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Abstract

This study examines the emissions impacts of adding wincgeaedyy storage to a market-
based electric power system. Using Texas as a case studgmaendtrate that market power
can greatly effect the emissions benefits of wind, due to widsie coal-fired generation being
owned by the two dominant firms. Wind tends to have less earisdbenefits when genera-
tors exercise market power, since coal-fired generatioritisheld from the market and wind
displaces natural gas-fired generators. We also show thi@gst can have greater negative
emissions impacts in the presence of wind than if only seiiagadded to the system. This
is due to wind increasing on- and off-peak electricity pritiferences, which increases the
amount that storage and coal-fired generation are used. Werddrate that this effect is

exacerbated by market power.

| ntroduction

Recent years have seen increased interest in renewabieo#fe the U.S. and elsewhere. This
interest has been driven by several factors, one of whichestnissions and environmental im-

pact of conventional fossil-fueled generation. Wind hasvted the bulk of renewable capacity
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expansion, due to its currently being the lowest-cost teldgy and the abundance of wind re-
sources. Energy storage is often discussed as an enalidmgptegy that can ease the integration
and improve the economic and technical characteristicamd {1—13).

Denholmet al. (14) examine the emissions of a wind generator that uses stooagevide
baseload energy. They show that life cycle greenhouse gssiems from such a baseload wind
system can be less than 20% of a combined-cycle naturalrgalsginerator. Denny and O’Malley
(15) estimate the emissions impacts of wind and storage in Bk system. Their analysis is
based on a perfectly-competitive model, in which the opanadf conventional generation is co-
optimized with wind and storage to minimize system costseyTfocus on the impact of wind
uncertainty and part-load operation of conventional gatoes on system emissions. Their results
show that wind will have much greater effects in reducingp@®issions as compared to Hand
NOx.

One limitation of these analyses is that they neglect ioteras between wind, storage, and the
market. Since wind participates in wholesale electricigrkets (6), a wind generator may prefer
using storage to maximize energy revenues as opposed taimgbaseload energy. Indeed,
storage analyses assume such operations to maximize sesv&om charging and discharging
energy, an activity referred to as energy arbitralje-21). Adding wind and storage to a system
together can increase this use of storage, since wind tendappress energy price22-24).
This price suppression is due to wind displacing highet-geseration. Another factor that can
influence the emissions impacts of wind and storage is thgetitiveness of the generation sector.
Generating firms exercise market power by withholding capdmm the market 25, 26). Thus
depending on the ownership of generation and the extent tohwdifferent firms have market
power, the actual mix of generators used and the type of ggaerthat wind or storage displace
can vary.

This study examines the emissions effects of wind and stovaten accounting for market
price effects on storage use. We consider two cases, oneavpénfectly-competitive generation

sector and another in which the two dominant firms exercis&@aower. We use an optimization



model to represent the interactions between conventieramtors, wind, and storage, which is
used to derive the dispatch of the system over a one-yeado@4). The optimized dispatch is
combined with emissions rates estimates to model generatigsions of CQ, SO, and NQ with

and without wind and storage.

M ethods

Our analysis is based on the Electricity Reliability Colindi Texas (ERCOT) system in 2005.
ERCOT had about 2 GW of wind installed in 2005, which are ideldiin the base system. We
compare the base system to systems with up to 10 GW of addebanthup to 10 GW of storage
with up to 20 hours of charging capacity. For purposes of ammspn, ERCOT had about 83 GW

of generation capacity installed and a peak load of 60 GW 0520

Ownership and Market Structure

ERCOT had about 81 GW of conventionald. thermal and hydroelectric) generation installed in
2005, of which about 16 GW were coal-fired, 60 GW natural gastfiand the remaining used
other fuels 27). These assets were divided between 53 firms. Of these, tms-fH_uminant
and Texas Genco—owned a large share of about 18% and 14% &maeaity basis), respectively.
Between them, these two firms owned about 65% of the coal-dapdcity in the system.
Analyses of the ERCOT market suggest that Luminant and Tées€o have historically had
a greater tendency to exercise market power than the otiver 8, 29). Thus we model wind and
storage impacts under two market competitiveness casefirst) which we refer to as the compet-
itive case, assumes that all 53 generating firms behavegtgréempetitively; the other, referred
to as the oligopoly case, assumes that Luminant and TexasoG®have as profit-maximizers
while the remaining 51 firms behave competitively. Furthetads regarding the breakdown of
generation ownership and the market competitiveness cassglered are given in the Supporting

Information.



