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Abstract
WIND POWER CAPACITY DEVELOPMENT IN WASHINGTON STATE: BACKUP
GENERATION AND EMISSIONS IMPLICATIONS
by
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Washington State is the most populous state in the US’s Pacific Northwest region and
fosters a robust industrial, technology, and agrarian based economy that will lead the state
towards increasing electricity demand over the coming years. Considering that most of the cost
effective hydroelectric sources are tapped out and the state will need to meet an RPS of 15% by
2020, wind power represents the largest resource for renewable utility scale electricity. However,
large-scale wind development is synonymous with necessary balancing power to counteract wind
intermittency. In order to fully assess the emissions impact of integrating large scale wind power
into Washington State, this paper assumes a level of necessary natural gas balancing power to
estimate a range for the associated air emissions up to the year 2030.
Upon modeling the amount of electricity that can be generated from useful wind power
(>Class 3 sites) in Washington, results indicate that more than enough wind power potential lies
in the state to meet the RPS and demand up to year 2030. Meeting RPS and demand for 2030 via
wind would emit 30,856-113,074 metric tons of CO2. Furthermore, although wind power is not a
completely Carbon neutral generation source, this paper’s analysis indicates that developing
wind power to meet 2030 demand still has the potential to abate 590,000-672,000 metric tons of
CO2 emissions against a natural gas alternative, in addition to meeting the state’s RPS.
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Introduction
Washington State is the most populous state in the US’s Pacific Northwest region and fosters a
robust industrial, technology, and agrarian based economy that will lead the state towards
increasing electricity demand over the coming years. Currently, the Pacific Northwest region
and Washington state in particular, generate most of their electricity from hydroelectric
sources (see chart below)1.

Coal 17%
Natural Gas
13%
Nuclear 4%

Waste 0.3%
Other 0.2%

Wind 0.7%
Other
Biomass 0.5%

Hydro 64%

Figure 1: WA Electricity Mix (2009)

Currently, WA peak winter demand is around 18,155 MW (annual), and is projected
to reach approximately 22,961 MW (annual average) by 20302. However, as most of the cost
effective hydroelectric sources are tapped out and demand increases, Washington State is
beginning to look toward a more diverse yet sustainable mix of electricity sources to meet
future demand. Especially considering Washington’s Renewable Portfolio Standard of 15% by

1
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Fuel Mix Disclosure 2009.
Sixth Power Plan 2010.

2

20203, it is ever more important to consider the options to meet demand and the resulting
emissions.
Considering the various options available for renewables in the state, it is evident
that wind power is the largest resource for utility scale electricity. However, large-scale wind
development is synonymous with necessary balancing power to counteract wind intermittency,
which is generally provided by natural gas plants. In order to fully assess the emissions impact
of integrating large scale wind power into Washington State, this paper will estimate the
necessary levels of natural gas balancing power necessary and the emissions impacts thereof to
provide a more comprehensive picture of the practical impacts of wind power development.
The objective of this study will be to estimate the amount of electricity that can be generated
from useful wind power (>Class 3 sites) in Washington, and assess whether and how much of
the RPS this would meet based on the electricity demand projections, and to estimate the net
emissions impact of developing said wind power and balancing it with natural gas power.

Background
Washington State Renewable Portfolio Standard
The state legislature, in 2006, mandated a list of RPS requirements for Washington that
required each utility with 25,000 or more customers to use “eligible renewable resources” to
meet annual renewable targets according to the following schedule:
•

At least 3% of load by January 1, 2012, and each year thereafter through December 21,
2015;

•

At least 9% of its load by January 1, 2016, and each year thereafter through December
21, 2019; and

•

At least 15% of its load by January 1, 2020, and each year thereafter.
According to the legislation, “eligible renewable resource” includes wind, solar,

geothermal, landfill and sewage gas, wave and tidal power, and certain biomass and biodiesel
fuels. It is also noteworthy that this renewable electricity must be generated in a facility that
3

States with renewable portfolio standards, DOE 2011.
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started operating after March 31, 1999, and must be located in the Pacific Northwest or the
electricity from the facility must be delivered into the state on a real time basis. Finally, and no
less significantly, incremental electricity produced from efficiency improvements at
hydropower facilities owned by qualifying utilities is also an eligible renewable resource if the
improvements were completed after March 31, 19994. The penalty for utilities not meeting the
RPS milestones is a fine of $50/MWh, paid to the state of Washington. The utilities are to begin
reporting their progress towards the RPS standards on or before June 1, 20125. According to
Steven Johnson of the WA state utilities commission6, it is likely that the earliest the utilities will
begin reporting this would be in the autumn of 2011.

