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1. Introduction 

                                                      
5 As of 2017, according to the National Conference of State Legislatures. Three U.S. territories have also adopted an 

RPS, while eight states and one territory have at least set (voluntary) renewable energy goals (Jocelyn Durkay, 

2017). 
6 See EIA, 2018 “Energy and the environment Explained: where Greenhouse Gases Come From” 

https://www.eia.gov/energyexplained/index.php?page=environment_where_ghg_come_from  

https://www.eia.gov/energyexplained/index.php?page=environment_where_ghg_come_from
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7 Net load is defined as total load (demand) minus variable (renewable) generation (Flores-Espino et al., 2016). 
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8 For example, in 2017, four of the five largest wind farms in the United states ranged in size from just over 700 

MW to 900 MW, while the largest had a capacity of 1547 MW. In the last five years, however, several proposals for 

new wind facilities in have planned facilities over 2000 to 3000 MW in size, twice the size of the largest current 

wind farms and ten to twenty times the size of typical wind facilities built a decade ago.  
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9 These papers also do not consider time varying cost of back-up resources, nor do they consider how changes in the 

availability of resources on the grid or transmission congestion may affect such costs.  
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2. Modeling Framework 

                                                      
10 The United states electricity system is composed of three separate grids. The western grid, commonly called the 

WECC (for Western Electricity Coordinating Council) covers more than 1.8 million square miles. with WECC’s members, 

representing all segments of the electric industry within the Western Interconnection, provide electricity to 71 million people in 

14 western states, two Canadian provinces, and portions of one Mexican state (Transmission Agency of Northern California, 

2017). The RMPA is one of four reporting areas in the WECC and provides power to over 5.5 million people within 

all or parts of five U.S. states: the entire state of Colorado, eastern and Central Wyoming, portions of western South 

Dakota and Nebraska, and a small area in the extreme northwest corner of New Mexico (Godby et al., 2014).  
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11 The WIND Toolkit is a publicly available meteorological data set of wind power production time series, and 

simulated forecasts, that are created using the Weather Research and Forecasting Model run on a 2-km grid over the 

continental United States at a 5- minute resolution. The validity of the WIND toolkit power estimates has been 

extensively discussed (Draxl et al., 2015). 
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12 We use the power law to come up with a ratio of wind speeds at 100 meters to 80 meters and use this ratio to 

adjust power outputs. The power law is defined as 𝑣2 =  𝑣1
𝑧2

𝑧1

𝛼
where 𝑣1 and 𝑣2 are the velocities (m/s) of the wind 

at two respective turbines at different heights of 𝑧1 and 𝑧2 meters. 𝛼 is defined as the roughness coefficient that 

defines the surrounding terrain, or the shear roughness, of the turbine. We used a value of 𝛼 = 0.2 which is 

described as “Agricultural land with many houses, shrubs, and plants, or 8 meters tall sheltering hedgerows within a 

distance of about 250 meters” (Ragheb, 2017). From the calculation of the power law  we get a constant ratio of 

wind speeds and use these ratios to adjust the power estimates of a 100-meter wind speed to 80 or 60 meters.  
13 These turbines were typical of the type of technology employed during the study period. Typical turbines now 

employed are between 25 percent and 50 percent larger than those used during our study period. We do not consider 

the use of such newer turbines in our study and how they might change the results. 
14 Note that the maximum produced power is never full potential of a site. This occurs for two reasons. First, we 

assume maintenance occurs at each site, where each individual turbine is offline for a week in an entire year. If we 

consider a 900 MW site that is made up of 600 turbines, we assume 12 turbines must be offline each week of out of 

the year, reducing potential capacity by 18 MW. Second, the sites presented here are aggregates of several 

individual sites in the NREL data, where each NRELsite corresponds to a 16 MW block (made up of around 11 

turbines). We aggregate these blocks to create 100 MW cluster consistent with how large wind farms are often build 

and operated – as smaller clusters of turbines within a larger set. These 100 MW clusters are then further aggregated 

to create the sites shown in Table 1. For an aggregated cluster of sites with a total potential capacity of 900 MW to 

ever produce at near 100 percent capacity requires that each individual modeled turbine be at full capacity at the 

same time – that is 600 turbines all producing at 100% in the exact hour. In reality this is very unlikely. There is 

never a time when all turbines in all 16 MW NREL sites simultaneously operate at 100 percent output. The 

correlations across sites within aggregated clusters also differ resulting in the outcome that modeled farms differ 

with respect to maximum simulated output.  
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15 Such a simplification is consistent with other published results including DOE (2009). 
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16 The model does not currently consider limits in generator ramping rates – limits in individual generators’ ability 

to increase or decrease generation levels. Future modeling will include such limits to both reflect more realistic 

operation and to determine if such limits change results significantly.  
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3. Results 