Market Operation

In both the competitive and oligopoly cases, we assume ligagjeénerating firms submit supply
functions,q+(p), to a market operator. The functiap:(p) specifies the maximum amount of
energy that firm is willing to supply in houtt as a function of price. In the competitive case, the
supply functions are the inverse of the firms’ marginal casicfions. In the oligopoly case, Lu-
minant and Texas Genco’s supply functions are found by sglei profit-maximization problem,
while the remaining firms submit supply functions equal ®ittverse of their marginal cost func-
tions. The derivation of these supply functions do not taite account dynamics of conventional
generators, such as ramping limits, minimum load congsaand startup costs. Each firm’s cost
function is estimated based on the heat rates of the geneth#d it owns and fuel prices. Heat rate
and fuel price data are obtained from Global Energy Decssand Platts Energy. We use stepped

heat rate functions, which capture differences in a geagsagfficiency as a function of its output.

Modeling Wind and Stor age

Letting D; be the system load ang net energy sales from wind and stora@é)(in hourt, the

market operator sets the hauprice of energy as:

Py (%) mln{ Zq.t =Dy — % } (1)

whereN is the number of generating firms. Eq. (1) defines the prict suat it induces exactly

enough supply from the conventional generating firms toeséme load net of wind and storage
sales.

The profit of wind and storage overTahour time horizon is given by:

LIRS 2)

We model the behavior of wind and storage by maximizing thefifp subject to technical con-



straints on the storage plant and the availability of winérgg. Thus even in the competitive
generation case, we assume the wind and storage choosedhsales to maximize profits. This
allows us to capture the emissions impacts of competitsgé the generation sector, without
differences in the assumed behavior of wind and storageocoxling the results. Storage con-
straints include roundtrip efficiency losses of the storaggtem, which we assume to have an
80% roundtrip efficiency, and power and energy capacitytfir0, 24). This profit-maximization
model does not impose any restrictions that only energy frana be stored. Thus net wind and
storage sales could be negative, which would imply thatgnisrpurchased from the market and

stored. Further details of this profit-maximization mod® given in the Supporting Information.

Estimating Emissions

We model emissions associated with the combustion of flugsdd in generators only. We therefore
assume that there are no emissions directly associatedstothge use or wind generation. The
amount of energy that generating fiirmust supply in hout is given byq+ (pf(X)). Generator
emissions are estimated based on these hourly generatals lsing input-based emissions rates,
which give kg of each pollutant released per GJ of fuel burn&tis is in contrast to output-
based emissions rates, which give kg of each pollutantseteper MWh of electricity generated.
Using input-based emissions rates better accounts fardiftes in generator heat rates caused by
operating a generator at part-load.

CO, emissions rates are assumed to be constant for each gen&msmcount for the impact
of part-load operations on the effectiveness of emissi@mrols, we assume that the S@nd
NOy emissions rates of each generator can vary as a functiomefaiing load. We approximate
these emissions rates using a Nadaraya-Watson kernebésti@l-33). We use separate kernel
estimates for NQemissions rates during an ozone season, which is from MagptesSber, and
a non-ozone season, which covers the remaining months.askisnption reflects the possibility
of more stringent NQrestrictions being in place during the ozone season, sit@eifNan ozone

precursor. Such restrictions may resultin greater use &fsgams controls. The emissions rates are



estimated using continuous emissions monitoring systedeM®) data for the year 2005 obtained
from the U.S. Environmental Protection Agency. The CEM&adatord GJ of fuel burned and kg

of CO,, SOy, and NQ released by each generator on an hourly basis.

Wind Data

We use modeled wind generation data developed by 3TIER &oNttional Renewable Energy
Laboratory’s Western Wind and Solar Integration Study (W%)J$o model wind generation. This

dataset provides wind data for 2005 at sites across Texasn®el the 2 GW of wind capacity

that were installed in Texas in 2005 by associating eactebatind generator to a location in the
WWSIS dataset, based on geographic distance. We assuntieglaaiditional wind generators that
we model are located at the same sites as actual wind gerseth#t were or are planned to be
installed between 2005 and 2011. We use the location of ghlese@ed installations to associate

the incremental wind capacity with locations in the WWSI$adat.

