The True Cost of
Wind and Solar
Electricity in
Alberta
We are often told that wind and solar are now cheaper than other forms of electricity
generation. And at every ribbon-cutting, we are told that the new wind or solar plant
can provide emissions-free electricity to so many thousands of homes. Both claims
are false because they ignore the fact that wind and solar generators cannot meet
consumers’ electricity needs when the wind is not blowing or the sun is not shining.
They must be fully backed up by electricity sources that work even on dark, windless
nights, and when the costs of providing that backup are accounted for, it turns out
that wind and solar are very expensive. Batteries are sometimes proposed as
solutions to wind and solar generation’s variability. However, while batteries can
reasonably address the variability over periods from seconds to a few hours, they
cannot address the months-long seasonal variability because the associated costs
would be in the TRILLIONS of dollars.
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Introduction
Nowadays, we are often told that wind and solar are the cheapest forms of electricity generation. We also
hear statements like, “This 80 MW solar project will produce over 195 000 megawatt-hours of renewable
energy to the grid, or enough energy to power more than 18 000 Canadian homes for a year.” 1 But these
statements ignore the fact that wind and solar generators cannot meet consumers’ electricity needs when
the wind is not blowing or the sun is not shining. Advocates argue that renewable generation can be backed
up with battery energy storage systems (“BESS”) that store energy when renewable generation is high and
release energy when that generation is low. However, while batteries can reasonably manage the
intermittency and non-dispatchability 2 of wind and solar generation over periods lasting up to a few hours,
they cannot economically manage the months-long seasonal variations in wind, sun, and cloud. At today’s
prices, the batteries needed to ensure a reliable supply of electricity from wind and solar generators in
Alberta would cost almost two trillion dollars.
Since expenditures in the billions and even trillions of dollars are too often trivialized by governments and
policy advocates, let’s put that amount in perspective. Two trillion dollars is almost six times Alberta’s
2019 GDP of $353 billion.3 For you to earn two trillion dollars, you would have to earn a million dollars a
day for 5476 years. Spending this astronomical sum on electricity infrastructure would raise the price of
electricity to nearly $5/kWh, almost a hundred times greater than the average 2011-2020 wholesale market
price of 5 ¢/kWh. For the aforementioned Canadian homes, whose consumption works out to be
10 800 kWh per year, the electricity bill would be $51 thousand per year, an amount far beyond the ability
of most Albertans to pay.
The news media has recently reported that Alberta is a great place to invest in renewable generation, in part
because of the province’s competitive electricity market. 4 That market has served Alberta very well for
more than two decades, but its current attractiveness to wind and solar generators could prove catastrophic
for consumers. That’s because, under the existing market rules, generators are not held accountable for any
costs their intermittency and nondispatchability impose—including (but not limited to) the cost of backup
generation. The rules worked well when virtually all generators were dispatchable, but without some
adjustments to account for the fundamental differences between dispatchable and nondispatchable units,
consumers could be on the hook for ever-increasing indirect subsidies to wind and solar. A few welldesigned rule changes would allow the market to continue to provide an efficient and effective mechanism
for determining Alberta’s optimal electricity supply mix going forward.
Returning briefly to the subject of large numbers, it can be difficult to grasp the scale of energy use in
Alberta, Canada, and the world as a whole. It can also be difficult to grasp the amount of land and other
resources that would be required to power the world with wind, solar, and batteries. The appendix contains
a few definitions and examples to help readers understand these points and some of the technical terms used
in this document.

An Example with Solar and Batteries
A significant problem with solar generation in Alberta can be explained with the help of the graph in
Figure 1. The blue columns show the percentage of a consumer’s annual electricity consumption that
occurred in each month, 5 while the yellow columns show the monthly shares of a generator’s total output
for the year as provided by the PVWATTS web application. 6 The generator was assumed to be a
photovoltaic (“PV”) array located in Medicine Hat, which is one of the sunniest places in Canada. Among
its other characteristics the array was assumed to have two-axis tracking, 7 which allows the panels to track

True Cost of Wind and Solar Generation in Alberta

April 2021

1

both the east-west and north-south motions of the sun to maximize energy output. Not surprisingly, the
generator’s output is lower in the winter months, when less sunlight is available.
Let’s assume the PV array produced exactly 100% of the load’s consumption for the year and that it was
paired with a battery having an initial charge equal to 7.8% thereof. From Figure 1, generation was 4.6%
in January. But consumption was 8.9%, so there was an energy shortfall of 4.3% (as shown by the red
column for that month).8 The battery was able to make up for the January shortfall, but by the end of the
month it was down to a charge of 3.5% (as shown by the black line). Making up for additional generation
shortfalls of 2.9% and 0.6% in February and March exhausted the battery’s charge, but starting in April the
generator produced enough electricity to match consumption and begin the recharging process. After the
battery charge peaked at 18.2% in September following the summer energy surpluses, the available solar
energy once again fell below consumption and the charge began to fall again. By the end of the year, the
charge was back to 7.8% and the generator/battery pair was ready for the next year. (The starting value of
7.8% was chosen so that the charge would bottom out at zero. In reality, of course, we would have no way
of knowing exactly how much energy we would need to start with.)
20%

Percent of Annual Energy

16%
12%
8%
4%
0%
-4%
-8%

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Figure 1: Energy consumption (blue), solar energy production (yellow), energy surplus/shortfall (red),
and battery charge level (black) in each month of a year. All values are expressed as percentages of the
annual consumption.

