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ABSTRACT 
!
!

PV INTEGRATION IN THE BONNEVILLE POWER ADMINISTRATION 

BALANCING AUTHORITY AREA 

By Adam Schumaker 

In this study I investigate the accuracy and necessity of the Bonneville Power 

Administration (BPA) PV integration tariff, which was instituted in 2011.  Note that, as 

of July 2012, BPA has not yet been responsible for integrating any PV generators onto its 

system.  I use methods similar to those BPA uses to calculate its wind integration tariff.  

The temporal resolution of relevant solar insolation data within BPA’s balancing 

authority area (BAA) restricts the scope to following (10-minute) and imbalance (60-

minute) balancing reserve requirements, while regulating (1-minute) reserves are not 

addressed.   The following reserve component of BPA’s tariff comprises over 80% of the 

cost to PV generators.   

I find that, due to the integration of up to 100MW of PV generation, there is not a 

statistically discernible effect on BPA’s total following reserve requirements.  For up to 

200MW of PV generation, there is not a sound statistical basis for requiring PV 

generators to pay for a specific amount of following reserves.   Further, the results 

demonstrate that for up to 50MW of PV generation, there is not a statistically discernible 

effect on BPA’s total imbalance reserve requirements.  For up to 200MW of PV, there is 

not a statistical basis for requiring PV generators to pay for a specific amount of 
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imbalance reserve requirements.  In light of these results, I recommend that BPA 

immediately withdraw the PV integration tariff and postpone its use until a time when it 

is justified by the true balancing requirements for PV generators within BPA’s BAA. 
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CHAPTER 1.  INTRODUCTION 
!
!
!

As costs for photovoltaic (PV) generation continue to fall and more utility-scale 

generating facilities are being developed, utilities and transmission providers are 

beginning to consider the effects of PV generation variability on the power grid.  A 

balancing authority (BA) is responsible for maintaining grid reliability and accurately 

scheduling power transmission within its balancing authority area (BAA).  In the US, 

BAs must meet standards for reliability and scheduling accuracy established by the North 

American Electric Reliability Corporation (NERC) or face penalization from NERC 

under the regulatory authority of the Federal Energy Regulatory Commission (FERC).  In 

order to maintain grid reliability, BAs need to hold extra generating capacity capable of 

either increasing or decreasing generation in response to fluctuations in load or generator 

output.   

The Bonneville Power Administration (BPA), the BA for parts of Oregon, 

Washington, Idaho and Montana, has established a PV integration tariff to offset the costs 

of balancing reserves needed to maintain adequate grid stability in its BAA due to PV 

generation.  BPA’s decision to do so was preemptive, as BPA is currently not balancing 

any PV generation within its BAA.1  Further, the methods by which the tariff was 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Currently, there are no PV generators directly connected to BPA’s transmission system (Allen, 2012).  
There are PV generators, such as small residential systems, connected to public utilities’ distribution 
transmission systems that fall within BPA’s BAA.  However, none of these PV generators exceed 200kW 
of nameplate generating capacity, which is the minimum threshold for BPA to recognize an individual 
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calculated were far from robust.  The tariff proposed by BPA was not derived from an 

integration analysis and was arbitrarily set at half of its wind integration tariff, based on 

the reasoning that the sun only shines half the day.  Given the urgent need for renewable 

energy generation (along with other technologies) in order to reduce anthropogenic 

forcing on climate, tariffs that increase the cost of renewable generation and make market 

adoption more difficult should not be applied frivolously.  The purpose of this thesis is to 

investigate the accuracy and necessity of BPA’s PV integration tariff.  

BPA’s integration tariff is broken into different components based on the 

timescale of necessary response from balancing reserves: regulating (1-minute), 

following (10-minutes), and imbalance (60-minutes).  The temporal resolution of relevant 

solar insolation data within BPA’s BAA restricts the scope of this thesis to following and 

imbalance balancing reserve requirements, while regulating (1-minute) reserves are not 

addressed.  The following reserve component of BPA’s tariff comprises over 80% of the 

cost to PV generators, making it a particularly important area of study.  I find that, due to 

the integration of up to 100MW of PV generation, there is not a statistically discernible 

effect on BPA’s total following reserve requirements.  For up to 200MW of PV 

generation, there is not a sound statistical basis for requiring PV generators to pay for a 

specific amount of following reserves.  These findings would suggest that the following 

reserve component of BPA’s PV integration tariff is neither accurate nor necessary.   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
generator in its BAA and require it to sign an interconnection or Balancing Area Authority Services 
Agreement (Allen, 2012).  Therefore, although there are small PV generators within BPA’s BAA, BPA is 
not balancing this generation separate from load.  For the purposes of discussing its PV integration rate, 
BPA states that the amount of PV generating capacity within its BAA is currently zero (Yourkowski, 2012).   
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Although BPA’s current PV integration tariff does not include an imbalance 

reserve component, the effects of PV generation on total imbalance reserve requirements 

were tested to better inform future decisions.  The results demonstrate that for up to 

50MW of PV generation, there is not a statistically discernible effect on BPA’s total 

imbalance reserve requirements.  For up to 200MW of PV, there is not a statistical basis 

for requiring PV generators to pay for a specific amount of imbalance reserve 

requirements.  Finally, using 30-minute scheduling for wind and PV generators instead of 

60-minute scheduling reduces BPA’s total imbalance reserve requirements (not just those 

for variable generators) by up to 20%.   These findings support BPA’s decision not to 

include an imbalance component in the PV integration tariff and BPA’s finding that 

substantial reductions in imbalance reserve requirements can be achieved through 30-

minute scheduling.   

In the next chapter, I attempt to weave together the conditions that have created 

the need for this study.  I begin with a very brief overview of how the combustion of 

fossil fuels for electricity generation contributes to climate change.  This has led policy 

makers to incentivize the development of non-CO2-emitting electricity generation 

sources, such as PV and wind.   I provide a description of the PV incentives in Oregon 

and Washington that have been responsible for driving PV development prospecting in 

the BPA BAA, mainly in Lake County, OR, which led to PV generators requesting 

interconnection with BPA and precipitated BPA’s interest in establishing a PV 
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integration tariff.  Finally, I explain why the methods used by BPA to calculate the PV 

integration tariff were insufficient.   

 In Chapter 3, I provide a detailed review of the NERC reliability requirements to 

provide a basis for why integration tariffs are necessary and the parameters by which an 

integration analysis should be conducted.  Following that, I dissect BPA’s BP-12 

integration study to shed as much light as possible on how the amount and cost of 

balancing reserve requirements for load and various generation sources were calculated.  

I focus on wind generators since BPA’s PV integration tariff is set at half of the wind 

integration tariff.  I then describe, with as much detail as BPA made available, why BPA 

chose to calculate the PV integration tariff as it did and what that decision implies in 

terms of total balancing reserve requirements for PV.  I then review relevant literature 

concerning PV variability and integration and finally review recent literature by leaders 

in the field that explains some shortfalls of BPA’s variable generator integration analyses. 

 In Chapter 4, I explain the methods I used to calculate the amount of incremental 

following and imbalance reserves that can be attributed to PV.  I attempted to make my 

methodology as similar to BPA’s wind integration methodology as possible in order to 

make this analysis more relevant to their decision making process.   Due to data 

constraints, BPA’s wind methodology was not reproduced entirely, but I believe my 

methods are sufficiently similar to remain relevant.  In Chapter 5, I present and discuss 

the results and in Chapter 6 present the ultimate conclusions of the analysis and my 

recommendations stemming from it.   
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CHAPTER 2.  BACKGROUND 
!
!
!

A driving force behind the growth of utility-scale PV generation worldwide has 

been government policy aimed at reducing CO2 emissions from electricity generation and 

mitigating the effects of climate change, among other goals.  To understand the 

conditions that have created the need for this study, I begin with a brief summary of 

anthropogenic climate change and provide context for how PV generation can be used to 

mitigate climate change.  I then describe the policies that have been responsible for 

driving substantial growth in PV manufacturing and installation across the globe, 

including the policies specific to Oregon and Washington that drove significant PV 

development prospecting in the BPA BAA.  Finally, I describe BPA’s reaction to this 

prospecting and the genesis of BPA’s PV integration tariff. 

2.1 Climate Change 
 

The annual average concentration of CO2 in the atmosphere in 2010 as reported 

by the National Oceanic and Atmospheric Administration (NOAA) was 389.78 ppm, the 

greatest level ever recorded (NOAA, 2011).  This amount is roughly 39% greater than the 

pre-industrial (1000-1750 AD) atmospheric CO2 concentration of 275-285 ppm (IPCC, 

2007a).  Atmospheric CO2 concentration has increased every year, at an average of 1.42 

ppm/yr, since it was first measured by Keeling in 1958 atop Mauna Loa, Hawaii (NOAA, 

2011).  In contrast, annual atmospheric CO2 concentration levels are estimated to have 

varied by no more than 7 ppm from 1000 – 1800 AD (NOAA, 2005).  Higher levels of 
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CO2 in the atmosphere reduce the ability of long wave radiation emitted by the Earth’s 

surface to pass back through the atmosphere into space, creating what is referred to as the 

greenhouse effect.  The greenhouse effect is essential for maintaining life on earth, 

although an enhanced greenhouse effect results in warmer temperatures and global 

climate change.   

Of all the gases that contribute to the greenhouse effect, which include water vapor, 

methane, nitrous oxide, and ozone, CO2 has the greatest sustained effect (i.e. radiative 

forcing) on earth’s climate (IPCC, 2007a).  Indeed, as CO2 levels have risen in the 

atmosphere since the beginning of the Industrial Revolution, a significant upward trend in 

global temperature and changes in climate have been observed.  Based on instrumental 

observations of temperature which began in 1880, the years 2010 and 2005 are tied for 

the warmest year on record, while 1998, 2002, 2003, 2006, 2007, and 2009 are tied for 

third (Figure 2.1) (NASA, 2011).  The Intergovernmental Panel on Climate Change 

(IPCC) stated in its 2007 report, that “[w]arming of the climate system is unequivocal, as 

is now evident from observations of increases in global average air and ocean 

temperatures, widespread melting of snow and ice, and rising global average sea level” 

(IPCC, 2007b). Corresponding with this trend, “…widespread changes in precipitation 

amounts, ocean salinity, wind patterns and aspects of extreme weather including 

droughts, heavy precipitation, heat waves and the intensity of tropical cyclones…” have 

been observed (IPCC, 2007b). 
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Figure 2.1:  Global average temperature anomalies since 1880.  Global Temperature 
Anomaly is defined as the difference between the observed temperature and the average 
temperature from 1950 – 1980.  Source: (NASA, 2011).   

 
It is estimated that an atmospheric CO2 concentration of 450 ppm or more could 

result in uncontrollable impacts on earth’s climate.  Hansen et al. state: 

“A CO2 amount of order 450ppm or larger, if long maintained would push Earth 
toward the ice-free state.  Although ocean and ice sheet inertia limit the rate of 
climate change, such a CO2 level likely would cause the passing of climate tipping 
points and initiate dynamic responses that could be out of humanity’s control” 
(Hansen et al., 2008).  

 
The IPCC estimates that maintaining CO2 concentrations between 400-440 ppm 

would require the peaking year for global CO2 emissions to occur between 2000-2020 

and would require by 2050 a 30% to 60% reduction in annual global CO2 emissions 

relative to the amount emitted in 2000 (IPCC, 2007c).  Achieving such a reduction would 

require significant and rapid actions to reduce the amount of CO2 and other greenhouse 

gases emitted by human activity.    
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Although a community exists that denies the role of human involvement in 

increasing levels of atmospheric CO2 and its subsequent effects, a broad base of scientific 

research concludes that the primary sources of increasing CO2 concentrations since the 

beginning of the Industrial Revolution are the burning of fossil fuels, gas flaring, and 

cement production (IPCC, 2007a).  In the United States, the electricity generation 

industry is the single largest emitter of CO2, accounting for roughly 40% of total US CO2 

emissions in 2010 (LLNL, 2011). The high levels of CO2 emissions associated with the 

electric generation industry are due to the industry’s reliance on fossil fuel energy 

sources, mainly coal and natural gas.  A flow chart summarizing US CO2 emissions by 

fuel type and sector is presented in Figure 2.2.  
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Figure 2.2:  United States 2010 CO2 Emissions from Fossil Fuel Combustion by Fuel Type and Sector.  Source: (LLNL, 
2011).



!

!

10 

Achieving the type of CO2 emissions reductions necessary to maintain CO2 

concentration levels below 450 ppm would require taking advantage of many 

simultaneous CO2 reduction strategies. In order to provide an understanding of the 

amount of CO2 reductions achievable through different strategies, Pacala and Socolow 

(2004) created the concept of greenhouse gas reduction “wedges.”  In this scenario, a 

greenhouse gas reduction wedge represents a cumulative reduction of 25 GtCO2 over 50 

years, and, depending on the trajectory of CO2 emissions, the amount of wedges 

necessary to achieve a given CO2 stabilization level varies.  

One or more of these wedges can represent CO2 emissions reductions created 

through the implementation of renewable energy sources, such as PV, that offset the use 

of fossil fuels for power generation.  Pacala and Socolow (2004) estimate that one wedge 

of reductions could be accomplished through the implementation of 2,000GW of PV 

displacing coal-fired generation by 2054.2  Using a linear ramp of deployment, this would 

require the development of an additional 40GW of solar PV capacity every year 

beginning in 2004.  For comparison, in 2011 global PV installations reached 27.4GW, 

representing a 40% increase over 2010; however, due to waning government support of 

PV it is possible that global installations will decline in 2012 (Solarbuzz, 2012).  The 

stark difference between a goal of 40GW installed per year since 2004 and current market 

reality make it apparent that an effort to significantly curb CO2 emissions through the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Pacala and Socolow estimated that between eight to nine stabilization wedges, that began implementation 
in 2004, would be necessary to maintain CO2 concentrations below 450ppm until 2054 (CMI, 2011).  
Given that there has been little advancement in climate change policy from 2004-2011, it can be assumed 
that significantly greater and/or more rapidly deployed initiatives will be necessary to achieve the same 
2054 goal with a starting point of 2011 or later instead of 2004. 
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implementation of solar PV will require a sustained acceleration of both PV 

manufacturing and deployment.  

2.2 PV Policy and Markets: Germany and California 
 

Although the current PV installation rate falls short of a deployment scenario 

capable of achieving a “wedge’s worth” of emissions reductions, the amount of PV 

installed worldwide has been growing rapidly.  Due to the relatively high cost of PV, 

renewable energy policy that has been enacted in response to a multitude of factors (e.g. 

climate change, energy security, economic stability and stimulus, etc.) has been 

responsible for driving the majority of PV market sales.  The global PV market is 

currently dominated by Europe, which made up 75% of the total PV capacity installed 

globally in 2011 (EPIA, 2012).   Roughly 60% of total global installations in 2011 

occurred in Italy and Germany alone, which installed 9.3GW and 7.5GW respectively 

(EPIA, 2012).  However, the dominance of these countries in driving the PV market is 

likely to erode in the coming years, with the bulk of annual growth in installations 

shifting to non-European countries such as China, the US, and India (EPIA, 2012).   

Although Germany may soon be slowing in terms of annual PV installations, it 

still has by far the greatest amount of installed PV capacity in the world with 24.7GW, 

representing 36% of total global installed capacity (EPIA, 2012).  In comparison, Italy 

ranks second with 18%, Japan third with 7%, and Spain and the US tied for fourth with 

roughly 6% each (EPIA, 2012).  The discrepancy between the amount of PV installed in 

Germany and the US becomes more significant when the difference in solar resource 
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between the two countries is considered.  Due to its high latitude and cloudy weather, the 

solar resource in Germany is more similar to Alaska (and the Puget Sound area in 

Washington) than to any state in the continental US (Figure 2.3).  The reason for having 

the world’s leading amount of PV installation despite having a relatively poor solar 

resource is attributable to Germany’s aggressive feed-in tariff (FIT).  Germany’s FIT has 

allowed the German solar PV market to grow rapidly and lower the cost of PV 

significantly over the past decade.  Since 2006, PV costs in Germany are estimated to 

have dropped by over 40% and are now significantly lower than anywhere else in the 

world; the cost per Watt for a residential installation in Germany is less than the current 

cost per Watt of a utility-scale PV system in the US (Renewables International, 2011a; 

Renewables International, 2011b). 
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Figure 2.3:  Solar Resource in the United States and Germany.  Source: National 
Renewable Energy Laboratory (NREL).  

The relationship between policy-driven demand and decreasing PV installation 

cost is not unique to Germany.  The Japanese residential solar incentive program 

instituted in 1993 was even more effective in lowering the cost of solar PV; the average 

cost of installation in 1994 was $26.54/Watt in $2004, while the cost in 2003 had 

dropped to $6.50/Watt in $2004 (Algoso et al., 2005) (Figure 2.4).   Although PV 

installation costs have remained relatively stagnant in the California Solar Initiative (CSI) 

incentive program over the past several years, prices will likely soon drop significantly 

when lags in module price decreases begin to affect installed costs and data reporting 
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catches up (Barbose, et al., 2010).  However, the CSI has contributed significantly to 

making California the leading market for PV in the US.   

Figure 2.4:  Relationship between increasing demand and falling costs of PV in Japanese 
solar incentive program.  Source: (Algoso, et al., 2005). 

 
In addition to the CSI, other California policies supporting the PV market will 

continue to make California the dominant market for PV in the US in the next several 

years.  The main reason for California’s continued dominance is its Renewable Portfolio 

Standard (RPS), which has been increasingly successful in driving significant amounts of 

utility-scale PV development (Figure 2.5).  California accounts for 4.6GW of the total 

6.1GW of utility PV projects contracted nationwide for development between 2011 and 

2014 (Enfinity, 2011).   California also has two programs that will support the 

development of small to mid-size PV projects up to 20MW: a FIT program3 and the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 The FIT program allows for 228 MW of renewable projects other than those at water or wastewater 
facilities to be awarded a standard power purchase contract (250MW are allowed at water or wastewater 
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Renewable Auction Mechanism (RAM),4 which combined will create over 1 GW of 

market opportunity for solar PV in the next two to three years. 

Figure 2.5: Current amount of utility-scale PV projects contracted for development by 
state.  Source: (Enfinity, 2011). 

2.3 The PV Market in the US Northwest and PV Development in Lake County, Oregon 
 

Outside of California, PV carve-outs or distributed generation (DG) requirements 

in state RPS programs (i.e. requirements for specific levels of PV or DG deployment in 

order to be in compliance with the RPS) are the main drivers for utility PV development 

(Enfinity, 2011).  This will likely continue to be the case until PV is able to compete with 

wind power in order to satisfy non-carve-out RPS obligations.  Both Oregon and 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
facilities).  The maximum eligible project size in the program is 3MW.  The California FIT program is 
differentiated from the traditional European-type FIT program because it is not intended to provide above-
market incentives to renewable generators.  The CPUC states, “Under the feed-in tariffs in California, 
customers are paid for the cost of generation based on the ‘market price referent’.  The price is based on the 
value of electrical generation, but is not intended to embed a subsidy or rebate in the price offering” (CPUC, 
2011a).  Solar PV has been able to compete in the program due to the allowance of a time-of-day (TOD) 
factor that multiples the market price referent by up to three times for energy generated during summer 
peak hours (CPUC, 2008). 
4 The RAM is expected to take effect in late 2011 and will result in utility procurement of over 1GW of 
renewable projects between 1-20MW in size over two years (CPUC, 2011b).  Contracts are awarded to the 
lowest bidder. 
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Washington have RPS provisions that have contributed to significant PV development 

prospecting.5  In Oregon, a RPS carve-out was established that requires 20MW 

(combined between the investor-owned utilities) of PV projects that are over the size of 

500kW to be procured by utilities prior to 2020 (Oregon Revised Statute 757.370).  For 

qualifying projects that begin operation prior to 2016, utilities receive double-credit 

towards RPS compliance.  In Washington, double-credit for RPS compliance is awarded 

for the procurement of projects or PPAs from projects of 5MW or less.  This is done to 

promote the development of distributed generation resources as opposed to centralized 

utility-scale resources (Washington Administrate Code 194-37-120).   

Due to the ability of utilities to meet Washington RPS obligations with projects 

located in surrounding states, project development has occurred in Oregon to develop PV 

projects of 5MW or less that would carry a two-times RPS compliance multiplier for 

Washington utilities.  The combination of a better solar resource and the previous 

availability of the Oregon Business Energy Tax Credit (BETC) 6 attracted development 

companies to site PV projects in Oregon rather than Washington.  For PV markets 

created by both the Oregon and Washington RPSs, renewable energy development 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!Due to the availability of the BETC in Oregon and the ability of Oregon-based projects to sell into the 
Washington RPS compliance market, utility-scale PV development to be used towards the Washington 
RPS has mainly occurred in Oregon.!
6 Through 2009, the BETC program awarded renewable energy projects a 50% cost-based state tax credit 
for up to $20 million in eligible project costs (i.e. a single project could earn a maximum of $10 million 
BETC).  Due to the rapid expenditure growth of the program, the Oregon legislature capped the total 
allowed expenditure for the program in March 2010 at $300 million per biennium. Over $200 million was 
already allocated in 2009, leaving approximately $80 million available for 2010 (the second year of the 
2009-2010 biennium).  The BETC program was set to sunset on July 1, 2012, and should therefore have 
had $150 million available for the first half of the 2011-2012 biennium (i.e. July 2011 – July 2012).  In 
June of 2011 the Oregon legislature made this money unavailable to the program.  The BETC program will 
phase-out completely by July 1, 2012, leaving any PV projects that do not currently hold a BETC pre-
certification without the possibility of obtaining a BETC.   



!

!

17 

companies have largely focused PV development activities in Lake County, Oregon.  

Lake County has the benefit of some of the best solar resource in Oregon (Figure 2.6) 

with flat and abundant land along with access to transmission lines with available 

capacity (Figure 2.7). 
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Figure 2.6:  Average Annual Global Solar Radiation at Latitude Tilt in Oregon.  Note Lake County’s location in                    
the south-central part of the state.  Source: (NREL, 2007a)
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Figure 2.7:  BPA Transmission Lines and Facilities in Lake County, OR.  The thick 
yellow and pink lines are 500kV and are greater than 500kV, respectively. The thin red 
lines are 230kV, and the thin purple line connecting the La Pine substation to the Fort 
Rock substation is 115kV.  Black triangles represent BPA substations.  Source: (BPA, 
2009). 

In total, the PV demand created by RPS mandates has lead to the preliminary 

development and prospecting of over 100MW of utility-scale PV in Lake County, 
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Oregon (BPA, 2010), none of which has yet been installed.  Of this 100MW, it is likely 

that less than 20MW will be built within the next two years.  With the collapse of the 

BETC program in Oregon in 2010, around 15MW of utility-scale PV projects (about 

5MW each) hold BETC pre-certifications that make them eligible for up to $10 million 

each in Oregon state tax credits.  Without a BETC, PV projects are not attractive to 

Oregon or Washington utilities in the current market for various reasons.7  Although the 

current outlook for utility-scale PV development in Oregon is miniscule compared to 

California (15 MW without contracts compared to over 4,000 MW of contracted projects, 

respectively), continued price drops and technology advancements may allow PV to be 

more competitive with wind in the Northwest in the future.  If this shift occurs, it is 

conceivable that substantially more utility-scale PV developments would occur in Oregon 

to satisfy Oregon, Washington, and possibly other regional RPS obligations. 

2.4 Integrating Increasing Amounts of PV in Oregon 
 

As more PV is being developed in the US, BAs must consider the effects of 

variable PV power production on electrical grids.  BAs are responsible for maintaining 

grid reliability and accurately scheduling power transmission.  In the US, BAs must meet 

standards for reliability and power scheduling accuracy established by the North 

American Electric Reliability Corporation (NERC) or face penalization from NERC 

under the regulatory authority of the Federal Energy Regulatory Commission (FERC).  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
7 In Oregon, without the significant cost discount provided by the BETC, utilities are incentivized to wait 
for future drops in PV costs as the solar capacity standard does not have to be met until 2020.  Lastly, 
procurements of large wind farms have put many utilities in Oregon and Washington ahead of RPS 
compliance obligations for the next several years, making it difficult to sign a contract for any type of 
renewable project.  
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Due to the variable nature of the resources, PV and wind generation cannot be predicted 

and scheduled with the same accuracy as non-variable resources, such as coal or natural 

gas plants.  Therefore, to avoid NERC penalties, BAs must take steps to ensure that 

variable resources do not affect overall reliability and scheduling accuracy within their 

BAA.   

BPA serves as the BA for much of rural Oregon, and parts of Washington, Idaho, 

and Montana (Figure 2.8).  BPA has seen a tremendous expansion of wind power on its 

system over the past decade due to many wind projects being constructed along the 

Columbia River, most of which are within its BAA.   BPA projects having over 

5,500MW of wind operating on its system prior to the end of 2013 (BPA, 2011a).  To 

accommodate the impact of the variable nature of wind power on its system, BPA 

requires wind generators to pay an integration tariff in order to offset the cost of reserving 

non-variable power generating capacity (balancing reserve capacity) that is capable of 

correcting scheduling errors and maintaining grid reliability.  Despite the relatively small 

amount of PV that is being proposed in Lake County, Oregon, BPA established a PV 

integration tariff that would require PV generators to pay a monthly charge in order to 

adequately balance variable power production.   
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Figure 2.8:  Cartoon map depicting BPA Balancing Authority Area (dark brown) in 
Oregon, Washington, Idaho and Montana.  Source:  (WECC, 2011).   

The amount of balancing reserves necessary to correct schedule error and 

maintain grid reliability is typically determined through an integration analysis, in which 

the effect of variable resources on total system schedule error is identified.  Schedule 

error is the difference between forecasted generation or load and observed generation or 

load.  Statistical analysis of the error between the forecasted (i.e. scheduled) and actual 

generation indicates the amount of balancing reserves necessary to maintain varying 

degrees of grid reliability.  Typically, schedule error is broken into multiple components 

based on the timescale of required response from the balancing reserves.  In the BPA BA, 

schedule error is broken into three categories that require different types of balancing 

reserves that have different costs: imbalance (1-hour), following (10-minute), and 

regulation (1-minute).  The integration tariff (or rate), referred to as Variable Energy 

Resource Balancing Service (VERBS) by BPA, is then determined by calculating the 
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amount and type of reserve capacity necessary to offset schedule error identified in each 

category and the associated costs.   

