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Evidence from a Nuclear Power Plant Closure 

Lu as Davis Ca1herine Hausman* 
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Abstract 

The San Onofre Nuclear Generating Station (SONGS) was closed abruptly and 
perman ntly in February 2012. Durino' the previous decade, SONGS 118d produced 
abou 8o/c of th electricity g nerated in California, so its closure had a pronounced 
impact on the wholesale market. requiring large and immediate increases in generation 
from other sources. In this paper we use publicly available micro-data from a variety of 
sources to examine the impact of the closure on market outcomes. \Ve find that in the 
months following the closure, aIm st all of the lost generation from SONGS \ 'as m t 

by natural gas plants inside California at an average cost of $66,000 per hour. During 
high load hours, we find that itS much as 75% of the lost generation was met by plants 
located in the southern part of the state. Although lower-cost production was available 
els where, transmis 'ion con~traint and other physical limitations of the grid sever Iy 
limited the ability of other produ ers to sell into the southern California market. The 
tmnsmission constraints also made it potentially more profitable for cert:1in plants to 
exercise mark t power, and we find evidence that one ('ompany, in particular, may have 
ac 'd non-competitively. 
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1 Introduction 

en .rating Station (SO~ G ) Den r t d an 

average of 16 million megawatt hours of 1 ctri ity annually, making it one of th 1· rgest 

electri generating facilities in Calif mia. During this period SONGS generated "nough 

power 0 m et the neds of 2.3 million 'alifornia households1 % of all J _ (ri ity 

general d in the ::itate. r--1loreover . GS "vas m r valuable than these numb rs ::iuggest 

be ause of its location between Los Angeles and San Diego, t '0 enormous d mand centers. 

Although there i.' tran mi sian that c nnects Southern California to the rest of the state. 

th apa 'ity is limite ,implying that a large part or demand must b" met locally. 

SO.KGS ,vas closed abruptly in F~bruar 2012, wh n \Norkers discovered proble! with the 

plant's recently replaced st anl gen rators. Initially, th outage wa expected to be'n­

porary, but additional problems wer di . vered, and the facility wa' clo 'ed permanently. 

Bel 5e of the plant' ize and prornin nee, th- closur provide a v luable naturitl exp ri­

ment f r learning c b ut firm ehavior in Ie tri ity markets. Nationw-ide over 350 billion 

is spent on ele tricity annually, so und rstanding th se mark ts is of large intrinsi inter­

est.:! 

In this paper, 1 publicly avaiIabl micro-data from a v·:triet of sourc t xamm 

the impa t f the SO~GS closure n rnarke ut ames. Even in a w rId without transmis­

sion onstraints or mark t pow r clo ing a large g n ration sourc will impact th price f 

whole·a.l lectricity. Like other nucl 'ar power plants, S ~ TGS produced power at very low 

marginal ost. C nsequently, the pI nl w s always ne r the top of th "merit-order.l: opera ­

ing around h cl ·k an providing a on~i. ten -sou c r baseload pm:ver. vVh n SO. -GS was 

clo::ied, this generation had to be mad up for by operating other. mar xpen.-ive g ,n ra ing 

resour' s. Thus a first pa. s a wlderstanding th impa't of the closure involves i.d nbEying 

tho e marginal r SOUle s Lhat w uk! be expected to increa.'Oe produ 'Lion. 

In addition to th ~e merit-order . the closure au 'ed transmis.'ion onstraints to bind, 

es'en' iaily segm n ing th aIiJornia marke . For m' f the 2000. ) transmission capa ity 

betwe n Northern and Southern C lifornia was suffici nt that wholesale prices e :jualized in 

th' tw r gions during the vast majority of hours. Although SONGS 'vVc occa 'ionally ,'hut 

down ternporaril for refueling or main nan ·e. plant manag rs weI' careful to h dul these 

utages during the winter, W en d lTland is low. Beginning with th perman n cl sure ill 

1 .S. DOE/EIA "Electric Sale, R venu ,aud verage Price," I'Iovember 2013, Tables T 1 and T2. 
California households used an average of 6.9	 megawatt hours in 2012. 

Ibid. Tables T2 and T4. 
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2012, we document a substantial divergen in prices between the North and the South. 