Some assume that, if we want to use PV arrays paired with batteries to provide a reliable supply of
electricity, we need only enough storage capacity to get us through a few cloudy days. But that assumption
is wrong. As Figure 1 shows, the battery charge peaked at 18.2% of the load’s annual consumption—which
is more than two months’ worth. Had the battery’s capacity been less than that, it would have been unable
to make up for the energy shortfalls.
This example highlights the fundamental problem with solar generation: not only does output vary over the
course of 24 hours due to cloud cover and Earth’s rotation, it varies seasonally. As Figure 1 shows, there
is an energy shortfall in every month from October to March. The seasonality gets worse as we move
away from the equator, which makes solar generation much less economic here than in more southerly
locations—despite southern Alberta’s often sunny skies. Table 1 compares energy and storage costs for
PV arrays in Medicine Hat (Alberta), Fort Chipewyan (Alberta), and Tucson (Arizona) assuming identical
installed costs, while Figures 2 and 3 show the monthly output of rooftop and two-axis-tracking arrays in
those locations. 9 Clearly, we cannot apply Arizona solar economics in Alberta.
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TABLE 1: RELATIVE ENERGY AND STORAGE COSTS
Tucson, AZ
Medicine Hat
4 kW (dc) Rooftop Solar
Ratio, Min to Max Monthly Energy
64%
25%
Annual Energy [kWh]
7030
4973
Relative Energy Cost per kWh
100%
141%
Required Storage [days]
20
66
Relative Storage Cost
100%
322%
10 MW ac Two-Axis Tracking
Ratio, Min to Max Monthly Energy
63%
28%
Annual Energy [MWh]
28 550
20 962
Relative Energy Cost per MWh
100%
136%
Required Storage [days]
20
63
Relative Storage Cost
100%
309%

Fort Chipewyan
13%
4113
171%
93
454%
17%
18 680
153%
86
423%
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Figure 2: Monthly outputs of 4 kW (dc) rooftop PV arrays in Medicine Hat, Fort Chipewyan, and Tucson.
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Figure 3: Monthly outputs of 10 MW (ac) arrays with two-axis tracking in Medicine Hat, Fort Chipewyan,
and Tucson.
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Adding Wind Generation Helps, but not Nearly Enough
Let’s modify the preceding example by: (i) using hourly values of domestic demand in 2019 rather than
monthly percentages; 10 (ii) assuming that solar generation comes from single-axis PV arrays at various
locations around the province instead of from a single two-axis plant in Medicine Hat; 11 and (iii) allowing
for the use of wind as well as solar generation. We don’t need a wind equivalent of PVWATTS because
Alberta has enough geographically dispersed wind generators that using a simple multiple of historical wind
output in the calculations will produce a reasonable estimate of what wind output would be with additional
installed capacity. Also, there is no need to account for plant-to-plant differences in tracking capabilities. 12
Under the stated assumptions, the total energy to be supplied is 56.1 TWh.13 By calculating hourly energy
surpluses and shortfalls, we find that 29 067 MW of solar generation and 15 TWh (~ 27% of annual energy,
or 97 days) of battery storage are needed. Based on these results:
•
•

•

•

Figure 4 shows hourly demand and solar output for a week in January and a week in June. The
difference between summer and winter is substantial.
Figure 5 shows the hourly solar surpluses (positive values) and shortfalls (negative values). Solar
generation scaled to match Alberta’s annual electricity consumption produces too little energy in
the winter and too much energy in the summer. Since the too-much-too-little problem will exist
for individual loads as well, and because the surpluses can be more than 2½ times peak demand,
transmission and distribution systems would have to be upgraded to handle the output of PV arrays
from sites that were formerly loads only—unless local storage is paired with the arrays.
Figure 6 shows the 168-hour (one-week) moving average of solar output along with the number of
daylight hours. Three things are notable. First, the link between output and hours of daylight is
obvious. Second, the moving average never exceeds 15 GW despite the installed capacity being
29 GW. And third, the average can fluctuate by more than 3 GW in a week simply due to weather.
An analysis of solar output over many years shows that larger variations can occur.
Figure 7 shows the amount of energy stored in the batteries over the course of the year, assuming
a storage level of ~7 TWh on January 1.

There is no point discussing the cost of 100 days of storage: the cost would be in the trillions of dollars, and
it would make no sense to build a solar-only generation fleet in Alberta. The reasons for doing calculations
with batteries and just solar generation were to further illustrate solar’s seasonal variation, to reiterate that
a solar-only option is impossible, and to show how solar generation at individual loads like warehouses and
shopping centres can drive up wires costs.
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Figure 4: System demand and solar output for a week in January (top) and a week in June.
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Figure 5: The hourly imbalance between the demand to be served by solar and the output of solar
generation, expressed as a fraction of peak demand. Supply surpluses are positive, shortfalls are
negative.