In its July, 2011, Final Record of Decision (ROD), the BPA Administrator set the 

PV integration rate at half of the regulation and following components of the wind 

integration rate.  Prior to issuing the ROD, BPA had proposed a PV integration rate equal 

to half of all components of the wind integration rate.  This rate was not derived from an 

integration analysis, and was decided upon by BPA based on the argument that “the sun 

shines half the day” (Yourkowski, 2011).  After renewable energy advocates provided 

BPA with solar insolation data sources and encouraged BPA to recalculate the PV 

integration rate, BPA conducted a limited PV integration analysis that evaluated reserve 

requirements for PV.  However, this was not performed as an incremental reserve 

requirements analysis, in which PV schedule error would be identified in the context of 

the schedule error associated with load and other generating sources (i.e. “netting” PV 

schedule error against other sources of schedule error).   

In BPA’s Final ROD, the Administrator supports the BPA staff proposal to forego 

the use of this analysis in setting the PV integration rate and instead set the PV 

integration rate at half of the regulation and following components of the wind 

integration rate.  BPA staff stated that:  

“Although our analysis supports the establishment of a higher rate, we are aware 
that the balancing reserve capacity quantity forecast does not reflect the benefit 
that a diversity of additional resource types such as wind and non-Federal thermal 
and the effect of load variation may bring to reduce the reserve requirement. Thus, 
as an alternative and preferred approach, we propose to establish a VERBS rate 
for solar resources based on one-half of the VERBS regulation and following 
component rates, for a total VERBS rate of $0.21 per kilowatt per month [of 
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nameplate capacity]. In our opinion, it is reasonable to focus the solar rate 
primarily on Regulation and Following costs for the first rate period and allow 
time for development of historic data, as we did for wind resources in the 2009 
Wind Integration case. The alternative to our preferred approach is to adopt a 
higher rate based on the actual solar data and resulting balancing reserve capacity 
quantity forecast. We will continue to evaluate solar operational data during the 
rate period and propose adjustments as necessary in the next rate proceeding” 
(BPA, 2011c, p. 449). 
 
The reserve and following components of the wind integration rate total 

$0.42/kW-month,8 indicating that the PV integration rate would be $0.21/kW-month.  For 

a 20MW PV project, the integration charge would be $4,200 per month or $50,400 per 

year.  This translates into an additional cost of roughly $1.54/MWh9 or an increase of 

around 1.6% on the power price of a 20MW PV project.10  This cost is not trivial and 

makes competing with other sources of power more difficult for PV generators.  

Although the PV integration rate established by BPA in the Final ROD is significantly 

lower than the rate proposed initially,11 the rate is still arbitrary and not based on the 

generating characteristics of PV.  In order to more accurately understand the impacts and 

costs associated with integrating PV, it is necessary to conduct a balancing reserve 

requirement analysis by netting the schedule error associated with PV against that of load 

and other generation sources in the BPA BAA (Dragoon, 2010).  Identifying the 

incremental balancing reserve requirements for PV would allow for the establishment of 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8 Rate is based on nameplate capacity.  
http://transmission.bpa.gov/business/rates/documents/2010_Rate_Schedules_10_01_09.pdf 
9 Assuming a DC to AC system efficiency of 85% and a capacity factor of 22%. 
10This assumes a levelized cost of $97.47/MWh based on a negotiated PURPA avoided cost rate for a 
20MW PV project to be constructed in 2012 in Idaho (Idaho PUC, 2011).!!!
11 The PV integration rate proposed initially at half of all components of the wind integration rate would 
have been equal to a monthly charge of $0.65/kW-month for PV generators.  For the same 20MW project 
identified above, this would translate into a monthly charge of roughly $13,000 or $156,000 per year.  This 
charge translates into an additional cost of around $4.50/MWh, or an increase of 4.6% on the power price 
for the 20MW PV project.    
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an empirically based PV integration rate that is appropriately priced for the characteristics 

of PV variability in the BPA BAA. 

  



!

!

26 

CHAPTER 3.  LITERATURE REVIEW  
!
!
!

The need for any variable generation integration analysis is ultimately driven by 

the need for BAs to maintain grid reliability within their BAA and indirectly in adjacent 

BAAs.  In the US, the North American Electric Reliability Corporation (NERC) 

generally sets the limits for acceptable amounts of error in grid operation and thereby 

provides a minimum level of reliability that cannot be compromised by the addition of 

variable generation in a BAA.  A detailed description of these limits is provided below in 

order to understand the technical basis for requiring a PV integration rate.  I then describe 

how BPA conducted its integration analysis for wind resources to meet those reliability 

standards.12  Finally, I review a limited number of PV integration analyses that have been 

conducted in the US and some literature discussing the drawbacks of variable generation 

integration analyses in general.  First, it is important to provide a brief explanation of the 

PV resource itself to better understand its variable nature in the context of grid reliability.   

3.1 Overview of Solar Generation Characteristics 
 

Power from solar radiation is measured in terms of solar irradiance (W/m2), while 

solar irradiation refers to the incident energy per unit area on a surface and is found by 

integrating solar irradiance over a given amount of time (Duffie and Beckman, 1991).  

Solar irradiation is also referred to as insolation, and is typically measured in kWh/m2.  

The amount of total solar irradiance reaching the top of the earth’s atmosphere averages 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!Although, as explained in detail later in this chapter, BPA is not necessarily bound to NERC rules.  !
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roughly 1.3617 kW/m2 (Kopp and Lean, 2011), which is referred to as the “solar 

constant” (NOAA, 2011a).  In order to conduct solar engineering analyses, including 

estimating the amount of insolation available at a given site, it is necessary to distinguish 

between the various types of solar radiation that strike a surface at any given time (Figure 

3.1) (Duffie and Beckman, 1991).   

The different types of solar radiation are described by Duffie and Beckman (1991) 

as follows:  

Beam Radiation:  “The solar radiation received from the sun without having 

been scattered by the atmosphere.  (Beam radiation is often referred to as direct solar 

radiation…)” (Duffie and Beckman, 1991, p. 10).  

Diffuse Radiation:  “The solar radiation received from the sun after its direction 

has been changed by scattering by the atmosphere” (Duffie and Beckman, 1991, p. 10). 

Total Solar Radiation:  “The sum of the beam and the diffuse solar radiation on 

a surface. (The most common measurements of solar radiation are total radiation on a 

horizontal surface, often referred to as global radiation on the surface” (Duffie and 

Beckman, 1991, p. 10).   
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Figure 3.1:  Various types of insolation on a tilted surface.  Source:  (Duffie and 
Beckman, 1991).   

 
Solar geometry allows for very precise calculations of the relative positions of the 

sun, allowing insolation to be predicted nearly-perfectly during clear sky conditions for 

any surface on the planet at a given tilt and azimuth (Duffie and Beckman, 1991).   In 

other words, the variability of solar irradiance incident on photovoltaic (PV) power plants 

is almost completely predictable in the course of clear-sky days.  However, the presence 

and behavior of clouds introduces significant variability that can result in severe and 

rapid fluctuations of irradiance and therefore PV output.  The variability of PV generators 

requires BAs to consider the need for balancing reserves to maintain grid reliability and 

scheduling accuracy when integrating large PV generators onto grid systems.    

3.2 NERC Reliability Standards and the Need for Balancing Reserves  
 

The variable nature of renewable resources such as insolation and wind make it 

impossible to perfectly forecast and schedule power from PV and wind generators.  The 
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uncertainty of generation from variable resources makes the integration of those 

resources into power grids more complex than the integration of non-variable power 

resources, such as coal or natural gas plants.  However, grid system operators are 

experienced with handling the uncertainty associated with load and unexpected 

fluctuations in power output from non-variable resources.  In order to accommodate these 

conventional sources of uncertainty, most power systems are regulated and must conform 

to reliability standards.   

These reliability standards should be the basis for any integration analysis 

undertaken to determine the appropriate amount of balancing reserves necessary to 

accommodate variable resources on a grid system (Dragoon, 2010).  Typically, balancing 

reserves are separated into operating and contingency reserves.  Operating reserves are 

those necessary to maintain reliable grid systems under normal operating conditions13 

while contingency reserves are those necessary to maintain grid reliability under 

abnormal or unexpected conditions, such as a power line failure.  The balancing reserves 

necessary to accommodate variable generators are mainly identified as operating reserves 

(Dragoon, 2010).   

In the US, the North American Electric Reliability Corporation (NERC) is 

responsible for creating and enforcing reliability standards under the authority provided 

by the Federal Energy Regulatory Commission (FERC).  The NERC standards set forth 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
13 The North American Electric Reliability Corporation (NERC) defines operating reserves as “That 
capability above firm system demand required to provide for regulation, load forecasting error, equipment 
forced and scheduled outages and local area protection. It consists of spinning and non-spinning reserve” 
(NERC, 2008, glossary p. 30).   
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in its Resource and Demand Balancing (“BAL”) Regulations provide grid balancing 

requirements and measures of compliance for BAs.  The BAL regulations in Standard 

BAL-001-0.1a – Real Power Balancing Control Performance, establish the reliability 

standard for balancing real power14 demand and supply in real time.  These regulations 

provide the basis for determining the operating reserves necessary to accommodate 

variable generation.   

In BAL-001, NERC Requirement 1 and Requirement 2 (R1 and R2), also referred 

to as Control Performance Standard 1 and Control Performance Standard 2 (CPS1 and 

CPS2), regulate the amount that a BA’s actual power flow and frequency on tie lines can 

deviate from scheduled power flow and frequency on tie lines for a given 

interconnection.  By regulating flow and frequency on tie lines and at interconnection 

points, BAs are implicitly required to meet CPS1 and CPS2 for the entire BAA.  Due to 

the interconnected nature of electrical grids, a BA can only have control over flow and 

frequency on its tie lines and interconnections with other BAs by controlling flow and 

frequency within its entire BAA.  Therefore, it can be assumed that CPS1 and CPS2 

apply not only to tie lines and interconnections, but also to entire BAAs. 

Both CPS1 and CPS2 are based on the amount of Area Control Error (ACE) 

(measured in MW) observed in a BAA over varying time scales.  ACE is the difference 

between scheduled power flow and observed power flow, net of frequency bias 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
14 NERC defines real power as “the portion of electricity that supplies energy to the load” (NERC, 2008, 
glossary p. 35).  
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contribution and meter error, on transmission lines that connect BAs (i.e. tie lines).  The 

equation for ACE and its components are as follows: 

Equation 3.1:  NERC calculation of Area Control Error (ACE). 

ACE = (NIA ! NIS) ! 10B (FA ! FS) ! IME 

 
“Where: 

NIA is the algebraic sum of actual flows on all tie lines [(MW)]. 
NIS is the algebraic sum of scheduled flows on all tie lines [(MW)]. 
B is the Frequency Bias Setting (MW/0.1 Hz) for the Balancing Authority. The 
constant factor 10 converts the frequency setting to MW/Hz. 
FA is the actual frequency (Hz). 
FS is the scheduled frequency. FS is normally 60 Hz but may be offset to effect 
manual time error corrections. 
IME is the meter error correction factor typically estimated from the difference 
between the integrated hourly average of the net tie line flows (NIA) and the 
hourly net interchange demand measurement (megawatt-hour). This term should 
normally be very small or zero” (NERC, 2008, p.1). 

 

CPS1 regulates BAs on a one-minute time scale by measuring the relationship 

between the BA’s one-minute average ACE and the one-minute average frequency error 

at an interconnection. To be in compliance, the rolling annual average of the one-minute 

average measured relationship between the frequency error caused by a BA’s ACE and 

an interconnection’s frequency error must not exceed the targeted frequency bound, 

which is set by NERC individually for every interconnection.  CPS1 is not a direct 

measure of a BA’s contribution to the interconnection’s frequency error, but rather 

“…provides the BA with a frequency-sensitive evaluation of how well its demand 

requirements were met” (NERC, 2007, p. 3).  The NERC explanation of and equation for 

CPS1 (R1) are as follows: 

“Each Balancing Authority shall operate such that, on a rolling 12-month basis, 
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the average of the clock-minute averages of the Balancing Authority’s Area 
Control Error (ACE) divided by 10B (B is the clock-minute average of the 
Balancing Authority Area’s Frequency Bias) times the corresponding clock-
minute averages of the Interconnection’s Frequency Error is less than a specific 
limit. This limit "1

2 is a constant derived from a targeted frequency bound 
(separately calculated for each Interconnection) that is reviewed and set as 
necessary by the NERC Operating Committee” (NERC, 2008, p. 1). 

 
Equation 3.2:  NERC CPS1 Regulation Equation 

 
“Where:  

ACEi is the clock-minute average of ACE and Bi is the frequency bias of the BA.  
For those areas with variable bias, an accumulation of ACE/(-10Bi) is made 
through the AGC cycles of a minute, and the averaged value at the end of the 
minute should be saved as the clock-minute value of ACEi/(-10Bi). 
 
"1, in Hz, is a constant derived from the targeted frequency bound. It is the 
targeted root mean square (RMS) of one-minute average frequency error from a 
schedule based on frequency performance over an averaging period of a year. 
The bound is the same for every BA within an Interconnection.  
 
!F1 (delta F sub one) in Hz, is the clock-minute average of frequency error from 
schedule, !F = Fa – Fs, where Fa is the actual (measured) frequency and Fs is 
scheduled frequency for the Interconnection.  
 
i is representative of the individual BA,  

 
Period is defined as 

a) one year for BA evaluation  
b) one month for reporting and Resources Subcommittee review” (NERC, 
2007, p. 3).    

 

Performance Standard Reference Document 

B. Control Performance Standard 1, CPS1 
[Area Interchange Error Training Document – ACE Equation] 
 
CPS1 provides the BA with a frequency-sensitive evaluation of how well its demand requirements were 
met.  The measure is not designed to be a visual indicator that an operator would use to control system 
generation, nor is it designed to address the issue of unscheduled power flows, or control of inadvertent 
interchange. 
 

Metrics.   

Over a given period, the average of the clock-minute averages of a BA’s [ACE divided by ten 
times its bias] times the corresponding clock-minute averages of the Interconnection’s frequency 
error is to be less than or equal to a constant (epsilon 1 squared, the constant on the right-hand 
side of the following inequality): 
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 where:  ACEi is the clock-minute average of ACE (as ACE is defined in Section A) and 

B!i is the frequency bias of the BA.  For those areas with variable bias, an 
accumulation of ACE/(–10Bi) is made through the AGC cycles of a minute, and 
the averaged value at the end of the minute should be saved as the clock-minute 
value of ACEi/(–10Bi), 

 in Hz, is a constant derived from the targeted frequency bound.  It is the 
targeted RMS of one-minute average frequency error from a schedule based on 
frequency performance over an averaging period of a year.  The bound is the 
same for every BA within an Interconnection. 

F1 (delta F sub one) in Hz, is the clock-minute average of frequency error from 
schedule, F = Fa – Fs, where Fa is the actual (measured) frequency and Fs is 
scheduled frequency for the Interconnection. 

   i is representative of the individual BA, 
    

Period is defined as: 
a) one year for BA evaluation 
b) one month for reporting and Resources Subcommittee review 

 
Compliance.   

The fundamental requirement for CPS1 is that performance, as measured by percentage 
compliance, must be at least 100%.   

It is possible for CPS1 percentage compliance to vary from –infinity to +infinity, depending on 
delta F and ACE magnitudes. 

Control Compliance Rating = Pass  if CPS1   100% 

Control Compliance Rating = Fail  if CPS1 <  100% 

Accepted by NERC Resources Subcommittee October 23, 2007 
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 NERC measures BA compliance with CPS1 by first calculating a compliance 

factor (CF) ratio,15 which is then converted to a percentage after being subtracted from 

two (Equation 3.3).  The manner in which the CF ratio is calculated allows for the 

percentage compliance value to range from negative infinity to positive infinity, 

depending on the magnitude of ACE and frequency error.  A CF ratio of less than one 

indicates that a BA contributed less than the allowable amount ("1
2) to the frequency 

error observed at an interconnection.  A negative CF ratio indicates that the BA was anti-

coincident with the frequency error at an interconnection.  Subtracting the CF ratio from 

two before converting it to a percentage leads to the compliance percentage value for a 

BA to be greater than 100% when the CF ratio is less than one or negative.   

Equation 3.3:  Converting NERC CPS1 Compliance Factor to CPS1 Compliance 
Percentage 

CPS1% = ( 2 - CF ) * 100% 

In order to avoid penalty, BAs must maintain a CPS1 compliance value of at least 

100% over the past 12 months on a monthly rolling basis.  However, because the 

calculation of CPS1 compliance relies on the frequency error of the interconnection 

(which is also affected by the adjacent BA), BAs do not have complete control over 

CPS1 compliance levels. Due to the BA’s inability to completely control interconnection 

frequency error, the only recourse for a BA to remain in compliance with CPS1 is to 

minimize one-minute average ACE.   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#$!A full description of the process for calculating CF ratios can be found in the NERC Performance 
Standards Reference Document, version 3, available at: www.nerc.com/docs/oc/rs/Item_4e-
PSRD_revised_112607.pdf.!
!
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Unlike CPS1, BAs do have complete control over compliance with CPS2 and a 

BA can identify specific levels of balancing reserves necessary to meet or exceed CPS2 

compliance requirements.  CPS2 requires that 90% of a BA’s ten-minute average ACE 

values not exceed a constant value, referred to as L10 (MW), which is derived from a 

targeted frequency bound for 10-minute average frequency error.  As with the targeted 

frequency bound for CPS1 compliance ("1), the 10-minute average targeted frequency 

bound ("10) is set by NERC individually for each interconnection.  The description of and 

equation for the CPS2 requirement are as follows: 

“Each Balancing Authority shall operate such that its average ACE for at least 
90% of clock ten-minute periods (6 non-overlapping periods per hour) during a 
calendar month is within a specific limit, referred to as L10” (NERC, 2008, p. 1). 
 

 
Equation 3.4:  NERC CPS 2 Regulation Equation 

 
 
“Where: 

 

"10 
in Hz, is a constant derived from the targeted frequency bound. It is the 

targeted RMS of ten-minute average frequency error from schedule based on a 
selected historical period of interconnection frequency performance. The bound, 
"10, is the same for every BA within an Interconnection. In the ideal, it is also 
equal to epsilon1 divided by the square root of 10.  
 
1.65 is a constant used to convert the frequency target to 90% probability. It is the 
number of standard deviations from the mean of a statistical normal distribution 
(Gaussian distribution) that will result in a probability of noncompliance of 10% 
(i.e., compliance of 90%).  
 
Bi in (negative) MW per tenth Hz, is the frequency bias of the BA.

   

Performance Standard Reference Document 

C. Control Performance Standard 2, CPS2 
The second measure of the CPS survey is designed to bound ACE ten-minute averages and in doing so 
provides a means to limit excessive unscheduled power flows that could result from large ACEs. 
 

Metrics.   

Over a given period, the clock ten-minute averages of a BA’s ACE is required by the 
standard to be less than the constant on the right-hand side of the following inequality during 
at least a percentage of the period as specified herein: 

 
10minute10 )( LACEAVG i  

 
where:   )10)(10(65.1 1010 si BBL  

 
 in Hz, is a constant derived from the targeted frequency bound.  It is the 

targeted RMS of ten-minute average frequency error from schedule based on a 
selected historical period of interconnection frequency performance.  The bound, 

, is the same for every BA within an Interconnection.  In the ideal, it is also 
equal to epsilon1 divided by the square root of 10. 

   
1.65 is a constant used to convert the frequency target to 90% probability.  It is 
the number of standard deviations from the mean of a statistical normal 
distribution (Gaussian distribution) that will result in a probability of 
noncompliance of 10% (i.e., compliance of 90%). 

 
B!i in (negative) MW per tenth Hz, is the frequency bias of the BA. 

 
B!s in (negative) MW per tenth Hz, is the sum of the frequency bias settings of the 
BAs in the respective Interconnection; for systems with variable bias, this is 
equal to the sum of the minimum frequency bias settings. 

 
   For those systems with variable bias, CPS2 becomes: 
 

10minute10 )( LACEAVG  
where:   

minimum
minute101010 )](10[65.1

B
BBAVGL s

i  

 
B!minimum is the area’s minimum allowed bias. 

 
Compliance.   

CPS2 compliance is achieved if the 10-minute ACE averages satisfy the inequality above for 90% 
(or more) of the intervals in a calendar month.  The percentage, described below, is referred to as 
the CPS2 compliance percentage, or CPS2%. 

Control Compliance Rating = Pass  CPS2%    90% 

Control Compliance Rating = Fail  CPS2% <  90% 

Accepted by NERC Resources Subcommittee October 23, 2007 
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C. Control Performance Standard 2, CPS2 
The second measure of the CPS survey is designed to bound ACE ten-minute averages and in doing so 
provides a means to limit excessive unscheduled power flows that could result from large ACEs. 
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Over a given period, the clock ten-minute averages of a BA’s ACE is required by the 
standard to be less than the constant on the right-hand side of the following inequality during 
at least a percentage of the period as specified herein: 

 
10minute10 )( LACEAVG i  

 
where:   )10)(10(65.1 1010 si BBL  

 
 in Hz, is a constant derived from the targeted frequency bound.  It is the 

targeted RMS of ten-minute average frequency error from schedule based on a 
selected historical period of interconnection frequency performance.  The bound, 

, is the same for every BA within an Interconnection.  In the ideal, it is also 
equal to epsilon1 divided by the square root of 10. 

   
1.65 is a constant used to convert the frequency target to 90% probability.  It is 
the number of standard deviations from the mean of a statistical normal 
distribution (Gaussian distribution) that will result in a probability of 
noncompliance of 10% (i.e., compliance of 90%). 

 
B!i in (negative) MW per tenth Hz, is the frequency bias of the BA. 

 
B!s in (negative) MW per tenth Hz, is the sum of the frequency bias settings of the 
BAs in the respective Interconnection; for systems with variable bias, this is 
equal to the sum of the minimum frequency bias settings. 

 
   For those systems with variable bias, CPS2 becomes: 
 

10minute10 )( LACEAVG  
where:   

minimum
minute101010 )](10[65.1

B
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B!minimum is the area’s minimum allowed bias. 

 
Compliance.   

CPS2 compliance is achieved if the 10-minute ACE averages satisfy the inequality above for 90% 
(or more) of the intervals in a calendar month.  The percentage, described below, is referred to as 
the CPS2 compliance percentage, or CPS2%. 

Control Compliance Rating = Pass  CPS2%    90% 

Control Compliance Rating = Fail  CPS2% <  90% 

Accepted by NERC Resources Subcommittee October 23, 2007 



!

!

35 

Bs in (negative) MW per tenth Hz, is the sum of the frequency bias settings of the 
BAs in the respective Interconnection” (NERC, 2007, p. 11). 
 
Typically, BAs do not perform separate integration analyses to measure the 

amount of balancing reserves necessary to be in compliance with CPS1 and CPS2.  

Instead, BAs identify an amount of balancing reserves that is capable of mitigating ACE 

to a point within the L10 band at least 90% of the time (to be in compliance with CPS2).  

The percentage of time that BAs target to maintain ACE within the L10 band varies and 

can be as high as 99.7% (as was historically required by the Bonneville Power 

Administration).  Acquiring balancing reserves capable of mitigating ACE for more than 

90% of time puts the BA at less of a risk for failing to meet CPS2 compliance, and also 

improves the ability of a BA to meet CPS1 compliance.  However, as BAs attempt to 

increase the percentage of time that ACE is mitigated, the amount of balancing reserves 

necessary to do so can increase substantially because more extreme ACE events will be 

accounted for.  Ultimately, the percentage of time that ACE is mitigated through 

acquiring balancing reserves is a compromise between the level of risk a BA is willing to 

take in regards to compliance and the cost a BA is willing to pay (or require generation 

owners to pay in the form of a tariff) for balancing reserves.  

3.3 The Bonneville Power Administration BP-12 Rate Case Integration Analysis for 
Wind Resources 

 
Much confusion can be avoided by understanding that BPA is not fully regulated 

under the jurisdiction of FERC, and therefore it is not legally obligated to abide by NERC 
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reliability standards (Yourkowski, 2011). 16   BPA states that, BPA “…is not bound by 

Commission [FERC] policy, although it does take it into account where appropriate” 

(BPA, 2011c, p. 192).  Presumably for this reason, BPA uses its own definitions when 

discussing balancing reserves.  For example, BPA refers to what NERC defines as 

contingency reserves as operating reserves, despite clear NERC definitions of both terms 

that conflict with BPA’s usage (NERC, 2008).    

Despite not being regulated by NERC, BPA’s balancing reserve calculation 

methodology does mirror the methodology that would be dictated by NERC regulations.  

BPA’s method begins with forecasting (i.e. predicting) both schedules and actual 

generation for the time period of interest for all sources of generation (hydro, thermal, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!BPA was established by the Federal Power Act (FPA) as a Power Marketing Administration (PMA) and 
is a Federal agency within the US Department of Energy.  Until the FPA was amended by the Energy 
Policy Act of 2005, Section 201(f) of the FPA prevented BPA from being Federally regulated (i.e. 
regulated by FERC) due to its status as an agency of the United States (EEI, 2005).  However, the new 
Section 211A created by the Energy Policy Act of 2005 gave FERC the ability to regulate US agencies that 
own or operate facilities “…used for the transmission of electric energy in interstate commerce…” to 
ensure that the transmitting utility (e.g. BPA) provide transmission services at rates comparable to those it 
charges itself and provide those services on terms and conditions that are “…not unduly discriminatory or 
preferential…” (EEI, 2005, p. 57).  The Northwest Independent Power Producers Coalition (NIPPC) stated 
that Section 211A, “…provides the Commission [FERC] with new authority with which to rationalize the 
interconnected transmission systems of the entire nation under a common set of national policies and rules” 
(NIPPC, 2005, p. 5).  Although Section 211A does not provide FERC with full jurisdiction over all of 
BPA’s activities (such as reliability standards), the ability to regulate discriminatory or preferential access 
to transmission services has recently become a point of significant interest for wind generation owners in 
the Northwest.  On June 13, 2011, in response to BPA’s “Environmental Redispatch” policy (which allows 
BPA to curtail wind generation during “excess energy events” for reasons other than those established in 
BPA’s contracts with wind generators), a group of wind generation owners filed a complaint to FERC 
seeking an order that dismisses the Environmental Redispatch policy as discriminatory under FPA Section 
211A (Iberdrola Renewables, Inc., et al., 2011).  Iberdrola Renewables, Inc., et al., (2011) state, “Congress’ 
specific intent in promulgating FPA Section 211A to remedy undue discrimination cannot be realized if the 
Commission is unwilling to exercise its authority under such significant circumstances as these” (p. 7).  On 
December 7, 2011, FERC found that BPA’s Environmental Redispatch policy resulted in 
“…noncomparable transmission service that unfairly treats non-Federal generating resources connected to 
Bonneville’s transmission system” (FERC, 2011, p. 27).  Pursuant to FPA Section 211A, FERC ordered 
that within 90 days BPA establish an Open Access Transmission Tariff (OATT) that “…provides for 
transmission service on terms and conditions that are comparable to those under which Bonneville provides 
transmission service to itself and that are not unduly discriminatory or preferential (FERC, 2011, p. 28).   
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and wind) and forecasting scheduled load and actual load for the same time period.  For 

BPA’s most recent reserve requirement analysis, the time period of interest was fiscal 

years (FY) 2012 and 2013.  This analysis was then used in the BP-12 rate case17 to 

determine integration costs for variable and non-variable generation sources during the 

FY 2012-2013 rate period.    