Washington State Wind Power Potential
The most likely sources to meet increased electricity demand over the next few decades are
wind power (WA ranks amongst the top states in US by both potential and installed capacity)
and natural gas (not counting demand response, since it is not typically viewed as a supply, but
as a demand-side control). NREL’s estimates of wind power and the American Wind
Association’s statistics on wind power potential in WA State (See figures 2 and 3 below) show a
significant space for wind development in the region.

Figure 2: Wind Power in WA state (source: AWEA)

4
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Figure 3: WA Wind Power Potential Map (NREL)

Whereas most studies done to date have assessed Washington’s potential sources
of electricity and their costs of development, there is as yet no significant available study that
examines the emissions implications of developing all of Washington’s theoretical useful wind
potential. In order to fully capture the impacts of meeting demand through wind power, it is
important to assess not just the potential capacities- but also the amount of balancing reserve
that would be needed to backup wind intermittency and the change in emissions associated
with changing WA’s generation mix. While wind power by itself is extremely low in Carbon
Dioxide emission intensity, backing up wind power with natural gas reserves produces CO2
emissions that need to be understood and taken into account in considering the overall impacts
of developing large scale wind power. While CO2 emissions do not affect the RPS, which only
mandates a percentage from renewable sources and not a Carbon cap, it is nonetheless
significant to consider backup related emissions since the very reason for RPSs is in part to
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combat increasing Carbon emissions. The following section will discuss the emissions dynamics
of balancing wind power with conventional generation
generation in more detail to provide more
background to the topic.

Wind Power Variability, Balancing and Emissions
Because
ecause wind power is based on a climatic source
source- ie wind patterns- it is not a steady and point
based source such as fossil fuel or predictable as solar power. Winds blow differently at
different times of day and year, and vary in their intensities geographically
geographically and temporally. The
following graph generated by the Bonneville Power Administration7 highlights the mismatches
between peak load and peak wind power generation: notice the troughs of the demand
corresponding to the peaks in the power generation.

Figure 4: BPA Wind Generation vs. Load Profile
7

“Wind and Load Are Essentially Random”
Random”- BPA 2008.
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As such, wind generation represents variability on every time scale, and must be
accommodated in electricity supply planning. Whereas wind power on a small scale does not
represent as great a challenge, large scale wind power integration over a state wide level
means that, in the event of low wind times, there must be some other form of generation that
kicks in to continue power supply when the turbines stop spinning. Typically, this can be done
either using conventional generators (coal, NG etc.) that compensate for lost wind power, or via
energy storage devices that store excess wind energy that was generated during periods of low
demand and high winds, and release it as necessary. Hydroelectric power plants can serve as
excellent balancing generators, and Washington State has plenty of hydro power plants, as
highlighted earlier. However, facing increasing demand in the future, it is as yet unclear how
much excess capacity there is in WA’s hydro power plants, and due to seasonal variations, how
much balancing or reserve these plants can realistically offer. According to the Bonneville
Power Administration (BPA), the cost of backing wind with hydropower is rising, and the federal
hydropower system is said to be reaching the limits of its wind integration services8. Moreover,
water supply is extremely variable year to year, and there may occur circumstances when the
water levels may not be able to meet hourly load during peak situations in the winter9.
The “backup” or “reserve” in electricity networks, especially with regard to wind
power, can be divided into three categories: Regulation, load-following, and imbalance or
scheduling reserves (see figure 5 below). Regulation reserve covers the shortest term variations,
on the minute time scale, up to 10 minutes, accounting for small changes in load profile, and is
typically controlled automatically and balanced via “spinning” reserves, or plants that are
already running, but at low levels. Load-Following covers the period between 10 minutes to an
hour, and tackles slightly larger scale imbalances in the system. Imbalance, which covers the
largest timescale, is the difference between the hourly power generation and the forecasted
load for that hour. Balancing applies to wind power across all three of these balancing types,
and it is particularly the last one that can be challenging with wind, due to the highly variable

8

“Balancing Act: BPA grid responds to wind power boom”.
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nature of wind patterns- a mistaken forecast could lead to wrong load-planning, and interfere
with the security of the power system10.

In the absence of convenient hydro power or pumped hydro systems, natural gas powerplants are

Figure 5: Load Balancing and Management

In the absence of convenient hydro power or pumped hydro systems, natural gas
powerplants are most commonly used as balancing reserve since they are the most economical
option and have the ability to start (ramp up) generation very quickly, with energy storage
systems being currently much more expensive and less scalable. One thing worth noting is that
at a truly large-scale, systemic level wind power development, such as across a state, is
generally better in compensating variability as opposed to a medium or smaller scale wind
development. This is because of the possibility of interconnection amongst various wind farms
10