Figure 6: The one-week (168 hour) moving average of solar output (black) and the number of hours of
daylight each day (yellow).
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Figure 7: Battery storage level assuming 7 TWh of storage on January 1. In a wind-solar-battery world,
the very large fluctuations must be manged using a quantity of batteries that is way beyond economic.
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What happens if we add wind generation? Wind is complementary to solar in Alberta because its
maximum output occurs in the winter and because it tends to produce less in the afternoon, when the sun
is high in the sky. While that complementarity does create a significant benefit, a wind-solar-battery
supply mix would have still required 4 TWh of storage along with 15 834 MW of wind and 6646 MW
of solar. 14 The capital cost of the batteries alone would be $1.9 trillion, 15 and the associated annual cost
including that of the generators would be $265 billion (~$4700/MWh). The annual cost is about 80%
of Alberta’s 2019 GDP and the price per MWh is almost a hundred times the ten-year average price.
In other words, there is no chance whatsoever that wind, solar, and batteries could meet the province’s
electricity needs. While they are of little more than academic interest given this impossibility, Figure 8
shows demand, wind, and solar generation for one-week periods in February and October, Figure 9
shows the hourly surplus/shortfall, Figure 10 shows the battery storage level, and Figure 11 shows the
one-week moving average of wind plus solar output along with daylight hours. The addition of wind has
de-linked daylight hours and average output, as we would expect. It has also reduced the level of excess
power flows we saw with solar.
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Figure 8: System demand (blue), wind generation (green), and solar generation (yellow) for a week in
February and a week in October. (Wind is stacked on top of solar, so the top of the green is their sum.)
Clearly, there was an energy shortfall when the wind almost completely disappeared for three days (the
3-day moving average capacity factor reached a low of 0.8% on February 6), even though winter is
typically a time of high wind generation.
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Figure 9: The hourly supply surplus/shortfall as a percentage of peak demand when wind and solar
generation are combined. The shortfalls still reach 100% but the surpluses are much smaller than in the
solar-only case.
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Figure 10: Battery storage levels asssuming ~4 TWh of initial charge.

Figure 11: The one-week moving average of wind plus solar output.

We can compare the wind-solar-battery option against a gas-fired-generation option by using additional
data from the US Energy Information Administration. It shows that, starting from scratch, we could have
supplied Alberta’s energy needs in 2019 with combined-cycle and simple-cycle gas turbines at a capital
cost of $13 billion and an annual operating cost, assuming a natural gas price of $2.25/GJ, of $2 billion.16
This is less than one percent of the cost of the wind, solar, and batteries option. Even if the CO₂ tax
increases to $170 per tonne, the annual cost of the natural gas option would still be “only” $5 billion. The
extra $263 billion for the wind-solar-batteries option over the natural gas option would buy a CO₂ reduction
of only 19 Mt, which implies a reduction cost of $13 800/t. To put that number in perspective, applying it
to every tonne of CO₂ emissions in Canada would cost ~$8 trillion per year, which is more than three times
Canada’s 2019 GDP.17

Impossible Ten Times Over
Obviously, backing up wind and solar generation with batteries is far beyond economic reality. Yet the
situation is actually much worse, because the above analysis does not consider that the driver for wind and

True Cost of Wind and Solar Generation in Alberta

April 2021

7

solar generation is the elimination of fossil fuels. In its Report on Energy Supply and Demand in Canada,
2017 Revised (the last year for which the report is available), Statistics Canada reported end-use energy
consumption data for Canada and the provinces. Table 2 below compares Alberta with the country as a
whole and with the three larger provinces. Energy values are in terajoules.
As the table shows, fossil fuels supplied 89% of Alberta’s end-use energy in 2017. For the rest of Canada,
that number was 73%. Even in hydro-rich Quebec, more than half the energy used came from fossil fuels.
Since a renewables-and-batteries future is already impossible, the complete elimination of fossil fuels
would make it impossible ten times over. Even if Alberta converted just transportation and home heating
to electricity and increased transportation’s energy efficiency by 20% in the process, we would have to
triple the size of the transmission system. 18 On top of that expense, Albertans would have to pay to replace
their internal-combustion-engine (“ICE”) vehicles with electric ones, convert their home heating systems
to electric, and pay for similar conversions for every public building in the province.
Not only is a wind-solar-battery power system economically unachievable, it is logistically unachievable.
Under the assumptions stated above, Alberta would need to construct 13 000 additional megawatts of wind,
6000 additional megawatts of solar, and 20 000 BESS facilities like TransAlta’s WindCharger. 19 Having
20 000 BESS with a predicted life of ten years (see below) would require the ongoing refurbishment or
replacement of eight of them every working day. Finally, it is doubtful that either world supplies of the
required materials or the necessary manufacturing capability would be able to keep up with demand in
Alberta and elsewhere should governments try to force this transition.
Energy Source
Electricity b
Natural gas c
Refined petroleum
Other fossil fuels
Total d
Fossil fuel share e

TABLE 2: ENERGY SOURCES IN CANADA
Alberta
Rest of
Quebec a
Canada
224 756
1 706 400
675 350
1 296 721
1 729 074
268 150
560 216
2 729 750
648 821
2 663
139 950
?
2 096 175
6 305 174
?
89.3%
72.9%
57.6%

Ontario

BC a

498 931
894 148
993 224
119 503
2 511 059
80.1%

233 388
276 272
423 688
?
?
75.0%

a – StatsCan does not report coal/coke use or total energy in Quebec or British Columbia due to confidentiality concerns.
b – primary electricity, hydro and nuclear
c – natural gas including gas plant natural gas liquids
d – the total is not equal to the sum of the individual entries because small components are ignored here
e – this is the share of the sum of reported values, not the share of the total (due to the absence of the total for Quebec and BC)

Electric Vehicles Cannot Save the Day
It is sometimes argued that the batteries in electric vehicles (“EVs”) can provide backup power when there
is insufficient renewable generation available. But let’s look at what happened in the early part of February
2019, when wind and solar capacity factors were as shown in the following table and Alberta was in the
midst of a deep-freeze, with daytime temperatures of −25 ℃ and below.
TABLE 3: WIND OUTPUT IN THE FIRST WEEK OF FEBRUARY 2019
Date
Feb 1
Feb 2
Feb 3
Feb 4
Feb 5
Wind Capacity Factor
24%
22%
15%
1%
2%
Solar Capacity Factor
2%
2%
3%
1%
3%