The difference between actual generation or load and scheduled generation or 

load and, referred to by BPA as schedule error, is the basis for BPA’s reserve 

requirement methodology.  BPA’s definition of schedule error can be seen as analogous 

to NERC’s definition of ACE.  BPA does not use ACE in its reserve requirement 

calculation or refer to it in the BP-12 proceeding.  However, BPA’s schedule error term is 

essentially the same as ACE, except that schedule error does not take into account the 

effect of a BA’s frequency bias setting as established by NERC for every interconnection.   

BPA forecasted generation and load schedules for the FY 2012-2013 period using 

one-minute average data from FY 2008-2009 (October 2007-September 2009).  From 

these two years of data, BPA used the following in its analysis: total wind generation, 

total hydroelectric generation, total hydroelectric schedule, total Federal thermal 

generation, total Federal thermal schedule, total non-Federal thermal generation, total 

non-Federal thermal schedule, BAA load, and BAA load schedule (BPA, 2011a).  Aside 

from wind generation levels and schedules, BPA BAA load and load schedules were the 

only data altered from the FY 2008-2009 observations for the FY 2012-2013 forecast.  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17 Information regarding the proceedings of the BP-12 rate case can be found at: 
http://www.bpa.gov/corporate/ratecase/2012/. 
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The total wind generation and schedule data from FY 2008-2009 were not used to 

forecast the wind schedule during FY 2012-2013 because BPA needed to account for 

wind generation that came online after 2009 and wind generation that is expected to come 

online during the FY 2012-2013 rate period.18  

BPA used persistence forecasting to create the schedules associated with the 

expected amount of wind generation during FY 2012-2013.  Persistence forecasting 

involves scheduling future generation levels based on generation levels observed in the 

time preceding the scheduling period.  In the BPA BP-12 Final Generation Input Study, 

BPA used half-hour persistence forecasting where “…the schedule for a wind facility for 

a given hour equals the one-minute average of the actual generation of the facility 30 

minutes prior to the hour” (BPA, 2011a, p. 19).   For example, if the one-minute average 

total wind generation from 7:29:00 through 7:29:59 (the one-minute average for 7:30) is 

2500 MW, then the persistence forecasted schedule for the scheduling hour 8:00-8:59 is 

2500 MW.   

After forecasting actual generation and load and the associated schedules for 

generation and load, BPA creates the “load net generation” data set which is equal to load 

minus total hydro generation minus total thermal generation (Federal and non-Federal) 

minus wind generation and the “load net generation forecast” data set which is equal to 

load schedule minus total hydro schedule minus total thermal schedule (Federal and non-

Federal) minus wind schedule (BPA, 2011a).  Each of these datasets is comprised of one-

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
18 BPA’s method for “scaling in” wind generation that was not online during FY2008-2009 is discussed in 
Section 2.3 of the BPA BP-12 Final Generation Input Study (BPA, 2011a).   



!

!

39 

minute average values for the entire two-year study period. BPA then calculates, on a 

one-minute average basis, the difference between the load net generation and the load net 

generation forecast (Equation 3.5).  BPA refers to this value as station control error 

(SCE), where for any one-minute average period the SCE is equal to the total amount of 

balancing reserve capacity necessary to offset all BA schedule error (BPA, 2011a).  

Equation 3.5:  BPA’s Calculation of Station Control Error (SCE) 
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BPA then disaggregates the balancing reserves necessary to offset SCE into three 

categories: regulating reserves, following reserves, and imbalance reserves, where the 

sum of the three types of reserves is equal to the total balancing reserve requirement.  

BPA disaggregates SCE into these categories based on the time scale of required 

response from balancing capacity resources.  For example, regulating reserves are based 

on one-minute variability and the type of balancing capacity resource necessary to offset 

regulating reserves must therefore be able to respond on a one-minute or shorter basis.  

Following reserves are based on ten-minute variability and imbalance reserves represent 

the remainder of SCE that is not accounted for by regulating or following reserves in a 
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scheduling period.  Specifically, BPA defines imbalance reserves as, “…the incremental 

amount of additional following reserve that results from using forecast schedules instead 

of perfect schedules” (BPA, 2011a, p. 33).  Stated differently,  

“The imbalance reserve component refers to the impact on the following reserve 
amount due to the difference (i.e., imbalance) between the average scheduled 
energy over the hour and the average actual energy over the hour. Taking 
imbalance into account when calculating the following reserve increases the 
following reserve amount due to the impact associated with assuming the error 
from imperfect scheduling prior to the hour” (BPA 2011a, p. 17). 
 

BPA’s disaggregation method defines regulating reserves as “…minute by minute 

variations around the ten-minute clock average of the load net generation dataset” (BPA, 

2011a, p.21).  BPA’s calculation of following reserves relies on the concept of a 

retrospective “perfect schedule,” or the actual average power that was generated or 

consumed (i.e. load) over the hour.  For example, if a PV generator produced on average 

25 MW for the entire schedule period, the perfect schedule for that generator for that 

period is 25 MW.  Likewise, if the average BAA load for a scheduling period were 1,200 

MW, then the perfect load schedule would be 1,200 MW.  Determining the perfect 

schedules allows for BPA to calculate following reserves as the “…difference minute by 

minute between the ten-minute clock average of the load net generation dataset and the 

associated perfect schedule” (BPA, 2011a, p. 21).   

BPA’s method of calculating imbalance reserves differs significantly from other 

methods that have been used to disaggregate reserves in the BPA BAA, such as those 

presented in Dragoon (2010) and Halamay et al. (2011).  Both Dragoon and Halamay et 

al. calculate imbalance reserves as the difference between the perfect schedule and the 
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actual schedule. BPA does not calculate imbalance reserves independently but instead 

defines imbalance as the “…remainder of the total balancing requirement minus the total 

regulation requirement minus the total following requirement” (BPA, 2011a, p. 22).  

Therefore, BPA’s disaggregation method requires first calculating the total balancing 

requirement, regulating requirement and following requirement, which are then used to 

calculate the imbalance requirement. 

After identifying the SCE value (i.e. total balancing reserve requirement) for 

every minute of the two-year time period and the regulating and following components of 

the one-minute average SCE value, BPA then used the distribution of these values to 

determine the amount of balancing reserves that would be necessary to offset 99.5% of 

each component. The decision to offset 99.5% is explained as follows:   

“Using 99.5 percent of the values is generally consistent with the historical 
method of using three standard deviations to calculate requirements (using three 
standard deviations would result in using 99.7 percent of the values in the 
calculations). By using 99.5 percent of the values, another 0.2 percent of variation 
that would otherwise factor into the forecast is not accounted for; however, BPA 
has performed well in meeting the requirements of the North American Electric 
Reliability Corporation and Western Electricity Coordinating Council balancing 
standards,19 and therefore it is assumed that an additional 0.2 percent of the 
movement in the Balancing Authority Area is absorbed from this point forward” 
(BPA, 2011a, p. 21).   

 
  Following the decision to offset 99.5% of SCE, the method for identifying 

specific amounts and types of balancing capacity reserves involves identifying the 0.25 

and 99.75 percentiles of the SCE distribution for each of the regulating, following, and 

total balancing reserve components.  Because balancing reserve requirements are both 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!In this justification, BPA acknowledges the relevance of the 99.5% threshold in terms of NERC and 
Western Electricity Coordinating Council (WECC) standards, although meeting these standards is not the 
stated reasoning for requiring that threshold.!
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positive (indicating a need for increased generation) and negative (indicating a need for 

decreased generation), BPA further divides each of the three types of balancing reserves 

into two subcategories: “inc” reserves for when generation must be increased and “dec” 

reserves for when generation must be decreased.  Therefore, BPA designates the 0.25 

percentile value as the total amount of dec reserves necessary in each of the regulating, 

following and total balancing reserve components to offset negative SCE and the 99.75 

percentile value as the total amount of inc reserves necessary in each of the regulating, 

following, and total balancing reserve components to offset positive SCE.  Finally, 

imbalance inc and dec reserves are calculated based on regulating, following, and total 

inc and dec reserves.  The process is presented by BPA as follows: 

 “Total Reserve Requirement 
  Total inc = p9975(Total SCE) 
  Total dec = p0025 (Total SCE) 
 
 Total Regulation Requirement (Reg) 
  Total Reg inc = p9975(Total Regulation) 
  Total Reg dec = p0025 (Total Regulation) 
 
 Total Following Requirement (Fol) 
  Total Fol inc = p9975(Total Following) 
  Total Fol dec = p0025 (Total Following) 
 
 Total Imbalance Requirement (Imb) 
  Total Imb inc = Total inc – Reg inc – Fol inc 
  Total Imb dec = Total dec – Reg dec – Fol dec 

 
Where  p9975 is the 99.75% percentile distribution 
 p0025 is the 0.25% percentile distribution” (BPA, 2011, p. 22). 
 
After establishing the inc and dec requirements for each balancing reserve 

component (total, regulating, following, and imbalance) BPA then uses an incremental 
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standard deviation (ISD)20 to determine the amount of balancing reserve capacity to 

attribute to load and each type of generation included in the analysis (for example, Table 

3.1 depicts balancing capacity attributed to load and Table 3.2 depicts balancing capacity 

attributed to wind).21,22  Appendix A includes an example of the ISD method as provided 

by BPA.  After differentiating between the amount of inc or dec reserves attributable to 

load and different types of generation, BPA then allocates balancing service costs based 

on the amount of inc and dec required in each category.   Note that this assumes all inc 

and dec values would occur simultaneously, which is not a physical reality and could lead 

to an overestimate of balancing reserves. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
20 BPA describes the ISD method as follows:  “The ISD measures how much load and generation each 
contributes to the total load net generation balancing reserve capacity need based on how sensitive the total 
balancing reserve capacity need is with respect to the individual load and generation components. Stated 
differently, ISD shows how much the total balancing reserve capacity standard deviation changes given a 
one-megawatt change in the load and/or generation standard deviation. ISD recognizes the diversification 
between the load and generation error signals, i.e., the fact that the load and generation error signals do not 
always move in the same direction. The result of diversification is a joint load-generation balancing reserve 
capacity requirement that is less than the sum of the individual requirements for load and generation. 
Through the ISD, the joint load-generation balancing reserve capacity requirement is disaggregated into the 
component contributions of load and generation. The result of the decomposition is a total balancing 
reserve capacity requirement fully reflecting the impacts of signal diversity. Having used the ISD method, 
the sum of the individual balancing reserve capacity requirements now equals the total balancing reserve 
capacity requirement” (BPA, 2011a, p. 23). 
21 A detailed explanation of the ISD method can be found in BPA (2011a) Final Generation Input Study on 
pgs. 23-25.!
22 Note that in Table 3.2, Wind Balancing Reserve Requirements includes PV (“Solar”), however, BPA’s 
method for calculating PV balancing reserves in this study is substantially different than the method used 
for calculating Wind balancing reserves.  The method for calculating PV balancing reserve requirements is 
described later in this chapter.  !
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Table 3.1:  BPA BP-12 Rate Case Load Balancing Reserve Capacity Requirements Separated into Inc and Dec for 
Regulation (REG), Load Following (LF) and Generation Imbalance (GI) Components.  Source: (BPA, 2011b, p. 20). 
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Table 3.2:  BPA BP-12 Rate Case Wind Balancing Reserve Capacity Requirements Separated into Inc and Dec for 
Regulation (REG), Load Following (LF) and Generation Imbalance (GI) Components.  Source: (BPA, 2011b, p. 21). 
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BPA refers to the cost of providing balancing reserves for integrating wind and 

PV generation as the Variable Energy Resource Balancing Service (VERBS),23 while the 

balancing costs associated with “dispatchable” resources (i.e. non-Federal thermal 

generators) is referred to as the Dispatchable Energy Resource Balancing Service 

(DERBS). VERBS and DERBS both contain costs for inc and dec for each of regulating, 

following, and imbalance reserves.  BPA refers to the cost of balancing the regulating 

component of load variability in the entire BAA as Regulating Service, the cost of 

balancing the following component of load variability as Load Following Reserves, and 

the cost of maintaining contingency reserves (as defined by NERC) as Operating 

Reserves (OR).24  

VERBS is the sum of three components: embedded costs of the Federal Columbia 

River Power System (FCRPS), variable costs associated with providing balancing 

services from the FCRPS, and “direct assignment” costs attributable to wind-related 

programs and research conducted by BPA.  BPA’s analysis resulted in a total cost of 

VERBS for wind generators of $55,748,197 annually, which is equivalent to a charge of 

$1.23/kW(of nameplate capacity) per month for wind generators25 and $0.21/kW (of 

nameplate capacity) per month for PV generators26 in the BPA BAA, both based on 

nameplate capacity (BPA, 2011c, p. 67).  Of the total annual VERBS cost, regulating 

reserves are responsible for $4,335,000, following reserves are responsible for 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!$%&!'(&)'*&+'!,-!./!)0!1)('!,-!/2345!60!7608900&7!:)'&(!6+!'%60!8%)1'&(;!
24 This discrepancy is explained in more detail earlier in the chapter. 
25 See BPA (2011a) p. 109 for a detailed description of the conversion from total costs to $/kW-month for 
each of the regulating, following, and imbalance components. 
26 The difference in VERBS rates for wind and PV generators is explained later in this chapter. 
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$20,610,000, and imbalance reserves are responsible for $30,804,000 (BPA, 2011a, p. 

109).   The manner in which these costs are attributed to inc and dec reserves varies 

between the three cost components (i.e. embedded, variable, and direct assignment) and 

is further explained below (Table 3.3).
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Table 3.3:  BPA Cost Allocation for Variable Energy Resource Balancing Service (VERBS). Source: (BPA, 2011a, p. 143). 

 

Table 2 
Cost Allocation of VERBS Components for 99.5% Level of Service with Customer-

Supplied Generation Imbalance 
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Component
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Cost 

Variable Cost
(12,801,896 - 
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The embedded cost portion of VERBS is derived by dividing the total revenue 

requirement for the capital and O&M costs of the “Big 10” Federal hydropower dams 

(see Appendix B) by the total amount of “system capacity uses” 27 provided by the Big 10 

dams, and then multiplying that amount by the inc balancing capacity requirement for the 

regulating, following, and imbalance reserves attributable to wind and PV resources.28  

The total embedded cost of the Big 10 dams is $876,768,000 annually (or $6.69/kW-

month),29 and multiplying that value by the portion of inc reserves for wind and PV 

results in the embedded costs for VERBS demonstrated in Table 3.3.  For example, the 

imbalance inc capacity requirement for wind and PV for FY 2012-2013 is calculated to 

be 269 MW (see Table 3.2); multiplying 269 MW/10,929 MW by $876,768,000 results 

in $21.6 million, which corresponds to the value of $21,595,320 in Column C of Table 

3.3.   

The variable cost portion of VERBS is based on the BPA Generation and Reserve 

Dispatch (GARD) Model, which takes into account the time period of required response 

from balancing reserves, the distribution of these reserves between spinning vs. non-

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
27 Hydro Projects System Capacity Uses is the sum of the Big 10 projects capacity (adjusted for 
transmission losses) multiplied by a 93% capacity factor, plus the total inc balancing requirements 
associated with Load Regulating Reserve, Load Following Reserve, System Operating Reserve (i.e. 
contingency reserve), VERBS, and Dispatchable Energy Resource Balancing Service (DERBS).  The total 
Big 10 projects capacity adjusted for transmission and capacity factor is 9,607MW while the total inc 
reserves for the five balancing categories listed above is 1,322MW, making the total Hydro Projects System 
Capacity Uses equal to 10,929MW.  
28 Embedded costs cannot be attributed to dec reserves (i.e. capital and O&M costs) because dec reserves 
are inherently variable costs (i.e. the opportunity cost of decreasing generation from a plant that is already 
built and running).   
29 BPA uses the $/kW-month to describe embedded costs in some contexts. The total revenue requirement 
for the Big 10 Dams is $876,768,000 annually.  The system capacity use value of 10,929MW annually is 
converted to 131,146,564 kW-month (10,929MW * 12months * 1000 kW/MW).  Therefore, the $/kW-
month charge is equal to $6.69/kW-month.  !!
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spinning capability, and forecasted market prices, among other variables, to generate an 

estimate of the “efficiency losses” incurred by the FCRPS to provide balancing services 

(i.e. the opportunity cost to BPA for using the FCRPS to provide balancing services 

instead of selling power).30  BPA’s GARD model estimates that these efficiency losses 

will result in the loss of 1,864,979 MWh of generation annually from the FCRPS, which 

BPA values at $25,905,994 (BPA, 2011a, p. 63).  This amount is then allocated 

proportionally among the balancing reserves necessary for load regulation, load 

following, operating reserves, VERBS, and DERBS.  The annual variable cost for 

VERBS resources is presented in Table 3.4. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!A more extensive explanation of the GARD model can be found in (BPA, 2011a) Section 3.4.!!!
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Table 3.4: Variable Costs of BPA BP-12 Rate Case Variable Energy Resource Balancing Service (VERBS).   
Source: (BPA, 2011b, p. 43) 
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The total annual direct assignment costs of $8,214,701 is the sum of the BPA’s 

funding for its Wind Integration Team (WIT) and the dec Acquisition Pilot Project costs.  

The WIT costs average $4,214,701 million per year for FY 2012-2013, while the cost of 

implementing the dec Acquisition Pilot is exactly $4 million annually.  The dec 

Acquisition Pilot program consists of $1 million annually to upgrade BPA’s system, 

while $3 million will be spent to purchase non-Federal sources of dec balancing reserve 

capacity.  The $3 million spent annually on purchasing non-Federal sources of dec 

balancing reserves is then deducted from the dec variable costs.  In sum, the VERBS rate 

provides $1 million annually for upgrading BPA’s system to allow for non-Federal 

sources of dec balancing capacity, while the $3 million spent annually to actually 

purchase that capacity has a zero net cost by reducing the annual variable dec costs by $3 

million (BPA, 2011b, p. 45).    

After identifying the various costs components of VERBS, note that the 

embedded costs component is by far the largest cost contributor, accounting for 68% of 

the total VERBS rate.  An interesting aspect of the embedded costs is that roughly 42% 

of these costs (or 29% of the total VERBS rate) are incurred from the $395,835,000 spent 

annually by BPA to support fish and wildlife management associated with the 

environmental impacts of the Big 10 dams (see Appendix B).   

Finally, note the effect that shorter scheduling periods for wind generation had on 

the amount of balancing reserves required.  As part of the BP-12 integration analysis, 

BPA conducted a study to determine the amount of balancing reserves required for wind 

generators that scheduled generation for half-hour periods instead of one-hour periods 
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(Table 3.5).  Note that the total amount of balancing reserves for wind presented in Table 

3.5 are much greater than those presented in Table 3.2; this is because the 30-minute 

scheduling analysis did not take into account self-supply balancing reserves.31  The 

analysis demonstrated that reducing the scheduling period for wind generators from 60 

minutes to 30 minutes reduced the amount of balancing reserves necessary for wind 

generation by roughly 34% (32.6% for inc reserves and 34.6% for dec reserves), 

indicating the inadequacy of BPA’s use of 30-minute persistence forecasting with 60-

minute schedules in accurately determining balancing reserve requirements.  As a result 

of this study, BPA will reduce the VERBS rate by 34% for wind generators that take part 

in the half-hour scheduling pilot program during FY 2012-2013.  It is expected that 

roughly 500 MW of wind generators will be allowed to participate in the pilot program 

(Yourkowski, 2011).  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!BPA allows for generators to provide their own balancing reserves, known as “self-supply.”  This is 
described in more detail in BPA’s BP-12 integration analysis (BPA, 2011a).!!!
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Table 3.5:  The Reduction in Wind Balancing Reserve Capacity Caused by 30-Minute Scheduling.  Source: (BPA, 2011b, p. 29). 
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When using persistence forecasting (and other forecasting methods) to forecast 

wind generation levels, shorter scheduling periods allow for increased scheduling 

accuracy due to the ability to take into account more recent changes in weather.  In 

conjunction with the current proposal to create an electricity imbalance market for the 

WECC, the renewable energy industry and advocates are pushing for even shorter 

scheduling periods or the adoption of dynamic scheduling, the balancing of load and 

generation in real time between multiple BAs (Yourkowski, 2011).  Milligan and Kirby 

(2011) demonstrate that using 10-minute schedules could reduce the amount of balancing 

reserves required under a half-hour scheduling regime by more than 50%.  This would 

indicate that the amount of balancing reserves held by BPA for wind generators based on 

60-minute schedules could be reduced by 67% if BPA were to use 10-minute 

scheduling.32 

3.4 The Bonneville Power Administration BP-12 Rate Case Integration Analysis for 
PV Resources 

 
Although PV generators were included in the VERBS rate in the BP-12 Rate Case 

along with wind generators, the methodology for assessing the balancing reserve 

requirements associated with PV generators was substantially different than the 

methodology used for estimating wind balancing reserve requirements.  Instead of 

including PV generation in the load net generation SCE analysis and identifying its 

incremental contribution to total SCE, BPA simply decided that the balancing reserves 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"#!BPA’s analysis demonstrated that 30-minute scheduling would reduce balancing reserves by 34% from 
what is required under 60-minute scheduling.  Multiplying 66% (1-34%) by 50% results in the need for 
33% of the amount of reserves required for 10-minute scheduling as would be required under 60-minute 
scheduling.!
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associated with PV would be half of the amount of regulating and following reserves for 

wind (on a reserves-per-kW of nameplate capacity basis).  BPA states that, 

“The Study assumes that the balancing reserve capacity requirement for a solar 
facility would be one-half of the balancing reserve capacity requirement of a wind 
generator of the same capacity because solar facilities would, at most, produce 
electricity only during daylight hours (i.e., about half the time)” (BPA, 2011a, p. 
16).   
 
BPA did not attribute any imbalance reserves to PV because of the lack of any PV 

scheduling data in the Northwest, stating that, 

“Since BPA does not currently have solar resources scheduling on its system to 
provide data for scheduling accuracy, BPA conservatively assumed perfect 
schedules for these resources. This assumption results in no imbalance component 
for the balancing reserve requirement for solar resources” (BPA, 2011a, 109).   
 

 Based on the amount of PV generators in its transmission interconnection queue, 

BPA expects that 29 MW of PV will be developed in its BAA by the end of FY 2013, 

and that the average amount of PV online during FY 2012-2013 will be 21 MW (Table 

3.2).  Abiding by the methodology explained above, BPA estimated the amount of PV 

regulating and following balancing reserves as one-half of the amount identified for wind 

on a per-kW of nameplate capacity basis. Table 3.6 presents the amount of balancing 

reserves attributed to PV in the BP-12 rate case and indicates that the total amount of 

reserves for PV is 0.449 MW of inc and -0.458 MW of dec capacity for 21MW of 

average installed PV over the rate period.   
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Table 3.6:  Amount of PV Balancing Reserves Implied by the BPA BP-12 Integration 
Analysis.  Data source: (BPA, 2011a). 

 

 Costs were allocated to inc and dec reserves for PV regulating and following in 

the same manner as was done for wind (detailed above), except that on a per-MW 

nameplate capacity basis PV is charged half as much as wind in order to align with 

BPA’s methodology to attribute half as many balancing reserves to PV as to wind on a 

per-MW basis.  Furthermore, because no imbalance reserves were attributed to PV, no 

costs associated with imbalance reserves will be charged to PV generators during the FY 

2012-2013 rate period.  This results in a total VERBS costs for PV generators of 

$0.21/kW-month based on nameplate capacity.  This rate consists of up to $0.04/kW-

month for regulating reserves and up to $0.18/kW-month for following reserves, while 

the regulating and following components of the VERBS rate for wind generators are 

$0.08/kW-month and $0.37/kW-month, respectively (BPA, 2011c, p. 65). 33  Assuming a 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
""!$%&!'(')*!+,-./!0)'&!1(0!2345!6&4&0)'(07!37!89:#;<=>?@(4'%A!2%3B%!34B*C5&7!'%&!3@D)*)4B&!
B(@E(4&4'!(1!8F:;G<=>?@(4'%!2%3B%!)BB(C4'7!1(0!'%&!0&@)345&0!(1!'%&!0)'&:!!!
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capacity factor of 18%,34 this translates into a cost of $1.60/MWh of PV generation or 

roughly a 1.6% increase on the current cost of PV power in the Northwest.35  

3.5 A Different Look at Renewable Integration in the BPA BAA 
 

Halamay et al. (2011) demonstrate that although adding wind generation 

equivalent to a 15% penetration (ratio of MW peak wind power to MW peak BPA load) 

increases reserve requirements compared to the amount required to balance only load, 

replacing 5% of that wind penetration with a 5% solar36 penetration (i.e. 10% wind 

penetration and 5% solar penetration) reduces the amount of reserves required when 

compared to the case with only 15% wind penetration.  The penetration ratios are based 

on a peak load of 10,754.5 MW, indicating that a 15% penetration would equal 1,613 

MW of peak generating capacity, 10% would equal 1,076 MW and 5% would equal 538 

MW.   A similar effect was observed by substituting 5% wave power penetration for 5% 

of wind penetration and for combinations of wind, solar, and wave (Halamay et al., 

2011).   

