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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 card@xide (CO2)

and other greenhouse gas emissiok#ilities must also comply wittmore stringent clean air
requirements, which particularly affect coéited power plants, many of whidhtilities may opt

to shut down. Additionally, there is a growing momentum for utilities to protect themselves
and their ratepayers against volatiledsil 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 wincdeegy approaching 47,000 megawatts (MW)

and installed grigconnected solar electric capacity of 3,100 M\Solar installations have
increasingly become largscale, with growing numbers of photovoltaic (PV) and

concentrating solar power (CSP) projects mycapacities 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 c@dtectiveness 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 wigeénerated electricity are comparable to new coal

or natural gas combined cycle power plants without including subsidies or @ gnicarbon.
Wind-generated electricity is also less expensive than nuclear and remains lower than nuclear
even when storage costs are addéd.

Renewable energy resources are plentiful across the country. Studies of the Midwest and the
footprint of the regonal 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
sdar 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 enbaged electricity sytem.

! AWEA2012 and SEIA and GTM Research 2011 p.3

% All cost estimates in this study are markleased estimates to the extent possible. Specifically, subsidies such as
investment tax credits, production tax credits, federal loan guarantees, and intdrestfinarcing by ratepayers

are not included in any of the cost estimates.
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Our overall goal is to examine whether a fully renewable endrgsed 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 frirseators. 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 criticalachieving any significant reduction in greenhouse
gas emissions overall.

OEi T AAOET ¢ A OAT AxAAiI A COEAd AAAI ET (
! POET AEPAI ET OECEO OEAO Ai AOCAO &EOI i OE
1T AA6 1 AdblAcedin@dsignindian electricity system with a high proportioisolar
and wind energy. At present the system peak is determined entirely by consupieisthe
time of highest simultaneous load on the system. In a renewable energy system with store
depending on how it is configured, it is entirely possibletttiere may be plentiful electricity
generated at such times. The crunch time may be during periods when the wind and solar
supplyarelowrelativeOT A AT AT A8 31 EO E Ozib.JnaintiA Lis of
generation from stored energyto occur when demand is not at its highest. Indeed, this wi
oftenbetE A AAOAS8 7A EAOA AAI T AA OEEO PEATITI
electricity system of the future, if it is to have a large fraction of solar and wind energy, will
need to optmize 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
reducethe relational system peaklinstead of the peak load that drives marginal investment:
in generationas at presentdealing with the relational system peak will require comprehens
consideration of investments throughout the systeprgeneration, demand, andtsrage
(though not necessarily by utilities in all cases).

~ A X s o~ - oA~

7A OOAA EEOOI OEAAI AAOA 11 Al AAOBOEAEOU 0OO6DPDPI U

largest electricity provider and is a good representative of these parameters éosttite 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, walg® 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 demanaf 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 commerstale wind energy and
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rooftop solar PV, due teconomies of scale and the most likely application of each technology

ET -ETTAOI OAs &OOOEAOh -ETTAOI OAGO OAT AxAAI A
accommodate any foreseeable growth in electricity demand in the next four decades and
beyond.Hence, wewnere 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 distbuted 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 thatve assume for our amgsis is compressed air energypisage

(CAES), which has been used commercially for decades witHficedlpower plants in two

locations: Germany and Alabama. Compressed natural gas storage in caverns and aquifers is
also a standard technology. CAES idyoone 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 neededvinnesota does have geology that may be suitable for CAE&any
locations however, indepth investigatiors areneededto identify potential sitesA 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, stlaipbs 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 showstti&t can be

dispatched reliably when there is storage. In our analysis we maintain the usual reliability
criterionz 12 percent reserve margin over demanqtbr every hour of the year. And such a
system does not have to be prohibitively costly. As insiout, a 100 percent renewable
energy-based electricity system for Minnesota increases rates by a m&reents per kilowatt
hour when sufficient reasonable and economical investments are made in energy efficiency.

While one reason to pursue renewaldeergy 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 energyased electricity provides a better product to society. The
electrons speding 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 fromidiotrieity
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sector. We do not examine the net jobs impact, but do discuss the broader overall jobs
potential from renewable energglevelopmentin Minnesota.

Main Findings

o A renewable energybased electricity sector is technically feasibleusing available
and proven technologies. If this is supplemented with an intelligent grid with-ivey
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.

e There are ample renewable resources in Minnesatd here is more than enough wind
AT A Oi1 A0 AT Aocu bi OAT OEAT O1I 1 AAO OEA AT O
every hour and to accommodate growth the foreseeable futureérhese technologies
are already commercially available. While we have not examined the subject in detalil
here, there is evidence that the requisite amount of utifiyale storage technology can
also be installed within the state.

e An efficient, renewable electricity system can be achieved atraoverall cost
comparable to the present total cost. The added costs of renewable energy
generation, as compared to the current generation from mature and fdépreciated
fossil fuel and nuclear generati facilities, can beffset by increasing the energy
efficiency of household and building appliancé&$ie net costs of electricity services
lighting, cooling, running appliances, etevould be the same as today, but partitioned
between generation, stage, efficiency, transmission and distribution.

o Energy efficiency lowers the effective cost of electricityservicesand electricity bills.
There are ample opportunities for reducing electricity use while maintaining the same
level ofservices such as lighting and cooling and running computéos.instance, a
more efficient refrigerator or air conditioner would provide the same level of cooling,
but would use less electricity to do sBut the investment in the refrigerator would tze
little more compared to an average modeAppliance 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 Minneota 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 resource®|lleaswv
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create a more informed technical and cost framework for transitioning to a renewable energy
based electricity sector:

o Initiate a detailed, statevide energy efficiency study, including the technical and
economic aspects and the effect of efficiermyd demand dispatcinvestments on the
electricity demand patterrand on relational system peaks

e Require utilities to include increased renewable energy and storage in their Integrated
Resource Plans by modeling what it would take to meet their projecitiand with
onlyrenewable energy resourcesd 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 bmbmedto reducethe costsof a
fully renewable electricity system

o Initiate a detailed exploration of the feasibility of CAES and other utsitale storage
options in Minnesota.

e Further refine the findings in this report by developing an optimized framek for
reducing the relational system peak.

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

e Adopt a statewide goal for achieving a 100 percent renewable energy standard, with
achievable benchmarks and ms®nes and a periodic review of progress every few
years.
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|. 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 fiearicity needs.
Minnesota has been a leader in the integration and use of renewable egdrgsn the wind
farms inthe southwestportion

of the stateto an increasing Other

number of solar panels found
on urban rooftops.