Feb 6
4%
4%

Feb 7
17%
5%

Consider the energy shortfall on the 3rd, 4th, and 5th. Had the installed capacity of wind been 15 834 MW
and that of solar 6646 MW, as in the above scenario, their combined output at the stated capacity factors
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would have been 37 766 MWh. Had we planned on capacity factors of 35% and 16%, respectively, we
would have expected to get 475 579 MWh. To make up the shortfall of 437 813 MWh with WindChargerlike facilities would have required 21 890 of them, and even assuming a much-discounted price of just $10
million each, that’s $219 billion. As for the EVs, most today have batteries that store less than 100 kWh.
So, just to get to the average wind and solar capacity factors over the three days, we would have had to
drain the batteries of more than four million fully charged vehicles. 20 And since the objective of using the
EV batteries in the first place was to prevent an energy shortfall, none of those vehicles could have been
recharged until the shortfall was over—some time after the 5th.
The proposed replacement of ICE vehicles with EVs raises some serious questions. Will we have to install
batteries that must be kept fully charged to provide power to EV charging stations in case there is a power
outage that would otherwise prevent the recharging of police cars, fire trucks, ambulances, and other
essential vehicles? Will we have to double the number of police cars so that one set can be recharged while
the other set is in use, given that rapid recharging shortens battery life? Will utilities have to buy double
the number of line trucks so that, if there’s a power outage just as one set is almost fully discharged at the
end of a shift, there is another set ready to help crews get the lights back on? Like wind and solar generation,
EVs provide another example of something that is eminently manageable in small doses, challenging to
manage in larger doses, and virtually impossible to manage in the everything-must-be-this scenario.

There are Good Uses for Batteries
If batteries provide an absurdly expensive long-term energy storage option, one might ask why there are
ongoing investments in batteries in Alberta. One reason is subsidies: for example, TransAlta’s
WindCharger project was 50% funded by the Alberta government. On a more positive (for consumers)
note, there are some things that batteries do very well technically; whether they do them economically
depends heavily on, among other things, the specific application, conditions in the electricity markets,
battery management, and the forecasting skills of the management team. Hence, no comments on
economics beyond a few general ones will be made in this section.
One set of applications for batteries involves time-shifting. The output of wind and solar generators is
highly variable and poorly correlated with electricity demand. By pairing a wind or solar generator with a
battery, the latter can be charged when unit output is high (thereby reducing the site’s net output to the grid)
and discharged when unit output is low. Conversely, a consumer can draw extra energy from the grid to
charge a battery in one hour and then discharge it to reduce the amount of energy withdrawn in a later hour.
This time-shifting capability can be used by customers to manage transmission or distribution costs by
reducing peak power flows, by wire owners as alternatives to building wires, and by both suppliers and
consumers to arbitrage the price of electricity (i.e., to charge the battery when the price is low and discharge
it when the price is high).
In addition to their ability to time-shift, batteries can increase or decrease their grid injections and
withdrawals very quickly. This is valuable because supply and demand on a power system must closely
balance at all times. Since demand changes constantly as lights, air conditioners, pumps, and other electrical
loads turn on and off, generation must constantly be adjusted up or down in small increments. Much larger
supply-demand imbalances can also arise, for example, when a generator, a load, or a tie-line trips. If not
corrected quickly, such imbalances can lead to equipment damage and even blackouts. To restore balance,
system operators rely on ancillary services. In Alberta, some ancillary services are provided through a
competitive market in which batteries can compete very effectively. In fact, an article titled Alberta’s
eReserve energy storage project finds investor/owner in TD Fund states that “The project aims to provide

True Cost of Wind and Solar Generation in Alberta

April 2021

9

energy balancing and grid frequency regulation services.” 21 Of course, where they can provide a useful
service at a lower cost than competing options, batteries should be used.

The Hidden Costs of Wind and Solar
As noted above, wind and solar generators impose high hidden costs on Alberta consumers. The first is the
cost of backup generation. In the above examples the backup was provided by (extremely expensive)
batteries, but in today’s real world it is provided by existing fossil-fueled generators. Wind and solar
generators make no contribution to the fixed costs of ensuring the others can step in when the wind dies
and the sun goes down. Conventional generators don’t pay the cost of backstopping their output either, but
they are far more likely to show up when needed. (See the discussion of availability factor in the appendix.)
Directly related to the previous point is the fact that, as wind and solar generators are now being built to
supply “green” credits rather than to meet increasing consumer demand, they take energy sales away from
dispatchable generators. But dispatchable generators’ fixed costs do not go down, so they must raise their
price per MWh to make up lost revenues. Consumers must either pay those higher prices or let the
dispatchable generators go out of business and suffer the reliability consequences. The perverse response
to this situation by many renewables advocates is to amplify their false claims that renewable electricity is
cheaper than conventional electricity.
Another way in which intermittent generators drive up consumers’ costs is through inefficient use of
transmission and distribution wires. According to the Alberta Electric System Operator, transmission wires
will cost $1936 million to finance, operate, and maintain in 2021.22 Since wires costs are fixed, the cost to
serve a generator is related to its maximum output, not its annual energy production. If half the costs were
allocated to generators (the other half being allocated to consumers), the charge would be ~$58 800 for each
of the 16 467 MW of installed capacity (as of the date of writing). Since an 85% capacity-factor unit
produces 85% × 8760 = 7446 MWh per year per megawatt of installed capacity, its wires cost would be
$7.89/MWh. For a 40% capacity-factor wind generator the cost would be $16.78/MWh, and for a 20%
capacity-factor solar generator it would be $33.56/MWh. Today, the vast majority of wires costs are
charged directly to consumers and are not broken down by generation type, so consumers are generally
unaware that it costs more to transport solar electricity than fossil-fuel electricity.
Another problem relates to the time-shifting ability of batteries described above. British Columbia has
huge “batteries” in the form of hydro reservoirs, and when there is over-generation by wind and solar in
Alberta, BC can import the excess energy and hold back the water in those reservoirs. Since prices are low
in times of over-supply, BC can buy that energy cheaply. Then, when solar and wind generation drop off
and prices rise in Alberta, BC can make up the shortfall. This is efficient from a technical perspective, but
it could lead to massive wealth transfers out of Alberta. The wealth-transfer phenomenon is well known to
Ontario consumers, who often pay neighbouring US states to take excess renewable energy off their
hands. 23 This problem will only get worse in Alberta as more wind and solar generation is built to provide
corporations with “green” credits and the market price of electricity becomes increasingly disconnected
from the demand for electricity.
While on the subject of moving electricity between Alberta and BC (and likely other interconnected
jurisdictions), let’s look at the argument that goes something like, “It is always windy/sunny somewhere,
so we can green the grid by building lots of transmission and moving power from where it is being generated
to where it is needed.” This won’t work. To use a simplistic example, assume regions M and N have
identical electrical demands and 100% renewable generation. If M must be supplied by N when its own
renewable generation is low, N must carry enough resources to meet both its own needs and those of M
(and vice versa). While there is some benefit from demand diversity (not all jurisdictions are likely to reach
True Cost of Wind and Solar Generation in Alberta