Although the methods used by Halamay et al. do not allow for a direct 

comparison to the BPA BP-12 integration study,37 the results are nonetheless compelling.  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
34The 18% capacity factor is derived from an insolation resource of 5 kWh/m2/day and a DC to AC 
conversion efficiency of 85%.   
35 This assumes a levelized cost of $97.47/MWh based on a negotiated PURPA avoided cost rate for a 
20MW PV project to be constructed in 2012 in Idaho (Idaho PUC, 2011).   
36 Halamay et al. assumed that the solar resource penetration would be comprised of PV and concentrating 
solar power (CSP), which assumed a “six hour thermal time constant” (Halamay, et al., 2010, p. 3).  The 
solar resources were assumed to be geographically dispersed at 10 sites throughout Idaho, Montana, 
Oregon and Washington, with each site having an equal amount of generating capacity comprised of 50% 
PV and 50% CSP (Halamay, et al., 2010).!!!
37 Halamay et al. (2010) modeled a 15% wind penetration equal to 1,613 MW of peak wind capacity and a 
5% solar penetration equal to 538 MW of peak solar capacity, whereas BPA modeled an average of 4,693 
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Due to the use of 10-minute data, Halamay et al. were unable to calculate regulating 

reserves.  However, the results indicated that when compared to the case with 15% wind 

penetration, a case with 10% wind and 5% solar penetration would reduce the need for 

inc following reserves by 13 MW (roughly 5% decrease) and the need for dec following 

reserves by 7 MW (roughly 2% decrease).  Similarly, the need for inc imbalance reserves 

were decreased by 22 MW (roughly 5% decrease) and the need for dec imbalance 

reserves were decreased by 36 MW (roughly 8% decrease).  Overall, these results suggest 

that a combination of wind and solar generation allows for a lower amount of reserves 

than for wind alone, rather than requiring an increase in the amount of variable balancing 

reserves as was done in the BPA BP-12 rate case.   

3.6 Non-BPA PV Integration Studies and the Effect of Geographic Diversity 
 

Aside from BPA’s assessment of PV as part of its BP-12 rate case integration 

analysis and the Halamay et al. (2011) analysis, no PV integration studies have been 

conducted specifically for a BA in the Northwest; however, PV variability and 

integration studies have been conducted in other parts of the US and other countries.38   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
MW of peak wind capacity and 21 MW of peak PV capacity over the two-year study period (BPA, 2011a).  
Also, Halamay et al. (2010) did not include BPA BAA hydro or thermal generation as part of their 
integration analysis as was done in the BPA BP-12 analysis, making a direct comparison potentially 
misleading. 
38 One prevalent and very important study that is not reviewed here is the National Renewable Energy Lab 
(NREL) Western Wind and Solar Integration Study (WWSIS).   WWSIS modeled the impacts of high 
penetrations of wind and PV penetration in Western states (not including states in the BPA BAA) and the 
effects on the regional transmission system.  The study assumes significantly different electric market 
dynamics than are currently possible in the WECC.  Addressing these differences is beyond the scope of 
this thesis, but readers are encouraged to explore the study.  It is available at: 
http://www.nrel.gov/wind/systemsintegration/wwsis.html.!
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Mills and Wiser (2010) provide a review of many of the attempts to characterize 

the impacts on grid operations associated with large-scale development of PV.  In this 

review, Mills and Wiser are critical of the majority of research conducted due to its lack 

of high-resolution (1-minute) PV generation data when estimating balancing capacity 

requirements and its insufficient treatment of geographic diversity when modeling PV 

system variability.  They state that,  

“To some extent, previous studies have evaluated the balancing resources 
required to accommodate the short-term variability of PV. Unlike the extensive 
body of work on the operational integration impacts of wind, however, these 
(often-dated) studies generally lack high-time resolution PV data from multiple 
sites.  Many of the conclusions are instead based on scaling PV data from single 
sites or simple cloud models.  These studies often conclude that the economic 
value of PV is significantly reduced at increasing levels of PV penetration due to 
the additional need for reserves or that the high variability of PV and the limited 
ramp rates of conventional generation limit the feasible penetration of PV.  The 
conclusions of these studies are questionable due to the lack of high time-
resolution data from multiple PV sites” (Mills and Wiser, 2010, p. 8).   

 

Mills and Wiser (2010) go on to stress the need to properly account for the role of 

geographic diversity in reducing the aggregate variability of PV systems and therefore 

reducing the balancing reserves required to integrate PV on a grid system.  They state,  

“System operators only need to balance the variability of the load net the 
aggregated output of PV sites in the balancing area (while respecting transmission 
capacity limits).  The degree to which PV increases the demand for resources to 
balance the net load therefore depends on the amount of smoothing offered by 
geographic diversity” (Mills and Wiser, 2010, p. 8) 

 

 Mills and Wiser (2010) highlight multiple studies that have demonstrated a 

significant decrease in aggregate PV generation variability from systems at varying levels 

of geographic spacing (Jewell and Ramakumar, 1987; Kawasaki et al., 2006; Kern and 
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Russel, 1988; Mills and Wiser, 2010; Murata et al., 2009; Otani et al., 1997; Wiemken et 

al., 2001).  They state,  

“Overall, the clear conclusion from this body of previous research is that with 
‘enough’ geographic diversity the sub-hourly variability due to passing clouds can 
be reduced to the point that it is negligible relative to the more deterministic 
variability due to the changing position of the sun in the sky” (Mills and Wiser, 
2010, p. 11).  

 

In their work to identify the impacts of geographic diversity on PV variability, 

Mills and Wiser (2010) refer to deviations from the amount of insolation predicted if the 

sky were clear as the “stochastic component” of the solar resource and characterize it 

using a clear sky index, which is the ratio of measured insolation to the insolation 

expected if the sky were clear.  The clear sky index allows for the stochastic component 

of the resource to be separated from the predictable component of the resource (Figure 

3.2).  
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Figure 3.2: A clear sky index derived from observed and expected insolation on a highly 
variable (partly cloudy) day.  Source:  (Mills and Wiser, 2010). 

 
 Mills and Wiser (2010) used insolation data, in the form of a clear sky index, to 

find the correlation of variability between 23 sites in the Southern Great Plains based on 

geographic diversity and time scale39 and its relation to aggregate output variability.  

They found that one-minute and five-minute deltas40 have “near zero correlation” for sites 

at least 20 km apart.  Both Mills and Wiser (2010) and Hoff and Perez (2010) state that 

for a fleet of independent (i.e. uncorrelated) PV systems with similar size and variability 

characteristics, the aggregate variability of systems, as measured by standard deviation, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
39 Mills and Wiser (2010) use data from 23 time-synchronized irradiance sensors spaced between 20-
440km apart to measure variability on time scales of 1, 5, 10, 15, 30, 60 and 180 minutes.  
40 Mills and Wiser (2010) use the term delta to refer to the change in power output over a given time 
averaging interval to the next averaging interval.!
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will approximate of the variability of a single site, where N equals the number of 

sites.41 

Mills and Wiser used the results of their analysis to demonstrate the effects of 

geographic diversity on balancing reserve requirements and costs.  They estimate that the 

cost of balancing reserves for a fleet of 25 PV systems on a 5x5 grid, with each system 

spaced 50km apart, is equal to 7% of the costs to accommodate the same amount of PV 

deployed at a single site (Mills and Wiser, 2010).  However, the manner in which Mills 

and Wiser calculated balancing reserve costs differs from the method used by BPA to 

estimate balancing reserves necessary for wind.  Instead of using time-synchronized load 

data to derive SCE (or ACE) and then determining balancing requirements based on the 

SCE distribution, Mills and Wiser (2010) use the standard deviation of the deltas to 

identify the costs associated with balancing PV generation.  Nevertheless, the drastic 

reduction in balancing reserve costs due to geographic diversity of PV systems indicates 

that any PV integration analysis should consider the effect of geographic diversity on PV 

variability if dispersed PV systems exist in the study area.  

3.7 Shortfalls of Variable Generation Integration Analyses 
 

Michael Milligan and Brendan Kirby, two of the leading researchers of the effects 

of variable generation on power systems, collaborated (with others) on a report to 

highlight common errors made in integration analyses and to provide guidance on the 

best methods for conducting an integration analysis.  Milligan et al. (2011) state,  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
41 Hoff and Perez (2010) point out that this statistical relationship is traditionally known as the Bienayme 
formula.    

! 
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“The concept of an integration cost for wind and solar generation seems simple 
and useful. What costs does the power system incur when wind or solar 
generation are included in the generation mix? Although this appears to be a very 
simple question, in practice, calculating the integration cost has proven to be very 
complex. To date it has not been done in a completely satisfactory manner. The 
complexity does not come from an inability to model the power system or from an 
inability to calculate system costs under various conditions with and without wind 
and solar generation. The complexity comes from trying to establish what 
conditions to compare, and from the complex and numerous interactions between 
generation resources as their aggregate output is adjusted to maintain load 
balance. Wind and solar integration costs cannot be measured directly. Instead, 
total power system costs with and without wind and solar generation need to be 
compared” (Milligan et al., 2011, p. 6). 

 

 The fact that Milligan et al. believe that no integration analysis has yet been 

conducted in a “completely satisfactory manner” suggests that they might consider the 

methods used by BPA to be in some way(s) unsatisfactory.  Although Milligan et al. do 

not specifically name BPA in their report, the involvement of Brendan Kirby in BPA’s 

rate case makes certain that the authors of the report were aware of BPA’s integration 

analysis methods prior to making this statement.42  In Kirby’s testimony in front of BPA 

regarding BPA’s integration analysis as part of the BP-12 rate case, Kirby identifies 

several errors in BPA’s methods that are also identified as “common errors” by Milligan 

et al. (2011).  For example, in his testimony, Kirby states that BPA’s integration costs 

were calculated incorrectly and are therefore unnecessarily high because of the use of a 

constant level of reserves throughout the rate case that do not respond to wind forecasts.  

Kirby further points out that FERC “…has recognized that failing to use [variable energy 

resource] VER power production forecasts to optimize the use of balancing reserves is 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
H#!I0:!J30DKL7!7E&B313B!(DM&B'3(47!'(!'%&!@&'%(57!C7&5!DK!.NO!B)4!D&!1(C45!34!'%&!P30&B'!$&7'3@(4K!(1!
'%&!Q(0'%2&7'!>345!R0(CE!D&1(0&!'%&!.(44&S3**&!N(2&0!O5@3437'0)'3(4A!T)4C)0K!#9A!#F99:!!!
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unduly discriminatory and may cause rates that are unjust and unreasonable” (Kirby and 

Castille, 2011, p. 4).  Despite Kirby’s intervention in the BP-12 rate case, the majority of 

Kirby’s suggestions were not adopted by BPA in its final integration analysis 

(Yourkowski, 2011).  

Although Milligan et al. (2011) make a strong case for the need to reconsider 

commonly used variable generation integration analysis methods in order to more 

accurately assess integration costs, the ability to implement these methods needs to be 

considered in the context of political reality.   The experience of Kirby in attempting to 

influence BPA indicates that BAs have some degree of freedom to choose the methods 

they wish in order to assess the impacts of variable generation integration, even if they 

are not the best methods available.  For that reason, the purpose of this thesis is not to 

identify the costs of PV integration in the BPA BA as accurately as possible, but rather to 

accurately identify the costs of PV integration in a manner that is comparable with BPA’s 

established methodology for assessing the costs of wind integration.  By conducting a 

comparable analysis, BPA may be more inclined to consider the results of this study.   
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CHAPTER 4.  METHODS 
!
!
!

As described in the previous chapter, estimating the amount of balancing reserves 

necessary to accommodate additional variable generation requires the use of time-

synchronized data, which would specify actual load and generation and schedules for 

both load and generation in the BAA for which the integration analysis is being 

conducted.  This thesis attempts to estimate the amount of balancing reserves required to 

integrate varying levels of PV into the BPA BAA, and therefore requires the availability 

of generation, load, and schedule data for the BPA BAA.  Fortunately, BPA made these 

data available for the load and generators currently on their system.  However, because 

BPA has never balanced any PV on its system, BPA has no generation or scheduling data 

for PV.  Therefore, PV data was synthesized to match as closely as possible the future PV 

generation that will be in BPA’s BAA and balanced by BPA.  The combination of the 

synthesized PV data and the actual BPA data allowed for the calculation of incremental 

balancing reserves necessary to integrate PV onto BPA’s system, as described below. 

4.1 BPA Data 
 

As part of the BPA BP-12 Rate Case, two-years of time-synchronized data were 

made publically available43 that include 1-minute resolution generation and schedule data 

for all thermal, hydro, and wind generators expected to be online during the FY 2012-

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
43 These files are no longer available on the BPA website because the rate case has been finalized; however, 
the files were downloaded during the rate case proceedings for use in this thesis. 
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2013 period,44 as well as load and load schedules for the same time period.  The data set 

consists of aggregated generation and schedules for all thermal generators, Federal and 

non-Federal hydro generators, and wind generators within the BPA BA and the entire 

BPA BA load and load schedules.  The aggregated generation and load data are based on 

observed generation, load and associated schedules from October 2007 – September 

2009.  In order to apply these data to the FY 2012-2013 time period, BPA made 

assumptions regarding future load and wind deployment scenarios; generation and 

schedules for thermal and hydro generators were not altered (BPA, 2011a).  For this 

thesis, BPA’s BP-12-24 dataset was used, which includes assumptions on levels of wind 

generation and load that will be present at the end of the BP-12 rate period (September 

2013).  This dataset was selected because it models the last time-period prior to the next 

rate period and would presumably provide BPA and stakeholders with the most accurate 

information for deciding how PV should be treated in the next BPA rate case.   

 There is currently no PV generation or scheduling in the BPA BA, so an 

alternative source of PV data is needed to assess the impacts of PV integration.  Instead 

of observed PV generation and scheduling data, insolation data can be used to estimate 

PV generation, and persistence forecasting can be used to create schedules associated 

with that generation.45   PV generation is proportional to insolation, allowing for a 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
44 As described in the previous chapter, wind generation was modeled by BPA for wind generators not 
online during the October 2007 – September 2009 period from which data were collected.  The modeling 
process is explained further in the BPA BP-12 Generation Input Study (BPA, 2011a).    
45 BPA uses persistence forecasting to generate wind schedules so it is reasonable to assume that BPA 
would use persistence forecasting to generate PV schedules.!!!
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relatively simple conversion of insolation into estimated PV generation.46  In order for 

insolation data to be used for the PV integration analysis, they need to be time 

synchronized with the available BPA data; therefore, a source of PV insolation data 

within the October 2007 – September 2009 time period is necessary.   In order for the 

estimated generation to be as accurate as possible, the insolation data were targeted to the 

area in which PV generators are likely to be sited.  As explained in the background 

chapter, the most likely sites for new PV generation facilities within the BPA BA are in 

Lake County, Oregon. 

4.2 Insolation Data Available in Lake County, OR 
 

The most extensive insolation data source for Oregon is the University of 

Oregon’s Solar Radiation Monitoring Laboratory (SRML),47 which has recorded solar 

resource data across the Northwest in order to “provide high quality scientific data for 

solar energy resource evaluation and long-term climate studies” (UO SRML, 2000).  The 

Bonneville Power Administration (BPA) has been a major sponsor of this effort since 

1978.48,49  The SRML began tracking solar resource data in Eugene in 1975 and 

established its first regional network in 1977. Currently, the SRML has monitoring 

stations operating in Oregon, Washington, Idaho, Montana, Wyoming, and Utah (Figure 

4.1).  Two of the UO SRML monitoring stations are within Lake County, OR:  the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
46 Note that for 1-minute or 5-minute values, there may be substantial error in this conversion due to 
temperature and angle of incidence factors (Chamberlin, 2012). 
47 University of Oregon Solar Radiation Monitoring Laboratory: http://solardat.uoregon.edu 
48 The BPA provided funding for the UO SRML from 1980-1985 and from 1994-present. 
(http://solardat.uoregon.edu/Sponsors.html) 
49 The BPA first provided program initiation funding to the UO SRML in 1978.  
(http://solardat.uoregon.edu/SrmlHistory.html)!
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Christmas Valley monitoring station and the Silver Lake monitoring station.  All data 

collected by the UO SRML are available for download online and can be queried using 

various search options.  

Figure 4.1:  Locations of past and present UO SRML solar monitoring stations.  Both the 
Christmas Valley and Silver Lake monitoring stations are within Lake County, OR. 
Stations in Green River, WY, and Moab, UT, are not represented here.  Source:  UO 
SRML.   

Historical insolation data for Lake County, OR, can also be inferred from 

meteorological models and satellite imagery.   The National Renewable Energy 

Laboratory (NREL) has produced two historical solar insolation databases based on these 

methods, which range collectively from 1960 – 2005, that estimate average hourly solar 
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insolation for multiple sites in each state.50  These datasets are useful for assessing the 

overall performance of a proposed PV system, but not for estimating hour-by-hour power 

production (Chamberlin, 2012).  NREL has also produced estimates of hourly insolation 

values for the entire United States at a 10 x 10 km resolution. These datasets were 

inferred by NREL from satellite imagery provided by the Geostationary Operational 

Environmental Satellite (GOES) 51 system.  GOES has compiled 13 years of satellite 

imagery that can be used to determine hourly insolation at a 3 x 3 km resolution for the 

entire Western Hemisphere.  Additionally, daily averaged horizontal insolation data for 

the entire globe on a 1-degree grid is available from the National Aeronautics and Space 

Administration (NASA)52 (NASA, 2009).   

Due to the need for sub-hourly data in order to estimate balancing reserves 

requirements, the UO SRML database was chosen over the NREL and NASA sources to 

provide insolation data for this thesis.  However, it is important to note that NREL is 

currently developing a method for simulating sub-hourly data, up to 1-minute in 

resolution, from 1-hour average insolation values (Hummon, 2011).  Once this method is 

fully developed, the NREL dataset may prove highly useful in future PV integration 

analyses in the Northwest and nationwide. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
50 The original National Solar Radiation Database (NRSDB), which contains estimated hourly radiation 
averages for multiple sites in each state for the years of 1961-1990, was based largely on a meteorological-
statistical (METSTAT) model.  The updated NSRDB contains estimated hourly radiation averages for the 
years of 1991-2005 derived from a combination of the METSTAT model and satellite observations (NREL, 
2007).  Data can be downloaded from: http://rredc.nrel.gov/solar/old_data/nsrdb/. 
51 The GOES system is operated by the United States National Environmental Satellite, Data, and 
Information Service (NESDIS):  http://www.goes.noaa.gov/ 
52 NASA estimates are based on global satellite observations from July 1983 – June 2005.  The data can be 
accessed from: http://eosweb.larc.nasa.gov/cgi-bin/sse/sse.cgi.!
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4.3 Selection of Silver Lake, OR, Insolation Database 
 
 The University of Oregon SRML maintains two monitoring stations within Lake 

County; one in Silver Lake, OR, and one in Christmas Valley, OR, (Figure 4.1).  These 

two sites are about 20 miles apart (straight-line distance).  The BPA Fort Rock 

Substation, near where the largest proposed PV generator would likely interconnect,53 is 

roughly equidistant between Silver Lake and Christmas Valley (Figure 4.2).  Based on 

their proximity to actual PV development activity, both the Silver Lake and Christmas 

Valley monitoring stations would be reasonable sites from which to select insolation data 

for an analysis of PV integration in Lake County, OR.  However, since the UO SRML 

database has only 15-minute resolution data for Christmas Valley and has five-minute 

resolution for Silver Lake, the Silver Lake monitoring station was chosen for the analysis.  

As described later in this chapter, five-minute resolution data allow for the calculation of 

following reserve requirements, but not for the calculation of regulating or imbalance 

reserve requirements when using BPA’s methodology.  The 15-minute resolution data in 

Christmas Valley would not allow for any of the balancing reserve components to be 

calculated as done by BPA. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
53 The largest proposed PV project (12 MW) in Lake County, OR, is slated to interconnect to BPA lines 
near the BPA Fort Rock Substation (Hughes, 2011).   



!

!

72 

Figure 4.2: Silver Lake, OR, and Christmas Valley, OR. The green circles represent the 
use of irrigation pivots for farming, while brown circles depict old irrigation sites not 
currently farmed.  A faint line east of Silver Lake, OR, depicts the 500kV BPA line.  
Source: GoogleEarth.   

4.4 Estimating PV Generation from Insolation Data 
 
 The insolation data at the Silver Lake site are measured by a rotating shadowband 

pyranometer (RSP),54 which has been installed at the site since 2002.55  The five-minute 

resolution data produced by the pyranometer represent the average of one-second 

observations over the preceding five minutes (Vignola, 2011).   The pyranometer 

measures global, diffuse, and direct (beam) insolation on a horizontal plane.  The 

combination of diffuse and global insolation observations allows for the horizontal data 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
UH!The RSP uses a LI-COR silicon diode pyranometer instead of a thermopile pyranomter such as an 
Eppley PSP.  The LI-COR pyranometer gives a faster response time but poorer accuracy (Chamberlin, 
2012; Jacobson, 2012).   
55 A full description of the site and measuring equipment can be found at:  
http://solardat.uoregon.edu/SilverLake.html.!
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to be elevated to a given tilt (Duffie and Beckman, 1991), to more accurately represent 

the generation from a PV system designed for maximum production. 

 In order to maximize output, PV systems in Oregon (and all locations outside of 

equatorial regions) are typically installed, when possible, on either a permanent tilt or on 

a tracking system, which adjusts module tilt to better capture beam irradiance.  There are 

multiple methods for elevating horizontal solar data to a given tilt in order to estimate 

generation at that tilt.  The Perez model56 is the most accurate and most appropriate for 

this analysis, as other methods tend to result in conservative estimates of insolation 

(Duffie and Beckman, 1991).  Using a conservative estimate may result in a bias towards 

lower amounts of variability, since the conservative estimate may not account for all the 

generation that would occur and the potential variability that may be associated with that 

generation.   

The University of Oregon SRML uses the Perez model to elevate horizontal 

insolation data to a tilt; the National Renewable Energy Laboratory’s PVWatts program 

also uses this model (Vignola, 2011).  For this thesis the UO SRML model was used to 

elevate the Silver Lake, OR, horizontal insolation data to a 35-degree tilt.57  After 

elevating the horizontal data to tilt, the UO SRML model then assumes an 81% DC to 

AC conversion efficiency to estimate PV generation (Vignola, 2011).  Using this method, 

the UO SRML model provided estimated generation for a 1kW PV system in Silver 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
56 The Perez model is explained by Perez et al. (1987).   
57 Vignola (2011) suggested that a 35-degree tilt would result in maximum generation for sites in Oregon.  
However, recently constructed 1.2MW and 1.7MW projects in Oregon (not within the BPA BA) were built 
at a 30-degree fixed tilt.  The project developer stated this was due to higher costs associated with a 35-
degree tilt (Gagliano, 2011).   
!
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Lake, OR.  When modeling larger PV systems, this estimated generation was scaled 

linearly to 20MW, 50MW, 100MW and 200MW (Figure 4.3) to allow for an estimate of 

balancing reserve requirements at varying levels of PV development in Lake County, OR.   

 
Figure 4.3:  Estimated PV generation from the UO SRML Silver Lake, OR, monitoring 
station pyranometer for 20MW, 50MW, 100MW and 200MW of PV.   

 
The assumption of linearly-scaled generation for the utility-scale PV plants based 

on a single insolation point measurement significantly overestimates PV generation 

variability that would occur at actual utility-scale PV plants (Mills, et al., 2009) and does 

not account for the reductions in aggregate variability that would occur if multiple PV 

projects with the same cumulative capacity were geographically dispersed (Mills and 

Wiser, 2010).  This assumption is likely to result in a greater balancing reserve 
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requirement estimate than is necessary (Mills and Wiser, 2010). Consequently the 

balancing reserve estimates obtained in this analysis should serve as a high-end estimate. 

In addition, error is introduced into the analysis by estimating generation based on 

insolation.  Chamberlin (2012) notes that, although converting insolation data to 

estimated generation data is a good approximation for daily totals, it may create 

substantial error due to temperature and angle of incidence factors when using one-

minute or five-minute values.  Further, error may be introduced by the pyranometer itself, 

which was not calibrated since its installation at the Silver Lake monitoring station in 

2002 prior to the study period.  The potential for error from these sources are not 

addressed in this thesis. 

4.5 Study Time Period 
 

From this estimated generation data, the time period of September 20, 2008 

through September 19, 2009 was selected for the integration analysis for two reasons.  

First, in order to be synchronous with the BPA data, the PV data would need to be within 

the BPA study period of October 1, 2007, through September 30, 2009.  Second, due to 

malfunctioning equipment, there were a total of 7 days of insolation data missing in 2008 

(Vignola, 2011).  The starting date of September 20, 2008, was chosen to avoid these 

significant data gaps, while the end date of September 19, 2009, was chosen to establish a 

one-year study period.   
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When compared to the eight-year average from 2003-2010, representing the full 

timespan of available data at the Silver Lake, OR, site,58 the average annual insolation 

values for 2008 and 2009 are above average by 2.11% and 2.74%, respectively (UO 

SRML, 2012).59  The difference in insolation variability between the selected time period 

and the entire timespan of measured data at the Silver Lake site was not tested.  Also, the 

effect on balancing reserve requirements of there being more or less insolation variability 

than is present in the selected data was not tested.  Synchronicity of the PV data with the 

BPA dataset was deemed of ultimate importance, as this allows for critical trends (e.g. 

weather, load variation, etc.) to be captured.   

4.6 Calculating Balancing Reserve Requirements 
 

As described in the previous chapter, the method used by BPA to calculate 

balancing reserve requirements for load, hydro, thermal and wind is based on schedule 

error, which is the difference between scheduled power or load and observed power or 

load for a given time period (e.g. one-minute).  Rather than calculating this individually 

for load and each resource type, however, BPA first aggregates load and generation.  

Using one-minute average data, BPA nets actual generation from load (load minus hydro 

generation minus thermal generation minus wind generation) and then nets generation 

schedules from the load schedule (load schedule minus hydro schedule minus thermal 

schedule minus wind schedule) to create the “actual load net generation” and the “load 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
UG!The UO SRML Silver Lake monitoring station began operation in late 2002, making 2003 the first year 
with average annual data (UO SRML, 2004).!!
UV!The hourly average insolation values by month and monthly average insolation values by year for this 
time period are presented in Appendix C.!!!
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net generation forecast”, respectively (BPA, 2011a, p. 19).  BPA then subtracts the load 

net generation forecast from actual load net generation on a minute-by-minute basis to 

create the station control error (SCE) value (Figure 4.4).  The one-minute SCE value is 

equal to the total amount of balancing reserves necessary to mitigate all schedule error for 

the one-minute average period.   

 
Figure 4.4:  Deriving actual load net generation (LNG) and the load net generation 
forecast from actual load and actual hydro, thermal and wind generation and scheduled 
load and scheduled hydro, thermal and wind generation.  Actual LNG and LNG forecast 
are negative because power is being exported outside of the BPA BA.  Data source: 
(BPA, 2011a). 

