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Executive Summary 1!
 2!
This report identifies the potential environmental benefits of using electrolysers to 3!
produce hydrogen using Ontario’s surplus zero-emission electricity.  IESO 4!
considers electrolysers Type 3 storage devices [R14] because they use surplus 5!
electricity to produce hydrogen that can displace fossil fuels in other sectors. 6!
 7!
Electrolysers offer an opportunity to utilize Ontario’s growing amounts of surplus 8!
zero-emission electricity to produce hydrogen for a number of applications.  9!
Industrial hydrogen is mostly produced from steam methane reforming (SMR). 10!
Steam methane reforming uses natural gas and water in the form of steam to 11!
create hydrogen gas and carbon dioxide. The carbon dioxide is released to the 12!
environment and the hydrogen is used for various applications. 13!
 14!
Electrolysers can utilize surplus zero-emission electricity to produce hydrogen 15!
gas without carbon dioxide emissions. The demand for hydrogen gas is expected 16!
to increase as hydrogen is deployed in the transportation sector.  Therefore 17!
finding a way to produce hydrogen without the carbon dioxide emissions created 18!
by the SMR process would be a significant environmental advantage.  An 19!
important question is: Can it be done economically? 20!
 21!
In order to facilitate developing an economic case for deploying electrolysers this 22!
report summarizes the analysis done of Ontario’s electrical power system and 23!
identifies: 24!

• the resulting operating capacity factor for various sized electrolyser 25!
facilities. 26!

• the wholesale market price of that surplus electricity to operate an installed 27!
electrolyser capacity of 1,000 MW. 28!

• other potential monetary benefits resulting from the use of electrolysers. 29!
 30!
This report refers to various electrolyser capacities. In practice, the listed 31!
capacities would consist of multiple modular electrolyser units that could be 32!
distributed throughout Ontario in clusters wherever demand for hydrogen exists. 33!
Larger facilities can be located wherever salt cavern storage exists. 34!
 35!
Ontario’s Surplus Zero-Emission Electricity 36!
 37!
The Ontario Society of Professional Engineers have reported that Ontario 38!
successfully reduced carbon dioxide emissions from its electrical sector by 80% 39!
from 1990 levels by the end of 2015 [R4]. 40!
 41!
While this accomplishment is worth celebrating, low emission electrical systems 42!
produce significant amounts of zero-emission electricity.  Here in Ontario, 43!
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approximately 60% of that surplus is exported to adjoining power systems where 44!
it is used to reduce emissions in those jurisdictions.  Unfortunately that surplus 45!
zero-emission electricity is typically exported at low wholesale market prices 46!
while Ontario consumers pay the full cost of that production through what is 47!
known as the global adjustment (GA) charge in retail electricity rates. Ontario 48!
does not have sufficient electrical storage to utilize the surpluses later when 49!
demand and prices are higher. Also, almost 40% of the surplus is curtailed or 50!
wasted because it cannot be exported. In 2015, 4.8 TWh of electricity, enough to 51!
power 480,000 homes for a year, was curtailed.  Finding a productive use for that 52!
surplus zero-emission electricity in Ontario should be a high priority energy policy 53!
goal.   54!
 55!
This report identifies the amount of expected surplus zero-emission electricity 56!
from Ontario’s power system until 2035, the amount of hydrogen that can be 57!
produced from a 1,000 MW fleet of electrolysers and the carbon dioxide 58!
reductions that can be achieved using that hydrogen for various applications. 59!
 60!
The Independent Electricity System Operator (IESO) has developed 4 demand 61!
scenarios based on 4 different government policy initiatives [R15]. Those 62!
planning scenarios are identified as: 63!
 64!

• Scenario A – low demand 65!
• Scenario B – flat demand 66!
• Scenario C – high demand 67!
• Scenario D – higher demand 68!

 69!
Scenario A would result in a reduction in the installed capacity of the electrical 70!
system as conservation programs continued to lower demand and electric 71!
vehicle penetration was not enhanced by aggressive incentive programs. 72!
 73!
Scenario B assumes incentives will be used to deploy 1 million electric vehicles 74!
on Ontario roads by 2035, conservation programs will continue and population 75!
will continue to increase. 76!
 77!
Scenarios C and D involve government initiatives to accelerate the deployment of 78!
electric vehicles, heat pumps for space and water heating and some modest 79!
amount of industrial fuel switching from natural gas to electricity.  Scenarios C 80!
and D will require significant new capacity that will be required for winter space 81!
heating.  This suggests Scenario C and D will result in additional quantities of 82!
surplus zero-emission electricity in the spring, summer and fall compared to 83!
Scenarios A and B. 84!
 85!
On Sep 27, 2016 the Ontario government announced the deferral of the Large 86!
Renewable Procurement II (LRP-II) process.  This report and analysis includes 87!
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the LRP-II capacity deferrals but does not include the Ontario-Quebec energy 88!
and capacity purchases announced on Oct 21, 2016. 89!
 90!
The analysis for this report uses a simplified supply and demand model of the 91!
power system based on 2014 as a reference year.  The reference year is then 92!
adjusted using IESO’s annual forecasts of supply and demand.  Because 93!
Scenarios C and D have new demand that is heavily skewed to the winter 94!
season, the simplified model is only used to analyze Scenarios A and B.  95!
Scenarios A and B should indicate the lower bound for the amount of surplus 96!
zero-emission electricity that will be available for use by a fleet of electrolysers.  97!
 98!
Scenario A has 2 supply options in the IESO planning outlook and they were 99!
both analyzed for this report.  This report presents the analysis results in more 100!
detail for Scenario B and shows the comparison with Scenario A, Options A1 and 101!
A2 in a summary table.   102!
 103!
Unless otherwise noted, the results below apply to Scenario B. 104!
 105!
Over a 20 year period from 2016-35 Ontario is expected to have 12.2 TWh on 106!
average each year of surplus of zero-emission electricity.  On average, about 3.3 107!
TWh of that surplus is expected to be curtailed (wasted) each year. In the longer 108!
term as nuclear capacity is retired, the surplus quantities above will be lower.  109!
From 2020-35 the average surplus quantity is expected to be 9.8 TWh/yr and the 110!
curtailed (wasted) quantity is expected to be 2.1 TWh/yr.  That is still enough 111!
electricity to power 980,000 and 210,000 homes respectively. 112!
 113!
Based on the IESO’s Sep 1, 2016 planning outlook [R15], Ontario is expected to 114!
have sufficient surplus zero-emission electricity from 2016 to 2035 to power a 115!
1,000 MW electrolyser plant (consisting of multiple ~ 3 MW units) at an average 116!
capacity factor (CF) of 54%. During the latter 16 year period of 2020-35 the 117!
electrolyser average operating capacity factor is expected to be about 47%.  118!
 119!
Hydrogen Production 120!
 121!
As indicated earlier, hydrogen is primarily produced from steam methane 122!
reforming (SMR). Hydrogen is used by various industrial customers to upgrade 123!
petroleum products at refineries, make ammonia, cool generator rotors and fuel 124!
hydrogen powered vehicles.  If the price is low enough, hydrogen can also be 125!
used to “green” the natural gas distribution system. 126!
 127!
A 1,000 MW electrolyser plant can produce about 85,600 tonnes/yr of hydrogen 128!
operating on surplus zero-emission electricity during the 20-year period from 129!
2016-35.  The average wholesale price of electricity during periods when surplus 130!
zero-emission electricity is available is projected to be $18.4 per MWh.  A 1,000 131!
MW electrolyser would use 81.5 Million$/year of electricity at the wholesale 132!
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market price over that 20-year period.  This means the average wholesale 133!
market cost of electricity to produce hydrogen would be $950 per tonne or $0.95 134!
per kg in 2015 $s. 135!
 136!
Environmental Benefits of Electrolysers 137!
 138!
The environmental benefits of electrolysers operating on zero-emission electricity 139!
will depend on how the hydrogen is used. Over a 20 year period from 2016-35 a 140!
1,000 MW electrolyser operating at an average 54% capacity factor using surplus 141!
zero-emission electricity can achieve the following carbon dioxide emission 142!
reductions: 143!
 144!

• 1,700,000 tonnes/yr if the hydrogen is used in fuel cell electric vehicles 145!
(FCEVs) to displace gasoline and diesel fuel. 146!

• 1,000,000 tonnes/yr if the hydrogen is used in chemical 147!
production/upgrading by displacing hydrogen currently produced by steam 148!
methane reforming. 149!

• 500,000 tonnes/yr if the hydrogen is used to produce electricity at CCGT 150!
power plants or to green the gas distribution system by displacing natural 151!
gas.  This latter application is often referred to as power-to-gas or P2G. 152!

 153!
In addition to environmental benefits, electrolysers can also provide employment 154!
and government tax revenue benefits if the surplus electricity is productively used 155!
in Ontario.  This can be facilitated by allowing Ontario electrolyser loads that are 156!
both interruptible and dispatchable to access surplus electricity at the wholesale 157!
market price similar to the price treatment afforded to adjoining power systems 158!
for interruptible energy. 159!
 160!
Benefit of Increased Export Price 161!
 162!
Ontario’s power producers will enjoy higher market prices from export sales 163!
during periods when surplus zero-emission electricity is setting the market price 164!
and the electrolyser is creating additional demand. This additional income to 165!
producers will result in lower global adjustment payments to those producers that 166!
are paid for by Ontario electricity consumers.  The reduction in global adjustment 167!
charges will be approximately $42 million annually or $838 Milllion in 2015 $s 168!
over the 20 year period from 2016-35.   169!
 170!
Issues that Warrant Further Study 171!
 172!
(1) Government Tax Revenue Benefit of Reduced Curtailment of Hydroelectric 173!
 174!
When hydroelectric generation is curtailed, governments forego the production 175!
tax revenue on the curtailed output.  If sufficient electrolyser capacity is installed 176!
the hydroelectric curtailment can be reduced and the associated production tax 177!
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revenue can be recovered by the government.  Between $4 and $14.4 for each 178!
MWh reduction in curtailed hydroelectric output can be recovered by the 179!
government depending on which plant experiences reduced curtailment.  How 180!
much of the forgone tax revenue can be recovered warrants further study. 181!
 182!
 (2) Ancillary Services to the Power System 183!
 184!
Electrolysers are sufficiently fast and flexible that they could provide a number of 185!
ancillary services to the power system if required. Of particular interest to the 186!
IESO at the moment is flexibility to counteract forecasting errors of variable 187!
generation.  Those forecasting errors cause market prices to diverge significantly 188!
from forecasted prices.  The IESO is looking for 300 MW of flexibility by the end 189!
of 2017 and an additional 700 MW by the end of 2018 in flexible resources that 190!
can counteract forecasting errors in 20 to 30 minutes.  Electrolysers can provide 191!
that flexibility when they are operating on-line.  The available flexible capacity is 192!
the difference between their operating power level down to zero or up to their full 193!
power capacity rating.  The extent to which ancillary services could be provided 194!
economically warrants further study. 195!
 196!
(3) Cap-and-Trade Offset Credit Revenue 197!
 198!
Ontario plans to introduce a cap-and-trade program in 2017 under its Bill 172 199!
[R7].  Bill 172 includes an offset credit program that will likely be similar to 200!
Quebec and California.  Projects that can demonstrate permanent greenhouse 201!
gas emission reductions that would not have otherwise occurred under the cap 202!
and trade program may qualify for offset credits that can be sold in the cap-and- 203!
trade market. Because electrolyser hydrogen production can reduce emissions 204!
from small facilities that are not covered by the cap and trade program and 205!
whose hydrogen source may not be subject to a carbon price, it would be 206!
prudent to monitor the regulations as they are developed to determine if 207!
electrolysers can qualify for offsets credits. 208!
 209!
Cautionary note: 210!
 211!
It is important to realize that the results in this report are projections of future 212!
market conditions using a simplified model.  The actual future market conditions 213!
may differ from those analyzed in this report and the simplifying model 214!
assumptions may prove to be unsuitable for those future conditions. Before any 215!
investment decisions are made based on the simplified analysis in this report the 216!
author recommends a sensitivity analysis be undertaken with a more 217!
sophisticated model to better assess the inherent investment risks involved. 218!
 219!
One major investment risk is a change in the government policy related to the 220!
current rules preventing Ontario consumers from accessing surplus zero- 221!
emission electricity at the wholesale market price.  If those rules change the 222!
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resulting quantities of surplus zero-emission electricity available to any single 223!
consumer or project may drop significantly.  Contractual arrangements may need 224!
to be negotiated in advance with the government or regulatory authorities to 225!
ensure investment risks are acceptable. 226!
 227!
All cost data is in 2015 $s. 228!
 229!
Table 1 below summarizes the analysis results for Scenarios A and B. 230!
 231!

Table 1 232!
Analysis Results - Electrolyser Using Surplus Zero-Emission Electricity  233!

Under Different Planning Scenarios 234!
 235!

 Scenario A 
Option A1 

Low 
Demand 
+ LRP-II 
Deferral 

Scenario A 
Option A2 

Low 
Demand 
+ LRP-II 
Deferral 

Scenario B 
Flat 

Demand 
+ LRP-II 
Deferral 

2016-35 Period 
   

Surplus electricity available, TWh/yr 13.0 13.2 12.2 

Curtailed electricity avail., TWh/yr 3.5 3.9 3.3 

1,000 MW Electrolyser CF, % 60 58 54 

Hydrogen produced, kt/yr 94.1 92.0 85.6 

Electricity wholesale rate, $/MWh 18.6 18.3 18.4 

Cost of electricity, M$/yr 91.2 87.2 81.5 

Electricity cost in H2 price, $/kg 0.97 0.95 0.95 

CO2 reduction for FCEV, Mt/yr 1.8 1.8 1.7 

CO2 reduction for SMR, Mt/yr 1.1 1.1 1.0 

CO2 reduction for P2G, Mt/yr 0.6 0.6 0.5 

Improved export revenue, M$/yr 46 43 42 

2020-35 Period 
   

Surplus electricity available, TWh/yr 10.5 10.7 9.8 

Curtailed electricity avail., TWh/yr 2.2 2.7 2.1 

1,000 MW Electrolyser CF, % 53 52 47 
 236!
  237!
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1. Introduction 268!
 269!
Electrolysers offer an opportunity to utilize surplus zero-emission electricity to 270!
produce hydrogen without the carbon dioxide emissions of present production 271!
methods.  IESO considers electrolysers Type 3 storage devices because they 272!
use surplus electricity to produce hydrogen that displaces fossil fuels in other 273!
sectors.   274!
 275!
Industrial hydrogen is mostly produced from steam methane reforming (SMR). 276!
Steam methane reforming uses natural gas and water in the form of steam to 277!
create hydrogen gas and carbon dioxide. The carbon dioxide is released to the 278!
environment and the hydrogen is used for various applications. 279!
 280!
The Ontario government’s Climate Change Action Plan [R9] includes the 281!
deployment of hydrogen vehicles in the transportation sector.  Hydrogen demand 282!
is expected to increase as a consequence.  Therefore finding a way to produce 283!
hydrogen without the carbon dioxide emissions created by the SMR process 284!
would be a significant environmental advantage.  An important question is: Can it 285!
be done economically? 286!
 287!
This report examines several performance factors that will affect the economic 288!
viability of hydrogen production using electrolysers when we try to leverage 289!
Ontario’s surplus zero-emission generation capacity.  A quantitative analyses is 290!
provided of the Independent Electricity System Operator’s (IESO’s) Sep 1, 2016 291!
Ontario Planning Outlook Scenarios A - Low Demand and B - Flat Demand 292!
including the Sep 27, 2016 government announcement to defer the Large 293!
Renewable Procurement-II program. A qualitative analysis is provided for the two 294!
high demand Scenarios C and D which cannot be analysed quantitatively with 295!
the present simplified model. 296!
 297!
To complete an economic justification to deploy electrolysers, a subsequent 298!
report(s) will need to incorporate the capital, operating and maintenance costs of 299!
the electrolyser.  That work is beyond the scope of this analysis and report. 300!
 301!
This report has the following sections: 302!
 303!
1. Introduction – section is a basic introduction to the report and its contents. 304!
2. Background and Methodology – describes the electricity market and methods 305!

used to do the analysis presented in this report. 306!
3. Availability of Surplus Zero-Emission Electricity – describes the estimated 307!

amounts of surplus zero-emission electricity that may be available in future 308!
years for the IESO Scenarios A and B and the resulting capacity factors and 309!
hydrogen production for electrolysers of varying size.  310!
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4. Impact on Carbon Dioxide Emissions – describes the estimated carbon 311!
dioxide emission reductions that could be realized in different sectors by 312!
using hydrogen produced by an electrolyser operating on zero-emission 313!
electricity for IESO Scenarios A and B. 314!

5. Cost of Surplus Zero-Emission Electricity – describes the estimated 315!
wholesale market cost of electricity to operate the electrolyser for IESO 316!
Scenarios A and B and the resulting energy cost in the price of hydrogen.  A 317!
rationale is provided to justify why electrolysers should be able to access 318!
surplus zero-emission electricity at the wholeslae market price without other 319!
markups. 320!