Minnesota has an opportunity
to build on thismomentum
andset a path towards a fully
renewable and efficient
electricity system. This report
is the first step towards that
goalby answering questions
about what we do when the
sun is not shining and the wind | Natural Ga
is not blowing. Specifically, %

Nuclear

24% Coal

59%

Petroleum
this report aims to provide a 1%
technical and economic
frameworkshowing that the Figure $1: Minnesota electricity generation by source, 2007.

same level of reliability that Source: IEER. Data soufels 2010 Minnesota Profile Tahle
prevails with nuclear and &sil
fuels can be achieved withfully renewable electricity system in Minnesota

For this report, we chose to lo@kt 2007 data, the last year before the recession, as an
indication of more normal, preecession electricity patterns. In 2007 Minnesgenerated59
percent of its electricity from coal, 7 percent from natural gas, 24 percent from nu@ear,
percent fromwind, solar, biomass, 1 percent from hydroelectand Ipercentfrom
petroleum.® (See Figuré-1) By utilizing 2007 electricity demand data for Xcel Enérgy

®EIA 2010 Minnesota Profile Table 5
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planning area as reported to the Federal Energy Regulatory Commission (F&RIC)

OAT AxAAT A AT Aocu OOPBPI U ET &£ Oi AGETT £EOTIT OEA
Information Administration (EIA) and National Renewable Energy Laboratory (NREd),
availableenergyefficiency datawe were able to develop a cesffective electricitygeneration

scenario using 100 percent renewable energy to sufficiently meet the electricity demand of the
OOAOAGO 1 AOCAOO Al AAOOEA OOEI EOUh xEOEI OO0 OAN

Minnesota has a long history of state leadership on compl@xironmental 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 st@&uclear waste. Because building a nuclear
power plant is so costly and tirrietensive,it tends toconsume mosavailable 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 resourcestanh

invest, succasfully,in renewable energgand energy efficiencyechnology in order to meet
demand.

Further, n setting fortha visionoOEA OOAOAS8 O AT Aocu A£OOOOA ET OE
Energy Act the Minnesota legislature enacted what was at the time, theicdd OU8 O OO Oi 1 C/
Renewable Energy Standard (RE$&quiring 25 percent of the electricity produced by the
OOAOAGO OOEI EOEAOG OfF, primariyAindBp2025 (3pdrded by2@0 A O1 OO0
for Xcel Energy’ Since then, an increasing numberather states have strengthenednd

expandedtheir commitments to renewable energy. For instance, California increased its state
renewable energy standard target for electricity producers to 33 percent by®20#0included

the option for utilities to integate storage technology Other states include Hawaii (40

percent by 203dfand New York (30 percent by 2015)

4 Hourly demand data are in the control planning area for X48P (utility number 216) as report to the Federal
Energy regulatory Commission on Forrid/ This data corresponds mostly but not completely with the NSP's
electricity supply to Minnesota customers alone.

®Next Generation Energy Act of 2007

® 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.

"See Minn. Stat. § 216B.162011Subd. 2(a) ad 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.

’00000AT O O1 # Al E A&l -DHoE (Bdiforniea08)aiEGENd

°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)

pyrsuant to Hawaii HB 1464, signed into law in June 2009 (Hav9) 20
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Also in the 2007 Next Generation Energy Act, the Minnesota legislature mandated that a plan

be developed to reducstate-wide greenhouse gas erssions by 80 percetritom 2005 levels

by mid-century**As the largest source @ E A CQOOMORASEG OOA CAO Ai EOOET T (
electricity sector has a major role to play in achieving this gbaing sawill require efforts

AAUT T A 1 AAOET x@ting BEESAcdotindxdtbeMinAesota Pollution Control
Agency,(b]Jaseline 2005 emissions were estimated at 154.1 million-€@2valent tons,

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

million CO2equivdent tons and a 2025 target of 107.9 million C&fuivalent tons. Assuming

a linear approach or trajectory to these target levels, Minnesota statel GHG emissions

would need to decline about two million C@2juivalent tons per year to meet these goals.

Given thelikely difficulties ingreatly 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 (Fgure
an almost complete etination of greenhouse gas emissions from the electricity sector will be
a critical element in achieving an 80 percent reductiooverallemissionsFrom 1970 to 2006
almost all sectors reduced their greenhouse gas emissions, except for transportatich w
stayed fairly level, and electricity generation, which increased by 55 percent during the same
time period (Figurd-3).

“pursuant to New York Public Service Commission Order, Ca$e@B8, Effective January 8, 2010 (New York
2010)

?See Minn. Stat. § 216H.02 subd. 1.

3Ciborowski and Claflin 2009 p. 111
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Figure 12: Total greenhouse gas emissions in MN by sector, -P908.Source: IEER. Data

source: Ciborowski and Claflin 2pp9138142
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B. Goals of the Study

Our goakin studying these issueareto first see whether the electricity demand for a typical

UAAO T A& -ETTAOI OAG O telfakilygnthdugh & chrbid&iénof s@iddE1 EOU
wind, and storage technology, and secand estimate the rough cost at which this might be

done. TRAOA EO CiI T A OAAOGIT O AOOAIi PO OEEO OUDPA 1,
&O0O0OO0O0ARh AT T OATAA Au OEA . ACEITTAI ' AAAAT U T £ 3
in the United States, taken collectively, can supply significantly greateramof electricity

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

01 OA b b A A'Mdh df thiis i8 the form of wind, concentrated primarily in the Midwest.

There are also ample solar resources in the Soustwsufficient to power all of the United

States’®

As we will discuss nergy efficiency measuresill 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 thoroup discussion of energy efficiency technology can be found later, in the
AEOAOOOGETT 11 -ETTAOI @Actvabdle dnbrdyitd GedAnBEhepokt K1 AT A 8
Minnesota specificour studyfocuses on only kstate renewable energy resourcestficiency

cost considerations are based amational analysisWhile 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 eleity system and does natttempt

to quantitativelyidentify the best path to take in order to achieve this gdaather, wediscuss

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

report.

“NAS 2010 p. 3
®Fthenakis Mason, and Zweib&l009p. 391
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I. Renewable Resources in Minnesota

In order to have a 100 percent renewable enebgged electricity system, there have to be

sufficient renewable energy resources to draw from. Minnegmasessesbundant wind and

solar resourcegproduces ample biomassnd has access toydropower purchases from

Canada. This report considers onlystate wind and solar energy resources, which creates an

artificial limitation because in realitiinnesota operates within a broader regional electricity

grid and is part of the Midwest Indepdant Transmission System Operator (MIS®).

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

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

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

I 60 AT AT UOGEO 11 OEA AAT ATA T &£ OEA OOAOABO 1 AO
I OOEAOT 30AO0GAO0 01 x A OQhowdedutildyEahd whdsd7@RAVEnof | AOCA O

2007 edctricity demandas reported to FER his totalrepresents approximately 7fercentof

For Xcel Energy to provide enough electricity solely from renewable energy sources equal to
matchits hourly 2007 sales, the utility would need to have rougRlgd0 megawatts (MW) of

wind energy andt,600 MW of solar energy connected to its system. When combined with
storage capabilities, existing hydropower purchases, and increashstate small lydropower

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 reneleaglectricity 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 thogh 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.

®*MISO is the regional transmission operator for the upper Midwest and parts of Canada. It is responsible for
maintaining the highvoltage transmission system within its footprint.