Results

Emissions | mpacts of Wind

Coal is a less costly generation fuel than natural gas. Tinttsel competitive case, wherein all of
the generators submit cost-based supply functions to thieatyaoal is used as baseload generation
and natural gas is used for any additional load above thectgdi coal-fired plants. The systemis
not dispatched on the basis of cost in the oligopoly caseghierybecause the two dominant firms
submit supply functions that are above their marginal cagtgse above-cost supply functions act
to withhold some of the dominant firms’ generating capaaioyrf the market, forcing the market
operator to use higher-cost generation which increaseg)emeices and firm profits. Because
the dominant firms own much of the coal-fired generation,whikholding causes differences in

the breakdown of the generation load. In the base systerh¢onatitutes about 46.1% of fossil-



fueled generation in the competitive case as opposed t@&@m&n oligopoly. The withholding
of coal-fired generation occurs during low-load periodsyinich the dominant firms’ natural gas-
fired generators are shutdown. By submitting above-cost faidtheir coal-fired generators, the
dominant firms force the market operator to use more (of theidant or competitive firms’)
natural gas-fired generation, increasing the price of gnergis greater use of coal gives higher
emissions in the competitive case due to the higher emissaias of coal—Cg& SO,, and NG
emissions are 235 Mt, 461 kt, and 202 kt, respectively, indbmpetitive case as opposed to
230 Mt, 448 kt, and 171 kt in an oligopoly.

These differences in the dispatch also affect the emissash&tions when wind is added to the
system. Figure 1 shows annual emissions reductions whethis/eddded to the base system. The
figure shows that C®and NQ reductions are roughly linear in the amount of wind addedhéo t
system and that the emissions reductions are comparabledethe competitive and oligopoly
cases. Marginal S£xeductions are, on the other hand, increasing in the amdunind added to

the system. Wind also has a greater impact in reducinge®@ssions in the competitive case.
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Figure 1. Total annual reduction in generator emissions ©$,GS0,, and NQ when wind is
added to the system. GQ@eductions are reported in Mt, and Sé&nd NQ, reduction are reported
in kt. Figure 1a shows emissions reductions in the competitase and Figure 1b shows emissions
reductions in the oligopoly case.

The differences in S@reductions are due to the impact of wind on natural gas- assgip

to coal-fired generation. Because of capacity withholdimgn oligopoly, there are fewer hours,
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compared to the competitive case, in which coal-fired geimgras marginal and displaced by
wind. Thus, the first 5.5 GW of wind added to the system havdadively modest effect with

an average of 111 MWh of coal-fired generation being displaceually per MW of added wind
capacity. The same 5.5 GW of wind have a much greater impatteirtompetitive case, with
896 MWh of coal-fired generation being displaced on averageVfWV of wind. Additional wind

beyond the first 5.5 GW have a greater impact, however, sinsafficiently high penetrations
coal-fired generation will increasingly be marginal andptised. Each additional MW of wind
beyond the first 5.5 GW results in annual coal-fired genanagoluctions of between 145 MWh
and 389 MWh in the oligopoly case. This incremental wind haseen greater impact in the
competitive case, however, with annual coal-fired genamateductions of between 1,097 MWh

and 1,208 MWh per MW of added wind.

Emissions | mpacts of Storage

Figure 2 shows annual emissions increases when storagdonitinours of charging capacity is
added to the system and used for arbitrage. The trends aitardion different numbers of charging
hours. In all of the cases GGand SQ emissions increase when storage is added, whereas NO
emissions decrease in some cases. The emissions increades o two effects. One is that more
energy must be generated, due to roundtrip efficiency lassstsrage. The other is that storage is
used to arbitrage price differences between on- and oft-pears. In the competitive case, much
of this arbitraging is done between coal and natural gad-fgeneration. Coal-fired generators
provide between 38% and 50% of the incremental generati@mwhergy is charged into storage,
whereas more than 98% of the generation displaced whengstisadischarged is natural gas-
fired. Due to the exercise of market power, coal-fired gemergirovides less than 5% of the
energy stored in the oligopoly case. In this case, storatgrdgely arbitraging price differences
between more-efficient combined-cycle and less-efficienpke-cycle natural gas plants. This
difference in the generation used to provide the chargirggnexplains the significantly higher

SO, increases in the competitive case.
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Figure 2: Total annual increase in generator emissions of SO,, and NG when energy storage
with four hours of charging capacity is added to the baseesystith no additional wind. C®
increases are reported in kt, and Shd NQ increases are reported in t.