6. IESO’s High Demand Planning Outlook Scenarios – discusses qualitatively 321!
the impact of IESO’s two high demand Scenarios C and D on surplus and 322!
curtailed zero-emission Electricity.  323!

7. Issues that Warrant Further Study – includes a discussion of the government 324!
tax revenue benefit from reducing the curtailment of hydroelectric production, 325!
ancillary services that electrolysers can provide to the power system and 326!
potential revenue from the sale of offset credits if electrolysers qualify under 327!
the new Ontario Cap-and-Trade progam that will be implemented in 2017. 328!

8. Conclusions – summarizes the conclusions of the analysis. 329!
9. Abbreviations – summarizes the abbreviations used in the report for the 330!

convenience of readers. 331!
10. References – summarizes a list of references used to produce this report. 332!
Appendix A – summarizes in more detail the modeling assumptions, 333!
simplifications and methodology used to create the computational model and the 334!
supply/demand input data used to produce the results in this report. 335!
Appendix B – summarizes the carbon dioxide reduction factors used in the 336!
analysis and how they were derived. 337!

2. Background and Methodology 338!
 339!
The Ontario Society of Professional Engineers has reported [R4] that by 2015, 340!
Ontario had successfully reduced carbon dioxide emissions from its electrical 341!
sector by 80% from 1990 levels. Ontario did this over a 12-year period from 2003 342!
to 2015.  Ontario was able to accomplish this very significant achievement by 343!
restarting six nuclear reactors that had been shut down in the 1990s, by 344!
replacing coal generation with natural gas generation and by investing in wind 345!
and solar generation with modest additional amounts of hydroelectric and bio- 346!
energy generation. 347!
 348!
While this accomplishment is worth celebrating it has also resulted in a significant 349!
amount of zero-emission electricity that is surplus to Ontario's needs. 350!
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Approximately 60% of that surplus is exported to adjoining power systems where 351!
it can reduce emissions in those jurisdictions.  Unfortunately that surplus zero- 352!
emission electricity is typically exported at low wholesale market prices while 353!
Ontario consumers pay the full cost of that production through what is known as 354!
the global adjustment (GA) charge in retail electricity rates.  Ontario does not 355!
have sufficient storage to utilize the surpluses later when demand and prices are 356!
higher.  Also, almost 40% of the surplus is curtailed (wasted) because it cannot 357!
be exported.  358!
 359!
Low emission electricity generation technologies produce energy out of 360!
alignment with consumers' hourly electricity demand. Hydroelectric generation is 361!
dependent on rainfall. Nuclear generation is relatively inflexible and cannot easily 362!
follow customer load demand changes. Wind generation produces energy at 363!
night when there is insufficient consumer demand to absorb it. Solar and wind 364!
generation compete for the daytime peak consumer demand.  As the amount of 365!
zero-emission generation capacity increases relative to fossil-fired capacity, there 366!
will be greater amounts of surplus zero emission electricity available. 367!
 368!
This means that very low emission power systems inherently create significant 369!
amounts of surplus zero-emission electricity.  That surplus can be stored, 370!
exported or curtailed (wasted).  “It can also b used to displace fossil fuels in other 371!
sectors.  This report is the subject of one such technology – grid integrated 372!
electrolysis. 373!
 374!
In 2015 Ontario's electrical energy supply mix at the high voltage transmission 375!
level was 60% nuclear, 24% hydroelectric, 10% natural gas, 6% wind and about 376!
1% solar and bio-energy. This means that overall, Ontario's IESO controlled 377!
power system only emits about 40 grams carbon dioxide per kilowatt hour of 378!
electricity. Power systems in most developed countries emit well over 400 grams 379!
carbon dioxide per kilowatt hour of electricity [R12]. 380!
 381!
However, on an incremental production basis the emissions will depend on what 382!
technology is being used to produce the next megawatt hour (MWh). If the next 383!
MWh of demand uses only zero-emission generating sources such as nuclear, 384!
hydroelectric, solar or wind the additional operational emissions will be 0 kg 385!
carbon dioxide per MWh. 386!
 387!
The term “zero-emission electricity” is used in this report to describe electricity 388!
from generation technologies that have zero carbon dioxide emissions during 389!
their operation.  These include hydroelectric, wind, solar, nuclear and bio-energy.  390!
Bio-energy is included as a zero-emission electricity source because it is carbon 391!
neutral when operated in a sustainable way (essentially when we grow what we 392!
consume). 393!
 394!
The report also uses the terms “surplus” and “curtailed” zero-emission electricity.  395!



Grid!Integrated!Electrolysis!–!Facilitating!Carbon!Emission!Reductions!
in!the!Transportation,!Industrial!and!Residential!Sectors!

!

!
Grid Integrated Electrolysis-Oct 31, 2016 nwm! Page 11 of 65 
! !

Surplus zero-emission electricity is production from zero-emission generation 396!
that is not required by Ontario consumers at that instant in time and cannot be 397!
stored.  Surplus zero-emission electricity is exported to adjoining power systems 398!
or is curtailed if it cannot be exported.  Because natural gas-fired generation 399!
provides much of Ontario’s operating reserves for reliability purposes and must 400!
be available at all times, gas-fired generation will typically be operating even 401!
when surplus zero-emission electricity is being exported or curtailed. 402!
 403!
Curtailed zero-emission electricity is surplus zero-emission electricity that cannot 404!
be stored and cannot be exported to adjoining power systems.  405!
 406!
Hydroelectric plants curtail output by spilling water over their dams or around 407!
their turbines.  Wind and solar facilities curtail output by not converting the 408!
available renewable energy into electricity.  Ontario’s CANDU nuclear plants 409!
curtail output by diverting their steam energy around their steam turbines into the 410!
main condensers and effectively discharge the thermal energy into the cooling 411!
system without producing electricity.   In all these cases, curtailed electricity is 412!
effectively wasted.   413!
 414!
The Nature of Electricity Production in Ontario 415!
 416!
Electricity is a manufactured energy source.  In Ontario it is manufactured from 417!
primary energy sources such as hydroelectric, nuclear, natural gas, wind, solar, 418!
and bio-energy.  Because electricity is manufactured it requires considerable 419!
capital investment for the power plants, transmission and distribution.  Also 420!
labour costs are incurred to operate and maintain that infrastructure whether or 421!
not all the available electricity is used. 422!
 423!
Electricity demand is not constant.  Electricity demand varies hourly, weekly and 424!
seasonally.  Summer and winter demand are higher than the spring and fall 425!
demand.  Daytime demand is higher than nighttime demand.  Weekday demand 426!
is higher than weekend demand. 427!
 428!
If the supply mix for the power system is made up primarily of fossil fuel sources, 429!
when demand is low the power plants are dispatched down and they incur lower 430!
fuel costs and produce fewer emissions.  However, if the supply mix is mainly 431!
from zero-emission sources such as nuclear, hydroelectric, wind, solar and bio- 432!
energy, when demand is low, curtailing the surplus production does not result in 433!
fuel savings or environmental benefits.  Electrical storage could allow the excess 434!
production to be saved for later use, albeit with some conversion losses.  435!
Unfortunately, electrical storage particularly long-term seasonal storage is not 436!
available in Ontario due to its high cost.  Most jurisdictions curtail (or waste) 437!
excess production of zero-emission electricity if they cannot store it or export it to 438!
adjoining power systems. The situation is exacerbated by weather dependent 439!
variable generation like wind and solar whose production profiles do not align 440!
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well with the load demand profile. 441!
 442!
Also, Ontario’s current nuclear capacity cannot reduce its fuel consumption when 443!
its electrical output is curtailed for a short period (hours). Electrical output is 444!
curtailed by dumping steam to the condensers rather than lowering reactor power 445!
due to reactor physics considerations. 446!
 447!
Consequently, Ontario’s low emission power system creates a considerable 448!
amount of surplus zero-emission electricity.  About 60% of the surplus is 449!
currently exported at very low wholesale market prices and about 40% of it is 450!
curtailed because the export market and/or transmission interties cannot 451!
accommodate all of it.   452!
 453!
When surplus zero-emission electricity is exported or curtailed the environmental 454!
and economic benefits are lost to Ontario residents.  Ontario’s exported zero- 455!
emission electricity is enjoyed by our neighbouring power systems at the 456!
expense of Ontario electricity ratepayers who pay for most of its production cost. 457!
 458!
The Wholesale Market for Electricity 459!
 460!
A detailed description of Ontario’s wholesale electricity market operation is 461!
beyond the scope of this report.  The IESO maintains training materials [R13] on- 462!
line for readers who would like to get a better understanding of market 463!
operations. 464!
 465!
The wholesale auction market for electricity in many jurisdictions in North 466!
America including Ontario, trades electricity on a marginal cost of production 467!
basis.  Producers bid their marginal cost that represent the incremental cost to 468!
produce the next MWh of output.  When sufficient supply or bids in ascending 469!
order equals the IESO forecasted demand, the resulting market clearing price is 470!
paid to all producers who are dispatched “on” even if their marginal cost of 471!
production is lower.   472!
 473!
Surplus zero-emission electricity is traded between jurisdictions at the wholesale 474!
market clearing price plus a small uplift charge when that electricity is 475!
interruptible.  Ontario market rules do not permit negative prices for exports.  476!
Negative wholesale market prices are permitted within Ontario. 477!
 478!
The marginal cost of production for zero-emission electricity varies between 479!
+$14.4 per MWh and large negative values depending on the generation type.  A 480!
large negative marginal cost implies a very large cost to shutdown the plant.  The 481!
marginal cost of production for zero-emission generation is much lower than for 482!
fossil fuel plants that must pay for fossil fuel when they produce energy. 483!
 484!
When zero-emission electricity is in surplus, it sets the market clearing price at its 485!
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marginal cost of production. This provides Ontario with the opportunity of using 486!
low marginal cost electricity on an interruptible basis to generate emission free 487!
hydrogen to displace fossil fuel consumption in other sectors of Ontario’s 488!
economy.  As long as that interruptible electricity is sold within Ontario at the 489!
market price there is no additional cost transfer to other electricity consumers. 490!
 491!
For the purposes of this report and study, the operation of the electrolyser is 492!
restrict to periods when zero-emission energy sources are in surplus and are 493!
setting the market clearing price.  This happens when the market demand is 494!
satisfied by zero-emission generation.  Because marginal costs for natural gas 495!
generation is mainly for fuel, natural gas generation will be dispatched “off” if the 496!
market price falls below its fueling price.  The only exception is natural gas 497!
generation that is required for operating reserve and cannot be dispatched “off”.  498!
In 2015 natural gas spot prices at the Henry Hub varied between $1.77 and 499!
$3.09 US/million BTU with an average price of $2.62 US/million BTU. At 0.77 500!
cents US/Canadian dollar and including delivery charges to Ontario, that would 501!
translate into a fuel price of approximately $4 CAN/million BTU delivered to 502!
Ontario plants.  The corresponding marginal cost of fuel for combined cycle gas 503!
turbine (CCGT) plants would be about $30 CAN/MWh.   504!
 505!
The highest marginal cost for zero-emission generation is $14.4 /MWh for large 506!
hydroelectric facilities.  Consequently there is a sufficient spread between natural 507!
gas-fired generation and zero-emission generation that price can be used as an 508!
effective indicator of whether the power system is operating on zero-emission 509!
generation. Using the market price to determine when the electrolyser should or 510!
should not produce hydrogen has two advantages.  It ensures that only surplus 511!
zero-emission electricity is used to operate the electrolyser and the electrolyser 512!
can be automatically dispatched by the present market dispatching software 513!
provided that the electrolyser owner bids into the wholesale market.  Because the 514!
electrolysers will be dispatched “off” at higher market prices when consumer 515!
demand exceeds the supply of zero-emission generation, the electrolysers will 516!
not impose any additional capacity demands on the power system.  This is 517!
important because that is a precondition to avoid paying for various capacity 518!
surcharges reflected in the higher retail prices for uninterruptible electricity. 519!
 520!
There are some resources on the Ontario power system that do not enjoy fixed 521!
guaranteed prices for their production under their power purchase agreements 522!
(PPAs).  These plants will typically bid marginal prices higher than their fuel costs 523!
because they need to cover their fixed costs with their bids rather than through a 524!
payment from the global adjustment account.  These plants will typically run at 525!
much lower capacity factors.  They operate during higher market price periods 526!
when demand is high or when there is a forecasting error or technical problem 527!
with some resource and their bids are accepted to fill a supply-demand gap.  528!
Dispatchable loads may be curtailed when generation is insufficient but their 529!
market offer prices to reduce load will be high due to the high cost of shutting 530!
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down a customer’s production facility.  Also inflexible hydroelectric and nuclear 531!
plants typically have high shutdown costs ( or large negative marginal costs) so 532!
they will place large negative bids into the market to minimize the chance that 533!
they receive a dispatch order to shut down. 534!
 535!
These very high or very low marginal cost resources can create large price 536!
changes when their bids are accepted.  For example the historical Hourly Ontario 537!
Electricity Price (HOEP) for 2014 shows: 538!
 539!

• the simple average HOEP price was $32.39 per MWh 540!
• the volume weighted average HOEP price was $36.10 per MWh 541!
• the simple median HOEP price was $18.50 per MWh 542!
• the highest HOEP price was $964.28 per MWh 543!
• the lowest HOEP price was negative $110.10 per MWh 544!

 545!
Implications for this Study 546!
 547!
To support economic justification to build an electrolyser to produce zero- 548!
emission hydrogen, the operating capacity factor when only operating on surplus 549!
zero-emission electricity must be determined.  550!
 551!
To determine the cost of electricity to operate the electrolyser we need to 552!
determine what type of zero-emission generation is setting the market price when 553!
there is a surplus of zero-emission generation.  554!
 555!
In order to keep modeling costs reasonable for a conceptual study, a number of 556!
assumptions have been incorporated into the model that was used for the 557!
analysis of electrolyser operating capacity factor, reduction in carbon dioxide 558!
emissions and wholesale market cost of electricity needed to operate the 559!
electrolyser.  560!
 561!
Appendix A describes in more detail the modeling assumptions, simplifications 562!
and methodology. Some of the more important assumptions and methodology 563!
are summarized below. 564!
 565!
Ontario’s Supply and Demand Outlook 566!
 567!
Ontario’s annual consumer demand on the high voltage transmission system was 568!
taken from the IESO actual data in 2014 and 2015 and for future years from 569!
IESO’s Ontario Planning Outlook, dated Sep 1, 2016 [R15].  The data was 570!
adjusted to remove the embedded demand supplied by embedded generation in 571!
the distribution system and to incorporate the LRP-II deferral announced by the 572!



Grid!Integrated!Electrolysis!–!Facilitating!Carbon!Emission!Reductions!
in!the!Transportation,!Industrial!and!Residential!Sectors!

!

!
Grid Integrated Electrolysis-Oct 31, 2016 nwm! Page 15 of 65 
! !

government on September 27, 20161.  However, this report does not incorporate 573!
the impact of the Ontario-Quebec joint announcement2 regarding the use of 574!
Quebec storage and imports that was announced on October 21, 2016 [R16]. 575!
 576!
While Ontario will continue to have surplus generating capacity for the 577!
foreseeable future, its ability to export the surplus will be limited by inter-tie 578!
capacity and market conditions in adjoining jurisdictions. The 2014 and 2015 total 579!
demand including exports on the high voltage transmission system is set equal to 580!
the actual values published by the IESO for the analysis in this report. 581!
 582!
Export demand was not identified separately in the IESO Sep 1, 2016 Planning 583!
Outlook.  Consequently, the total power system demand on high voltage 584!
transmission system from 2016 to 2035 has been modeled equal to the 585!
forecasted Ontario demand on high voltage transmission system in each year 586!
plus the implied export demand provided in the IESO Preliminary Outlook and 587!
Discussion presentation dated March 23, 2016 [R1].  The implied export demand 588!
each year was determined by subtracting the Ontario Demand on high voltage 589!
transmission system from the Total Demand after removing the embedded 590!
demand supplied by embedded generation in the distribution system.   591!
 592!
The hourly production (supply) profile for each resource type in 2014 was used 593!
as a reference hourly production profile.  The 2014 reference hourly production 594!
profile was also adjusted to include the curtailed electricity in order to arrive at 595!
the total available hourly production capability for each resource type in 2014.  596!
The 2014 available hourly production capability was then adjusted annually to 597!
reflect increases or decreases in the installed capacity noted at each year-end in 598!
the IESO Planning Outlook [R1] or LRP-II deferral announcement for each IESO 599!
planning scenario.  Where capacity reductions are forecasted in Scenarios A1 600!
and A2, the reductions were made to directed or expired contract capacity, not 601!
operating or committed capacity. 602!
 603!
Since there was no transmission connected solar generation in 2014, the 604!
analysis uses the hourly production profile for a full 1-year period from the 100 605!
MW Grand Solar Facility in Haldimand County near Hamilton beginning on May 606!
1, 2015 to April 29, 2016.  The solar production reference year dataset was 607!
developed by taking the Grand Solar Facility data for Jan 1, 2016 to April 29, 608!
2016 and assigning that data to Jan 1, 2015 to Apr 30, 2015.  The 1 day 609!
discrepancy at the end of April was due to an extra day on Feb 29, 2016 because 610!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Ontario government announcement on LRP-II deferral, Sep 27, 2016 is available at:  
https://news.ontario.ca/mei/en/2016/09/ontario-suspends-large-renewable-energy-
procurement.html 
 
2  Announcement by Ontario and Quebec, Oct 21, 2016, is available at: 
https://news.ontario.ca/opo/en/2016/10/ontario-and-quebec-working-together-to-drive-economic-
growth.html?utm_source=ondemand&utm_medium=email&utm_campaign=p!
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2016 was a leap year.  The 2015 full year data for the Grand Solar Facility was 611!
then used as the 2014 reference hourly production profile for solar capacity in 612!
each subsequent year. Leap year days in the 2016-35 period were not included 613!
in the model or for the analysis in this report. 614!
 615!
The hourly demand profile in 2014 was used as a reference hourly demand 616!
profile.  The 2014 reference hourly demand profile was then adjusted annually to 617!
reflect increases or decreases in annual demand noted at each year end in the 618!
IESO Sep 1, 2016 Ontario Planning Outlook for each IESO scenario.   619!
 620!
Calculating Surplus and Curtailed Energy 621!
 622!
IESO defines surplus base-load generation (SBG) as the sum of the following 623!
available resources that exceed the Ontario demand: 624!
 625!