April 2021

10

peak load at the same time), the existence of synoptic-scale weather systems spanning 1000 km and more
can cause wind and solar generation to simultaneously be low over large regions of a continent. Moreover,
there are some hours every night in which all of North America, with the exception of the extreme north in
the summer, is dark. 24
It is important to note that nothing in this section or anywhere else in this document can be taken to be
critical of what companies are doing with direct or indirect subsidies or renewable energy projects. As long
as they are operating within the relevant legal and regulatory boundaries, it is fair and reasonable for them
to act in their own interests. Nor can it be taken as critical of the government, which wrote the governing
legislation, or the Alberta Utilities Commission, which approved the market rules, because the rules have
worked well up to now. However, it is also fair and reasonable for Alberta electricity consumers to demand
a legal and regulatory framework that avoids perverse economic incentives and that ensures consumers pay
no more than necessary to achieve a safe, reliable, and environmentally responsible supply of electricity.

Some Technical Notes on Battery Energy Storage Systems
The above calculations of battery costs assumed that every megawatt-hour that goes into charging the
batteries comes out again. 25 They also assumed that every installed megawatt-hour of capacity was fully
utilizable and that the systems had unrestricted charge-discharge flexibility. These assumptions are
inordinately favourable.
The EIA describes its prototypical 50 MW, 200 MWh battery energy storage system as follows: 26
The BESS consists of 25 modular, pre-fabricated battery storage container buildings that contain the racks
and appurtenances to store the initial set of batteries and accommodate battery augmentation for the life of
the project. The BESS uses utility-scale lithium-ion batteries. Approximately 3% of the initial battery
capacity is assumed to degrade each year and require augmentation by the addition of new batteries. (The
augmentation cost is included with the annual O&M as discussed in Section 18.3.) Each battery container
is equipped with fire detection and suppression systems and HVAC monitoring and control systems. The
pre-fabricated battery containers are approximately 40 feet long × 10 feet wide × 8 feet high. Each battery
container has an associated inverter-transformer building, which is approximately 20 feet long × 10 feet
wide × 8 feet high. The inverter-transformer building houses the inverters, transformers, and associated
electrical equipment for each battery container. There is one control building with approximate dimension
of 20 feet long × 10 feet wide × 8 feet high to support O&M activities. Each building is set on a concrete
slab foundation.

The document from which the preceding quote comes assumes a service life of 10 years and 3000 chargedischarge cycles over that time (which is less than one per day). Battery lifetime is affected by several
factors, including cycling, temperature management, and depth of discharge (“DOD”). An NREL paper
titled Life Prediction Model for Grid-Connected Li-ion Battery Energy Storage System states: 27
Like all battery chemistries, Li-ion degrades with each charge and discharge cycle. Cycle life can be
maximized by maintaining battery temperature near room temperature but drops significantly at high and
low temperature extremes. Cycle life is also dependent on depth-of-discharge (DOD) and current, or Crate. While it is common to discuss Li-ion lifetime in terms of number of cycles, often the calendar life of
the cell is more limiting than cycle life. Detrimental side reactions occur within the cell even during storage.
The rate of these deleterious side reactions increases with high temperature and high SOC [state of charge].
The electrochemical literature provides theoretical models of some individual mechanisms including side
reactions impacting calendar life, cycling-driven electrode stress and fracture, as well as coupling of
calendar and cycling mechanisms.
…
An example scenario was simulated wherein an integrated battery-PV system was controlled in selfconsumption mode, attempting to minimize energy exchanged with the grid. For this application, battery
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lifetimes ranging from 7-10 years may be expected. Without active thermal management, 7 years lifetime
is possible provided the battery is cycled within a restricted 47% DOD operating range. With active thermal
management, 10 years lifetime is possible provided the battery is cycled within a restricted 54% operating
range.

There are other technical issues related to BESS, including decommissioning, the handling of toxic
materials, and fire safety. While very important, they are beyond the scope of this document.