These findings of increased emissions and the sensitivityetgenerating fuels used and dis-
placed when storage is charged and discharged are consistierother storage analyses. Den-
holm and Holloway 84) examine the emissions impact of compressed-air energgga{CAES)
in Ohio. They show that since CAES could be charged usingfueal generation and displace
natural gas-fired generation when discharged, the net emssef CAES could be greater than a
new coal-fired generator. They also show that CAES could kayrgficantly lower emissions if
storage is charged using cleaner generation, such as nuaeawable, or new coal that meets
2004 Clean Air Act standards.

Figure 2 also shows that emissions will not necessarily baatome in the power capacity
of the storage plant. This is because storage will affecotitput of marginal generators, which
can change their emissions rates. For instance, there ip@oxamately 1 t reduction in SO2
emissions in the oligopoly case between 5 GW and 5.5 GW oag®rThis difference is due to
a 5.5 GW storage plant doing more arbitrage than a 5 GW plar@#0oAugust. This increased
arbitraging results in two of the coal-fired plants shiftithgeir generation between hours with
different emissions rates. This type of emissions fluctuneis likely specific to the 2005 data used
in our case study, and should not be interpreted as a gersualt that will occur in all years.

Storage has similar effects on N@nd decreases N@missions in some cases. This is because



the shifting of generating loads results in marginal getoesehaving lower emissions rates. These
lower rates yield a NQreduction, which outweighs the emissions increase caugegtdater

generation and the arbitraging effect.

Joint Emissions I mpacts of Wind and Storage

Adding wind and storage to a system together increaseggstoise compared to the storage-only
case. This is because wind suppresses energy prices bgaigphigh-cost generation from the
market. Since this price effect is associated with windlatdity and hourly wind availability can
be highly variable, wind increases hourly price differenead arbitrage opportunities. Our anal-
ysis assumes joint ownership of wind and storage, howeeesdime effects persist in a disjoint-
ownership case and storage use and emissions impactsrgélyebe the same in the two cases.
This is because wind will have the same price-suppressipgatrregardless of storage ownership.

Figure 3 shows, as an example, the operation of 5 GW of stawvethdour hours of charging
capacity on a sample day in a system with 10 GW of added wirgthdivs hourly wind generation
and total net sales from wind and storage when storage usgtireiped to maximize energy
revenues. Comparing the hourly wind output and net salellggshows that storage is used
extensively on this day. About 11 GWh of energy are storedhérmorning and afternoon when
wind suppresses energy prices. This energy is later digetan the late morning and evening
when wind generation is lower and prices are higher. Thedigiso shows the breakdown of the
change in hourly conventional generation caused by stoidge is shown as the change in natural
gas-fired generation between the wind-only and wind-aochge cases, as a percentage of the
change in total conventional generation between these &sesc Coal-fired generation provides
roughly a third of the incremental energy when storage isgdthon this day in the competitive
case, as opposed to only 13% in an oligopoly. There are alfyeafices in the generation that is
displaced when storage is discharged—roughly 88% of thetatied generation is natural gas-fired
in the competitive case as opposed to 99% in an oligopoly.

These types of differences persist throughout the year atiddifferent wind and storage
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Figure 3: Hourly output of a 10 GW wind plant, net sales from @W storage plant with four
hours of charging capacity, and resulting changes in cdiowgad generation on 15 January. Stor-
age use is assumed to be co-optimized with wind to maximize poofit. Bars show the change
in total natural gas-fired generation between the wind-anlky wind-and-storage cases, as a per-
centage of the change in total conventional generationdeithe two cases.

penetrations. Figure 4 shows the marginal effect of chgrgtorage on conventional generation.
The figure shows the change in natural gas-fired generatitmeba wind-only and wind-and-
storage cases during hours of the year in which storage igetiaas a percentage of the total
change in conventional generation during those hours. Thdisg of the circles and squares is
based on the energy capacity of the added storage—lighaelirglhindicates more storage. The
figure shows that coal-fired generation tends to provide rabtiee incremental generation when
storage is charged in the competitive case, due to it beimgina in more hours. The differences
in the composition of the charging load between the competénd oligopoly cases decreases
as more wind is added, however. This is because adding mare iwithe oligopoly case will
increasingly displace coal-fired generation, making do@lharginal generating fuel in more low-
price hours. There are also small differences in the breakdd the conventional generation that
is displaced when storage is discharged. Between 84% and98% generation displaced when
storage is discharged is natural gas-fired in the competti@se, whereas this number is always
above 97% in an oligopoly.