YCalculated using the hourly demand data for its service territory in 206Viged by Xcel Energy to FERC (FERC
Form 714)

8 calculated by IEER usidd,595,27@otal 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 glesahés in

Minnesota in 2007 (EIA 2010 Minnesota Profile Table 8). Most but not all of the FERC reportb® Rakdta

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
OAAEZEA .1 OOExAOOAOT , AAT OAOTI OU OOOAU & O1T A O
meters above the ground, in areas that have winds of Class 3 and higaiéer factoring in

environmental and land use exclusions, was 657 billion kilowatirs (kWhj°z almost ten

OEIi AO -ETTAOT OAGO O1 OA1l woo:¢ Al AAOOEAEOU AAI A
OOAOABO xET A OAOT OOAA radcithddd@icdsiin whdendigy CEAO Al A
technology, and found that at 80 meters above the ground Minnesotalhég9 biIIion KW lof

annual wind energy potentiatzi T OA OEAT wy OEIi AO - T AOT OAG O
translating to a total potential wid energy capacity of 489,000MW. Figuiel shows the

average wind speeds in Minnesota at-&hd 100meters above the ground.

Minnesota’s Wind Resource by Minnesota's Wind Resource by
Wlntﬁlwpeed at 100 Meters Wind Speed at 80 Meters

{\L *ﬂ"_

Wind Speed
Meters/Second (mph)

Wind Speed
Meters/Second (mph) \ F
5557 (123-128)

I 2o-53010-119)

B 57 -610128-136) B o557 (119128
Bl 51650135145 Bl 57 -51(128-136)
5 B.5-6.0(14.5-15.4) /,/ ‘— Bl 51650136145
6.9-7.3(15.4-16.3) ﬁ = 6.5-6.9(14.5-15.4)
[Clra-77063-172 = ] f: E 6873 (154 183
[ r7-a1072-181 [ 73-77(163-17.2)
I 51 -85 (18.1-19.0) [ 77-a10172-181)
B 55000190 -19.9) I 5125181 -18.0)
I oo (190-205) B 5520 (120 19.9)

, ﬂmﬂmﬁ’m
DerARTMENT OF
%, COMMERCE

& Windi ogics

MIN'N}SDTA
% ‘Ccmu snc s
Wind cgics

Figurell-1: Minnesota's wind resource at 100 meters and 80 meters above the gr&auuice:
MN DOC 2006

®Wind class 3 and higher refers to an area withB@meters/second wind speeds at a height of 50 metbi®/e

the ground (NWCC 1997).

2 Elliott, Wendell, and Gower 1991 Table B.1 ({2)BA 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 lnils. O
kilowatt-hour is equal to 1000 wattours.

“'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=8R&8ause the wind g®d is greater

at higher elevations, the height of the wind turbine has a significant impacthenavailable power potential at

that location. See Figurdl-1 for an illustration of the differences in wind resource potential at 80 meters and 100
meters dove the ground.
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Minnesota has histociallybeenone of theleaders inthe country in wind energy installatien

at the end of 2011, Minnesota rankell i the country with a total of 2,733MW of installed

wind capacity?? 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 allocatidn,
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,ne#ld to include consideration of
these important issueand practical approaches to deal with them

1. Cost and Reliability Studies

Utility-scale windD OOAET AO AAT h AT A Aih OAEEAAO OOEI EOU
CAT AOAOGEIT T A1¥Khishasiiorapted studiés] bbtl 8.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 capacfty.

In July 2008, the U.S. Deparent 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 2630 his study found that the major barriers to
such a goal ere 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 mofth.

Subsequently in 2010, the DOE pished theEastern 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 InterconnectidhThe study estimates that across the entire

*2 AWEA 201slides 45

*Smith et al. 2007

%4 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 resautbés definition include wood

and woodderived fuels, geothermal, other biomass, solar thermal and photovoltaics (PV), and wind. (EIA Electric

Power Annual 2009 Table ES1 (ppl®)

** DOE 2008 20% Wind

*DOE 208 20% Wind p. 19

T7) 43 YoOXRDTO0H)HOAAGO T AA
3 OA

=0 11TA 1T &£# OEA OEOAA OUT A
OOAOAO 1T &£# OEA 51 EOAA @

E
0) 6 AGOAT AOG Oi OCEI U &OI i
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interconned, there are 1,326 sites with a total potential for 580 GW of wind energy capcity.

A similar study has been done for the western United States, which looked at integrating 30
percent wind energy and 5 percent solar po&fhe EWIT study, identified 1&ltes 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
factor’®will be above 25 percenit.

At the state level, idune 2003the 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 tinté. 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,amog | OEAO OEET ¢cOh OEAO OOEA A1 OO0 1T &£ ET OA
the Xcel control area in 2010 are no higher ti$4n60 per megawathour (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-dlagad time
/A0 A P® Arasas aboufour percent of the cost of residential retail electricity in Minnesdta.
This cost can be compared to $18.38 per megaviatir (MWh), whichs the assumed cost of
producing wind power in the stud;.

4EEO xAO &£ 111TxAA Au AT T OEAO OOAOA OOOAU OEAO
including representatives of the Minnesota electric utilities, renewable energy advocates, the
Minnesota Lgislature, the Minnesota Department of Commerce, Midwest Independent

Transmission System Operator (MISO), Midi T OET AT O ! OAA 01T xAO oT 1T 1 j

I O AT OEA AT AOOh A@Ail OAEIT rgsota is énfrelyl withinGhe Bast&r®IAtédobnnéctBn.4 AGA 08 6
(EWITS 2011 pp. 228)

8 Brower 2009 Table 3.2 (p. 15)

2 WWSIS 2010

%0 Capacity factor refers to the ratio of actual output over time compared to the potential maximum output if the
plant had operatedull 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 MY$& Bours per
year=8760 MWET OO0 DPAO UAAO8 ( bk &lAhe time Sothk actuil bubput foi tlisQUrbi©
will be some percentage of the maximum potential. Wind turbines capacity factors are typically betwe¢®%20
*Brower 2009 Table 3.2 (p. 15) and Figure 3.1 (p. 16)

¥ MinnesotaSessiorLaws 2003, 1s$pecial Session, Chapter 11, Article 2, Sectio(Mifinesota 2003)

$EnerNex 2004. 38

¥ Calculated using average Minnesota residential electricity costs in 2010 of 10.59 cents per kilowatir
$105.90 per megawathour. (From Table 8 dEIA 201Minnesota Profilg

% EnerNex 2004 Table 20 (p.113)
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the additional costs of integrating greater wind energy capagcidyer andabove 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!

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

geographic dispersion for potgial 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 +Minrsota Southeast + Minnesota Northeast + North Dakota Central.