Ela and Kemper 2009

8

across a large geographic area; ie, multiple wind farms can pick up the slack if wind stops
blowing in the area of one of the wind farms. Studies have shown that, even at moderate wind
penetration levels, the necessary backup generation is less than one-for-one (meaning the total
balancing necessary will be less than the cumulative supply) and is generally small relative to
the size of a wind plant/farm/system11. Nevertheless, non-wind backup reserves are still crucial
to ensure security of power supply and are a necessary aspect of wind development on any
scale.
However, natural gas powerplants, which are normally rather efficient, tend to be
much less so when they are not running at full capacity; in other words, they are much less
efficient when they have to start and stop quickly, and when they are not utilized to their full
generation capacity. Natural gas plants that are primary power producers do run at high
capacity levels. However, NG plants such as peaker plants that are not consistently used for
high capacity operation tend to have lower annual operational efficiencies. Hence, there is an
inherent penalty, and hence emission cost, to backing up wind power. Moreover, according to
Katzenstein and Apt, NOx controls that normally function to reduce powerplant emissions may
not function as well in situations where turbine output is rapidly changed, as in the case of
backup powerplants12.
Whereas we typically view wind energy as a net CO2 reducer and theoretically a nonCarbon emitting producing project, this typically ignores the emissions from backup or reserve
generation. In order to illustrate and quantify this point, Katzenstein and Apt (2010) find that,
overall, using regular natural gas combustion turbines to balance renewable power sources
reduce CO2 emissions by 76-79% compared to baseline, and only 20-45% of NOx emissions.
They also find that, when a combined cycle natural gas generator is used to balance the
renewable source, 76% of the expected CO2 emission reductions are realized, but NOx
emissions actually increase by 2-6 times the expected reduction in cases where the plant is
operating below 50% capacity- due to the unoptimized NOx control performance in a low usage
scenario13. Indeed, as wind penetration increases as a percentage of electricity supply, the
11
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efficiency and emissions penalty associated with natural gas reserves increases14, which would
certainly be a significant consideration to understand while assessing the impacts of large scale
wind development as in the case of Washington State.
According to Katzenstein and Apt (2010), there is some data to suggest that using
multiple turbines to balance a specific wind farm delivers more emissions reductions than using
single turbines as mentioned above. Specifically, increasing the number of backup turbines
increases the efficiency of the wind-gas system; at 20% wind penetration with no spinning
reserve generators, for instance, modeled data indicates about 83% of expected CO2 reductions
when 20 generators are used for backup, as opposed to 77% CO2 reductions when only 5
generators are used as backup15.
NOx emissions depend highly on what sort of NOx control mechanism is used in
power plants. As mentioned previously, depending on the NOx control technology and the level
of usage of an NG plant’s capacity, NOx emissions can either decrease or actually increase
compared to a base case scenario. Generally, there are two main technologies that control
NOx emissions: Water (liquid or steam) injection systems and dry-low NOx combustion designs.
It is the dry-low systems that stand the risk of increasing NOx emissions because such a system
works best when a power plant is running at 50-100% of nameplate capacity; when a plant runs
below that capacity, NOx emissions are an order of magnitude greater compared to the former
situation16.

Washington State Utilities in the RPS context
The Washington State RPS specifies, as noted earlier, that the standard applies to any utility,
public or private, that serves greater than 25,000 customers. Out of 62 utilities in the state,
there are 17 that fit this criterion- 3 of them private (Avista, PacifiCorp, and Puget Sound
Energy), and 14 public, mainly in the form of Public Utility Districts. These utilities combined
represent around 84% of the total load of the state. The Washington State Utilities Commission

14

Katzenstein and Apt 2010.
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16
Katzenstein and Apt 2010.
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expects all the applicable utilities to meet the 2012 RPS milestone of 3% of generation from
renewable sources, with many of them exceeding the standard. What is unclear, however, is
whether or not all the utilities are on track to meet the 15% by 2020 final standard. While this
data will become clear when the self-reporting requirements start later this year, this study has
relied on IRPs and studies conducted by the Renewable Northwest Project in order to estimate
the levels of progress made by the utilities towards RPS standards. A Renewable Northwest
Project study in 2008 is summarized in the table below, and indicates a clear (current) shortfall
in the number of utilities that are expected to meet both the 9% and the 15% RPS standards. It
is also evident that, according to this study, out of a projected 1524 MW of renewable capacity
necessary, only 524 MW have been acquired, with 1011 MW still to be developed17.

Table 1: WA Utilities and RPS Progress

There are several significant trends in utilities’ strategies with regard to meeting future
demand, developing renewables, and planning for reserve and flexibility. Chief amongst these is
that existing hydropower, which is greatly used to balance wind power and to exist as reserve,
will be used less in the future. According to the IRP of Puget Sound Energy, the largest utility in
17

“Washington Renewable Energy Standard: Progress Made and Remaining Opportunities”, Renewable Northwest
Project.
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the state, it traditionally uses hydropower from the company’s Mid-Columbia region to balance
its wind resources, expects to use natural gas turbines more frequently to provide reserve
power, including for future wind projects. The Mid-Columbia hydro area is expected have its
capacity reduced by 261 MW by 2020. The company also anticipates more gas turbine starts
and fast ramping in this context18. This trend is representative of WA as a whole- and due to
increasing demand not only from WA, but also from neighboring states such as California,
whose large appetite for Renewable Energy Credits due to its 33% RPS goal- it is not reasonable
to expect hydropower to continue to remain the large surplus reservoirs of power that they
have been for the last few decades. Steven Johnson of the Washington State Utilities
Commission reported that PSE and other utilities are increasingly heading towards NG peaker
plants as they incorporate more wind into their generation portfolios since they offer more
flexibility in managing up-and-down regulation of wind power19.