Figure 5 shows the effect of these differences in increnhgetaeration when storage is charged

and discharged on the net emissions impact of adding staradjevind to a system together. The
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Figure 4: Incremental natural gas-fired generation wherageis charged, as a percentage of
change in total conventional generation when storage iggelda Generation changes shown are
between wind-only and wind-and-storage cases. The shadlithg circles and squares are based
on the energy capacity of the added storage—lighter shadiligates more storage. Figure 4a
shows generation changes in the competitive case and Hgusbows generation changes in the
oligopoly case.

figure shows emissions increases between a case with 10 Gudedflavind only and a case with
10 GW of wind and storage with four hours of charging capadftith the exception of NQin the
oligopoly case, the combination of wind and storage caubesnassions to increase. The figure
shows that the emissions impacts of wind and storage togatbehighly sensitive to amount of
wind and storage added. For instance, there are greaang&®@ases in the competitive as opposed
to oligopoly case if less than 8 GW of storage is added, wisetlease impacts are reversed for
larger amounts of storage. This is because in an oligopdly l@gs than 5 GW of storage, coal-
fired generation provides about 21% of the incremental gnelgen storage is charged. As storage
capacity increases, coal’s share of charging energy dmpslow 16%. In the competitive case,
however, coal always provides between 25% and 29% of theddddd when storage is charged.
Thus as more storage is added to the system, storage is siegigarbitraging between coal- and
natural gas-fired generation in an oligopoly, reducing i $npact relative to the competitive

case.

Comparing the range of emissions increases in Figure 2 anatd-b shows that the emissions
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Figure 5: Total annual increase in generator emissions of SO, and NQ when energy storage
with four hours of charging capacity is added to a system WitlGW of added wind. Emissions
increases are relative to the wind-only case.,@@reases are reported in kt, and S&hd NG,
increases are reported in t.

impacts of storage in a system with wind are, in some casesotders of magnitude greater
compared to if there is no added wind. This is because windifgigntly increases arbitrage

opportunities for storage. For instance, 5 GW of storaghk fetr hours of charging capacity stores
about 321 GWh and 529 GWh of energy in the competitive anaplity cases, respectively, if no

wind is added to the system. The same storage plant storas 2ol Wh and 3.6 TWh of energy

in the competitive and oligopoly cases, respectively, ifaMY of wind is also added to the system.
Thus the combination of wind and storage yields superagdémissions impacts relative to the
impacts of introducing the two technologies to the systedividually.

We can measure this superadditive effect by defining:

Mu7a7 (3)

as the annual emissions of pollutantinder deployment scenar& wherea denotes either the
base & = B), storage-onlyd = S), wind-only @ = W), or wind-and-storagea(=W § case. We

can then measure the superadditive effect of adding windstorege together as:

Eu - (Mu,WS— IVlu,W) - (MU,S— Mu7B>7 (4)
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which is the emissions increase between the wind-andgstaad wind-only cases, less the emis-
sions increase between storage-only and base casesé Jimeasures the extent to which storage
impacts generator emissions due to the increased arbametunities created by wind. Figure 6
summarizes the values &f with different amounts of storage and 10 GW of wind. The iases

in the competitive case are relatively small compared tethessions benefits of wind, represent-
ing up to 8% of the emissions savings from introducing windhi system. The combination of
wind and storage have much more pronounced effects in tgepaly case, however. The S0
increases represent up to 24% of the,$€uctions from wind, thus the combination of wind and
storage can eliminate close to a quarter of the Savings from wind. On the other hand, wind
and storage together reduce Némissions compared to the wind-only case. This is becaese th
changes in conventional generator loads improves thgdissions rates of marginal generators,

yielding a net NQ reduction that outweighs increased emissions due to higgregrating loads.

Discussion

Although storage is discussed as a technology to improvettheacteristics of wind, these results
show that storage and wind can interact in ways that incrd@semissions impact of storage. Con-
ventional generator ownership, market competitivenass,the penetration of wind and storage
can substantively change the emissions impacts of thebadkgies individually and together.
Our analysis assumes up to 10 GW of wind is added to a baserswstie 2 GW of wind. ERCOT
has close to 10 GW of wind installed today, thus the impactsnoéadditional 10 GW on top of
this would be different than our estimates. For exampls,likely that wind would have a greater
impact on SQ emissions, since the relatively high wind penetrations ldiwasult in coal-fired
generation being marginal in significantly more hours.