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

energy output®® 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 frequenggnération

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 beingngrated. 04 EA AOAT AOEA A £AA,
CAi COAPEEA AEOPAOOEI T EO “Rbiddeasdnhad dvizakest OEA O
wind resource but the frequency of capacity factors below 5 percent drops from nearly 26

percent for just the Minnesota Southwest aito 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 dispefS@&iit thisalsohas a benefit: it

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

capacity.

3EIEI AOI U O AOCA ET 6001 U 8iinredota trifeBidnigendralionA OA OA O
scenario and very rare for the fully dispersed generation scenario including centrdd Nort

$AET OA C A9Adad A& diféci wadmost dramatic in the summEar wind dispersed

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

*®*Wind Integration 2006 vp.

¥Wind Integration 2006 v.| p. 72

BWwind Integration 2006 v.II p. 38

*Wind Integration 2006 v.II p. 40

“*Wind Integration 2006 v.II g0

*'Wind Integration 2006 v.Figure 23 (p. 42)
*2Wind Integration 2006 v.II p. 44
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capacity factors span the range from 32 percent in the summer togeréent in the fall, with
an annual average of 39.6 percéfit.

-ETTAOT OAGO |/ £ZEEAA 1T £ w1 AOcu 3AAOOEOU Al O Al
requirements for dispersed renewable energy generation, finding opportunities for many

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

network.** 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 gperienced a doubling of wind energy curtailment, from just 2.2 percent of

installed wind capacity in 2009 to 4pgrcentof installed wind capacity in 2019Wind energy
curtailmentisthe reduction of output from the wind energy generatand occurs, mosoften,

Al O Oxi OAAOTT10O0qg OXq 1 AAE 1 &£ AOGAEI AAT A OOAT OI
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 balanangas due to transmission

AT 1 OOKAET 6086

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 statéo 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 anétsuns
times and staggered peak times would also enhance the performance and economics of wind
power.

2. Calculating Minnesotads Wind Energy

For estimating the hourly production of electricity from wind turbines in Minnesota, we used
the outputs generged by the Eastern Wind Integration and Transmission Study (EWITS),
which identified potential laneébased wind energy sites across the eastern half of the United
States?’ The EWIT study evaluated 121 sites in Minnesota, identifying a totdhuist 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

“Wind Integration 2006 VL Table 2 (p48)

* Minnesota Transmission Owners 2008

*>Wiser and Bolinger 2011 p4. This figure does not include curtailment within the Northern States Power

OAOOEOI OUh xEEAE EO POl OEAAA OAPAOAOAI UR010.3060 AOOOAEI] |
*Fink et al. 2009 p. 1

“EWITS 2011
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percent.”® 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 fotudy.sA 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 issuelwding 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 siteentified in the EWIT studwill be fully
developed due to various economic and sociaki@ss, and so we assume that the installed
AAPAAEOU AO AAAE 1T &£ OEAOA XwX OEOAO EO OiIi A &
report we assumed that 5 percent of the maximum potential will be developed at each of the
121 sites, reflecting thieality. 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 toestimate 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 therménich 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 bestimated that 24 percent of

OEA OOAOGAS8O Ai AAGOEAEOU AAI AT#hisAderothncllld | AO x
the potential for solar installations over surface parking lots, or ground mounted solar

installations> There are also efforts aimeat identifying the potential for increased solar

AT Aocu OOA AAOI OO OEA Al O1 60OUS &1 O ET OOAT AAn
Study, examinsthe potential for the United States to provide 14 percent of our electricity

from solar by 2030 ah27 percent of our electricity from solar by 20%0.

“® Brower 2009 Table 3.2 (p. 15) and Fég8rl (p. 16)
*Farrell and Morris 2010 p. 12

*Farrell and Morris 2010 p. 13

*'DOE2012 SunShot p. xix
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Though situated outside the portions of the U.S. that typically receive large quantities of solar

ET O 1 ACETTh Orfr Ay BI OOEIT 1T &£ O1 OOExAOOAOT -EITI
insolation betveen 4 and 5 kWh/ffiday for a NorthSouth axis tracking concentrating
collector tilted at latitude, or a SoutHEAAET ¢ & AO Di AOGA AT 11 AAOT O OE

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

AT A AOOET ¢ OEA OOi i AO -ETTAADPITEO AAOOAIT U EA
Al AAOAO OEEAOh AOO AUTSet Figurd ®for@ddilDstr@iono®A ET  OEA «x
-ET1TAOI OAGO AOAOACA-2a02.1 AO OAAEAOEIT A&OTIT Xiin

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

the world leader in solar PV. In Germany the average solar PV generationi®G0&Wh/kW,

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

1,000to more than 1,20&Wh/kW>* Despite not having the solar resource of the

Ol OOExAOOAOT 51 EOAA 30A0AOR -ETTAOI OABO Oil1AO
needed the most duringlate summer afternoonsThegeneration capacity and thsites we

have chosen fomdicate thatapproximately 4,600 MW of solar PV pangisoducing on

average 6 TWh per yeawould be part of the 100 percent renewable electricity system for the

data corresponding to the year 2007

1. Calcul ating MinneRoteinti@dds Sol ar Energy
/| 60 AT A1 UOEO OOAO OEA AOOEI AGAO 1T &£ Oi1 A0 Al AA
Radiation (NSR) Database. For each hour of the year, the NSR database gives diffuse, direct,
and total (global) irradiance at various locations arothe country>> 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
AAT 00 OEA 06 bAditddffisiencyl OEAT OAOET T A

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 generatedh@dr irradiance data for 365 days
DAO UAAO A O xEAO EO AMADOh AATOM UDA ARET OAR OGE OO

*?Reichling and Kulacki 2048 627. Solar insolation is the measure of solar radiation that hits a given area for a
given amount of time.

>MN Solar Gide p. 3

> See£ri et al. 2007 p. 1300, for the Germéigure, and MN DOC 2009 p.7, fine Minnesota figure.

P$EOAAO O 1 AO EOOAAEAT AA EO OEA 1 AAOCOOA i &£ OEA OAOA i E
AOOEOET ¢ IT A ETOEUITOA1T DPIATA AO OEA %AOOEGO OOOAAAA .

the total measure of incoming solar energy, bothedit and diffuse, om horizontal pland T OEA AAOOES8 O OO«
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 becaugids 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 taleonsi

data from a wide variety of locations.

Average Solar Radiation
in Minnesota, 1998-2002

L [ [l

Watts / Square Meter

[ 1364 - 140
[ 1401 - 145
[ J14s1-150
[]150.1-155
[ 155.1 - 160
I 160.1 - 165
B s5.1-170

A 4

MINNESOTA

DEPARTMENT OF Note: Differences between high

COMMERC E and low values are roughly 15%.

Figurell-2: Average solar radiation in Minnesota 199802.Source: MN DOC 2004

We assume that aflolar P\panelsused in our analysere 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 déstther, f PV panels

AOA OOEI OAA O1 x AOAMO AN TioOAE MO GHAW x1 01 A bC
more electricity>®

*® Stodola and Modi 2009. 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 instatocgroduce thesame

amount of powera 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 cosn@other extraneous factors such as roof size.