 
BPA then decomposed the one-minute SCE values into regulating and following 

components, where the regulating component is equal to “…minute by minute variations 

around the ten-minute clock average of the load net generation dataset [i.e. SCE values]” 

and the following component is equal to the “…difference minute by minute between the 
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ten-minute clock average of the load net generation dataset [i.e. SCE values] and the 

associated perfect schedule” (BPA, 2011a, p. 21).  The “perfect schedule” is equal to the 

average load net generation for the clock hour, with ramping to the next clock hour 

average beginning ten minutes prior to the next hour and ending ten minutes after the 

start of the next hour (BPA, 2011a).  Figure 4.5 illustrates the relationship between actual 

load net generation, the load net generation forecast, SCE, the perfect schedule, 

regulating reserves and following reserves for the minutes of 100-160 presented 

previously in Figure 4.4.  

 
Figure 4.5:  Identifying SCE (total balancing reserve requirement), regulating and 
following reserve requirements in the BPA balancing area (BA).  Regulating reserves are 
the minute-by-minute difference between the load net generation (solid black line) and 
the ten-minute average of load net generation (red line) and following reserves are the 
minute-by-minute difference between the ten-minute average of load net generation (red 
line) and the perfect schedule (green line).  Imbalance reserves, as calculated by BPA, are 
not represented here.  Data source: (BPA, 2011a). 
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After identifying the total, regulating, and following components of the one-

minute SCE values, the 0.25 and 99.75 percentiles of the distributions were found for 

each of the three components.  The 0.25 percentile represents the amount of dec 

balancing reserves and the 99.75 percentile represents the amount of inc balancing 

reserves.  Then, BPA calculated imbalance reserves as the remainder of the total 

balancing reserves minus regulating reserves minus following reserves (see Equation 

3.5).  Finally, BPA used its incremental standard deviation (ISD)60 methodology to 

determine the individual contributions of load, hydro, thermal and wind to the inc and dec 

balancing reserve requirements. 

BPA did not use this same method to attribute balancing reserve requirements to 

PV; instead, BPA decided that PV would be attributed half of the amount of balancing 

reserves attributed to wind for the regulating and following components (BPA, 2011a).  

This decision was based on the reasoning that “…solar facilities would, at most, produce 

electricity only during daylight hours (i.e., about half the time)” (BPA, 2011a, p. 16).  

BPA did not attribute any imbalance reserve requirements to PV due to a lack of PV 

scheduling data in BPA’s BA (BPA, 2011a).   

 This thesis attempts to provide a more accurate measure of PV balancing reserves 

by applying similar methods as BPA used to determine balancing reserve requirements 

for load, hydro, thermal, and wind.  However, due to the lack of one-minute PV 

generation data, only following reserves can be calculated in the same manner as done by 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
WF!A detailed explanation of the ISD method can be found in BPA (2011a) Final Generation Input Study on 
pgs. 23-25.!
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BPA.  The lack of one-minute PV generation data prevents the calculation of regulating 

and imbalance reserves as done by BPA because BPA’s method for calculating 

imbalance reserves is reliant on both regulating and total reserves, which are based on 

one-minute data.  Furthermore, this analysis uses BPA’s methodology for calculating 

following reserves, but does not use the ISD to attribute balancing requirements to load, 

hydro, thermal and wind.  Instead of using ISD, this analysis first calculates (using the 

BPA method) the amount of following reserve requirements necessary for load, hydro, 

thermal, and wind and then identifies the incremental amount of following reserves 

necessary to accommodate the addition of PV to BPA’s BA.  The incremental amount of 

following reserves for PV is calculated as the difference between the following reserve 

requirements for load, hydro, thermal, wind and PV and the amount of following reserve 

requirements for only load, hydro, thermal and wind (Equation 4.1). The incremental 

reserves method used in this analysis has been employed previously in multiple balancing 

reserve requirement studies in BPA territory (Halamay, et al., 2011; Dragoon, 2010).   

Equation 4.1:  Calculation of Incremental Following Reserve Requirements 

!"#$%&%"'() !"##"$%&'!!"#"$%"# ! !!!"#$% ! !!"#$ 

F =  Following reserves, defined as a percentile (e.g. 0.25 percentile for 
“dec” and 99.75 percentile for “inc”) of the distribution of the 
difference minute by minute between the ten-minute clock average 
of load net generation and the associated perfect schedule 

Perfect Schedule =  The clock-hour average of load net generation  
LHTWP =  Load net generation aggregated for hydro, thermal, wind and PV 
LHTW =   Load net generation aggregated for hydro thermal and  

wind 
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4.7 Calculating Incremental Imbalance Reserves by Scheduling PV with Persistence 
Forecasting 

 
Although imbalance reserves cannot be calculated without one-minute data when 

using BPA’s methodology, both Halamay (2011) and Dragoon (2010) define imbalance 

reserves as the difference between the perfect schedule (i.e. average generation over the 

hour) and the actual schedule.61  Therefore, imbalance reserves can be calculated for PV 

in the BPA BA when one-minute data are not available, as long as a schedule can be 

created for the PV generators.  Note that although given the same name, imbalance 

reserves as calculated by Halamay and Dragoon are an entirely different value than 

imbalance reserves as calculated by BPA.62  However, calculating imbalance as the 

difference between perfect schedule and actual schedule still provides meaningful insight 

into the impact of PV on aggregate schedule error.  Furthermore, analyzing imbalance 

reserves under 60-minute and 30-minute scheduling regimes allows for an investigation 

of the effect of shorter scheduling periods on balancing reserve requirements for variable 

resources.63 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
61!Dragoon refers to this value as the “schedule bias,” or the difference between a perfect schedule and the 
actual schedule (Dragoon, 2010).  Halamay et al. (2011) define imbalance as “…the difference between the 
hourly average power generation/load and the forecasted generation/load for that hour” (p. 3). 
62 Halamay (2011) and Dragoon (2010) calculate imbalance reserves independently of regulating and 
following reserves.  BPA does not calculate imbalance reserves independently, but instead defines 
imbalance reserves as the remainder of total reserves minus regulating reserves minus following reserves 
(BPA, 2011a).  The practical implication of this difference is that under BPA’s methodology, the sum of 
the regulating, following, and imbalance inc or dec reserves cannot exceed the total inc or dec reserves (i.e. 
total reserves to offset SCE).  However, under the Halamay (2011) and Dragoon (2010) methodology, the 
sum of the regulating, following and imbalance inc or dec balancing reserve components can exceed the 
total amount of inc or dec reserves necessary to offset a given percentile of SCE.   
63 As discussed in the previous chapter, both BPA (2011a) and Milligan and Kirby (2011) have found that 
shorter scheduling periods can substantially reduce the amount of balancing reserves necessary for variable 
resources integration.!
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To allow for an estimate of incremental imbalance reserves to integrate PV, 

persistence forecasting was used to create PV schedules based on the estimated 

generation for the Silver Lake, OR, site.  The same persistence forecasting methods used 

by BPA in its BP-12 integration analysis for wind generators were applied for both 60-

minute and 30-minute scheduling.  The only difference is that persistence forecasting for 

PV was based on five-minute average generation values (due to the PV data resolution) 

rather than one-minute average generation values.  For example, in the BPA wind 

integration analysis, the persistence forecasted schedule for hour 7:00-7:59 am would be 

based on the one-minute average generation value at 6:30 am (average of generation from 

6:29:00-6:29:59 am); whereas, in this analysis, the persistence forecasted schedule for 

hour 7:00-7:59 am is based on the five-minute average generation value at 6:30 am 

(average of generation from 6:25:00 – 6:29:59 am). 

 BPA applied 30-minute scheduling only to wind generators (i.e. hydro and 

thermal generators remained on 60-minute schedules while wind generators were on 30-

minute schedules) to assess the reduction in balancing reserve requirements associated 

with its Committed Intra-Hour Scheduling Pilot program (BPA, 2011a).  In this analysis, 

the effects of 30-minute scheduling on imbalance reserves are tested by placing both PV 

and wind generators on 30-minute schedules while hydro and thermal generators remain 

on 60-minute schedules.  The data provided by BPA described at the beginning of this 

chapter only include 60-minute schedules for wind, which required 30-minute wind 

schedules to be recreated for this analysis. 
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Algorithms were developed to schedule PV for 60- and 30-minute schedules 

based on 30-minute persistence forecasting; the same algorithm was used to recreate 30-

minute wind schedules.  Following BPA’s methodology, for 60-minute schedules the 

schedule for the hour is based on generation 30-minutes prior to the hour (i.e. 30-minute 

persistence forecast) ramped in on straight-line basis starting 10 minutes prior to the hour 

and ending 10 minutes after the hour (Figure 4.6).  For 30-minute scheduling, 30-minute 

persistence forecasting is still used but with ramps of ten minutes before and after the top 

of the hour and five minutes before and after mid hour (Figure 4.7).  For example, under 

30-minute scheduling with 30-minute persistence forecasting, the schedule for 7:00 – 

7:29 am is based on observed generation 30 minutes prior to the top of the hour at 

6:30am and the schedule for 7:30 – 7:59 am is based on observed generation at 7:00am.  
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Figure 4.6:  Sixty-minute scheduling using 30-minute persistence forecasting with 
estimated generation from 200MW of PV.  PV generation at 10:30 am is roughly 35MW, 
resulting in the 60-min schedule for 11:00am-11:59am of 35MW (with 10-minute 
ramping periods around the top of the hour).    
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Figure 4.7:  Thirty-minute scheduling using 30-minute persistence forecasting with 
estimated generation from 200MW of PV.  PV generation at 10:00am is roughly 20MW 
and at 10:30am is roughly 35MW, resulting in the 30-minute schedules for 10:30am – 
10:59am and 11:00am – 11:29am of 20MW and 35MW, respectively (with 10-minute 
ramping periods around the top of the hour and 5-minute ramping periods around mid 
hour).   

 
 After creating the 60- and 30-minute PV schedules, imbalance reserves were 

calculated for a 60-minute scheduling case (load and all generators using 60-minute 

scheduling) (Figure 4.8) and a 30-minute scheduling case (load and hydro and thermal 

generators using 60-minute schedules while wind and PV used 30-minute scheduling) 

(Figure 4.9).  As was done with the calculation of incremental following reserves, 

incremental imbalance reserves for PV were calculated as the difference between the 

imbalance reserve requirements for load, hydro, thermal, wind and PV and the imbalance 

reserve requirements for only load, hydro, thermal, and wind (Equation 4.2).  
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Figure 4.8:  Identifying Following and Imbalance Reserves when 200MW of PV 
Generation is added to the BPA BA using 60-minute scheduling with 30-minute 
persistence forecasting.   

 

 
Figure 4.9:  Identifying Following and Imbalance Reserves when 200MW of PV 
Generation is added to the BPA BA using 30-minute scheduling with 30-minute 
persistence forecasting. 
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Equation 4.2:  Calculation of Incremental Imbalance Reserve Requirements 

!"#$%&%"'() !"#$%$&'(!!"#"$%"# ! ! !!"#$% ! !!"#$ 

I=  Imbalance reserves, defined as a percentile (e.g. 0.25 percentile for 
“dec” and 99.75 percentile for “inc”) of the distribution of the 
difference minute by minute between the perfect schedule of load 
net generation and the actual schedule of load net generation 

Perfect Schedule =  The clock-hour average of load net generation  
LHTWP =  Load net generation aggregated for hydro, thermal, wind and PV 
LHTW =   Load net generation aggregated for hydro thermal and  

wind 
 

4.8 Balancing Reserve Sensitivity to Percentile Selection 
 

In order to test the impact of BPA requiring a level of balancing reserves capable 

of mitigating schedule error 99.5% of the time as opposed to a lower level of reserves 

that would still meet NERC compliance levels, the calculation of both following and 

imbalance reserves were conducted for balancing reserve levels of 90%, 95%, 98%, 99%, 

and 99.5%.  This calculation involved applying both Equation 6 and Equation 7 with inc 

and dec percentiles associated with the respective balancing reserve levels. 

4.9 Treatment of Missing Data 
 

Although the majority of PV data gaps were eliminated by choosing the starting 

date of September 20, 2008, several data gaps remain in the selected data.  These gaps 

range from minutes to several hours.  In addition to the PV data gaps, there are several 

data gaps in the BPA wind data, although none were found in the load, hydro or thermal 

data.  The missing PV and wind data are identified in Table 4.1.  To prevent these data 

gaps from impacting results, any time period affected by the data gaps was removed from 
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the analysis.  For example, on December 16, 2008, PV data were not collected for the 

period of 7:21am – 11:30am, but data were eliminated beginning at 7:01am through 

1:09pm (13:09).  Data were eliminated beginning at 7:01 am because the missing data 

prevented the average generation from being estimated for the hour of 7-8am; average 

generation is necessary for calculating balancing reserves so this hour was not included in 

the analysis.   Furthermore, data were eliminated beyond 11:30am because the missing 

generation value at 11:30am prevented a persistence forecasted schedule from being 

created for the 12-1pm hour, which further prevented an accurate schedule ramp from 

being created for the 1:00-1:09pm (13:00 – 13:09) time period.  At 1:10pm (13:10), the 

persistence forecasted schedule based on generation at 12:30 pm is fully ramped in and 

allows for an accurate calculation of balancing reserves requirements.  

Table 4.1:  Data Gaps Eliminated from Analysis 

PV Data Gaps Wind Data Gaps 
Start Time End Time Start Time End Time 

12/8/08 7:01 12/8/08 10:00 11/25/08 8:51 11/25/08 13:09 
12/16/08 7:01 12/16/08 13:09 3/10/09 9:11 3/10/09 13:09 

  8/20/09 10:31 8/20/09 11:00 

  
8/20/09 11:11 8/20/09 14:09 

  8/26/09 6:11 8/26/09 16:09 
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CHAPTER 5.  RESULTS AND DISCUSSION 
!
!
!

Using the methods described in the previous chapter, identifying incremental 

reserve requirements due to the integration of PV under 60-minute scheduling and 30-

minute scheduling involves comparing balancing reserve requirements between a 

scenario with PV and without (the base case) at a specific balancing reserve level (i.e. 

percentile).  The difference between the PV scenario and the base case scenario is then 

equal to the incremental balancing reserve requirement associated with PV for that 

balancing reserve level.  This thesis is not concerned with incremental reserve 

requirements at only one balancing reserve level, since BPA is free to set its balancing 

reserve level where it chooses as guided by its internal policy and NERC requirements.  

Therefore, providing results at various balancing reserve levels helps to inform how 

BPA’s choice of balancing reserve level impacts total balancing reserve requirements and 

incremental balancing reserves for PV.   

A convenient way to present these results is by plotting the cumulative 

distributions of balancing reserve requirements for the base case and PV scenarios, 

thereby providing an illustration of deviations between the scenarios at all balancing 

reserve levels.  Further, plotting the differences between the cumulative distribution of a 

PV scenario and the cumulative distribution of the base case scenario provides the 

amount of incremental balancing reserve requirements at every balancing reserve level.  

Below, cumulative distributions are plotted against a standard normal deviate (z) scale in 

order to provide a clearer view of the behavior of these distributions at the tails.  To avoid 
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confusion and to create a more intuitive plot, the differences between the cumulative 

distributions (i.e. incremental reserve requirements) are plotted against a percentile scale.  

This allows the reader to view incremental balancing reserve requirements against a 

balancing reserve level (i.e. percentile) axis.  These plots, along with tables identifying 

reserve requirements at specific balancing reserve levels (those listed in the previous 

chapter), are used to present the results below.    

Finally, note that unlike the BPA analysis, this study includes wind as part of the 

base case scenario and does not differentiate between the reserves necessary for wind and 

those necessary to balance load and non-variable generation sources.64  Furthermore, this 

study does not account for the substantial amount of “self-supplied” balancing reserves 

for wind generators that were considered in the BPA analysis.65  Therefore, comparisons 

should not be drawn between the amount of balancing reserve requirements for the base 

case scenario results below and the results obtained by BPA for wind generators as part 

of its BP-12 integration analysis.   

5.1 Following Reserve Requirements  
 
 Comparing the distributions of following reserve requirements associated with the 

base case (no PV) scenario and the 20MW, 50MW, 100MW and 200MW PV penetration 

scenarios suggests that these distributions are indistinguishable from each another (Figure 

5.1).  Minor differences between the scenarios can be seen at the very extreme tails; 

however, for the remainder of the range of the distributions, the scenarios track each 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
64 The reasons for this are discussed in more detail in the previous chapter. 
65 BPA’s use of self-supply reserves and its impacts on total wind balancing reserve requirements are 
described in detail in BPA’s BP-12 Generation Inputs Study (BPA, 2011a).!
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other near-perfectly.  Performing a two-sample Kolmogorov-Smirnov (K-S) test for each 

of the PV penetration scenarios and the base case scenario demonstrates that only the 

200MW PV penetration scenario is statistically discernible from the base case scenario 

(Table 5.1).  This would suggest that any difference in following reserve requirements 

between the base case scenario and the 20MW, 50MW, and 100MW PV scenarios would 

be relatively minor and should not be attributed to anything other than random variation.  

Although the 200MW PV scenario is statistically discernible from the base case, the 

maximum difference between the two distributions is only 0.3% (Table 5.1), which is 

negligible in an absolute sense.  Further, it is obvious from Figure 5.1 that despite the 

statistical difference between the 200MW PV scenario and the base case, the 200MW PV 

distribution does not differ in a substantial or systematic way from the base case.  
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Figure 5.1:  Cumulative distribution on a normal probability scale of following reserve 
requirements for the base case (no PV) scenario and PV penetration scenarios of 20-
200MW.   

!
Table 5.1:  Results of the Two-Sample Kolmogorov-Smirnov Test for the Equality of 
Continuous Distributions in Following Reserve Requirements 

Sample Distributions P-Value Test Statistic  
20MW PV and Base Case 0.996 8.06 x 10-4 
50MW PV and Base Case 0.965 9.74 x 10-4 
100MW PV and Base Case 0.664 0.00140 
200MW PV and Base Case 0.00440 0.00340 

 
 

Testing the effects of PV penetration at various balancing reserve levels did not 

result in a clear pattern of incremental following reserve requirements.  For summary 

purposes, Table 5.2 presents the amount of following reserves associated with the 90% 

and 99.5% balancing reserve levels for the base case scenario with no PV integrated in 
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the BPA BA (Load, Hydro, Thermal and Wind or LHTW in Equation 4.1) and for 

scenarios in which 20MW, 50MW, 100MW and 200MW of PV are integrated in the BPA 

BA (Load, Hydro, Thermal, Wind and PV or LHTWP in Equation 4.1).  Table 5.3 

presents incremental following reserves for the 90% and 99.5% balancing reserve levels, 

from which incremental following reserves per MW of integrated PV are derived in 

Table 5.4 (this is expressed as a percentage to avoid presenting dimensionless numbers). 

In all tables depicting incremental balancing reserves, note that a positive incremental inc 

balancing reserve requirement indicates the need for more inc balancing reserves, while a 

positive incremental dec balancing reserve requirement indicates the need for less dec 

reserves (and vice versa).66  More detailed results for each PV integration scenario that 

detail following reserve impacts at every balancing reserve level tested along with 

summary statistics for each distribution are presented in Appendix D.   

 
Table 5.2:  Total Following Reserves Associated with Varying Levels of PV Integration 
at 99.5% and 90% Balancing Reserve Levels. 

 
Total Following Reserves (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case (LHTW) 385.67 -383.30 150.95 -153.84 
Base Case + 20MW PV 385.67 -383.72 150.90 -153.65 
Base Case + 50MW PV 385.67 -383.80 150.69 -153.65 
Base Case + 100MW PV 385.67 -384.45 150.42 -153.52 
Base Case + 200MW PV 383.66 -384.45 150.50 -153.60 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
WW!$%37!37!5C&!'(!!"#!D)*)4B346!0&7&0S&7!34%&0&4'*K!D&346!E(73'3S&!S)*C&7!)45!$%#!D)*)4B346!0&7&0S&7!
34%&0&4'*K!D&346!4&6)'3S&!S)*C&7:!!X)*BC*)'346!34B0&@&4')*!D)*)4B346!0&7&0S&7!Y,ZC)'3(47!W!)45!;[!)7!
'%&!)@(C4'!(1!D)*)4B346!0&7&0S&7!)77(B3)'&5!23'%!)!N+!34'&60)'3(4!7B&4)03(!@34C7!'%&!)@(C4'!(1!
D)*)4B346!0&7&0S&7!)77(B3)'&5!23'%!'%&!D)7&!B)7&!7B&4)03(!0&7C*'7!34!)!E(73'3S&!S)*C&!2%&4!'%&!N+!
34'&60)'3(4!7B&4)03(!0&ZC30&7!@(0&!!"#!D)*)4B346!0&7&0S&7!(0!*&77!$%#!D)*)4B346!0&7&0S&7!)45!)!
4&6)'3S&!S)*C&!2%&4!'%&!(EE(73'&!37!'0C&:!!
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Table 5.3:  Incremental Following Reserves Associated with Varying Levels of PV 
Integration at 99.5% and 90% Balancing Reserve Levels. 

 
Incremental Following Reserves (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00 -0.42 -0.050 0.19 
Base Case + 50MW PV 0.00 -0.50 -0.26 0.19 
Base Case + 100MW PV 0.00 -1.2 -0.53 0.32 
Base Case + 200MW PV -2.0 -1.2 -0.45 0.24 

 

Table 5.4:  Incremental Following Reserves per MW of Integrated PV Associated with 
Varying Levels of PV Integration at 99.5% and 90% Balancing Reserve Levels (60-
Minute Scheduling).  

 

Incremental Following Reserves per MW  
of Integrated PV (%) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00% -2.1% -0.25% 0.95% 
Base Case + 50MW PV 0.00% -1.0% -0.52% 0.38% 
Base Case + 100MW PV 0.00% -1.2% -0.53% 0.32% 
Base Case + 200MW PV -1.0% -5.6% -0.23% 0.12% 

 
 
 The lack of a clear pattern in the results is explained for the base case and the 

20MW, 50MW, and 100MW PV penetration scenarios by the fact that, according to the 

K-S test, these distributions are statistically indistinguishable and the variation between 

them is random.   However, even for the 200MW PV penetration scenario, where the 

differences between it and the base case scenario cannot be attributed to randomness 

alone, there is not a clear pattern in its impact on following reserves.  For example, as 

seen in Table 5.3, at the 99.5% balancing reserve level the 200MW PV penetration 

scenario reduces the need for inc following reserves by 2.01MW and increases the need 
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for dec reserves by 1.15MW, but at the 90% balancing reserve level there are lower 

reserves needed for both inc (0.45MW) and dec (0.24W).   

A closer examination of the differences between the PV penetration scenarios and 

the base case scenario (i.e. incremental balancing reserve requirements) reveals that 

incremental following reserve requirements fluctuate rapidly and apparently randomly at 

the tails of the distributions for all PV penetration scenarios.  Figure 5.2 presents the 

amount of incremental following reserves for the various PV penetration scenarios 

associated with a given percentile of following reserve requirements (i.e. a given 

balancing reserve level).  The 20-200MW PV scenarios are centered on zero for the 

central 90-95% of the distributions, while they fluctuate between positive and negative 

incremental following reserve requirements at the tails.   Note that at the left tail, a 

negative incremental following reserve requirement indicates the need for additional dec 

balancing reserves, while at the right tail a positive incremental following reserve 

requirement indicates the need for additional inc balancing reserves.  Therefore, a 

positive incremental balancing reserve requirement at the left tail (and a negative one at 

the right tail) indicate the need for less balancing reserves being necessary due to the 

integration of PV into the BA.  Figures 5.3 and 5.4 provide close-up views of the tails in 

Figure 5.2, making this fluctuation more visible.  
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Figure 5.2:   Incremental following reserves (i.e. difference between following reserve 
requirements in a PV scenario and those in the base case scenario) for the 20MW, 
50MW, 100MW and 200MW PV penetration scenarios.   
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Figure 5.3: Close-up of Figure 5.2, focusing on the left tails of the 20-200MW PV 
penetration scenarios. 
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Figure 5.4:  Close-up of Figure 5.2, focusing on the right tails of the 20-200MW PV 
scenarios.  

A likely cause of these fluctuations is simply the close similarity between the 20-

200MW PV penetrations scenarios and the base case scenario.  Changing from a positive 

or negative incremental reserve requirement occurs when a PV penetration scenario 

following reserve distribution crosses the base case scenario following reserve 

distribution.  Since the distributions are so similar, this crisscrossing occurs frequently 

throughout the distributions.  As the magnitude of following reserve requirements 

increase at the tails of the distributions, so does the magnitude of the fluctuation in 

incremental following reserves created by the crisscrossing of the distributions.  

In order to demonstrate a scenario that would clearly and substantially differ from 

the base case, a 2000MW PV penetration scenario was created using the same method 
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described in the previous chapter.67  The 2000MW PV scenario demonstrates a systematic 

pattern of requiring additional dec following reserves at the left tail of the distribution and 

requiring additional inc following reserves at the right tail of the distribution (Figure 5.5).  

The substantial difference between the 2000MW penetration scenario and the base case 

scenario is sufficient to overcome the fluctuations that arise from crisscrossing of the 

distributions, leading to the clear pattern.  Further, performing a two-sample K-S test for 

the 2000MW scenario and the base case scenario resulted in a p-value of 0.000, a strong 

indication of a statistically detectable difference between the two distributions that is not 

occurring solely due to random variations (seen obviously in Figure 5.5).  Therefore, 

arguing that the 2000MW PV scenario depicted here has a clear impact on following 

reserve requirements would have a defensible basis, whereas making the same claim 

regarding the 20MW, 50MW, 100MW, or 200MW PV penetration scenario is much 

more difficult to defend.   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
W;!This method leads to 2000MW of PV generation being estimated from a single point measurement at a 
pyranometer in Silver Lake, OR.  As described in the previous chapter, this does not account for significant 
smoothing of generation variability that would occur due to the geographic diversity of the multiple PV 
plants that would be required to reach 2000MW of aggregate generation.  Further, it does not account for 
significant amounts of within-plant variability smoothing that occurs in multi-megawatt PV plants.  
Therefore, the 2000MW PV scenario should not be thought of as a realistic representation of the impacts on 
the BPA BA from 2000MW of actual PV generation; rather, this scenario should simply be thought of as an 
illustration of clearly distinguishable impacts to the generation system that do not result from the 20-
200MW PV scenarios.    
!



!

!

100 

 
Figure 5.5:  Using 2000MW of PV penetration to demonstrate a scenario in which 
incremental following reserves follow a more intelligible pattern.   