Although our case study is based on the ERCOT system, oultgeshould be viewed as
illustrative. This is because the ERCOT market is not péf@ompetitive, nor do the two domi-

nant firms fully behave as profit-maximizers. Thus the coimtipetand oligopoly cases should be
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viewed as providing bounds on the impacts of wind and stor&yene of the emissions fluctu-
ations €.g. non-smooth and non-monotone emissions impacts of windstordge) are possibly
specific to the 2005 data that we base our analysis on, and otdyengeneral results. Never-
theless, the findings regarding shifting of generation betwgenerating fuels and technologies
would likely occur in other systems. This is because matgjeaerating technologies and emis-
sions rates can differ by time of day and also be sensitivesidket competitiveness. For instance,
California has virtually no coal-fired generation. Neveldss, hourly marginal emissions rates
can vary depending on whether combined- or simple-cyclerabgas-fired generation is marginal
(35).

Our analysis assumes joint ownership of wind and storageause storage is considerably
more valuable to a wind generator than to a standalone gaaerator or conventional generator
(24, 36). As noted before, storage use and emissions impacts wargdly be the same with
disjoint ownership of wind and storage. Our joint-ownepshssumption should not, however,
be taken to suggest that wind and storage must or should mttyjoivned. Our analysis further
assumes that wind and storage are owned by a single profitmzaxg firm. Although wind
ownership was rather concentrated in 2005 (Table S3 in tipp@ting Information summarizes
wind ownership), this assumption may overstate the extawhich wind and storage can exercise
market power by adjusting net sales to maximize profits. Xegathis assumption would not
affect wind generation, since wind is never curtailed in owrdel. Storage use could increase,
however, since it is profit-maximizing to reduce storagefuse a competitive level to maintain
higher price differences between on- and off-peak peri@@s36). Based on our findings, it is
likely that this greater use of storage would yield highemayator emissions.

Our model does not consider operational impacts that wirtdséorage can have on power
systems. Storage can provide valuable renewable integradérvices, such as reducing the need
for transmission expansions and wind curtailmeig @7). These types of interactions between
wind and the power system arise due to dynamics of conveadtgenerators, such as ramping

limits, minimum load constraints, and startup costs, tlinot be accommodated in the model
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that we use. Some of these services can decrease systernoamig®r example, wind generation
variability can require inefficient fast-ramping generatdhat often have high emissions rates, to
follow wind supply @8). If storage can reduce the variability of wind, this canuesl the need
for such generation and the associated emissions. Stoeagalso increase the profitability of
a wind generator, which could spur or encourage further waguhcity to enter the market4).
Since these types of benefits are not directly captured immatel, such gains should be weighed

against the impacts that we estimate here.
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ERCOT Market Structure

Generation assets in the ERCOT market were divided betw&emis, ranging from large investor-

owned utilities to small industrial cogenerators, in 200&ble S1 shows the breakdown of the as-
sets among the seven largest generating firms, based olteidgf@nerating capacity, as reported in
form 860 data collected by the U.S. Department of Energysréy Information Administration.

The remaining 46 firms each own less than 5% of the generatipgoity in the system.

Table S1: Breakdown of generation assets, on a capacitg,lm@siong seven largest generating
firms in 2005. The remaining 46 firms each own less than 5% ofj#meration capacity in the
market.

Generating Firm Generating Capacity (%)
Luminant 18

Texas Genco 14

Coral Energy 7

CPS Energy 7

Exelon Generation 6

Calpine 6

Austin Energy 6

Analyses of the ERCOT market suggest that the two largess ficobminant and Texas Genco,
tend to exercise market power whereas the remaining firmavieemore competitively2g, 29).
These analyses compare actual historical bids that the $ulmsit into the balancing energy mar-
ket to models of profit-maximizing behavior. Both analysasd that Luminant and Texas Genco’s
bidding behavior in the market is closest to profit-maximigiinsomuch as they tend to submit
bids above cost and they earn profits that are near-optimalemtheless, they find that the be-
havior of these firms is not exactly profit-maximizing. Theysy that the threat of regulatory
intervention and market mitigation places some pressuréhem to constrain their bids. The
remaining firms, by contrast, tend to submit highly pricelastic supply functions compared to
the profit-maximizing benchmark. Both analyses conclude tine amount of revenue that these
smaller firms could earn from profit-maximizing bidding i©temall to warrant the associated

costs. Instead, these firms likely competitively contractdll their energy on a bilateral basis.
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For these reasons, we consider two market competitiverases ¢ The first assumes that all
firms behave competitively and submit cost-based bids. Eoersl assumes that only the two
largest firms exercise market power by submitting profit-irmézing bids into the market, while
the remaining firms submit competitive cost-based bids.eGithe empirical findings regarding
market behavior, these are likely bounding cases, withrtieitnpacts of wind and storage being
closer to the oligopoly case. Table S2 summarizes the bovakadf generation technologies in
the ERCOT market in 2005 between the dominant firms and theebtive fringe, on a capacity
basis.