Methodology
The study will estimate theoretical wind capacity and generation using meteorological and
modeled wind speed data, accounting for intermittency and seasonal variation. Secondly, the
study determines, based on the projected future demand, the necessary balancing reserve
capacity necessary to support wind power- primarily through the use of natural gas plants- and
assess the resulting emissions and electricity profile of the state following the shift to a more
wind-intensive electricity grid. The following flow chart gives an overview of the methodology
used in this paper:

18
19

Puget Sound Energy Integrated Research Plan Draft 2011.
Johnson, Steve- Interview (2011).
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Figure 6: Methodology Flowchart

Wind Speed data collection and Wind power output projections
projections:
For this study, we collected modeled wind speed data from the NREL Western Wind
Dataset, filtered by Class 3 or higher wind sites. This dataset includes a 3 yr. time series of wind
seed data at 10 minutes intervals, including theoretical power output (see Figure 7 below20).
The collected wind speed data was organized by larger area, separating them into different
wind power regions, therebyy forming a baseline to judge interconnections and ability to
compensate for variability later on. An average capacity factor of 23.77% was observed in the
dataset and input in this study; each site corresponded to 30MW of power generation potential.

20

Western Wind Dataset (NREL) (Holttinen, Milligan, Kirby, Acker, Neimane, & Molinski, 2008).
2008)
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Figure 7: NREL Western Wind Dataset Map Interface

Assessment of WA electricity demand:
This phase was accomplished by obtaining projections of electricty demand in state. The
NW Power Council’s projections of electricity demand in 2030 were used as the basis of
calculation for this paper. The NW Power Countil projected demand for the entire Pacific
NW region with growth rates for each decade between 2010-2030. Using the current
proportion of WA state demand in the greater NW, the WA demand in 2030 was
calculated assuming the same relative proportions. This amounted to a peak winter
demand (high case) of 22,921 MW of demand by 2030. With a 15% RPS mandate, this

14

implied a necessity for 3444 MW of renewable power (total) by 2030, not including
already installed assets.

Estimation of current and future generation assets:
In order to estimate exactly how much new or extra balancing is needed as reserve for
wind power, it would ideally be necessary to estimate what the current generation
capabilities are and what the planned generators are amongst the large utilities. The IRPs
of the large utilities gave a baseline from which one can estimate the availability of
power plants in the future so that a more complete picture of the necessary balancing
power is generated. The Renewable Northwest Project and WECC studies on necessary
renewable energy in the NW were also used to approximate the current leves of already
installed renewable assets in the state. WA in 2010 had 1914.8 MW of wind energy
already installed; Subtracting this from the necessary 3444 MW by 2030, this left 1529.35
MW of renewable (wind) energy needed to meet the 15% RPS goal.

Estimation of necessary new balancing reserve:
From the wind speed data collected from the Western Wind Dataset, variability and
intermittency of the wind over specific regions was calculated. Then, based on existing
literature, the necessary level of backup power necessary was estimated, given the
variability characteristics and given the potential for wind sites to be interconnected to
each other. Following a literature review of the necessary reserve for a wind penetration
of around 15%, a high estimate of 9.7% and low estimate of 7.3% of wind load as reserve
were extrapolated as reasonable conservative values and used in this paper’s analysis.
According to the Northwest Power Pool, the non-availability of wind in the region ranges
between 2-3% of the time. This non-availability percentage is usually what the reserve
margin is based upon. However, the NWPP study recommended that contingency
reserve obligation include 5%, to include some margin of error for unexpected outages
due to equipment problems. A high case of 7% was also recommended as wind power
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penetration increased, for the same reasons mentioned above21. Holttinen et al. found
that in Grant County, WA., a wind penetration of 10.4% resulted in a reserve
requirement of 0.1% in regulation and 6.3% in load-following22. We chose the balancing
percetages of 7% and 10%, which are on the higher end of the typically recommeneded
percetages in order to give a conservative buffer to account for operational variances in
NG plants.

