by clouds and the time of
day. Average capacity factors of wind turbines rarely exceed about 40 percent, although
they could be much higher at some sites and/or for short periods of time.

To get some idea of the actual impact that various assets might have in contribut-
ing to or reducing CO, emissions, we need to consider power generation and not only
capacity. This is done for Canada in figure 8, which provides actual monthly generation by
various fuel sources over the period 2008 to 2017. Total amounts represent the load that
faces the system operators, and it varies significantly from one month to the next through-
out the year. Hydro is the main source of electricity in Canada, while non-renewable
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Table 2: Installed Generating Capacity by Energy Source, Canada and Region, 2017 (MW)

Region Coal oil Nagt:sral ?52?: Hydro Wind Solar* TOTAL
BC 44 578 922 15,407 714 17,665
Alberta 6,277 34 5,809 531 1,218 1,524 2 15,395
Saskatchewan 1,688 14 1,852 867 221 4,642
Manitoba 100 12 412 44 5,461 258 6,288
Ontario 2,277 7,379 1,010 9,122 5,077 2,296 40,489
Quebec 589 618 292 40,438 3,432 45,369
Maritimes 1571 2,822 229 340 8,099 1,166 20 14,953
Canada North 232 20 151 10 413
TOTAL 9,636 6,018 16,904 3,139 80,764 12,403 2,318 | 145,214
% of total capacity 6.6% 41% 11.6% 2.2% 55.6% 8.5% 1.6% 100.0%
% of generation 9.2% 0.5% 9.6% 16.9% 58.6% 4.7% 0.5% 100.0%

Notes: "Other fuel" includes primarily nuclear (96 percent of total capacity, ercent of total generation) and wood biomass (1.8 per-

cent of

1 46 N
pacity, 20 percent of generation). ‘Solar” includes 20 MW of tidal capacity in Nova Scotia.

pacity,

Sources: Statistics Canada, 2021b, 2021c; calculations by author.

Figure 8: Monthly Generation by Source, January 2008 through January 2021
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fossil-fuel sources (coal, natural gas, diesel) play only a minor role in the production of
electricity. Even a smaller role is played by non-hydro renewable energy sources—bio-
mass hardly shows up on the graph, while wind plays only a slightly more important
role. Indeed, the most prominent non-CO, emitting source of energy outside of hydro
is nuclear energy, which exceeds the sum of wind, solar and biomass generation and is
almost as important as fossil-fuel (non-renewable) sources in producing power. The point
is simply this: investments in renewable energy have had little effect to date on actual
power generation in Canada as a whole.

Because provincial electricity grids are not well integrated (only transmission
interties with limited capacities exist between provinces), it is important to examine prov-
incial grids to obtain some notion of the challenge Canada faces in reducing emissions.
British Columbia, Manitoba, Quebec, and Newfoundland and Labrador rely heavily on
hydroelectric generation; graphs of monthly generation by source are provided for two
of these provinces in figure 9, namely BC and Quebec. Natural gas and some diesel are
used to produce electricity in BC, as are biomass (mainly from sawmill residuals) and
wind; fossil-fuel generation has declined slightly in the last few years as wind and bio-
mass have increased. However, the power generated from non-hydro sources is extremely
small (figure 9a), with hydro tracking changes in load—acting as both a baseload and peak
load asset, roles usually performed by combined-cycle and simple cycle gas, respectively.

The role of hydroelectric power in Quebec is even starker—until 2016, the entire
load was pretty well satisfied by hydro (figure 9b)—although much hydroelectric power
is exported to the US. After 2016, some wind and more biomass energy (again from saw-
mill residues) contributed small amounts to the electricity grid.

The situation in Alberta and Ontario (as well as Saskatchewan and the Maritimes) is
somewhat different from that of BC or Quebec. Alberta relies almost exclusively on fossil
fuels to meet its electricity requirements, while Ontario relies on a mix of nuclear and hydro
sources, with fossil fuels and renewable sources playing a minor role (figure 10a, 10b). Both
Alberta and Ontario have seen increases in wind-generated power as well as small increases
in biomass; Alberta also generates some hydroelectricity. Despite large subsidies to wind and
solar energy as a result of Ontario’s Green Energy and Green Economy Act (May 2009), only 8.8
percent of the province’s electricity production in January 2021 came from renewable sources
(including biomass); subsidies are estimated to cost $2.4-$2.6 billion annually to be paid by
taxpayers, ratepayers, or some combination of these (van Kooten, 2013b). This compares
with renewable sources of 13.0 percent in Alberta, 9.0 percent in BC, 3.6 percent in Quebec,
and 6.3 percent for Canada as a whole. While the Alberta government did not provide sub-
sidies for wind (or solar), although it indirectly provides a subsidy by building transmission
capacity for such renewables, [3] private investment in wind capacity increased as a result of
the province’s excellent wind regimes, particularly in the southwestern part of the province
where capacity factors can exceed 70 percent for short periods (van Kooten et al., 2016).