• Nuclear  626!
• Hydroelectric  627!
• Wind 628!
• Solar 629!
• Self-schedulers (eg: most bio-energy and combined heat and power) 630!
• Must-run gas fired generation for reliability 631!
• Output from units undergoing commissioning 632!

 633!
With the exception of natural gas-fired resources, all the other resources listed 634!
above have zero operating emissions of carbon dioxide.  IESO differentiates 635!
between SBG that can be exported and SGB that cannot be exported.  SBG that 636!
cannot be exported is curtailed by the IESO.  To avoid confusing the two types of 637!
SBG, this report uses the terms: 638!
 639!

• “surplus zero-emission electricity” for the total SBG, and  640!
• “curtailed zero-emission electricity” for the SBG that is curtailed 641!

 642!
For the purposes of this report we define and calculate surplus zero-emission 643!
electricity as the available hourly capacity from nuclear, hydroelectric, wind, solar 644!
and bio-energy generation that cannot be absorbed by Ontario demand after 645!
taking account of must-run gas fired generation for reliability, self-schedulers and 646!
imports.  The analysis in this report does not consider the impact of 647!
commissioning activities on the surplus amounts. 648!
 649!
For the purposes of this report we define curtailed zero-emission electricity as 650!
available hourly capacity from nuclear, hydroelectric, wind, solar and bio-energy 651!
generation that cannot be absorbed by the total demand including export sales 652!
after taking account of must-run gas fired generation for reliability, self- 653!
schedulers and imports.  The analysis in this report does not consider the impact 654!
of commissioning activities on curtailment amounts.   655!
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 656!
Imports are included in the surplus and curtailment amount because historically 657!
imports have been permitted during periods when Ontario’s zero-emission 658!
generation is in surplus or is being curtailed.  659!
 660!
Import data was not provided in the IESO Sep 1, 2016 Ontario Planning Outlook.  661!
For the analysis in this report, we assumed hourly imports for each year will be 662!
similar to 2014.  Actual data for 2015 and 2016 show imports have been rising 663!
since 2014.  This suggests Ontario will have more surplus and curtailed 664!
electricity than identified in this report if that trend continues. 665!
 666!
The analysis in this report also assumes annual export sales will be the same as 667!
the implied export demand provided in the IESO in its Preliminary Outlook and 668!
Discussion presentation dated March 23, 2016 [R1].  US power systems are 669!
incorporating lower emission generation sources like Ontario has already done.  670!
As adjoining US power systems install cleaner generation sources their 671!
wholesale market prices (marginal production costs) will fall.  That will make it 672!
more difficult for Ontario to sell surplus energy into those markets.  If export sales 673!
fall in future years compared to 2014, Ontario can expect to have larger amounts 674!
of curtailed electricity than identified in this report.  Consequently, finding a 675!
productive use for Ontario’s surplus zero-emission electricity should be a high 676!
priority energy policy goal. 677!
 678!
As indicated earlier, a more detailed discussion of the modeling assumptions, 679!
simplifications, methodology and the supply and demand datasets used in the 680!
model can be found in Appendix A of this report.   681!

3. Availability of Surplus Zero-Emission Electricity 682!
 683!
This report presents graphical results for the analysis performed on IESO 684!
Scenario B – Flat Demand including the LRP-II deferral.  Results for IESO 685!
Scenario A, Supply Options A1 and A2 including the LRP-II deferral are 686!
summarized in tables.  For convenience we also refer to the 2 supply options as 687!
Scenario A1 and Scenario A2. 688!
 689!
The analysis shows that the amount of surplus zero-emission electricity will vary 690!
from year to year depending on Ontario’s supply mix.  Figure 1 below shows the 691!
annual estimated amounts of surplus zero-emission electricity (red line) and 692!
curtailed zero-emission electricity (blue line). The surplus electricity line (red line) 693!
includes the amounts of curtailed electricity (blue line).  The difference between 694!
the two lines will be exported at low prices unless Ontario finds ways to 695!
productively use that surplus within Ontario.   696!
 697!
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Ontario is currently able to export most of its surplus zero-emission electricity to 698!
New York and Michigan.  This is possible because Ontario’s low emission power 699!
system has a lower marginal cost of production than New York’s and Michigan’s 700!
high emission power systems. 701!
 702!

Figure 1 703!
Annual Surplus and Curtailed Amounts of Zero-emission Electricity 704!

in IESO Scenario B including LRP-II Deferral 705!
 706!

 707!
 708!
 709!
However, if New York and Michigan add significant amounts of wind and solar 710!
generation to their power systems their marginal cost of production could drop 711!
during some hours below the marginal cost of Ontario’s hydroelectric generation 712!
that has higher marginal cost than wind and solar generation.  If that happens 713!
imports into Ontario could rise from New York and Michigan and curtailment of 714!
Ontario’s hydroelectric generation could increase.  While this could be seen as 715!
negative it does present a significant opportunity.  If Ontario finds a way to 716!
productively use surplus zero-emission electricity to reduce carbon emissions in 717!
other sectors, Ontario could begin to enjoy the economic benefits of receiving low 718!
cost zero-emission electricity from adjoining US power systems.  That would be a 719!
welcome reversal of the current situation. 720!
 721!
It is important to appreciate that if export demand drops, curtailment will rise.  722!
However, if export demand rises, transmission capacity must be available in 723!
order for the curtailment amount to drop. 724!
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 725!
Surpluses have been rising the past few years as more variable generation 726!
capacity is added to the Ontario power system.  On August 12, 2016 OPG 727!
reported their 2016 second quarter hydroelectric spill or curtailment [R17]. It is up 728!
50% over the previous year's equivalent quarter (1.8 TWh compared to 729!
1.2  TWh).  For the 6 month period, hydroelectric spill or curtailment was 3.4 730!
TWh compared to 1.5 TWh for the same 6 month period in 2015.  That means 731!
hydroelectric curtailment is running more than double the amount in 2015 and it 732!
is already larger than the entire spill of 3.2 TWh in 2015.  The 3.4 TWh is enough 733!
power for over 680,000 homes during that 6 month period.  Hydroelectric 734!
generation typically spills about 60% of the curtailed zero-emission energy 735!
because it is the first resource type to curtail surpluses.  This suggests that the 736!
wind, solar and nuclear curtailment in 2016 will also be significantly larger than 737!
2015 when IESO reports those figures in early 2017. 738!
 739!
Another significant factor that affects curtailment amounts is the number of 740!
nuclear reactors at the Bruce and Darlington stations that will be out of service 741!
for refurbishment and the number of reactors that will be retired at the Pickering 742!
station.  2024 has a significant increase in the amount of surplus zero-emission 743!
electricity because 2 reactors return to service after their refurbishment but the 4 744!
reactors at Pickering are not retired until the end of 2024.  From 2028 to 2034 745!
additional reactors return to service after refurbishment and the quantities of 746!
surplus zero-emission electricity rises.  However, the amounts after 2034 are not 747!
as large as before 2020 because the retirement of the 6 Pickering reactors 748!
results in less total nuclear capacity each year and the replacement wind and 749!
solar generation have lower capacity factors than nuclear generation. 750!
 751!
On average over a 20-year period from 2016-35 Ontario is expected to have a 752!
surplus of zero-emission electricity of about 10.4 TWh/yr.  On average about 2.6 753!
TWh/yr of that surplus is expected to be curtailed (wasted).  The curtailed 754!
amount is sufficient to power 260,000 homes according to the average 755!
consumption of Ontario homes stated in Ontario’s 2013 Long Term Energy Plan.   756!
 757!
However, it is important to note that the amount of surplus zero-emission 758!
electricity is higher in 2014 to 2019 period compared to the latter period from 759!
2020 to 2035.  This is because of the eventual retirement of the Pickering 760!
Nuclear Station and no planned increase in new nuclear generation in Scenarios 761!
A or B.  A more prudent economic evaluation of the electrolyser performance 762!
would consider the average availability of zero-emission electricity after 2019.  763!
The average expected amount of surplus zero-emission electricity for the period 764!
from 2020-35 is 8.8 TWh/yr and the average expected amount of curtailed zero- 765!
emission electricity for the period from 2020-35 is 1.9 TWh/yr. 766!
 767!
The model used to produce this study and report is a simplified conceptual study 768!
model not a detailed planning model.  Consequently the estimated values of 769!
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demand and supply and the resulting predicted electrolyser performance data will 770!
be subject to modeling uncertainty.  Readers should keep that in mind when 771!
using the performance data in this report. 772!
 773!
Figure 2 below shows the electrolyser capacity factor for different electrolyser 774!
installed capacities when operating with surplus zero-emission electricity.   775!

 776!
Figure 2 777!

Electrolyser Capacity Factor with Surplus Zero-emission Electricity 778!
for IESO Scenario B including LRP-II Deferral 779!

 780!

 781!
 782!

 783!
For information purposes the average capacity factor of Ontario’s natural gas 784!
fired plants is also shown (black line) in Figure 2.  It is worth noting that natural 785!
gas capacity factor and wholesale market prices both follow an inverse 786!
relationship with nuclear capacity.  When there is less nuclear installed capacity 787!
there is less zero-emission capacity resulting in more gas generation, higher 788!
wholesale market prices and higher carbon dioxide emissions. 789!

 790!
This electrolyser capacity factor data will be used in a subsequent analysis and 791!
report to demonstrate economic operation of an electrolyser when powered only 792!
by surplus zero-emission electricity at the wholesale market price. 793!
 794!
Although the report provides detailed results for a 10, 500 and 1,000 MW 795!
electrolyser plant, the actual installed capacity can be scaled to any size because 796!
the units are modular.  The units can also be distributed in smaller capacities 797!
around the province or in larger capacities in specific locations with higher 798!
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hydrogen demand such as Sarnia where there is a large refinery demand.  799!
Figure 3 below shows how electrolyser plant capacity factors would change 800!
depending on the size of the Ontario electrolyser fleet if it was operated as a 801!
single aggregated plant. 802!
 803!

Figure 3 804!
Impact of Electrolyser Fleet Size on Average Capacity Factor 805!

for IESO Scenario B including LRP-II Deferral 806!
 807!

 808!
 809!

 810!
The capacity factor of an electrolyser will actually vary from hour-to-hour as the 811!
amount of surplus zero-emission electricity varies depending on consumer 812!
demand and availability of zero-emission generating capacity in the province’s 813!
supply mix or from imports.  814!
 815!
The availability of surplus zero-emission electricity on an hourly basis in 2014 is 816!
shown in Figure 4 below.  When the minimum capacity line (blue line in Figure 4) 817!
is above the electrolyser capacity line (green line) the electrolyser operates at 818!
100% capacity factor that day.  When the maximum capacity line (red line) is at 819!
zero, the electrolyser will not operate that day.  On other days the electrolyser 820!
operates at lower capacity factors.  The data for other years will have a similar 821!
pattern for IESO Scenarios A and B but the magnitudes will be different.  822!
However, the pattern for IESO Scenarios C and D will differ because those 823!
scenarios require capacity for winter heating loads.  The zero-emission capacity 824!
that is added will create additional surpluses in the spring, fall and summer when 825!
space heating loads are not operating. 826!
 827!
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Figure 4 828!
Daily Surpluses of Zero-emission Electricity in 2014 829!

 830!
 831!
 832!
The availability of curtailed zero-emission electricity on an hourly basis during 833!
2014 is shown in Figure 5 below. 834!
 835!

Figure 5 836!
Daily Curtailment of Zero-emission Electricity in 2014 837!

 838!
 839!
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 840!
IESO Scenario A involves a reduction in installed capacity.  Supply Option A1 841!
involves reductions in wind, solar and natural gas plant installed capacity.  842!
Supply Option A2 involves reductions in nuclear and natural gas installed 843!
capacity.  The analysis results for IESO Planning Scenarios A, Supply Options 844!
A1 and A2 and Scenario B using surplus zero-emission electricity are shown in 845!
Table 2 below: 846!
 847!

Table 2 848!
Electrolyser Capacity Factor Using Surplus Zero-Emission Electricity  849!

Under Different Planning Scenarios 850!
 851!

 Scenario A1 
Low Demand 

+ LRP-II 
Deferral 

Scenario A2 
Low Demand 

+ LRP-II 
Deferral 

Scenario B 
Flat Demand 

+ LRP-II 
Deferral 

2016-35 Period 
   

Surplus electricity available, TWh/yr 13.0 13.2 12.2 

10 MW Electrolyser CF, % 70 68 63 

500 MW Electrolyser CF, % 65 63 59 

1,000 MW Electrolyser CF, % 60 58 54 
Hydrogen produced, kt/yr 94.1 92.0 85.6 

2020-35 Period 
   

Surplus electricity available, TWh/yr 10.5 10.7 9.8 

100 MW Electrolyser CF, % 64 62 57 

500 MW Electrolyser CF, % 59 57 52 

1,000 MW Electrolyser CF, % 53 52 47 

Hydrogen produced, kt/yr 84.3 81.5 74.5 
 852!
 853!
We could operate the electrolysers on only curtailed (wasted) zero-emission 854!
electricity but the operating capacity factors would be lower. Figure 6 below 855!
shows the electrolyser plant capacity factor when operated with curtailed 856!
(wasted) zero-emission electricity.  For information purposes the average 857!
capacity factor of Ontario’s natural gas fired plants is also shown (black line) in 858!
Figure 6. 859!
 860!
  861!
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Figure 6 862!
Electrolyser Capacity Factor with Curtailed Zero-emission Electricity 863!

for IESO Scenario B including LRP-II Deferral 864!
 865!

 866!
 867!
 868!
The analysis results for IESO Planning Scenarios A, Supply Options A1 and A2 869!
and Scenario B using curtailed zero-emission electricity are shown in Table 3 870!
below: 871!

4. Impact on Carbon Dioxide Emissions 872!
 873!
One of the key objectives of installing an electrolyser to use surplus zero- 874!
emission electricity is to reduce carbon dioxide emissions in other sectors at an 875!
affordable cost. The amount of carbon dioxide that can be reduced through the 876!
use of hydrogen will depend on the application.  For example the following four 877!
examples have been analyzed: 878!
 879!

• Displacing gasoline with hydrogen in fuel cell vehicles 880!
• Displacing SMR hydrogen with electrolytic hydrogen 881!
• Displacing natural gas with hydrogen to produce peak load electricity 882!
• Displacing natural gas with hydrogen in the natural gas system 883!

 884!
The later two applications are called power to gas (P2G). 885!
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Table 3 886!
Electrolyser Capacity Factor Using Curtailed Zero-Emission Electricity  887!

Under Different Planning Scenarios 888!
 889!

 Scenario A1 
Low Demand 

+ LRP-II 
Deferral 

Scenario A2 
Low Demand 

+ LRP-II 
Deferral 

Scenario B 
Flat Demand 

+ LRP-II 
Deferral 

2016-35 Period 
   

Curtailed electricity avail., TWh/yr 3.5 3.9 3.3 

10 MW Electrolyser CF, % 31 34 29 

500 MW Electrolyser CF, % 27 29 25 

1,000 MW Electrolyser CF, % 23 25 21 

Hydrogen produced, kt/yr 36.0 39.0 33.1 

2020-35 Period 
   

Curtailed electricity avail., TWh/yr 2.2 2.7 2.1 

100 MW Electrolyser CF, % 23 25 21 

500 MW Electrolyser CF, % 19 21 17 

1,000 MW Electrolyser CF, % 16 18 14 

Hydrogen produced, kt/yr 24.7 27.9 22.8 
 890!

