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World Electrification Growth and Mix to 
Stabilize CO2 Concentrations at 550 ppm

•• NonNon--Emitting Emitting –– Nuclear and Renewable, Nuclear and Renewable, 
including Hydropower, Generationincluding Hydropower, Generation

•• LowLow--Emitting Emitting –– FossilFossil--Fueled Distributed Fueled Distributed 
and Central Plants with and Central Plants with 
COCO22 CaptureCapture

From T. Wilson, EPRI, etal, “Electrification of the Economy and CO2 Emissions Mitigation,”
Journal of Environmental Economics and Policy Studies, Vol. 7/No. 5, 2005 



3© 2005 Electric Power Research Institute, Inc. All rights reserved.

-

1,000

2,000

3,000

4,000

5,000

6,000

T
W
h

Municipal Solid Waste

Landfill Gas

Geothermal
Hydro

Solar

Wind

Biomass
Nuclear

Oil/Gas Boiler

Gas Turbine

Combined Cycle
IGCC with CCS

IGCC 

Coal with CCS

Biomass Co-Firing
Coal

2010 2020 2030 2040 2050

US Annual Electricity Generation under Three 
Different Policy Scenarios



4© 2005 Electric Power Research Institute, Inc. All rights reserved.

Electric Generation Supply, CO2 $0 per ton
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What Happens When CO2 Has a Price of $40/ton
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Costs of Ancillary Services and Plant Cycling
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Sample of wind plant grid impact….very 
location and system specific

Study
Penetration 
Level (%) Regulation

Intra-Hour 
Load 

Following

Inter-Hour 
Load 

Following

Scheduling/Unit 
Commitment Total

NYSERDA-NYISO 10 - - - -

Xcel-280 0.3 - 0.41 1.85

Xcel-1500 15 0.23 0.00 4.60

AESO 13 7.37 - 3.64 - 11.01

BPA 11 0.19 0.28 - 1.00 1.47

SPS 20 1.00 - 2.25 0.01 - - 1.01 - 2.26

WE 14 1.08 0.14 - 1.61 2.83

GRE 16.6 1.28 0.18 - 3.08 4.54

Pacificorp 20 - - 2.50 3.00 5.50

1.44

4.37
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Cost of integration as a function of penetration
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Load-Generation Balancing and Scheduling
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Wind Variability & Predictability



Electric Dispatch Example – Two Summer 
Days in  California 
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GERMANY – Expected Variation based on 
projected 48 GW Installation (balancing duty)
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Daily Challenge for Helco’s System Operators
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Expected Situation with 30 MW of Wind Power 
Generation
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Hourly variation of solar PV system output 
over a few days
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Wind Events – Denmark Example
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SPAIN (Plot from Ref [2]) – Sensitivity to 
Voltage Dips

• Large installed capacity of older Wind Turbine Generators 
without low-voltage fault ride-through

• 19:00 h: 400/220 kV Transformer fault in 
Magallón 

• Loss of wind energy: 600 MW 

• 20:36 h: Reconnection 
current same transformer

• Loss of wind energy: 
1.150MW 



Functions and Services Provided by 
Generation (in energy markets)

Begin within 10 sec full 
power in 10 min

Service to provide energy in response to 
contingencies and frequency deviations.

Spinning operating 
reserves

Continuous with 
response in seconds

Service of injecting or absorbing of reactive 
power to control local transmission voltages 
(usually provided with energy).

Reactive supply and 
voltage control

Every few minutes, 
minute-to-minute 
resolution

Service provides capacity based on a signal 
from dispatcher, with AGC2 to meet CPS 1 
and CPS23 and no net energy4.

Frequency regulation 
(regulating reserves)

Hourly plan with 
5- to 10-minute
resolution 

Energy ramping to follow the load, met by 
adjusting generation schedules and the 
imbalance energy market. 

Load-following or 
energy-balancing units

Day before plan, hourly
resolution

Energy (firm) scheduled based on 
availability and price to meet block load, 
with LOLE1 and load forecasts considered.

Committed units 
(usually with 
regulation capacity)

Long-term commitmentsEnergy (firm) scheduled well in advance, 
based on availability, price, and long-term 
contracts.

Base load units 
(non-regulating)

Time FrameShort DescriptionFunctions and 
Services
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Value of Ancillary Services and Energy Storage

•• Load followingLoad following
•• RegulationRegulation
•• ReservesReserves
•• Black startBlack start
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Recommendations

1. Improve our Analysis and Communication for 1. Improve our Analysis and Communication for 
Valuing Hydro Power AssetsValuing Hydro Power Assets
– Regulation Value Assessment 
– Contingency Reserve Value Assessment 
– Load Following and Dispatch Value 

Assessment 
– Energy Arbitrage Value Assessment 
– Black Start 

2. BreakBreak--thru market and regulatory challenges for thru market and regulatory challenges for 
aggregate hydro values to recognize cost/benefitsaggregate hydro values to recognize cost/benefits
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Questions

Thomas Key,  EPRI
Knoxville, TN
865-218-8082 

tkey@epri.com
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Bonneville Power Administration       
Wind Integration Services

Contact: Elliott Mainzer, eemainzer@bpa.gov

BPA Storage and Shaping Service
• For wind projects that deliver power to the 

BPA system.
• Peak and Off-Peak blocks redelivered a week 

later at $6.00/MWh before transmission.

BPA Network Wind Integration Service
• For customers in BPA Control Area who wish 

to purchase wind from a project selling into 
BPA Control Area.

• Tariff is $4.50/MWh before transmission.


