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Overview

Replacing conventional electricity generation capacity with wind power could reduce harmful fossil fuel emissions and provide a sustainable source of energy. However, the optimal location for wind farms is still an open question. Many of the highest quality onshore wind resources in the United States (U.S.) are located in areas that are far away from load centers and therefore lack sufficient transmission capacity to deliver power to the grid. The alternative to accessing these distant resources is to build farms closer to electricity consumers and thus take advantage of existing transmission capacity. However, these closer sites may have lower wind speeds, resulting in lower electricity output per farm. Furthermore, the intermittency of wind power may differ by location. Some areas may have lower variability in peak wind speed, and thus allow wind farms to generate power more consistenly than farms in other locations. 
Trade-offs between wind resources and transmission investments are particularly interesting in the case of Midwestern states in the U.S. In this region (which shares one electricity grid across 15 states called the Midcontinent Independent Service Operator - MISO), Illinois is the major load center. It also has the most ambitious renewable policy goal across all states, requiring about 20 TWh of additional wind generation by 2025 [1]. Illinois’ average wind speeds are up to 7.5 m/s, which are high enough for good wind projects. However, states west of Illinois such as South Dakota, Iowa, and Minnesota, which are less populous (i.e., remote), have wind speeds of up to 10 m/s [2], resulting in over 50% capacity factor for some wind projects [3]. Hoppock and Patiño-Echeverri (2010) explored whether it was more economical to build farms in Illinois or remote states to reach 10 TWh of new wind generation. They found that Illinois was the cheapest option due to lower transmission investments, even though more wind farms needed to be built to reach the target [4]. 
In this paper, we build a mixed-integer optimization model that selects where to build wind farms to comply with a policy target requiring 20 TWhs of additional wind generation in the MISO region (equivalent to the Illinois renewable goal). We use this model to re-examine Hoppock and Patiño-Echeverri’s (2010) work with several novel additions. 
Methods
First, we build a large dataset of historical transmission upgrade costs for projects across the MISO region [4][5]
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 that we then use to evaluate future transmission costs for new wind projects. Past papers such as Hoppock and Patiño-Echeverri’s (2010) instead rely on an assumed $/mile cost and required distance to one load center , which is too crude to reflect regional differences in existing transmission infrastructure. Second, we use updated estimates of hourly wind power from the National Renewable Energy Lab [3]. Third, we incorporate the market value of the wind produced at each farm. Knowing total wind power from a farm is not enough to understand it’s value, it also has to align with electricity demand. To account for this effect, we incorporate the energy and capacity value of each farm’s wind output by looking at historical locational marginal prices in MISO, and at MISO’s newly established (2013) capacity market. Lastly, we assess a penalty on hourly variablilty impacts to grid operations for each wind farm, forcing our model to favour farms with lower houly variability. We then run multiple scenarios to find the optimal locations of where to build wind farms based on wind power output, transmission cost, energy value, capacity value, and net load impacts. 

Since transmission costs are uncertain, we construct three scenarios based on historical transmission upgrade costs across MISO. The “high cost IL” case represents the highest costs of transmission in Illinois (75th percentile of historical costs in Illinois), and lowest in remote states (25th percentile). The “low cost IL” case represents the opposite, and the “base” case is our best estimate (50th percentile for all states). We also calculate the break-even cost of transmission at which point the optimal decision of siting within Illinois versus other states changes. Lastly, we test the model’s sensitivity to each attribute we consider across a wide range of scenarios to observe which ones mostly drive optimal siting decisions. 

Results
Results show that capacity factor and transmission cost are the largest drivers of optimal siting. For example, when the transmission cost difference between Illinois and other states is less than $180/kW of installed wind capacity, the model chooses to build capacity in Minnesota and Iowa (MN and IA) to take advantage of better quality wind resources (44% to 46% capacity factor compared to 42% to 44% in Illinois). However, above $180/kW in cost difference, it’s best to build all capacity within Illinois. As shown in Figure 1a, 74% of wind capacity (5.2 GW total) is built within Minnesota in the base case, and the rest in Illinois. However, the additional annual cost of instead building most capacity (60%) within Illinois (as is done in the “low cost IL” scenario – Figure 1c) is less than 5%. The same result holds for the “high cost IL” scenario, which selects all capacity outside of Illinois.
Additionally, we find that variability impacts to the grid are significant, resulting in $184 million per year. However, we also find that capacity factor and hourly variability are highly correlated, so omitting variability impacts when making siting decisions doesn’t impact results significantly since it’s already accounted for indirectly through capacity factor. Similarly, including energy value and capacity value in siting decisions affects optimal decisions, but does not change costs significantly. Overall, by excluding these attributes and arriving at a suboptimal solution, total compliance cost is <1% higher.
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	(a) Base Case
	(b) High Cost Illinois
	(c) Low Cost Illinois


Figure 1: Optimal siting locations for wind farms in MISO to achieve 20 TWh of new wind generation. Maps (a),(b),and(c) show our base, “high cost IL”, and “low cost IL” transmission scenarios
Conclusions

Our results indicate that building either 60% of wind farms within Illinois or 0% yields very similar costs (<5% difference). We therefore conclude that other factors, such as local economic impacts or community preferences, are perhaps more dominant than the factors we considered in optimally choosing where to locate wind farms in MISO. Further, in all planning scenarios, complying with the Illinois RPS would result in net social benefits from CO2 emissions reductions; around $174 million per year in our base case. 
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