 891!
Hydrogen is used in large quantities to upgrade oil products in refineries and to 892!
make industrial chemicals such as ammonia. The largest Ontario hydrogen 893!
production facility is located in Sarnia with a capacity of about 50,000 tonnes of 894!
hydrogen per year.  In addition there are a number of companies that make their 895!
own hydrogen for their production facilities. 896!
 897!
Hydrogen is mainly manufactured using a steam methane reforming (SMR) 898!
process.  Methane is consumed in the reaction to produce hydrogen and carbon 899!
dioxide is a byproduct discarded to the environment.  About 11.8 kg of carbon 900!
dioxide are emitted to the environment to produce 1 kg of hydrogen.  Therefore 901!
producing 50,000 tonnes of hydrogen per year from the SMR process results in 902!
about 590,000 tonnes of carbon dioxide emissions into the environment per year. 903!
 904!
Hydrogen can also be used to power hydrogen fuel cell vehicles.  Ontario is 905!
currently developing incentive programs to encourage consumers to purchase 906!
hydrogen-fueled vehicles as part of its Climate Change Action Plan [R9]. 907!
 908!
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Hydrogen can also be injected into the natural gas distribution system to reduce 909!
the amount of carbon dioxide emitted when the gas mixture is burned.  While 910!
mixing up to 20% hydrogen by volume with natural gas in the natural gas 911!
distribution system is expected to be safe, studies in the USA [R10] have 912!
confirmed no equipment changes are required for volumes of up to 5% hydrogen 913!
in natural gas.  This means consumer equipment that currently burns natural gas 914!
would not require modifications until the hydrogen in the mix exceeds 5%. 915!
 916!
Figure 7 below shows the carbon reduction benefits of hydrogen produced by a 917!
1,000 MW electrolyser plant for each application. 918!
 919!

Figure 7 920!
Carbon Dioxide Emission Reductions due to Electrolyser 921!

for IESO Scenario B including LRP-II Deferral 922!
 923!

 924!
 925!
 926!
The analysis results for IESO Planning Scenarios A, Supply Options A1 and A2 927!
and Scenario B for a 1,000 MW electrolyser using surplus zero-emission 928!
electricity are shown in Table 4 below: 929!
 930!
  931!
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Table 4 932!
Emission Reductions Using Surplus Zero-Emission Electricity  933!

Under Different Planning Scenarios for Period 2016-35 934!
 935!

 Scenario A1 
Low Demand 
with LRP-II 

Deferral 

Scenario A2 
Low Demand 
with LRP-II 

Deferral 

Scenario B 
Flat Demand 
with LRP-II 

Deferral 

Surplus electricity available, TWh/yr 13.0 13.2 12.2 

1,000 MW Electrolyser CF, % 60 58 54 

Hydrogen produced, kt/yr 94.1 92.0 85.6 

CO2 reduction for FCEV, Mt/yr 1.8 1.8 1.7 

CO2 reduction for SMR, Mt/yr 1.1 1.1 1.0 

CO2 reduction for P2G, Mt/yr 0.6 0.6 0.5 
 936!

5. Cost of Surplus Zero-Emission Electricity 937!
 938!
To economically realize the environmental benefits from using hydrogen, the 939!
electrolyser needs to access electricity at close to its marginal cost of production 940!
or the wholesale market price.  Interruptible electricity is traded in the wholesale 941!
market between power systems at the wholesale market price.  The hourly 942!
average market price is called the Hourly Ontario Electricity Price (HOEP). 943!
 944!
Since interruptible loads do not impose any capacity requirements on the power 945!
system, those loads should be allowed to access surplus electricity at the 946!
wholesale market price without additional markups.  This would provide Ontario 947!
interruptible loads the same price treatment as adjoining power systems that 948!
exchange energy on an interruptible basis.  Interruptible surplus zero-emission 949!
electricity sold to Ontario consumers at the wholesale market price does not 950!
transfer any additional costs onto other Ontario electricity consumers. 951!
 952!
In addition to environmental benefits, electrolysers would also provide Ontario 953!
residents with economic activity and employment opportunities and the various 954!
levels of governments would enjoy increased tax revenue if the surplus electricity 955!
is productively used in Ontario.  956!
 957!
The wholesale market price of electricity is determined through the dynamics of 958!
Ontario’s electricity market.  A simplified electricity price model was developed to 959!
estimate the hourly wholesale market price (HOEP) when surplus zero-emission 960!
electricity is available and is setting the market clearing price.  A detailed 961!
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description of the modeling assumptions and methodology can be found in 962!
Appendix A.   963!
 964!
The predicted average HOEP during periods of surplus zero-emission electricity 965!
with and without a 1,000 MW electrolyser operating on the power system is 966!
shown in Figure 8 below.  The wholesale market price rises when the electrolyser 967!
is operating because the electrolyser plant absorbs some of the surplus zero- 968!
emission electricity and the higher demand results in higher wholesale market 969!
clearing prices. 970!
 971!

Figure 8 972!
Electrolyser Impact on the Wholesale Market Price When 973!

Zero-Emission Electricity is Setting the Market Price 974!
for IESO Scenario B including LRP-II Deferral 975!

 976!

 977!
 978!
 979!
Implications on Total System Electricity Cost for Rate Payers 980!
 981!
A higher HOEP means adjoining jurisdictions pay a higher portion of the fixed 982!
cost of Ontario’s zero-emission generating facilities that have a lower marginal 983!
cost than the market clearing price.  This reduces the cost of electricity to Ontario 984!
consumers because any additional fixed cost recovery lowers the global 985!
adjustment component in consumers’ bills.   986!
 987!
Table 5 below summarizes the electricity cost and export revenue impacts of 988!
operating a 1,000 MW electrolyser on surplus zero-emission electricity. 989!
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 990!
Table 5 991!

Electricity Costs and Export Revenue Impact of 992!
Electrolyser Using Surplus Zero-Emission Electricity  993!

Under Different Planning Scenarios for Period 2016-35 994!
 995!

 Scenario A1 
Low Demand 

+ LRP-II 
Deferral 

Scenario A2 
Low Demand 

+ LRP-II 
Deferral 

Scenario B 
Flat Demand 

+ LRP-II 
Deferral 

1,000 MW Electrolyser CF, % 60 58 54 

Hydrogen produced, kt/yr 94.1 92.0 85.6 

Average HOEP, $/MWh 18.6 18.3 18.4 

Cost of electricity, M$/yr 91.2 87.2 81.5 

Electricity cost in H2 price, $/kg 0.97 0.95 0.95 

Improved export revenue, M$/yr 46.1 42.9 42.4 
 996!

6. IESO’s High Demand Planning Outlook Scenarios 997!
 998!
IESO’s Scenarios C and D involve significant increases in installed capacity to 999!
meet increased demand that will be present primarily in the winter for space 1000!
heating.  The increased demand for space heating is due to the possible 1001!
conversion of space heating from oil and natural gas to air sourced heat pumps 1002!
as a result of incentives that may be approved as part of the province’s Climate 1003!
Change Action Plan (CCAP). 1004!
 1005!
The analysis of IESO’s planning Scenarios A and B in this report relied on a 1006!
simplified model using 2014 as a reference year for the hourly consumer demand 1007!
profiles and the hourly production profiles of each resource type and then scaling 1008!
that data by IESO forecasted changes in future years.  1009!
 1010!
Scenarios C and D cannot be analyzed using that simplified model because the 1011!
forecasted increases in demand are heavily skewed to the winter season.  A 1012!
modification to the model will be necessary to correctly predict surplus and 1013!
curtailed amounts of zero-emission electricity for each year.  That modification is 1014!
currently beyond the scope of this report. 1015!
 1016!
A further complication that arises is the use by Ontario of storage in Quebec and 1017!
imports from Quebec announced by the government of Ontario and Quebec on 1018!
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Oct 21, 2016 3. This announcement was made after the IESO Ontario Planning 1019!
Outlook was published on Sep 1, 2016.  Some clarification will be necessary to 1020!
assess the impact on all 4 scenarios (A through D) and their associated 10 1021!
supply options (A1, A2, B, C1 through C3 and D1 through D4).  Unfortunately 1022!
there was insufficient detail in the Oct 21, 2016 announcement regarding the 1023!
extent to which Ontario’s surplus zero-emission electricity will be exported to 1024!
Quebec to be stored for later use by Ontario.  This information will be necessary 1025!
to determine the residual amount of surplus zero-emission electricity that will be 1026!
available for use by Ontario consumers for displacing fossil fuels in other sectors 1027!
using technology such as electrolysers. 1028!
 1029!
However, absent the October 21, 2016 announcement, we can qualitatively 1030!
assess the impact of each supply option on the amounts of surplus and curtailed 1031!
zero-emission electricity based on the temporal misalignment between the 1032!
additional winter demand and the increased production from the new capacity.   1033!
 1034!
Scenario C 1035!
 1036!
For Scenario C, IESO has assumed: 1037!
 1038!

• an increase in electric vehicles from the present 6,500 to 2,400,000 by 1039!
2035 representing 5 TWh of increased demand over Scenario B in 2035 1040!
and 8 TWh above 2015 demand. About 80% of that demand is expected 1041!
to be in the evening and night and 20% in the daytime, year round. 1042!

• Conversion of oil space heating and 25% of natural gas space and hot 1043!
water heating to electric heat pumps by 2035 representing 16 TWh of 1044!
increased demand over Scenario B in 2035 and 18 TWh above 2015 1045!
demand.  Approximately 2/3 of that increase is due to space heating in 1046!
the winter and one third for hot water heating, year round. 1047!

• Conversion of 5% of natural gas for thermal energy in industry to 1048!
electricity representing 8 TWh of increased demand over Scenario B in 1049!
2035 and 8 TWh above 2015 demand.  This demand is likely year round. 1050!

 1051!
How that demand is supplied will affect the amount of surplus and curtailed zero- 1052!
emission electricity.  Most of the new demand is in the winter.  Solar produces all 1053!
of its energy during the daytime and produces the least in winter and the most in 1054!
summer proportional to the number of daylight hours.  The solar production 1055!
profile is a poor match with the majority of new demand that is skewed toward 1056!
the winter.  Consequently IESO has recommended 3 supply options for Scenario 1057!
C that do not include additional solar capacity. 1058!
 1059!
 1060!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3  Announcement by Ontario and Quebec, Oct 21, 2016, is available at: 
https://news.ontario.ca/opo/en/2016/10/ontario-and-quebec-working-together-to-drive-economic-
growth.html?utm_source=ondemand&utm_medium=email&utm_campaign=p 
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Scenario C, Supply Option C1 1061!
 1062!
Option C1 includes additional capacity of 2,550 MW of wind, 2,500 MW of 1063!
hydroelectric, 1,800 MW of firm imports and 600 MW of demand response.  1064!
 1065!
Wind produces its energy primarily in the winter, fall and spring with about half 1066!
the seasonal amount in the summer.  Almost half of wind production is during the 1067!
night.  Wind is therefore a good match with the new space heating demand in the 1068!
winter but will produce additional amounts of surplus zero-emission electricity 1069!
compared to Scenario B in the spring and fall because relatively little space 1070!
heating is required in those seasons. 1071!
 1072!
Hydroelectric produces throughout the year with a somewhat lower output in late 1073!
summer and fall.  Hydroelectric production aligns well with hot water heating 1074!
loads that are year round but will produce additional amounts of surplus zero- 1075!
emission electricity compared to Scenario B in the spring, fall and summer 1076!
because relatively little space heating is required in those seasons. 1077!
 1078!
Firm imports and demand response can be used to meet and manage demand 1079!
and/or minimize natural gas generation at times of high demand.  Until we have 1080!
additional details of how imports and demand response will be managed we can 1081!
assume they will not contribute to additional surpluses or curtailment of zero- 1082!
emission electricity compared to Scenario B. 1083!
 1084!
Scenario C, Supply Option C2 1085!
 1086!
Option C2 includes additional capacity of 5,950 MW of wind, 1,900 MW of natural 1087!
gas, 1,800 MW of firm imports and 900 MW of demand response.  1088!
 1089!
The additional wind will produce additional amounts of surplus zero-emission 1090!
electricity in the spring and fall compared to Scenario B and Scenario C, Options 1091!
C1 and C3 . 1092!
 1093!
Natural gas is flexible and can be curtailed when not needed so it will help to 1094!
reduce the amounts of surplus zero-emission electricity compared to Options C1 1095!
and C3, albeit with higher carbon dioxide emissions. 1096!
 1097!
Firm imports and demand response can be used to meet and manage demand 1098!
and/or minimize natural gas generation at times of high demand.  Until we have 1099!
additional details of how imports and demand response will be managed we can 1100!
assume they will not contribute to additional surpluses or curtailment of zero- 1101!
emission electricity compared to Scenario B. 1102!
 1103!
  1104!
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Scenario C, Supply Option C3 1105!
 1106!
Option C3 includes additional capacity of 1,550 MW of wind, 1,700 MW of 1107!
nuclear, 1,800 MW of firm imports and 800 MW of demand response.  1108!
 1109!
The additional wind will produce additional amounts of surplus zero-emission 1110!
electricity compared to Scenario B in the spring and fall.  The contribution to 1111!
surplus amounts should be less than Options C1 and C2. 1112!
 1113!
Nuclear produces year round so it aligns well with hot water heating loads that 1114!
are year round but will produce additional amounts of surplus zero-emission 1115!
electricity compared to Scenario B in the spring, fall and summer because 1116!
relatively little space heating is required in those seasons.  1117!
 1118!
Firm imports and demand response can be used to meet and manage demand 1119!
and/or minimize natural gas generation at times of high demand.  Until we have 1120!
additional details of how imports and demand response will be managed we can 1121!
assume they will not contribute to additional surpluses or curtailment of zero- 1122!
emission electricity compared to Scenario B. 1123!
 1124!
Scenario D 1125!
 1126!
For Scenario D, IESO has assumed: 1127!
 1128!

• an increase in electric vehicles from the present 6,500 to 2,400,000 by 1129!
2035 representing 5 TWh of increased demand over Scenario B in 2035 1130!
and 8 TWh above 2015 demand. About 80% of that demand is expected 1131!
to be in the evening and night and 20% in the daytime, year round. 1132!

• Conversion of oil space heating and 50% of natural gas space and hot 1133!
water heating to electric heat pumps by 2035 representing 28 TWh of 1134!
increased demand over Scenario B in 2035 and 30 TWh above 2015 1135!
demand.  Approximately 2/3 of that increase is due to space heating in 1136!
the winter and one third for hot water heating, year round. 1137!

• Conversion of 10% of natural gas thermal energy use in industry to 1138!
electricity representing 16 TWh of increased demand over Scenario B in 1139!
2035 and 16 TWh above 2015 demand.  This demand is likely year 1140!
round. 1141!

 1142!
How that demand is supplied will affect the amount of surplus and curtailed zero- 1143!
emission electricity.  Most of the new demand is in the winter. Consequently 1144!
IESO has recommended 4 supply options for Scenario D that do not include 1145!
additional solar capacity. 1146!
 1147!
  1148!
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Scenario D, Supply Option D1 1149!
 1150!
Option D1 includes additional capacity of 9,600 MW of wind, 6,000 MW of 1151!
hydroelectric, 3,300 MW of firm imports and 2,000 MW of demand response.  1152!
 1153!
Wind will produce additional amounts of surplus zero-emission electricity 1154!
compared to Scenario B in the spring and fall. 1155!
 1156!
Hydroelectric will produce additional amounts of surplus zero-emission electricity 1157!
compared to Scenario B in the spring, fall and summer. 1158!
 1159!
Firm imports and demand response can be used to meet and manage demand 1160!
and/or minimize natural gas generation at times of high demand.  Until we have 1161!
additional details of how imports and demand response will be managed we can 1162!
assume they will not contribute to additional surpluses or curtailment of zero- 1163!
emission electricity compared to Scenario B. 1164!
 1165!
Scenario D, Supply Option D2 1166!
 1167!
Option D2 includes additional capacity of 6,000 MW of wind, 3,700 MW of 1168!
hydroelectric, 2,450 MW of natural gas, 3,300 MW of firm imports and 1,900 MW 1169!
of demand response.  1170!
 1171!
Wind will produce additional amounts of surplus zero-emission electricity 1172!
compared to Scenario B in the spring and fall.  The contribution to surplus 1173!
amounts should be less than Option D1. 1174!
 1175!
Hydroelectric will produce additional amounts of surplus zero-emission electricity 1176!
compared to Scenario B in the spring, fall and summer. The contribution to 1177!
surplus amounts should be less than Option D1. 1178!
 1179!
Natural gas is flexible and can be curtailed when not needed so it will help to 1180!
reduce the amounts of surplus zero-emission electricity compared to Option D1 1181!
and D3. 1182!
 1183!
Firm imports and demand response can be used to meet and manage demand 1184!
and/or minimize natural gas generation at times of high demand.  Until we have 1185!
additional details of how imports and demand response will be managed we can 1186!
assume they will not contribute to additional surpluses or curtailment of zero- 1187!
emission electricity compared to Scenario B. 1188!
 1189!
  1190!
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Scenario D, Supply Option D3 1191!
 1192!
Option D3 includes additional capacity of 4,500 MW of wind, 3,400 MW of 1193!
nuclear, 2,500 MW of hydroelectric, 3,300 MW of firm imports and 2,000 MW of 1194!
demand response.  1195!
 1196!
Wind will produce additional amounts of surplus zero-emission electricity 1197!
compared to Scenario B in the spring and fall.  The contribution to surplus 1198!
amounts should be less than Options D1 and D2. 1199!
 1200!
Nuclear will produce additional amounts of surplus zero-emission electricity 1201!
compared to Scenario B in the spring, fall and summer.  1202!
 1203!
Hydroelectric will produce additional amounts of surplus zero-emission electricity 1204!
compared to Scenario B in the spring, fall and summer. The contribution to 1205!
surplus amounts should be less than Options D1 and D2. 1206!
 1207!
Firm imports and demand response can be used to meet and manage demand 1208!
and/or minimize natural gas generation at times of high demand.  Until we have 1209!
additional details of how imports and demand response will be managed we can 1210!
assume they will not contribute to additional surpluses or curtailment of zero- 1211!
emission electricity compared to Scenario B. 1212!
 1213!
Scenario D, Supply Option D4 1214!
 1215!
Option D4 includes additional capacity of 4,250 MW of wind, 2,500 MW of 1216!
nuclear, 1,850 MW of hydroelectric, 2,050 MW of natural gas, 3,300 MW of firm 1217!
imports and 1,750 MW of demand response.  1218!
 1219!
Wind will produce additional amounts of surplus zero-emission electricity 1220!
compared to Scenario B in the spring and fall.  The contribution to surplus 1221!
amounts should be less than Options D1 and D2 and about the same as D3. 1222!
 1223!
Nuclear will produce additional amounts of surplus zero-emission electricity 1224!
compared to Scenario B in the spring, fall and summer. The contribution to 1225!
surplus amounts should be less than Option D3. 1226!
 1227!
Hydroelectric will produce additional amounts of surplus zero-emission electricity 1228!
compared to Scenario B in the spring, fall and summer. The contribution to 1229!
surplus amounts should be less than Options D1, D2 and D3. 1230!
 1231!
Natural gas is flexible and can be curtailed when not needed so it will help to 1232!
reduce the amounts of surplus zero-emission electricity compared to Options D1 1233!
and D3. 1234!
 1235!
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Firm imports and demand response can be used to meet and manage demand 1236!
and/or minimize natural gas generation at times of high demand.  Until we have 1237!
additional details of how imports and demand response will be managed we can 1238!
assume they will not contribute to additional surpluses or curtailment of zero- 1239!
emission electricity compared to Scenario B. 1240!