This binding transmission constraint meant that it was not possible to meet all of the lost 

output from SONGS using the lowe t cost available generating resources. \Ne find that during 

low load hours, the change in generation follows closely the merit order, with about half of 

the increased generation coming from Southern California and the other half coming from 

:'\orthern California. During hirrh load hours, hmvewr, we find signifi ant "out-of-order" 

eff ts: higher co t gen rating units coming online more than we would have expecLed. In 

high load hours in 2012, for instance, \-ve find that as much as 75% of the lost gE'll~ration was 

met by plants located in Southern California. 

Distinguishing between merit-order and out-of-order effects is dwllenging because one must 

construct a credible counterfactual for what the pattern of generation would have been 

without transmission constraints. The empirical strategy that we adopt in the paper is to 

exploit the fact that prior to the closure, transmissiun constraints were rarely binding in 

the California mark t. We use data from this pre-period to describe flexibly the relation­

ship between unit-level generation and system load. vVe use thes stimates to predict what 

operating behavior would have been aft r the SONGS closure were here no transmission 

constraints. We then compare generating unit. ' actual behavior with this counterfactual to 

measur out-of-ord . effe ts. This approach affords several advant ges over a naive before 

and after comparis n. We are abl to account for concurrent chang s to hydro lectric re­

sources, renewable resources, demand, and fuel prices all of which wuuld confound a before 

and after comparison. Additionally, a simple before and after comparison would confiate the 

merit-ordt'r and out-of-order effect. . 

Our r suIts provide a detailed ac UUllt of economic and environmental outcomes. \Ve find 

that the SONGS closure increased he cost of electricity generation in California by a.bout 

$369 million during the first twelve months. This is a large change, equivalent to a 15 percent 

increase in total generation costs, yet it went almost completely unnoticed because of a large 

offs tting decreas in natural ga pri that occurred in 2012. In fa t. a naive before-and­

after calculation would have found erroneously concluded that the SONGS closure actually 

decreased electricity prices. The SONGS closure also had important implications for the 

environment, incre' 'ing CO2 emissions by 9.2 million tons in the twelve months following 

the closure. To put this in some perspective, this is the equivalent of putting more than 2 

million additional cars on the road, and implies a social cost of emissions of $331 million per 

year.

.3 According to U.S. DO 'lElA Annual En rgy Review, September 2012, Table 2.8 "Motor Vehicl ~1ileage, 

Fuel Consumption, and .Fuel Economy". lio'ht-duty vehicles with a short wh elba.se use an avera.ge of 4.53 
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Of this $:369 million in increased priva e g ration 0 ts. \ve attribut $: 9 million to Lra.ns­

mis"ion constrain . This number is les pre i' ly timat d than th overall impa ,but it 

par icularly interesting in tha it provid a m "UP of the value of tran ·mission. The 

alifornia lnd pendent Sy'stem Operator vidently agre s t.hat the constraints are costl '. 

and since 201:3 has beenaking steps t.o in Tease ran'mi sian capacity. 

We ar als able to determine which individual plants \vere most affe'ted by the SOI\GS 

-losure. Because of the transmissi Il constraints, the largest out-of-order increase,' are at 

outhern plant, and th largest out- [-order deer &ies are at l\orthern plants. \1 e also 

nd large out-of- rder deer ases during high load hours a, two Southern plants: lamitas 

and Redondo. b 1.h o\vned by the same compan. This is surprising bu , as it turn out, 

not coin'id Ylc 1. The Federal Energy R gulatory Counni sian alleged market manipulc ti u 

t h' plants over the peria 2010 t 2012. for whi h JP I organ paid fin" of ov l' $400 

million. This suggests ha' our appr h rna 'rv as a useful diagnosric tool. though a 

larg Ollt-. f- rder effect does not prov that a plant is exercising market pow 1', it is a good 

indicator or unu'ual h Jlavior. 

Our pap l' contributes to a small but gr wing litera!,me on the value of the geo Taphic 

integration of electricity markets (Mallsm aud White, 2012; Ryan, 2013; Birg t aL 2013). 