Combining both wind and solar powerase of thekeysto 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 wil energy alone iminus13.6 percent’ In other words, the sun

tends to shine at the same time théttere is greatedemand for electricity, such as

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

it makes themost 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
capacitythroughout the year operatingt full output. For our purposes we use a combinatio

of hydropower and biomass gdaceholder technologgs. 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 10@ercent 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. WHe the supply of natural gas has a favorable outlook in the +bexam, one of the
methods used for extracting it, known as hydroftadng (or frakingd /&l Q ha®ieduled q
in growing public oppositior®which may impact the future supply and priceératural 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 Manitdgdro®® as well as development

of additional instate smalthydro resource$? With regard to biomass, while there are a

*"These are simply the correlation functions as calculated usindvwtiveosoft Office Excelprogram.
®NYT 2012

Y7EEI A OEA - AT EOI AA (UAOI OAOI OOAAOG Ai 1106 NOAI EEU AO ¢
compliance purposesSgeMinn. Stat.§216B.16912011subd. 1whichincludes in the definition cdn eligible
AT AOcU OAAET T 11 CUcamadityohlesk thdan A0S O SAKDE Al AOCU Ai 1T OEAAO0O

of their overall effort to reduce their greenhouse gas emissions in accordance with state policy. (Xcep2010b
%1t is worth noting that hydropower, especially small hydroll\Wwave 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 nofiood biomass crop 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 dagditmoa to this,

the exchange agreements require that 350 MW is exchanged between Xcel and Manitoba
Hydro seasonally! These contracts have recently been extendéd@he new contracts

between Xcel Energy and Manitoba Hydro would ensure a total of 725 MWhoher capacity
(possibly increasing to 850 MW) and 325 MW

winter capacity (possibly increasing to 450 MW)
through May 20257 These agreements are
essentially extensions and updates to the current
agreements; however, the new agreements have
modified the anounts provided in the summer
OAOODOO OEA xET OAO 11106EOHh O
need for capacity in the summer montf3s.

Minnesota also has some untappedstate
smaller hydropower potential. In 2006, the U.S.
Department of Energy, in collaboration thiits
Idaho National Laboratory, published a report

Figure H3: Aerial view of the City of Stloud

8MW HydroelectricGeneration FacilitySource: ) )
City of St. Cloud Public Utilitigt. Cloud 2008)  analyzing the potential for new low power and

small hydro projects across the U°SThis study

would mean that where would be times during the year when some fraction of the existing bicxapasity

would not be utilized.

®1Xcel2010b pp. 1,4, 12. The diversigxchange agreements require Manitoba Hydro to supply 350 MW of
AAPAAEOU AOQOOET ¢ OEA OOi T AO 11T10EOG xEAT 8AAI 60 AAI AT A E
duringthe winter months.

®2Minnesota PUC 2011

®*Minnesota PUC 2011

* Xcel 2010b

% Hall et al. 2006
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refined a previous 2004 study identifying the gross power potential for undeveloped
hydropower sites by appging a set of feasibility criterfdand parameterson a development
modef’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, 127,85ites 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 unlike®. The sites that met these critexiwere
considered feasible sites for potential projects and represent 98,700 Miaross 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 potenti@® foAAOAT T PET ¢ OOI Al 1 6 /
Pi x A0O6 E UAfter apidying tAefdé&E@ment model criteria, the study found a

total hydropower potential of 30,000 MWa across the&slJwhich would be enough to almost
double the existing U.S. hydropower capacityhough the authors point out that a more

realistic development potential of small hydro projects is about 20,000MWW4e report also
included a state by state analysis which found Minnesota to have a total of 1,43%Mslla

hydro potential. Of this totd, 153 MW&was already developed with hydropower generation

and another 484 MWa are excludétiThe 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 10&k{dnnual mean power valuejtate and federal
laws/policies, land use restrictions, existifegilities, site accessibility, proximity to power infrastructure, and

other environmental sensitivities. (Hall et al. 2006 pg-16)

®"The development model assumed the sites would be either low power (less than 1 MWa) or small hydro
(between 1 and 30 M®Y projects and would not require a dam, reservoir, or other obstruction. The model also
assumeda penstockpipe that delivers water to the turbine) parallel to the stream, the retofmvater tothe

stream, and restricted the working flow to the lessdrhalf the stream flow rate at the site, or enough to produce
30 MWa. (Hall et al. 2006 pp. 9,13)

%8 Hall et al. 2006 p. 120

% Hall et al. 2006 pp. £20. The results are given medicted annual mean power values (MWa) rather than in
plant capacityvalues (MW). This makes it easier to estimate the annual generation of the fawilitgut knowing
what the capacity factor of each individual facility is.

Hall et al. 2006 p. 223. It is highly unlikely that the entire potential identified in the Haport 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.

"Hall et al. 2006 p. 23

2The already developed potential for sites specificalljiimnesota 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 (pf23to B96)

"3sites were exclude@ased on federal law or policy or because of known environmental sensitid{iesll 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, parlys, monuments, preserves, wildlife refuges, wildlife
management areas, wilderness areas, and all land within one kilometer of designated wild and scegi¢Htalér

et al. 2006 pp. A to AB)
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model criteria. Oncéhose limitationsare applied, Minnesota remains with 140 MWa of
potential small and low power hydroelectric generation possible in the stheveloping this

AT OEOA bi OAT OEAI xi O A ET AOAAOA -EITTAGI A0 A
2. Biomass

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

recommendation for a particular course of action. Minnesab®adyhas experience with using

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

0AOI #1 CAT A Quée®\Eabté ioad fraeitAeE Wikt Ctids area to generate 25 MW of

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

001 OACA AT A 1 AT ACAT )

wood. The electricity is sold to Xcel

Energy and the thermadnergy is used to

heat buildings in downtown St. Paal

including the state capitol complex, whict

is the first in the country to be heated anc

cooled by such a facilit{

The use of biomass also has the potentia

for broader implications beyond the , |

eledricity industry.Particularly he use of S e

f(_)od. (.:rops for _fuel creates. potential for Fig 41 CAl AOAOET 1 i

significant social, economic, and power (CHP) facility which uses wood waste from the

environmental conflicts. Although Twin Cities areaSource: St. Paul District Enef@purtesy

analysis of these concerns is outside the of EverGreen Energy)

scope of this report, decisiemakers will

needto considertB OA EI PAAOO xEAT AAOAOI ETEI ¢ OEA £OO0O

resources. A prior analysis by IEER indicates that the use of food crops for fuel is neither
desirable nor necessary for renewable energy developniént.

Additional research in the biomass areauld 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-fawd biofuels that have much higher

"Hall et al. 2006 Appendix B pp-35 to B96

®Hall et al 2006 p. 26

"®EverGreen 2008

""Makhijani 201@CFNFpp. 4559. Citations to other literature on biomass can be found there.
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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 fuefOther plants that thrive in

wastewater that also have a high efficiency of solar capture, such as water hyaiirtbgical

and semitropical climates and cattails in temperate climates, are also very efficient converters
of solar energy into biomass. Such biomass sources catsobe used as fuel in integrated
gasification combined cycle (IGCC) power plants.