8] Bryce (2021) provides an excellent overview of the costs of building transmission capacity, as well
as the gathering opposition against the construction of further transmission lines.
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Inter-Provincial Electricity Trade and Transmission Interties

Trade of electricity between provinces is limited by capacity constraints. As noted ear-
lier, there is an intertie rated at 1,200 MW capacity between Alberta and BC. Alberta
also has an intertie with Saskatchewan rated at 150 MW and another with the US rated
at 300 MW. In 2016, after 14 years as a net importer, Alberta exported more electricity
to BC (556 GWh) than it imported (283 GWh) from BC; the reason was low pool prices
in Alberta that resulted in reduced imports and higher exports (Mascarenhas, 2017).
However, Alberta gross exports only accounted for a miniscule 0.5 percent of the prov-
ince’s total generation in 2016.

Alberta may sell electricity to BC at night to prevent baseload coal or combined-
cycle gas turbine (CC-gas) assets from ramping too rapidly, thereby avoiding related
costs of ramping down in late evening and up again in the morning. 9] Likewise, as wind
capacity increases, more wind power generated at night will be sold to BC. At other
times, the Alberta Electric System Operator (AESO) might purchase electricity from
BC to meet peak load demand, paying a higher price than what it sells electricity for at
night. As Alberta installs greater wind (and solar) generating capacity, BC hydro reser-
voirs provide a good storage option for intermittent wind and/or excess baseload power
that is not needed at the time of generation (as discussed in the Introduction). [10] As a
result, whether Alberta is a net exporter or importer, the rents associated with storage
accrue mainly to BC due to the price differentials between nighttime and daytime power.
Upgrading the transmission intertie will be very expensive but it will increase available
rents from trade, although any investments in greater intertie capacity will require an
agreement as to how the provinces intend to share the rents.

Alberta also trades electricity with the US via a dedicated 300 MW-capacity inter-
tie (perhaps built to avoid sales of excess power to BC), or by wheeling power through
southeastern BC into the US. It also trades electricity with Saskatchewan, although the
capacity of the intertie is rather small. These interties serve a purpose, but cannot be
relied upon to balance electricity to take advantage of large-scale investments in inter-
mittent sources of energy because their capacity is limited.

Likewise, there is trade between Quebec and Ontario, with the latter a net importer.
Imports occur along three interties with a total rated capacity of 2,115 MW, although
exports can occur along an additional three interties with a total rated capacity of 530

9] Albertans heat their homes with natural gas, so electricity demand does not rise on cold winter
nights. The Alberta system can ramp at a rate of 300 MW per hour, or by about 2.5 percent per hour,
compared to a hydro-dominated system that might ramp by this rate in 10 minutes or less.

110] Reliance on passive storage of this kind could potentially lead to increased costs of producing
hydroelectricity if wind generated power fluctuates too rapidly and erratically. Water must be allowed
to flow past the turbine to allow the over production of wind with large hydro schemes, or the energy
has to be shunted away from and then back to generator blades to act as a rapid follower. Unless there
is greater vigilance in maintaining turbines, this could degrade turbine components, potentially lead-
ing to an accident such as experienced at the Sayano-Shushenskaya hydroelectric dam in Russia in
August 2009 (Hasler, 2010).
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MW. In 2016, Ontario imported some 3.5 TWh of electricity from Quebec, representing
just over 1 percent of its total generation; in addition, Quebec “wheeled” some 3.5 TWh
through Ontario into the US, paying fees to Ontario for using its transmission interties
(Independent Electricity System Operator, 2017). Nonetheless, much like Alberta and
for similar reasons, there are times when Ontario exported more power to Quebec than
itimported. However, again as in Alberta, the intertie capacities are too small to balance
electricity as required to backstop large intermittent sources of energy.
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4, Challenges and Costs of Generating
Electricity from Renewables

Commentators are nearly unanimous in arguing that wind and solar sources of electri-
city are much cheaper than any fossil fuel or nuclear alternatives. The costs to which they
refer are either the levelized costs of electricity (LCOE) or the variable costs of gener-
ating electricity—in essence, the fuel costs (which are free) plus variable operating and
maintenance (O&M) costs. LCOE estimates are based on capital or construction costs,
fixed O&M costs (those that accrue regardless of how much power the assets generate),
estimates of capacity factors (ratio of actual to potential output, which depends on wind
speed and solar irradiance), and the fuel and variable O&M costs. The construction of
transmission lines and decommissioning costs (which might include disposal of hazard-
ous wastes), and the rental cost of land, are often ignored in these calculations because
they vary greatly with circumstances (Bryce, 2021). Perhaps the most important com-
ponent of neglected costs, however, is the interaction between renewable, intermittent
sources of power and other assets that make up an electricity grid. [11]

In the absence of intermittent sources of electricity, capacity factors for base-
load nuclear, coal, and combined-cycle natural gas power plants exceed 80 percent, but,
when intermittent power enters the grid, such assets might operate at 60 percent or less
of their rated capacity, sliding up the U-shaped average cost curve as they reduce out-
put. The resulting inefficiency increases CO, emissions and costs per MWh of electri-
city (Dears, 2021). In addition, more frequent ramping required to track changes in the
power output from intermittent renewable sources will increase wear and tear of assets,
leading to higher costs. In essence, baseload plants act as load-following assets, which
was never the intent.

