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Executive Summary   
The electric energy sector in Minnesota, and more generally the United States, is in a state of 

transition, with considerable uncertainty regarding the future costs of carbon-dioxide (CO2) 

and other greenhouse gas emissions. Utilities must also comply with more stringent clean air 

requirements, which particularly affect coal-fired power plants, many of which utilities may opt 

to shut down.  Additionally, there is a growing momentum for utilities to protect themselves 

and their ratepayers against volatile fossil fuel markets. For some, nuclear power seemed to be 

the answer to these questions, despite its costs and risks.  

At the same time, the pace and scale of renewable energy development has been rapid. The 

United States has an installed capacity of wind energy approaching 47,000 megawatts (MW) 

and installed grid-connected solar electric capacity of 3,100 MW. 1 Solar installations have 

increasingly become large-scale, with growing numbers of photovoltaic (PV) and 

concentrating solar power (CSP) projects having capacities in the tens or hundreds of 

megawatts per installation. At the same time, the number of residential solar projects has also 

continued to increase.  

This momentum has also led to improving the cost-effectiveness of renewable energy 

generation. For instance, in the Dakotas and Wyoming, where wind energy capacity factors are 

on the order of 40 percent, the costs of wind-generated electricity are comparable to new coal 

or natural gas combined cycle power plants without including subsidies or a price on carbon. 

Wind-generated electricity is also less expensive than nuclear and remains lower than nuclear 

even when storage costs are added.2  

Renewable energy resources are plentiful across the country. Studies of the Midwest and the 

footprint of the regional transmission organization, the Midwest Independent Transmission 

System Operator (MISO), have routinely shown the high wind energy potential in the central 

corridor of the United States, including Minnesota. The state is endowed with ample wind and 

solar energy resources, and over the years has developed a strong public policy foundation to 

support development of these resources. This study examines how Minnesota might take 

advantage of these resources to design a renewable energy-based electricity system.  

                                                                        
1
 AWEA 2012 and SEIA and GTM Research 2011 p. 3 

2
 All cost estimates in this study are market-based estimates to the extent possible. Specifically, subsidies such as 

investment tax credits, production tax credits, federal loan guarantees, and interest-free financing by ratepayers 
are not included in any of the cost estimates.  

http://awea.org/learnabout/industry_stats/index.cfm


 

Renewable Minnesota P a g e  | 6 
 

Our overall goal is to examine whether a fully renewable energy-based electricity system is 

technically and economically feasible for the state of Minnesota. In 2007 the state articulated a 

goal of significantly reducing the greenhouse gas emissions from all sectors. Since 1970 the 

electricity sector has been a leading source of emissions, and has been the only sector to 

continually increase its emissions over the past 40 years. Clearly a dramatic reduction in 

electricity sector emissions will be critical in achieving any significant reduction in greenhouse 

gas emissions overall.  

7Å ÕÓÅÄ ÈÉÓÔÏÒÉÃÁÌ ÄÁÔÁ ÏÎ ÅÌÅÃÔÒÉÃÉÔÙ ÓÕÐÐÌÙ ÁÎÄ ÄÅÍÁÎÄ ÆÒÏÍ 8ÃÅÌ %ÎÅÒÇÙȟ ×ÈÉÃÈ ÉÓ ÔÈÅ ÓÔÁÔÅȭÓ 

largest electricity provider and is a good representative of these parameters for the state as a 

whole, and the best available industry data on the various energy technologies. This approach 

allowed for a methodology that limited the potential for error that can be expected from a 

more complex and resource intensive forecast model, while also providing a reasonable 

analysis of the feasibility of a fully renewable electricity system. Using the same criteria for 

reliability that apply today,  we found that it is technically and economically feasible to meet 

the entire 2007 electricity demand of Xcel Energy using only renewable energy generation 

combined with storage technology and energy efficiency improvements. We assume that the 

composition of renewable energy generation is a mix of commercial-scale wind energy and 

0ÉÏÎÅÅÒÉÎÇ Á ÒÅÎÅ×ÁÂÌÅ ÇÒÉÄȡ ÄÅÁÌÉÎÇ ×ÉÔÈ ÔÈÅ ȰÒÅÌÁÔÉÏÎÁÌ ÓÙÓÔÅÍ ÐÅÁËȱ 

! ÐÒÉÎÃÉÐÁÌ ÉÎÓÉÇÈÔ ÔÈÁÔ ÅÍÅÒÇÅÓ ÆÒÏÍ ÔÈÉÓ ÓÔÕÄÙ ÉÓ ÔÈÁÔ ÔÈÅ ÃÏÎÖÅÎÔÉÏÎÁÌ ÎÏÔÉÏÎ ÏÆ Á ȰÐÅÁË 

ÌÏÁÄȱ ÎÅÅÄÓ ÔÏ ÂÅ replaced in designing an electricity system with a high proportion of solar 

and wind energy. At present the system peak is determined entirely by consumers ɀ it is the 

time of highest simultaneous load on the system. In a renewable energy system with storage, 

depending on how it is configured, it is entirely possible that there may be plentiful electricity 

generated at such times. The crunch time may be during periods when the wind and solar 

supply are low relative ÔÏ ÄÅÍÁÎÄȢ  3Ï ÉÔ ÉÓ ÐÏÓÓÉÂÌÅ ÆÏÒ Á ÓÙÓÔÅÍ ȰÐÅÁËȱ ɀ i.e., maximum use of 

generation from stored energy ɀ to occur when demand is not at its highest.  Indeed, this will 

often be tÈÅ ÃÁÓÅȢ  7Å ÈÁÖÅ ÃÁÌÌÅÄ ÔÈÉÓ ÐÈÅÎÏÍÅÎÏÎ ÔÈÅ ȰÒÅÌÁÔÉÏÎÁÌ ÓÙÓÔÅÍ ÐÅÁËȢȱ 4ÈÅ 

electricity system of the future, if it is to have a large fraction of solar and wind energy, will 

need to optimize these renewable energy investments with investments in specific 

technologies such as combined heat and power (which increases both generation and 

efficiency), making use more efficient at critical times of the year, and demand dispatch to 

reduce the relational system peak.  Instead of the peak load that drives marginal investments 

in generation as at present, dealing with the relational system peak will require comprehensive 

consideration of investments throughout the system ɀ generation, demand, and storage 

(though not necessarily by utilities in all cases). 
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rooftop solar PV, due to economies of scale and the most likely application of each technology 

ÉÎ -ÉÎÎÅÓÏÔÁȢ  &ÕÒÔÈÅÒȟ -ÉÎÎÅÓÏÔÁȭÓ ÒÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙ ÒÅÓÏÕÒÃÅÓ ÁÒÅ ÌÁÒÇÅ ÅÎÏÕÇÈ ÔÏ 

accommodate any foreseeable growth in electricity demand in the next four decades and 

beyond. Hence, we were able to start with the analysis of the 2007 Xcel data and extend it to 

the whole state when assessing cost and jobs implications. 

This study is a first step. We did not attempt to model an intelligent electricity grid in which 

large numbers of distributed generation sources and storage types, and smart appliances are 

managed as an integral part of a larger grid operation, due to the difficulties in estimating the 

costs and shape of such a system. Neither the data nor the system integration modeling 

capabilities are publicly available today at a level of detail needed for a reliable technical 

analysis, much less a cost analysis. Yet the need for such a design tool emerges very clearly 

from our analysis.  

The storage technology that we assume for our analysis is compressed air energy storage 

(CAES), which has been used commercially for decades with coal-fired power plants in two 

locations: Germany and Alabama. Compressed natural gas storage in caverns and aquifers is 

also a standard technology. CAES is only one option for commercial scale storage technology, 

and because it has a proven track record, we have used it as the placeholder technology for the 

storage capacity needed. Minnesota does have geology that may be suitable for CAES at many 

locations; however, in-depth investigations are needed to identify potential sites. A single 

storage technology allows a straightforward determination of technical feasibility as well as 

cost.  In practice a mix of storage technologies as well as demand dispatch, which shapes the 

part of load curve in relation to the available supply and storage, would be used. 

The notion that solar and wind energy cannot be the mainstay of an electricity generation 

system because they are intermittent is incorrect. This study shows that they can be 

dispatched reliably ɀ when there is storage. In our analysis we maintain the usual reliability 

criterion ɀ 12 percent reserve margin over demand ɀ for every hour of the year. And such a 

system does not have to be prohibitively costly. As it turns out, a 100 percent renewable 

energy-based electricity system for Minnesota increases rates by a mere 1-2 cents per kilowatt 

hour when sufficient reasonable and economical investments are made in energy efficiency.  

While one reason to pursue renewable energy in the electricity sector is to provide a hedge 

against volatile fossil fuel prices and to provide a lower financial risk for investors, another 

reason is that renewable energy-based electricity provides a better product to society. The 

electrons speeding through the wires of the grid are the same, but the social, health, and 

safety consequences are far different. People will literally breathe easier, water use will be 

lower, and the risks related to CO2 emissions will be nearly eliminated from the electricity 
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sector. We do not examine the net jobs impact, but do discuss the broader overall jobs 

potential from renewable energy development in Minnesota.  

Main Findings 

 A renewable energy-based electricity sector is technically feasible, using available 

and proven technologies. If this is supplemented with an intelligent grid with two-way 

communication and more efficient use and integration of distributed generation and 

storage resources, this can help reduce the costs of implementing a renewable energy-

based electricity sector.  

 There are ample renewable resources in Minnesota. There is more than enough wind 

ÁÎÄ ÓÏÌÁÒ ÅÎÅÒÇÙ ÐÏÔÅÎÔÉÁÌ ÔÏ ÍÅÅÔ ÔÈÅ ÅÎÔÉÒÅ ΨΦΦέ ÄÅÍÁÎÄ ÏÆ 8ÃÅÌ %ÎÅÒÇÙȭÓ ÃÕÓÔÏÍÅÒÓ 

every hour and to accommodate growth in the foreseeable future. These technologies 

are already commercially available. While we have not examined the subject in detail 

here, there is evidence that the requisite amount of utility-scale storage technology can 

also be installed within the state. 

 An efficient, renewable electricity system can be achieved at an overall cost 

comparable to the present total cost.  The added costs of renewable energy 

generation, as compared to the current generation from mature and fully-depreciated 

fossil fuel and nuclear generation facilities, can be offset by increasing the energy 

efficiency of household and building appliances. The net costs of electricity services ɀ 

lighting, cooling, running appliances, etc., would be the same as today, but partitioned 

between generation, storage, efficiency, transmission and distribution.  

 Energy efficiency lowers the effective cost of electricity services and electricity bills. 

There are ample opportunities for reducing electricity use while maintaining the same 

level of services such as lighting and cooling and running computers.  For instance, a 

more efficient refrigerator or air conditioner would provide the same level of cooling, 

but would use less electricity to do so.  But the investment in the refrigerator would be a 

little more compared to an average model.  Appliance and building energy standards, 

supplemented by utility programs, are an effective way to have high penetration of 

energy efficiency measures and achieve cost savings. 

Recommendations 

In order for Minnesota to achieve any significant reduction in greenhouse gas emissions, 

dramatic changes to the electricity sector are necessary. We have identified a number of steps 

that can help position Minnesota to utilize its available renewable energy resources, as well as 
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create a more informed technical and cost framework for transitioning to a renewable energy-

based electricity sector:  

 Initiate a detailed, state-wide energy efficiency study, including the technical and 

economic aspects and the effect of efficiency and demand dispatch investments on the 

electricity demand pattern and on relational system peaks. 

 Require utilities to include increased renewable energy and storage in their Integrated 

Resource Plans by modeling what it would take to meet their projected demand with 

only renewable energy resources and the steps, time, and investment it would take to 

accomplish that goal.. 

 Initiate a study that would address how demand dispatch, storage, specific efficiency 

measures, and combined heat and power could be combined to reduce the costs of a 

fully renewable electricity system. 

 Initiate a detailed exploration of the feasibility of CAES and other utility-scale storage 

options in Minnesota. 

 Further refine the findings in this report by developing an optimized framework for 

reducing the relational system peak.  

 Conduct similar studies at the regional level in cooperation with other states in the 

Midwest. 

 Adopt a state-wide goal for achieving a 100 percent renewable energy standard, with 

achievable benchmarks and milestones and a periodic review of progress every few 

years.   
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I.  Purpose of the Study  

A. Introduction  

Like many other states, Minnesota is grappling with the complex issues that surround energy, 

economics, and the environment. An important element in the discussion of these interrelated 

issues is the expanding role of renewable energy in meeting our future electricity needs. 

Minnesota has been a leader in the integration and use of renewable energy ɀ from the wind 

farms in the southwest portion 

of the state to an increasing 

number of solar panels found 

on urban rooftops.  

Minnesota has an opportunity 

to build on this momentum 

and set a path towards a fully 

renewable and efficient 

electricity system.  This report 

is the first step towards that 

goal by answering questions 

about what we do when the 

sun is not shining and the wind 

is not blowing.  Specifically, 

this report aims to provide a 

technical and economic 

framework showing that the 

same level of reliability that 

prevails with nuclear and fossil 

fuels can be achieved with a fully renewable electricity system in Minnesota.  