D. Environmental 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 hydropemand 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 lasgale hydro projects
owned and operated by Manitoba Hydf8.These concerns will need to berpaf 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 lorfgstory of developing state level policies that support and encourage

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

OEA OOAOAGO xET A OAOI OOAA bpi OAT OEAI 8 4EA OOAO
incertives 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 desigittedind

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

®Makhijani 2010 CFNF pp. 4R
"Makhijani 2010 CFNF. 49
8 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 letater in
Community Wind movement across the U.S., which aims to increase local community support
and involvement in wind developmefit. There has also been interest in setting the

groundwork for community solar developmefit.

With regard to policies needed toansition to a 100 percent renewable electricity sector, we
do not advocate a particular approaohnfor long-term subsidies of any form of energy
generation. All of the cost calculations are the-smbsidized costs of generation, so that we
can evaluateall options on a level playing field.

#Minn. Stat. § 216B.1612, 2011 p. 1
8 See Farrell 2010
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I1l. 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, tira@d financial constraintsye do not
try to developa fully optimized renewable energy scenario, though we do maintain system
reliability, as is the current practice.

In our analysis, a peak margin of 12 percaimbve demands maintained throughout theear,
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 tha tleport 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 sectositechnically and economically feasible in Minnesota.
Relaxation of the irstate resource constraint wouldkely mean lower costand a decreased
requirement for storage It may or may not mean less total generation in Minnesota because
planning on thdevel 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 aisabn the following set of
limitations and assumptions:

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

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

e Location of storage: we make no assumptions on whether storage will Hecaied with
generation sources.

e 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
applicationof solar thermal hot water heating technology.

o 4EAOCA xEIAT ABCWOOPEDE ARG E OcotddinhvA bednigendratddi AOC U
but could not beutilized 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 importahdistinctions betweerthe 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
simultaneousy have the largest combined demand for electrici®eak load in the current
system,is determined entirely by the highest simultaneous demand that consumers put on the
system. Thigypically occurs on summer weekday evenings when a large demand for air
conditioners combines with other residential and commercial loads such as lighfime.
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 generateretaay or
longer to be brought onlineg(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 diireconditioning load as a spinning

reserve®® AAAOOA OEA OAEO rpidyhihOBT PEDEODDAARCEBDxHO
O1 1 OB Eslair tendperatures incase, the use of agonditioners also increases, which

creates a significant source of demand on the electricity grid. Utilities can actually turn off the
energyintensive compressor of the centrair conditioners of willing customers for short

periods oftime; customers who sign up to provide such a service to the utilityyguieally

compensated via a deduction in their electricity bllsEE O E O EATI1xA E AR 10AAE OA U A
' TA AAAAOOA AEO AT 1 AEOEI! befcknd AAATACATIITEAGE A GEA
the potential for its use as a de facto spinning reserve is gfegch measures would have

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

of an hour up to a full hourgenenally has little impact on the customer, causing interior home
temperatures to rise only-8 degrees Fahrenheit after 30 minutes of interrupted air

conditioning servicé’?

83Spinningreserve usually refers to electricity generators that are connected to the grid and operating at partial

power, and areeady to provide additional power in the event of a sudden loss of generation anahsmission

line, for instance, if targe generator failed or a sudden drop in wind speeds occurs in areas of high wind energy
penetration. (Kueck et al. 2008 p. 1)

8 Kueck et al2008 p.1

% Kueck et al2008 p.1

% Kueck et al2008pp. 3, 17Xcel Energy currently offers its Minnesotastomers the option to enroll their

AAT OOAT AEO AT TAEOQOEITAOO EI O OEA O3A0A080 3xEOAEG6 DOI
off during the hottest days of the year and customers get 15 percent off their electric bill fromSeptember.

i 8AAl 3A0A080 3xEOAE WoXxX(Q
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While all electricity systems need spinning reserves to maintain reliability, theimed amount

for any particular systerwill 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 maintaetiability 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 uttly or transmission operator. Additionallypecauseair-conditioner load is

not available all hours of the day, bistgenerally available during times of high electricity
demand it creates a significant financial incentive as a spinning res&veae appoach 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 proportiomhef ai-conditioning load

to spinning reserve. More research is needed to create accurate forecasting methodologies to
fully utilize this benefitFurther, with smart appliances and twway communication between
consumers and electricity providers aroutite 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
ETT xT AO OAAI Al IRbe poSshie As@GpplancesAtilliAg axdhgements, rates,
and other technical and economic infrastructure is able to accommodate more flexibility in the
grid. The advent of plugn hybrid cars and electric vehicles holds the potential to greatly
increasedemand dispatch capability.

In a system where wind, solar, and storage are the primary sources of supply to the electricity
COEAh OEAOA EO 11 x ThAisddcdr wherhtieicdmbihed gebetamA 1 DAAEDS
supply from renewables is lomlative todemand, putting the maximum strain on generation
from stored energy?® 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 Jul{’ 25about 4 p.m. However, the
relational system peak in theenewable energypasedsystem we have modeled occurred on
September 3 at about 7 p.mThis is the hour thahad the largest use of energy generated

from compressed air energy storag€hus 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

¥ 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. 20083)p. 2
% 1n the case of compressed air energy storage, this means the maximum use of expander capacity.
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peak. Generaji, 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 sseehRidure 1H1).

12,000

10,000 —

8,000

=
< 6,000

4,000

2,000

Hours

Renewable Supply ——Demand

Figurelll-1: lllustration of a relational system peak in the fully reneveadlectricity system
modeled in this study. Note that demand and renewable supply are shown for -avened
period from August 27 September 10SourcelEER; Data source: FERC, NREL, DOE.

B. Renewable Supply

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

from renewable energy sources is the intermittent nature of wind and solar power.Kigeee

lIl-2 and Figurdll-3) The fluctuations in wind speeds and solar insolation pose challenges, since
energy services arexpected to be available whenever demandedis indicated above and
discussed in more detail belowhis constraint can be removed if the concept of demand
dispatch is integrated into the systemBecause we do not assume the existence Graartd

i O OEE @Ad déndand dispatchwhich provides flexibility to shape the load curve to
available generatiopis not taken into account in our calculations. $leesection on energy
efficiency for more discussion of this topic. The perception that iniéency is a barrier to

ET AOAAOGAA OOA 1T &£ O1T1 A0 ATA xET A EO EOOAI £ EI D
system operators, energy consultants, and government experts generally believe that the
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intermittency of renewable resources is @ar®us obstacle to their wider use in the United
30A8A06 8

12,000
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8,000

= 1
Z 6,000

4,000

2,000

Figurelll-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

sd A BT OOETT 1T &£ OEA D1 OAT OE AlSouk® IEERakilafios £AZEAA ET
based on EWITS Dataset.

