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A path to sustainable energy in Atlantic Canada by 2050

M. MCCARVILLE

SUMMARY

Atlantic Canada's power supply-demand in 2050 is based on a set of recommended energy-
related solutions to global warming, air pollution mortality, energy security, and several other
impact categories. A power supply mix of 65% wind, 20% hydro, 9% tidal, 3% wave, and 3%
solar PV is considered. Atlantic Canada is assumed to be using electricity and electrolytic
hydrogen for all purposes. Capacity estimates and assumptions are discussed. Total spacing
for wind, tidal, and wave arrays, and the inundated area for new hydroelectric is examined.
End-use energy systems, including wind-electric thermal storage heaters, solar water
preheaters, solars-space heaters with seasonal storage, wind-battery electric vehicles, and
wind-hydrogen fuel cell vehicles are discussed. A carbon assessment of the total system is
given.
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1. INTRODUCTION

Jacobson (2008) reviewed and ranked “major proposed energy-related solutions to global
warming, air pollution mortality, and energy security while considering other impacts of the
proposed solutions, such as on water supply, land use, wildlife, resource availability, thermal
pollution, water chemical pollution, nuclear proliferation, and undernutrition” (p.148, see
Figure 1) [1]. Jacobson asserts the “use of wind, CSP, geothermal, tidal, PV, wave, and hydro
to provide electricity for battery electric vehicles (BEVs) and hydrogen fuel cell vehicles
(HFCVs) and, by extension, electricity for the residential, industrial, and commercial sectors,
will result in the most benefit among the options considered. The combination of these
technologies should be advanced as a solution to global warming, air pollution, and energy
security. Coal-CCS and nuclear offer less benefit thus represent an opportunity cost loss, and
the biofuel options provide no certain benefit and the greatest negative impacts.” (p.148) [2].
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The objective of this paper is to apply the above set of solutions in order to briefly consider a
path to sustainable energy for Atlantic Canada in 2050.

1. ENERGY USE AND POWER DEMAND IN ATLANTIC CANADA - 2050

A Statistics Canada Report on Energy Supply and Demand in Canada (2008) had data on
energy use for Atlantic Canada which is used to estimate the average loads for the region, as
converted to megawatts (MW) circa 2010 (see Table 1) [7]. For this assessment, Atlantic
Canada is assumed to be using electricity and electrolytic hydrogen for all purposes.
Electricity and hydrogen conservation measures (EHCM) are assumed to reduce demand to
71.2% of 2010 levels in each province by 2050, although in reality there were some province-
to-province deviations in sectors, end-uses, etc. The 71.2% figure is derived from a fraction
which compared US 2010 to 2030 power demand upon the 100% conversion to WWS
(accompanying spreadsheet, Jacobson and Delucchi, March 2011) [8].



Table 1
Atlantic Provinces, Average Power Demand (MW): 2010-2050

Load MW 2010 EHCM conversion factor Load MW 2050

PEI 738 0.712 525
NB 5192 0.712 3697
NS 5435 0.712 3870
NFLD 4010 0.712 2855
Atlantic 15376 0.712 10948

3. GENERATOR PORTFOLIO PLAN - 2050

A generator portfolio is assumed for 2050 (see: Table 2 and Chart 1). The generator fleet
includes installed capacities of 15.5 GW onshore wind, 6 GW offshore wind, 2.5 GW solar
PV, 3 GW tidal, 2 GW wave, 3.074 GW new hydro, and 1.27 GW existing hydro power.

Table 2
Atlantic Provinces, Generator Portfolio: 2050

Energy Resources Installed capacity (MW) Capacity factor (%) Ave power output (MW) Annual generation (MWh)
Wind (onshore)

- PEI 1500 0.36 540 4730400
-NB 4000 0.36 1440 12614400
-NS 2500 0.36 900 7884000
- NFLD 7500 0.36 2700 23652000
Wind (offshore) 6000 0.4 2400 21024000
Solar PV

- PEI 120 0.13 16 136656
-NB 950 0.13 127 1115148
-NS 850 0.13 1M1 967980
- NFLD 580 0.11 63 553807
Tidal 3000 0.37 1110 9723600
Wawve 2000 0.2 400 3504000
Hydro (new hydro) 3074 0.62 1906 16695509
Hydro (existing)

-NB 886 0.45 399 3492612
-NS 384 0.3 115 1009152
Total mean power output 12226

3. RESOURCE CAPACITY ASSESSMENT Chart 1
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Other reliability techniques include demand-response (ie. - thermostat setback, duty-cycle,
price, etc.) and matching variable renewables to inherent storage in energy end-uses (ie. —
heating and transportation), etc. [11,12]. Resource adequacy is discussed in Section 5.