Emissions Estimates based on NG balancing:
In order to calcualte the CO2 emissions impact of balancing said wind power with Natural
Gas plants, natural gas turbine dynamics and emissions characterists were obtained via
literature review. This paper based its analysis with data from Katzenstein (2009), which
modelled the emissions impact of using two different turbines on wind speed data
collected from various wind sites Texas. This particular study looked at General Electric
LM6000 NG combustion turbines. Using the heat rate for this turbine and the associated
CO2 emissions based on data from the EIA and Katzenstein, the emissions per MWh were
calculated. A low and a high scenario were used for this part of the analysis for both the 7%
and 10% reserve margins, since the ramp profiles of these plants indicate that
CO2/mmbtu emissions rate is lower when the plant is running at high capacity, and is
higher during startup or fast ramp stages. Since we assume that, as reserves, the plants
will not be running at peak capacity all year long, we used the 7.3% and 9.7% reserve
margin percentages (which correspond to the non-availability percentages) as the
percent of time per year these plants would be “online” in order to estimate the annual
emissions from NG balancing.

21
22

Northwest Power Pool Operating Committe Policy: Wind Powered Generation and Contingency Reserve 2003
Holttinen et al. 2008.
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Results
Projection of theoretical utility scale wind potential in Washington State:

No. of sites in WA (>Class 3)

1662

Average Capacity Factor

23.77%

Power potential of site

30 MW

Total useful potential in WA

11,852.77 MW

Table 2: WA Potential Utility scale wind power

Upon extracting all the suitable (Class >3) sites from the NREL database, we find that
there are 1662 theoretically suitable sites for wind development in Washington. Moreover, we
find that the average capacity factor across all the sites is a modest 23.77%, which is lower than
some of the strong wind states in the US Midwest and many offshore sites. Finally, at a power
potential of 30MW for each site (as defined by NREL), we find that a total of 11,852 MW of
useful wind power potential exists in the state. Furthermore, we find that most of these sites
are clustered around the South-eastern corner of the state, along the Columbia River and the
Oregon border (see figure 7 below: the green and red dots correspond to best wind potential
areas23). This latter result is no surprise, considering most of the wind development in the state
has so far been in this region, and continues to offer the best area for wind power in the state.

23

TEPCC Renewable Energy Cases 2008.
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Figure 8: Best potential wind sites in Washington

Estimated new renewable/wind power necessary to meet RPS:
Medium Demand Growth Scenario (21,287
MW)
WA Total peak demand 2030
RPS 2020

22,861.8 MW
15%

MW of renewable necessary by 2030

3,429.3 MW

2010 installed wind capacity

1,914.8 MW

Total available capacity in state

9,937.97 MW

Total NEW wind/renewable necessary by

1,514.47 MW

2030
Table 3: New wind power (medium case)
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Assuming a medium demand growth scenario, our analysis yielded a necessary 1832.65
MW of new wind capacity that would need to be installed to meet 2030 demand. The required
new capacity depends, not surprisingly, on the level of demand in 2030; the graph below
summarizes the levels of new wind necessary depending on which growth scenario
scenari is
considered (low, medium, or high):

Necessary New Wind Capacity (MW)

2000

New Wind Power Capacity Requirements by
Demand Growth

1800
Winter (high)
24983 MW

1600
Winter (medium)
22861.8 MW

1400
1200
1000
800

Winter (Low)
19730 MW

600
400
200
0

Figure 9: Wind Power Capacity Requirements

This paper has used the medium growth scenario (2
(22,861.8 MW demand by 2030) as
the default case, with the low and high growth scenarios representing lower and upper bound
estimates. A more detailed breakdown of each scenario can be found in the appendix.

Estimated Natural Gas Plant back
back-up generation capacity necessary
ecessary to balance
wind power:
Total Necessary Reserve Capacity
High Reserve Margin

9.7% 146.9 MWa

Low Reserve Margin

7.3% 110.6 MWa
Table 4: Required Backup Reserve Margins
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Based on our high and low bounds for backup reserve margins, we find that for the medium
growth peak demand case, between 110.6
110.6-146.9
146.9 MW annual would be required to balance the
1,514 MW of developed wind power in Washington. Appendix C contains further detail on
reserve requirements for the high and low demand cases.

Estimate of CO2 emissions impact from NG balancing:
Our analysis (based on the medium-growth
medium growth scenario case) indicates that developing and
meeting WA state RPS through wind power would result in between 30,857-113,074
30,857
metric
tons of annual CO2 emissions. The range is admittedly rather large, and this is due to the fact
that our analysis was conducted with 4 scenarios
scenarios.. The scenarios are based on the required
reserve margin, and on the mode of NG plant operation (ramp-up/start-up
(ramp
up phase and
continuous or high capacity operation). Since it is hard to estimate the percentage/mix of plants
that will frequently ramp up versus run at a high capacity, it is reasonable to give the low and
the high range of possible estimates in o
order
rder to compensate for a finer numerical resolution.
The graph below illustrates the break
break-down
down of emissions from the 4 combinations. As evident,
the ramp-up
up phase dominates the CO2 emissions compared to the high capacity operation
phase.