7. Issues that Warrant Further Study 1241!
 1242!
Government Tax Revenue Benefit of Reduced Curtailment of Hydroelectric 1243!
 1244!
Hydroelectric plants pay the government a production tax for using water to 1245!
produce electricity.  When hydroelectric output is curtailed, the government is not 1246!
paid the production tax on the foregone production.  Also if the annual output 1247!
from a specific facility falls below certain production thresholds, the production 1248!
tax rate is reduced.  The government can recover foregone production taxes 1249!
between $4 and $14.4 for each MWh reduction in curtailed hydroelectric output 1250!
depending on which plant experiences reduced curtailment. 1251!
 1252!
The reduction in the curtailment amounts and the associated recovery of 1253!
government production taxes warrant further study. 1254!
 1255!
Ancillary Services for the Power System 1256!
 1257!
Because electrolysers are a dispatchable load they can be used to provide 1258!
additional ancillary services to the power system.  Also electrolyses can be 1259!
ramped up or down much faster than a typical generating plant. Electrolysers can 1260!
ramp up in load at 5%/sec (higher rates are possible), ramp down at 100%/sec 1261!
and the facility can operate over its entire load range smoothly if the individual 1262!
modules are controlled in sequence. 1263!
 1264!
Dispatchable load is equivalent to dispatchable generation but operates in the 1265!
inverse direction. Once a dispatchable load is on-line its capacity can respond to 1266!
market prices or automatic and manual load control orders from the IESO within 1267!
its full operating capacity.  Consequently electrolysers can provide the following 1268!
power system ancillary services if required or if economic to do so: 1269!
 1270!

• Overall supply-demand balancing (load control) 1271!
• Frequency control (in grid islands) 1272!
• Frequency-load support (droop control) during system disturbances 1273!
• System flexibility to counteract forecasting errors of variable generation 1274!

(typically due to solar and wind variability) 1275!
• Load ramp support during fast customer load changes or variable 1276!

generation power output changes 1277!
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• Spinning and other operational reserve by ramping hydrogen production 1278!
down during supply interruptions or unexpected demand increases 1279!

 1280!
The IESO pays for ancillary services based on competitive bidding.  These 1281!
additional revenues may be available to augment the economics of electrolysers.   1282!
 1283!
Of particular interest to the IESO at the moment is flexibility to counteract 1284!
forecasting errors of variable generation [R11].  Those forecasting errors cause 1285!
market prices to diverge from forecasted prices significantly.  The IESO is looking 1286!
for 300 MW by the end of 2017 and an additional 700 MW by the end of 2018 in 1287!
flexible resources that can counteract forecasting errors in 20 to 30 minutes 1288!
when required.  Electrolysers can provide system flexibility when they are 1289!
operating on-line from their operating power level down to zero or up to their full 1290!
power capacity rating.  Figure A-2 in Appendix A and its accompanying 1291!
description on page 58 provides additional details regarding the need for power 1292!
system flexibility. 1293!
 1294!
The extent to which ancillary services could be provided economically warrants 1295!
further study. 1296!
 1297!
Cap-and-trade Offset Credits 1298!
 1299!
Ontario will introduce a cap-and-trade program in 2017 under its Bill 172 [R7].  1300!
Bill 172 includes an offset program that will likely be similar to Quebec and 1301!
California.  Projects that can demonstrate permanent greenhouse gas emission 1302!
reductions that would not have otherwise occurred under the cap and trade 1303!
program may qualify for offset credits that can be sold in the cap-and-trade 1304!
market. There will likely be limits to the number of offset credits that will be 1305!
allowed under Ontario’s cap and trade program.  1306!
 1307!
There may be opportunities to qualify for offset credits for emission reductions 1308!
from small facilities that are prepared to use electrolytic hydrogen and whose 1309!
emissions are not regulated by the cap and trade program and their hydrogen 1310!
source is not subject to a carbon charge. This issue warrants further study. 1311!

8. Conclusions 1312!
 1313!
Very low emission power systems like Ontario’s create significant amounts of 1314!
surplus zero-emission electricity.  1315!
 1316!
Finding a productive use for that surplus zero-emission electricity should be a 1317!
high priority energy policy goal especially in light of Ontario’s climate change 1318!
goals to reduce emissions in other sectors. 1319!
 1320!
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Grid integrated electrolysis offers a path to economically reduce carbon 1321!
emissions in other sectors of the economy using surplus zero-emission electricity 1322!
that is currently being exported at low wholesale market prices. 1323!
 1324!
Ontario is expected to have significant amounts of surplus zero-emission 1325!
electricity for the foreseeable future of at least 20 years.   1326!
 1327!
The IESO’s low demand and flat demand scenarios are likely to provide about 10 1328!
to 13 TWh of surplus zero-emission electricity each year over the 20 year 1329!
planning horizon.  The IESO high demand scenarios are likely to provide even 1330!
greater amounts of surplus zero-emission electricity. 1331!
 1332!
During the 20 year planning horizon, about 2 to 4 TWh of surplus zero-emission 1333!
electricity is likely to be curtailed (wasted) each year due to the inability to export 1334!
it.  1335!
 1336!
During the 20 year planning horizon, Ontario is expected to have sufficient 1337!
surplus zero-emission electricity to power a 1,000 MW electrolyser fleet 1338!
(consisting of multiple ~ 3 MW units) at an average capacity factor (CF) of 47 to 1339!
60%.  1340!
 1341!
Hydrogen Production 1342!
 1343!
A 1,000 MW electrolyser fleet can produce between 70,000 and 90,000 tonnes/yr 1344!
of hydrogen operating on surplus zero-emission electricity during the 20-year 1345!
planning period.   1346!
 1347!
The average wholesale market price of electricity is projected to be about $18 to 1348!
$19 per MWh during periods when surplus zero-emission electricity is available 1349!
and the electrolyser is operating. 1350!
 1351!
The electricity cost included in the price of hydrogen is expected to be $950 per 1352!
tonne or $0.95 per kg in 2015 $s if electrolysers are permitted to purchase 1353!
interruptible surplus zero-emission electricity at the wholesale market price.  This 1354!
price treatment will not transfer any additional costs onto other Ontario electricity 1355!
consumers. 1356!
 1357!
Environmental Benefits of Electrolysers 1358!
 1359!
A 1,000 MW electrolyser operating on available surplus zero-emission electricity 1360!
can achieve carbon dioxide emission reductions of: 1361!
 1362!

• 1,700,000 tonnes/yr if the hydrogen is used in fuel cell electric vehicles 1363!
(FCEVs) to displace gasoline and diesel fuel. 1364!



Grid!Integrated!Electrolysis!–!Facilitating!Carbon!Emission!Reductions!
in!the!Transportation,!Industrial!and!Residential!Sectors!

!

!
Grid Integrated Electrolysis-Oct 31, 2016 nwm! Page 38 of 65 
! !

• 1,000,000 tonnes/yr if the hydrogen is used in chemical 1365!
production/upgrading by displacing hydrogen currently produced by steam 1366!
methane reforming. 1367!

• 500,000 tonnes/yr if the hydrogen is used to produce electricity at CCGT 1368!
power plants or to displace natural gas in the gas distribution system.  1369!

 1370!
In addition to environmental benefits, electrolysers can also provide economic 1371!
benefits including additional employment and government tax revenue if the 1372!
surplus electricity is productively used in Ontario.   1373!
 1374!
Benefit of Increased Export Price 1375!
 1376!
Ontario’s power producers will receive higher wholesale market prices for export 1377!
sales during periods when surplus zero-emission electricity is setting the market 1378!
price and the electrolyser is creating additional demand. This additional income 1379!
to producers will result in lower global adjustment payments to those producers.  1380!
The lower global adjustment payments will result in lower electricity rates for 1381!
Ontario consumers.  The reduction in global adjustment charges will be in excess 1382!
of $42 million annually.   1383!
 1384!
Three issues warrant additional study.  They include: 1385!
 1386!
a) When hydroelectric generation is curtailed, governments forego the 1387!

production tax revenue on the curtailed amount.  If sufficient electrolyser 1388!
capacity is installed the hydroelectric curtailment can be reduced and the 1389!
associated production tax revenue can be recovered by the government.  1390!
Between $4 and $14.4 for each MWh reduction in curtailed hydroelectric 1391!
output can be recovered by the government depending on which plant 1392!
experiences reduced curtailment.  How much of the foregone tax revenue can 1393!
be recovered warrants further study. 1394!

 1395!
b) Electrolysers are a dispatchable load with sufficient speed and flexibility that 1396!

they can provide a number of additional power system ancillary services if 1397!
required, including: 1398!

 1399!
• overall supply-demand balancing (load control) 1400!
• Frequency control (in grid islands) 1401!
• Frequency-load support (droop control) during system disturbances 1402!
• System flexibility to counteract forecasting errors of variable generation 1403!

(typically due to solar and wind variability) 1404!
• Load ramp support during fast customer load changes or variable 1405!

generation power output changes 1406!
• Spinning and other operational reserve by ramping hydrogen production 1407!

down during supply interruptions or unexpected demand increases 1408!
 1409!
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Of particular interest to the IESO at the moment is system flexibility to counteract 1410!
forecasting errors of variable generation [R11]. Electrolysers can provide that 1411!
system flexibility when they are operating on-line from their operating power level 1412!
down to zero or up to their full power capacity rating.  The extent to which 1413!
ancillary services could be provided economically warrants further study. 1414!
 1415!
c) Cap-and-trade offset credits will be available under Ontario’s new cap and 1416!

trade program that will be introduced in 2017 for projects that reduce 1417!
emissions in areas not covered by the emission caps.  Whether electrolyser 1418!
projects will qualify for offset credits under the regulations warrants further 1419!
study.   1420!

9. Abbreviations 1421!
 1422!
CCGT  - Combined Cycle Gas Turbine plant 1423!
CF – Capacity Factor 1424!
CO2 – carbon dioxide gas 1425!
DOE – US Department of Energy 1426!
EIA – US Energy Information Administration 1427!
EPA – US Environmental Protection Agency 1428!
FCEV – Fuel Cell Electric Vehicles 1429!
GA – Global Adjustment charge 1430!
GW – gigawatt (1,000,000,000 watts of power) 1431!
GWh – gigawatthour (energy equal to 1 GW power consumption for 1 hour) 1432!
H2 – Hydrogen gas 1433!
HOEP - Hourly Ontario Electricity Price 1434!
IESO  - Independent Electricity System Operator 1435!
kg – kilograms (1,000 grams) 1436!
kW – kilowatt (1,000 watts of power) 1437!
kWh – kilowatthour (energy equal to 1 kW power consumption for 1 hour) 1438!
LRP-II - Large Renewable Procurement-II program 1439!
M.BTU – Million BTU 1440!
MIDAC – Market Intelligence & Data Analysis Corporation 1441!
MoE - Ontario's Ministry of Energy 1442!
MW – Megawatt (1,000,000 watts of power) 1443!
MWh – megawatthour (energy equal to 1 MW power consumption for 1 hour) 1444!
NREL – US National Renewable Energy Laboratory 1445!
OPG – Ontario Power Generation 1446!
OSPE – Ontario Society of Professional Engineers 1447!
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P2G – Power to Gas 1448!
PPA - Power Purchase Agreement 1449!
SBG – Surplus Base-load Generation 1450!
SCGT - Simple Cycle Gas Turbine plant 1451!
SMR - Steam Methane Reforming 1452!
t/yr – metric tonnes per year (1 tonne = 2,000 kg) 1453!
TW – terawatt (1,000,000,000,000 watts of power) 1454!
TWh – terawatthour (energy equal to 1 TW power consumption for 1 hour) 1455!
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Appendix A - Modeling and Analysis Assumptions 1512!
 1513!
Market Intelligence & Data Analysis Corporation (MIDAC) developed a simplified 1514!
grid analysis model to quickly and economically assess the impact of demand 1515!
and supply changes on the amounts of surplus and curtailed electricity.  The 1516!
model has subsequently been expanded to produce price and electrolyser 1517!
performance data for this report.  The model is based on changes with respect to 1518!
a reference year for which historical data is available. 1519!
 1520!
In order to keep modeling costs reasonable for a conceptual study, a number of 1521!
simplifying assumptions have been incorporated into the model that was used for 1522!
the analysis of electrolyser operating capacity factor, reduction in carbon dioxide 1523!
emissions and cost of electricity needed to operate the electrolyser.  These 1524!
results will then be used in a separate economic analysis by Next Hydrogen that 1525!
is not part of this report to prepare a proposal to the government and IESO 1526!
regarding the viability of using surplus zero-emission electricity and electrolysers 1527!
to supply hydrogen for a low emission economy. 1528!
 1529!
Before proceeding with the multiyear analysis, a review of 2014 and 2015 1530!
historical supply and demand data from the IESO was undertaken.  The 2014 1531!
data was ultimately used as the reference year in the model because 2015 1532!
included a station-wide 6-week outage at the Darlington plant due to a vacuum 1533!
building inspection.  That inspection occurs every 12 years. A station wide 1534!
outage of 3,300 MW of low-cost nuclear capacity affects both the amount of 1535!
surplus zero-emission energy available and the market price of electricity during 1536!
the outage. 1537!
 1538!
No single year represents a perfect set of supply-demand data. Each year 1539!
includes individual circumstances such as outages, weather changes that affect 1540!
hydroelectric, wind and solar production and variable export market conditions in 1541!
adjoining jurisdictions. Averaging several years worth of data would eliminate 1542!
hourly variations in supply and demand that create the surplus zero-emission 1543!
energy we are attempting to quantify. Consequently the model uses hourly data 1544!
from one reference year and then extrapolates that data into future years based 1545!
on forecasted changes in consumer demand and installed generation for each 1546!
resource type. This approach will show forecasted peaks and valleys in supply 1547!
and demand but those will not necessarily align with real time conditions in future 1548!
years.  The reduced fidelity in future years is considered acceptable for a 1549!
conceptual study. 1550!
 1551!
To undertake a multiyear analysis of electrolyser performance we need multi- 1552!
year consumer load data, generation capacity data and import and export data. 1553!
Fortunately the IESO and MoE provide annual load demand forecasts and 1554!
generation capacity forecasts as part of their long-term planning process [R1], 1555!
[R2].  Some additional data needed for the analysis is developed by suitable 1556!
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modeling assumptions.  This is a conceptual analysis needed to demonstrate 1557!
proof of concept.  More complex modeling can be developed later if the 1558!
government and/or IESO are interested in proceeding with either a pilot project or 1559!
commercial deployment of electrolysers. 1560!
 1561!
The IESO also supplies historical data in hourly format to the public for supply, 1562!
demand and prices.  Unfortunately forecasted hourly data for future years is not 1563!
available.  Surplus zero-emission electricity is an hourly phenomenon created by 1564!
hourly generation output that is not aligned with hourly demand.  To more 1565!
realistically assess the electrolyser operating capacity factor, reduction in carbon 1566!
dioxide emissions and cost of electricity needed to operate the electrolyser, 1567!
hourly forecasted data for future years is required.  The model creates the hourly 1568!
forecasted supply and demand data for future years as described below. 1569!
 1570!
The model uses hourly historical data in 2014 for supply for each resource type 1571!
and then adjusts those values in future years proportionally by the annual year- 1572!
end planned changes in supply for each resource type.  The same is done for 1573!
hourly electrical demand.  However, because 2014 experienced curtailment of 1574!
zero-emission generation, the model must include the hourly curtailment 1575!
amounts in the hourly supply data to arrive at the total available capacity each 1576!
hour of each resource type.  Once that analysis is done for 2014 the model then 1577!
scales the data for each subsequent year to account for planned changes in 1578!
supply and demand in the IESO forecasts for each planning scenario. 1579!
 1580!
The model curtailment forecast for 2014 was then compared to historical data for 1581!
curtailed production of hydroelectric generation reported by OPG and of nuclear, 1582!
wind and solar generation reported by IESO. 1583!
Electricity)Demand)Modeling) 1584!
 1585!
On September 1, 2016 IESO issued its 20-year Ontario Planning Outlook [R15].  1586!
The planning outlook provided the forecasted Ontario load demand for each year 1587!
until 2035 including demand met by embedded generation.  Unfortunately the 1588!
Sep 1, 2016 planning outlook did not separately identify the embedded 1589!
generation outputs for each year.  For our purposes in this report we need the 1590!
Ontario load demand met by the high voltage transmission connected generation 1591!
only because the hourly dataset we use from the IESO is only for the high 1592!
voltage IESO controlled power system.  Fortunately the IESO Preliminary 1593!
Outlook and Discussion presentation to the Stakeholders Advisory Committee 1594!
dated Mar 23, 2016 [R1] did include the embedded generation forecast data for 1595!
that particular preliminary forecast.  The model uses the Mar 23, 2016 embedded 1596!
generation data in the analysis of the Sep 1, 2016 Scenarios A and B and in the 1597!
case of Scenario A reduces those values based on the planned reductions in 1598!
embedded generation.  1599!
 1600!
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The Sep 1, 2016 planning outlook included 4 demand scenarios identified as 1601!
Scenario A – Low Demand, Scenario B – Flat Demand, Scenario C and D - High 1602!
Demand.  For the purposes of this report we have renamed the latter as Scenario 1603!
D – Higher Demand to distinguish it from Scenario C – High Demand. The 4 1604!
IESO scenarios have 10 supply options, 2 for Scenario A named A1 and A2, 1 1605!
for Scenario B, 3 for Scenario C named C1, C2, and C3 and 4 for Scenario D 1606!
named D1, D2, D3, and D4. 1607!
 1608!
Scenarios C and D involve significant new demand that is skewed to the winter 1609!
months due to a large increase in electrical space heating loads.  The simplified 1610!
model we are using for this analysis is not designed to analyze loads that are 1611!
skewed to one season.  Consequently the quantitative analysis is done only for 1612!
Scenarios A and B and a qualitative assessment of Scenarios C and D is 1613!
provided in the report with respect to the amounts of surplus and curtailed 1614!
electricity. 1615!
 1616!
The demand for 2014 and 2015 is set equal to the IESO actual historical values 1617!
for the high voltage transmission system and for subsequent years to the Sep 1, 1618!
2016 IESO planning outlook [R15] for each scenario including the LRP-II deferral 1619!
announced on Sep 27, 2016.   1620!
 1621!
The total power system demand on the high voltage power system for Scenario 1622!
A and B were not provided explicitly in the Sep 1, 2016 IESO planning outlook.  1623!
Because of data voids in the Sep 1, 2016 planning outlook dataset we were 1624!
unable to deduce the total power system demand on the high voltage power 1625!
system.  The model created that data by adding the Mar 23, 2016 IESO 1626!
Preliminary Outlook implied exports to the Sep 1, IESO Ontario net demands for 1627!
each scenario after subtracting the embedded demand. 1628!
 1629!
Table A-1 below identifies the annual Ontario high voltage transmission system 1630!
load demand from 2014 to 2035 that was used in the analysis. 1631!
 1632!
Table A-2 below identifies the total high voltage transmission system load 1633!
demand from 2014 to 2035 that was used in the analysis.  The total demand 1634!
includes exports. 1635!
 1636!
 1637!
  1638!