Conclusions
Based on a few reasonable assumptions and some simple calculations, it was shown that Alberta would
have needed 4 TWh, or about a month’s worth, of battery storage to get through 2019 using a (mostly)
wind, solar, and battery-based power system. The associated costs would have been wildly beyond reach.
Given the enormous volume of lithium and other necessary materials, as well as constraints on existing
mining and manufacturing capability, it is questionable whether a wind, solar, and battery power system is
even logistically feasible.
The proponents of renewable energy might respond to this paper by arguing that they have never suggested
fully backing up wind and solar with batteries because there are better options. The great thing about
Alberta’s competitive electricity market is that it provides a simple and extremely effective mechanism to
test that proposition. Let the market rules demand that wind and solar generators—and not Alberta
consumers through direct and indirect subsidies—pay whatever it costs to turn their intermittent,
nondispatchable megawatts into megawatts that are as reliable as those provided by other forms of
generation. If their proposition holds, they will succeed in the market; if it does not, then there are better
choices for Alberta’s future electricity supply.
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Appendix: Some Definitions
This appendix will hopefully aid the reader’s understanding of the terms used in this document and gain
some insight into the astonishing scale of the world’s energy systems.
Power and Energy
The word energy refers to the amount of work needed to accomplish a task. The word power refers to the
rate at which the work is done. For example, to lift a one kilogram brick from the surface of the earth to a
height of one metre, you must use ten joules of energy. 28 The symbol for a joule is J. If it takes you exactly
two seconds to do it, you use energy at the rate of five joules per second, or five watts. A watt is a joule
per second, and its symbol is W. Since there are 4184 J in what we typically call a calorie, 29 a man who
expends 2000 calories in a day uses 8 368 000 J. A day contains 86 400 seconds (symbol s), so his average
rate of energy use is 8 368 000 J divided by 86 400 s, or 97 J/s, or 97 W. For simplicity, let’s round that up
to 100 W.
Since there are 24 hours in a day, we can also calculate the man’s energy use as 100 watts times 24 hours,
which equals 2400 watt-hours (symbol Wh). With 3600 seconds in an hour, 1 Wh = 3600 Ws = 3600 J.
Joules and multiples thereof are commonly used in the natural gas world, while watt-hours and multiples
are commonly used in the electricity world.
The amount of energy consumed by modern society is so large that units like joules and watt-hours quickly
become unwieldy. So, we use prefixes to denote multiples. Here are the prefixes commonly used when
discussing energy systems, along with an example illustrating each one.
Name
kilo [k]
mega [M]
giga [G]
tera [T]
peta [P]
exa [E]

Multiplier
103 = 1 000
106 = 1 000 000
109 = 1 000 000 000
1012 = 1 000 000 000 000
1015 = 1 000 000 000 000 000
1018 = 1 000 000 000 000 000 000

Example
single-family home electricity use – 1000 kWh per month
capacity of Alberta’s largest generator – 868 MW
peak Alberta electricity demand in 2020 – 11.7 GW
total Alberta electricity use in 2020 – 83 TWh
Primary energy consumption in Canada in 2017 – 2.3 PWh
World primary energy consumption in 2019 – 584 EJ

Capacity Factors and Availability Factors
In the design of electric power systems one must consider the capacity factors of the loads and generators.
A generator’s capacity factor is the amount of energy produced in some time period, divided by the amount
of energy that would have been produced had the generator been at full output the whole time. Loads also
have capacity factors, of course based on consumption rather than production. For example, Alberta’s total
electricity use was 83.1 TWh in 2020. Had it consumed electricity at the peak rate of 11.7 GW for all 8784
hours in 2020, its energy use would have been (11.7 GW) × (8784 h) = 102 773 GWh = 102.8 TWh. Thus,
the provincial load’s capacity factor was 83.1/102.8 = 81%. (This is much higher than most jurisdictions
because Alberta has a large amount of industrial load compared to residential and commercial load.)
Those who are not familiar with power system design sometimes quote annual average capacity factors in
support of whatever argument they are trying to make. However, engineers have to worry about extreme
highs and extreme lows that can occur over intervals from less than a tenth of a second to months. The
following graph shows monthly capacity factors for Alberta’s wind generators and for the Brooks solar
plant, which is the only commercial solar plant in Alberta that has been operating for multiple years. No
competent engineer would plan for generation to be at its annual capacity factor all the time.
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A closely related concept is the availability factor, a good illustration of which is provided by what’s called
a peaking plant. If a simple-cycle gas turbine is available to produce power in 95% of the hours in a year
but is only needed during the 10% of the hours when electricity demand is at or near its peak (hence the
term peaking plant), it has an availability factor of 95% and a capacity factor of 10%. A solar plant that is
never off line for maintenance would have an availability factor and a capacity factor somewhere around
20%. Care must be taken to distinguish between capacity factors and availability factors because the latter
are the appropriate measures of a plant’s need for backup generation and its contribution to reliability.
Energy Density
Another point of interest when planning for future electricity sources is the difference in energy densities:
the amount of energy per kilogram of mass, per litre of volume, and per km2 of land.
The following table shows the energy densities of several sources of interest. 30 As the table shows, gasoline
and diesel hold more than 50 times the amount of energy per kilogram, and more than 12 times the amount
of energy per litre, than does a lithium ion battery.
Energy Source
Lithium-ion battery
Natural gas
Diesel
Gasoline

kWh/kg
0.10 − 0.24
13.2
11.9
12.1

kWh/L
0.25 – 0.73
0.010*
9.4
8.9

*At a distribution-pipeline pressure of 600 kPa (gauge), this is 0.073 kWh/litre.