Reducing Reliance on Fossil Fuels:

The Alberta Electricity Grid as a Case Study [17]

Because of its large coal fleet, favourable solar irradiance, exceptional wind regimes,
and potential for utilizing BC’s reservoirs for storage, Alberta serves as an excellent case
study for examining the potential for eliminating fossil-fuel generation. It is clear from
our earlier discussion that, if Canada is to reduce CO, emissions in the electricity sector,
it will need to be done primarily in Alberta. Several studies have employed information

'11] An overview of how electricity grids operate and the effect of intermittent renewable sources of
energy on existing assets is found in van Kooten (2013a: 409-39).
[12] The challenges to grid decarbonization that are addressed in this section would apply just as well

to Saskatchewan, New Brunswick, and Nova Scotia.
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for the Alberta electricity grid to investigate the potential for intermittent wind and solar
energy to replace fossil-fuel generation (van Kooten et al., 2016, 2020; van Kooten and
Mokhtarzadeh, 2019; Duan et al., 2020). These studies used ten years of wind and solar
data, primarily from the SW corner of the Province (near Pincher Creek) where both
wind and solar potential are greatest. Annual capacity factors for wind ranged from 27
percent to nearly 50 percent, while those of solar ranged from 15 percent to 17 percent.
A grid allocation model was developed to take into account ramping times for baseload
(coal and CC-gas) power plants, while permitting electricity from fast-responding gas
plants and battery storage to cover shortfalls in solar or wind (while keeping hydro and
biomass production unchanged).

In addition to a base-case scenario using the assets available to generate electricity
in 2017, three other scenarios were considered. One scenario permits only hydropower
plus renewable solar, wind, and biomass energy. The remaining two scenarios eliminate
coal-fired power, replacing two-thirds of capacity (CAP scenario) or two-thirds of gen-
eration (GEN scenario) with solar, wind, or biomass energy sources, while allowing the
remainder to be replaced by natural gas (or renewable sources if possible). In all cases,
storage was made available to deal with intermittent energy so that, when wind or solar
was inadequate to meet load, power could be drawn from a utility-scale battery. A sum-
mary of the results is provided in table 3.

Table 3: Costs, Emissions, Battery Size, Solar and Wind Units, Generating
Capacities, and Generation, Various Scenarios

Scenario

ltem/Asset BASE RNEW CAP GEN

Total cost ($2015x109) 4,74 17,618 556 6.67
Emissions (Mt CO2) 35.08 - 26.13 21.21
Emission reduction (%) - 100.0 255 39.5
Battery size (MW) - 10,918 549 350
Battery size (GWh) - 1339 0.55 0.35

Generating Capacity (MW)

Coal 6,299 - - -
GT 916 - 3,450 4,878
cc 6,680 - 6,913 5,691
Wind 1,446 52,109,103 5,145 9,450
Solar - 154,417 500 500
Total 15,341 52,263,520 16,009 20,520
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Consider first the scenario where the Alberta electricity grid relies solely on
intermittent renewable sources of energy, plus limited biomass. Results indicate that
it is practically impossible to rely solely on wind and solar energy sources; one reason
is that this would require prohibitively large and expensive batteries, even though the
model assumed a high battery round-trip efficiency of 95 percent. One important out-
come from the analysis concerns renewable energy and storage: “When we forced the
Alberta grid model to rely only on renewable energy sources, a battery with a capacity
0f10,917.5 MW and energy storage of 133.9 GWh was required. This compares with the
‘gigantic’ 100 MW/129 MWh capacity [ Tesla] battery installed to increase the reliability
of the electricity grid in South Australia. The Tesla battery occupies about 0.1 km2, so
the battery required for Alberta would occupy between 1,000 and 10,000 hectares” (van
Kooten and Mokhtarzadeh, 2019: 71-72). Given that an average soccer pitch measures
about 110 m x 65 m (7150 m2), or 0.715 ha, this implies that a utility-scale battery would
take up some 1,400 to 14,000 soccer fields. [13] The size of a utility-scale battery and the
area it occupies might be mitigated if significant hydro storage was available in British
Columba. Regardless, a carbon-free grid based only on wind, solar and limited biomass
generation, along with battery storage, would be practically impossible to achieve (van
Kooten et al., 2020: 201).

Next consider Alberta’s policy to eliminate coal plants and require that two-thirds
of the eliminated coal be replaced by wind and/or solar generation. The policy is unclear
whether it is two-thirds of coal capacity (CAP scenario) or power generation (GEN scen-
ario) that should be replaced by wind and solar—replacing capacity with intermittent
sources of energy is much easier and less costly than replacing generation. The Alberta
policy would still require the installation of between 2,000 (replace capacity) to 4,000
(replace generation) wind turbines of 3.5 MW capacity (plus a significant number of
solar panels); further, it would require batteries that have a rated capacity of 350 to 550
MW and can store 0.4 to 0.6 GWh of energy (table 3). Even so, it will require a 36 to 39
percent increase in gas plant capacity—an increase of 2,800 to 3,000 MW—to back up
intermittent renewable generating assets.