Grid!Integrated!Electrolysis!–!Facilitating!Carbon!Emission!Reductions!
in!the!Transportation,!Industrial!and!Residential!Sectors!

!

!
Grid Integrated Electrolysis-Oct 31, 2016 nwm! Page 45 of 65 
! !

Table A-1 1639!
Transmission System Ontario Load Demand 2014-2035 in TWh 1640!

for the Sep 1, 2016 IESO Planning Outlook including LRP-II Deferral 1641!
 1642!
 1643!

IESO Scenario A1 – Low Demand with Less Wind, Solar and Nat. Gas 1644!
 1645!

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
139.8 137.0 136.5 134.8 133.6 131.7 130.1 128.6 127.5 127.1 126.5 

 1646!
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 
126.0 125.2 124.7 124.5 124.4 124.5 124.9 125.5 126.2 127.0 128.3 

 1647!
Note that Scenario A1 has lower amounts of embedded generation than 1648!
Scenario A2 and therefore has greater high voltage transmission system 1649!
demand. 1650!
 1651!
 1652!
IESO Scenario A2 – Low Demand with Less Nuclear and Nat. Gas 1653!
 1654!

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
139.8 137.0 136.5 134.7 133.0 130.9 129.3 127.7 126.6 125.7 125.1 

 1655!
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 
124.1 123.3 122.8 122.6 122.4 122.3 122.3 122.6 123.1 123.9 125.0 

 1656!
 1657!
IESO Scenario B – Flat Demand with 2013 LTEP Supply Mix 1658!
 1659!

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
139.8 137.0 136.9 135.7 135.1 134.2 133.8 133.3 133.2 133.1 133.3 

 1660!
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 
133.1 132.8 133.1 133.7 134.0 134.4 134.9 135.6 136.6 137.9 139.4 

 1661!
 1662!
 1663!
  1664!
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Table A-2 1665!
Transmission System Total Demand 2014-2035 in TWh 1666!

for the Sep 1, 2016 IESO Planning Outlook including LRP-II Deferral 1667!
 1668!

IESO Scenario A1 – Low Demand with Less Wind, Solar and Nat. Gas 1669!
 1670!

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
158.3 159.0 152.7 150.6 149.8 149.7 150.6 138.3 139.0 138.1 142.5 

 1671!
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 
140.0 141.4 140.5 142.2 142.4 143.5 142.4 145.5 146.7 149.0 149.3 

 1672!
Note that Scenario A1 has lower amounts of embedded generation than 1673!
Scenario A2 and therefore has greater high voltage transmission system 1674!
demand. 1675!
 1676!
 1677!
IESO Scenario A2 – Low Demand with Less Nuclear and Nat. Gas 1678!

 1679!
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
158.3 159.0 152.7 150.5 149.2 148.9 149.8 137.4 138.1 136.7 141.1 

 1680!
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 
138.1 139.5 138.6 140.3 140.4 141.3 139.8 142.6 143.6 145.9 146.0 

 1681!
 1682!
IESO Scenario B – Flat Demand with 2013 LTEP Supply Mix 1683!

 1684!
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
158.3 159.0 153.1 151.5 151.3 152.2 154.3 143.0 144.7 144.1 149.3 

 1685!
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 
147.1 149.0 148.9 151.4 152.0 153.4 152.4 155.6 157.1 159.9 160.4 

 1686!
 1687!
! ) 1688!
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Generating)Capacity)Modeling) 1689!
 1690!
Based on the current 2013 LTEP, over the next two decades Ontario will 1691!
refurbish its nuclear units at the Bruce A, Bruce B and Darlington stations. Also 1692!
Ontario will retire its six nuclear units at the Pickering station. This is a substantial 1693!
decrease in the amount of low carbon emitting generation. Ontario also plans to 1694!
increase the amount of wind and solar generation during the subsequent decade. 1695!
Variable generation like wind and solar will require backup. Because large-scale 1696!
long-term storage is expected to be too expensive to deploy, Ontario plans to 1697!
increase its natural gas plant capacity over that period to provide the required 1698!
backup when wind and solar resources are not producing and demand is high. 1699!
 1700!
The model uses the annual planned installed capacity for each of the generation 1701!
resource types. To simplify the analysis, the entire year is assumed to have the 1702!
year-end planned capacity. The year-end planned capacity is taken from the Sep 1703!
1, 2016 IESO Ontario Planning Outlook. 1704!
 1705!
Tables A-3, A-4 and A-5 below identify the installed capacity used in the analysis 1706!
for IESO Scenarios A1, A2 and B respectively including the LRP-II deferral 1707!
announced on Sep 27, 2016. 1708!
Imports)and)Exports)Modeling) 1709!
 1710!
The calculation of curtailed amounts of zero-emission electricity is very sensitive 1711!
to the forecasted level of imports and exports.  Consequently the model includes 1712!
a forecast of both imports and exports as described below. 1713!
 1714!
Forecasted export demand provides a load for surplus zero-emission generation.  1715!
Consequently, exports can affect the amount of curtailment that is necessary 1716!
when there is a surplus of zero-emission generation and the production cannot 1717!
be exported.  Because the Sep 1, 2016 IESO planning outlook did not provide 1718!
sufficient data to determine the forecasted level of exports, the model uses the 1719!
implied export levels for each year that was contained in the datasets provided 1720!
by the IESO in their Mar 23, 2016 Preliminary Outlook and Discussion. 1721!
 1722!
Imports can be curtailed by the IESO operators before Ontario’s resources are 1723!
curtailed however, historical data for 2014 indicates that imports were not 1724!
curtailed during periods when Ontario generation was being curtailed.  This 1725!
suggests there were technical or economic factors that allowed those imports to 1726!
continue.  The model therefore assumes imports will continue in all future years 1727!
at the same level as 2014 on an hourly basis.  Historical data for 2015 and for the 1728!
first 9 months of 2016 suggests imports are rising.  If that trend continues, the 1729!
actual future amounts of surplus and curtailed zero-emission electricity will be 1730!
higher than the model forecasts. 1731!
  1732!
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Table A-3 1733!
Transmission Connected Generation Capacity 2014-2035 in MW 1734!

for IESO Scenario A1-Low Demand with Less Wind, Solar and Nat. Gas 1735!
including LRP-II Deferral 1736!

 1737!
 2014 2015 2016 2017 2018 2019 

Pickering Nuclear 3,100 3,100 3,100 3,100 3,100 3,100 
Bruce A Nuclear 3,000 3,000 3,000 3,000 3,000 3,000 
Bruce B Nuclear 3,300 3,300 3,300 3,300 3,300 3,300 

Darlington Nuclear 3,500 3,500 3,500 2,625 2,625 2,625 
Hydroelectric 8,462 8,401 8,442 8,489 8,527 8,533 

Wind 2,543 3,883 4,375 4,548 4,548 4,548 
Solar 0 280 312 326 368 373 

Bio-energy 455 461 492 494 495 535 
Natural Gas 9,920 9,697 9,765 10,127 11,022 11,032 

 1738!
 2020 2021 2022 2023 2024 2025 

Pickering Nuclear 3,100 3,100 3,100 2,067 2,067 0 
Bruce A Nuclear 3,000 3,000 3,000 2,250 2,250 1,500 
Bruce B Nuclear 2,475 2,475 2,475 2,475 3,300 3,300 

Darlington Nuclear 2,625 1,750 1,750 1,750 2,625 2,625 
Hydroelectric 8,534 8,534 8,570 8,570 8,595 8,595 

Wind 4,555 4,553 4,146 4,146 4,146 4,146 
Solar 373 413 413 418 418 418 

Bio-energy 535 535 535 535 535 535 
Natural Gas 11,123 11,123 11,123 11,123 11,123 11,123 

 1739!
 2026 2027 2028 2029 2030 2031 

Pickering Nuclear 0 0 0 0 0 0 
Bruce A Nuclear 2,250 2,250 3,000 3,000 3,000 3,000 
Bruce B Nuclear 2,475 2,475 1,650 2,475 1,650 2,475 

Darlington Nuclear 3,500 3,500 3,500 3,500 3,500 3,500 
Hydroelectric 8,683 8,683 8,877 8,877 8,877 8,877 

Wind 3,751 3,667 3,366 2,959 2,720 2,178 
Solar 418 418 424 444 609 843 

Bio-energy 535 535 535 550 550 550 
Natural Gas 11,123 11,123 11,123 11,123 11,123 11,123 

 1740!
 2032 2033 2034 2035 

Pickering Nuclear 0 0 0 0 
Bruce A Nuclear 3,000 3,000 3,000 3,000 
Bruce B Nuclear 2,475 3,300 3,300 3,300 

Darlington Nuclear 3,500 3,500 3,500 3,500 
Hydroelectric 8,877 8,902 8,902 8,927 

Wind 2,094 1,920 744 744 
Solar 1,018 1,143 1,143 1,268 

Bio-energy 565 565 565 565 
Natural Gas 11,123 11,123 11,123 11,123 

  1741!
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Table A-4 1742!
Transmission Connected Generation Capacity 2014-2035 in MW 1743!

IESO Scenario A2 – Low Demand with Less Nuclear and Nat. Gas 1744!
including LRP-II Deferral 1745!

 1746!
 2014 2015 2016 2017 2018 2019 

Pickering Nuclear 3,100 3,100 3,100 3,100 3,100 3,100 
Bruce A Nuclear 3,000 3,000 3,000 3,000 3,000 3,000 
Bruce B Nuclear 3,300 3,300 3,300 3,300 3,300 3,300 

Darlington Nuclear 3,500 3,500 3,500 2,625 2,625 2,625 
Hydroelectric 8,462 8,401 8,442 8,489 8,527 8,533 

Wind 2,543 3,883 4,375 4,548 4,548 4,548 
Solar 0 280 312 326 368 373 

Bio-energy 455 461 492 494 495 535 
Natural Gas 9,920 9,697 9,765 9,912 10,686 10,518 

 1747!
 2020 2021 2022 2023 2024 2025 

Pickering Nuclear 3,100 3,100 3,100 2,067 2,067 0 
Bruce A Nuclear 3,000 3,000 3,000 2,250 2,250 1,500 
Bruce B Nuclear 2,475 2,475 2,475 2,475 2,475 2,475 

Darlington Nuclear 2,625 1,750 1,750 1,750 2,625 2,625 
Hydroelectric 8,534 8,534 8,570 8,570 8,595 8,595 

Wind 4,555 4,553 4,746 4,746 4,746 4,746 
Solar 373 413 413 718 718 1,018 

Bio-energy 535 535 535 535 535 535 
Natural Gas 10,599 10,599 10,468 10,033 10,033 10,033 

 1748!
 2026 2027 2028 2029 2030 2031 

Pickering Nuclear 0 0 0 0 0 0 
Bruce A Nuclear 2,250 2,250 3,000 3,000 3,000 3,000 
Bruce B Nuclear 1,650 1,650 825 825 0 825 

Darlington Nuclear 3,500 3,500 3,500 3,500 3,500 3,500 
Hydroelectric 8,683 8,683 8,877 8,877 8,877 8,877 

Wind 4,746 4,744 4,744 4,744 4,744 4,744 
Solar 1,018 1,018 1,018 1,018 1,018 1,018 

Bio-energy 535 535 535 535 535 535 
Natural Gas 10,033 10,033 10,033 10,033 10,033 10,033 

 1749!
 2032 2033 2034 2035 

Pickering Nuclear 0 0 0 0 
Bruce A Nuclear 3,000 3,000 3,000 3,000 
Bruce B Nuclear 825 1,650 1,650 1,650 

Darlington Nuclear 3,500 3,500 3,500 3,500 
Hydroelectric 8,877 8,902 8,902 8,927 

Wind 4,744 5,044 5,044 5,344 
Solar 1,018 1,143 1,143 1,268 

Bio-energy 535 550 550 565 
Natural Gas 10,033 10,033 10,033 10,033 

 1750!
  1751!
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Table A-5 1752!
Transmission Connected Generation Capacity 2014-2035 in MW 1753!

IESO Scenario B – Flat Demand with LTEP Supply Mix 1754!
including LRP-II Deferral 1755!