Previ us 'tudies of transmission constraint in el trici y markets hav eith r used styliz d 

theoretical models (Cardell, Bitt - d Bo -an, 1997; Joskow and Tirole. 2000) or COurll t 

simulations (Bar nstein, Bu 'hnell and Soft, 2000- Ryan: 2013). Om IlL thodology i . novel, a . 

it ecompo s changes in quantit, into merit- rder and out-of-order effect- with ut r ,quirino­

strong R..'lsllInptions about the firms' obj <,tiv fUll tiUll or ell expli it r 'pre,'('lL ahcm uf the 

physi al constraint, of the electric grid. In -ssenc , the SOl GS 1 ure allows us to obserVe> 

th market both v\lith and withau tran -'mission c n traint . 

\Y, . _br d potential for applying this CLpproa ·h in oLher ele -triciL market::;. VVher 'h'i most 

economic stlldi~s of ,,,holC', 1 electricity mark t.' ha,v- rrli on confidential (1< ta, from tlw 

y tem operator and other sources: a oi e featur of our analysis is that it relies ompl "t :>ly 

on publi ly-availa,ble da,ta. Conseqently, it ""'ould b r latively straightforwa,rd to perform 

similar analy es el ewhere, both for quantifying th -) impacts of large changes in generation 

and transmi::;::;ion infrastructure, and for diaonosing unusual changes in firm b havior. 

Our pRp r also has important poli y impli' i ns for California and b yond. El,ctricity 

1ransYlli~sion 'an have trcmend lllS hcncfi ~' throllgh the illt 'gratiou of market.' and t'lw rc­

du tion of mark power opportuniti . A th am time, traIlsrni ion is also ex remely 

f gasoline annual! . For each gallon of gasolin . 196 pounds of C02 are emitte . 



expensive. so careful calculati ns of the~e custs and benefits are important. This is more true 

now than ever, given th large incre es in capacity' from wind and other forms of r newables 

and the anticipated retirement of larg numbers of nuclear and coal plant '. 

2 Background 

2.1 Electricity Markets 

Electricity markets have several important features that make them unlike most other 1I1ar­

kets, First, electricity cannot be co t-effectivel; stored, so supply must meet demand at all 

times. Otherwise, the frequency in the grid will fall outside of a narrow tolerance band, dnd 

ther \ 'ill be a power outage. 5e 'and, lectricity demand is highly inela.stic. As a re::;ult, 

electricity markets lear mostly on theupply side, with generation ramping up and down 

to meet system load. These two featme have important implications for the pattern of 

electricity generation, prices, and the scope for market power. 

In the "nited tates, electricity generation in 2012 came from coal (37%); natural gas (30%); 

nuclear (19%); hydro (7%); and wind, solar and other renewables (5%).4 This mix of tech­

nologies reflects cost, flexibility, and environmental objectives. Vilind, solar, and other re­

newables have near zero marginal cosL so they occupy the top of the merit order. Next in 

the order is nuclear, which has a low marginal cost relative to fossil fuel plants. Fossil fuel 

plants follow, with coal tendin to be cheaper than natural gas. D pending on fuel prices, 

however. there may be som highly-efficient natural gas plants with lower marginal cost than 

particularly inefficient coal plants, 

R. gulation of electricity mark ts varies across states and has changed over timo. 'L Ilder the 

cla::;sic regulatory model still used in many states today, electric utilities receive exclusive 

rights to provide electricity within given geographic areas and d.re allowed to charge rate set 

by cost-of-service regulation, These vertically-integrated utilities typically perform all the 

activities required to supply electricity: generating electricity, operating the transmi::;sion 

and distribution netvl'Orks, and providing retail servic ::;. 

In part as a response to the limitations of cost-of-service regulation, sev ral states began to 

deregulate their electricity markets b ginning in the late 1990s. In most states the dereg­

ulation process separated generation from transmission and eli tribution. Whereas most 

economists believe generation is potentially competitive, transmission and distribution are 

4Table 7.2a "Electricity Net Gener, tion Total (All Sectors)" in EIA (2013A). 
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uaturaJ monopolies. Whol ale eledri 'i y ill: l'kets "vere established ill several difIerent re­

gions, and r gulators required utilities to 'ell all or part of their existing electri generating 

portfolios to independent power producers. 