8 Sovacool 2009 p. 289
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Figurelll-3: Solar PV output during January 2007 in the 100 percent renewable electricity
system we have modeled for Minnesota. Note thilaése values do not reflect the actual solar
energy generated by Xcel Energy or any other solar energy producer during that time, but

~

OA&EI AAO A Pl OOEIT 1

I £ OEA Dl OAT OESAdrce:AEGR.EAAT OE £

Data sourceCalculationbased on NSRDB 192D05

Technically, however, intermittencgan be dealt with in a number of ways, such as energy
storage, specific end use technologi@sdthe useof combined heat and power to greatly
reduce airconditioning peaks, etcUtilities have ample experience in managing variability in
the form of demand for electricityFigure IH4 shows the variability in demand on Xcel

%l AOGCUGO OUOOAI

£l O

ITTA 11771 0E8 "AAAOOGA AAIT AT A

using variable energy sourseequires 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 solarimsolat
could be used later, as illustratedkigure IH5.

Currently utilities balance this variabiliBimost entirely from the supply side, usimgth
hydropower, single stage natural gas turbines, and to a lesser extent, natural gas combined
cycle geneation. The only demand dispatch technology in widespread use at the present time
is airconditioner cycling.Thesesupply sideapproaches also incur considerable costs since
they mean that equipment used only for peak or intermediate generation is aflenuch of

Renewable Minnesota
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the year. The capacity factog the ratio the actual generation and the theoretical potential if
the equipment were generating all the time a full capagtipr generation equipment in
Minnesota was only aboutZpercent in 200.%° This indicates thatargeted efficiency
improvements in certain sectomndcombined heat and power and demand dispatch could
make a very substantial contribution ghaping demand to make the system more flexible and
reliable and also potentially to redugy costs.
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5000 - HVA
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=
=
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1000
0
A OO MNMMNMNEHAUOONMN A OOOMNMMNMNN A OOMON dUO0OOMMN AL O MINNS A
N<TMNOANST OO AT OO0 AdMOOVOMWLWOOANLNOANSNSNON
A A AN AN NNODNOONIETETITTOOOLW O O O O O~
Hours

Figurelll-4: Hourly electricity demand of Xcel Energy Minnesota customers for January 2007.
Source: IEER. Data souféERC Form 714

“The total installed generating capacity (net summer) in Minnesota in 2010 was 14,715 megawatts, while the
generation was 53,670,227 meagatt 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 undermi8éfing

that over 4,440 megawatts of capacity is idle over 90gestt of the time- a lower capacity factor than solar in
Minnesota. The utilization of the 795 megawatts of petroledueled capacity is even lower at just 0.4%.
Calculated from EIA 2010 Minnesota Profile Tables 4 and 5.
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Figurelll-5: Total cumulative renewable energy output in a 100 percent renewable energy
based electrity system and Xcel Energy electricity demandVinnesota, January 2007
Source: IEER. Data sourcsnand, solar, and wind are from Figudéis2, 11+3, and IH4 above;
biomass/hydro from the @nstant supply of 1,350 MW of generation capacity used as
placeholder (described in renewable resources section).

Intermittency needs to be dealt with anultiple 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 shorttaree fluctuations is
also not a new problem, though it would increase in scale considerably sdlanand wind are
the main energy supply resources. Responding to short term fluctuations might involve the

OO0A 1T & OAAODBC

AOAT -rAnfplrate @rergyGstolge OAADAAE QT O

O U O O A Brediafized flywheels that have built motor-generator sets, are being
increasingly used as well as a more durable alternative to battéfiég the hourly level, coal

AEOAA bl AT 00

°t Apt 2007
2 gee, for instance, KEA 2007.
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increased rapidly, thereby offering a spiing reserve’>But we do not adopt that strategy

EAOAh OET AA 100 AEAI T AT CA EO O OAA EAZA OEA Al
can be supplied entirelywith renewable energy sources such as wind and soldrer than a

very small amant 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 paver in Minnesota and regionalff.Additionally, it is also true for solar
powerz a greater geographical dispersion of solar installations helps to level out the minutely
and hourly fluctuations in sunlight from any one given location.

C. Modeling a Renewab le Energy System
7A AACAT AU AOAI OAOET ¢ OEA bpi OAT OEAI OF 1 AAO
largest electric utility Xcel Energywith renewable energy sourceAs mentioned earlier, we
chose the year 2007, the last year before theers 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 imgves. Our approach to creating a renewable electricity
system includes the following elements:

o #1 I PET A EIT OOT U AAI AT A AAOA &£OT I OEA OOAOAG
e 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.

o Establish a constant energy supply in the scenario. We have used a combination of
hydropower and biomass in this study, which is intendedeove as a placeholder and
not necessarily a specific technology recommendation.

o Determine appropriate storage technology. We are using compressed air energy
storage (CAESHIsoas 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 thyear.In practice a mix of approaches would be used.
See Chapter IV below.

% Bglanger and Gagnon 20Q®. 12791280
% SeeWind Integration 2006 vand EWITS 2011
* Mills and Wiser 2010 p. 11
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e A compressor is chosen for the CAES system, with the size being equal to the largest
amount of surplus powegenerationover demand in the year.

e Thesize of theCAES expandgmwhich converts part of the energy in hot pressurized
gas into mechanical motionjs chosen to meet the largest deficit requirement between
generation and demand (including a 12 percent reserve requirement) in combination
with storage.

e The available cagcity 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.

o We performed a manual adjustmeit the modelof the solar, wind, expander, and
storage capacities sdhat 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 posHilideis not
aleastcost approachwhichwould take efficiency and demand dispatahd a mix of
storage technologiegnto account. Since these aspects would modify the demand
AOOOA E1T A T AET O xAUh DAOA&EI Ol ET ¢ A O1I AAOGO
storage resources is not necessary. We integrate efficiency considerations partially as a
separate consideratiom the economic analysiend 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 &ll short of demand and would need to be supplemented with stored energy.
Figure IH6 and Figurdll-7show the mix of renewable energy supply and electricity demand in
a 100 percent renewable energy system for the weeks of Janu@rgrid July :17z 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 respetyi. The purple shaded
areas represent the stored electricity that wasedto 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, atiting 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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Figurelll-6: Hourly supply and demand wistorage, January-X, 2007Source: IEER.
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Figurelll-7: Hourly supply and demand, with storage. Julyl¥1 2007Source: IEER.
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V. Energy Storage

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

peaking capacityplays in a traditional

electricity system. lIdeally, a mix of demand dispatch

combined heat and power, specific loathaping energy efficiency technologies)d a variety
of energy storage devices would be considered together. In case hydroelectasdyoirs are
available, pumped storage could also be added to the rBiadiumsulfur batteries could be
used in the distribution network for relatively decentralized storatyethis report we rely on a

single storage system compressed ai

r energy stoge z to illustrate in the simplest (though

not the most costefficient) way of how the problem of intermittency might be address&d.