 
 Due to the exacerbation of the amount of variability occurring in the 2000MW PV 

scenario as compared to the 20-200MW PV scenarios, the striking difference in 

following reserve requirements between the scenarios is not surprising.   Note that 

following reserves are defined by BPA (and in this thesis) as the “…difference minute by 

minute between the ten-minute clock average of the load net generation dataset [i.e. SCE 

values] and the associated perfect schedule” (BPA, 2011a, p. 21).  With 2000MW of PV 

generation being modeled from a single point measurement, changes in cloud cover 

create drastic variability in total PV generation observed throughout the hour.  Therefore, 

the additional variability incurred due to the 2000MW PV scenario causes the systematic 
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perfect schedule when compared to the base case scenario, which creates the need for as 

much as -400MW (dec) and 300MW (inc) of following reserve requirements.  The fact 

that the variability incurred due to the integration of 20-200MW of PV does not affect 

load net generation in a systematic or even in a statistically measurable manner (for the 

20-100MW PV scenarios) suggests that BPA should reconsider its PV integration rate. 

5.2 Implications of the Following Reserve Requirement Results for the BPA PV 
Integration Rate 

 
The results above would indicate that, for up to 200MW of PV in the BPA BAA, 

there is not a clear basis for requiring a specific amount of following reserves for the 

integration of PV.  The results do show impacts to the amount of required following 

reserves associated when integrating PV, but those impacts fluctuate rapidly between 

positive and negative values at the extreme tails of the distributions.  This is problematic, 

since BPA currently sets its balancing reserve level at the 0.25 percentile for dec reserves 

and the 99.75 percentile level for inc reserves, which fall in the middle of widely varying 

incremental following reserve requirements (see Figures 5.3 and 5.4).  For example, it 

would not be reasonable for BPA to require PV generation owners to pay for following 

reserves based on the impact at the 0.25 percentile, when the same amount of PV could 

be reducing the need for following reserves at the 0.255 percentile (or vice versa). 

The finding regarding incremental following reserves is important because the 

costs associated with the following reserve component comprise roughly 86% ($0.18 per 

KW-month out of $0.21 per kW-month) of the total PV integration rate (BPA, 2011c).  In 

light of the fact that a strong argument cannot be made for requiring incremental 
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following reserves for up to 200MW of PV in its BAA, BPA should consider removing 

this component from the PV integration rate or removing the PV integration rate entirely 

until the amount of operating PV projects in its BAA begins to approach 200MW.  At 

that point, BPA should undertake an actual PV integration analysis to determine if a PV 

integration rate is necessary.  Further, by allowing for more PV projects to come online 

prior to levying the PV integration rate, BPA would have access to actual PV generation 

data within its BAA that would provide for a more accurate assessment of following 

reserve requirements.  As described in the previous chapter, the PV generation modeled 

in this thesis is more variable than actual PV generation would be in the BPA BA and 

therefore likely overestimates following reserve requirements.  This overestimation 

provides BPA with an even greater “buffer” than the 200MW threshold, and therefore 

more time to collect accurate data and perform a more robust PV integration analysis 

instead of simply assuming that PV would require half the amount of balancing reserves 

as wind.  

If BPA reduced the following reserve cost component to zero, it would result in 

savings of roughly $1.37/MWh to PV generation owners in the BPA BAA, assuming an 

18% capacity factor.68   The cost of $1.37/MWh represents roughly 1.4% of the current 

cost of utility-scale PV power in the Northwest.69  The addition of this cost creates 

another barrier for PV generation in the Northwest, where it already struggles to be cost-

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
68 The 18% capacity factor was derived from an insolation resource of 5 kWh/m2/day and a DC to AC 
conversion efficiency of 85%.   
69 This assumes a levelized cost of $97.47/MWh based on a negotiated PURPA avoided cost rate for a 
20MW PV project to be constructed in 2012 in Idaho (Idaho PUC, 2011).!!!
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competitive due to high capital costs and relatively low insolation.  Further, as the cost of 

PV continues to decline, the integration rate would have a greater proportional impact on 

the total cost of PV power.  It is unclear why, when there is not a technical need for 

additional following reserves, BPA would choose to sustain a policy decision that further 

burdens the adoption of an untapped renewable resource in the region.   

Finally, if BPA did choose to withdraw the PV integration rate and postpone its 

use until a time when it was justified by the true balancing requirements for PV on BPA’s 

system, the question arises as to how to treat PV generators that were online prior to the 

PV integration rate being reinstated.  For example, if BPA found that balancing reserves 

were necessary once 500MW of PV capacity was reached on its system, should the first 

500MW of PV be “grandfathered” and not required to pay the integration rate?  

Consequently, the projects added above the 500MW threshold would be forced to pay for 

integration costs that likely would not have been necessary if the first 500MW (which are 

paying nothing) had not been developed.  This could be unfairly burdensome for those 

new projects.  An alternative would be to begin charging all PV generators on its system 

once the 500MW threshold was reached.  This is also problematic, since it presents a 

scenario in which already operating projects would be forced to incur additional and 

potentially unforeseen costs.  
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Despite its complications, the latter scenario has precedence in the BPA BA70 and 

for that reason seems the most likely course of action.  Due to the difficulties that this 

would present to the existing PV generation owners, BPA should be explicit to any 

potential PV projects on its system of its intentions to levy a PV integration rate once it 

becomes warranted.  PV generation owners could then use this information to mitigate 

the impacts of having an integration tariff levied on their projects mid-operation by 

preparing for the eventuality at the outset of the project.  There would still be uncertainty 

since the exact costs of the future integration rate would be unknown, which could create 

intolerable levels of risk and prevent the development of some projects.  Although there 

is not a perfect solution, under this scenario PV generation owners could at least take 

solace in the future PV integration rate being based on a more accurate assessment of 

actual impacts to BPA’s system, rather than paying for unproven and unwarranted costs 

under the current regime.   

5.3 Imbalance Reserve Requirements 
 
 Analyzing the amount of incremental imbalance reserves required for integrating 

up to 200MW of PV in the BPA BA produced results similar to those for following 

reserves, in that there was not a well-defined impact on imbalance reserves due to PV 

penetration.  Again, comparing the distributions of imbalance reserve requirements 

associated with the base case (no PV) scenario and the 20MW, 50MW, 100MW and 

200MW PV penetration scenarios suggests that these distributions are indistinguishable 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
;F!In July 2009, BPA instituted its first wind integration rate, which required all existing and new wind 
generators on its system to pay the same cost for balancing services on an installed capacity basis (Stoel 
Rives, 2009).  !
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from one another (Figure 5.6).71  Minor differences between the scenarios can be seen at 

the very extreme tails; however, for the vast majority of the distributions, the scenarios 

track each other near-perfectly.  Performing a two-sample K-S test for each of the PV 

penetration scenarios and the base case scenario demonstrates that only the 100MW and 

200MW PV penetration scenarios are statistically discernible from the base case scenario 

(Table 5.5).  This would suggest that any difference in imbalance reserve requirements 

between the base case scenario and the 20MW and 50MW PV scenarios would be 

relatively minor and should not be attributed to anything other than random variation.  

Further, the maximum differences between the base case distribution and the 100MW 

and 200MW PV distributions of 0.3% and 0.4%, respectively, is in an absolute sense 

negligible even if statistically discernible.   

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Figure 5.6:  Cumulative distribution on a normal probability scale of imbalance reserve 
requirements for the base case (no PV) scenario and PV penetration scenarios of 20-
200MW.   

 
Table 5.5:  Results of the Two-Sample Kolmogorov-Smirnov Test for the Equality of 
Continuous Distributions in Imbalance Reserve Requirements 

Sample Distributions P-Value Test Statistic  
20MW PV and Base Case 0.771 0.00130 
50MW PV and Base Case 0.426 0.00170 
100MW PV and Base Case 0.0173 0.00300 
200MW PV and Base Case 4.09 x 10-4 0.00400 

 
 

As with following reserves, testing the effects of PV penetration at various 

balancing reserve levels did not result in a clear pattern of incremental imbalance reserve 

requirements.  For summary purposes, Table 5.6 presents the amount of imbalance 

reserves associated with the 90% and 99.5% balancing reserve levels for the base case 
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scenario with no PV integrated in the BPA BA (LHTW in Equation 4.2) and for scenarios 

in which 20MW, 50MW, 100MW and 200MW of PV are integrated in the BPA BA 

(LHTWP in Equation 4.2).  Table 5.7 presents incremental imbalance reserves for the 

90% and 99.5% balancing reserve levels, from which incremental imbalance reserves per 

MW of integrated PV are derived in Table 5.8 (this is expressed as a percentage to avoid 

presenting dimensionless numbers).  In all tables depicting incremental balancing 

reserves, note that a positive incremental inc balancing reserve requirement indicates the 

need for more inc balancing reserves, while a positive incremental dec balancing reserve 

requirement indicates the need for less dec reserves (and vice versa).72  More detailed 

results for each PV integration scenario that detail following and imbalance reserve 

impacts at every balancing reserve level tested along with summary statistics for each 

distribution are presented in Appendix E.    

Table 5.6:  Total Imbalance Reserves Associated with Varying Levels of PV Integration 
at 99.5% and 90% Balancing Reserve Levels (60-Minute Scheduling). 

 
Total Imbalance Reserves (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case (LHTW) 983.69 -1377.8 479.42 -502.92 
Base Case + 20MW PV 983.69 -1377.8 479.19 -502.39 
Base Case + 50MW PV 984.78 -1376.5 479.41 -500.98 
Base Case + 100MW PV 988.88 -1374.4 476.88 -500.03 
Base Case + 200MW PV 989.18 -1370.3 475.68 -498.07 
!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Table 5.7:  Incremental Imbalance Reserves Associated with Varying Levels of PV 
Integration at 99.5% and 90% Balancing Reserve Levels. 

 
Incremental Imbalance Reserves (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00 0.00 -0.23 0.53 
Base Case + 50MW PV 1.1 1.3 -0.01 1.9 
Base Case + 100MW PV 5.2 3.4 -2.5 2.9 
Base Case + 200MW PV 5.5 7.5 -3.7 4.9 

 
 
Table 5.8:  Incremental Imbalance Reserves per MW of Integrated PV Associated with 
Varying Levels of PV Integration at 99.5% and 90% Balancing Reserve Levels.   

 

Incremental Imbalance Reserves per MW of Integrated 
PV (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00% 0.00% -1.2% 2.7% 
Base Case + 50MW PV 2.2% 2.6% -0.02% 3.9% 
Base Case + 100MW PV 5.2% 3.4% -2.5% 2.9% 
Base Case + 200MW PV 2.7% 3.8% -1.9% 2.4% 

 
 

The lack of a clear pattern in the results is explained for the 20MW and 50MW 

PV penetration scenarios by the fact that, according to the K-S test, these distributions are 

essentially the same and the variation between them is random.   However, even for the 

100MW and 200MW PV penetration scenarios, where the differences between them and 

the base case scenario cannot be attributed to randomness alone, there is not a clear 

pattern in its impact on imbalance reserves.  For example, as seen in Table 7, at the 

99.5% balancing reserve level both the 100MW and 200MW PV penetration scenarios 

increase need for inc following reserves but decrease the need for inc imbalance reserves 

at the 90% balancing reserve level.  A closer examination of the differences between the 
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PV penetration scenarios and the base case scenario (i.e. incremental balancing reserve 

requirements) reveals that incremental imbalance reserve requirements fluctuate rapidly 

at the tails of the distributions for all PV penetration scenarios. 

Figure 5.7 presents the amount of incremental imbalance reserves for the various 

PV penetration scenarios associated with a given percentile of following reserve 

requirements (i.e. a given balancing reserve level).  The 20-200MW PV scenarios are 

centered on zero for the middle 90 to 95% of the distributions, while they fluctuate 

unpredictably between positive and negative incremental imbalance reserve requirements 

at the tails.   Note that at the left tail, a negative incremental following reserve 

requirement indicates the need for additional dec balancing reserves, while at the right 

tail a positive incremental following reserve requirement indicates the need for additional 

inc balancing reserves.  Therefore, a positive incremental balancing reserve requirement 

at the left tail (and a negative one at the right tail) indicate the need for less balancing 

reserves being necessary due to the integration of PV into the BA.  Figures 5.8 and 5.9 

provide close-up views of the tails in Figure 5.7, making this fluctuation more visible.  
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Figure 5.7:  Incremental imbalance reserves (i.e. difference between imbalance reserve 
requirements in a PV scenario and those in the base case scenario) for the 20MW, 
50MW, 100MW and 200MW PV penetration scenarios.   
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Figure 5.8:  Close-up of Figure 5.7, focusing on the left tails of the 20-200MW PV 
scenarios. 
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Figure 5.9:  Close-up of Figure 5.7, focusing on the right tails of the 20-200MW PV 
scenarios.   

 
As with following reserves, the likely cause of these fluctuations is simply the 

close similarity between the 20-200MW PV penetrations scenarios and the base case 

scenario.  Changing from a positive or negative incremental reserve requirement occurs 

when a PV penetration scenario imbalance reserve distribution crosses the base case 

scenario imbalance reserve distribution.  Since the distributions are so similar, this 

crisscrossing occurs frequently throughout the distributions.  As the magnitude of 

imbalance reserve requirements increase at the tails of the distributions, so does the 

magnitude of the fluctuation in incremental imbalance reserves created by the 

crisscrossing of the distributions.  
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In an attempt to demonstrate a scenario that would clearly and substantially differ 

from the base case, a 2000MW PV penetration scenario was created using the same 

method described above.73  As with following reserve requirements, performing a two-

sample K-S test for the 2000MW scenario and the base case scenario resulted in a p-

value of 0.000, a strong indication of a statistically detectable difference between the two 

distributions that is not occurring solely due to random variations.  However, the 

2000MW PV scenario does not as clearly differ from the base case scenario as it did for 

following reserves.  There is still a pattern of requiring additional dec imbalance reserves 

on the left half of the distribution and additional inc imbalance reserves on the right half 

of the distribution, but the distributions depict substantial fluctuation at the extreme tails, 

especially the left tail where the 2000MW scenario fluctuates between negative and 

positive values (Figure 5.10).  Figure 5.11 presents the cumulative distributions of all the 

scenarios on a normal probability scale, more clearly illustrating the behavior of the 

distributions at the tails.  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
73 This method leads to 2000MW of PV generation being estimated from a single point measurement at a 
pyranometer in Silver Lake, OR.  As described in the previous chapter, this does not account for significant 
smoothing of generation variability that would occur due to the geographic diversity of the multiple PV 
plants that would be required to reach 2000MW of aggregate generation.  Further, it does not account for 
significant amounts of within-plant variability smoothing that occurs in multi-megawatt PV plants.  
Therefore, the 2000MW PV scenario should not be though of as a realistic representation of the impacts on 
the BPA BA from 2000MW of actual PV generation; rather, this scenario should simply be thought of as an 
illustration of an attempt to create statistically distinguishable impacts to the generation system that do not 
result from the 20-200MW PV scenarios.    
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Figure 5.10:  Attempting to use 2000MW of PV penetration to demonstrate a scenario in 
which incremental imbalance reserves differ more substantially from the base case 
scenario.  This figure is analogous to Figure 5.5 for following reserves.  Note the erratic 
behavior of incremental reserves for the 2000MW scenario at the extreme tails, which did 
not occur with following reserves.    
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Figure 5.11 Cumulative distribution on a normal probability scale of imbalance reserve 
requirements for the base case (no PV) scenario and PV penetration scenarios, including 
a 2000MW PV scenario.   

 
The fact that the 2000MW PV scenario and the base case scenario align closely at 

the tails of the distributions, enough to result in crisscrossing in the left tails (as was seen 

in the 20-200MW PV scenarios), suggests that the most extreme imbalance reserve 

requirement events are driven by the base case and not by the addition of PV.  This is a 

reasonable outcome, since the base case includes 5,525MW of wind power that is 

scheduled using 30-minute persistence forecasting (BPA, 2011b), which would create 

substantial imbalance reserve requirements during weather events that cause relatively 

rapid changes in wind speed.  The addition of the 2000MW PV scenario certainly added 

to the severity of some of the extreme imbalance events (by requiring as much as 
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600MW of additional dec and 200MW of additional inc reserves as seen in Figure 10), 

but the imbalance events that were exacerbated by the addition of PV or created by PV 

alone were not substantial enough to create a systematic deviation from the base case 

scenario as was observed with following reserves.   

The inability of the 2000MW PV scenario to create such a deviation suggests that 

imbalance reserves are not as greatly affected by the variability introduced from PV as 

following reserves.  However, this is assuming that both wind and PV are scheduled on a 

60-minute basis using 30-minute persistence forecasting, which was proven by BPA to be 

an overly simplistic and inaccurate forecasting method for wind (BPA, 2011a).   It is 

possible that with more accurate wind forecasting, the variability introduced by PV 

would more greatly affect imbalance reserve requirements. 

5.4 Implications of the Imbalance Reserve Requirement Analysis for the BPA PV 
Integration Rate 

 
The results above would indicate that, for up to 200MW of PV in the BPA BA, 

there is not a clear basis for requiring a specific amount of imbalance reserves for the 

integration of PV.  The results do show impacts to the amount of required imbalance 

reserves associated with integrating PV, but those impacts fluctuate rapidly between 

positive and negative values at the extreme tails of the distributions.  This is problematic, 

since BPA sets its balancing reserve level at the 0.25 percentile for dec reserves and the 

99.75 percentile level for inc reserves, which fall in the middle of widely varying 

incremental following reserve requirements (see Figures 5.8 and 5.9).  For example, it 

would not be reasonable for BPA to require PV generation owners to pay for imbalance 
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reserves based on the impact at the 0.25 percentile, when the same amount of PV could 

be reducing the need for following reserves at the 0.255 percentile (or vice versa).  

Unlike following reserves, BPA did not include an imbalance reserve component 

in its PV integration rate due to a lack of PV generators being present in its BA and 

therefore a lack of actual scheduling data.  BPA states: 

 “Since BPA does not currently have solar resources scheduling on its system to 
provide data for scheduling accuracy, BPA conservatively assumed perfect 
schedules for these resources. This assumption results in no imbalance component 
for the balancing reserve requirement for solar resources” (BPA, 2011a, 109).   

 
 This reasoning conflicts with BPA’s decision to levy regulating and following 

reserve requirements against PV generators.  BPA calculates imbalance reserve 

requirements for wind generators by using 30-minute persistence forecasting, which is 

not dependent on scheduling data but only on aggregate generation data.  Since BPA was 

willing to levy regulating and following reserve requirements on PV based on the 

regulating and following requirements for wind (which were also calculated from 

aggregate wind generation data), without the use of data from PV resources on its system, 

it is not clear why BPA would not have similarly levied imbalance reserve requirements 

on PV based on wind imbalance reserve requirements.   

Regardless of its reasoning, BPA’s decision not to levy an imbalance reserve 

requirement on PV resources is supported by the results.  There is not a clear basis for 

levying an imbalance requirement against PV generators for up to 200MW of PV, and 

BPA should continue to withhold from charging PV generators for imbalance reserves 

until more data (either actual scheduling data or generation data to derive persistence 
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forecasts) from PV generators is available within its BAA to allow for a more robust PV 

integration analysis.  Further, BPA’s awareness that the availability of PV data from 

within its BAA would allow for a more accurate assessment of imbalance reserve 

requirements should be applied to regulating and following reserves as well.  

5.5 The Effect of 30-minute Scheduling on Imbalance Reserve Requirements  
 
The imbalance reserve requirement analysis for PV was replicated using 30-

minute scheduling instead of 60-minute scheduling in order to investigate the impacts of 

a more accurate variable resource scheduling method on imbalance reserve requirements 

for PV.74   Both wind and PV were placed on 30-minute schedules for this analysis, with 

forecasts still based on 30-minute persistence forecasting, while load, hydro and thermal 

remained on 60-minute schedules (as described in the previous chapter).  Since wind is 

part of the base case scenario in this analysis, the effects of 30-minute scheduling on 

imbalance reserves for wind generators are reflected in the changes to the base case 

scenario imbalance reserve requirements.   

 The cumulative distributions of imbalance reserves for the PV penetration 

scenarios and the base case scenario when using 30-minute scheduling appear very 

similar to the 60-minute scheduling results (Figure 5.12).  Note that the 60-minute 

scheduling and 30-minute scheduling results share the same extreme tail values. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
74 As described in the literature review chapter, 30-minute scheduling led to substantial reductions in 
imbalance reserve requirements for wind generators.  Note that scheduling accuracy does not affect 
following reserve requirements, so only the effects of 30-minute scheduling on imbalance reserves are 
addressed here. 
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However, instead of there being 41 identical values making up the “steps” as was the case 

with 60-minute scheduling, these steps only include 16 identical one-minute values under 

30-minute scheduling.   This is the result of adding an additional scheduling period 

within the hour that, according to BPA’s 30-minute scheduling regime, creates constant 

imbalance reserve requirement values between minutes 10-25 and minutes 35-50 

(although these two sets of constant values depend on different 30-minute persistence 

forecasts).75  Minutes 1-9 and 51-60 are individual one-minute values resulting from 

ramping between hours and minutes 26-34 are individual values resulting from ramping 

around the half hour.   

 
 
 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Figure 5.12:  Cumulative distribution on a normal probability scale of imbalance reserve 
requirements with the base case (no PV) scenario and PV penetration scenarios of 20-
200MW when using 30-minute scheduling.  
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between hours).  Under 30-minute scheduling, the wind schedule for 6:00-6:29 would 

still be based on the wind generation at 5:30 of 1000MW, but the wind schedule for 6:30-

6:59 would be based on the wind generation at 6:00 of 1500MW.  This results in a 

500MW dec imbalance reserve requirement for minutes 6:10-6:25 and no imbalance 

reserve requirement for minutes 6:35-6:50.   

By allowing for greater scheduling accuracy, 30-minute scheduling had a 

substantial impact on the total amount of imbalance reserve requirements for the base 

case and all PV penetration scenarios.  At the 99.5% balancing reserve level for the base 

case scenario, inc reserves were reduced by roughly 12% and dec reserves by 16%, while 

at the 90% balancing reserve level inc reserves were reduced by 21% and dec reserves by 

22%.  For summary purposes, Table 5.9 presents the amount of imbalance reserves 

associated with 90% and 99.5% balancing reserve levels for the base case scenario with 

no PV integrated in the BPA BA (LHTW in Equation 4.2) and for scenarios in which 

20MW, 50MW, 100MW and 200MW of PV are integrated in the BPA BA (LHTWP in 

Equation 4.2) when using 30-minute scheduling.  Table 5.10 presents incremental 

imbalance reserves associated with integrating all PV scenarios for the 90% and 99.5% 

balancing reserve levels when using 30-minute scheduling, from which incremental 

imbalance reserves per MW of integrated PV are derived in Table 5.11.   Further, tables 

5.12-5.14 demonstrate the change in imbalance reserve requirements associated with 30-

minute scheduling as compared to 60-minute scheduling for the 90% and 99.5% 

balancing reserve levels.  Note that as with all tables depicting incremental reserve 

requirements, in Tables 5.12-5.14 a positive inc balancing reserve requirement indicates 
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the need for more inc balancing reserves, while a positive dec balancing reserve 

requirement indicates the need for less dec reserves (and vice versa) when compared to 

the amount of reserves required when using 60-minute scheduling.  More detailed results 

for each PV integration scenario that detail imbalance reserve impacts while using 30-

minute scheduling at every balancing reserve level tested along with summary statistics 

for each distribution are presented in Appendix F. 

 
Table 5.9:  Total Imbalance Reserves Associated with Varying Levels of PV Integration 
at 99.5% and 90% Balancing Reserve Levels (30-Minute Scheduling). 

 
Total Imbalance Reserves (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case (LHTW) 864.46 -1150.9 381.10 -393.39 
Base Case + 20MW PV 864.46 -1145.5 380.79 -393.61 
Base Case + 50MW PV 864.46 -1145.4 380.46 -393.15 
Base Case + 100MW PV 864.46 -1143.1 380.11 -391.95 
Base Case + 200MW PV 865.18 -1138.4 378.92 -391.93 

 
 
Table 5.10:  Incremental Imbalance Reserves Associated with Varying Levels of PV 
Integration at 99.5% and 90% Balancing Reserve Levels (30-Minute Scheduling). 

 
Incremental Imbalance Reserves (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00 5.4 -0.31 -0.22 
Base Case + 50MW PV 0.00 5.5 -0.64 0.24 
Base Case + 100MW PV 0.00 7.8 -0.99 1.4 
Base Case + 200MW PV 0.72 13 -2.2 1.5 
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Table 5.11:  Incremental Imbalance Reserves per MW of Integrated PV Associated with 
Varying Levels of PV Integration at 99.5% and 90% Balancing Reserve Levels (30-
Minute Scheduling). 

 

Incremental Imbalance Reserves per MW of Integrated 
PV (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 

0.9975 
(Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00% 27% -1.6% -1.1% 
Base Case + 50MW PV 0.00% 11% -1.3% 0.48% 
Base Case + 100MW PV 0.00% 7.8% -0.99% 1.4% 
Base Case + 200MW PV 0.36% 6.3% -1.1% 0.73% 

 
 
Table 5.12:  Reductions in Total Imbalance Reserve Requirements due to 30-Minute 
Scheduling as Compared to 60-Minute Scheduling with Varying Levels of PV Integration 
at 99.5% and 90% Balancing Reserve Levels. 

 

Change in Total Imbalance Reserves                                                 
due to 30-Minute Scheduling (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case (LHTW) -119.23 226.90 -98.320 109.53 
Base Case + 20MW PV -119.23 232.30 -98.400 108.78 
Base Case + 50MW PV -120.32 231.10 -98.950 107.83 
Base Case + 100MW PV -124.42 231.30 -96.770 108.08 
Base Case + 200MW PV -124.00 231.90 -96.760 106.14 
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Table 5.13:  Reductions in Incremental Imbalance Reserve Requirements for PV due to 
30-Minute Scheduling as Compared to 60-Minute Scheduling with Varying Levels of PV 
Integration at 99.5% and 90% Balancing Reserve Levels. 

 

Change in Incremental Imbalance Reserves                                      
due to 30-Minute Scheduling (MW) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00 5.4 -0.08 -0.75 
Base Case + 50MW PV -1.1 4.2 -0.63 -1.7 
Base Case + 100MW PV -5.2 4.4 1.6 -1.5 
Base Case + 200MW PV -4.8 5.0 1.6 -3.4 

 
 
Table 5.14:  Reductions in Incremental Imbalance Reserve Requirements per MW of 
Integrated PV due to 30-Minute Scheduling as Compared to 60-Minute Scheduling with 
Varying Levels of PV Integration at 99.5% and 90% Balancing Reserve Levels. 