For this report, we chose to look at 2007 data, the last year before the recession, as an 

indication of more normal, pre-recession electricity patterns. In 2007 Minnesota generated 59 

percent of its electricity from coal, 7 percent from natural gas, 24 percent from nuclear, 8 

percent from wind, solar, biomass, 1 percent from hydroelectric, and 1 percent from 

petroleum.3 (See Figure I-1) By utilizing 2007 electricity demand data for Xcel EnergyȭÓ 

                                                                        
3
 EIA 2010 Minnesota Profile Table 5  

Figure I-1: Minnesota electricity generation by source, 2007. 

Source: IEER.  Data source: EIA 2010 Minnesota Profile Table 5.   
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planning area as reported to the Federal Energy Regulatory Commission (FERC)4 and 

ÒÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙ ÓÕÐÐÌÙ ÉÎÆÏÒÍÁÔÉÏÎ ÆÒÏÍ ÔÈÅ 5Ȣ3Ȣ $ÅÐÁÒÔÍÅÎÔ ÏÆ %ÎÅÒÇÙȭÓ %ÎÅÒÇÙ 

Information Administration (EIA) and National Renewable Energy Laboratory (NREL), and 

available energy efficiency data, we were able to develop a cost-effective electricity generation 

scenario using 100 percent renewable energy to sufficiently meet the electricity demand of the 

ÓÔÁÔÅȭÓ ÌÁÒÇÅÓÔ ÅÌÅÃÔÒÉÃ ÕÔÉÌÉÔÙȟ ×ÉÔÈÏÕÔ ÒÅÑÕÉÒÉÎÇ ÓÉÇÎÉÆÉÃÁÎÔ ÃÈÁÎÇÅÓ ÉÎ ÌÉÆÅÓÔÙÌÅȢ  

Minnesota has a long history of state leadership on complex environmental and energy issues. 

In 1994 the state enacted a ban against the construction of new nuclear power facilities as a 

result of concerns with how to manage the stateȭs nuclear waste. Because building a nuclear 

power plant is so costly and time-intensive, it tends to consume most available financial and 

political resources. By removing the nuclear option from consideration for future electricity 

supply, regulators and utilities in Minnesota have had the ability and resources to instead 

invest, successfully, in renewable energy and energy efficiency technology in order to meet 

demand.  

Further, in setting forth a vision of ÔÈÅ ÓÔÁÔÅȭÓ ÅÎÅÒÇÙ ÆÕÔÕÒÅ ÉÎ ÔÈÅ ΨΦΦέ .ÅØÔ 'ÅÎÅÒÁÔÉÏÎ 

Energy Act,5 the Minnesota legislature enacted what was at the time, the couÎÔÒÙȭÓ ÓÔÒÏÎÇÅÓÔ 

Renewable Energy Standard (RES),6 requiring 25 percent of the electricity produced by the 

ÓÔÁÔÅȭÓ ÕÔÉÌÉÔÉÅÓ ÔÏ ÃÏÍÅ ÆÒÏÍ ÒÅÎÅ×ÁÂÌÅ ÓÏÕÒÃÅÓ, primarily wind, by 2025 (30 percent by 2020 

for Xcel Energy).7 Since then, an increasing number of other states have strengthened and 

expanded their commitments to renewable energy. For instance, California increased its state 

renewable energy standard target for electricity producers to 33 percent by 20208 and included 

the option for utilities to integrate storage technology.9 Other states include Hawaii (40 

percent by 2030)10 and New York (30 percent by 2015).11 

                                                                        
4
 Hourly demand data are in the control planning area for Xcel-NSP (utility number 216) as report to the Federal 

Energy regulatory Commission on Form 714.  This data corresponds mostly but not completely with the NSP's 
electricity supply to Minnesota customers alone. 
5
 Next Generation Energy Act of 2007 

6
 Sometimes called a Renewable Portfolio Standard (RPS), these policies place an obligation on electricity supply 

companies to provide a certain percentage of their electricity from renewable energy sources. 
7
 See Minn. Stat. § 216B.1691, 2011 Subd. 2(a) and Subd. 2(b).  The law requires that electric utilities who owned a 
nuclear reactor as of January 1, 2007, are required to meet higher percentages of renewable energy generation. 
Xcel Energy is the only such utility in Minnesota that meets those criteria.  
8
 0ÕÒÓÕÁÎÔ ÔÏ #ÁÌÉÆÏÒÎÉÁȭÓ %ØÅÃÕÔÉÖÅ /ÒÄÅÒÓ 3-14-08 (California 2008) and S-21-09 (California 2009). 

9
 Pursuant to AB 2514, signed into law in September 2010, which directs the California Public Utilities Commission 

to begin proceedings on requirements for such systems. (California 2010) 
10

 Pursuant to Hawaii HB 1464, signed into law in June 2009 (Hawaii 2009) 
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Also in the 2007 Next Generation Energy Act, the Minnesota legislature mandated that a plan 

be developed to reduce state-wide greenhouse gas emissions by 80 percent from 2005 levels 

by mid-century.12 As the largest source of ÔÈÅ ÓÔÁÔÅȭÓ ÇÒÅÅÎÈÏÕÓÅ ÇÁÓ ÅÍÉÓÓÉÏÎÓȟ -ÉÎÎÅÓÏÔÁȭÓ 

electricity sector has a major role to play in achieving this goal. Doing so will require efforts 

ÂÅÙÏÎÄ ÍÅÅÔÉÎÇ -ÉÎÎÅÓÏÔÁȭÓ Åxisting RES.  According to the Minnesota Pollution Control 

Agency, Ȱ[b]aseline 2005 emissions were estimated at 154.1 million CO2-equivalent tons, 

which implies that a 2015 target level under the Next Generation Energy Act goals of 131.0 

million CO2-equivalent tons and a 2025 target of 107.9 million CO2-equivalent tons. Assuming 

a linear approach or trajectory to these target levels, Minnesota state-level GHG emissions 

would need to decline about two million CO2-equivalent tons per year to meet these goals.ȱ13  

Given the likely difficulties in greatly reducing greenhouse gases from the agriculture and 

transportation sectors and the fact that electricity generation and transportation have 

accounted for the majority of the increased greenhouse gas emissions since 1970 (Figure I-2), 

an almost complete elimination of greenhouse gas emissions from the electricity sector will be 

a critical element in achieving an 80 percent reduction in overall emissions. From 1970 to 2006 

almost all sectors reduced their greenhouse gas emissions, except for transportation, which 

stayed fairly level, and electricity generation, which increased by 55 percent during the same 

time period (Figure I-3). 

                                                                                                                                                                                                                                       
11

 Pursuant to New York Public Service Commission Order, Case 03-E-0188, Effective January 8, 2010 (New York 
2010) 
12

 See Minn. Stat. § 216H.02 subd. 1. 
13

 Ciborowski and Claflin 2009 p. 111 
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Figure I-2: Total greenhouse gas emissions in MN by sector, 1970-2006. Source: IEER.  Data 

source: Ciborowski and Claflin 2009 pp. 138-142 

 

Figure I-3: Percent of total greenhouse gas emissions in MN by sector, 1970-2006. Source: IEER.  

Data source: Ciborowski and Claflin 2009 pp 138-142   
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B. Goals of the Study  

Our goals in studying these issues are to first see whether the electricity demand for a typical 

ÙÅÁÒ ÏÆ -ÉÎÎÅÓÏÔÁȭÓ ÌÁÒÇÅÓÔ ÅÌÅÃÔÒÉÃ ÕÔÉÌÉÔÙ ÃÁÎ ÂÅ reliably met through a combination of solar, 

wind, and storage technology, and second, to estimate the rough cost at which this might be 

done.  ThÅÒÅ ÉÓ ÇÏÏÄ ÒÅÁÓÏÎ ÔÏ ÁÔÔÅÍÐÔ ÔÈÉÓ ÔÙÐÅ ÏÆ ÁÎÁÌÙÓÉÓȢ !Ó ÔÈÅ ÐÁÎÅÌ ÏÎ !ÍÅÒÉÃÁȭÓ %ÎÅÒÇÙ 

&ÕÔÕÒÅȟ ÃÏÎÖÅÎÅÄ ÂÙ ÔÈÅ .ÁÔÉÏÎÁÌ !ÃÁÄÅÍÙ ÏÆ 3ÃÉÅÎÃÅÓȟ ÓÔÁÔÅÄ ȰÒÅÎÅ×ÁÂÌÅ ÒÅÓÏÕÒÃÅÓ ÁÖÁÉÌÁÂÌÅ 

in the United States, taken collectively, can supply significantly greater amounts of electricity 

than the total current or projected domestic demand. These renewable resources are largely 

ÕÎÔÁÐÐÅÄ ÔÏÄÁÙȱȢ14 Much of this is in the form of wind, concentrated primarily in the Midwest. 

There are also ample solar resources in the Southwest, sufficient to power all of the United 

States.15 

As we will discuss, energy efficiency measures will play a significant role in the amount of 

electricity supply and storage needed, as well as in how much a fully renewable system will 

cost. A more thorough discussion of energy efficiency technology can be found later, in the 

ÄÉÓÃÕÓÓÉÏÎ ÏÎ -ÉÎÎÅÓÏÔÁȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄȢ  4ÈÅ renewable energy data used in this report is 

Minnesota specific; our study focuses on only in-state renewable energy resources. Efficiency 

cost considerations are based on a national analysis.  While there are a variety of important 

issues to consider in planning an electricity system, this report focuses only on the technical 

and economic framework of a 100 percent renewable electricity system and does not attempt 

to quantitatively identify the best path to take in order to achieve this goal. Rather, we discuss 

qualitatively elements that are needed in addition to the quantitative considerations in this 

report. 

  

                                                                        
14

 NAS 2010 p. 3 
15

 Fthenakis, Mason, and Zweibel 2009 p. 391 
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II.  Renewable Resources in Minnesota 
In order to have a 100 percent renewable energy-based electricity system, there have to be 

sufficient renewable energy resources to draw from. Minnesota possesses abundant wind and 

solar resources, produces ample biomass, and has access to hydropower purchases from 

Canada. This report considers only in-state wind and solar energy resources, which creates an 

artificial limitation because in reality Minnesota operates within a broader regional electricity 

grid and is part of the Midwest Independent Transmission System Operator (MISO).16 

However, this restriction does make sense from a state development perspective because it 

allows one to explore what a 100 percent renewable electricity system may mean for jobs and 

economic development in the state. Due to limited availability of utility data, we have focused 

ÏÕÒ ÁÎÁÌÙÓÉÓ ÏÎ ÔÈÅ ÄÅÍÁÎÄ ÏÆ ÔÈÅ ÓÔÁÔÅȭÓ ÌÁÒÇÅÓÔ ÅÌÅÃÔÒÉÃ ÕÔÉÌÉÔÙȟ 8ÃÅÌ %ÎÅÒÇÙ ɉÆÏÒÍÅÒÌÙ 

.ÏÒÔÈÅÒÎ 3ÔÁÔÅÓ 0Ï×ÅÒɊȟ ÁÓ ÔÈÅ ÓÔÁÔÅȭÓ ÌÁÒÇÅÓÔ ÉÎÖÅÓÔÏÒ-owned utility, and whose 47.6 TWh17 of 

2007 electricity demand as reported to FERC. This total represents approximately 70 percent of 

ÔÈÅ ÓÔÁÔÅȭÓ ÔÏÔÁÌ ÒÅÔÁÉÌ ÅÌÅÃÔÒÉÃity sales in 2007 of about 68 TWh .18 

For Xcel Energy to provide enough electricity solely from renewable energy sources equal to 

match its hourly 2007 sales, the utility would need to have roughly 12,300 megawatts (MW) of 

wind energy and 4,600 MW of solar energy connected to its system. When combined with 

storage capabilities, existing hydropower purchases, and increasing in-state small hydropower 

and sustainable biomass, Xcel Energy would be more than able to generate enough electricity 

to meet its 2007 annual electricity demand. If combined with a high level of energy efficiency 

efforts, it is possible to provide this 100 percent renewable electricity at an economical cost.  

While there are ample renewable energy resources to meet any foreseeable electricity growth 

in Minnesota, as we will see, it is economically preferable to meet a large fraction of the growth 

of electricity demand though efficiency improvements.  The costs of new generation 

requirements can be reduced through judicious development of a smart grid, which is a 

communication network that complements the electricity generation, transmission, and 

distribution system.   