Annual CO2 Emissions (metric tons)

CO2 Emissions (metric tons)

120,000
100,000
80,000
60,000
40,000
20,000
0

Medium Scenario

High Reserve,
high capacity
$54,481.33

Low Reserve,
High Capacity
$30,856.74

High Reserve,
Ramp-up
$113,074.46

Low Reserve,
Ramp-up
$64,042.28

Figure 10:: Annual Carbon Dioxide Emissions from Wind Power Balancing (Medium case)
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The appendix contains the emissions results of a sensitivity analysis performed across
the range of demand growth scenarios (both winter and summer),, backup reserve margins, and
plant operational phase. In summary, the results indicated higher CO2 emissions for higher
baseline demand levels, which is an expected trend. The graph below illustrates, for example,
the difference in emissions levels between the hig
high
h and the medium demand growth scenarios.
The sensitivity analysis showed a possible range of CO2 emissions from a low bound of 21,285
metric tons/year (low demand growth scenario, winter peak, operating at high capacity with
7.3% backup margin) to a high bound of 136,839 metric tons/year (high demand growth
scenario, winter peak, ramp-up
up operation, with 9.7% backup margin).

Annual CO2 Emissions (metric tons)
136,839.95
140,000

113,065.50

120,000
100,000
80,000

77,502.40
65,931.98

64,037.21
54,477.02

60,000

37,342.07

30,854.29

40,000
20,000
0
High Reserve, high
capacity

Low Reserve, High
Capacity

High Demand Case

High Reserve,
Ramp-up

Low Reserve, RampRamp
up

Medium Demand Case

Figure 11:: Annual Carbon Dioxide Emissions (Medium vs. High scenarios)

Conclusion
Washington State is currently
ently on track to meet its first RPS milestone in 2012. However, there is
a significant gap in the utilities’ renewable portfolio when one considers the 2020 demand and
RPS horizons. Based on the medium growth in electricity demand, WA would need to meet a
total of 22,861 MW to satisfy its consumptionconsumption implying a need for 1,514
514 MW of renewable
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generation in order to preserve a 15% RPS. Our analysis has shown that Washington State
possesses more than adequate wind power potential on a utility scale to meet the 2020 RPS
and beyond that to meet total and RPS demand in 2030, and that there is a theoretical 11,852
MW of useful power available to meet this requirement. This is more than enough to satisfy
demand even in a high-demand
demand growth scenario, which would require an additional 1,832 MW
of renewable capacity to meet the RPS.
Our analysis also shows that, as expected, wind power development results in some
Carbon Dioxide emissions due to the need for balancing wind power’s intermittency. However,
although
though wind power is not a net Carbon-free technology, the emissions resulting from wind
development are far lower than meeting electricity demand
and using a fossil fuel generation such
as Natural Gas. In fact, sensitivity analysis shows that developing wind power to meet 2030
demand could abate between 590,063-672,281
590,063
metric tons of CO2 per year (see Appendix E).
The following graph illustrates the difference in levels of Wind-derived
derived CO2 emissions and NGderived CO2 emissions over the aforementioned time horizon.

NG vs. Wind Power derived CO2 Emissions
(metric tons/yr)
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Figure 12:: Carbon Dioxide Emissions differential between Wind and NG

Therefore, in light of increasing pressure
pressur on utilities to reduce their Carbon intensity
from mechanisms such as the State Renewable Portfolio Standard and GHG mitigation efforts,
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we submit that wind energy be strongly considered to meet most if not all of the supply side
renewable requirements. This is especially significant since wind still represents the largest and
most scalable renewable resource available in Washington State, and would also be the least
GHG emitting alternative. Hence, for all these reasons, it is prudent for utilities and state
regulators to understand the GHG impacts and potential of the existing wind resource so that
its development, and indeed the development of the state’s green portfolio, can be done in the
most optimal possible manner.