Wind — The average capacity factor of wind farms in Canada as published by Natural
Resources Canada is 36% [13]. This is considered representative of onshore wind in Atlantic
Canada. In this paper, figures listed in a “proactive” Maritimes area wind development
scenario to 2025 reflect the installed onshore wind for PEI, NB, and NS — 1500, 4000, and
2500 MW respectively [14]. Note that the exploitable wind potential of NB was estimated as
~41,500 MW, and a conservative physical potential for exploitation in the Maritimes area was
estimated as 16,500 MW [15,16]. The Canadian Wind Energy Atlas and Statistics Canada's
Population Distribution Map indicate NFLD could develop 7500 MW+ installed onshore
wind [17,18]. Wind and bathymetric maps indicate 6000 MW+ installed offshore wind
capacity is attainable in waters up to the 100 m isobath [19-21]. The capacity factor for
offshore wind is assumed as 40%, while Dvorak et al. (2009) show California's offshore wind
energy potential by deriving capacity factors from actual buoy data, etc. [22].

Solar PV — Lubitz (2010) showed that for the United States, azimuth and two axis tracking
increased annual solar irradiation incident on a surface by an average of 29% and 34%
respectively, relative to a fixed south-facing surface at optimum tilt angle [23]. The average
capacity factor of solar PV is derived from real-time data monitoring of the 111.5 kW grid-
tied rooftop solar PV array at the Jean Canfield Building in Charlottetown and the average
capacity factor is calculated as ~13.4% [24]. This is treated to account for solar resources on a
per province basis, and installed capacity is estimated, partly as suggested by Pelland and
Poissant (2006), that evaluated the potential of building integrated PV in Canada [25]. Since
azimuth and two way tracking systems improve PV system efficiency, the aggregate
performance for solar PV is not reduced for losses from shading, angles, etc.

Tidal — An EPRI study (2006) indicated an average capacity factor of 40% for Bay of Fundy
tidal [26]. Karsten et al., (2008) later simulated that “a maximum of 7 GW of power can be
extracted by turbines” in Minas Passage and 2.5 GW of power can be extracted with a
maximum 5% change in tidal amplitude at any location [27]. Here 3 GW of installed tidal is
assumed to decrease the average capacity factor by 7% of the EPRI estimate down to 37%.

Wave — The annual mean wave power along the 1,000 m isobath off Canada’s Atlantic coast
is ~146,500 MW, but only a small fraction of available wave energy can be extracted and
converted into useful energy [28]. On the Grand Banks east of NFLD, the mean annual
energy flux is ~42 to 45 kW/m, while near the south east coast of NFLD is ~25-30 kW/m
[29]. Annual mean wave power values ~20-25 kW/m are representative for the waters near
Sable Island, and values near 10 kW/m are along the southern shore of NS [30]. A 750 kW
Pelamis wave energy converter operated at a site with average power of 24 kW/m is assumed
to generate mean power output of 152 kW for a capacity factor of ~20% [31]. It seems that
such a capacity factor is achievable if long distances from coastlines to deeper waters and
stronger waves is overcome, ie. - in terms of transmission, operation and maintenance, etc.



Hydro — Installed/average capacity of new/existing hydro are based on [32-34].
4. TOTAL SPACING AND FOOTPRINT

The estimates of total spacing required for the scenario of 2050 wind, tidal and wave arrays
rely on a simple treatment of complex variables. For instance, the optimal average wind
turbine spacing may be considerably larger than that conventionally used in wind farms [35].
Simple estimates are used here to indicate the approximate total spacing of the plants and
devices (see Map 1). Inundated land for new hydro (not shown in Map 1) at full reservoir
levels is ~145 km? [36].
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To minimize inter-turbine wake losses of wind, spacing of 10 rotor diameters downwind and
5 rotor diameters crosswind is imposed for the 126 m diameter blade of the REpower SM
turbine, so ~0.8 km? per SMW turbine is needed [37,38]. This corresponds to 240, 640, 400,
and 1200 km? in PEI, NB, NS, and NFLD respectively for total spacing of onshore wind, and
960 km? for offshore wind capacity. 4Dx7D (less spacing) is often used [39]. Actual footprint
of towers on ground is only ~25.5 m* per 100 m tower [40]. For 3,100 onshore REpower 5Ms
installed in Atlantic Canada (15.5 GW), the tower footprint occupies less than 0.08 km? of
land; ~ 90% of Parliament Hill. Area for spacing can still be used for agriculture, etc.

Tidal arrays are assumed to require ~0.5 km? per 30MW [41]. This corresponds to 50 km? per
3000 MW tidal capacity. Wave arrays are assumed to require ~4km? per 5S0MW [42]. This
translates to 160km? per 2000 MW wave capacity.