                                                                        
16

 MISO is the regional transmission operator for the upper Midwest and parts of Canada. It is responsible for 
maintaining the high-voltage transmission system within its footprint.  
17

 Calculated using the hourly demand data for its service territory in 2007 provided by Xcel Energy to FERC (FERC 
Form 714) 
18

 Calculated by IEER using 47,595,270 total MWh of hourly electricity demand reported by Xcel Energy for its NSP 
service territory in FERC Form 714 and a total of 68,231 thousand megawatt hours retail electricity sales in 
Minnesota in 2007 (EIA 2010 Minnesota Profile Table 8). Most but not all of the FERC reported Xcel-NSP data 
relate to Minnesota demand. 
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A. Wind Energy 

The potential for wind energy in Minnesota has long been recognized. As early as 1991, a 

0ÁÃÉÆÉÃ .ÏÒÔÈ×ÅÓÔÅÒÎ ,ÁÂÏÒÁÔÏÒÙ ÓÔÕÄÙ ÆÏÕÎÄ ÔÈÁÔ -ÉÎÎÅÓÏÔÁȭÓ ×ÉÎÄ ÅÎÅÒÇÙ ÐÏÔÅÎÔÉÁÌ ÁÔ ΫΦ 

meters above the ground, in areas that have winds of Class 3 and higher19, after factoring in 

environmental and land use exclusions, was 657 billion kilowatt-hours (kWh)20 ɀ almost ten 

ÔÉÍÅÓ -ÉÎÎÅÓÏÔÁȭÓ ÔÏÔÁÌ ΨΦΦέ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄȢ  -ÏÒÅ ÒÅÃÅÎÔ ÅÓÔÉÍÁÔÅÓ ÈÁÖÅ ÌÏÏËÅÄ ÁÔ ÔÈÅ 

ÓÔÁÔÅȭÓ ×ÉÎÄ ÒÅÓÏÕÒÃÅ ÐÏÔÅÎÔÉÁÌ ÁÔ ÈÉÇÈÅÒ ÅÌÅÖÁÔÉÏÎÓȟ reflecting advances in wind energy 

technology, and found that at 80 meters above the ground Minnesota has 1,679 billion kWh of 

annual wind energy potential21 ɀ ÍÏÒÅ ÔÈÁÎ ΨΫ ÔÉÍÅÓ -ÉÎÎÅÓÏÔÁȭÓ ΨΦΦέ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄȟ ÁÎÄ 

translating to a total potential wind energy capacity of 489,000MW. Figure II-1 shows the 

average wind speeds in Minnesota at 80- and 100-meters above the ground.  

 

Figure II-1: Minnesota's wind resource at 100 meters and 80 meters above the ground. Source: 

MN DOC 2006 

                                                                        
19

 Wind class 3 and higher refers to an area with 6.4-7.0 meters/second wind speeds at a height of 50 meters above 
the ground (NWCC 1997).  
20

 Elliott, Wendell, and Gower 1991 Table B.1 (p. B-2). A kilowatt-hour is the amount of energy equal to the power 
of one kilowatt running for one hour. This unit of energy is commonly used by utilities in electricity bills. One 
kilowatt-hour is equal to 1000 watt-hours. 
21

 NREL and AWS Truepower 2011. The available power in the wind is a cubic function of the wind speed, so if the 
wind speed (x) is doubled it means there is 8 times the power (2x*2x*2x=8x^3). Because the wind speed is greater 
at higher elevations, the height of the wind turbine has a significant impact on the available power potential at 
that location.  See Figure II-1 for an illustration of the differences in wind resource potential at 80 meters and 100 
meters above the ground.  
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Minnesota has historically been one of the leaders in the country in wind energy installations; 

at the end of 2011, Minnesota ranked 5th in the country with a total of 2,733MW of installed 

wind capacity.22 Minnesota has seen a drop in wind energy installations recently, likely due to a 

combination of factors, including the economic recession, increased public opposition to 

proposed wind projects, concerns about transmission constraints and cost allocation, and 

uncertainty regarding the future of federal policies supporting the wind industry. Detailed 

consideration of these issues is beyond the scope of this analysis; however the realization of a 

100 percent Renewable Minnesota, or anything close to it, will need to include consideration of 

these important issues and practical approaches to deal with them.     

1. Cost and Reliability Studies 

Utility-scale wind ÔÕÒÂÉÎÅÓ ÃÁÎȟ ÁÎÄ ÄÏȟ ȰÁÆÆÅÃÔ ÕÔÉÌÉÔÙ ÓÙÓÔÅÍ ÐÌÁÎÎÉÎÇ ÁÎÄ ÏÐÅÒÁÔÉÏÎÓ ÆÏÒ ÂÏÔÈ 

ÇÅÎÅÒÁÔÉÏÎ ÁÎÄ ÔÒÁÎÓÍÉÓÓÉÏÎȢȱ23 This has prompted studies, both U.S. and state focused, in 

recent years to examine the issues involved in incorporating much greater amounts of 

renewable energy into the electricity mix. Of particular interest to utility and transmission 

regulators has been the cost of maintaining the reliability of an electricity grid with an 

increasing amount of wind energy capacity.24 

In July 2008, the U.S. Department of Energy (DOE) published an assessment of the costs, 

challenges, impacts, and benefits of wind generation providing 20 percent of the electrical 

energy consumed in the United States by 2030.25  This study found that the major barriers to 

such a goal were largely in the realm of policies and regulatory hurdles, rather than technical 

challenges, and that integrating 20 percent wind energy onto the electric grid could be done 

for less than $0.50 per household per month.26  

Subsequently in 2010, the DOE published the Eastern Wind Integration and Transmission Study 

(EWITS), which was designed to examine a range of technical issues related to a 20 percent 

wind scenario within the Eastern Interconnection.27  The study estimates that across the entire 

                                                                        
22

 AWEA 2011 slides 4-5  
23

 Smith et al. 2007 
24

 From 2000 through 2009, electricity generation in the United States from renewable energy sources (other than 
hydroelectric) has increased from 2 percent to over 3 percent. Renewable resources in this definition include wood 
and wood-derived fuels, geothermal, other biomass, solar thermal and photovoltaics (PV), and wind. (EIA Electric 
Power Annual 2009 Table ES1 (pp. 9-11))  
25

 DOE 2008 20% Wind 
26

 DOE 2008 20% Wind p. 19 
27

 %7)43 ΨΦΧΧȢ Ȱ4ÈÅ %ÁÓÔÅÒÎ )ÎÔÅÒÃÏÎÎÅÃÔÉÏÎ ÉÓ ÏÎÅ ÏÆ ÔÈÅ ÔÈÒÅÅ ÓÙÎÃÈÒÏÎÏÕÓ ÇÒÉÄÓ ÃÏÖÅÒÉÎÇ ÔÈÅȱ ÃÏÎÔÉÇÕÏÕÓ Ϊή 
ÓÔÁÔÅÓ ÏÆ ÔÈÅ 5ÎÉÔÅÄ 3ÔÁÔÅÓȢ  Ȱ)Ô ÅØÔÅÎÄÓ ÒÏÕÇÈÌÙ ÆÒÏÍ ÔÈÅ ×ÅÓÔÅÒÎ ÂÏÒÄÅÒÓ ÏÆ ÔÈÅ 0ÌÁÉÎÓ ÓÔÁÔÅÓ ÔÈÒÏÕÇÈ ÔÏ ÔÈÅ 
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interconnect, there are 1,326 sites with a total potential for 580 GW of wind energy capacity.28  

A similar study has been done for the western United States, which looked at integrating 30 

percent wind energy and 5 percent solar power.29 The EWIT study, identified 121 sites in 

Minnesota that could support a 100 MW wind project, and estimates that a total of 61,480 MW 

of wind energy could be installed at these sites across the state where the average capacity 

factor30 will be above 25 percent.31   

At the state level, in June 2003, the Minnesota Legislature called for an independent study of 

the impacts of integrating more wind power on the Xcel Energy system, above the 825 MW 

that the utility already had under contract at the time.32  The study team involved 

representatives of Xcel Energy other utilities, the Minnesota Chamber of Commerce, the 

American Wind Energy Association, environmental organizations, the U.S. Department of 

Energy and its National Renewable Energy Laboratory. Published in 2004, the study 

concluded, amonÇ ÏÔÈÅÒ ÔÈÉÎÇÓȟ ÔÈÁÔ ȰÔÈÅ ÃÏÓÔ ÏÆ ÉÎÔÅÇÒÁÔÉÎÇ ΧΫΦΦ -7 ÏÆ ×ÉÎÄ ÇÅÎÅÒÁÔÉÏÎ ÉÎÔÏ 

the Xcel control area in 2010 are no higher than $4.60 per megawatt-hour (MWh) of wind 

generation, and are dominated by costs incurred by Xcel to accommodate the significant 

variability of wind generation and the wind generation forecast errors for the day-ahead time 

ÆÒÁÍÅȢȱ33  This is about four percent of the cost of residential retail electricity in Minnesota.34 

This cost can be compared to $18.38 per megawatt-hour (MWh), which is the assumed cost of 

producing wind power in the study.35  

4ÈÉÓ ×ÁÓ ÆÏÌÌÏ×ÅÄ ÂÙ ÁÎÏÔÈÅÒ ÓÔÁÔÅ ÓÔÕÄÙ ÔÈÁÔ ÂÅÇÁÎ ÉÎ ΨΦΦΫȢ ! ȰÂÒÏÁÄ ÓÔÁËÅÈÏÌÄÅÒ ÇÒÏÕÐȟȱ 

including representatives of the Minnesota electric utilities, renewable energy advocates, the 

Minnesota Legislature, the Minnesota Department of Commerce, Midwest Independent 

Transmission System Operator (MISO), Mid-#ÏÎÔÉÎÅÎÔ !ÒÅÁ 0Ï×ÅÒ 0ÏÏÌ ɉ-!00Ɋȟ ȰÁÎÄ ÎÁÔÉÏÎÁÌ 

                                                                                                                                                                                                                                       
!ÔÌÁÎÔÉÃ ÃÏÁÓÔȟ ÅØÃÌÕÄÉÎÇ ÍÏÓÔ ÏÆ ÔÈÅ ÓÔÁÔÅ ÏÆ 4ÅØÁÓȢȱ  -ÉÎnesota is entirely within the Eastern Interconnection. 
(EWITS 2011 pp. 22-23) 
28

 Brower 2009 Table 3.2 (p. 15) 
29

 WWSIS 2010 
30

 Capacity factor refers to the ratio of actual output over time compared to the potential maximum output if the 
plant had operated full time at its maximum rated capacity. For instance, consider a 1 MW wind turbine. Its 
nameplate capacity is 1 MW, and the maximum potential output for this wind turbine is 1 MW x 8,760 hours per 
year = 8,760 MW-ÈÏÕÒÓ ÐÅÒ ÙÅÁÒȢ (Ï×ÅÖÅÒȟ ÔÈÅ ×ÉÎÄ ÄÏÅÓÎȭÔ blow all the time so the actual output for this turbine 
will be some percentage of the maximum potential. Wind turbines capacity factors are typically between 20-40%. 
31

 Brower 2009 Table 3.2 (p. 15) and Figure 3.1 (p. 16) 
32

 Minnesota Session Laws 2003, 1st Special Session, Chapter 11, Article 2, Section 21 (Minnesota 2003) 
33

 EnerNex 2004 p. 38  
34

 Calculated using average Minnesota residential electricity costs in 2010 of 10.59 cents per kilowatt-hour or 
$105.90 per megawatt-hour. (From Table 8 at EIA 2010 Minnesota Profile)  
35

 EnerNex 2004 Table 20 (p.113) 
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ÔÅÃÈÎÉÃÁÌ ÅØÐÅÒÔÓȟȱ ÃÏÎÖÅÎÅÄ ÔÏ ÃÈÁÒÁÃÔÅÒÉÚÅ ȰÔÈÅ -ÉÎÎÅÓÏÔÁ ×ÉÎÄ ÒÅÓÏÕÒÃÅ ÁÎÄȱ ÑÕÁÎÔÉÆÙ ÔÈÅ 

ȰÒÅÌÉÁÂÉÌÉÔÙ ÁÎÄ ÏÐÅÒÁÔÉÎÇ ÉÍÐÁÃÔÓ ÒÅÓÕÌÔÉÎÇ ÆÒÏÍȱ ÉÎÃÒÅÁÓÉÎÇ ×ÉÎÄ ÇÅÎÅÒÁÔÉÏÎ ÔÏ ΨΫ ÐÅÒÃÅÎÔ ÏÆ 

-ÉÎÎÅÓÏÔÁȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÓÕÐÐÌÙ ÂÙ ΨΦΨΦȢ36 This study was published in 2006 and concluded that 

the additional costs of integrating greater wind energy capacity, over and above normal costs, 

could range from $2.11 (for 15 percent wind generation) to a high of $4.41 (for 25 percent wind 

generation) per MWh.37  

The 2006 Wind Integration Study also looked at the effect of including four levels of 

geographic dispersion for potential wind energy sites.- The four levels are 1) Minnesota 

Southwest (Buffalo Ridge), 2) Minnesota Southwest + Minnesota Southeast (Mower County), 

3) Minnesota Southwest +Minnesota Southeast + Minnesota Northeast (Iron Range), 4) 

Minnesota Southwest +Minnesota Southeast + Minnesota Northeast + North Dakota Central. 