Further Research
In the course of our paper, we have attempted a rough and streamlined estimate of the
emissions impact of developing wind as an RPS alternative. As such, a more complete and
detailed analysis can certainly be done to build and improve upon the results presented in our
analysis. We would like to highlight some specific areas where future research could yield
better resolution in this matter.
First, and perhaps most significantly, the complexities in assessing the operational
dynamics of a networked system such as an electric grid lends itself to myriad modeling
challenges. Amongst the many assumptions this paper has had to make in calculating emissions,
the most tenuous of these is our assumption regarding the temporal operational horizon of NG
plants as balancing resources; in our analysis, we rated their operation as purely balancing
plants or low capacity operation that come on and off as they are needed by making the
assumption that their percentage of operation is the same as the conservative backup reserve
margin percentage (7.3%-9.7%). In reality, predicting how many new plants would be
networked in what manner, and how their operational dynamics fluctuate would tend to differ
from our very simplifying assumption. Nevertheless, since it is likely that not all the NG plants
that would be balancing any wind would ramp up and down only in times of wind unavailability,
we have tried to address this by providing a range of possible high and low bounds for
emissions- divided into the ramp-up phase, and the high capacity operation phase. In reality,
plants would tend to operate somewhere in between, so we submit that our wide range for
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emissions estimates accounts for the more accurate value within it. Therefore, future work in
this area would ideally perform a better analysis of the network and NG plant operational
dynamics to include in the emissions model.
Secondly, as more self-reported information begins to arrive from utilities in
Washington, since they are required to submit progress reports beginning in 2012, further
refinement can be done on this model using more up-to-date plans and data regarding utilities’
progress towards RPS goals. This information would go a long way in specifically budgeting for
existing and planned capacity, so that the model can estimate how much extra “new” balancing
would be needed.
Third, and perhaps the starkest of all of our simplifying assumptions is in the nonconsideration of transmission infrastructure. While our results indicate a large available wind
capacity of around 11,000 MW, practically, a lot of this cannot be harnessed easily due to
transmission constraints. In order to get a better number for the theoretical “practical”
potential as opposed to just theoretical “useful” potential (which we have estimated), this
model would ideally include a transmission component to it. This is admittedly no lay task, but
is nonetheless very essential if a truly large scale expansion of wind power in the state is to be
considered.
Finally, our final simplifying assumption that should be addressed in further research
concerns the energy export-import dynamics of Washington State. WA has historically been a
large energy exporter to neighboring states such as California. In the future, as WA hydro
fluctuates and WA tries to meet its own increasing demand and RPS in addition to increasing
demand from CA due to its 33% RPS, there are bound to be changes and pressures on the
existing trading system. Furthermore, the purchase of renewable energy credits (RECs), which
are also permitted to be used as “renewable generation” in the WA RPS mandate, need to be
accounted for when we allocate how much “new renewable generation” is required. The issues
of export and the projected purchases of RECs is a difficult matter to model, but if done by an
knowledgeable entity, could lead to a much better approximation of the necessary physical
renewable capacity and resulting emissions.
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Appendix
A. Electricity Demand Growth (Current-2030):
A.1. Pacific Northwest Electricity Demand Projections (MW)24

A.2. Washington State Electricity Demand Projections (Low, Medium and High scenarios)

WA Loads

2020 (MW) 2030 (MW)

Low-Winter

18,909

19,730

Low-Summer

17,102

18,988

Medium-Winter

20,279

22,862

Medium-

18,049

21,287

High-Winter

21,037

24,984

High-Summer

18,648

23,153

Summer

24

Sixth Power Plan (Northwest Power and Conservation Council)
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B. Required New Wind Capacity (2030):
B.1. Low Demand, Winter Peak
Low Demand Growth Scenario (19,730 MW)
WA Total peak demand 2030

19,730 MW

RPS 2020

15%

MW of renewable necessary by 2030

2,960 MW

2010 installed wind capacity

1,915 MW

Total available capacity in state

9,937 MW

Total NEW wind/renewable necessary by 2030

1,044 MW

B.2. High Demand, Winter Peak
High Demand Growth Scenario (24,983 MW)
WA Total peak demand 2030

24,983 MW

RPS 2020

15%

MW of renewable necessary by 2030

3,747 MW

2010 installed wind capacity

1,915 MW

Total available capacity in state

9,937 MW

Total NEW wind/renewable necessary by 2030

1,832 MW

C. Wind Balancing Requirements:

Total Necessary Reserve Capacity
Low Growth

Backup margin Backup Capacity
9.7% 101 MWa
7.3% 76 MWa

Medium Growth

9.7% 147 MWa
7.3% 111 MWa

High Growth

9.7% 178 MWa
7.3% 134 MWa
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200
180

Backup Capacity (MW)

160
140
120
100

Low Growth

80

Medium Growth

60

High Growth

40
20
0
9.70%

7.30%
Backup Margins

D. CO2 Emissions:
D.1. Natural Gas Turbine Operational Parameters25

GE LM6000 Turbine Specifications
Heat Rate

8,235 Btu/kWh

NG
\ Plant CO2 emission rate (normal operation)
NG Plant CO2 emission rate (Start/Ramp up)

0.053 metric tons CO2/mmbtu
0.11 metric tons CO2/mmbtu

D.2. Low Growth Scenario Peak (Winter) Emissions:
Normal (high capacity) Plant

Reserve

Metric tons

Metric tons

Annual CO2

operation

Capacity

NG/MWh of

NG/MWh of New

Emissions

(MW)

Reserve

Wind Power

(metric tons)

High Reserve Scenario

9.7%

101

44

0.0423

37,582

Low Reserve Scenario

7.3%

76

33

0.0319

21,285

25

Katzenstein and Apt 2010.
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Start up and Ramp-up Plant