D regulation has resulted in gains in opera. ,iug ffici ney (Fabrizio, Rose and vVulfr m, 2007; 

Davis and Wolfram, 2012), but it has also introduced opportunities f r g neration companies 

to exercise market power (Borenstein and Bu hnell, 1999: B re tein, Bu hnell and vVolak, 

2002; Bushnell, Mansur and Saravia, 2008' Hor ~ u and Puller, 2008). As with any market, 

the scop for individual fum to affect pric d p nd. n th ize of th mark t and the 

numb r of finns. \A. ith electriciL .., howev 1', til lack of 'ost-eft c ive storage and inelastic 

short-run demand makes the ma,rket particularly sus eptibl to mark power, even when 

rnarket cOllcentration is relatively low. 

Econ ists have also long r ogniz d the key r 1 of transmission capacit in deregulat d 

electricity markets (Cardell, htt and Hooan, 1997; B hnell. 1999: Barens 'ein Bushnell 

and Stof't, 2000: Joskmv and Tirol, 2000; R 'an 2013). v\ hen tn nsmission liI e are uncon­

strained, electricity moves betwe n markets a virtually no cst, pri ~s ar quated across 

mark sand th ffective siz of the market is larcre. How v r, when ran."mission capacity 

is limited, th effective size of the 10 al market ·hrinks. pot ntially making it m I' pI' fit able 

for producers to withold g n rati n. here i. al 0 a r 1· t d ..vork on how r niz d mark ls 

can inCT as the effec ive size of th market. Iansur nd \Vhite (2012) d Ctl ent 11 w the 

expansion of a whol sale ele tri i y market frOI th E· tern United aLes to th i w sL 

led to a subst ntic.l increas in ffici liey. quatin pric s a ross region and improving al­

locative lJfieiclicy. III this C(i.'ie 110 ell" ng<-' ill transmi Si011 capacity Wa:'.' lllX'cssarv, ouly a 

cenh'aliz d mark L de. ign. 

2.2 The California Landscape 

California was part of this initial wave f el ctricity d regulation. Calif mia's wholesale 

electricity market was laun h 1Il pril 1998, '\lith all thre major inv tor O\vned utiliti s 

requir to bu and sell ss ntially all of their ow l' through this new mark t. At he 

same tim the utilities w r I' quir d to s Jl ff uri all of their natural gas power plant 

to independent pO\ver pI' ducers. B, 'he end of th~ 1990s, indep 'nd n power produc r 

can roll d more than 30 perc nt of th Le ricity g n rating apa 'ity in the s at . 

For th . first two years wholes 1 pri varied wid ly acl' S' hour', but aver g pnce sta)red 

below $50 per megawatt hour. Then in 2000 th n'" 'ent mark'L was put to 

-
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year was unusually dry, leading to below average hydro generation, and the summer was 

unusually hot, increasing del and. Starting in June 2000, wholesale prices spiked and for 

the next several month average m nihly prices exceeded $ 00 per mega\\ at hour. This 

was more than twice the level observed in any previous month. The prices w re devastating 

to the utilities, who were requir d to buy wholesale power on the exchanCTe but sell it to 

customers at regulated rates. California '5 largest utility, Pacific Gas and Electric. declare 

bankruptcy in 2001. The stat eventually intervened and uspended the market. 

Most economic analyses of this period have concluded that generation companies exercised 

market power that pu..hed prices consid rably higher than they would hav gone due to mar­

ket fundamentals (Borenstein, Bushnell and Wolak, 2002; Joskow and Kahn, 2002; Puller, 

2007). Borenstein, Bushn 11 and Wolak (2002), for example, finds that about half of the 

increase in electricity expenditures during summer 2000 was due to market Po\\ er. The e 

studies are innovative in the broad -r industrial organization literature because they illus­

trate how under tight market n itions firms can exercise unilateral market power even 

with a small market share. This was noted in the many studies of th crisis, and also pre­

saged by Borenstein and Bushnell (1999) using a Cournot model to simulat the California 

market. 