38  The study found that each additional level of dispersion reduces the variability in wind 

energy output.39  For instance, if all wind capacity is just in southwest Minnesota, then for 

about 18 percent of the year, wind farms run at capacity factors of less than 5 percent. When 

just the first increment of geographic dispersion is incorporated, the frequency of generation 

at less than 5 percent drops to 11 percent. When all four regions are included, this drops even 

further to just 4 percent. This means that dispersing wind turbines across the state minimizes 

the amount of the time there is no wind energy being generated. Ȱ4ÈÅ ÄÒÁÍÁÔÉÃ ÅÆÆÅÃÔ ÏÆ 

ÇÅÏÇÒÁÐÈÉÃ ÄÉÓÐÅÒÓÉÏÎ ÉÓ ÅÖÅÎ ÌÁÒÇÅÒ ÉÎ ÔÈÅ ÓÕÍÍÅÒ ÓÅÁÓÏÎȢȱ40 This season has the weakest 

wind resource but the frequency of capacity factors below 5 percent drops from nearly 26 

percent for just the Minnesota Southwest site to just under 4 percent for the broadest 

geographic dispersion scenario.  Of course, there is a corresponding decrease in hours with 

very high capacity factors when the resources are dispersed. 41 But this also has a benefit: it 

reduces the amount of excess electricity generated, minimizing the need for more storage 

capacity.  

3ÉÍÉÌÁÒÌÙ ȰÌÁÒÇÅ ÈÏÕÒÌÙ ÐÏ×ÅÒ ÃÈÁÎÇÅÓ ÁÒÅ ÒÁÒÅ ÆÏÒ ÔÈÅ ÉÎÔÒÁ-Minnesota tri-region generation 

scenario and very rare for the fully dispersed generation scenario including central North 

$ÁËÏÔÁ ÇÅÎÅÒÁÔÉÏÎȢȱ42 Again the effect was most dramatic in the summer. For wind dispersed 

over all the four regions as described earlier, the 2006 Wind Integration Study estimates net 

                                                                        
36

 Wind Integration 2006 v.I p. x 
37

 Wind Integration 2006 v.I p. 72 
38

 Wind Integration 2006 v.II p. 38 
39

 Wind Integration 2006 v.II p. 40 
40

 Wind Integration 2006 v.II p. 40   
41

 Wind Integration 2006 v.II Figure 23 (p. 42)  
42

 Wind Integration 2006 v.II p. 44 
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capacity factors span the range from 32 percent in the summer to 44.5 percent in the fall, with 

an annual average of 39.6 percent.43 

-ÉÎÎÅÓÏÔÁȭÓ /ÆÆÉÃÅ ÏÆ %ÎÅÒÇÙ 3ÅÃÕÒÉÔÙ ÁÌÓÏ ÃÏÍÍÉÓÓÉÏÎÅÄ Á ÒÅÐÏÒÔ ÏÎ ÔÒÁÎÓÍÉÓÓÉÏÎ 

requirements for dispersed renewable energy generation, finding opportunities for many 

hundreds of megawatts of dispersed wind energy to add to the existing transmission 

network.44 The availability of adequate transmission lines for increased renewable energy 

generation will play a significant role in the advancement of these resources. For instance, the 

MISO region experienced a doubling of wind energy curtailment, from just 2.2 percent of 

installed wind capacity in 2009 to 4.4 percent of installed wind capacity in 2010.45 Wind energy 

curtailment is the reduction of output from the wind energy generator and occurs, most often, 

ÆÏÒ Ô×Ï ÒÅÁÓÏÎÓȡ ȰΧɊ ÌÁÃË ÏÆ ÁÖÁÉÌÁÂÌÅ ÔÒÁÎÓÍÉÓÓÉÏÎ ÄÕÒÉÎÇ Á ÐÁÒÔÉÃÕÌÁÒ ÔÉÍÅ ÔÏ ÉÎÃÏÒÐÏÒÁÔÅ ÓÏÍÅ 

or all of the wind generation; or 2) high wind generation at times of minimum or low load, and 

excess generation cannot be exported to other balancing areas due to transmission 

ÃÏÎÓÔÒÁÉÎÔÓȢȱ46  

The integration of wind power into the electric system over the entire MISO region would 

further reduce the frequency of generation at less than 5 percent and at the same time provide 

opportunities for each state to sell its excess generation outside the region, further reducing 

the frequency of curtailment.  The MISO region has the benefit of being spread out sufficiently 

from its eastern edge to its western edge, such that the effect of different sunrise and sunset 

times and staggered peak times would also enhance the performance and economics of wind 

power.  

2. Calculating Minnesotaõs Wind Energy Potential 

For estimating the hourly production of electricity from wind turbines in Minnesota, we used 

the outputs generated by the Eastern Wind Integration and Transmission Study (EWITS), 

which identified potential land-based wind energy sites across the eastern half of the United 

States.47 The EWIT study evaluated 121 sites in Minnesota, identifying a total of almost 61.5 

gigawatts (GW) of wind capacity across these sites. The estimated capacity factors at these 

varied from 24.9 percent to 43.7 percent, with the vast majority being in the range of 30 to 40 

                                                                        
43

 Wind Integration 2006 v.II Table 2 (p. 48) 
44

 Minnesota Transmission Owners 2008 
45

 Wiser and Bolinger 2011 p. 54.  This figure does not include curtailment within the Northern States Power 
ÔÅÒÒÉÔÏÒÙȟ ×ÈÉÃÈ ÉÓ ÐÒÏÖÉÄÅÄ ÓÅÐÁÒÁÔÅÌÙȢ .30ȭÓ ÃÕÒÔÁÉÌÍÅÎÔ ÓÔÁÙÅÄ ÔÈÅ ÓÁÍÅȟ ÁÔ ΧȢΨϻȟ ÆÒÏÍ ΨΦΦί-2010.  
46

 Fink et al. 2009 p. 1 
47

 EWITS 2011 
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percent. 48  In other words, these are all sites with relatively high wind energy potential. The 

EWIT study also computed the outputs for these sites for three years: 2004, 2005, and 2006. 

We chose the data just for 2006 as representative for a typical year for our study. A more 

elaborate analysis could involve using data for all three years and using the variations therein 

as indicative of variations between years. However, our study is intended only as a first step to 

demonstrating that despite the general issue of being a variable resource, solar and wind 

energy can reliably be used to meet the demand for electricity. 

In reality, it is unlikely that the potential at each site identified in the EWIT study will be fully 

developed due to various economic and social reasons, and so we assume that the installed 

ÃÁÐÁÃÉÔÙ ÁÔ ÅÁÃÈ ÏÆ ÔÈÅÓÅ ΧΨΧ ÓÉÔÅÓ ÉÓ ÓÏÍÅ ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÁÔ ÓÉÔÅȭÓ ÍÁØÉÍÕÍ ÐÏÔÅÎÔÉÁÌȢ &ÏÒ ÔÈÉÓ 

report we assumed that 5 percent of the maximum potential will be developed at each of the 

121 sites, reflecting this reality. We were able to vary this percentage in order to optimize 

overall costs of the system. At higher elevations, this percentage could be reduced even 

further, because of the increased power that would be generated at each site. Thus, we were 

able to estimate that roughly 13,000 MW of wind energy would need to be installed for a 100 

percent renewable Minnesota.  

B. Solar Energy 

There are three different forms of solar energy technology: photovoltaic or PV, concentrated 

solar power or CSP, and solar thermal which is used primarily for generating heat rather than 

electricity. Our report focuses on the use of solar PV technology because it is the most likely 

application of solar electricity technology for Minnesota. CSP requires a significant amount of 

land, and therefore would most likely be installed in rural Minnesota thereby competing for 

agricultural land. In contrast, solar PV is ideal for rooftop installations making the entire state a 

potential location for solar energy generation. In fact, it has been estimated that 24 percent of 

ÔÈÅ ÓÔÁÔÅȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄ ÃÏÕÌÄ ÂÅ ÍÅÔ ×ÉÔÈ ÒÏÏÆÔÏÐ ÓÏÌÁÒ ÁÌÏÎÅȢ49 This does not include 

the potential for solar installations over surface parking lots, or ground mounted solar 

installations.50 There are also efforts aimed at identifying the potential for increased solar 

ÅÎÅÒÇÙ ÕÓÅ ÁÃÒÏÓÓ ÔÈÅ ÃÏÕÎÔÒÙȢ  &ÏÒ ÉÎÓÔÁÎÃÅȟ ÔÈÅ $ÅÐÁÒÔÍÅÎÔ ÏÆ %ÎÅÒÇÙȭÓ 3ÕÎ3ÈÏÔ )ÎÉÔÉÁÔÉÖÅ 

Study, examines the potential for the United States to provide 14 percent of our electricity 

from solar by 2030 and 27 percent of our electricity from solar by 2050.51  

                                                                        
48

 Brower 2009 Table 3.2 (p. 15) and Figure 3.1 (p. 16) 
49

 Farrell and Morris 2010 p. 12 
50

 Farrell and Morris 2010 p. 13 
51

 DOE 2012 SunShot p. xix 
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Though situated outside the portions of the U.S. that typically receive large quantities of solar 

ÉÎÓÏÌÁÔÉÏÎȟ ȰɍÁɎ ÐÏÒÔÉÏÎ ÏÆ ÓÏÕÔÈ×ÅÓÔÅÒÎ -ÉÎÎÅÓÏÔÁ ÒÅÃÅÉÖÅÓ ÁÎ ÁÎÎÕÁÌ ÁÖÅÒÁÇÅ ÄÁÉÌÙ ÓÏÌÁÒ 

insolation between 4 and 5 kWh/m2/day for a North-South axis tracking concentrating 

collector tilted at latitude, or a South-ÆÁÃÉÎÇ ÆÌÁÔ ÐÌÁÔÅ ÃÏÌÌÅÃÔÏÒ ÔÉÌÔÅÄ ÁÔ ÌÁÔÉÔÕÄÅȢȱ52 

Additionally, Minneapolis has the same annual average solar resource as Jacksonville, Florida, 

ÁÎÄ ÄÕÒÉÎÇ ÔÈÅ ÓÕÍÍÅÒ -ÉÎÎÅÁÐÏÌÉÓ ÁÃÔÕÁÌÌÙ ÈÁÓ Á ÂÅÔÔÅÒ ÒÅÓÏÕÒÃÅ ȰÄÕÅ ÔÏ ÌÏÎÇÅÒ ÄÁÙÓ ÁÎÄ 

ÃÌÅÁÒÅÒ ÓËÉÅÓȟ ÂÕÔ Áȱ ÌÏ×ÅÒ ÒÅÓÏÕÒÃÅ ÉÎ ÔÈÅ ×ÉÎÔÅÒȢ53 See Figure 5 for an illustration of 

-ÉÎÎÅÓÏÔÁȭÓ ÁÖÅÒÁÇÅ ÓÏÌÁÒ ÒÁÄÉÁÔÉÏÎ ÆÒÏÍ Χίίή-2002.  

Further, Minnesota has a similar, if not slightly better average solar resource than Germany, 

the world leader in solar PV.  In Germany the average solar PV generation is 700-1000 kWh/kW, 

from northern to southern Germany, while in Minnesota the statewide average is roughly 

1,000 to more than 1,200 kWh/kW.54  Despite not having the solar resource of the 

ÓÏÕÔÈ×ÅÓÔÅÒÎ 5ÎÉÔÅÄ 3ÔÁÔÅÓȟ -ÉÎÎÅÓÏÔÁȭÓ ÓÏÌÁÒ ÐÏÔÅÎÔÉÁÌ ÉÓ ÔÙÐÉÃÁÌÌÙ ÓÔÒÏÎÇÅÓÔ ×ÈÅÎ ÉÔ ÉÓ 

needed the most ɀ during late summer afternoons. The generation capacity and the sites we 

have chosen for indicate that approximately 4,600 MW of solar PV panels, producing on 

average, 6 TWh per year would be part of the 100 percent renewable electricity system for the 

data corresponding to the year 2007 

1. Calculating Minnesotaõs Solar Energy Potential  

/ÕÒ ÁÎÁÌÙÓÉÓ ÕÓÅÓ ÔÈÅ ÅÓÔÉÍÁÔÅÓ ÏÆ ÓÏÌÁÒ ÅÌÅÃÔÒÉÃÉÔÙ ÇÅÎÅÒÁÔÉÏÎ ÆÒÏÍ ÔÈÅ .2%,ȭÓ .ÁÔÉÏÎÁÌ 3ÏÌÁÒ 

Radiation (NSR) Database. For each hour of the year, the NSR database gives diffuse, direct, 

and total (global) irradiance at various locations around the country.55 These are modeled from 

observed cloud cover, light spectrum, and site elevation. From this data, one can infer how 

much electricity can be generated at any of these sites, taking into account the assumptions 

ÁÂÏÕÔ ÔÈÅ 06 ÐÁÎÅÌȭÓ ÏÒÉÅÎÔÁÔÉÏÎ Ánd its efficiency.  