Reserve

Metric tons

Metric tons

Annual CO2

operation

Capacity

NG/MWh of

NG/MWh of New

Emissions

(MW)

Reserve

Wind Power

(metric tons)

High Reserve Scenario

9.7%

101

92

0.0879

78,000

Low Reserve Scenario

7.3%

76

69

0.0661

44,177

D.2. Medium Growth Scenario Peak (Winter) Emissions:
Normal (high capacity) Plant

Reserve

Metric tons

Metric tons

Annual CO2

operation

Capacity

NG/MWh of

NG/MWh of New

Emissions

(MW)

Reserve

Wind Power

(metric tons)

High Reserve

9.7%

145

64

0.0423

54,481

Low Reserve Scenario

7.3%

111

48

0.0319

30,857

Start up and Ramp-up Plant

Reserve

Metric tons

Metric tons

Annual CO2

operation

Capacity

NG/MWh of

NG/MWh of New

Emissions

(MW)

Reserve

Wind Power

(metric tons)

High Reserve Scenario

9.7%

145

133

0.0879

113,075

Low Reserve Scenario

7.3%

111

100

0.0661

64,042

D.3. High Growth Scenario Peak (Winter) Emissions:
Normal (high capacity) Plant

Reserve

Metric tons

Metric tons

Annual CO2

operation

Capacity

NG/MWh of

NG/MWh of New

Emissions

(MW)

Reserve

Wind Power

(metric tons)

High Reserve

9.7%

178

78

0.0423

65,928

Low Reserve Scenario

7.3%

134

58

0.0319

37,340
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Start up and Ramp-up Plant

Reserve

Metric tons

Metric tons

Annual CO2

operation

Capacity

NG/MWh of

NG/MWh of New

Emissions

(MW)

Reserve

Wind Power

(metric tons)

High Reserve Scenario

9.7%

178

161

0.0879

136,831

Low Reserve Scenario

7.3%

134

121

0.0661

77,497

D.4. Sensitivity Analysis:

The following sensitivity analysis shows emissions resulting from the various summer and winter
load levels (low, medium, and high growth scenarios) on the column, and the high and low
backup margins on the row. The two tables are separated by plant operational phase (high
capacity running vs. ramp-up phase).

Load

High capacity
30,856.73526
19,730.00677
18,987.77534
22,861.79626
21,287.09086
24,983.83060
23,153.34904

Reserve Margin
0.07300
0.09700 Load
21,285.37553 37,581.92876
19,016.97414 33,576.78921
30,856.72383 54,481.31253
26,044.12261 45,984.07762
37,342.06707 65,931.97769
31,747.76495 56,054.55440

Ramp-up
113,074.46412
19,730.00677
18,987.77534
22,861.79626
21,287.09086
24,983.83060
23,153.34904

Reserve Margin
0.07300
0.09700
44,177.19449 78,000.22949
39,469.19161 69,687.67571
64,042.25700 113,074.42224
54,053.83938 95,438.65166
77,502.40336 136,839.95369
65,891.58763 116,339.64120

E. Avoided Emissions (meeting 2030 demand using Natural Gas instead of
wind):
The following calculations were calculated on estimating what the emissions would be from
meeting the additional wind capacity with Natural Gas plants instead of the proposed wind
farms. The calculation was done based on assumptions of running a plant at high capacity, since
these plants would presumably not be used for balancing but rather as existing baseload or
peaker plants. The same GE LM6000 turbine was used in order to perform this calculation. The
following tables highlight the winter (peak) cases for NG emissions.
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Low Demand Scenario
Required Capacity

1,045 MW

Turbine emissions rate
Annual Generation

0.053 Metric tons CO2/MW
9,151,581 MWh

Nameplate Emissions

55 Metric tons CO2

Annual Emissions

485,033 metric tons CO2 annual

Medium Demand Scenario
Required Capacity

1,515 MW

Turbine emissions rate
Annual Generation

0.053 Metric tons CO2/MW
13,266,757 MWh

Nameplate Emissions
Annual Emissions

80 Metric tons CO2
703,138 metric tons CO2 annual

High Demand Scenario
Required Capacity

1,833 MW

Turbine emissions rate
Annual Generation

0.053 Metric tons CO2/MW
16,054,014 MWh

Nameplate Emissions

97 Metric tons CO2

Annual Emissions

Demand

Load (MW)

Scenario

850,863 metric tons CO2 annual

NG Emissions

Wind Emission

Wind

Difference

Difference

(metric tons)

High (metric

Emission Low

High (metric

Low (metric

tons)

(metric tons)

tons)

tons)

Low

19,730

485,034

78,000

21,285

407,034

463,748

Medium

22,862

703,138

113,074

30,857

590,064

672,281

High

24,984

850,863

136,840

37,342

714,023

813,521