                                                      
17 General Algebraic Modeling System (GAMS). GAMS Development Corporation (www.gams.com). 

http://www.gams.com/
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18 Estimating local pollutant emission requires consideration of each generators’ fuel input, boiler and scrubber 

technology, location, time-of-day and hours of usage. We are currently working on an estimation strategy to 

estimate the average marginal emissions rate for nitrous oxides, sulfur dioxide, and fine particulate matter of each 

generator. The marginal damages of emissions from each generator can then be calculated according to the county 

the generator resides in (Holland et al, 2016) and then aggregated to total system damages. 
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4. Discussion 
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Figure 1.  Wind energy requires additional flexibility from the remaining generators. Example uses data from 

Minnesota 25% wind energy scenario in the WWSIS-2 study (Bird et al., 2013). 
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Figure 3.Diurnal pattern of capacity factors for all diversity sites, averaged across 2008 to 2012. 
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Figure 4. Diurnal averages for each diversity site in the months of Winter (December - February) across 2008 

to 2012. 
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Figure 5. Diurnal averages for each diversity site in the months of Spring (March - May) across 2008 to 2012. 
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Figure 7. Diurnal averages for each diversity site in the months of Fall (September - November) across 2008 to 2012. 
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Figure 8.Simplified nodal network with simulation 

parameters. 

Figure 9. Monthly averages of aggregate wind power production. 
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Figure 11. Average annual price differentials by scenario for High-Congestion Case 
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Figure 12. Annual average price differentials by scenario for Low-Congestion case 
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Table 2. Pair-wise correlation coefficients of proposed diversity sites. 

Table 3. Pair-wise correlation coefficients of proposed diversity sites, by season. 
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Table 6. A summary of all scenarios run. 

Table 7. Estimated capacities, capacity factors and summary statistics of each combined set of diversity sites. 

Table 5. Total electricity consumption ($) by node and for the total market by scenario, under no transmission 

constraints. 
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Table 9. Price summaries for all computed scenarios under no transmission constraints. 

Table 8. Total electricity consumption by node and for the total market, under transmission constraints and high 

congestion. 

Table 10. Total electricity consumption by node and for the total market, under transmission constraints and low 

congestion. 
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𝑤

𝑝(𝑤𝑡) 𝜇 𝜎

𝑡
𝑔𝑤,𝑡 = 𝐾𝑤𝐄[𝑤𝐭] (1)

𝑤𝑡 > 𝑑

𝑔𝑏,𝑡 𝑑 − 𝐾𝑤𝑤𝑡

𝑐𝑏

𝑐𝑏

𝑡
𝑐

2
( 𝑑 − 𝐾𝑤𝑤𝑡)2 (2)

min
𝐾𝑤

 𝐄[𝑇𝐶] = 𝐹𝐶𝑤𝐾𝑤 + ∫ 𝑝(𝑤𝑡)
𝑐

2
(𝑑 − 𝐾𝑤𝑤𝑡)2𝑑𝑤𝑡

 (3)

𝜕𝐄[𝑇𝐶]

𝜕𝐾𝑤
= 𝐹𝐶𝑤 − ∫ 𝑝(𝑤𝑡)𝑐𝑏(𝑑 − 𝐾𝑤𝑤𝑡)𝑤𝑡𝑑𝑤𝑡

= 0. (4)

𝜕𝐄[𝑇𝐶]

𝜕𝐾𝑤
= 𝐹𝐶𝑤 − ∫(𝑝(𝑤𝑡)𝑐𝑏𝑑𝑤𝑡 − 𝑝(𝑤)𝑐𝑏𝐾𝑤𝑤𝑡

2) 𝑑𝑤𝑡
= 0, (4)

𝜕𝐄[𝑇𝐶]