For Minnesota, NREL has data from 54 sites across the state. At each of these 54 sites, in 

addition to data for specific years, NREL has generated 24-hour irradiance data for 365 days 

ÐÅÒ ÙÅÁÒ ÆÏÒ ×ÈÁÔ ÉÔ ÃÁÌÌÓ Á Ȱ4ÙÐÉÃÁÌ -ÅÔÅÏÒÏÌÏÇÉÃÁÌ 9ÅÁÒȱȟ ÁÎÄ ×Å ÃÈÏÓÅ ÔÈÉÓ ÄÁÔÁ ÆÏÒ ÏÕÒ 
                                                                        
52

 Reichling and Kulacki 2008 p. 627.  Solar insolation is the measure of solar radiation that hits a given area for a 
given amount of time. 
53

 MN Solar Guide p. 3 
54

 See £úri et al. 2007 p. 1300, for the German figure, and MN DOC 2009 p.7, for the Minnesota figure. 
55

 $ÉÒÅÃÔ ÓÏÌÁÒ ÉÒÒÁÄÉÁÎÃÅ ÉÓ ÔÈÅ ÍÅÁÓÕÒÅ ÏÆ ÔÈÅ ÒÁÔÅ ÏÆ ÓÏÌÁÒ ÅÎÅÒÇÙ ÁÒÒÉÖÉÎÇ ÁÔ ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÆÒÏÍ ÔÈÅ ÓÕÎȭÓ 
direct beam, on a plane perpendicular to the beam. Diffuse solar irradiance is a measure of the rate of solar energy 
ÁÒÒÉÖÉÎÇ ÏÎ Á ÈÏÒÉÚÏÎÔÁÌ ÐÌÁÎÅ ÁÔ ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÆÒÏÍ ÓÃÁÔÔÅÒÉÎÇ ÏÆ ÔÈÅ ÓÕÎȭÓ ÂÅÁÍȢ 'ÌÏÂÁÌ ÓÏÌÁÒ ÉÒÒÁÄÉÁÎÃÅ ÉÓ 
the total measure of incoming solar energy, both direct and diffuse, on a horizontal plane ÏÎ ÔÈÅ ÅÁÒÔÈȭÓ ÓÕÒÆÁÃÅȢ 
For more information, see DOE 2011.  
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calculations. Unlike the EWIT study, these 54 locations are not chosen for their generation 

potential. But this is well suited to our purposes. We do not try to optimize the locations of 

solar PV installations because it is expected that a relatively large fraction of PV generation in 

Minnesota would be at locations such as rooftops of houses and commercial buildings, parking 

lots, and so on. Thus, it is more representative of actual installations in the state to consider 

data from a wide variety of locations. 

 
Figure II-2: Average solar radiation in Minnesota 1998-2002. Source: MN DOC 2004 

We assume that all solar PV panels used in our analysis are horizontal. This configuration 

generates the least amount of power, however even under such circumstances solar PV can 

contribute significant amounts of energy at a relatively economical cost. Further, if PV panels 

ÁÒÅ ȰÔÉÌÔÅÄ ÔÏ×ÁÒÄÓ ÔÈÅ ÓÏÕÔÈ ÁÔ ÓÏÍÅ ÅÌÅÖÁÔÉÏÎȟȱ ÔÈÅÎ ÔÈÅÙ ×ÏÕÌÄ ÐÒÏÄÕÃÅ ÒÏÕÇÈÌÙ ΧΦ ÐÅÒÃÅÎÔ 

more electricity.56   

                                                                        
56

 Stodola and Modi 2009 p. 4733 
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We do not make any explicit assumptions about the efficiency of the panels themselves, but 

these are implicit in the figure for their rated capacity. For instance, to produce the same 

amount of power a panel that is only 10 percent efficient would be larger than a panel that is 15 

percent efficient . Which panel is chosen for a particular site or application will likely depend on 

their relative costs, including installation cost, and other extraneous factors such as roof size.  

Combining both wind and solar power is one of the keys to efficiently meeting demand in a 

renewable electricity system. Using the NREL solar database and the EWITS wind data, we find 

a correlation to the demand of Xcel Energy customers to be nearly 37.5 percent for solar alone, 

whereas the correlation with wind energy alone is minus 13.6 percent.57 In other words, the sun 

tends to shine at the same time that there is greater demand for electricity, such as 

afternoons, while the wind tends to blow more at night when demand for electricity dips. Thus 

it makes the most sense to use both wind and solar power, combined with storage, to 

maximize the potential of each. 

C. Hydropower and Biomass  

In our analysis we assume the availability of a constant supply of 1,350 MW of generation 

capacity throughout the year operating at full output. For our purposes we use a combination 

of hydropower and biomass as placeholder technologies. This supply could be met with a 

variety of options, including hydropower, biomass, and natural gas. Keeping in line with our 

efforts to model a 100 percent renewable electricity system that does not result in any CO2 

emissions, we have not chosen to utilize natural gas in our scenario, except a very small 

amount to support compressed air energy storage, which can eventually be replaced by 

biogas. While the supply of natural gas has a favorable outlook in the near-term, one of the 

methods used for extracting it, known as hydrofracturing  (or frackingȱ ÆÏÒ ÓÈÏÒÔɊ, has resulted 

in growing public opposition,58 which may impact the future supply and price of natural gas.  

Therefore, we use a combination of hydropower and biomass as a placeholder technology for 

the entirety of the 1,350 MW constant supply. Such hydropower capacity could be provided by 

continuing the existing hydropower purchases from Manitoba Hydro59 as well as development 

of additional in-state small-hydro resources.60 With regard to biomass, while there are a 

                                                                        
57

 These are simply the correlation functions as calculated using the Microsoft Office Excel program.  
58

 NYT 2012 
59

 7ÈÉÌÅ ÔÈÅ -ÁÎÉÔÏÂÁ (ÙÄÒÏ ÒÅÓÏÕÒÃÅÓ ÄÏ ÎÏÔ ÑÕÁÌÉÆÙ ÁÓ ÁÎ ȰÅÌÉÇÉÂÌÅ ÅÎÅÒÇÙ ÔÅÃÈÎÏÌÏÇÙȱ ÆÏÒ -ÉÎÎÅÓÏÔÁ 2%3 
compliance purposes (See Minn. Stat. § 216B.1691, 2011 subd. 1, which includes in the definition of an eligible 
ÅÎÅÒÇÙ ÔÅÃÈÎÏÌÏÇÙ ȰÈÙÄÒÏÅÌÅÃÔÒÉÃ ×ÉÔÈ Á capacity of less than 100 MWȱɊȟ 8ÃÅÌ %ÎÅÒÇÙ ÃÏÎÓÉÄÅÒÓ ÔÈÉÓ ÅÎÅÒÇÙ ÁÓ ÐÁÒÔ 
of their overall effort to reduce their greenhouse gas emissions in accordance with state policy. (Xcel 2010b p. 51)  
60

 It is worth noting that hydropower, especially small hydro, will have large seasonal variations. It may be possible 
to balance those variations through complementary variations in the use of biomass. However, this approach 
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number of environmental and social concerns with the use of biomass, there are strides being 

made to commercialize non-food biomass crops that can be economically grown.  

1. Hydropower 

Currently Xcel Energy and Manitoba Hydro are parties to a power supply agreement as well as 

seasonal exchange agreements. The existing power supply agreement provides Xcel with 500 

MW of capacity from Manitoba Hydro, 5 days per week, 16 hours per day. In addition to this, 

the exchange agreements require that 350 MW is exchanged between Xcel and Manitoba 

Hydro seasonally.61 These contracts have recently been extended.62 The new contracts 

between Xcel Energy and Manitoba Hydro would ensure a total of 725 MW of summer capacity 

(possibly increasing to 850 MW) and 325 MW 

winter capacity (possibly increasing to 450 MW) 

through May 2025.63 These agreements are 

essentially extensions and updates to the current 

agreements; however, the new agreements have 

modified the amounts provided in the summer 

ÖÅÒÓÕÓ ÔÈÅ ×ÉÎÔÅÒ ÍÏÎÔÈÓȟ ÒÅÆÌÅÃÔÉÎÇ 8ÃÅÌȭÓ ÇÒÅÁÔÅÒ 

need for capacity in the summer months.64   

Minnesota also has some untapped in-state 

smaller hydropower potential. In 2006, the U.S. 

Department of Energy, in collaboration with its 

Idaho National Laboratory, published a report 

analyzing the potential for new low power and 

small hydro projects across the U.S.65 This study 

                                                                                                                                                                                                                                       
would mean that where would be times during the year when some fraction of the existing biomass capacity 
would not be utilized.  
61

 Xcel 2010b pp. 1, 6-7, 12.  The diversity exchange agreements require Manitoba Hydro to supply 350 MW of 
ÃÁÐÁÃÉÔÙ ÄÕÒÉÎÇ ÔÈÅ ÓÕÍÍÅÒ ÍÏÎÔÈÓ ×ÈÅÎ 8ÃÅÌȭÓ ÄÅÍÁÎÄ ÉÓ ÇÒÅÁÔÅÒȟ ÁÎÄ ÆÏÒ 8ÃÅÌ ÔÏ ÐÒÏÖÉÄÅ ΩΫΦ -7 ÏÆ ÃÁÐÁÃÉÔÙ 
during the winter months.  
62

 Minnesota PUC 2011 
63

 Minnesota PUC 2011 
64

 Xcel 2010b 
65

 Hall et al. 2006 

 

Figure II-3: Aerial view of the City of St. Cloud 

8MW Hydroelectric Generation Facility. Source: 

City of St. Cloud Public Utilities (St. Cloud 2008)  

 



 

Renewable Minnesota P a g e  | 26 
 

refined a previous 2004 study identifying the gross power potential for undeveloped 

hydropower sites by applying a set of feasibility criteria66 and parameters on a development 

model67 to determine a more realistic small hydropower potential. 

The 2006 study found that of the over 500,000 sites initially identified across the United States 

in the 2004 study, 127,758 sites satisfied the feasibility criteria. These criteria considered site 

accessibility, proximity to load centers or transmission lines, and land use or environmental 

sensitivities that would make development unlikely. 68  The sites that met these criteria were 

considered feasible sites for potential projects and represent 98,700 MWa69 in gross power 

potential. The study then applied a set of development model criteria to the identified feasible 

sites in order to get a sense of a more realistic potential foÒ ÄÅÖÅÌÏÐÉÎÇ ȰÓÍÁÌÌȱ ÁÎÄ ȰÌÏ× 

ÐÏ×ÅÒȱ ÈÙÄÒÏ ÐÒÏÊÅÃÔÓȢ 70 After applying the development model criteria, the study found a 

total hydropower potential of 30,000 MWa across the U.S., which would be enough to almost 

double the existing U.S. hydropower capacity ɀ though the authors point out that a more 

realistic development potential of small hydro projects is about 20,000MWa.71 The report also 

included a state by state analysis which found Minnesota to have a total of 1,433 MWa small 

hydro potential. Of this total, 153 MWa72 was already developed with hydropower generation 

and another 484 MWa are excluded.73 The remaining 797 MWa is the total available 

hydropower potential for Minnesota, before applying the set of feasibility and development 
                                                                        
66

 Feasibility criteria include power potential at least 10kWa (annual mean power value), state and federal 
laws/policies, land use restrictions, existing facilities, site accessibility, proximity to power infrastructure, and 
other environmental sensitivities. (Hall et al. 2006 pp. 14-16) 
67

 The development model assumed the sites would be either low power (less than 1 MWa) or small hydro 
(between 1 and 30 MWa) projects and would not require a dam, reservoir, or other obstruction. The model also 
assumed a penstock (pipe that delivers water to the turbine) parallel to the stream, the return of water to the 
stream, and restricted the working flow to the lesser of half the stream flow rate at the site, or enough to produce 
30 MWa. (Hall et al. 2006 pp. 9,13)  
68

 Hall et al. 2006 p. 19-20 
69

 Hall et al. 2006 pp. 19-20. The results are given in predicted annual mean power values (MWa) rather than in 
plant capacity values (MW). This makes it easier to estimate the annual generation of the facility without knowing 
what the capacity factor of each individual facility is.  
70

 Hall et al. 2006 p. 22-23. It is highly unlikely that the entire potential identified in the Hall report would be 
developed for energy generation. We use this merely as an illustration that some portion of small hydro potential 
remains untapped in the United States.  
71

 Hall et al. 2006 p. 23 
72

 The already developed potential for sites specifically in Minnesota is given as 153 MWa in Appendix B, however 
the main report states on page 26 that 128 MWa is already developed potential for Minnesota.  We will cite the 
numbers found in Hall et al. 2006 Appendix B (pp. B-95 to B-96)  
73

 Sites were excluded Ȱbased on federal law or policy or because of known environmental sensitivities.ȱ (Hall et al. 
2006 p. xviii)  For this report the federal exclusion zones included areas designated by the federal government as 
national battlefields, historic parks, parks, parkways, monuments, preserves, wildlife refuges, wildlife 
management areas, wilderness areas, and all land within one kilometer of designated wild and scenic rivers. (Hall 
et al. 2006 pp. A-3 to A-6) 
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model criteria. Once those limitations are applied, Minnesota remains with 140 MWa of 

potential small and low power hydroelectric generation possible in the state.74 Developing this 

ÅÎÔÉÒÅ ÐÏÔÅÎÔÉÁÌ ×ÏÕÌÄ ÉÎÃÒÅÁÓÅ -ÉÎÎÅÓÏÔÁȭÓ ÃÕÒÒÅÎÔ ÓÍÁÌÌ ÈÙÄÒÏ ÐÒÏÄÕÃÔÉÏÎ ÂÙ ΧΦί ÐÅÒÃÅÎÔȢ75 

2. Biomass 

The role of biomass in this study is that of a placeholder, and is not necessarily a 

recommendation for a particular course of action. Minnesota already has experience with using 

biomass for electricity and thermal energy production used in heating and cooling systems.  St. 

