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Agree “to strengthen the global response to the threat of climate change, in the context of 
sustainable development and efforts to eradicate poverty, including by holding the increase in 
the global average temperature to well below 2 °C above pre‐industrial levels and to pursue 
efforts to limit the temperature increase to 1.5 °C above pre‐industrial levels, recognizing that 
this would significantly reduce the risks and impacts of climate change” (Article 2)
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Canada’s Challenge



Canada’s Advantage





Model
• Linear programming model with rich spatial and 
temporal detail



Spatial Data

• MERRA wind database with 2281 grid cells
• Grid cells: ½ degree latitude & 2/3 degree longitude
• Keep cells south of 60 latitude



Hourly Demand Data



Hourly Export Data



Model
• Linear programming model with rich spatial 
(2281 grid cells) and temporal (8760 hours) detail

• Objective: Minimize annual cost
– Annualized capital costs for new generation, 
transmission and storage

– Fuel costs
– Operations and maintenance costs
– Carbon costs



Cost Assumptions
Technology Capital Cost 

($CAD/kw)
Amortiz
ation 
(yrs)

Annualized Capital 
Cost ($CAD/MW)

Efficiency 
(%)

Variable 
O&M 

($/MWh)

Fixed O&M 
($/MW/yr)

Capacity Factor 
(%)

Min. Max.

Coal $3,836  25 $440,647  39.0% $4.48  $76,723  40% 93%
Diesel $831  25 $95,474  39.0% $19.18  $19,181  10% 95%
Natural Gas 
Combined Cycle

$1,471  20 $178,355  50.9% $3.52  $7,480  40% 70%

Natural Gas 
Simple Cycle

$1,151  20 $139,582  28.0% $7.80  $19,181  5% 20%

Nuclear $8,695  25 $998,801  32.7% $0.80  $172,626  40% 90%
Pumped Hydro $2,500  25 $287,169  75.0% ‐ $18,000 ‐ ‐

Solar $1,790  20 $205,635  ‐ ‐ $14,705  ‐ ‐

Waste NA NA NA 39.0% $100.00  $100,000  40% 80%

Wind  $1,598  20 $193,864  ‐ ‐ $47,952  ‐ ‐

Fuel $ per GJ tonnes CO2e 
per GJ

Coal 1.80 0.090
Diesel 25.80 0.072
Natural Gas 4.91 0.051
Uranium 1.00 0.000

Lazard v 9.0 (2015) and Trottier Energy Futures Project (2016)

NEB (2016) and Westmoreland Coal (2016) and Lazard v 9.0 (2015)



Cost Assumptions

Transmission 
Technology

Capital Cost ($Million 
CAD/km)

Annualized Capital Cost 
($CAD/MW/km/yr)

Fixed O&M 
($/MW/yr)

Double‐circuit 345 kv
HVDC

$2.4 $184 $10,860

Single‐circuit 230 kv
HVDC

$1.6 $557 ‐

CANWEA and General Electric (2016)

Distance to the Existing Grid



Model
• Linear programming model with rich spatial 
(2281 grid cells) and temporal (8760 hours) detail

• Objective: Minimize annual cost
– Annualized capital costs for new generation, 
transmission and storage

– Fuel costs
– Operations and maintenance costs
– Carbon costs

• Decision variables:
– Investment in new generation, transmission, storage
– Hourly dispatch



• Supply ≥ demand in each hour and balancing 
area

• Supply ≤ capacity in each balancing area

• Ramp rate constraints

Model Constraints



Wind Modelling
Average 
Wind 
Speed

• MERRA hourly wind data for 2281 grid cells
• Convert to hourly capacity factors using power curve for 3 

MW wind turbine, 80‐m hub height and 110‐m rotor swept 
diameter

• Non‐dispatchable



Solar Modelling
Annual 
Capacity 
Factor

• Hourly solar irradiation data for 235 CWECs stations
• Convert to hourly capacity factors
• MERRA grid cells obtain solar capacity factors from nearest 

CWEC station
• Non‐dispatchable



Hydro Modelling

• Distinguish between run‐of‐river and reservoir
• Differentiate intra‐day versus intra‐month storage



Extant Generation

• Account for scheduled retirements by 2025



Exporting 
region to 

destination

Installed 
Capacity in 

2011

Exporting 
region to 

destination

Installed 
Capacity in 

2011
MW MW

AB to BC 1000 NS to NB 350
AB to SK 80 PE to NB 220
BC to AB 1200 ON to MB 280
MB to ON 343 ON to QC 1980
MB to SK 150 QC to NB 1030
NB to NS 300 QC to NL 0
NB to PE 220 QC to ON 2380
NB to QC 790 SK to AB 150
NL to QC 5150 SK to MB 50
Source: Trottier Energy Futures Project (2016: 103)

Table 1 ‐ Inter‐Provincial Trade Parameters

Extant Transmission



Scenarios

• 2025 electricity demand
• Carbon pricing $0 ‐ 200/tonne CO2e
• New inter‐provincial transmission vs.            
No new inter‐provincial transmission



Marginal Abatement Costs

No new 
transmission

New transmission 
allowed



Incremental Electricity System Cost

No new transmissionNew transmission allowed



Generation Mix

No new transmissionNew transmission allowed



New Transmission ($200/tonne CO2e)

Exporting Province Importing Province MW
Alberta British Columbia 1700
Saskatchewan Alberta 9552
Manitoba Saskatchewan 1858
Ontario (north) Quebec (south) 459
Quebec (north) Quebec (south) 7167
Quebec (north) New Brunswick 356
Newfoundland and Labrador (south) Nova Scotia 48
Newfoundland and Labrador (north) New Brunswick 340
Newfoundland and Labrador (north) Newfoundland and Labrador (south) 759
Newfoundland and Labrador (north) Nova Scotia 954
Newfoundland and Labrador (north) Prince Edward Island 440
Prince Edward Island New Brunswick 437
Prince Edward Island Nova Scotia 549



Provincial Generation Mix

Provincial Generation with
New Transmission Allowed



Provincial Generation Mix

Provincial Generation with
No New Transmission



Wind Locations
at $200/tonne CO2e

No new transmissionNew transmission allowed



Balancing Variability

No new transmissionNew transmission allowed

Correlation of Net Demand and Generation



Province net demand and 
generation correlation with
New Transmission Allowed



Province net demand and 
generation correlation with
No New Transmission



Sensitivity to Natural Gas Prices



Sensitivity to Natural Gas Prices



Sensitivity to HVDC Transmission Costs



Sensitivity to HVDC Transmission Costs



Sensitivity to HVDC Transmission Costs



Summary of Results
• New transmission allows greater emissions reductions 
at any given MAC 

• Coal phase‐out equivalent to a roughly $60‐
$100/tonne carbon price

• Wind the least‐cost replacement for coal and natural 
gas as carbon prices increase

• Optimal location of wind depends on whether new 
transmission can be built

• Hydro and trade help to balance wind variability. 
Natural gas more important without new transmission

• The price of natural gas influences the optimal 
generation mix in 2025. The cost of HVDC lines 
influences the optimal location of wind turbines within 
Canada. 



Thank‐you!
Email: brett.dolter@gmail.com

Twitter: @BrettDolter 

Find the paper on‐line at SSRN:
https://ssrn.com/abstract=2907924