𝜕𝐾𝑤
= 𝐹𝐶𝑤 − 𝑐𝑏𝑑 ∫ 𝑝(𝑤𝑡)𝑤𝑡 𝑑𝑤𝑡

+ 𝑐𝑏𝐾𝑤 ∫ 𝑝(𝑤𝑡)𝑤𝑡
2𝑑𝑤𝑡

= 0. (5)

𝐄[𝑤𝑡] = ∫ 𝑝(𝑤𝑡)𝑤𝑡𝑑𝑤𝑡
, 𝑽𝒂𝒓[𝑤𝑡] = ∫ 𝑝(𝑤𝑡)𝑤𝑡

2 𝑑𝑤𝑡
−  𝐄[𝑤𝑡]2 

𝐄[𝑤𝑡]2

𝜕𝐄[𝑇𝐶]

𝜕𝐾𝑤
= 𝐹𝐶𝑤 − 𝑐𝑏𝑑 ∫ 𝑝(𝑤𝑡)𝑤𝑡 𝑑𝑤𝑡

+ 𝑐𝑏𝐾𝑤 ∫ 𝑝(𝑤𝑡)𝑤𝑡
2 𝑑𝑤𝑡

− 𝐄[𝑤𝑡]2 + 𝐄[𝑤𝑡]2 = 0. (6)

𝐄[𝑤𝑡] 𝜇 𝐄[𝑤𝑡
2]  =

 𝜎2  +  𝜇2 𝜎2 𝑤𝑡

𝐹𝐶𝑤 = 𝑐𝑏𝑑𝜇 − 𝑐𝑏𝐾𝑤(𝜎2 + 𝜇2). (7)

𝐾𝑤
∗

𝐾𝑤
∗ =

𝑐𝑏𝑑𝜇 − 𝐹𝐶𝑤

𝑐𝑏(𝜎2 + 𝜇2)
. (8)
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𝐾𝑤
∗ (𝑐𝑏, 𝑑, 𝐹𝐶𝑤, μ, σ2)

𝐾𝑤
∗

𝜕𝐾𝑤
∗

𝜕𝑐𝑏
 

μ

𝐾𝑤
∗

𝐾𝑤
∗

𝜕𝐾𝑤
∗

𝜕𝜇
 >  0

μ 𝑐𝑏

𝐾𝑤
∗

σ2

𝜕𝐾𝑤
∗

𝜕𝜎2  <  0.

σ2
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σ2 𝐾𝑤

μ

𝐾𝑤

𝐾𝑤
∗

𝐾𝑤
∗ =

𝑐𝑏𝑑𝜇 − 𝐹𝐶𝑤

𝑐𝑏(𝜎2 + 𝜇2)
.

𝐾𝑤
∗

𝑤𝑡

𝐾𝑤
∗

𝐹𝐶𝑤
𝜕𝐾𝑤

∗

𝜕𝐹𝐶𝑤

𝜕𝐾𝑤
∗

𝜕𝑐𝑏
=

𝑐𝑏(𝜎2 + 𝜇2)𝑑𝜇 − (𝑐𝑏𝑑𝑡 − 𝐹𝐶𝑤)(𝜎2 + 𝜇2)

[𝑐𝑏(𝜎2 + 𝜇2)]2
,

𝜕𝐾𝑤
∗

𝜕𝑐𝑏
=

(𝐹𝐶𝑤)(𝜎2 + 𝜇2)

[𝑐𝑏(𝜎2 + 𝜇2)]2
 >  0.



45 

 

 

𝜇
𝜕𝐾𝑤

∗

𝜕𝜇
 =  

𝑐𝑏(𝜎2 + 𝜇2)𝑐𝑏𝑑 − (𝑐𝑏𝑑𝜇 − 𝐹𝐶𝑤)(𝑐𝑏𝜇)

[𝑐(𝜎2 + 𝜇2)]2

=  
𝑐𝑏

2𝜎2𝑑 + 𝑐𝑏
2𝑑𝜇2 − 𝑐𝑏

2𝑑𝜇2 + 𝑐𝜇𝐹𝐶𝑤

[𝑐(𝜎2 + 𝜇2)]2

=  
𝑐𝑏

2𝜎2𝑑 + 𝑐𝜇𝐹𝐶𝑤

[𝑐(𝜎2 + 𝜇2)]2
 >  0.

𝑤𝑡

𝑤𝑡

𝜕𝐾𝑤
∗

𝜕𝜎2  <  0

𝜎2