0ÁÕÌ #ÏÇÅÎÅÒÁÔÉÏÎȭÓ ÆÁÃÉÌÉÔÙ uses waste wood from the Twin Cities area to generate 25 MW of 

electricity and 65 MW of thermal energy, which also has a benefit of reducing the need for 

ÓÔÏÒÁÇÅ ÁÎÄ ÍÁÎÁÇÅÍÅÎÔ ÏÆ ÔÈÅ ÃÉÔÙȭÓ ÃÕÔ 

wood. The electricity is sold to Xcel 

Energy and the thermal energy is used to 

heat buildings in downtown St. Paul ɀ 

including the state capitol complex, which 

is the first in the country to be heated and 

cooled by such a facility.76  

The use of biomass also has the potential 

for broader implications beyond the 

electricity industry. Particularly the use of 

food crops for fuel creates potential for 

significant social, economic, and 

environmental conflicts. Although 

analysis of these concerns is outside the 

scope of this report, decision-makers will 

need to consider thÅÓÅ ÉÍÐÁÃÔÓ ×ÈÅÎ ÄÅÔÅÒÍÉÎÉÎÇ ÔÈÅ ÆÕÔÕÒÅ ÏÆ -ÉÎÎÅÓÏÔÁȭÓ ÂÉÏÍÁÓÓ 

resources.  A prior analysis by IEER indicates that the use of food crops for fuel is neither 

desirable nor necessary for renewable energy development.77  

Additional research in the biomass area could focus on identification of the biomass resource 

potential in Minnesota that can be used specifically for electricity generation. And specifically 

research and innovation can focus on the use of non-food biofuels that have much higher 

                                                                        
74

 Hall et al. 2006 Appendix B pp. B-95 to B-96 
75

 Hall et al. 2006 p. 26 
76

 Ever-Green 2008 
77
 Makhijani 2010 CFNF pp. 45-59.  Citations to other literature on biomass can be found there. 

 
Figure II-4: StȢ 0ÁÕÌ #ÏÇÅÎÅÒÁÔÉÏÎȭÓ ÃÏÍÂÉÎÅÄ ÈÅÁÔ ÁÎÄ 

power (CHP) facility which uses wood waste from the 

Twin Cities area. Source: St. Paul District Energy (Courtesy 

of Ever-Green Energy) 
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efficiency potential. For instance, microalgae that are grown in wastewater can form an energy 

supply for both electricity and liquid transportation fuels.78 Other plants that thrive in 

wastewater that also have a high efficiency of solar capture, such as water hyacinths in tropical 

and semi-tropical climates and cattails in temperate climates, are also very efficient converters 

of solar energy into biomass.79  Such biomass sources can also be used as fuel in integrated 

gasification combined cycle (IGCC) power plants. 

D. Envir onmental Impacts  

While a full discussion of environmental impacts from electricity generation is outside of the 

scope of this study, there are environmental concerns that will need further investigation and 

discussion, particularly with the use of hydropower and biomass for electricity generation.  The 

use of biomass as a source of electricity can have impacts on whether land is used to grow food 

crops versus fuel crops, as well as ecological preservation concerns that accompany 

deforestation practices.  

Large-scale hydropower can be disruptive to the environment as well as to local residents.  

Additionally, there are environmental justice concerns with the large-scale hydro projects 

owned and operated by Manitoba Hydro.80  These concerns will need to be part of the 

discussion and further study. For the purpose of this analysis, the use of hydropower and 

biomass as a constant electricity supply can be viewed as placeholders and not as specific 

recommendations.   

E. Policy Considerations  

Minnesota has had a long history of developing state level policies that support and encourage 

the development of renewable energy, and in particular, development of wind energy due to 

ÔÈÅ ÓÔÁÔÅȭÓ ×ÉÎÄ ÒÅÓÏÕÒÃÅ ÐÏÔÅÎÔÉÁÌȢ 4ÈÅ ÓÔÁÔÅ ÐÏÌÉÃÙ ÓÕÐÐÏÒÔ ÎÏÔ ÏÎÌÙ ÐÒÏÖÉÄÅÓ ÆÉÎÁÎÃÉÁÌ 

incentives to the owners and developers of renewable energy projects, but also encourages the 

distribution of development across the state and among state residents. Because of early 

leadership in wind energy, many state policies already in place were designed with wind 

energy in mind. However, as solar power gains momentum, as it is anticipated to do, many of 

the same policy mechanisms can be applied to these technologies.  

Community involvement and participation in wind energy development has been a 

cornerstone of the wind industry in Minnesota since its inception. The state has long 
                                                                        
78

 Makhijani 2010 CFNF pp. 48-52   
79

 Makhijani 2010 CFNF p. 49 
80

 Braun 2012 
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incentivized local ownership of wind energy, and encourages the use of small distributed wind 

energy development for individual or business use. The state has also been a leader in the 

Community Wind movement across the U.S., which aims to increase local community support 

and involvement in wind development.81  There has also been interest in setting the 

groundwork for community solar development.82   

With regard to policies needed to transition to a 100 percent renewable electricity sector, we 

do not advocate a particular approach or for long-term subsidies of any form of energy 

generation. All of the cost calculations are the un-subsidized costs of generation, so that we 

can evaluate all options on a level playing field.  

                                                                        
81

 Minn. Stat. § 216B.1612, 2011 p. 1 
82

 See Farrell 2010 
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III. Joining Supply and Demand  

A. Introduction to Renewable Supply Scenario  

This report aims to provide an analysis of the various elements contained within a fully 

renewable electricity system. Due to modeling, data, time, and financial constraints, we do not 

try to develop a fully optimized renewable energy scenario, though we do maintain system 

reliability, as is the current practice.  

In our analysis, a peak margin of 12 percent above demand is maintained throughout the year, 

reflecting industry standard reliability requirements. We have also assumed that all generation 

resources required will be built in Minnesota, with the exception of continued purchases of 

hydropower from Manitoba Hydro. These assumptions mean that this report is not intended to 

provide an Integrated Resource Plan scenario, as is the practice of Minnesota utilities.  Rather, 

we have adopted a set of constraints to show that, even in such restrictive circumstances, a 

fully renewable electricity sector is technically and economically feasible in Minnesota.  

Relaxation of the in-state resource constraint would likely mean lower costs and a decreased 

requirement for storage.  It may or may not mean less total generation in Minnesota because 

planning on the level of the entire Midwest Independent Transmission System Operator 

(MISO) region typically means that electricity would both be exported to and imported from 

other states in the MISO region. 

In setting up the renewable supply scenario, we based our analysis on the following set of 

limitations and assumptions:  

 Renewable resources: only wind, solar PV, and a combination of hydro/biomass are 
considered. 

 Storage technology: we assume a single storage technology: compressed air energy 
storage, which is described in more detail later.  

 Location of storage: we make no assumptions on whether storage will be co-located with 
generation sources. 

 Single solar technology: only a single solar technology is used: distributed solar PV since 
this is the most likely application of solar in Minnesota. We also do not include 
application of solar thermal hot water heating technology. 

 4ÈÅÒÅ ×ÉÌÌ ÂÅ ȰÓÐÉÌÌÅÄ ÅÎÅÒÇÙȱȡ ÔÈÉÓ ÉÓ ÒÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙ ÔÈÁÔ could have been generated 
but could not be utilized at a particular time, due to the combination of a lack of a 
corresponding demand and because no additional storage capacity was available.   
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One of the most important distinctions between the current electricity system and one that is 

mainly supplied by wind and solar power complemented by storage is the definition of peak 

demand. In the current system the peak demand occurs when consumers of electricity 

simultaneously have the largest combined demand for electricity. Peak load in the current 

system, is determined entirely by the highest simultaneous demand that consumers put on the 

system. This typically occurs on summer weekday evenings when a large demand for air 

conditioners combines with other residential and commercial loads such as lighting. The 

amount of generation capacity in the system is based on the size of this system load plus a 

reserve margin, typically 12 percent above demand. Some types of generation take a day or 

longer to be brought online (e.g. large baseload facilities like nuclear reactors), while others 

might respond in minutes (for instance, hydropower units and natural gas turbines).  

One potential for reducing the peak demand is to use the air-conditioning load as a spinning 

reserve.83 "ÅÃÁÕÓÅ ÔÈÅ ȰÁÉÒ ÃÏÎÄÉÔÉÏÎÉÎÇ ÌÏÁÄ ÇÒÏ×Ó rapidly with ÔÅÍÐÅÒÁÔÕÒÅȱȟ ÉÔ ÐÒÅÓÅÎÔÓ Á 

ÕÎÉÑÕÅ ÃÈÁÌÌÅÎÇÅȡ ÉÔ ȰÄÒÉÖÅÓ ÔÈÅ ÅÌÅÃÔÒÉÃÉÔÙ ÒÅÌÉÁÂÉÌÉÔÙ ÎÅÅÄ ÁÎÄ ÐÒÏÖÉÄÅÓ ÔÈÅ ÒÅÌÉÁÂÉÌÉÔÙ 

ÓÏÌÕÔÉÏÎȢȱ84 As air temperatures increase, the use of air conditioners also increases, which 

creates a significant source of demand on the electricity grid. Utilities can actually turn off the 

energy-intensive compressor of the central air conditioners of willing customers for short 

periods of time; customers who sign up to provide such a service to the utility are typically 

compensated via a deduction in their electricity bills. 4ÈÉÓ ÉÓ ËÎÏ×Î ÁÓ ȰÁÉÒ-ÃÏÎÄÉÔÉÏÎÅÒ ÃÙÃÌÉÎÇȢȱ 

!ÎÄ ÂÅÃÁÕÓÅ ÁÉÒ ÃÏÎÄÉÔÉÏÎÉÎÇ ÃÁÎ ÃÏÍÐÒÉÓÅ ȰÁÓ ÍÕÃÈ ÁÓ έΦ percent ÏÆ ÎÅÔ ÌÏÁÄ ÏÎ ÈÏÔ ÄÁÙÓȟȱ 

the potential for its use as a de facto spinning reserve is great.85 Such measures would have 

minimal impact on daily life since interrupting air conditioning for brief intervals ɀ for portions 

of an hour up to a full hour ɀ generally has little impact on the customer, causing interior home 

temperatures to rise only 3-4 degrees Fahrenheit after 30 minutes of interrupted air-

conditioning service.86   

                                                                        
83

 Spinning reserve usually refers to electricity generators that are connected to the grid and operating at partial 
power, and are ready to provide additional power in the event of a sudden loss of generation on the transmission 
line, for instance, if a large generator failed or a sudden drop in wind speeds occurs in areas of high wind energy 
penetration. (Kueck et al. 2008 p. 1)  
84

 Kueck et al. 2008 p. 1 
85

 Kueck et al. 2008 p. 1 
86

 Kueck et al. 2008 pp. 3, 17. Xcel Energy currently offers its Minnesota customers the option to enroll their 
ÃÅÎÔÒÁÌ ÁÉÒ ÃÏÎÄÉÔÉÏÎÅÒÓ ÉÎÔÏ ÔÈÅ Ȱ3ÁÖÅÒȭÓ 3×ÉÔÃÈȱ ÐÒÏÇÒÁÍȢ /ÎÃÅ ÅÎÒÏÌÌÅÄȟ ÔÈÅ ÕÔÉÌÉÔÙ ÃÁÎ ÔÈÅÎ ÃÙÃÌÅ ÔÈÅ ÕÎÉÔ ÏÎ ÁÎÄ 
off during the hottest days of the year and customers get 15 percent off their electric bill from June-September. 
ɉ8ÃÅÌ 3ÁÖÅÒȭÓ 3×ÉÔÃÈ ΨΦΧΧɊ 
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While all electricity systems need spinning reserves to maintain reliability, the required amount 

for any particular system will depend on the size of the largest possible contingency, or sudden 

loss of supply. Often this is the size of the largest generator on a given system. However it may 

also be possible for grid operators to maintain reliability by decreasing the amount of demand 

if there is a sudden loss of supply on the system. While individual air conditioners are 

significantly smaller in size than this, in aggregate they can reach a cumulative capacity that 

has value for the utility or transmission operator. Additionally, because air-conditioner load is 

not available all hours of the day, but is generally available during times of high electricity 

demand, it creates a significant financial incentive as a spinning reserve.87 The approach of 

independent companies offering to dispatch reduction of demand in the same manner that 

independent generators now offer electricity generation for sale on the spot market would 

provide a suitable instrument for converting a far larger proportion of the air-conditioning load 

to spinning reserve. More research is needed to create accurate forecasting methodologies to 

fully utilize this benefit. Further, with smart appliances and two-way communication between 

consumers and electricity providers around the corner, this kind of arrangement can be 

generalized to include dishwashing machines, clothes washing machines and other devices 

whose time of operation may not be critical to some customers.  The general arrangement is 

ËÎÏ×Î ÁÓ ȰÄÅÍÁÎÄ ÄÉÓÐÁÔÃÈȱ ÁÎÄ ×Éll be possible as appliances, billing arrangements, rates, 

and other technical and economic infrastructure is able to accommodate more flexibility in the 

grid.  The advent of plug-in hybrid cars and electric vehicles holds the potential to greatly 

increase demand dispatch capability.   