With respect to energy produced by generators per unit of land used, as another “density” example, let’s
consider the recently completed Claresholm Solar project. According to Alberta Utilities Commission
Decision 23841-D01-2019 (April 10, 2019), the project is located on 1261 acres (5.1 km2) of private land
and consists of 477 198 panels on fixed-tilt racking that will produce up to 132 MW. Assuming an annual
capacity factor of 17%, its annual energy production will be 197 GWh and its areal energy density will be
38.5 GWh/km2. By comparison, the Shepard Energy Centre produced 6422 GWh on 0.24 km2 of land,
giving an areal energy density of 26 758 GWh/km2, almost 700 times greater than Claresholm. As for
wind, the Blackspring Ridge wind farm produced 1104 GWh in 2020 on 194 km2 of land, which gives it
an areal energy density of 5.7 GWh/km2, a factor of 4700 less than Shepard.
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End Notes
1

https://www.cbc.ca/news/canada/calgary/alberta-amazon-solar-energy-power-renewable-newell-county1.5993225. Dividing 195 000 MWh by 18 000 homes gives an average usage of ~10 800 kWh per year.

2

The power injected into an electric transmission system must match the power withdrawn to within very tight
tolerances at all times. To maintain supply-demand balance, the system operator “dispatches” generators, that is,
directs them to provide a specified amount of power. The power output of conventional generators can be directly
controlled by (for example) changing the throttle position on a gas turbine or changing the flow rate through a
dam’s penstock. While wind and solar can be directed to reduce their power injections, they cannot be directed to
increase them if there is not enough “fuel.” Wind and solar generators are therefore considered “nondispatchable.”

3

The GDP figure comes from Gross domestic product, expenditure-based, provincial and territorial, annual, at
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3610022201&pickMembers%5B0%5D=1.10&pickMemb
ers%5B1%5D=2.2&cubeTimeFrame.startYear=2015&cubeTimeFrame.endYear=2019&referencePeriods=2015
0101%2C20190101

4

https://calgaryherald.com/opinion/columnists/corbella-lots-of-irony-in-alberta-leading-the-country-in-new-solarprojects

5

The monthly percentages are averages based on Alberta Interconnected Load from 2000 to 2019, as reported by
the Alberta Electric System Operator (“AESO”). Current and historical electricity market information can be
found at https://www.aeso.ca/market/market-and-system-reporting/.

6

PVWATTS is provided by the United States National Renewable Energy Laboratory (“NREL”). Users can put
location and PV array information into PVWATTS (https://pvwatts.nrel.gov/pvwatts.php) and have the application
simulate array output with monthly or hourly resolution. Because the output is based on a simulation, PVWATTS
may not produce the same results every time it is run for a given plant location and configuration. Simulationbased data was used instead of actual Alberta data because the Brooks solar facility, which is the one commercialscale plant for which data is available for all of 2019, does not use two-axis tracking and therefore produces a
lower fraction of its annual output in the winter. Using Brooks would increase the amount of storage that would
be required over what the present example shows.

7

The first screen shot from PVWATTS that follows these endnotes shows the array’s characteristics. The use of
two-axis tracking produces a more favourable solar output pattern than is likely in the real world, since (at least so
far) most Alberta arrays appear to use fixed mounts. For example, the Brooks facility’s ac capacity factor for 2018,
2019, and 2020 combined was 16%.

8

Each of the examples in this paper is based on a single simulated year, whereas detailed engineering studies would
use thousands of simulated years. Numbers are written to a precision that is convenient, not to one that is indicative
of accuracy. That said, the numbers are far more than sufficiently accurate to support the conclusions set out here.

9

The default characteristics of the PV array are shown in the second screen shot that follows these endnotes.

10

System conditions in 2020 were affected by COVID and may therefore be less representative of a typical year.

11

Single-axis tracking allows the PV panels to track the motion of the sun across the sky in either the east-west or
north-south directions. (The value of the increased output of a two-axis system may not outweigh the extra cost.)
A solar-energy output profile was created by averaging the outputs of arrays in Brooks, Calgary, Cochrane,
Edmonton, Hanna, Hinton, Innisfail, Lloydminster, Medicine Hat, and Red Deer, and then normalizing the time
series to a maximum value of 1. Hourly solar output for the model was simply the profile value for the hour, times
the assumed installed capacity of solar generation. This process was used because there was only one commercialscale solar generator in operation for all of 2019, and the output of a single array may not be sufficiently
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representative. The use of single-axis tracking likely over-estimates solar generation because most systems
installed in Alberta so far appear to be fixed-mount arrays.
12

Since there are almost two dozen wind facilities in the province currently, there is sufficient wind data for this
study. While newer wind facilities tend to have higher capacity factors than older ones, and the addition of wind
facilities in other areas of the province may increase output diversity slightly, these differences are far too small to
materially alter the cost calculations.

13

Including the industrial load, peak Alberta demand in 2019 was 11 471 MW; total energy consumption was
84.9 TWh. Attempting to meet this higher demand would increase storage requirements and costs over what is
calculated here.

14

These values were produced by the Solver function in Excel, with the objective function being the annual cost of
a wind, solar, and batteries supply mix and estimated costs from the United States Energy Information
Administration (see the next endnote). There is no “central planner” in Alberta who gets to decide on the
wind/solar mix, so it is extremely unlikely that this specific mix that would emerge on its own. Moreover, just
because the stated installed capacities were optimal for 2019 does not mean they would be optimal for any other
year. Nevertheless, the fact remains that the batteries to backstop wind and solar generation in Alberta would be
extremely expensive. As a matter of interest, a wind-only option would have required 20 527 MW of wind
generation and 8.2 TWh of storage. The annual cost would have been $537 billion.

15

Table 2 in the EIA’s Capital Cost and Performance Characteristic Estimates for Utility Scale Electric Power
Generating Technologies, dated February 2020, estimates that a 50 MW, 200 MWh battery energy storage system
has a capital cost of US$1.389 million per MW, or C$92.6 million for the installation. The number of installations
needed is (4 TWh)/(200 MWh) = 20 000 and the cost would be that number times $92.6 million. See
https://www.eia.gov/analysis/studies/powerplants/capitalcost/pdf/capital_cost_AEO2020.pdf.