 

Change in Incremental Imbalance Reserves per MW of 
Integrated PV due to 30-Minute Scheduling (%) 

 
99.5% Reserve Level 90% Reserve Level 

 
0.9975 (Inc) 0.0025 (Dec) 0.95 (Inc) 0.05 (Dec) 

Base Case + 20MW PV 0.00% 27% -0.40% -3.8% 
Base Case + 50MW PV -2.2% 8.4% -1.3% -3.4% 
Base Case + 100MW PV -5.2% 4.4% 1.6% -1.5% 
Base Case + 200MW PV -2.4% 2.5% 0.78% -1.7% 

 

Although the total amount of imbalance reserve requirements for the base case 

and PV integration scenarios were substantially affected by 30-minute scheduling, a clear 

pattern is still lacking in the amount of incremental imbalance reserve requirements 

associated with the integration of 20-200MW of PV.  In fact, K-S tests show that the PV 

penetration distributions and the base case distribution are even more similar when using 

30-minute scheduling than when using 60-minute scheduling.  The K-S tests demonstrate 

that the 20MW, 50MW and 100MW scenarios are not statistically discernible from the 
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base case scenario (Table 5.15), whereas only the 20MW and 50MW scenarios were not 

statistically discernible from the base case under 60-minute scheduling for imbalance 

reserves.   

Table 5.15:  Results of the Two-Sample Kolmogorov-Smirnov Test for the Equality of 
Continuous Distributions in Imbalance Reserve Requirements when using 30-Minute 
Scheduling 

Sample Distributions P-Value Test Statistic  
20MW PV and Base Case 0.998 7.75 x 10-4 
50MW PV and Base Case 0.789 0.00130 
100MW PV and Base Case 0.221 0.00200 
200MW PV and Base Case 0.00380 0.00350 

 

This K-S test results would suggest that 30-minute scheduling did make PV 

scheduling more accurate (and therefore more similar to the base case), but this is not 

evident at the tails of the distributions.  Figure 5.13 presents the amount of incremental 

imbalance reserves for the various PV penetration scenarios associated with a given 

percentile of imbalance reserve requirements (i.e. a given balancing reserve level).  

Again, the 20-200MW PV scenarios are centered on zero for the bulk of the distributions, 

while they fluctuate between positive and negative incremental imbalance reserve 

requirements at the tails. Figures 5.14 and 5.15 provide close-up views of the tails in 

Figure 5.13, making this fluctuation more visible.  
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Figure 5.13:  Incremental imbalance reserves (i.e. difference between imbalance reserve 
requirements in a PV scenario and those in the base case scenario) for the 20MW, 
50MW, 100MW and 200MW PV penetration scenarios when using 30-minute 
scheduling.   
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Figure 5.14:  Close-up of Figure 13, focusing on the left tails of the 20-200MW PV 
scenarios. 
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Figure 5.15:  Close-up of Figure 13, focusing on the right tails of the 20-200MW PV 
scenarios. 

Given that there was not a clear basis for requiring imbalance reserves when using 

60-minute scheduling (i.e. a less accurate scheduling method), it is expected that 30-

minute scheduling would not result in the need for greater incremental imbalance reserve 

requirements.  Further, since the K-S tests indicated that the PV penetration scenarios 

were more similar to the base case scenario under 30-minute scheduling and because the 

similarity of the distributions is the likely cause of the fluctuations seen at the tails of the 

distributions, it is not surprising that the same pattern is seen in the 30-minute scheduling 

incremental imbalance reserves.    

Following this logic, it would be expected that running the 2000MW PV scenario 

under 30-minute scheduling would result in a similar pattern, since that scenario would 
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be more similar to the base case than under 60-minute scheduling.  Indeed, Figure 5.16 

demonstrates that the 2000MW PV scenario and the base case scenario remain similar 

enough to produce fluctuations at the tails; appearing almost identical to those seen under 

60-minute scheduling.  Performing a K-S test on the base case scenario and the 2000MW 

PV scenario resulted in a p-value of 0.000 under both 30-minute and 60-minute 

scheduling, preventing more specific conclusions from being drawn regarding the relative 

similarity of the distributions.   

 
Figure 5.16:  Attempting to use 2000MW of PV penetration, under 30-minute scheduling, 
to demonstrate a scenario in which incremental imbalance reserves differ more 
substantially from the base case scenario.  This figure is analogous to Figure 5.5 for 
following reserves and Figure 5.11 for imbalance reserves under 60-minute scheduling.  
Note the erratic behavior of incremental reserves for the 2000MW scenario at the 
extreme tails, similar to imbalance reserves under 60-minute scheduling, which did not 
occur with following reserves.    
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5.6 Implications of the 30-minute Imbalance Reserve Requirement Results for the BPA 
PV Integration Rate 

!
Ultimately, testing the effects of 30-minute scheduling did not provide any more 

clarity about the amount of incremental imbalance reserve requirements for the 20-

2000MW PV penetration scenarios.  Thirty-minute scheduling resulted in the PV 

scenarios being more similar to the base case scenario; the similarity of those 

distributions is what prevented distinguishable following reserve requirements and 60-

minute scheduling imbalance reserve requirements.  However, 30-minute scheduling did 

substantially reduce the total amount of imbalance reserve requirements in the base case 

and all PV penetration scenarios.  This finding supports BPA’s analysis of 30-minute 

scheduling and reinforces BPA’s decision to lower the integration rate for wind 

generators that are participating in its 30-minute scheduling pilot program.76   

As with 60-minute scheduling, the 30-minute scheduling results also support 

BPA’s decision to not levy an imbalance component of an integration rate against PV 

generators.  Since the integration of up to 200MW of PV does not have a clearly 

measurable impact on imbalance reserves, there is no harm in waiting to collect actual 

PV generation and scheduling data in the BPA BAA to allow for a more accurate 

analysis.  This analysis could then also produce more specific results of the effects of 30-

minute scheduling on incremental imbalance reserves for PV.   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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CHAPTER 6.  CONCLUSION 
!
!
!

The results demonstrate that for up to 200MW of PV penetration within the BPA 

BAA, levying a following reserve integration charge against PV generators is not 

supported on a statistical basis.  For up to 100MW of PV penetration, K-S tests 

demonstrate that there is no statistically discernible difference between following reserve 

requirements associated with the base case scenario and those associated with the PV 

penetration scenarios.  For 200MW of PV penetration, the K-S test demonstrates that 

differences between the base case scenario and the PV penetration scenario cannot be 

explained by randomness alone.  However, due to the fluctuation between positive and 

negative incremental reserve requirements at the tails caused by the close similarity of the 

distributions, there is not a supportable basis for charging PV generators for a specific 

amount of following reserve requirements.  The following component of BPA’s PV 

integration charge comprised over 80% of the total cost, and it is therefore important to 

address its accuracy and necessity.  Given that there is not a statistical basis for its 

existence at this point, BPA should remove this charge immediately if it wishes to not 

unnecessarily burden the development of an untapped renewable energy source within its 

BAA.   

The results pertaining to imbalance reserve requirements roughly mirror those of 

following reserve requirements.  For up to 50MW of PV penetration, the K-S tests 

demonstrate that there is no statistically discernible difference between the base case 
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imbalance reserve requirements and those associated with the PV penetration scenarios.  

As with following reserves, fluctuations between positive and negative incremental 

reserve requirements caused by the similarity of the base case and the PV penetration 

scenarios prevent the allocation of a specific amount of imbalance reserve requirements 

for up to 200MW of PV on a statistical basis.  However, unlike following reserves, BPA 

has not yet levied a charge for imbalance reserves against PV generators due to a lack of 

PV scheduling data within its BAA.  The results support that this decision be upheld until 

there is sufficient PV penetration to cause an identifiable need for additional imbalance 

reserve requirements. 

The investigation into scheduling period length did not shed light on the amount 

of incremental imbalance reserves associated with PV, as there was not a distinguishable 

amount of imbalance reserves that could be attributed to PV under either 60-minute or 

30-minute scheduling.  However, the results did support BPA’s analysis of 30-minute 

scheduling, which indicated a substantial reduction in imbalance reserves for wind 

generators could be achieved through shorter scheduling periods.   

Ultimately, both this study and BPA’s analysis of PV integration could be 

improved through the use of actual PV generation data from within the BPA BAA.  

Current market realities make it unlikely that BPA will experience more than 15MW of 

PV generation coming online in the next two years.  Therefore, given the results above, 

BPA has time to collect and analyze sufficient data prior to requiring a PV integration 

charge.  Analyzing actual one-minute PV generation data within the BPA BAA would 

resolve the most significant drawbacks of this study.  It would remove potential errors 
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associated with converting insolation data to estimated generation data, remove the 

exacerbation of PV variability associated with estimating utility-scale PV generation 

form a single point measurement, and allow for the calculation of regulating reserves.  In 

turn, calculating regulating reserves would allow for BPA’s integration methods used for 

wind to be replicated entirely, rather than the piecemeal approach used in this thesis.  

Whether or not BPA’s integration methods are a truly accurate way to measure the 

impacts of variable generation on its system is not addressed here and should be the topic 

of another study.   

 

  



!

!

134 

 REFERENCES 
!
!
Algoso, D., Braun, M., Del Chiaro, B., 2005.  Environment California Research & Policy 

Center. April 2005.  Bringing Solar to Scale: California’s Opportunity to Create a 
Thriving, Self-Sustaining Residential Solar Market. 

 
Asano, H., Yajima, K., Kaya, Y., 1996. Influence of photovoltaic power generation on 

required capacity for load frequency control. IEEE Transaction on Energy 
Conversion 11 (1), 188-193. 

 
Bonneville Power Administration (BPA), 2009.  BPA Transmission Lines and Facilities.  

Available at:  
http://transmission.bpa.gov/lancom/geographic_information_services/pdf/All_BP
A_KV.pdf. 

 
Bonneville Power Administration (BPA), 2010.  Large Generators Interconnection 

Application (LGIA) for Solar PV Projects.  September 30, 2010.   
 
Bonneville Power Administration (BPA), 2011a.  2012 BPA Final Rate Proposal: 

Generation Inputs Study.  BP-12-FS-BPA-05. July, 2011.   
 
Bonneville Power Administration (BPA), 2011b.  2012 BPA Final Rate Proposal: 

Generation Inputs Study Documentation.  BP-12-FS-BPA-05A.  July, 2011. 
 
Bonneville Power Administration (BPA), 2011c.  2012 Wholesale Power and 

Transmission Rate Adjustment Proceeding (BP-12): Administrator’s Final Record 
of Decision.  BP-12-A-02.  July, 2011.  

 
Barbose, G., Darhouth, N., Wiser, R., 2010.  Tracking the Sun III: the Installed Cost of 

Photovoltaics in the US from 1998-2009.  Lawrence Berkeley National 
Laboratory (LBNL).  December 2010.     

 
Bouzguenda, M., Rahman, S., 1993. Value analysis of intermittent generation sources 

from the system operations perspective. IEEE Transaction on Energy Conversion 
8 (3), 484-490. 

 
California Public Utilities Commission (CPUC), 2008.  Energy Division Resolution E-

4214.  December 18, 2008.  Available at: 
http://docs.cpuc.ca.gov/Published/Final_resolution/95553.htm 

 
 
 



!

!

135 

California Public Utilities Commission (CPUC), 2011a.  Summary of Feed-In Tariffs.  
Available at:  
http://www.cpuc.ca.gov/PUC/energy/Renewables/feedintariffssum.htm. 

 
California Public Utilities Commission (CPUC), 2011b.  Renewable Auction Mechanism.  

Available at: 
http://www.cpuc.ca.gov/PUC/energy/Renewables/hot/Renewable+Auction+Mech
anism.htm. 

 
Carbon Mitigation Initiative (CMI), 2011.  Stabilization Wedges Calculations and Data: 

Supporting Material.  Princeton University.  Available at: 
http://cmi.princeton.edu/wedges/pdfs/science_support.pdf. 

 
Chalmers, S., Hitt, M., Underhill, J., Anderson, P., Vogt, P., Ingersoll, R., 1985. The 

effect of photovoltaic power generation on utility operation. IEEE Transactions 
on Power Apparatus and Systems PAS-104 (3), 524-530. 

 
Chamberlin, C., 2012.  Co-Director Schatz Energy Research Center, Arcata, CA.  Direct 

Communication.  February 20, 2012.   
 
Chowdhury, B., Rahman, S., 1988. Is central station photovoltaic power dispatchable? 

IEEE Transaction on Energy Conversion 3 (4), 747-754. 
 
Duffie, J., Beckman, W.  Solar Engineering of Thermal Processes.   Wiley-Interscience.  

1991.   
 
Edison Electric Institute (EEI), 2005.   Federal Power Act as Amended by the Energy 

Policy Act of 2005: Redline Version.  Available at: 
http://www.eei.org/whatwedo/PublicPolicyAdvocacy/FedLegislation/Documents/
Federal_Power_Act_Redline.pdf. 

 
Enfinity, 2011.  The U.S. PV Market in 2011, Whitepaper.  Available at: 

www.enfinitycorp.com/lps/pvmarket2011/Enfinity2011WhitePaper.pdf. 
 
Environmental Protection Agency (EPA), 2011a.  US Greenhouse Gas Inventory 2011.  

Chapter 3: Energy.  Available at:  
http://www.epa.gov/climatechange/emissions/downloads11/US-GHG-Inventory-
2011-Chapter-3-Energy.pdf. 

 
Environmental Protection Agency (EPA), 2011b.  Human-Related Sources and Sinks of 

Carbon Dioxide.  Available at: 
http://www.epa.gov/climatechange/emissions/co2_human.html. 

 



!

!

136 

European Photovoltaic Industry Association (EPIA), 2011.  Global Market Outlook for 
Photovoltaics Until 2015.  Available at: 
http://www.epia.org/publications/photovoltaic-publications-global-market-
outlook/global-market-outlook-for-photovoltaics-until-2015.html 

 
European Photovoltaic Industry Association (EPIA), 2012.  Global Market Outlook for 

Photovoltaics Until 2016.  Available at:  http://files.epia.org/files/Global-Market-
Outlook-2016.pdf. 

 
Federal Energy Regulatory Commission (FERC), 2011.  Order Granting Petition.  Docket 

No. EL11-44-000.  Issued December 7, 2011.  Available at: 
1&0B:6(S<,S&4'X)*&45)0<^3*&7<#F999#F;FG"U#V?,_99?HH?FFF:E51: 

 
Gagliano, T., 2011.  Project Developer, enXco.  Direct Conversation on April 25, 2011. 
 
Halamay, D., Brekken, T., Simmons, A., McArthur, S., 2011.  Reserve Requiremeng 

Impacts of Large-Scale Integration of Wind, Solar and Ocean Wave Power 
Generation.  IEEE Transactions on Sustainable Energy.  July 2011.   

 
Hansen, J., et al.  2008.  Target Atmospheric CO2: Where Should Humanity Aim?  Open 

Atmospheric Science Journal, vol. 2, pp. 217-231. 
 
Hummon, M., 2011.  National Renewable Energy Laboratory. Personal conversation on 

November 18, 2011.   
 
Hoff, T. E., Perez, R., Oct. 2010. Quantifying PV power output variability. Solar Energy 

84 (10), 1782-1793. 
 
Hughes, N., 2011.  Project Developer, Element Power.  Direct Conversation on 

November 7, 2011.  
 
Iberdrola Renewables, Inc., PacifiCorp, NextEra Energy Resources, LLC, Invenergy 

Wind North America, LLC, Horizon Wind Energy, LLC.    Complaint and 
Petition for Order Under Federal Power Act Section 211A Against Bonneville 
Power Administration.  US Federal Energy Regulatory Commission.  June 13, 
2011.    

 
Idaho Public Utilities Commission (PUC).  Idaho Power Seeks Approval of First Solar 

Sales Agreement.  July 8, 2010.  Available at: 
http://www.puc.idaho.gov/internet/press/070810_IPCosolarpower.htm. 

 
 
 



!

!

137 

Idaho Public Utilities Commission (PUC).  Regulators OK Agreement Between Idaho 
Power, Solar Project.  October 24, 2011.  Available at: 
http://www.puc.idaho.gov/internet/cases/elec/IPC/IPCE1110/staff/20111024PRE
SS%20RELEASE.HTM. 

 
Intergovernmental Panel on Climate Change (IPCC), 2007a.  Working Group I: The 

Physical Science Basis.  Chemically and Radiatively Important Gases: 
Atmospheric Carbon Dioxide.   Available at: 
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch2s2-3.html#2-3-1. 

 
Intergovernmental Panel on Climate Change (IPCC), 2007b.  Working Group I: The 

Physical Science Basis.  Direct Observations of Recent Climate Change.  
Available at:  http://www.ipcc.ch/publications_and_data/ar4/wg1/en/spmsspm-
direct-observations.html#footnote10. 

 
Intergovernmental Panel on Climate Change (IPCC), 2007c.  Working Group III: 

Mitigation of Climate Change.  Mitigation In the Long Term (After 2030).  
Available at: http://www.ipcc.ch/publications_and_data/ar4/wg3/en/spmsspm-
d.html. 

 
Jacobson, A., 2008.  The Solar Energy Resource and an Introduction to Solar Geometry.  

Humboldt State University Lecture, Engineering 475, Fall 2008. 
 
Jacobson, A., 2012.  Co-Director Schatz Energy Research Center, Arcata, CA.  Direct 

Communication, June 28, 2012.   
 
Jewell, W., Ramakumar, R., 1987. The effects of moving clouds on electric utilities with 

dispersed photovoltaic generation. IEEE Transactions on Energy Conversion EC-
2 (4),570-576. 

 
Jewell, W., Unruh, T., 1990. Limits on cloud-induced fluctuation in photovoltaic 

generation.  IEEE Transaction on Energy Conversion 5 (1), 8-14. 
 
Kawasaki, N., Oozeki, T., Otani, K., Kurokawa, K., Nov. 2006. An evaluation method of 

the fluctuation characteristics of photovoltaic systems by using frequency 
analysis. Solar Energy Materials and Solar Cells 90 (18-19), 3356-3363. 

 
Kirby, B., Castille, T., 2011.  Direct Testimony of the Northwest Wind Group (NG): 

Witnesses Brendan Kirby, Tim Castille.  Bonneville Power Administration 
Docket No. BPA-12: FY 2012-2013 Proposed Power and Transmission Rate 
Adjustments. 

 
 



!

!

138 

Kern, E. J., Russell, M., 1988. Spatial and temporal irradiance variations over large array 
fields. In: Photovoltaic Specialists Conference, 1988., Conference Record of the 
Twentieth IEEE. pp. 1043-1050 vol.2. 

 
Kopp, G., Lean, J., 2011.   A New, Lower Value of Total Solar Irradiance: Evidence and 

Climate Significance.  Geophysical Research Letter Vol. 38, L01706, 2011.  
 
Lawrence Livermore National Laboratory (LLNL), 2011.  Retrieved from: 

https://flowcharts.llnl.gov/carbon.html, April 1, 2012.   
 
Lee, S., Yamayee, Z., 1981. Load-Following and Spinning-Reserve penalties for 

intermittent generation. IEEE Transactions on Power Apparatus and Systems 
PAS-100 (3), 1203-1211. 

 
Milligan, M. and Kirby, B.  2011.  Wind Integration Study Methods.  Presented at Utility 

Wind Integration Group (UWIG) Spring Workshop, Kansas City, MO.  April 
2011.     

 
Milligan, M., Ela, E., Hodge, B., Kirby, B., Lew, D., Clark, C., DeCesaro, J., Lynn, K., 

2011.  Cost-Causation and Integration Cost Analysis for Variable Generation.  
National Renewable Energy Laboratory (NREL).  NREL/TP-5500-51860.  

 
Mills, A., Alstrom, M., Brower, M., Ellis, A., George, R., Ho_, T., Kroposki, B., 

Lenox, C., Miller, N., Stein, J., Wan, Y., Dec. 2009a. Understanding variability 
and uncertainty of photovoltaics for integration with the electric power sys- 

 tem. Tech. Rep. LBNL-2855E, Lawrence Berkeley National Laboratory, 
Berkeley, CA.  http://eetd.lbl.gov/EA/emp/reports/lbnl-2855e.pdf. 

 
Mills, A. and Wiser, R.  2010.  Lawrence Berkeley National Laboratory (LBNL).  

Implications of Wide-Area Geographic Diversity for Short-Term Variability of 
Solar Power.  LBNL-3884E.   September, 2010.   

 
Murata, A., Yamaguchi, H., Otani, K., 2009. A method of estimating the output 

fluctuation of many photovoltaic power generation systems dispersed in a wide 
area. Electrical Engineering in Japan 166 (4), 9{19. 

 
National Renewable Energy Laboratory (NREL), 2007.  National Solar Radiation 

Database 1991-2005 Update: User’s Manual.  Technical Report NREL/TP-581-
41364.  April, 2007. 

 
National Renewable Energy Laboratory (NREL), 2007a.  Global Solar Radiation at 

Latitude Tilt- Annual: Oregon.  Available at: 
http://www.nrel.gov/gis/images/eere_pv/eere_pv_oregon.jpg. 



!

!

139 

 
National Aeronautics and Space Administration (NASA), 2009.  Surface meteorology 

and Solar Energy (SSE) Release 6.0 Methodology.  Version 2.4. January 30, 
2009. http://eosweb.larc.nasa.gov/sse/documents/SSE6Methodology.pdf. 

 
National Aeronautics and Space Administration (NASA), 2011.  NASA Research Finds 

2010 Tied for Warmest Year on Record.  January 12, 2011.  Available at:  
http://www.giss.nasa.gov/research/news/20110112/. 

 
National Oceanic and Atmospheric Administration (NOAA), 2011.  Earth Systems 

Research Laboratory, Global Monitoring Division.  Trends in Atmospheric 
Carbon Dioxide.  Available at: 
http://www.esrl.noaa.gov/gmd/ccgg/trends/#mlo_data. 

 
National Oceanic and Atmospheric Administration (NOAA), 2011a.  Total Solar 

Irradiance.  Available at: http://www.ngdc.noaa.gov/stp/solar/solarirrad.html. 
 
National Oceanic and Atmospheric Administration (NOAA), 2005.  After Two Large 

Annual Gains, Rate of Atmospheric CO2 Increase Returns to Average.  March 31, 
2005.  Available at: http://www.noaanews.noaa.gov/stories2005/s2412.htm. 

 
North American Electric Reliability Corporation (NERC), 2007.  Performance Standards 

Reference Document.  Available at: www.nerc.com/docs/oc/rs/Item_4e-
PSRD_revised_112607.pdf. 

 
North American Electric Reliability Corporation (NERC), 2008.  Reliability Standards 

for the Bulk Electricity Systems of North America.  Available at: 
http://www.nerc.com/files/Reliability_Standards_Complete_Set.pdf. 

 
Northwest Independent Power Producers Coalition (NIPPC), 2005.  Comments of 

Northwest Independent Power Producers Coalition.  US Federal Energy 
Regulatory Commission.  Notice of Inquiry: Preventing Undue Discrimination 
and Preference in Transmission Services.  Docket No. RM05-20-000. 

 
Otani, K., Minowa, J., Kurokawa, K., Oct. 1997. Study on areal solar irradiance for 

analyzing areally-totalized PV systems. Solar Energy Materials and Solar Cells 47 
(1-4), 281-288. 

 
Pacala, S. and Socolow, R., 2004.  Stabilization Wedges: Solving the Climate Problem 

for the Next 50 Years with Current Technology.  Science, vol. 305 no. 5685 (968-
972). 

 
 



!

!

140 

Perez, R., Seals, R., Ineichen, P., Stewart, R., Menicucci, D., 1987.  A New Simplified 
Version of the Perez Diffuse Irradiance Model for Tilted Surfaces.  Solar Energy.  
Vol. 39 (3), pp. 221-231.   

 
Piwko, R. J., Bai, X., Clark, K., Jordan, G. A., Miller, N. W., Jul. 2007. Intermittency 

Analysis Project: B: Impact of Intermittent Generation on Operation of California 
Power Grid. California Energy Commission, PIER Research Development & 
Demonstration Program.  

 
Piwko, R., Clark, K., Freeman, L., Jordan, G., Miller, N., Feb. 2010. Western wind and 

solar integration study. Tech. rep., National Renewable Energy Laboratory, 
Golden, CO, http://wind.nrel.gov/public/WWIS/. 

 
Renewables International, 2011a.  Cost of Turnkey PV in Germany Drops.  January 14, 

2011.  Available at: http://www.renewablesinternational.net/cost-of-turnkey-pv-
in-germany-drops/150/510/29911/. 

 
Renewables International, 2011b.  Small German Solar Roofs Still Cheaper than US 

Utility PV.  July 7, 2011.  Available at:  http://www.renewablesinternational.net/ 
small-german-solar-roofs-still-cheaper-than-us-utility-pv/150/452/31381/. 

 
SolarBuzz, 2012. World Solar Photovoltaic Market Grew to 27.4 Gigawatts in 2011, Up 

40% Y/Y: Incentive Cutbacks in Europe, Falling Prices, Create Major Corporate 
Challenges in 2012.  Available at: http://solarbuzz.com/our-research/recent-
findings/world-solar-photovoltaic-market-grew-274-gigawatts-2011-40-yy. 

 
Solar Energy Industries Association (SEIA), 2011.  U.S. Solar Market Continues Strong 

Growth in Q1 2011, both in new installed capacity and increases in U.S. Solar 
Manufacturing.  June 16, 2011.  Available at: 
http://www.seia.org/cs/news_detail?pressrelease.id=1418 

 
Stoel Rives, LLP, 2009.  A Change in the Wind’s Direction:  BPA Issues Final Record of 

Decision in 2010 Rate Case.  July 28, 2009.  Available at:  
http://www.stoel.com/showalert.aspx?Show=5766. 

 
University of Oregon Solar Resource Monitoring Laboratory (SRML), 2000.  “History of 

the UO Solar Radiation Monitoring Laboratory.”  December, 2000.  Retrieved 
from: http://solardat.uoregon.edu/SrmlHistory.html.  September 14, 2010. 

 
University of Oregon Solar Resource Monitoring Laboratory (SRML), 2004.  SRML 

Stations: Silver Lake, OR.  March, 2004.  Retrieved from: 
http://solardat.uoregon.edu/SilverLake.html.  January 22, 2012. 

 



!

!

141 

University of Oregon Solar Resource Monitoring Laboratory (SRML), 2012.  Silver 
Lake, OR, Global Data for 2002-2010.  Retrieved from 
http://solardat.uoregon.edu/download/CumSum/SISM_2010_1001_GHI_1.txt.  
January 22, 2012.   