Finally, the wind profile employed in the above table is for the Pincher Creek
region in SW Alberta. Data from 2015 are used in table 3. In 2015, the capacity factor
(CF) for wind turbines in the region was 38.7 percent, compared to a capacity factor of
22.9 percent in 2010; for the decade 2006 through 2015 for which data were available, the
capacity factor was less than 30 percent in five years. Hence, the emissions reductions

'13] Another way to look at this is as follows: It would require, on average, that each household in
Alberta installs 7.5 Tesla Powerwalls as backup storage, each of which has a continuous power (cap-
acity) rating of 5.0 kW, stores 13.5 kWh of energy, weighs 114 kg, and costs between $12,000 and
$15,000, or about $100,000 per household (see https://www.tesla.com/en_ca/powerwall). Recently,
physicists have been concerned about the stability of lithium-ion batteries, suggesting that a battery
of the size discussed here could potentially result in an explosion larger than the devastating explosion
caused by stored ammonium nitrate in Beirut in August 2020 (Fordham et al., 2021).
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indicated in table 3 are highly optimistic, while, as discussed in the next section, costs
are much lower than would be experienced in most other years.

There is simply a limit on the contribution that renewables can make, even when
natural gas as opposed to a storage device can be used to backstop intermittent renew-
ables. Given our CAP and GEN scenarios, we find that renewables are only able to con-
tribute 18 percent (replace capacity) to 22 percent (replace generation) of Alberta’s
electricity needs (Duan et al., 2020). In this case, the respective associated costs would
be $72 million (reducing CO, emissions by 26 percent) for the CAP and $1,181.8 million
(reducing emissions by 40 percent) for the GEN scenarios. The non-linearity in moving
from 18 percent (CAP) to 22 percent (GEN) of non-hydro renewable generation is due
to the high costs of approximately doubling the number of wind turbines, adding addi-
tional fast-responding natural gas plants, and building larger battery capacity.

When wind and solar energy enter an electricity grid, the wholesale price of elec-
tricity falls. In general, if an ESO operates an energy market only, the pooled price would
guide decisions regarding investments in generating assets. If that is the case, shortfalls
in electricity (when load exceeds generation) can be met by imports; when the short-
fall cannot be met by imports, grid operators have a list of mitigation measures that
they employ, with rolling blackouts on a widening scale as the most extreme step as was
the case for the ERCOT grid in Texas in early 2021. [14] Because wind and solar power
reduce the wholesale price and the number of hours that fast-responding gas plants
operate, returns to investments in gas-plant capacity are inadequate to cover fixed costs,
something referred to as the “missing money” problem. As noted earlier, a similar thing
happens to baseload plants as wind and solar cause them to ramp up and down more
frequently and operate below their optimal capacity factor, both of which increase oper-
ating costs. When natural gas plants operate at lower levels or remain idle much of the
time, it is expensive to keep such units in top condition. When standby gas facilities are
required to run all out to meet a surge in demand or to back up renewable generation,
they often encounter problems requiring repair. To prevent these impacts, an ESO can
operate a capacity market over-and-above the energy market; the ESO will need to sub-
sidize construction and maintenance costs of backup gas capacity, which inevitably leads
to an increase in the retail price of electricity.

The game changes entirely once investments in nuclear energy are permitted. Van
Kooten et al. (2016), and van Kooten and Mokhtarzadeh (2019), considered the poten-
tial for nuclear energy to reduce CO, emissions in Alberta. In the base scenario, it is
assumed that Alberta could purchase carbon-free hydro power from BC and, if needed,
employ BC’s hydro reservoirs as a storage device. In the absence of financial incentives
to reduce CO, emissions (and excluding the nuclear option), our models indicate that it
would be worthwhile to install 1,446 MW of wind power but no solar panels. A significant

(14] The shortfall was exacerbated by an effort on part of the ERCOT system operator to reduce load
(demand) by paying large customers to shut down; however, one or more of the customers that were
shut down supplied natural gas to backup generating assets.
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investment in wind energy might be worthwhile because it is less expensive in the model
than other sources of energy, and because locations with excellent wind regimes can be
exploited. ('This might explain why Alberta relies on wind energy to a greater extent than
Ontario, despite Ontario’s subsidies.) Nonetheless, coal and gas plant capacities remain
near current levels.

CO, emissions from the Alberta grid can, under perfect conditions, be reduced by
upwards of 40 percent by relying on wind, solar, and gas, but by more than 75 percent
if nuclear power is permitted (van Kooten and Mokhtarzadeh, 2019; van Kooten et al.,
2016). According to the IEA (2020a), the costs of constructing and decommissioning
nuclear power plants is higher than for most other sources of energy, but fuel and other
variable costs are no worse; overall, the levelized cost of energy for nuclear plants is about
the same as for gas plants ($68 per MWh), lower than that of coal and biomass plants ($88
to over $100 per MWh), but higher than wind and solar ($50/MWh). Similarly, Lazard
(2020b) determines the LCOE of an existing nuclear asset to be $29/MWh, while it is
$129 to $198 per MWh for new construction. A main reason for these seemingly low
costs is due to the long 60-year expected life of nuclear power plants, compared to 30
years for gas plants. The costs of relying on wind and solar for reducing CO, emissions
will vary from one year to the next depending on the wind and solar regimes for that year.