 1756!
 2014 2015 2016 2017 2018 2019 

Pickering Nuclear 3,100 3,100 3,100 3,100 3,100 3,100 
Bruce A Nuclear 3,000 3,000 3,000 3,000 3,000 3,000 
Bruce B Nuclear 3,300 3,300 3,300 3,300 3,300 3,300 

Darlington Nuclear 3,500 3,500 3,500 2,625 2,625 2,625 
Hydroelectric 8,462 8,401 8,442 8,489 8,527 8,533 

Wind 2,543 3,883 4,375 4,548 4,548 4,548 
Solar 0 280 312 326 368 373 

Bio-energy 455 461 492 494 495 535 
Natural Gas 9,920 9,697 9,765 10,127 11,022 11,032 

 1757!
 2020 2021 2022 2023 2024 2025 

Pickering Nuclear 3,100 3,100 3,100 2,067 2,067 0 
Bruce A Nuclear 3,000 3,000 3,000 2,250 2,250 1,500 
Bruce B Nuclear 2,475 2,475 2,475 2,475 3,300 3,300 

Darlington Nuclear 2,625 1,750 1,750 1,750 2,625 2,625 
Hydroelectric 8,534 8,534 8,570 8,570 8,595 8,595 

Wind 4,555 4,553 4,746 4,746 4,746 4,746 
Solar 373 413 413 718 718 1,018 

Bio-energy 535 535 535 535 535 535 
Natural Gas 11,123 11,123 11,123 11,123 11,123 11,123 

 1758!
 2026 2027 2028 2029 2030 2031 

Pickering Nuclear 0 0 0 0 0 0 
Bruce A Nuclear 2,250 2,250 3,000 3,000 3,000 3,000 
Bruce B Nuclear 2,475 2,475 1,650 2,475 1,650 2,475 

Darlington Nuclear 3,500 3,500 3,500 3,500 3,500 3,500 
Hydroelectric 8,683 8,683 8,877 8,902 8,902 8,902 

Wind 4,746 4,744 4,744 5,044 5,044 5,044 
Solar 1,018 1,018 1,018 1,143 1,143 1,143 

Bio-energy 535 535 535 550 550 550 
Natural Gas 11,123 11,123 11,123 11,123 11,123 11,123 

 1759!
 2032 2033 2034 2035 

Pickering Nuclear 0 0 0 0 
Bruce A Nuclear 3,000 3,000 3,000 3,000 
Bruce B Nuclear 2,475 3,300 3,300 3,300 

Darlington Nuclear 3,500 3,500 3,500 3,500 
Hydroelectric 8,927 8,927 8,927 8,927 

Wind 5,344 5,344 5,344 5,344 
Solar 1,143 1,268 1,268 1,268 

Bio-energy 565 565 565 565 
Natural Gas 11,123 11,123 11,123 11,123 

 1760!
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Hourly)Curtailment)Estimates)for)the)2014)Reference)Year) 1761!
 1762!
Because available generating capacity varies throughout the year as outages are 1763!
scheduled, it is important to know if the published 2014 IESO generation output 1764!
data has been affected by curtailment.  IESO publishes curtailment amounts on 1765!
an annual basis for nuclear, wind and solar generation.  OPG does so for its 1766!
hydroelectric generation on a quarterly basis.  OPG’s production represents the 1767!
majority of hydroelectric production.  Hourly curtailment data for each resource 1768!
type is not available to the public from either the IESO or OPG.  However, hourly 1769!
curtailment data is needed for the analysis as discussed earlier.  Hourly 1770!
curtailment data is produced by the model as described below. 1771!
 1772!
Curtailment of nuclear generation in 2014 was assumed to have occured if the 1773!
actual hourly output of a nuclear station fell more than 70 MW below the hourly 1774!
capability data published by the IESO.  The full difference is then assumed to be 1775!
curtailed generation.  A review of the capability data in 2014 indicated periods 1776!
when there was no curtailment but the capability values and output values for the 1777!
station differed by more than 70 MW in that hour.  However, selecting a much 1778!
larger number would miss a number of curtailment events.  There are a number 1779!
of operational reasons why at any instant in time the output of a nuclear station is 1780!
not at its capability level even without any deliberate curtailment.  The 1781!
assumption above is therefore a compromise in the absence of hourly 1782!
curtailment data from the IESO.  The assumption is expected to result in over- 1783!
estimating the nuclear curtailment.  The IESO reported that in 2014 nuclear 1784!
curtailment was 1.261 TWh.  The assumption above resulted in a calculated 1785!
annual curtailment of 1.481 TWh for 2014.  The model was then adjusted to 1786!
reduce each hourly nuclear curtailment by the estimating error for only the 2014 1787!
reference year calculations.  The adjustment ensures total annual nuclear 1788!
curtailment was correctly computed for 2014 and the total available nuclear 1789!
output for the 2014 reference year would be correct before we scaled the data for 1790!
future years.  The adjustment will result in some hourly variations between the 1791!
model predictions for 2014 and the actual 2014 historical curtailment. 1792!
 1793!
Curtailment of wind generation in 2014 was assumed to have occurred if the 1794!
actual output fell below the IESO forecasted available capacity.  The full 1795!
difference is then assumed to be curtailed generation.  However, forecasted 1796!
available wind capacity is not perfectly accurate.  IESO has published a statistical 1797!
analysis of its variable generation (wind and solar combined) forecasting error for 1798!
a stakeholder consultation to improve system flexibility [R3].  There is a bias 1799!
toward over forecasting variable generation output.  Consequently, using 1800!
forecasted output to estimate wind curtailment should result in an over-estimate.  1801!
The IESO reported that curtailment of wind generation for 2014 was 0.376 TWh.  1802!
The assumption above resulted in a calculated annual curtailment of 0.431 TWh 1803!
for 2014.  The model was then adjusted to reduce each hourly wind curtailment 1804!
by the estimating error for only the 2014 reference year calculations.  1805!
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 1806!
Since there was no transmission connected solar generation in 2014, the 1807!
analysis uses the hourly production profile for a full 1-year period from the 100 1808!
MW Grand Solar Facility in Haldimand County near Hamilton beginning on May 1809!
1, 2015 to April 29, 2016.  The solar production 2014 reference year dataset was 1810!
developed from the Grand Solar Facility data.  The data for January 1, 2016 to 1811!
April 29, 2016 was assigned to Jan 1, 2014 to April 30, 2014 in the 2014 1812!
reference year dataset. The 1-day discrepancy was due to an extra day on Feb 1813!
29, 2016 because 2016 was a leap year.  The data for May 1, 2015 to Dec 31, 1814!
2015 was assigned to the same period in the 2014 reference year dataset. The 1815!
resulting 2014 reference hourly production profile for solar generation was then 1816!
used to forecast solar production in each subsequent year based on the year-end 1817!
solar capacity. Leap year days in the 2016-35 period were not included in the 1818!
model or for the analysis in this report. 1819!
 1820!
Calculating hydroelectric curtailment from historical production data is not a trivial 1821!
task because of the regulatory constraints on hydroelectric production and the 1822!
lack of hourly forecast data on water availability for hydroelectric resources.  1823!
Curtailment of hydroelectric generation generally occurs when market prices fall 1824!
below the plant’s gross revenue charge (essentially the production tax for water 1825!
use).  Also for various operational reasons a plant may stagger its curtailment 1826!
among various plant units or delay curtailment even if market prices fall below its 1827!
gross revenue charge. To estimate the hourly hydroelectric curtailment for 2014 1828!
the model assumes curtailment takes place if the market price falls below the 1829!
plant’s gross revenue charge.  The amount of curtailment is estimated to be the 1830!
difference between current output and the highest hydroelectric output over the 1831!
previous 5 days. For the first 5 days of the year the highest hourly production in 1832!
the first 5 days of the year was used.  A 5-day period was used to improve the 1833!
chance that we capture the true un-curtailed power level. Unfortunately, this 1834!
methodology will capture curtailment values when in fact some of the power 1835!
change may be due to short-term storage at the dams that have the ability to 1836!
store some water for a short period (typically a few hours) for daily peaking 1837!
 1838!
The model uses a rounded $14/MWh gross revenue charge for large OPG 1839!
hydroelectric facilities and an average $5/MWh for smaller OPG hydroelectric 1840!
facilities. The curtailment results for the smaller facilities are not particularly 1841!
sensitive to the range of values for the gross revenue charge of $4 to $6/MWh 1842!
that is paid by small facilities.  However, the curtailment results for the large 1843!
facilities are very sensitive to the gross revenue charge used in the calculations.  1844!
Using a charge of $14.4/MWh (the gross revenue charge paid by large facilities) 1845!
produces an increase in estimated curtailment of 0.412 TWh and creates an 1846!
over-estimate of the hydroelectric curtailment for the year.  To avoid 1847!
overestimating curtailment the analysis uses a rounded figure of $14/MWh and 1848!
that resulted in approximately a 5% underestimate of curtailment.  OPG reported 1849!
that in 2014 hydroelectric curtailment was 3.2 TWh.  The assumptions above 1850!
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resulted in a calculated annual curtailment of 3.042 TWh for all hydroelectric 1851!
facilities.  The model was then adjusted to increase each hourly hydroelectric 1852!
curtailment by the estimating error for only the 2014 reference year calculations. 1853!
 1854!
The 2014 hourly curtailment data for each resource type was then added to 1855!
actual 2014 hourly generation data for each resource type to determine the total 1856!
amount of zero-emission generation of each resource type that was available 1857!
hourly in the 2014 reference year dataset.   1858!
Surplus and Curtailment)Forecasts)in)Future)Years) 1859!
 1860!
The hourly quantity of zero-emission electricity that is surplus to Ontario’s needs 1861!
is determined by the extent to which the following hourly quantities exceed the 1862!
transmission system hourly Ontario load demand: 1863!
 1864!

1. must-run gas output required for reliability 1865!
2. self-scheduled combined heat and power output 1866!
3. economic or technically required imports 1867!
4. available bio-energy capacity 1868!
5. available hydroelectric capacity 1869!
6. available wind capacity 1870!
7. available solar capacity 1871!
8. available nuclear capacity 1872!

 1873!
The hourly quantity of zero-emission electricity is the extent to which the hourly 1874!
quantities of the 8 items above exceed the transmission system hourly total load 1875!
demand (ie: Ontario load demand plus export load demand). 1876!
 1877!
The amount of must-run natural gas generation on an hourly basis that is needed 1878!
for reliability must be calculated because it was not identified in the IESO Sep 1, 1879!
2016 planning outlook.  Some natural gas generation must run regardless of the 1880!
available capacity of low emission generation to provide spinning and other 1881!
operational reserves needed to maintain electricity supply reliability.  An analysis 1882!
of low price periods when curtailment was occurring in 2014 was undertaken.  1883!
The average gas fired output during such periods was about 900 MW.  1884!
Consequently, must-run natural gas on an hourly basis was estimated to be 1885!
equal to the lesser of the actual gas generation output or 900 MW. Those figures 1886!
for 2014 were then used in each subsequent year as the value for must-run 1887!
natural gas.  Because there are other operational reasons why gas may be 1888!
required to run at higher levels for reliability reasons, the assumption above is 1889!
expected to result in under-estimating the amount of must-run natural gas 1890!
generation and therefore also under-estimating the amount of surplus zero- 1891!
emission generation that is available in future years.  The model forecast for 1892!
2014 curtailment was 3.949 TWh instead of the actual 4.837 TWh or about 18% 1893!
low.  The hourly curtailment results for each year were not adjusted up to correct 1894!
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the model’s under-estimating error to avoid over-predicting the amounts of 1895!
surplus and curtailed electricity. 1896!
 1897!
Curtailed zero-emission electricity forecasts are very dependent on the modeling 1898!
accuracy with respect to forecasts of the amounts of must-run gas for reliability, 1899!
imports and exports.  Those values were not explicitly identified by IESO in its 1900!
Sep 1, 2016 Ontario Planning Outlook.   1901!
 1902!
However, the IESO did provide the forecasted surplus base-load generation 1903!
production (the same as curtailed zero-emission electricity term used in this 1904!
report) for each year from 2016 to 2035 for Scenario B only.   1905!
 1906!
In order to gauge the accuracy of the simplified model that was used in the 1907!
analysis for this report to forecast curtailment, a comparison was made of the two 1908!
forecasts for curtailed zero-emission electricity on the same basis (ie: before the 1909!
LRP-II deferral decision).  Figure A-1 below shows the comparison: 1910!
 1911!

Figure A-1 1912!
Comparison of MIDAC and IESO Curtailment Forecasts 1913!

for IESO Scenario B not including LRP-II Deferral 1914!
 1915!

 1916!
 1917!
 1918!
An alternative way to check model accuracy is to comparing model forecasts for 1919!
2015 curtailment with actual reported 2015 curtailment.  For example the 1920!
estimated curtailed amount of zero-emission electricity in 2015 from the analysis 1921!
of Sep 1, 2016 Scenario B - Flat demand is 5.7 TWh.  The actual value reported 1922!
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by IESO and OPG in 2015 was 4.8 TWh (an apparent 19% over-estimate).  1923!
However, a significant portion of that difference can be explained by the 3.7 TWh 1924!
of lower actual nuclear production in 2015 compared to 2014 due to additional 1925!
nuclear outages in 2015 compared to 2014 especially the Darlington station 1926!
outage to conduct a vacuum building inspection which occurred in the fall during 1927!
a low demand period.  If those additional outages had not occurred a portion of 1928!
that 3.7 TWh of energy would have been curtailed because that production would 1929!
have been surplus to Ontario’s needs and could not all be exported.  1930!
 1931!
The model is intended for conceptual studies so it does not incorporate annual 1932!
variations in scheduled outages in future years with the exception of nuclear 1933!
refurbishment outages and nuclear retirements that have been modeled using 1934!
year-end capacities for the entire year.  This means future years can have higher 1935!
or lower actual surpluses than the model forecasts depending on actual outage 1936!
performance in future years compared to the 2014 reference data. 1937!
Wholesale)Market)Price)Modeling) 1938!
 1939!
To develop a wholesale market price model for electricity it is important to 1940!
understand some technical and financial considerations that impact the cost of 1941!
production and therefore the bidding strategy that results in the wholesale market 1942!
price. 1943!
 1944!
Electricity for Ontario consumers is priced at the retail level to recover the full 1945!
cost of production because that load is considered non-interruptible. The retail 1946!
price includes the wholesale electricity price, the global adjustment charge, the 1947!
transmission and distribution charges, and other regulatory charges. The global 1948!
adjustment charge is the surcharge applied to the wholesale electricity price in 1949!
order to cover producers’ contractual costs that are not covered by the wholesale 1950!
market price.  The global adjustment charge also includes the cost of 1951!
government mandated conservation programs. 1952!
 1953!
Exported surplus electricity is sold at the wholesale market price plus a small 1954!
uplift charge because that load is interruptible.  The wholesale market price 1955!
averaged over an hour is called the Hourly Ontario Electricity Price (HOEP).  The 1956!
Ontario wholesale market price is set in an auction market every 5 minutes.  The 1957!
wholesale market price is set by the bid price of the next megawatt (MW) of 1958!
generation required to meet demand.  The bid price is each producer’s marginal 1959!
cost of production of the next MW of generation. Therefore, the wholesale market 1960!
price can be estimated if we know the marginal cost of production for each 1961!
generation resource type and if we know what resource type was dispatched 1962!
each hour to supply the last MW of load demand. 1963!
 1964!
Hydroelectric generation facilities pay the provincial and local governments a 1965!
production tax for water use.  If there is no production there is no tax paid. 1966!
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Consequently the production tax represents a marginal cost of production for 1967!
hydroelectric facilities.  This production tax is called a “gross revenue charge” in 1968!
Ontario. 1969!
 1970!
In 2015 the marginal cost of production for large hydroelectric facilities was 1971!
approximately $14.4/MWh (1.44 cents per kWh). Small hydroelectric facilities had 1972!
a marginal cost of production of about $4 to $6/MWh (0.4 to 0.6 cents per kWh) 1973!
depending on their annual production levels. 1974!
 1975!
Nuclear units have a high shutdown cost but these can be avoided if the plant is 1976!
able to reduce electrical output rather than shutting down. The Bruce nuclear 1977!
units are able to reduce some of their electrical output by diverting steam around 1978!
their turbine-generators into the condenser.  These nuclear units cannot save 1979!
fuel cost when they reduce electrical output. Therefore the flexible portion of this 1980!
nuclear capacity together with wind and solar generation have a marginal cost of 1981!
production that is close to zero cents per kilowatt hour. 1982!
 1983!
Natural gas generation has a marginal cost of production close to its natural gas 1984!
fueling cost. At the current natural gas price of about $2.50 US per million BTU at 1985!
the Henry Hub, a producer’s marginal cost of production for combined cycle gas 1986!
turbine (CCGT) plants is in the range of $25 to $30 Canadian per Megawatt hour. 1987!
An individual power producer’s actual natural gas fuel price will vary with the 1988!
exchange rate, delivery and storage depot charges, the mix of Canadian and US 1989!
sourced gas and the mix of spot and long term natural gas supply contracts.  The 1990!
marginal cost of production for simple cycle gas turbine (SCGT) plants is about 1991!
50% greater than CCGT plants. Simple cycle gas turbine plants are less efficient 1992!
but more flexible and typically are used to meet summer peak air-conditioning 1993!
loads or winter peak heating loads. 1994!
 1995!
Due to the terms and conditions of Ontario's power purchase agreements (PPAs) 1996!
with producers, curtailment of zero-emission generation like hydroelectric, 1997!
nuclear, wind and solar generation takes place at different price points. Flexible 1998!
hydroelectric generation typically dispatches itself off when the wholesale market 1999!
price falls below its gross revenue charge.  Flexible nuclear plants, wind and 2000!
solar generation are dispatched off by the IESO when the wholesale market price 2001!
falls below their respective floor prices. The floor prices are listed below: 2002!
 2003!
2014 and 2015 Floor Prices: 2004!
 2005!
Nuclear:  - $5/MWh (-0.5 cents/kWh) 2006!
Solar:   - $10/MWh (-1.0 cents/kWh) 2007!
1st 90% of Wind: - $10/MWh (-1.0 cents/kWh) 2008!
Last 10% of Wind: - $15/MWh (-1.5 cents/kWh) 2009!
 2010!
 2011!