The California market t day I ok onsiderably different. Fir t, a much higher fraction of 

power is sold using long-term contracts. This redu e th incentive for produc rs to with­

hold generation in the spot market b(-x'ausc they cannot influence the price of the output. 

already committed through c ntra t (Allaz and Vila, 1993). Second, short-run d mand for 

electricity in California is pr babl.'; more elastic than it was in 2000. Although the vast ma­

jority of residential and comm rcial customers continue to fa e time-invariant retail prices, 

a growing number of California indu trial customers face more dynamic rates. Third, he 

stat's renewable portfolio tandard and oth r state and federal poli ies have led to substan­

tial investments in wind, solar, and other renewables. This ha.s increased total genera ion 

capacity during a period in which demand has b en r I tiv ly fiat. 

Table 1 de cribes electricity gel eration in California by source in 2011. By far the large't 

source of generation is natural gas, with only 1%of generation in California coming from . al. 

The second largest sourc" is hydro, accounting for 21 <X of generation. The two nuclear plants, 

San Onofre and Diablo Canyon, a h contributed approximately 9% of total generation in 

2011. Finally, geothermal, ,vind, solar, and oiher renewables account for about 13% f t tal 

generation. Thus, overall th the alifornia generation portfolio is substantially less carbon 

intensive than the rest of the Unit d States, with more emphasis on natural gas, hydro, and 

rcnewables. 
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2.3 The San Onofre Nuclear Generating Station 

San Onofr Nuclear Generation Station (SO. G ) w a two-rea 01', 2150 m gawatt nU'lear 

power plant operated by Southern California Edis n (SCE).5 S :-.JGS was valuable to the 

California market not just be ause it g nerat ·~d a large amount of peneration, but al 0 cause 

of its prim' location. Lo :ated in the Korthwest corner of San Diego County, SONGS provided 

power right in the highly-populated corridor b-tween Los Ano-des and San Diego, wh re there 

are few other large power plant -'. 

Trouble for SONGS star d on.J lUary 31, 2 12 when operators d t cted a small leak in­

ide on ~ of the steam generators. The reactor with the leak \Va' shut down immediately; 

the other reactor tha had already be n sh t down three weeks prior for a routine refueling 

outage. Although it wa not known at th time, neither reactor would ever op rat- aoain. 

On investigation, it \vas dis overed that thousands of tubes in the steam generators in both 

units ""ere sho\ving prematur \y ar. Thi' was followed by monhs of testing and. ev ntu­

ally, a proposal to the Nuclear Regul tory Commission (N C) to restart one f the units at 

reduced power level. An additional eight month passed withou a d cision from th NRC. 

Meanwhile, policymakers gr w concerned that without SONGS, the grid ,vould face "addi­

tional op rational challenges in th Los Angel s B in and San ieg areas" ( EC 2012), 

relating to th possibility of insufficient summ.r capacity and the po:-,sibility of tran, mi JOn 

can traints ( ERe 2012; 2012). 

Facing uncertainty (tbou. the NRC ruling, and c ntinu d costs of maintaining SOf\GS in a 

state f readiness, SCE mad th decision in Jun 2013 to perman· utIy retire the facility. 

"SOKGS has serv d this regi n for ov r 40 years,' explained T d Craver, Chairman and 

CEO, "but \v have concluded that the c ntinuing uncertainty about when Or if SONGS 

might return to service was not good for our customers, our investors, or the need to plan 

for am region' long-term ele tricity needs." (Southern California. Edison. 2013).6 

The S ~GS closure w abrupt, permanent, and unexpect d, making it a, valuable "natural 

experim 'nt" for learning Cl.b u b havior in lectri -'ity mark ts. It i' worth noing that there 

is some precedent for 5tu lying change' in mCl.rke b havior during hanges in nucl . r plant 

operations. In particular Vlo][nun (1999) inst,rnmenk for wholesal lectricity prices using 

available uuclear capacity, exploiting the large quasi-random changes in electricity s pply 

5SCE was also the majority owner (78%). The oth r wuers were San Di go Gas & Electric (20'1( and 
the city of Riverside (2%)_ 

6S0.\fGS is all of hre .S. nu 'Leal' power plants to dO$e over the last. de 'l.dE~. Crystal River and 
I<:ewau_ue \y re both oEFi -'ially dos d in 2013. For a recent sllrvey of some of the broader challenge faced by 
nuclear power see Davis (2012)_ 
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due to unplanned outages. Our study is jilfcrcnt in that we focus on a permane'nt shock 

rather than temporary outages. but the identifying variation is similar. 