With nuclear energy in the mix, wind capacity remains at 1,446 MW with no invest-
ment in solar energy, while the optimal desired storage capacity falls from 10,918 MW
when coal is eliminated and at least two-thirds of coal generation is replaced with wind.
Optimal storage capacity falls to 2,535 MW when baseload nuclear (or even baseload
gas) power is permitted. The reason is that low-cost thermal generation can take better
advantage of storage than intermittent renewables, because storage enables the capacity
of thermal assets to exceed baseload, sending excess power to the battery when genera-
tion exceeds load. Baseload generation essentially outcompetes intermittent generation
for battery storage.

Costs of Mitigating Climate Change

Alberta Case Studies

If one relies solely on wind and solar to replace fossil fuel generation, our modelling
efforts suggest that it is possible to reduce emissions from the Alberta grid by about 26
to 40 percent at an average cost of $1,375 million (=(0.83+1.93)/2; see table 3), or $38.0
billion over a 60-year system lifetime (using a discount rate of 3 percent). [ 15] If nuclear
power was made available (not shown in table 3), it would cost $1.91 billion annually to

(15] The increased cost of the CAP and GEN scenarios in table 3 are $0.82 and $1.93 billion, respect-
ively. Thus, if coal-fired power is replaced by natural gas and wind (GEN scenario), it would cost $1.93
billion annually to reduce emissions from power generation by 39.5 percent. This compares with an
annual cost of some $2.5 billion that Ontario took on just to install its wind generating capacity (as
noted above).
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reduce CO, emissions by 75.4 percent, or $44.2 billion over the system’s lifetime (van
Kooten et al., 2020, 2016). Because costs of additional transmission lines, decommis-
sioning assets at the end of their life, and land rental costs are not included, these costs
likely constitute lower bound estimates. The cost of eliminating all carbon emissions
using wind and solar would be prohibitive (trillions of dollars annually). Eliminating
more than 75 percent but not all carbon emissions is only possible if nuclear energy
enters the asset mix.

As noted earlier, the estimates provided above are for one year only. Projected
costs of reducing Alberta’s CO, emissions will vary from one year to the next depending
on the mix of assets available at various times throughout the year, the system load, the
available wind and solar energy regimes, and even the assumptions and parameters used
in models. Weather is a major driver because it impacts load and wind/solar profiles. As
indicated in table 4, if Alberta’s annual load and wind regimes were considered over an
entire decade beginning in 2006, costs would vary from $107.94 to $217.35 per tCO,,
while emissions reductions would vary from a low of 11.2 percent (2008) to as much as
26.3 percent (2015). Given that the US government has set the social cost of carbon at
US$51/tCO, for 2020, and $85/tCO, for 2050 (Interagency Working Group on Social
Cost of Greenhouse Gases, 2021), Alberta’s costs appear to be too high and the Province
should probably exercise caution in rushing to increase reliance on non-hydro renewables
for generating electricity. After all, the cost of operating the grid is forecast to increase
by 86 percent, without taking into account the need for a capacity market; these costs
will be passed along to ratepayers who will experience a doubling or more of their elec-
tricity bills. [16]

[16] While the results presented here are based on models of the Alberta electricity grid, the experi-
ence of the UK in September, 2021 provides empirical evidence of what renewable energy policies
could lead to—an unstable power supply and much higher electricity rates (e.g., Ridley, 2021; BBC,
2021b). Constable (2020) warned of this almost a year in advance.
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Table 4: Average Annual Costs of Eliminating Coal-fired Capacity in Alberta and
Replacing Two-Thirds of Generation with Wind and Solar Energy, and Implications for
Canada'’s Electricity Markets, Wind and Solar Data for 2006-2015

Baseline Renewables plus Summary and Implications
gas and battery
(1) (2) (3) (4) (5) (6) (7)

CO, Cco, Emissions Cost to
Total cost emissions  Totalcost emissions Cost reduction Canada

Year ($ millions) (Mt) ($ millions) (Mt) ($/tCO0O,) (percent)  ($ billions)
2006 954.29 27.26 1,656.44 22.62 151.33 17.0% 23.48
2007 953.41 27.16 1,675.46 22.67 160.81 16.5% 24,95
2008 928.00 23.74 1,506.15 21.08 217.35 11.2% SSVE
2009 956.91 27.62 1,760.69 22.86 168.86 17.2% 26.20
2010 971.22 29.54 1,828.80 23.75 148.11 19.6% 22.98
2011 iS50 30.18 1,839.21 23.94 138.40 20.7% 21.48
2012 981.04 LY 1,902.90 24.10 133.02 22.3% 20.64
2013 992.85 32.63 1,951.64 24.79 122.29 24.0% 18.98
2014 1,009.32 34.86 1,985.13 25.82 107.94 25.9% 16.75
2015 1,010.94 35.08 2,015.99 25.86 109.01 26.3% 16.92
Mean 973.36 29.91 1,812.24 23.75 20.1% 7.15% 22.61
Max 1,010.94 35.08 2,015.99 25.86 26.3% 9.26% 33.73

—(1)]/[(2)-(4)]; the emissions reduc-

)i
Canada in column (7) isthe A

perta

Potential Costs to Canada
Despite the fact that CO, emissions from electricity generation are only a small compon-

ent of Canada’s overall emissions, we can use the Alberta results to provide some prelim-
inary estimates of the potential costs to Canada of decarbonizing its electricity markets.
Before doing so, consider three important conclusions following from our modelling
efforts that apply to Canada as a whole:

1. Itwould be prohibitively expensive to rely solely on renewable wind, solar, hydro
and biomass to generate all electricity (see RENEW scenario in table 3).