Table S2: Breakdown of thermal generation technologiesden dominant firms and competitive
fringe, on a capacity basis, in 2005.

Generating Fuel Dominant Firms Competitive Fringe
Nuclear 71 29

Coal 65 35

Natural Gas Combined Cycle 4 96

Natural Gas Steam Turbine 37 63

Natural Gas Combustion Turbine 55 45

Modeling Wind, Storage, and Generator Behavior

We model the interaction between the wind generator, séoptant, and the conventional genera-
tors as a Stackelberg-type equilibrium, in which the windegator and storage plant are leaders
and the conventional generators are followers. We assuisiedgfjuential strategic interaction, as
it allows us to use an SFE to model conventional generatoabehin the oligopoly case2d).
The wind generator and storage plant are assumed to makaahecabout how many MWh of
energy to sell in each hour, and the conventional generdterscompete by submitting bids to the
market. We assume that the market participants all followlsgame-perfect Nash equilibrium,

and as such we first analyze the behavior of the conventi@medrgtors.
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Conventional Generator Behavior

In both the competitive and oligopoly cases we assume tlgatdnventional generators submit
supply functions of the forng; (p) to the market. This function specifies how much energy firm
is willing to generate in hour as a function of the pricey. In the competitive case, firms submit
supply functions equal to the inverse of their marginal ¢dasttions. We compute costs based
on the portfolio of generators that each firm owns, genetaat rates reported by Global Energy
Decisions, and energy prices reported by Global Energyddmts and Platts Energy.

In the oligopoly case, we model the behavior of the two larfieas using the SFE mode39).

The SFE model is widely used in modeling conventional eigitgrmarkets 40-44) and electricity
markets with renewable®2?). This is because the SFE model assumes that firms compete by
submitting supply functions into a spot market, which isgueminiscent of how actual electricity
markets operate. Most electricity markets have firms supnie/quantity pairs, which can be
viewed as a discretized supply functictoy.

To derive the SFE, we defing;(q;it) as firmi’s cost in hourt as a function of the amount
of energy,qit, that it generates in hodrr Let Dy(p) + & denote the system load in haurwhere
D:(p) is a price-elastic demand function aadis a random demand shock. Because we assume
that all of the firms except the two largest submit competitupply functions, we defing;(p)
as the difference between the actual historical system déraad the supply functions of the
competitive firms. The SFE model assumes the random shocistoea non-degenerate solution
(39). In the context of an electricity market, such uncertaemists because system loads cannot
be perfectly predicted when bids are submitted to the m¢8&t Finally, letX; denote net sales
from wind and storage in hour which the conventional generators are assumed to knowalue t
the sequential nature of the market interaction.

Firmi determines its optimal hoursupply function by solving the following profit-maximizati
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problem:

max Mis(p) = p- |Du(p) —Xe+& — 3 SLt(D)]—Ci <Dt(p>—xt+5t—.zl s;,t(p>>, (S1)

jew(i) jeawli)

where w(i) denotes the set of profit-maximizing generating firms in trekat other than firm
i. The first-order necessary condition for each firm’s optiofalice ofp can be manipulated to
yield the following set of coupled differential equationis€re will be one equation for each profit-

maximizing firm):

Git(Pp) = (P—Ciy(Git(p))) (—Dé(p>+ > Q’,-(p)> : (S2)
jew(i)
Eq. (S2) will typically have multiple solutions, howevertife profit-maximizing generators are

symmetric, then a unique symmetric equilibrium can be fobpdsolving the following single

differential equation:

a(p) = (P—ci(a(p))) (—=Di(p) + (A—1)g(p)), (S3)

wherertis the market Herfindahl-Hirschman index and the subschps been eliminated due to
symmetry 44).

As shown in Table S1, Luminant and Texas Genco are roughlyrstnic in that they own
similar shares of generating capacity in the market. Mogedhe composition of their generator
fleets (.e. generating technologies and fuels used) is fairly simifaus we model these two firms

assuming that they are symmetric and follow the equilibrawpply functions given by Eq. (S3).