In a system where wind, solar, and storage are the primary sources of supply to the electricity 

ÇÒÉÄȟ ÔÈÅÒÅ ÉÓ ÎÏ× Á ȰÒÅÌÁÔÉÏÎÁÌ ÓÙÓÔÅÍ ÐÅÁËȱȢ This occurs when the combined generation 

supply from renewables is low relative to demand, putting the maximum strain on generation 

from stored energy.88 This may or may not occur at the time of the traditionally defined peak 

in the current system.  It may not even occur in the summer.  In the case of the year 2007, the 

traditional system peak for Xcel Energy occurred on July 25th at about 4 p.m.  However, the 

relational system peak in the renewable energy-based system we have modeled occurred on 

September 3rd at about 7 p.m. This is the hour that had the largest use of energy generated 

from compressed air energy storage. Thus in a 100 percent renewable electricity system, the 

largest gap between available total generation (solar, wind, and hydro/biomass in our case) 

and the demand at that particular time is the determining factor and gives us the relational 

                                                                        
87

 The cost of supplying spinning reserves from a generator is dependent on the wholesale market price for 
electricity which generally peaks during times of peak demand. (Kueck et al. 2008 pp. 2-3) 
88

 In the case of compressed air energy storage, this means the maximum use of expander capacity. 
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peak.  Generally, the relational system peak would tend to occur at times with low wind energy 

supply and near or after sunset, when there is essentially no solar PV supply (see Figure III-1). 

 

Figure III-1: Illustration of a relational system peak in the fully renewable electricity system 

modeled in this study. Note that demand and renewable supply are shown for a two-week 

period from August 27 ɀ September 10. Source: IEER; Data source: FERC, NREL, DOE. 

B. Renewable Supply  

The main constraint that results from the requirement that all electricity generation come 

from renewable energy sources is the intermittent nature of wind and solar power. (See Figure 

III-2 and Figure III-3) The fluctuations in wind speeds and solar insolation pose challenges, since 

energy services are expected to be available whenever demanded.  As indicated above and 

discussed in more detail below, this constraint can be removed if the concept of demand 

dispatch is integrated into the system.  Because we do not assume the existence of a Ȱsmartȱ 

ÏÒ ȰÉÎÔÅÌÌÉÇÅÎÔȱ  grid, demand dispatch (which provides flexibility to shape the load curve to 

available generation) is not taken into account in our calculations.  See the section on energy 

efficiency for more discussion of this topic.  The perception that intermittency is a barrier to 

ÉÎÃÒÅÁÓÅÄ ÕÓÅ ÏÆ ÓÏÌÁÒ ÁÎÄ ×ÉÎÄ ÉÓ ÉÔÓÅÌÆ ÉÍÐÏÒÔÁÎÔ ÓÉÎÃÅ ÉÔ ÉÓ ×ÉÄÅÌÙ ÈÅÌÄ ÁÎÄ ȰɍÕɎÔÉÌÉÔÙ ÍÁÎÁÇÅÒÓȟ 

system operators, energy consultants, and government experts generally believe that the 
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intermittency of renewable resources is a serious obstacle to their wider use in the United 

3ÔÁÔÅÓȱȢ89  

 

Figure III-2: Wind energy output during January 2007 in a 100 percent renewable electricity 

system for Minnesota. Note that these values do not represent the actual wind energy 

generated by Xcel Energy or any other wind energy producer during that time, but reflect 

soÍÅ ÐÏÒÔÉÏÎ ÏÆ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÁÓ ÉÄÅÎÔÉÆÉÅÄ ÉÎ .2%,ȭÓ %7)4 3ÔÕÄÙȢ  Source: IEER; Calculation 

based on EWITS Dataset.  

                                                                        
89

 Sovacool 2009 p. 289 

0  

2,000  

4,000  

6,000  

8,000  

10,000  

12,000  
1
 

2
5 

4
9 

7
3 

9
7 

1
2
1 

1
4
5 

1
6
9 

1
9
3 

2
1
7 

2
4
1 

2
6
5 

2
8
9 

3
1
3 

3
3
7 

3
6
1 

3
8
5 

4
0
9 

4
3
3 

4
5
7 

4
8
1 

5
0
5 

5
2
9 

5
5
3 

5
7
7 

6
0
1 

6
2
5 

6
4
9 

6
7
3 

6
9
7 

7
2
1 

M
W

 

Hours 



 

Renewable Minnesota P a g e  | 35 
 

 

Figure III-3: Solar PV output during January 2007 in the 100 percent renewable electricity 

system we have modeled for Minnesota. Note that these values do not reflect the actual solar 

energy generated by Xcel Energy or any other solar energy producer during that time, but 

ÒÅÆÌÅÃÔ Á ÐÏÒÔÉÏÎ ÏÆ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÁÓ ÉÄÅÎÔÉÆÉÅÄ ÉÎ .2%,ȭÓ ÉÎÓÏÌÁÔÉÏÎ ÄÁÔÁÂÁÓÅȢ  Source: IEER.  

Data source: Calculation based on NSRDB 1991-2005   

Technically, however, intermittency can be dealt with in a number of ways, such as energy 

storage, specific end use technologies, and the use of combined heat and power to greatly 

reduce air-conditioning peaks, etc.  Utilities have ample experience in managing variability in 

the form of demand for electricity.  Figure III-4 shows the variability in demand on Xcel 

%ÎÅÒÇÙȭÓ ÓÙÓÔÅÍ ÆÏÒ ÏÎÅ ÍÏÎÔÈȢ "ÅÃÁÕÓÅ ÄÅÍÁÎÄ ÁÎÄ ÓÕÐÐÌÙ ÈÁÖÅ ÔÏ ÂÅ ÂÁÌÁÎÃÅÄ ÁÔ ÁÌÌ ÔÉÍÅÓȟ 

using variable energy sources requires the use of either other sources of generation that can be 

ramped up relatively fast (to make up for fluctuations in the outputs of wind and solar power) 

or the use of storage so that excess generation during periods of high wind or solar insolation 

could be used later, as illustrated in Figure III-5.   

Currently utilities balance this variability almost entirely from the supply side, using with 

hydropower, single stage natural gas turbines, and to a lesser extent, natural gas combined 

cycle generation.  The only demand dispatch technology in widespread use at the present time 

is air-conditioner cycling.  These supply side approaches also incur considerable costs since 

they mean that equipment used only for peak or intermediate generation is idle for much of 
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the year.  The capacity factor ɀ the ratio the actual generation and the theoretical potential if 

the equipment were generating all the time a full capacity ɀ for generation equipment in 

Minnesota was only about 42 percent in 2010.90 This indicates that targeted efficiency 

improvements in certain sectors and combined heat and power and demand dispatch could 

make a very substantial contribution to shaping demand to make the system more flexible and 

reliable and also potentially to reducing costs.   

 

Figure III-4: Hourly electricity demand of Xcel Energy Minnesota customers for January 2007.  

Source: IEER.  Data source: FERC Form 714 

                                                                        
90

 The total installed generating capacity (net summer) in Minnesota in 2010 was 14,715 megawatts, while the 
generation was 53,670,227 megawatt hours. This yields an annual average capacity factor of about 42%. The low 
capacity factor is in large measure due to the fact that the natural gas capacity factor is just under 10% -- meaning 
that over 4,440 megawatts of capacity is idle over 90 percent of the time - a lower capacity factor than solar in 
Minnesota. The utilization of the 795 megawatts of petroleum-fueled capacity is even lower at just 0.4%. 
Calculated from EIA 2010 Minnesota Profile Tables 4 and 5. 
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Figure III-5: Total cumulative renewable energy output in a 100 percent renewable energy 

based electricity system and Xcel Energy electricity demand in Minnesota, January 2007. 

Source: IEER.  Data sources: demand, solar, and wind are from Figures III-2, III-3, and III-4 above; 

biomass/hydro from the constant supply of 1,350 MW of generation capacity used as a 

placeholder (described in renewable resources section). 

Intermittency needs to be dealt with at multiple time scales. One is at the hourly scale that we 

focus on here. But one also has to deal with fluctuations at much smaller time scales, since 

fluctuations on the level of seconds or minutes can cause undesirable fluctuations in the 

frequency and voltage of the electricity supply.  Responding to short time-scale fluctuations is 

also not a new problem, though it would increase in scale considerably when solar and wind are 

the main energy supply resources.  Responding to short term fluctuations might involve the 

ÕÓÅ ÏÆ ȰÂÁÔÔÅÒÉÅÓȟ ÆÕÅÌ ÃÅÌÌÓȟ ÓÕÐÅÒÃÁÐÁÃÉÔÏÒÓȟ ÏÒ ÏÔÈÅÒ ÆÁÓÔ-ramp-rate energy storage 

ÓÙÓÔÅÍÓȱȢ91  Specialized flywheels that have built-in motor-generator sets, are being 

increasingly used as well as a more durable alternative to batteries.92  At the hourly level, coal-

ÆÉÒÅÄ ÐÌÁÎÔÓ ÏÒ ÇÁÓ ÔÕÒÂÉÎÅÓ ÃÁÎ ÂÅ ȰÒÕÎ ÁÔ ÌÅÓÓ ÔÈÁÎ ÍÁØÉÍÕÍ ÃÁÐÁÃÉÔÙȟȱ ×ÈÉÃÈ ÃÁÎ ÔÈÅÎ ÂÅ 

                                                                        
91

 Apt 2007  
92

 See, for instance, KEMA 2007. 
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increased rapidly, thereby offering a spinning reserve.93 But we do not adopt that strategy 

ÈÅÒÅȟ ÓÉÎÃÅ ÏÕÒ ÃÈÁÌÌÅÎÇÅ ÉÓ ÔÏ ÓÅÅ ÉÆ ÔÈÅ ÁÎÎÕÁÌ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄ ÏÆ ÔÈÅ ÓÔÁÔÅȭÓ ÌÁÒÇÅÓÔ ÕÔÉÌÉÔÙ 

can be supplied entirely with renewable energy sources such as wind and solar, other than a 

very small amount of natural gas that could be replaced by biogas. 

As noted above, expanding the geographical reach of the renewable system will help even out 

some of the variability inherent in wind and solar energy generation. This has already been 

studied for wind power in Minnesota and regionally.94 Additionally, it is also true for solar 

power ɀ a greater geographical dispersion of solar installations helps to level out the minutely 

and hourly fluctuations in sunlight from any one given location.95
  

C. Modeling a Renewab le Energy System  

7Å ÂÅÇÁÎ ÂÙ ÅÖÁÌÕÁÔÉÎÇ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÔÏ ÍÅÅÔ Á ÓÉÎÇÌÅ ÙÅÁÒ ÏÆ ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄ ÏÆ ÔÈÅ ÓÔÁÔÅȭÓ 

largest electric utility, Xcel Energy, with renewable energy sources. As mentioned earlier, we 

chose the year 2007, the last year before the recent economic recession, as representative of a 

more typical average electricity demand. By choosing such a year, we are able to model a 

system that can meet our current reduced demand, and evaluate the potential to meet a 

greater demand as the economy improves. Our approach to creating a renewable electricity 

system includes the following elements: 

 #ÏÍÐÉÌÅ ÈÏÕÒÌÙ ÄÅÍÁÎÄ ÄÁÔÁ ÆÒÏÍ ÔÈÅ ÓÔÁÔÅȭÓ ÌÁÒÇÅÓÔ ÕÔÉÌÉÔÙȟ 8ÃÅÌ %ÎÅÒÇÙȢ 

 Collect and combine the hourly data from wind and solar energy sites in the state. 

Note, however, that variations in wind and solar supply from year to year are not taken 

into account in this analysis. 

 Establish a constant energy supply in the scenario. We have used a combination of 

hydropower and biomass in this study, which is intended to serve as a placeholder and 

not necessarily a specific technology recommendation. 

 Determine appropriate storage technology. We are using compressed air energy 

storage (CAES), also as a placeholder and not meant as a specific technology 

recommendation. We are able to adjust the capacity of the storage technology in the 

model, in combination with the other elements of the system, to satisfy reliability 

requirements for all hours of the year. In practice a mix of approaches would be used.  

See Chapter IV below. 

                                                                        
93

 Bélanger and Gagnon 2002 pp. 1279-1280 
94

 See Wind Integration 2006 v.I and EWITS 2011 
95

 Mills and Wiser 2010 p. 11 
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 A compressor is chosen for the CAES system, with the size being equal to the largest 

amount of surplus power generation over demand in the year. 

 The size of the CAES expander (which converts part of the energy in hot pressurized 

gas into mechanical motion)  is chosen to meet the largest deficit requirement between 

generation and demand (including a 12 percent reserve requirement) in combination 

with storage.  

 The available capacity of renewable generation (hydro/biomass, wind energy, solar 

energy, and storage) must be equal to demand plus 12 percent for each hour of the 

year. 