2. Even replacing two-thirds of coal generation with renewable wind and solar
resources will require additional natural gas generating assets to maintain system
stability.

3. Even the introduction of nuclear energy fails to eliminate all carbon emissions.
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Canadian primary energy consumption of fossil fuels and related CO, emissions
for 2019 are provided in table 5. If all coal-fired power is eliminated by 2030, with two-
thirds replaced by wind and solar sources of energy and the remainder with gas genera-
tion, this would theoretically reduce Canada’s emissions by about 7.4 percent, providing
18.2 percent of the required 230.6 Mt CO, reduction in emissions by 2030. [1 /] Assuming
the same average costs found in table 4 apply if we were to eliminate all of Canada’s coal-
fired power, the cost would be $16.8 to $33.7 billion annually as indicated in table 4. This
constitutes some 1 to 2 percent of Canada’s GDP in 2019. If nuclear power replaces coal
instead of wind and solar (not shown in table 4), the annual cost is estimated to be about
half as much, some $8.3 to $16.7 billion.

Table 5: CO, Emissions and Primary Energy Consumption from Fossil
Fuels, Canada, 2019

Emissions Consumption  Total emissions
Fuel (kg CO,/kWh) (TWh) (Mt CO,)
Coal 0.33 155.56 51.33
Natural gas 0.18 1,202.78 216.50
Oil 0.24 1,250.00 300.00
TOTAL - 2,608.33 567.83

/>, but converted from lbs p

btu; consumption by fuel type
erawatt hours (TWh). Final

column de
means ¢

These estimates of costs should be considered a lower bound, however. Why?
First, the choice of assets comprising an electricity grid needs to be based on the worst
case scenario, not the average or best—based on the year with the poorest wind and solar
regimes. Thus, the grid needs to be built on the basis of the 2008 outcome in table 4, and
not some average or best year. And 2008 might not even be the worst year as some other
or future year not considered in the analysis might have led to even higher costs.

Second, it will be necessary to incentivize the construction of wind turbines and
solar panels. As noted above, Ontario’s subsidies to renewable energy cost some $2.4—
$2.6 billion annually, which would increase Canada’s costs to $19.2-$36.3 billion, or
$0.5-$1.0 trillion over the 60-year life of the system.

Third, to achieve Canada’s emissions-reduction ambitions for 2030 and beyond
(achieving net zero by 2050) will likely require greater reliance on nuclear energy, with

'17] Eliminating coal reduces emissions by 51.33 Mt CO,, but when one-third of coal-fired generation
isreplaced by natural gas, it is necessary to add back emissions from 51.85 TWh (= 0.33 x 155.56 TWh)
of gas-generated electricity, or 9.33 Mt CO, (= 0.18 Mt CO,/TWh x 51.85 TWh). Thus, eliminating
coal only reduces Canada’s total emissions by 42.00 Mt CO,, or by 7.4 percent.
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some 30 nuclear power plants to be built before 2030—one nuclear power plant 0f1,000
MW capacity coming online every four months between 2021 and 2030. Alternatively,
it would be necessary to build 28,340 wind turbines of 2.5 MW capacity with a capacity
factor of 25 percent or higher to replace all of the coal-fired power in Canada by 2030.
This would require building 1,050 wind turbines (2650 MW capacity) every four months,
plus associated transmission infrastructure (the costs of which have been ignored in the
aforementioned studies). Hastening construction will certainly increase costs.

Fourth, wind speed data from southwestern Alberta are used in the models to
investigate the potential for replacing fossil fuel generated power with renewables. This
area experiences some of the best wind regimes in Canada; thus, costs would be higher
if wind turbines are located elsewhere.

Finally, other factors will also increase costs. One cost relates to the gas plant cap-
acity needed to backstop wind and solar power (as noted in point 2 above). Voorspools
and D’haeseleer (2006), for example, found that 0.7-0.8 MW of gas is required as backup
for every 1 MW of wind power that is installed. Construction and operation of renewable
resource facilities and the needed gas plants will release significant CO,, and the same is
true of nuclear power plants (e.g., cement making releases large amounts of CO,). This
extra CO, will also need to be taken into account in achieving any emissions-reduction
target. Further, there are the costs related to the purchase or rental of land, construction
of transmission lines, disposal of hazard wastes, and so on.