The SOl\GS closure is par i 'ularly in ere ting for an empirical analy is for several reasons. 

vVher as most large plant I sures are anticipat d months or even years in advance, the 

SONGS closure was abrupt and unexpected. This sharpens the impact and interpr·tation 

considerably as it provided little opportunity for anticipatory investments in generation and 

transmissi n. In additioll, SO:'JGS is of int rest because it is part of a deregulated lectricity 

market. In states wher generation companies are regulated using cost-of-service regulation 

there is 1 5S scope (and less in 'entive) for generating units to exercise market power in 

response to changes in market c nditions. 

Finally, the SONGS clo 'ur is particularly interesting because it evokes parallels with the 

California dectricity crisis. The year 2012 was similar to 2000 in tha both years were 

unusually dry, resulting in lLm' levels of hydro generation. Removing an enormous generation 

source like SONGS, par:icutarly during a bad year for hydroelectric g neration, might have 

been expeCl;'d to create tight-supply conditions much like 2000. As it turns out, hovvever, 

market prices and other outcomes in 2012 were very different from the experince in 2000. 

We think that comparing the Lehavior of the market in 2012 to 2000 can yield interesting 

insight, bo h about firm b ha 'jor and market d sign. 

3 Data 

For this analysis we compiled ata from a variety of difference ur e includinO" the U.S. 

Department of Energy, the California Independent System Opemtor (CAISO), and the U.S. 

Environmental Protection Agency (EPA). As we mentioned in the introduction, a strength 

of our analysis is that i relies entirely on publicly-available data. 

3.1 Data from the U.S. DOE 

We first assembled a dat et of annual plant-level electricity generation from the U.S. De­

partment of Energy's Power Plant Opemtion Report (EIA-923). This is a required survey 

for all U.S. electric gen rating facilities with more than one megawatt of capacity. The 

advantage of these data is that they are comprehensive, including not only larg fossil-fuel 

generating units, but also small r and less frequently operated units, as well as hydroelectric 

facilities, solar and wind plants, and nuclear plants. We perform all analyse' of th" EIA-923 

8
 



data at the annual level, relying on the other data: ts listed b low for within- r ar compar­

isons.7 These data also contain some information on plant 'har' teristics, such a.s operator 

name, technology (prime mover), and fuel type. We supplement the facility charac ristics 

with additional characteristics (county, capacity, and vintage) from another Department of 

Energy dataset, the "Annual Electri Generator" data found in form EIA-860. 

T ble 2 describes California el ctricity creneration in 2011 and 2012. SONGS was closed in 

early February 2012, a the columns can be approximately interpreted as b £ re and after 

he SOKGS closure. Panel A reports average monthly g neration by fuel type. Nucl ar 

g neration decreased by 1.5 million megawatt hour. monthly. Interestingly, 2012 was also 

an unusually bad year for hydrc electri power, with a decrease of 1.3 million mega\vaH 

hours monthly. Off' tting these decreases, natural gas generation increased by 2.7 million 

megawatt hours monthly. There is also a modest increase in wind generation, and close to 

zero changes for all other categories. 

Panel B ,xamines natural gas g neration more closely. These categories primaril r disti guish 

between whether plants are owned by electric utilities or independent power producers (1 P), 

and whether or 110t the plants are cogeneration facilities. The two largest ca egories are 

"IPP Non-Cogen' and "Electric Utility." Bo h increase substantially in 2012. Generation is 

essentia ly flat in all other cat gories bet\-o en 2011 and 2012. In some cases (e.g. industrial 

non-cogen) there are large percentage changes but from a small base level. It is difficult 

to make definitive: :,;tatcmcnts based on these aggregate datil, bnt this is ('onsi tent with 

plants in these other categories being much less able to respond to market conditions. With 

industrial, commercial, and cogeneration facilities, electrical output is a joint decision with 

other pro 'esses (e.g. oil extraction or refining, st'am produ tion, etc.). 

3.2 Generation Data from CAISO 

To complement the EIA generation data, \ve next assembled a database using publicly­

available records from CAISO. About 80 percent of th electri ity used in California is traded 

through CAISO. All of California's investor-owned utilitie::; and most municipally-owned 

electric utilities buy power thr ugh C ISO. An importan exception is the munipally-own d 

Los ngeles Department of Water and Power (LADWP), which maintains its own power 

generation and imports power from other states through long-term contracts. 