 
Vignola, F., 2011.  University of Oregon Solar Resource Monitoring Laboratory 

(SRML).  Personal Conversations ranging from January – October, 2011. 
 
Voozen, P., 2009.  Spain’s Solar Market Crash Offers a Cautionary Tale About Feed-In 

Tariffs.  New York Times.  August 18, 2009.  Available at: 
http://www.nytimes.com/gwire/2009/08/18/18greenwire-spains-solar-market-
crash-offers-a-cautionary-88308.html. 

 
Western Electricity Coordinating Council (WECC), 2011.  Western Interconnection 

Balancing Authorities (37).  Available at:  
http://www.wecc.biz/library/WECC%20Documents/Publications/Balancing%20A
uthorities.pdf 

 
Wiemken, E., Beyer, H. G., Heydenreich, W., Kiefer, K., 2001. Power characteristics of 

PV ensembles: experiences from the combined power production of 100 grid 
connected PV systems distributed over the area of Germany. Solar Energy 70 (6), 
513-518. 

 
Yourkowski, C., 2010. Transmission Policy Associate, Renewable Northwest Project.  

Direct Communication, September 2010. 
 
Yourkowski, C., 2012. Transmission Policy Associate, Renewable Northwest Project.  

Direct Communication, July 2012. 
 
!
!
! !



!

!

142 

!

APPENDIX A.  BPA INCREMENTAL STANDARD DEVIATION CALCULATION 
!
!
!
 As part of its BP-12 rate case, BPA provided an example of its incremental 

standard deviation (ISD) calculation, which it uses to attribute balancing reserve 

requirements to load and different types of generation in its BAA.  The ISD method was 

not used in this analysis due to a lack of one-minute PV generation data (as explained in 

more detail in Chapter 4), but BPA’s example is presented below in Tables A.1 and A.2 

to provide greater clarity regarding BPA’s method for calculating balancing reserve 

requirements.
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Table A.1:  Incremental Standard Deviation Methodology for Allocating Balancing Reserves. Source: (BPA, 2011b, p. 8) 

 
 
 

Reg inc Load HE1 =

Reg incWind HE1 =

Reg inc Hydro HE1 =

Reg inc Fed Thermal HE1 =

Reg inc Non-Fed Thermal HE1 =

Where

=

= standard deviation of Load Reg HE1

= Standard deviation of Total Reg HE1

Total Reg inc  * RLoad Reg HE1, Total Reg HE1 * SLoad Reg HE1 / STotalReg HE1

Total Reg inc  * RWind Reg HE1, Total Reg HE1 * SWind Reg HE1 / STotalReg HE1

Total Reg inc  * RHydro Reg HE1, Total Reg HE1 * SHydro Reg HE1 / STotalReg HE1

Total Reg inc  * RFed Thermal Reg HE1, Total Reg HE1 * SFed Thermal Reg HE1 / STotalReg HE1

Total Reg inc  is defined in Section 2.7.2

SLoad Reg HE1

STotal Reg HE1

RLoad Reg HE1, Total Reg HE1

Table 2.5
Incremental Standard Deviation Calculation Example

Reg is Regulating Reserves

HE1 is Hour Ending 1

correlation between Load Reg HE1 and Total Reg HE1

Total Reg inc  * RNon-Fed Thermal Reg HE1, Total Reg HE1 * SNon-Fed Thermal Reg HE1 / STotalReg HE1

BP-12-FS-BPA-05A
Page 8
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!
Table A.2:  Example of Deriving Reg inc for Load.  Source: (BPA, 2011b, p. 9) 

 
 

Reg inc Load =

Where

Reg is Regulating Reserves

Reg inc Load Max24 = MAX(Reg inc Load HE1, Reg inc Load HE2,  , Reg inc Load HE24)

Reg inc Total Max24 = Reg inc Load Max24 + Reg incWind Max24 + Reg inc Hydro Max24 + Reg inc Fed Thermal Max24 + Reg inc Non-Fed Thermal Max24

Table 2.6
Load Regulation Incremental Reserves Example

Total Reg inc  * Reg inc Load Max24 / Reg inc Total Max24

Total Reg inc  is defined in Section 2.7.2

BP-12-FS-BPA-05A
Page 9
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!

APPENDIX B.  BPA EMMBEDDED COSTS FOR BALANCING SERVICES 
 
 
 

As discussed in Chapter 3, a significant portion of the cost charged to variable 

generators for balancing services comes from the “embedded cost” portion of the BPA 

Variable Energy Resource Balancing Service (VERBS).  The expenditures comprising 

the embedded cost component are listed in Table B.1.  
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Table B.1:  Detail of BPA’s Embedded Costs for Capacity Reserves.  Source: (BPA, 
2011b, p. 36) 

!
! !

A B C D

FY 2012 FY 2013

Annual Average 
for FY 2012-FY 

2013

! All Hydro Projects 1/
" O&M ""#$!%#& "#!$%'%& !!"#$%&'
# Depreciation ()$)*(& (+$)!,& ""#$(('
* Net Interest !%%$)'#& !%+$%)!& &$)#($"'
) Minimum Required Net Revenues !($',"& '$#'*& &!#$!%'
) Planned Net Revenues for Risk & & '
' Total Revenue Requirement *!'$,%)& *"#$,,*& )!$#))*'

( Fish & Wildlife
+ O&M ",%$++!& ",,$"#)& !*+#$+%'
, Amortization/Depreciation *!$*#,& **$#%)& )!#%"!'
!% Net Interest *+$,,(& )*$,)(& +&#*""'
!! Minimum Required Net Revenues +$'"%& #$"#'& +#*!%'
!! Planned Net Revenues for Risk & & '
!"  Subtotal #+,$,#(& *%!$(#"& (*+#%(+'

!# A&G Expense 2/ !""$,'*& !")$"',& &!)#&&"'

!* Total Revenue Requirement ,",$+%(& ,)%$,,)& *)$#)$&'
!) Revenue Credits
!'    4h10C (non-operations) )+$#"!& ),$!#!& +%#"!,'
!(    Colville payment Treasury Credit *$'%%& *$'%%& )#,$$'
!+ Synchronous Condensing #!+& ",'& ($"'
!, Net Revenue Requirement +''$)'+& ++'$,'+& %",#",%'

1/ 

2/ Power Marketing Sales & Support, Power Scheduling, Generation Oversight, Corporate Expense and 
1/2 Planning Council 

Table 3.5
Balancing Reserve Capacity Reserve
Power Net Revenue Requirement for

Big 10 Projects in BPA Balancing Authority Area
($ in thousands)

Excludes Boise, Minidoka-Palisades, Green Springs (Reclamation) and Lost Creek (COE).

BP-12-FS-BPA-05A
Page 36
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APPENDIX C.  ANNUAL INSOLATION DATA AT SILVER LAKE, OR 
!
!
!

Insolation data from the University of Oregon Solar Resource Monitoring 

Laboratory (SRML) monitoring station in Silver Lake, OR, was used to synthesize the 

PV generation data used in this integration analysis.   Insolation data from September 

2008 – September 2009 were used in order to be synchronous with available BPA load 

and generation data.  Table C.1 provides an overview of the general hourly insolation 

characteristics of the site, while Table C.2 identifies variations amongst the years of 

available data.  When compared to the eight-year average from 2003-2010, the average 

annual insolation values for 2008 and 2009 are above average by 2.11% and 2.74%, 

respectively (Table C.2).  The difference in insolation variability between the selected 

time period and the entire timespan of measured data at the Silver Lake site was not 

tested.  Also, the effect on balancing reserve requirements of there being more or less 

insolation variability than is present in the selected data was not tested.  Synchronicity of 

the PV data with the BPA dataset was deemed of ultimate importance, as this allows 

critical trends (e.g. weather, load variation, etc.) to be captured. 
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       Table C.1:  Silver Lake, OR, Hourly Insolation Averages for 2002-2010 by Month.  Source: (UO SRML, 2011).!

!
!
!

 

 

 

!

Silver Lake, OR.     Global Data

Silver Lake, OR.           !"#$%&'()*$+,*'-%".+%'/+0+ 1"$'2332'4'2353

Latitude: 43.12 degrees        Longitude: 121.06 degrees                    Altitude: 1355 meters

Mon\Hr ! " # $ % & '( '' ') '* '! '" '# '$ '% '& )( )' +,-./
Jan 3 3 3 3 6 66 578 262 829 88: 837 226 527 89 5 3 3 3 57;;
Feb 3 3 3 5 <8 5:7 832 <36 <:: <65 <<; 8:8 2<5 552 5< 3 3 3 838:
Mar 3 3 3 27 5<7 83: <85 9<7 :36 :55 973 <78 896 255 62 8 3 3 <87:
Apr 3 3 5; 529 278 <8: 969 :9: :;9 :;: :93 998 <2; 2;6 5<; 27 3 3 99;3
May 3 < 6< 25; 876 98; ::: 682 6:9 663 655 :59 <;3 8<; 258 66 9 3 ::57
Jun 3 55 558 2:; <8; 9;9 62; 72; 7:5 79; 739 656 979 <<7 277 58< 22 3 6638
Jul 3 9 77 29: <86 :53 698 7:3 ;52 ;35 7<8 695 :59 <96 2;2 582 5; 3 6;85
Aug 3 3 85 569 899 926 :69 672 729 78: 663 ::8 92< 86< 23< 9; 2 3 :738
Sep 3 3 < ;2 2:6 <8< 973 :72 68: 627 ::8 99< <55 2<: 79 9 3 3 9<7:
Oct 3 3 3 23 589 266 <39 93< 9<8 929 <96 89< 225 77 7 3 3 3 8986
Nov 3 3 3 5 <8 598 2:3 88: 8:; 897 83: 258 553 57 3 3 3 3 25:6
Dec 3 3 3 3 7 75 572 2:< 836 2;7 29: 56: 72 ; 3 3 3 3 5::<
0123.42 3 2 26 ;; 258 893 <67 968 :57 :5: 9:6 <62 8<; 223 555 86 < 3 <689
Values in Watt hours/meter^2 per hour



!

!

14
9 

 

      Table C.2:  Silver Lake, OR, Daily Average Insolation by Month and Year.  Source: (UO SRML, 2011). 

!

Silver Lake, OR.     Daily Average Global Data       For 2002 to 2010

Latitude: 43.12 degrees         Longitude: 121.06 degrees               Altitude: 1355 meters

Year\Mon
!"# $%& '"( )*( '"+ !,# !,- ),. /%* 012 345 6%1 7%"(-+

896:;;%(%#1%9;(4<9
)5%(".%97%"(-+

2002 ==== ==== ==== ==== ==== ==== ==== ==== ==== ==== ==== >?@@ ==== ====
2003 >?AB B?C @?CB @?DE A?EE F?CG D?FC A?@E E?EE B?A >?FE >?@@ @?AC =C?EB8
2004 >?DF C?FA @?ED E?GG A?@G D?DG D?FG A?BB E?CG B?EB C?C >?DB @?D> =H?AB8
2005 >?GA B?>A @?@> E?>@ E?DB D?@B F?HG D?>@ E?BG B?AA C?HF >?EC @?AE =>?GH8
2006 >?DE B?BA @ E?D A?G D?A@ D?FD A?DF E?A@ B?DF >?GD >?DB @?DA H?@C8
2007 C?CG C?FF @?@F E?D@ D?CG D?GB D?DA D?>F E?BF B?@ C?ED >?EG @?FF C?GE8
2008 C?HD B?>G @?@B A?H@ A?B F?HG F?HC A?FG E?@> B?AB C?H@ >?GA @?F@ C?>>8
2009 C?>B B?HE @?@A A?>E D?B> D?>A D?G> A?FE E?D B?BG C?@ >?F @?FD C?D@8
2010 >?E@ C?A@ @?E> E?CC A?BD D?CG F?HF A?F> E?@B B?CG C?CC >?AF @?A =C?GE8

Average >?FG B?H@ @?BG E?EG A?AC D?D D?GB A?F E?@D B?EB C?>D >?AE @?D@ H
% SD >@ F @ G F E C @ B E >> >> C

Values in average daily KWhr/meter^2 per Day
* Less than 15 days of data in month.                 Univ. of Oregon Solar Radiation Monitoring Lab.

/4,(1%I99J22*IKKL4-"(M"2?,4(%.4#?%M,KM4N#-4"MKO,</,<K/P/'QCH>HQ>HH>QRSPQ>?2T2
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!

APPENDIX D.  IMPACTS OF PV PENETRATION ON FOLLOWING RESERVES 
!
!
!
The results listed below provide the impacts of 20MW (Table D.1), 50MW (Table 

D.2), 100MW (Table D.3) and 200MW (Table D.4) of PV penetration on the amount of 

following reserves required in the BPA BAA when compared to the base case scenario 

with no PV.  The impacts are given at various balancing reserve levels, which are 

denoted “% Level of Reserves” in the tables.  Chapters 3 and 4 explain the concept of 

balancing reserve levels and the flexibility that BAs have to select a balancing reserve 

level for their BAA.  In general, the minimum necessary balancing reserve level as 

dictated by NERC is 90%, while BPA chooses a 99.5% balancing reserve level.  As 

discussed in Chapter 5, there was no clear pattern in following reserve impacts with 

either the amount of PV penetration or balancing reserve level.  Finally, summary 

statistics are presented to help characterize any differences between the PV penetration 

scenarios and the base case scenario. 
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Table D.1:  Following Reserve Impacts Associated with 20MW of PV Penetration at Multiple Balancing Reserve Levels. 

!

 

Following Reserves with 20MW 
PV (MW) 

Following Reserves Base 
Case - LHTW  (MW) 

Incremental Following 
Reserves for 20MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 385.67 -383.72 385.67 -383.30 0.00 -0.42 
99 318.88 -327.13 318.90 -327.17 -0.02 0.04 
98 265.65 -270.27 265.44 -270.58 0.21 0.31 
95 199.13 -200.90 199.42 -201.16 -0.29 0.26 
90 150.90 -153.65 150.95 -153.84 -0.05 0.19 

       Min -1032.5 -1032.5 
  Max 1212.8 1209.6 
  Mean 0.00089598 -0.019573 
  Standard Deviation 96.055 96.112 
  Skewness -0.043570 -0.044635 
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Table D.2:  Following Reserve Impacts Associated with 50MW of PV Penetration at Multiple Balancing Reserve Levels. 

 
 

 

Following Reserves with 50MW 
PV (MW) 

Following Reserves Base Case - 
LHTW (MW) 

Incremental Following 
Reserves for 50MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 385.67 -383.80 385.67 -383.30 0.00 -0.50 
99 318.38 -326.55 318.9 -327.17 -0.52 0.62 
98 265.11 -269.81 265.44 -270.58 -0.33 0.77 
95 198.76 -200.75 199.42 -201.16 -0.66 0.41 
90 150.69 -153.65 150.95 -153.84 -0.26 0.19 

       Min -1032.5 -1032.5 
  Max 1217.5 1209.6 
  Mean 0.0010227 -0.019573 
  Standard Deviation 95.993 96.112 
  Skewness -0.043488 -0.044635 
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Table D.3:  Following Reserve Impacts Associated with 100MW of PV Penetration at Multiple Balancing Reserve Levels. 

!
 

 

Following Reserves with          
100MW PV (MW) 

Following Reserves Base Case - 
LHTW  (MW) 

Incremental Following 
Reserves for 100MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 385.67 -384.45 385.67 -383.30 0.00 -1.2 
99 318.69 -326.15 318.90 -327.17 -0.21 1.0 
98 264.59 -269.44 265.44 -270.58 -0.85 1.1 
95 198.51 -200.78 199.42 -201.16 -0.91 0.38 
90 150.42 -153.52 150.95 -153.84 -0.53 0.32 

       Min -1032.5 -1032.5 
  Max 1225.3 1209.6 
  Mean 0.0012469 -0.019573 
  Standard Deviation 95.938 96.112 
  Skewness -0.043261 -0.044635 
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Table D.4:  Following Reserve Impacts Associated with 200MW of PV Penetration at Multiple Balancing Reserve Levels. 

!
 

 

Following Reserves with 
200MW PV (MW) 

Following Reserves Base 
Case - LHTW  (MW) 

Incremental Following Reserves 
for 200MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 383.66 -384.45 385.67 -383.3 -2.0 -1.2 
99 317.75 -325.51 318.9 -327.17 -1.2 1.7 
98 265.12 -269.3 265.44 -270.58 -0.32 1.3 
95 198.31 -200.81 199.42 -201.16 -1.1 0.35 
90 150.5 -153.6 150.95 -153.84 -0.45 0.24 

       Min -1032.5 -1032.5 
  Max 1241.1 1209.6 
  Mean 0.0016848 -0.019573 
  Standard Deviation 95.999 96.112 
  Skewness -0.0425 -0.044635 
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APPENDIX E.  IMPACTS OF PV PENETRATION ON IMBALANCE RESERVES 
 
 
 

The results listed below provide the impacts of 20MW (Table E.1), 50MW (Table 

E.2), 100MW (Table E.3) and 200MW (Table E.4) of PV penetration on the amount of 

imbalance reserves required (under 60-minute scheduling) in the BPA BAA when 

compared to the base case scenario with no PV.  The impacts are given at various 

balancing reserve levels, which are denoted “% Level of Reserves” in the tables.  

Chapters 3 and 4 explain the concept of balancing reserve levels and the flexibility that 

BAs have to select a balancing reserve level for their BAA.  In general, the minimum 

necessary balancing reserve level as dictated by NERC is 90%, while BPA chooses a 

99.5% balancing reserve level.  As discussed in Chapter 5, there was no clear pattern in 

imbalance reserve impacts with either the amount of PV penetration or balancing reserve 

level.  Finally, summary statistics are presented to help characterize any differences 

between the PV penetration scenarios and the base case scenario. !
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  Table E.1:  Imbalance Reserve Impacts Associated with 20MW of PV Penetration at Multiple Balancing Reserve Levels. 
 

 

Imbalance Reserves with 
20MW PV (MW) 

Imbalance Reserves Base Case 
- LHTW (MW) 

Incremental Imbalance 
Reserves for 20MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 983.69 -1377.8 983.69 -1377.8 0.00 0.00 
99 899.31 -1172.6 899.31 -1172.6 0.00 0.00 
98 785.48 -956.46 783.05 -955.53 2.4 -0.93 
95 615.02 -715.09 615.33 -715.6 -0.31 0.51 
90 479.19 -502.39 479.42 -502.92 -0.23 0.53 

       Min -2555.3 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.5666 1.5854 
  Standard Deviation 303.90 304.11 
  Skewness -0.7008 -0.70015 
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Table E.2:  Imbalance Reserve Impacts Associated with 50MW of PV Penetration at Multiple Balancing Reserve Levels. 

!
!

 

Imbalance Reserves with 
50MW PV (MW) 

Imbalance Reserves Base Case 
- LHTW (MW) 

Incremental Imbalance 
Reserves for 50MW PV 

(MW) 
% Level of Reserves Inc Dec Inc Dec Inc Dec 

99.5 984.78 -1376.5 983.69 -1377.8 1.1 1.3 
99 899.31 -1172.6 899.31 -1172.6 0.00 0.00 
98 782.17 -957.75 783.05 -955.53 -0.88 -2.2 
95 613.13 -713.61 615.33 -715.60 -2.2 2.0 
90 479.41 -500.98 479.42 -502.92 -0.01 1.9 

       Min -2564.0 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.5693 1.5854 
  Standard Deviation 303.62 304.11 
  Skewness -0.70153 -0.70015 
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Table E.3:  Imbalance Reserve Impacts Associated with 100MW of PV Penetration at Multiple Balancing Reserve Levels. 

 
 

 

Imbalance Reserves with             
100MW PV (MW) 

Imbalance Reserves Base 
Case - LHTW (MW) 

Incremental Imbalance Reserves 
for 100MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 988.88 -1374.4 983.69 -1377.8 5.2 3.4 
99 899.31 -1172.6 899.31 -1172.6 0.00 0.00 
98 781.37 -955.53 783.05 -955.53 -1.7 0.00 
95 612.69 -713.37 615.33 -715.60 -2.6 2.2 
90 476.88 -500.03 479.42 -502.92 -2.5 2.9 

   
    

  Min -2578.6 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.5740 1.5854 
  Standard Deviation 303.25 304.11 
  Skewness -0.70240 -0.70015 
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Table E.4:  Imbalance Reserve Impacts Associated with 200MW of PV Penetration at Multiple Balancing Reserve Levels. 

 

 

Imbalance Reserves with 
200MW PV (MW) 

Imbalance Reserves Base 
Case - LHTW (MW) 

Incremental Imbalance Reserves 
for 200MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 989.18 -1370.3 983.69 -1377.8 5.5 7.5 
99 899.31 -1164.2 899.31 -1172.6 0.00 8.4 
98 775.95 -950.64 783.05 -955.53 -7.1 4.9 
95 609.45 -713.37 615.33 -715.6 -5.9 2.2 
90 475.68 -498.07 479.42 -502.92 -3.7 4.9 

          
  Min -2607.8 -2549.4 

  Max 1466.1 1466.1 
  Mean 1.5832 1.5854 
  Standard Deviation 302.82 304.11 
  Skewness -0.7029 -0.70015 
  !
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!
APPENDIX F.  IMPACTS OF 30-MINUTE SCHEDULING  

! !
!

The results listed below provide the impacts of 20MW (Table F.1), 50MW (Table 

F.2), 100MW (Table F.3) and 200MW (Table F.4) of PV penetration on the amount of 

imbalance reserves required (under 30-minute scheduling) in the BPA BAA when 

compared to the base case scenario with no PV.  The impacts are given at various 

balancing reserve levels, which are denoted “% Level of Reserves” in the tables.  

Chapters 3 and 4 explain the concept of balancing reserve levels and the flexibility that 

BAs have to select a balancing reserve level for their BAA.  In general, the minimum 

necessary balancing reserve level as dictated by NERC is 90%, while BPA chooses a 

99.5% balancing reserve level.  As discussed in Chapter 5, there was no clear pattern in 

imbalance reserve impacts (under 30-minute scheduling) with either the amount of PV 

penetration or balancing reserve level.  Finally, summary statistics are presented to help 

characterize any differences between the PV penetration scenarios and the base case 

scenario.   

Ultimately, testing the effects of 30-minute scheduling did not provide any more 

clarity about the amount of incremental imbalance reserve requirements for the 20-

200MW PV penetration scenarios.  Thirty-minute scheduling resulted in the PV scenarios 

being more similar to the base case scenario; the similarity of those distributions is what 

prevented distinguishable following reserve requirements for 60-minute scheduling 

imbalance reserve requirements.  However, 30-minute scheduling did substantially 
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reduce the total amount of imbalance reserve requirements in the base case and all PV 

penetration scenarios.  This finding supports BPA’s analysis of 30-minute scheduling and 

reinforces BPA’s decision to lower the integration rate for wind generators that are 

participating in its 30-minute scheduling pilot program (as discussed in Chapter 3
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Table F.1:  Imbalance Reserve Impacts Associated with 20MW of PV Penetration at Multiple Balancing Reserve Levels (30-
Minute Scheduling). 

 

Imbalance Reserves with 
20MW PV (MW) 

Imbalance Reserves Base Case - 
LHTW (MW) 

Incremental Imbalance Reserves 
for 20MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 864.46 -1145.5 864.46 -1150.9 0.00 5.4 
99 768.82 -950.61 768.2 -951.08 0.62 0.47 
98 652.41 -789.97 654.16 -790.42 -1.8 0.45 
95 495.94 -547.76 496.26 -548.63 -0.32 0.87 
90 380.79 -393.61 381.1 -393.39 -0.31 -0.22 

   
    

  Min -2555.3 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.8244 1.8385 
  Standard Deviation 246.18 246.33 
  Skewness -0.71649 -0.71571 
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Table F.2:  Imbalance Reserve Impacts Associated with 50MW of PV Penetration at Multiple Balancing Reserve Levels (30-
Minute Scheduling). 

 

 

Imbalance Reserves with 
50MW PV (MW) 

Imbalance Reserves Base 
Case - LHTW (MW) 

Incremental Imbalance 
Reserves for 50MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 864.46 -1145.4 864.46 -1150.9 0.00 5.5 
99 767.91 -949.93 768.2 -951.08 -0.29 1.2 
98 651.72 -789.34 654.16 -790.42 -2.4 1.2 
95 495.47 -547.35 496.26 -548.63 -0.79 1.3 
90 380.46 -393.15 381.1 -393.39 -0.64 0.24 

   
    

  Min -2564 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.8346 1.8385 
  Standard Deviation 245.99 246.33 
  Skewness -0.71723 -0.71571 
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Table F.3:  Imbalance Reserve Impacts Associated with 100MW of PV Penetration at Multiple Balancing Reserve Levels 
(30-Minute Scheduling). 

 

 

Imbalance Reserves with 
100MW PV (MW) 

Imbalance Reserves Base 
Case - LHTW (MW) 

Incremental Imbalance 
Reserves for 100MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 864.46 -1143.1 864.46 -1150.9 0.00 7.8 
99 767.35 -949.58 768.20 -951.08 -0.85 1.5 
98 650.51 -790.93 654.16 -790.42 -3.7 -0.51 
95 494.46 -546.87 496.26 -548.63 -1.8 1.8 
90 380.11 -391.95 381.10 -393.39 -0.99 1.4 

   
    

  Min -2578.6 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.8516 1.8385 
  Standard Deviation 245.74 246.33 
  Skewness -0.7181 -0.71571 
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Table F.4:  Imbalance Reserve Impacts Associated with 100MW of PV Penetration at Multiple Balancing Reserve Levels 
(30-Minute Scheduling). 

 

 

Imbalance Reserves with 
200MW PV (MW) 

Imbalance Reserves Base Case 
- LHTW (MW) 

Incremental Imbalance Reserves 
for 200MW PV (MW) 

% Level of Reserves Inc Dec Inc Dec Inc Dec 
99.5 865.18 -1138.4 864.46 -1150.9 0.72 13 
99 767.01 -948.68 768.2 -951.08 -1.2 2.4 
98 649.03 -791.18 654.16 -790.42 -5.1 -0.76 
95 493.32 -545.63 496.26 -548.63 -2.9 3.0 
90 378.92 -391.93 381.1 -393.39 -2.2 1.5 

   
    

  Min -2607.8 -2549.4 
  Max 1466.1 1466.1 
  Mean 1.8856 1.8385 
  Standard Deviation 245.50 246.33 
  Skewness -0.71846 -0.71571 
  !