On a global scale, the International Energy Agency offers the following guessti-
mates of the potential costs:

The increased use of electricity and low-carbon technologies for power generation
are the largest contributors to this higher investment need, increasing investment
needs in the power sector by around USD 39 trillion to 2070 (or almost USD 760
billion per year). At around USD 24 trillion, the lion’s share of this cumulative
additional investment is for renewable energy sources (USD 475 billion additional
per year on average), followed by additional investment in the upgrade and exten-
sion of electric grids (around USD 10 trillion), CCS with coal, gas and bioenergy
(USD 3.6 trillion), and electricity storage (USD 3.2 trillion). (IEA 2020b: 167-68)
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5. Concluding Discussion

It is difficult to project the future. As Smil (2021) points out, economic growth is pro-
moted by access to cheap and reliable energy; without it, developing countries cannot
hope to escape poverty. Currently, the only sources of cheap energy available to develop-
ing countries are coal for generating electricity, petroleum and its derivates for mobility,
and natural gas for heating, power generation, and, along with oil, as an input into the
manufacture of many commodities (including various plastics, fertilizer, etc.). Methods
for bringing renewable energy sources into the economy are focused on electricity grids
because any source of energy can be used to generate electricity. However, while elec-
tricity has great flexibility, it also has challenges, particularly as these relate to mobility.

First and foremost, aircraft cannot rely on electricity as batteries would simply be
too heavy to enable planes to take flight—electric vehicles are nearly twice as heavy as
their ICE counterparts, while the focus on EVs to the detriment of ICEs disincentivizes
R&D related to improvements in internal combustion engines. Rather than storing elec-
tricity when power generated from intermittent renewables exceeds load, excess elec-
tricity can be used to separate hydrogen (H) from methane (CH,), or even more ambi-
tiously from water (H,0), to make hydrogen gas (H,) that can be used for locomotion,
including air travel. [ 18] Fuel cell electric vehicles (FCEVs) combine hydrogen stored in a
tank with oxygen from the air to produce electricity, with water as a by-product. FCEVs
are not as efficient as EVs (60 percent vs 83 percent), but can power a vehicle for 500 or
more kilometres and refuel at a pump similar to a gasoline pump in minutes. However,
electrolysis can be expensive in terms of energy use, while processes for converting H20
to hydrogen are still at a demonstration stage and likely to be costly.

Second, by electrifying everything that possibly can be electrified, the demand
for electricity will shift outwards. This implies that it would be necessary to increase the
capacity and available generation from renewable sources by a great deal more than is
required to meet current needs. It is likely that, to meet newly set emission-reduction
targets, a future energy system will need to rely on nuclear power. Rolling out a nuclear
future will certainly take us well beyond 2050 (Smil 2017, 2021).

We conclude with some final observations about wind and solar power. Although
based on studies of Denmark and the United Kingdom, they relate to the Canadian situa-
tion. These two countries have much more experience with wind and solar energy than
Canada, as well as policies to reduce CO, emissions in the electricity sector.

(18] Only 2 percent of the H, produced globally uses electrolysis to split water into its constituent
hydrogen and oxygen atoms. On the other hand, hydrogen produced from CH, is clearly not carbon

neutral.
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¢ The projected costs of achieving the UK’s Net Zero target by 2050 “have no basis in
actual experience and a realistic appraisal of trends in costs, [and are] much more
likely to be 10+% of annual GDP than the claimed 1-2% of GDP” (Hughes, 2020a). We
estimated a lower bound for achieving 18.2 percent of Canada’s emissions-reduction
target for 2030 to be some 1-2 percent of GDP. Achieving Net Zero would be an order
of magnitude more expensive.

e To meet 2030 emission targets will require greatly accelerated construction of wind
capacity, especially offshore wind capacity, which will be extremely expensive and
technically difficult. Projections of capital costs (capex) assume that these will be
lowered as a result of economies of scale, but audits of wind operations in the UK and
Denmark (Hughes, 2020b, 2020c¢) indicate that both capital and operating (opex) costs
increase over time, much like they did in the case of nuclear power. While capital costs
of turbines have fallen, site costs often increase dramatically as more and more marginal
sites are developed. These are sites that are increasingly more remote (further from
existing transmission lines or in deeper water) and with generally poorer wind regimes.

“It is plausible to assume that capex and opex costs will rise by a minimum of 20% and
probably closer to 50% above the already high costs that we observe in the audited
accounts” (Hughes, 2020a; also see Bryce, 2021).