Grid!Integrated!Electrolysis!–!Facilitating!Carbon!Emission!Reductions!
in!the!Transportation,!Industrial!and!Residential!Sectors!

!

!
Grid Integrated Electrolysis-Oct 31, 2016 nwm! Page 57 of 65 
! !

2016 and Future Year Floor Prices: 2012!
 2013!
Solar:   - $3/MWh (-0.3 cents/kWh) 2014!
1st 90% of Wind: - $3/MWh (-0.3 cents/kWh) 2015!
Nuclear:  - $5/MWh (-0.5 cents/kWh) 2016!
Last 10% of Wind: - $15/MWh (-1.5 cents/kWh) 2017!
 2018!
Inflexible base-load plants like inflexible nuclear and run-of-the-river hydroelectric 2019!
plants are able to bid down to negative $2,000/MWh (-$2.00 /kWh) to ensure 2020!
they are not dispatched off.  2021!
 2022!
It is important to know that distribution connected generation like wind and solar 2023!
facilities have the highest priority access to the consumer load.  This is done for 2024!
two reasons.  Firstly, distribution connected generation can supply distribution 2025!
connected load with little or no transmission capacity or losses.  Secondly, 2026!
distribution connected generation typically has smaller capacity and it is not 2027!
economic to have these facilities monitored and dispatched by the IESO.  2028!
 2029!
Consequently, distribution connected generation appears to the IESO on the high 2030!
voltage transmission system as a negative consumer load.  For example 2031!
distribution connected solar generation output appears to the IESO as a lower 2032!
overall consumer demand during sunlit days. Power systems with large amounts 2033!
of solar generation in the distribution system typically have dips in consumer 2034!
demand on the high voltage transmission system during sunlit midday hours. 2035!
 2036!
The impact of surplus zero-emission generation on the wholesale market price 2037!
can be clearly seen if we examine a typical week when there is surplus zero- 2038!
emission electricity.  Figure A-2 below shows the week of Monday, Sept 8 to 2039!
Sunday, Sep 14, 2014.  Sep 11 to Sep 14 is a period of significant surplus zero- 2040!
emission electricity. 2041!
 2042!
When available zero-emission electricity (green line) exceeds the Ontario 2043!
demand line (blue line) the HOEP hourly market price (black line) typically falls 2044!
below $14/MWh (or 1.4 cents/kWh).  When available zero-emission electricity 2045!
(green line) exceeds the total demand line (red line) the HOEP hourly market 2046!
price (black line) can fall below zero $/MWh (or zero cents/kWh).  For modest 2047!
amounts of surplus zero-emission electricity, large hydroelectric units will be 2048!
curtailing production.  As the surplus rises, more curtailment is necessary and 2049!
eventually the negative floor prices for wind, solar and nuclear are reached. 2050!
 2051!
  2052!
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Figure A-2 2053!

 2054!
 2055!
 2056!
IESO is concerned about the divergence of actual real time prices from 2057!
forecasted prices when there are errors in forecasting variable generation output. 2058!
This price divergence can be seen in Figure A-2 as large sudden increases in 2059!
price (black line) where Ontario production of zero-emission electricity is greater 2060!
than the Ontario load demand (eg: second price spike on Sep 8 and Sep 10 and 2061!
the price spikes on Sep 12). IESO is looking for additional power system 2062!
flexibility to counteract forecasting errors of variable generation.  If that system 2063!
flexibility is acquired, the large temporary divergence of market prices from 2064!
forecast prices should be reduced substantially. Electrolysers are one example of 2065!
technology that can provide additional power system flexibility. 2066!
 2067!
Hydroelectric and nuclear units have limits on the amount of curtailment that can 2068!
be performed in any single hour.  An analysis of the 2014 data shows that up to 2069!
1,360 MW of large hydroelectric curtailment was available, 1,240 MW of small 2070!
hydroelectric curtailment was available, and 2,230 MW of nuclear curtailment 2071!
was available.  Currently, flexible nuclear capacity is only available at the 2 Bruce 2072!
stations.  After Darlington is refurbished those units are expected to provide 2073!
some flexible capacity that can partially curtail their electrical output like the 2074!
Bruce units. However, the model does not include any flexible capacity at the 2075!
Darlington station after the units are refurbished.  This is not expected to have a 2076!
material impact on the analysis because the nuclear units are the last resource to 2077!
curtail their output. 2078!
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 2079!
Nuclear curtailment occurs after wind and solar curtailment beginning in February 2080!
2016.  In 2014 and 2015 nuclear curtailment occurred before wind and solar. The 2081!
model uses a single floor price of negative $3/MWh for both wind and solar for 2082!
their entire capacity in 2016 and negative $10/MWh in 2014 and 2015. 2083!
 2084!
Large hydroelectric units will be the first to curtail their production when the 2085!
market price falls below 14.4 $/MWh (1.44 cents/kWh).   The exact price point 2086!
when various large hydroelectric units will curtail their production depends on a 2087!
number of operational considerations at each plant.  The analysis model does 2088!
not model that operational complexity.   2089!
 2090!
When there is surplus zero-emission electricity, the model will set the market 2091!
price based on which resource type is being curtailed for the next MW.  This is 2092!
determined in accordance with each resource type’s marginal cost of production 2093!
which is the gross revenue charge for hydroelectric generation and the floor price 2094!
for nuclear, wind and solar generation.  The technology with the highest marginal 2095!
cost of production or floor price is curtailed first.  The next lower cost producer is 2096!
curtailed next after the higher cost producer is fully curtailed. In real life there 2097!
may be operational reasons why various curtailments overlap with one another.  2098!
That level of complexity is not modeled. To simply the modeling, the curtailment 2099!
order and the process of establishing the market price, the model uses the 2100!
following logic for 2016 and subsequent years: 2101!
 2102!

• Up to 1,360 MW, large hydroelectric curtailment:  HOEP = $14/MWh 2103!
• Up to 2,600 MW, small hydroelectric curtailment:  HOEP = $5/MWh 2104!
• Beyond 2,600 MW to full capacity of wind and solar:  HOEP = -$3/MWh 2105!
• Remaining curtailment by nuclear:  HOEP = -$5/MWh 2106!

 2107!
If there is insufficient flexible capacity to curtail, the IESO operators will typically 2108!
order one or more nuclear units to shut down.  That action will effectively make 2109!
the operating flexible nuclear units the market price setters until the load demand 2110!
rises. 2111!
 2112!
An analysis was performed on the 2014 historical data using the model 2113!
assumptions described above and using the 2014 curtailment order with wind 2114!
and solar curtailing after nuclear.  For the years 2016-35 nuclear curtailment 2115!
occurs after wind and solar curtailment. 2116!
 2117!
The analysis for 2014 shows the model algorithm under predicts the median 2118!
HOEP price of $14.06/MWh by $9.06/MWh.  The model does not capture the 2119!
operational dynamics that causes median prices to rise that additional 2120!
$9.06/MWh.  The computed prices in the model were scaled up by a fixed 2121!
amount of $9.06 for all HOEP calculations in each year to eliminate the modeling 2122!
error observed in 2014.  However, any changes in market operational dynamics 2123!
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in other years will not be captured by this simplified model.  The model will likely 2124!
over predict the HOEP if there is a large and sustained amount of curtailment 2125!
because the fixed adjustment of $9.06/MWh will mask the negative market price 2126!
when large surplus quantities result in curtailment of wind, solar or nuclear 2127!
generation at negative prices.  This is more likely to occur in the 2016-20 period 2128!
when estimated surpluses are high.   2129!
 2130!
The actual 2014 HOEP historical data and the model prediction of the 2014 2131!
HOEP (including the fixed adjustment) is summarized in Table A-6 below: 2132!
 2133!
 2134!

Table A-6 2135!
HOEP During Periods of Surplus Zero-Emission Electricity 2136!

with No Electrolyser in Operation 2137!
 2138!

Year Historical 2014 Data Model 2014 Data 
Average HOEP 16.66 $/MWh 12.54 $/MWh 

Median HOEP 14.06 $/MWh 14.06 $/MWh 

Lowest HOEP -110.10 $/MWh -0.94 $/MWh 

Highest HOEP 295.98 $/MWh 23.06 $/MWh 
 2139!
Note the large negative and positive price excursions during period of surplus 2140!
zero-emission electricity are the result of a lack of power system flexibility. 2141!
Fortunately these excursions are usually short lived because supply is 2142!
continuously being dispatched and forecasting errors can be corrected within 2143!
several minutes to a few hours depending on the magnitude of the error. 2144!
  2145!
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Appendix B – Carbon Dioxide Reduction Factors 2146!
 2147!
This report uses carbon dioxide reduction factors to convert electrical 2148!
consumption in the electrolysers into carbon dioxide emission reductions.  The 2149!
reductions are created when electrolytic hydrogen produced by surplus zero- 2150!
emission electricity displaces fossil fuels in various applications or displaces 2151!
hydrogen that was previously produced using natural gas. 2152!
 2153!
The carbon dioxide reduction factors and how they were derived is summarized 2154!
in this appendix for the following 4 applications that are analyzed: 2155!
 2156!

1. electrolytic hydrogen is used in fuel cell vehicles to displace gasoline. 2157!
2. electrolytic hydrogen is used in chemical production/upgrading by 2158!

displacing hydrogen currently produced by steam methane reforming. 2159!
3. electrolytic hydrogen is used to produce electricity by displacing natural 2160!

gas fuel at a combined cycle gas turbine generating station. 2161!
4. Electrolytic hydrogen is used to green the gas distribution system by 2162!

partially displacing natural gas for cooking and for space, water and 2163!
process heating. 2164!

 2165!
The data references used to develop the carbon dioxide reduction factors are: 2166!

• US EPA - GHG Emissions from Vehicles: 2167!
https://www.epa.gov/sites/production/files/2016- 2168!
02/documents/420f14040a.pdf 2169!

• Emission data for Fossil Fuels from US EIA at:  2170!
http://www.eia.gov/tools/faqs/faq.cfm?id=73&t=11 2171!

• Thermal data from US-EIA data at 2172!
http://www.eia.gov/electricity/annual/html/epa_08_02.html 2173!

• Electrolyser data from Next Hydrogen at:  2174!
http://www.nexthydrogen.com/#!product/syhm6 2175!

• US DOE Energy Equivalency of Fuels:  http://hydrogen.pnl.gov/hydrogen- 2176!
data/energy-equivalency-fuels-lhv 2177!

• US DOE HHV and LHV of Fuels:  http://hydrogen.pnl.gov/hydrogen- 2178!
data/lower-and-higher-heating-values-hydrogen-and-other-fuels 2179!

• US NREL Paper, Feb 2001, “Life Cycle Assessment of Hydrogen 2180!
Production via Natural Gas Reforming”:  2181!
https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/27637.pdf 2182!

  2183!
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Carbon Dioxide Reduction Factor Applicable for Hydrogen Fuel Cell 2184!
Vehicles 2185!
 2186!

Description Value 
Electricity Data  

• CO2 emissions to produce of 1 kWh(e) 
(kgCO2/kWh(e)) from zero-emission electricity 

0 

Gasoline Data  
• CO2 Emissions from gallon of gasoline (kgCO2/US 

Gallon) 
8.887 

 
• Gasoline vehicle typical US mileage rate (miles/US 

gallon) 
21.6 

 
• CO2 Emissions per mile typical passenger vehicle 

(kg CO2/mile) 
0.411 

 
• Gasoline consumption in 1 mile (gallons) 0.0463 

Hydrogen Data  
• Electricity Consumption for Electrolyser (kWh(e)/kg 

H2) 
55.6 

 
• Electrolyser H2 output (kg H2 per kWh(e))  0.0180 
• FCEV range per tank (Hyundai Tuscon FCEV), (km) 425 
• FCEV range per tank (Hyundai Tuscon FCEV), 

(miles) 
264.1 

• FCEV tank size (Hyundai Tuscon FCEV), (kg H2) 5.6 
• FCEV consumption rate (miles per kg H2) 47.158 
• Hydrogen consumption in 1 mile (kg) 0.0212 
• Electricity required to produce 0.0212 kg H2 (kWh(e)) 1.178 

 
Emission Reduction Factor (kg CO2/kWh(e)) 

 
0.349 

 2187!
Note: The factor represents the carbon emissions avoided for each kWh(e) of 2188!
zero-emission electricity used to make electrolytic hydrogen that subsequently 2189!
displaces gasoline in passenger vehicles. 2190!
  2191!
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Carbon Dioxide Reduction Factor Applicable for Chemical 2192!
Production/Upgrading 2193!
 2194!

Description Value 

Electricity Data  
• CO2 emissions to produce of 1 kWh(e) 

(kgCO2/kWh(e)) from zero-emission electricity 
0 

SMR Data  
• Life Cycle Emissions (kg CO2/kg H2) 11.888 
• Construction and Decommissioning (kg CO2/kg H2) 0.041 
• Net Operating Emissions (kg CO2/kg H2) 11.847 

Hydrogen Data  
• Electricity Consumption for Electrolyser (kWh(e)/kg 

H2) 
55.6 

 
 
Emission Reduction Factor (kg CO2/kWh(e)) 

 
0.213 

 2195!
Note: The factor represents the carbon emissions avoided for each kWh(e) of 2196!
zero-emission electricity used to make electrolytic hydrogen that subsequently 2197!
displaces hydrogen produced by the steam methane reforming (SMR) process. 2198!
 2199!
  2200!
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Carbon Dioxide Reduction Factor Applicable for Electricity Production 2201!
 2202!

Description Value 
Electricity Data  

• CO2 emissions to produce of 1 kWh(e) 
(kgCO2/kWh(e)) from zero-emission electricity 

0 

Nat Gas Data  
• Heat of combustion  (LHV) of nat. gas (MJ/kg) 47.141 
• CO2 emissions from nat. gas (lb/M.BTU) 117.00 
• CO2 emissions from nat. gas (kg/M.BTU) 53.07 
• BTU/kWh(t) 3412.14 
• kWh(t) per M.BTU 293 
• CO2 emissions from nat gas CCGT plant 

(kgCO2/kWh(e)) 
0.407 

 
Hydrogen Data  

• Electricity Consumption for Electrolyser (kWh(e)/kg 
H2) 

55.6 
 

• Heat of Combustion (LHV) of H2 (MJ/kg) 120.2 
• BTU per MJ 947.817 
• BTU per kg nat. gas (BTU/kg) 44,681 
• Amount of nat. gas per kWh(e) output in CCGT 

plant (kg) 
0.1716 

• Hydrogen equivalency to nat. gas on kWh(t) 
delivered basis 

2.55 

• kg H2 required in CCGT per kWh(e) output 0.0673 
• kWh(e) input needed to produce enough H2 for one 

kWh(e) output at CCGT plant 
3.74 

• Overall efficiency factor of electric-H2-electric 
conversion 

26.75 % 

Emission Reduction Factor (kg CO2/kWh(e)) 0.109 
 2203!
Note: (1) The factor represents the carbon emissions avoided for each kWh(e) of 2204!
zero-emission electricity used to make electrolytic hydrogen that subsequently 2205!
displaces natural gas at a CCGT power plant. 2206!

(2) Electolysers operate as a Type 1 storage device [R14] when the 2207!
hydrogen is used to produce electricity later.  However this application has 2208!
relatively low round trip efficiency of only 27%. 2209!
  2210!
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Carbon Dioxide Reduction Factor Applicable to Hydrogen Addition to the 2211!
Natural Gas Distribution System 2212!
 2213!

Description Value 
Electricity Data  

• CO2 emissions to produce of 1 kWh(e) 
(kgCO2/kWh(e)) from zero-emission electricity 

0 

Nat Gas Data  
• CO2 emissions from nat. gas (lb/M.BTU) 117.00 
• CO2 emissions from nat. gas (kg/M.BTU) 53.07 
• BTU/kWh(t) 3412.14 
• kWh(t) per M.BTU 293 
• CO2 emissions from nat. gas (kg CO2/kWh(t)) 0.181 

Nat Gas Data  
• Electricity consumption for electrolyser (kWh(e)/kg 

H2) 
55.6 

 
• Heat of combustion (LHV) of H2 (MJ/kg) 120.2 
• Heat of combustion (LHV) of nat. gas in MJ/kg 47.141 
• MJ in 1 kWh 3.6 
• kWh(t) in energy in 1 kg nat. gas 13.09 
• Amount of nat. gas to deliver 1 kW(t)h energy (kg) 0.0764 
• Hydrogen equivalency to nat. gas on kWh(t) 

delivered basis 
2.55 

• Amount of H2 needed to deliver 1 kWh(t), (kg) 0.030 
• kWh(e) needed to produce 1 kWh(t) of H2 1.66 
• Overall efficiency of electrolysis process 60.1% 

 
Emission Reduction Factor (kg CO2/kWh(e)) 

 
0.109 

 2214!
Note: The factor represents the carbon emissions avoided for each kWh(e) 2215!
of zero-emission electricity used to make electrolytic hydrogen that 2216!
subsequently displaces natural gas in the gas distribution system for 2217!
thermal energy purposes. 2218!