5. RESOURCE ADEQUACY ASSESSMENT

The seasonality of wind power in Atlantic Canada varies by location and is generally almost
twice in the winter compared to summer [43,44]. The Canadian Wind Energy Atlas shows
winter, spring, summer and fall seasonality [45]. The wave power in the winter is generally
four to seven times greater than in summer [46]. Co-locating wind and wave devices may
increase capacity credits compared to wind or wave farms alone, although this requires a site-
specific analysis [47]. Photovoltaic potential and solar resource maps of Canada for fixed
surface and two axis sun-tracking systems show monthly seasonality of solar for the region
[48]. An inventory of marine energy resources in Canada shows depth averaged tidal power
density near the centre of Minas Passage over a typical 15 day cycle. [49]. Global climate
change is expected to continue shifting the timing of spring peak river flows (from a few days
to more than a month early), as well as variations in flow volumes and inter-year flow
variation, although hydro reservoirs will continue to be responsive and flexible resources [50].

Solar water preheaters can provide a significant fraction of water heating needs in summer, ie.
- 80% to 90% per household, during periods when limited wind energy is ideally useful in
BEVs, etc. [51]. PEI (and presumably Atlantic Canada's) gasoline sales (ie. - personal
vehicles) are much higher in the summer than in winter. As driving decreases in wintertime,
the wind power increases. Heating, which must be met in winter by the electric power grid in
the 2050 scenario, can be supplied by wind [52]. Taken together, solar water heating, wind-
BEVs and wind-electric thermal storage for space heating and winter water heating can be
very complementary. Seasonal solar energy storage using borehole thermal energy storage
systems could also allow Atlantic Canadians to meet a significant fraction of space heating
requirements with solar [53,54]. Conservation, efficiency, demand response, electric thermal
storage heaters, solar energy with seasonal storage, battery electric vehicles, vehicle-to-grid,
hydrogen fuel cells, etc. can all be used in combination to improve the reliability of the 2050
power system in Atlantic Canada. In addition, hydro reservoirs can fill remaining supply gaps,
although to accurately model the generation, transmission and interconnection requirements
for system balance of regions: Québec, Newfoundland and Labrador, the Maritimes, New
England, etc., requires large amounts of meteorological, load, and cost data, computing time,
and new models and methods for power systems planning such as described and applied by
Hart et al. (2011) [55].

Next steps: reliability model/simulation — Hart et al. (2011) used stochastic models and
Monte Carlo approaches to simulate generator portfolios for power systems with high
amounts of variable renewable energies. Results indicate that storage capacities may enhance
power systems planning for networked renewable energy systems in Atlantic Canada by
optimizing the CO, reductions and reducing the natural gas required, relative costs, etc.

6. END-USES
Wind-electric thermal storage (ETS) heaters — Kempton et al. (2007) examined the

potential for large CO, reductions via offshore wind power matched to inherent storage in
energy end-uses — ETS heaters and batteries for transport [56]. Hughes (2009) showed if



power from the 5.24 MW North Cape Wind Farm (Phase One) is supplied to the residential
heat loads of detached PEI homes, using electric thermal storage heaters, approximately 500
homes could be supplied with more than 95% wind from the farm [57]. Hughes (2010)
examined the technical potential of off-peak electricity to serve as backup in wind-ETS
systems [58]. Muralidhar and Hughes (2010) and Muralidhar (2010), examined integrating
wind-ETS heaters and wind-BEVs for Halifax, NS [59,60]. Dhanju (2010) wrote four essays
on offshore wind power potential, development, regulatory framework, and integration, the
fourth of which analysed the potential of responsive ETS in integrating offshore wind power
for Delaware [61]. For Atlantic Canada, a household with space heating demands of ~ 18,500
kWh/yr, assuming a 95% wind plus 5% hydro back-up supply mix, might result in ~ 200kg of
COsequiv./yr. [62].

Solar water preheaters — Dempsey (2010) provided case studies of solar domestic hot water
systems installed on PEI [63-65]. In one case, a home of four installed two, flat-plate solar
collectors oriented at 15° SE and mounted on a roof with a tilt angle of 39.8° above horizontal
(10 in 12 pitch). The solar fraction was about 87% in the summer and 7% in winter and in
electricity the annual hot water demand represented ~2,418 kWh/yr. Supplies of 40%+ of the
hot water per year appear attainable in many instances across the region. Note that the impact
of high amounts of solar water preheaters is not built into the power system as modeled in
Section 1.