 We performed a manual adjustment in the model of the solar, wind, expander, and 

storage capacities so that the minimum reserve capacity does not drop below 12 

percent for any hour in the year and so the costs are kept as low as possible.  This is not 

a least-cost approach, which would take efficiency and demand dispatch and a mix of 

storage technologies into account.  Since these aspects would modify the demand 

ÃÕÒÖÅ ÉÎ Á ÍÁÊÏÒ ×ÁÙȟ ÐÅÒÆÏÒÍÉÎÇ Á ȰÌÅÁÓÔ ÃÏÓÔ ÏÐÔÉÍÉÚÁÔÉÏÎȱ ×ÉÔÈ ÏÎÌÙ ÇÅÎÅÒÁÔÉÏÎ ÁÎÄ 

storage resources is not necessary.  We integrate efficiency considerations partially as a 

separate consideration in the economic analysis and discuss other factors qualitatively.  

By looking at the hourly demand for Xcel Energy, and calculating the estimated renewable 

energy potential available, we could determine the number of hours in which electricity 

generation fell short of demand and would need to be supplemented with stored energy.  

Figure III-6 and Figure III-7 show the mix of renewable energy supply and electricity demand in 

a 100 percent renewable energy system for the weeks of January 1-7 and July 11-17 ɀ two very 

different weather patterns and electricity needs. The red line indicates the demand for that 

week, while the blue, yellow, and green shaded areas above the axis indicate electricity 

generation from hydropower/biomass, solar, and wind power respectively. The purple shaded 

areas represent the stored electricity that was used to meet demand when generation was 

insufficient. The orange shaded areas below the axis represent the excess supply that is put 

into storage when generation exceeded demand, after taking into account the efficiency of the 

storage system. As we expected and these charts show, there will be variations in the amount 

of excess energy that is stored at any given time, day, and season.  
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Figure III-6: Hourly supply and demand with storage, January 1-7, 2007. Source: IEER.   

 

Figure III-7: Hourly supply and demand, with storage. July 11-17, 2007. Source: IEER.    
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IV. Energy Storage  

In an electricity system dominated by solar and wind, energy storage plays the part that 

peaking capacity plays in a traditional electricity system.  Ideally, a mix of demand dispatch, 

combined heat and power, specific load-shaping energy efficiency technologies, and a variety 

of energy storage devices would be considered together.  In case hydroelectricity reservoirs are 

available, pumped storage could also be added to the mix.  Sodium-sulfur batteries could be 

used in the distribution network for relatively decentralized storage. In this report we rely on a 

single storage system ɀ compressed air energy storage ɀ to illustrate in the simplest (though 

not the most cost-efficient) way of how the problem of intermittency might be addressed.96   

 
Figure IV-1: Energy storage options as used in Xcel Energy's 2010 Integrated Resource Plan 

filing. Source: Courtesy of IHS Emerging Energy Research 

                                                                        
96

 For more information on recent Department of Energy funding of energy storage research and demonstration 
projects, see DOE 2010a. 
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Historically, energy storage has on many occasions been conceived of as being related to 

specific generation facilities. For example, an early analysis from Denmark compared the 

economic costs of using storage and a wind farm to using a nuclear reactor to meet fluctuating 

demand.97 (Ï×ÅÖÅÒȟ ÁÓ ÔÈÅ .ÁÔÉÏÎÁÌ 2ÅÎÅ×ÁÂÌÅ %ÎÅÒÇÙ ,ÁÂÏÒÁÔÏÒÙ ÓÁÙÓȟ Ȱ)Ô ÉÓ ÎÏÔ ÃÏÓÔ 

effective or efficient to couple energy storage resources exclusively to individual wind plants. It 

is the net system load that needs to be balanced, not an individual load or generation source in 

isolation. Attempting to balance an individual load or generation source is a suboptimal 

solution to the power system balancing needs. Hydropower and energy storage capacity are 

valuabÌÅ ÒÅÓÏÕÒÃÅÓ ÔÈÁÔ ÓÈÏÕÌÄ ÂÅ ÕÓÅÄ ÔÏ ÂÁÌÁÎÃÅ ÔÈÅ ÓÙÓÔÅÍȟ ÎÏÔ ÊÕÓÔ ÔÈÅ ×ÉÎÄ ÃÁÐÁÃÉÔÙȱȢ98  

We have used this approach in our study. 

Utility scale electrical energy storage has been suggested or used around the world for multiple 

reasons.99 This includes capacity reliability,100 load leveling,101 and energy arbitrage.102 There 

are currently only two large-scale energy storage technologies that are commercial today and 

could be used with the high penetrations of wind and solar that our study presents: pumped 

hydro energy storage (PHES) and compressed air energy storage (CAES). Other solutions that 

are being developed, but are not yet commercial, include storage in large-scale batteries, use 

of electric vehicles as storage devices, as well as use of natural gas single-stage turbines with 

the gas eventually replaced by biogas ɀ however the long-term environmental impacts of this 

approach need further study.  

Additionally there are demand-side solutions, such as using excess electricity to generate ice 

which is then used to for air conditioning and aggregation of air-conditioning and commercial 

freezer demand that can be later dispatched - similar to present day generation dispatch. 

Where electric hot water heaters are used, some of the heating could be done at times when 

excess generation is available. Similarly, commercial freezers and refrigerators could be cooled 

slightly below normal temperatures at times of surplus renewable supply and turned off at 

times of deficit.  A number of other similar approaches to flexibly use available intermittent 

resources are being developed and can be combined to reduce centralized storage 

requirements, reduce cost, and increase flexibility.  

                                                                        
97

 Sørensen 1978 
98

 NREL 2011 
99

 Parker 2001 
100

 Sobieski and Bhavaraju 1985 
101

 Giramonti et al. 1978  
102

 Walawalkar, Apt, and Mancini 2007. Energy arbitrage occurs when a storage device captures low-cost energy 
and then sells it later at a higher rate.  
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&ÉÎÁÌÌÙȟ ÁÓ ÎÏÔÅÄȟ ÇÅÏÇÒÁÐÈÉÃ ÄÉÖÅÒÓÉÔÙ ÉÎ ÌÏÃÁÔÉÎÇ ×ÉÎÄ ÇÅÎÅÒÁÔÉÏÎ ÁÌÓÏ ÈÅÌÐÓȢ Ȱɍ'ɎÅÏÇÒÁÐÈÉÃÁÌ 

disÐÅÒÓÁÌ ÉÍÐÒÏÖÅÓ ÁÇÇÒÅÇÁÔÅ ÒÅÌÉÁÂÉÌÉÔÙȱ ÏÆ ×ÉÎÄ ÔÕÒÂÉÎÅÓ ÓÉÍÐÌÙ ÂÅÃÁÕÓÅ ȰɍÉɎÆ ÔÈÅ ×ÉÎÄ ÉÓ ÃÁÌÍ 

ÁÔ ÓÏÍÅ ÓÉÔÅÓȟ ×Å ÃÁÎ ÃÏÕÎÔ ÏÎ ÉÔ ÂÌÏ×ÉÎÇ ÁÔ ÏÔÈÅÒÓȢȱ103  The inclusion of dispersed sites will 

likely require the construction of more transmission capacity. However, it has been shown that 

ȰÔÈÅ ÅÃÏÎÏÍÉÃ ÂÅÎÅÆÉÔ ÏÆ ÅØÐÁÎÄÉÎÇ ÔÈÅ ÓÐÁÔÉÁÌ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ×ÉÎÄ ÆÁÒÍÓ ÔÏ ÒÅÄÕÃÅ 

ÉÎÔÅÒÍÉÔÔÅÎÃÙ ÃÁÎ ÅØÃÅÅÄ ÔÈÅ ÃÏÓÔÓ ÏÆ ÁÄÄÉÔÉÏÎÁÌ ÔÒÁÎÓÍÉÓÓÉÏÎ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅȢȱ104  Seen in this 

light, the constraint that all wind energy resources should be located within Minnesota is likely 

to result in somewhat higher costs than would otherwise be incurred. Thus, expanding the area 

of study and planning would result in reduced costs, even taking into account the necessary 

additional transmission infrastructure.  

A. Compressed Air Energy Storage  

Compressed air energy storage (CAES) is used in this report as a placeholder technology for 

the storage requirements of the 100 percent renewable electricity system; however it is 

important to note that any application of this technology will be limited by geography ɀ that is, 

by the availability of locations for the energy storage reservoirs. The use of compressed air is 

familiar in a number of everyday contexts, for instance, the use of pressurized air is used to 

power tools in road repair and automobile garages. 

There is also experience with storing compressed air in large underground caverns for the 

purpose of reducing the use of natural gas fuel in peaking gas turbines in current electricity 

systems. Two large-scale commercial CAES systems exist, and more are in development. The 

Huntorf plant in Germany has a capacity of 290MW and has been in operation since 1978. The 

McIntosh plant in Alabama is 110MW and has been operational since 1991.105  Pacific Gas and 

Electric Company (PG&E), in California, received a Department of Energy grant for $25 million 

in the Smart Grid stimulus funding, under the American Recovery and Reinvestment Act, for a 

large 300 MW compressed air energy storage (CAES) project.106  The total cost of this project is 

estimated at nearly $356 million and expected to complete construction in December 2016.107 

Even closer to Minnesota, the efforts to develop the Iowa Stored Energy Park, a 270 MW 

compressed air storage project designed to create dispatchable wind-generated electricity, 

highlight the complexity with both site selection and integration into the current electric 

                                                                        
103

 Kahn 1979 p. 1 
104

 DeCarolis and Keith 2006 p. 408 
105

 Makhijani 2010 CFNF pp. 69-71.  For CAES and wind energy storage see EPRI-DOE 2004.  See also NREL 2006 
and Cavallo 2001. 
106

 PG&E 2009 
107

 See DOE 2010b  

http://www.smartgrid.gov/sites/default/files/pge-oe0000198-final.pdf
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system. The ISEP partners included a consortium of Midwestern municipal utilities, including 

the Central Minnesota Municipal Power Agency (CMMPA) of Blue Earth.  However, the project 

was cancelled in mid-2011 due to concerns with the suitability of the rock at the selected 

site.108 The project proponents hope the experience of this project will help other CAES 

projects move forward in the future, noting that the project design and economics were 

solid.109  

One such project that may benefit from the experience in Iowa is the proposed CAES 

development in Nebraska. The Nebraska Public Power District (NPPD) voted to pursue 

development of an underground storage cavern in the Dakota Sandstone formation, which 

also covers a portion of Minnesota. The energy used to compress the air will come from a 

variety of sources including coal, nuclear, and wind, but if successful it is possible to transition 

this facility to be completely powered by renewable energy. Preliminary estimates indicated 

NPPD is anticipating a cost of $1,200 - $1,300 per kilowatt.110 A Canadian study has found that 

use of CAES with wind energy projects actually improves project revenues in the wholesale 

electricity market by 15-43 percent.111  This economic improvement occurs from storing energy 

when it is cheap and selling it when it is more expensive.  In the context of a fully renewable 

electricity system, the purpose of storage is similar but technical rather than economic ɀ to 

store energy when it is plentiful (excess supply) and to use it when it is scarce (excess demand).  

Figure IV-2 shows the typical configuration of a CAES system. When electricity supply is 

ÇÒÅÁÔÅÒ ÔÈÁÎ ÄÅÍÁÎÄȟ ÉÔ ÉÓ ÕÓÅÄ ÔÏ ÃÏÍÐÒÅÓÓ ÁÉÒ ɉÔÈÅ Ȱ-ÏÔÏÒ Ǫ #ÏÍÐÒÅÓÓÏÒȱ ÅÌÅÍÅÎÔ ÉÎ &ÉÇÕÒÅ 

IV-2). If using a coal-fired power plant to reduce peaking natural gas use, the compressor 

generally operates at night when demand is low. In the case of a renewable energy system, the 

compressor would be operated when the total available supply (solar, wind, hydro, and 

biomass) is greater than the demand in any particular hour. The compressed air is then stored 

in an underground cavern, which could be a pre-existing cavern or one mined specifically for 

the purpose. It could also be stored in a tank, but tanks are much more expensive than caverns 

and can be used for only relatively small amounts of storage.   

                                                                        
108

 ISEP Press Release 2011, ISEP Study Summary 2011, and AP 2011 
109

 AP 2011. Also see Lessons from Iowa 2012. 
110

 Lincoln Journal Star 2011 
111

 Alberta Innovates 2011 p. v.  
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Figure IV-2: Main elements of a Compressed Air Energy Storage (CAES) system. Source: Sandia 

National Laboratory (Sandia 2001). 

Underground formations, such as salt domes and depleted gas fields, can be adapted for use 

with CAES technology. The caverns at the Huntorf and McIntosh sites are in salt formations 

which were solution-mined for the volume needed specifically for the purpose of providing 

compressed air storage to these facilities. This is a well-understood technology, since 

compressed natural gas is often stored in solution-mined caverns. Compressed air can also be 

stored in aquifers, much as a portion of natural gas is today, notably in the Midwest.112  

Compressed air would be stored as a large bubble of pressurized air. As air is pumped into an 

aquifer, many bubbles form; these merge eventually into a single bubble as more air is pumped 

in. A cushion of residual pressurized air is needed to maintain the single bubble. CAES systems 

appear to be practical in a power range from above 100 MW up to several thousand 

megawatts. The cost of CAES technology is highly dependent upon the cost of preparing 

underground caverns or other geophysical domains for compressed air storage. The storage 

                                                                        
112

 EIA Natural Gas 2004 
































































































