16

The assumed plant mix is eight 1083 MW, 2×2×1 combined cycle units using GE 7HA.02 turbines, seven of which
are assumed to be available in any hour; plus ten simple-cycle plants, each consisting of two LM-6000 turbines
totaling 105 MW. The cost and heat-rate assumptions are set out in the EIA’s table.

17

https://tradingeconomics.com/canada/gdp

18

Retail pump sales were 274 110 TJ in 2020. Assuming a 20% efficiency gain for electric vehicles over vehicles
with internal combustion engines, the conversion would imply an increase in annual electricity demand of
80% × 274 110 = 219 298 TJ = 60.9 TWh. That’s an hourly average of 6954 MW. Residential natural gas sales
in January 2020 were 815 187 400 m3, and with a heat content of 37.26 MJ/m3 (0.01035 MWh/m3), that’s 8 437 190
MWh. (January, rather than the whole year, is used here since the demand for natural gas was eight times higher
in January than in July and August, due to winter’s residential heating demand.) Since there are 744 hours in
January, the increase in average residential electric demand would be 11 340 MW. Combining the two yields an
increase of 18 294 MW. In other words, we would have to triple the capacity of Alberta’s transmission system.
Factoring in the higher capacity needed to accommodate intermittent generation without on-site storage, as well
as other energy requirements not included here, means we would have to increase the capacity of the transmission
and distribution systems more than ten-fold.

19

https://calgaryherald.com/opinion/columnists/varcoe-transalta-set-to-flip-switch-on-albertas-first-large-scalebattery-storage-project The cost of the 10 MW, 20 MWh project was $16 million, of which $7.7 million was
provided by Emissions Reduction Alberta. The unit cost of $800/kWh is somewhat higher than the C$463/kWh
quoted by the EIA, perhaps due to location and economies of scale.

20

As of March 31, 2020, there were only 3.6 million vehicles registered in the province.
https://open.alberta.ca/dataset/553f5a93-0032-484a-b5d3-bcfd8c47bc11/resource/006d0fce-eec7-4b7e-a33210c2b08640b8/download/trans-motorized-vehicle-registrations-by-vehicle-body-style-2020.pdf
21

See Endnote 11.
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22

https://www.aeso.ca/assets/Uploads/Appendix-B-2021-Rate-Calculations.xlsx

23

In Section 3.05 of its 2015 report, Ontario’s Auditor General wrote:
Conservation during surplus power period contributes to expensive electricity curtailments and exports—Ontario
has spent approximately $2.3 billion in conservation programs and initiatives from 2006 to 2014, and has
committed to spending another $2.6 billion over the next six years. But investing in conservation does not
necessarily mean saving money during periods of surplus because energy savings from conservation efforts can
add to Ontario’s surplus, contributing to an oversupply of electricity that means increasing exports and/or curtailing
production. Since power is exported at prices below what generators are paid, and curtailed generators are still
paid even when they are not producing energy, both of these options are costly. From 2009 to 2014, Ontario had
to pay generators $339 million for curtailing 11.9 million MWh of surplus electricity; during the same period,
Ontario exported 95.1 million MWh of power to other jurisdictions, but the amount it was paid was $3.1 billion
less than what it cost to produce that power. In 2014 alone, 47% of Ontario’s total power exports were related to
surplus generation, with low-cost and low-carbon-emission energy, such as hydropower and nuclear-generated
electricity, being exported. As well, from 2009 to 2014, there were also almost 2,000 hours in which the Hourly
Ontario Electricity Price was negative, and Ontario paid exporters a net total of $32.6 million to take our power.
See pp. 215-216 of https://www.auditor.on.ca/en/content/annualreports/arreports/en15/3.05en15.pdf

24

For example, at the vernal and autumnal equinoxes, the sun rises at the easternmost point in continental North
America (Cape Saint Charles, Labrador) 4½ hours after it sets at the westernmost point (Cape Prince of Wales,
Alaska).

25

There are two reasons why 100% battery efficiency was assumed, even though it is not realistic. First, long-term
battery storage is already far beyond economic reach, and including an efficiency penalty would only make things
worse. Second, adding an efficiency penalty make the wind/solar optimization problem more difficult to set up,
solve, and explain. It is hardly an insurmountable problem, but the additional complexity would not alter the
conclusions in any way.

26

See Endnote 15.

27

https://www.nrel.gov/docs/fy17osti/67102.pdf

28

The “standard” gravitational constant at the earth’s surface is 9.80665 m·s−2, so the exact value is 9.80665 J.

29

In official units of measure, a “food” calorie is a kilocalorie, i.e., 1000 calories.

30

https://en.wikipedia.org/wiki/Energy_density
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PVWATTS inputs for a two-axis-tracking
array in Medicine Hat. See Endnote 7.

PVWATTS inputs for a rooftop-mounted
array in Medicine Hat. See Endnote 9.
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About Friends of Science Society

Friends of Science Society is an independent group of earth, atmospheric and solar scientists, engineers, and
citizens that is celebrating its 18th year of offering climate science insights. After a thorough review of a
broad spectrum of literature on climate change, Friends of Science Society has concluded that the sun is the
main driver of climate change, not carbon dioxide (CO2).
Friends of Science Society
P.O. Box 23167, Mission P.O.
Calgary, Alberta
Canada T2S 3B1
Toll-free Telephone: 1-888-789-9597
Web: friendsofscience.org
E-mail: contact(at)friendsofscience(dot)org
Web: climatechange101.ca
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