Solar-space heaters — Solar-space heaters include systems such as Cansolair, SolarWall,
passive solar with thermal mass, etc. [66-68]. Hughes and Wood (2007) assessed solar energy
(using seasonal energy storage) and multi-storey residential buildings for Halifax [69]. Solar-
space heaters with seasonal energy storage using in-ground borehole thermal energy storage
systems, heat the ground in the summer and supply it back to loads for space heating in
winter. The Drake Landing Solar Community in Okotoks Alberta receives somewhat more
solar energy than in Atlantic Canada, but has a solar fraction of ~ 90% for space heating (and
60% for water heating). Information on seasonal energy storage for solar-space heaters,
including the costs, real-time monitoring, etc. are available [70,71]. It is conceivable that costs
may be reduced in some cases, such as with DIY solar collectors, etc. [72]. The impact of
high amounts of solar-space heaters is not modeled in Section 1.

Wind-battery electric vehicles (BEVs) — Kempton et al. (2007) examined offshore wind
power for BEVs in New England [73]. Muralidhar and Hughes (2010) and Muralidhar (2010),
examined integrating wind-ETS heaters and wind-BEVs for Halifax, NS [74,75]. The number
of vehicles on registration lists by type of vehicle and jurisdiction in Atlantic Canada is
available [76]. For now, assume that one million BEVs requires 3 TWh per year as on the
Hydro Québec website [77]. Of the light-duty vehicle fleet in Atlantic Canada, those
weighing up to 4.5 tonnes, perhaps ~ 85% are BEVs and 15% are HFCVs based on [78]. This
translates to ~ 1.2 million BEVs and 210 thousand HFCVs; about 3.6 TWh per year for a fleet
of 1.2 million BEVs in Atlantic Canada. This represents just over 5% of total wind generation
in the proposed 2050 generator fleet. Statistics of vehicle-kilometres for provinces by type of
vehicle and day of week, type and time of day, monthly fuel sales, etc. are available and
useful for actual simulation [79].



Wind-hydrogen fuel cell vehicles (HFCVs) — Various studies, such as on the effects of
converting vehicles to wind-hydrogen fuel cell vehicles, and of wind-powered hydrogen fuel
cell vehicles on stratospheric ozone and global climate are available [80-82]. Hydrogen fuel
cell buses, tractors, passenger ships, liquid hydrogen aircraft, etc., were assumed in the
scenario for Atlantic Canada to 2050 [83-86].

Demand response — An example of demand response is sending automatic signals to
customer thermostats, etc. ie. - with customizable presets and override functions to balance
the region's grid ie. - in cold weather with simultaneous low winds in the winter. This reduces
back-up supplies (ie. - hydro, etc.) for wind-ETS space heaters at key times, and high demand
response participation levels cascade benefits into the inter-regional system (ie. - reduced
costs, emissions, materials, infrastructure, etc.).

Vehicle-to-grid (V2G) — Kempton et al. (2009) provided a test of vehicle-to-grid (V2G) for
energy storage and frequency regulation in the PJM system. Detailed results from the
industry-university research partnership are available here [87]. V2G provides real-time
frequency regulation from an electric car as a way to meet key energy requirements of the
electric power system by using electric vehicles when they are parked and underutilized. Of
several V2G applications, the most economic entry market is for ancillary services (A/S), and
a second market of interest is for spinning reserves, with much less frequent dispatch.

7. CARBON ASSESSMENT

Results from the stochastic simulation of power systems with large penetrations of renewable
energy by Hart et al. (2011) for the California ISO operating area show that deterministic grid
integration studies may overestimate the achievable carbon emissions reductions by ~ 33%
[88]. However, as the installed capacities of wind and solar continue to increase, beyond 60%
energy penetration, the emissions can be further reduced. It is suggested, in the context of a
highly variable generation portfolio, clean technologies with reliably large capacities, but low
(to zero) annual generation, may better contribute to emissions reductions than clean
technologies that boast larger capacity factors [89].

Initial carbon assessment of the Atlantic Canada power system in 2050 indicates the total life-
cycle CO; equivalent emissions, ie. - fabrication, planning-to-operation delays, etc.

69,904,800,000 kWh of wind x 8 g CO,e/kWh ~ 559 kilotonnes (kt) CO2e/yr.
9,723,600,000 kWh of tidal x 45 g CO,e/kWh ~ 437 kt CO2e/yr.

3,504,000,000 kWh of wave x 50 g CO,e/kWh ~ 175 kt CO2e/yr.

2,773,591,000 kWh of solar PV x 85 g CO,e/kWh ~ 235 kt CO2e/yr.
21,197,273,000 kWh of hydro x 65 g CO,e/kWh ~ 1377 kt CO2e/yr.

Total CO,e/yr from Atlantic Canada energy use ~ 2.783 Mt; < 1.2 tonnes per person.

Estimates of total CO,e/kWh are derived from ranges of data (Jacobson, 2009) [90]. The solar
estimate is increased by a factor of 2.5 to reflect resource availability in Canada. An actual
carbon assessment should accompany a realistic simulation of the power system.
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