Wind and Storage Optimization Model

Once we determine the supply functions submitted by thergéors, we can define the price of

energy in each hour in terms of net energy sales from wind tordge. If we letD; denote the
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actual system demand in haythe hourt energy price is given by:
p{‘(xt):mgn{p'un(p):Dt—xt}. (S4)
|

Note that this function is defined in the same manner (althauith different supply functions) in
both the competitive and oligopoly cases. We assume that amnd storage are used to maximize
profits, while accounting for the effect & on the price of energy. We formulate the wind and

storage optimization problem by first defining the followmgdel parameters:
K: storage power capacity,
h: hours of storage,
n: roundtrip efficiency of storage,
p: wind production tax credit (PTC), and
w;: wind generation available in hotwr
We also define the following model variables:
;. total energy in storage at the end of hour
S: energy stored in hout
di: energy discharged from storage in hour
W;: wind generation used in hotyrand

Xi: net energy sales in hotwr
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The model is given by:

(max pr(xt)-xtw-wt (S5)
st. i=Vi_1+S— ¢ vVt (S6)
Xe+s—d/n =w vt (S7)
0<w <wg vt (S8)
0<s<kK Vvt (S9)
0<d <nkK vt (S10)

0<w <hk Vot (S11)

Eq. (S5) is the objective function, which maximizes profarfr energy sales and the wind
PTC, which we assume to be $30/MWh. Eq. (S6) defines the sdeagl in each hour in terms
of charging and discharging decisions and the previous'historage level. Eq. (S7) relates net
energy sales in each hour to wind energy used and energyl stodedischarged. Eq. (S8) through
Eq. (S11) impose limits on the wind use, charging, discmaygand storage level variables in each
hour, based on the output of the wind generator and techcl@ahcteristics of the storage plant.
The model places no restriction that storage only be changedy wind energy—thus wind and
storage could be a net buyer of energy if it charges more grileagn wind produces in an hour.

This model assumes that the added wind and storage are@gbyed single profit-maximizing
firm. While Table S3 shows that wind assets were relativehceatrated in 2005, this assumption
can overstate the extent to which wind and storage can eeartarket power by adjusting sales to
maximize profits. Relaxing this assumption would not affectd generation, since wind is never
curtailed under our single-firm assumption. This is bec@lusevind PTC makes wind sufficiently
valuable that it is never beneficial to curtail generaticior&ye use could increase, however, since
it is profit-maximizing to reduce storage use from a competitevel to maintain higher price

difference between on- and off-peak perio28,36). Based on our findings, especially contrasting
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the emissions effects of storage in the competitive ancpbty generation cases, it is likely that

this greater use of storage would yield higher generatosgoms.

Table S3: Breakdown of wind generation assets, on a cafdaasig, in 2005. The remaining seven
firms each own less than 5% of the wind capacity in the market.

Generating Firm Generating Capacity (%)

FPL Group 33
Babcock and Brown 14
Shell Wind Energy 13

Desert Sky 9
Pecos Wind 9
Trent Wind 8

This optimization framework can also be used to model thedvainly case by setting = 0.
Similarly, by fixingw; = 0 in each hour, this problem can also model the storage-adg.cin
order to reduce computational complexity of the model, we aigjuadratic approximation of the
market price functionp; (%), (24). Moreover, we optimize the use of storage 24 hours at a time
using a 48-hour optimization horizo2@). This use of a 48-hour optimization horizon ensures
that energy is kept in storage at the end of each day if it heidual value by being used on the
next day. The model is formulated deterministically, tfiere we assume that the wind generator

knows future wind availability.

Alternate Modeling M ethods

Our modeling approach assumes that wind, storage, and mioowal generators compete in the
market in a sequential manner, with wind and storage beiadjtst-movers. As noted above, we
make this assumption since it allows us to model the behafitine conventional generators in
the oligopoly case using an SFE. Absent this assumptior§Ete model would not be valid due
to dynamic interactions between different time periodss Bequential assumption may, however,
overstate the dominance of wind and storage in the markats ithmay be appropriate to model
the market in the oligopoly case as a simultaneous-move gioménstance by assuming that

generators, wind, and storage all behave as quantityrxgettimpetitors in a Nash-Cournot game.
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On the other hand, an SFE model yields a richer strategy spdmgeh is also more reminiscent
of actual electricity markets. Since it better represemésaperation of actual electricity markets,
we opt for the SFE-based model. Nevertheless, since thegiofimarket interactions can impact

market outcomes, contrasting our results with a Cournpé-tyame would be a useful exercise,

and is an area of future study.
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