¢ “Bailouts of wind farms and financial institutions are inevitable” (Hughes, 2020a). To
incentivize construction of wind generating capacity, turbine operators are provided
with subsidies, often determined through a competitive bidding process and taking the
form of feed-in tariffs (FIT) or compensation for differences (CfD) between the market
price and subsidized price (e.g., see van Kooten, 2013b). However, because operating
costs rise over time, mainly due to high rates of equipment failure and poorer wind
regimes than forecast (based on experience at existing sites), operating costs often
exceed revenues after 12 to 15 years of operation. To prevent closure of wind farms, the
government will have no option but to “bail out failed and failing projects to ensure
continuity of electricity supply” (Hughes, 2020a). Ultimately the costs of bailouts as
well as the costs of original subsidies will be paid by increased taxes and/or rates on
electricity. Therefore, investors in all sectors of the Canadian economy should plan to
pay much more for electricity (perhaps double or more) by 2030 if current emission
reduction targets are to be met.

e What applies to wind energy likewise applies to solar. Solar panels have been extremely
competitive on cost because they are made in China, perhaps using forced labor. As a
result, solar facilities are dependent on China to supply panels or the materials required
to produce them. However, recent research finds that the costs of properly disposing of
the toxic wastes found in solar panels will increase their levelized cost of electricity by
a factor of three or four, making solar much less competitive as an energy source than
indicated by their current price (see Atasu et al., 2021; Shellenberger, 2021). Further,
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the intermittency of solar imposes costs on baseload and other generating assets that
adds to their costs, much like the case with wind.

e As rich countries, Canada, the US, the UK and the EU member states can afford to

achieve a target of Net Zero emissions by 2050, and perhaps can even achieve the
shorter-term, emission-reduction targets set for 2030. It could mean allocating the
proceeds of 10 or 15 years of economic growth to that single goal. As Smil (2021, 2017)
and Rhodes (2018) demonstrate, energy transitions take much longer than the short
periods envisioned by current emissions-reduction targets; nor should governments
target certain technologies, whether wind turbines or electric vehicles, as the ones to
rely upon for meeting goals. “A strategy that acknowledges the real economic costs
and difficulties of trying to make the transition too quickly is much more likely to be
[politically] accepted and implemented” (Hughes, 2020a).

It is clear from figure 1 and table 1 that any reduction in CO, emissions by Canada, the
UK, or the EU will be quickly swamped by increased emissions by Russia, Chin,a and
developing nations, particularly India, but also countries in Africa and southern Asia.
Indeed, when developed countries take action to reduce CO, emissions by incentivizing
a switch to electric vehicles, for example, the demand for gasoline will fall, with the
lower prices leading those in developing countries to consume more petroleum with
associated CO, emissions—a phenomenon referred to as ‘leakage’. In essence, countries
with per-capita incomes that lag those of the US and Europe are unlikely to make great
efforts to rein in their CO, emissions, nor are rich countries likely to achieve their own
outlandish targets (van Kooten, 2004).

If one looks carefully at many countries’ Nationally Determined Commitments under
the Paris Agreement, they intend to rely on carbon offsets related to forestry and on
future technologies that have yet to be developed (e.g., carbon capture and storage,
harvesting CO, from the atmosphere) for meeting Net Zero targets. Indeed, Canada has
audaciously announced that it would count forest sequestration by human activities to
achieve its targets, while not counting any release of carbon by natural disturbance, as if
humans have no effect on what happens in the forest. [19]

In this study, we argued that the cost of partially decarbonizing Canada’s electricity
sector (which could achieve 18.2 percent of the country’s 2030 GHG emissions-reduc-
tion target) will be costly—in present value terms, some $0.5 to $1.0 trillion. The esti-
mates provided here are likely quite conservative. They are based on removing coal-fired
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'19] The irony of this thinking and the attribution of climate change should be obvious. The Canadian
position encourages natural disturbance, because there are CO2-emissions-reduction benefits to
replanting denuded sites. For example, wildfires attributable to human causes (e.g., careless disposal
of cigarette butts) are treated as if they were a natural disturbance.
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power from power grids throughout Canada. As evident from jurisdictions ranging from
California to Germany and the UK, renewable sources of electricity require backstop
natural gas capacity to avoid blackouts, because utility-scale batteries are currently not
up to the task. While we took into account the need for gas to backstop intermittency,
we could not account for scenarios where the scale of intermittency turned out worse
than indicated in our dataset—available wind and solar energy might be lower than indi-
cated by the available ten years of data. In this sense, the analysis was knife-edge—the
models employed in this study maintained just enough gas capacity to meet load in each
hour given our wind/solar profiles. To avoid the experience in other jurisdictions would
require a reserve capacity market for gas, but the costs of operating a capacity market
have not been included in this study.

Also ignored are the costs associated with the value of land in other alternative
uses, the need for added transmission lines (which are increasingly opposed by citizens),
deterioration of human health associated with wind turbines, environmental costs associ-
ated with bird and bat strikes, greenhouse gas emissions related to cement making, and
the environmental costs associated with the mining of rare earth minerals. Perhaps the
most important costs not considered in this study are the life-cycle costs of using inter-
mittent renewable sources of energy, particularly the end-of-life costs related to the dis-
posal of hazardous wastes from solar panels and wind turbines.

Unfortunately, there is something more at stake. As one can see from figures 2
through 6, and figures 8 and 9, the challenge of reducing emissions is enormous, with
the transition to a carbon-free economy unlikely to occur within the next decades, let
alone by 2030. Even then, it is likely that society will need to be coerced into making
the sacrifices necessary to even come close to meeting CO, emissions-reduction targets
(e.g., see Foster, 2021; Koonin, 2021; IEA, 2021). Certainly there is a better way, includ-
ing the implementation of policies that incentivize adaptation to future climate change
as we encounter it.
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