Storage Technology Landscape

Battery Technology Appeal Broadens As Renewables Grow

1,000 2,000

Note *SMES =Superconducting Magnetic Energy Storage

Renewable Power Generation Advisory — RPG 825-090928

o
10+ Pumped Hydro Storage i
T Proven technologies, butfuture applications are limited due to site restrictions g
o
Xcel Minwind project first megawatt-scale storage
application directly linked to wind power in the US
- 3 " Flow Batteries = Tom
- — . (ZincBromine /VanadiumRedox) ':-_-,-J._s(;d_— rTCI o Long Duration Flywheels
5 Easily scalable and fast responding, but '"m(zégm} oride )
IO higher 0&M costs as compared to other B - E
= 5 battery technologies GE's entry raises the profile and Q9
= potential for economies of scale for this 2=
E technology. GE is initially pursuing the z
] technology for locomotive applications 0 g
o 3
£
% o —__ Lead-carbon batteries improve on the g
= (" LeadCarbon jimited cyclelife of lead acid batteries, but 3
S ~—_(FeC) retain cost advantages andcan leverage
& existing lead acid manufacturing
infrastructure
Lead Acid  icq
in addition to the emerging slectricvehicke
1 market, Li-lon fechnology is being considersd
SMES* —Tfaratility sncillary marksts F E‘ _
T F-]
( Li-ion £EX 2
Ultra Capacitors = §
003 — -
1 sec)

The storage market is still in a very nascent stage, with no cleartechnology leader. However, a variety of
battery technologies hold promise for supporting renewable energy

3,000
Capital Cost ($/kW)

4,000 5,000 +

(D Potential battery game changers for renewable support

@ emerging energy

Page 1

Figure V1 Energy storage options as used in Xcel Energy's 2010 Integrated Resource Plan
filing. Source: Courtesy S Emerging Energy Research

% For more information omecert Department
projects, seeDOE2010a.
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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 faousing a nuclear reactor to meet fluctuating
demand?”( T x AOAOh AO OEA . AGEI T AT 2AT AxAAT A %l AOCLU
effective or efficient to couple energy storage resources exclusively to individual wind plants. It

is the net system load tit 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

valuad A OAOT OOAAO OEAO OEI 61 A AA OOAA O AAI AT A/
We have used this approach in our study.

Utility scale electrical energy storage has been suggested or used around the world for multiple
reasons:® This includes capagitreliability **°load leveling'®and energy arbitrageé®*There

are currently only two largescale 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 {acgée batteries, use

of electric vehicles as storage devices, as well as use of natural gasstegggeturbines with

the gas eventually replaced by biogakowever the longterm environmental impacts of this
approach need further study.

Additionally there are demangide solutions, such as using excess electricity to generate ice
which is then used téor airconditioning and aggregation of aronditioning and commercial
freezer demand that can be later dispatchesimilar to present day generation dispatch.

Where electric hot water heaters are used, some of the heating could be done at times when
exaeess 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 axslable intermittent
resources are being developed and can be combined to reduce centralized storage
requirements, reduce cost, and increase flexibility.

9 Sgrensen 1978

*® NREL 201

% parker 2001

1% gobieski and Bhavaraju 1985

%1Giramonti et al. 1978

192\nalawalkar, Apt, and Mancini 200Energy arbitrage occurs when a storage device capturesdost energy
and then sells it later at a higher rate
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likely require the construction of more transmission capacity. Hogveit has been shown that
OOEA AATTTITEA AATAEZEO 1 £ AGPAT AET ¢ OEA OPAOGEA
ET OAOI EOOAT AU AAT AGAAAA OEA Al O'%SeelivghiA AAEOET
light, the constraint that all wind energy resourcshould be located within Minnesota is likely
to result in somewhat higher costs than would otherwise be incurfdulis, expanding the area
of study and planning would result in reduced costs, even taking into account the necessary
additional transmissiornnfrastructure.

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 aplication of this technology will be limited by geographyhat is,

by the availability of locations for the energy storage reservditsee use otompressedair is
familiar in a number of everyday contexts, for instance, the use of pressurized agdisais
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 largescale commercial CAES systems exist, and more adevelopment. The
Huntorf plant in Germany has a capacity of 290MW and has been in operation since 1978. The
MclIntosh plant in Alabama is 110MW and has been operational since¥94cific Gas and
Electric Company (PG&E), in California, received a Depamt 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) prijeThe total cost of this project is
estimated at nearly $356 millicand expected to complete construction in December 26%6.

Even closer to Minnesota, the efforts to develop the lowa Stored Energy Park, a 270 MW
compressed air storage project designed to create dispatchable \ggrtkrated electricity,
highlight the compleity with both site selection and integration into the current electric

1%Kahn 1979. 1

% pecarolis and Keith 2006 p. 408

1% Makhijani 201@CFNFpp. 6971. For CAES and wind energy storage see-Bef 2004. See also NREL 2006
and Cavallo 2001.

1%°pG&E 2009

197SeeDOE2010b
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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 E&lthvever, theproject
was cancelled in mi@011 due to concerns with the suitability of the rock at the selected
site.!®®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 ecorosmere

solid 1%

One such project that may benefit from the experience in lowa is the proposed CAES
development in Nebraska. The Nebraska Public Power DigiKBtPD)voted to pursue
development of an underground storage cavern in the Dakota Sandstonedtom which
alsocovers 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 renewableexgy. Preliminary estimates indicated
NPPD is anticipating a cost of $1,2081,300 per kilowatt!°’A Canadian study has found that
use of CAES with wind energy projects actually improves pro@anuesn the wholesale
electricity marketby 1543 percat.*** Thiseconomicimprovement 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 ecorptaic

store energy when it is plentifulexcess supphygnd to use it when it is scaréexcess demand)

Figure I\¥2 shows the typical configuration of a CAES systé&kihen electricity supply is

COAAOGAO OEAT AAT AT Ah EO EGIO®OM G oo 1AB R ARG GA
IV-2). If using a codired 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, ayato, and

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

in an underground cavermyhich could be a prexisting cavern or one mined specifically for

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

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

1%8SEP Press Release 20BEP Study Summary 201dnd AP 2011
199 AP 2011. Also see Lessons from lowa 2012.
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FigurelV-2: Main elements of a Compressed Air Energy Storage (CAES) syStance: Sandia
National Laboratory (Sandia 2001).

Underground formations, sth as salt domes and depleted gas fields, can be adapted for use
with CAES technologylhe caverns at the Huntorf and Mclintosh sites are in salt formations
which were solutiomamined for the volume needespecifically for the purpose of providing
compressedir storage to these facilitiesThis is a welinderstood technology, since
compressed natural gas is often stored in solutimmed caverns. Compressed air can also be
stored in aquifersmuch as a portion of natural gas is today, notably in the MidW&st
Compressed air would be stored 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 mainlt&rsingle bubbleCAES 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 coesped air storage. The storage
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