The data from CAISO describe hourly clata on electricity generation by broad categories 

7Although some monthly data is available, most California plants complete the survey only once per yeal". 
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(thermal, imports, renewablcs, large hydroelectric, and nuclear)8 See CAISO (2013c) for 

details. Table 2, Panel C describes generation by category in 2011 and 2012. These data 

corroborate the general pattern observed in the EIA data: thermal generatioll increases 

substantially while nuclear and hydro decrease. 

An important advantage of the CAISO data is that they also track imports. Between 2011 

and 2012 imports increased from 5.45 to 5.77 million megawatt hours monthly. This is 

a substantial increase, but off'ets only about 1/5th of the shortfall experienced from the 

SONGS closure, and only about 1/10th of the combined shortfall from SONGS and the 

decrease in hydroelectric generation. Both the EIA data and CAISO data sllggest that 

California thermal generation played the primary role in making up for the lost generation 

from SONGS. We examine the role of imports in greater depth in Section 4.5. 

3.3 Data from CEMS 

We next built a database of hourly emissions, heat input, and electricity generation by gen­

erating unit using the EPA's Continuous Emissions Monitoring System (CEMS). The CEMS 

data contain these hourly data as well as descriptive information for each generating unit, 

including owner name, operator name, location (county, latitude and longitude), technology, 

primary and secondary fuel, and vintage. 

CEMS data have been widely used in economic studies of generator behavior because they 

provide a high-frequency, generating unit-level measure of generation. See, e.g., Joskow and 

Kahn (2002); Puller (2007); Mansur (2007); Holland and l'vlansur (2008). CE S data are 

highly accurate because facilities must comply with specific requirements for maintenance, 

calibration, and certification of monitoring equipment, and because th(: methodology used for 

imputing missing data creates an incentive for generating units to keep monitoring equipment 

online at all times. 

During our sample period, 107 plants in California report to CEMS.!) These plants represent 

30% of total generation in California in 2011, and 62o/c of total natural gas generation. 

This low fraction of generation covered by CEI\!IS reflects that a large share of California 

generation comes from nuclear, hydro, and renewables - none of which are in CEMS. In 

addition, as discussed above, one third of natural-gas fired generation in California is from 

8 Additionally, the renewables category is broken into six subcategori s (geothermal, biomass, biogas, 
small hydro, wind, and solar), which we use \Vh n analyzing changes to wind and solar capacity. 

9CE1'v1S reporting requirements do not change during our sample period. The data include a number of 
plant openings and closings. We have double-cI ecked these changes and they indeed correspond to plant 
openings and closings, not changes in reporting status 
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ogcneraJ ion, industrial, and commer ial fa ·ili i s, whi h ar o'enerally not in th CEMS 

data. Ind ed, generation r ported in CEM in 2011 was 96% of non-cog n rati n I . and 

rpp natural gati-fir d generation rep rted in th EIA data. 

Despit the imperfect coverage. th £011 data provide an important. 'omple ent to h 

other data some ~, as they are the only publicly available information on hourly, gen r ting 

unit-level outcomes. l\10reov'r by combining the CENIS data with EIA and AlSO data, 

we ar able to get a sense of how mu :h our rult . might be affected by focusing exclu"ive1y 

on E 1. ' generating units. Tab1·' Al in the Onlille Appendix lists the largest plants (by n t 

generation) that do not appear in CE:\l . Panel A lists the five largest na ural gas plant, 

excluding industrial, commercial, and g n ration [a ilities. These plant are relatively 

small the largest produced 0.5 milli n f 1 ill 2011, compared to 1 millioll l\if'v\ h fr In 

San Onofre. Panel B list the larg st g n ra ion and indu trial fa iii ties that do n t 

app lH ENIS. These are larger han h, I lam in Panel A, b It in o'eneration categ ries 

that I' g nerally less abl to r sp Ild l h g' in market condi ions. Ind d th EIA 

dala ues rib d in Ta.ble 2, anel B sllgcre'(, hat there was essen ially no year-to-. ear eh' g 

f r these fa ilitie' b tween 2011 and 2012. Finally Panel C Ii ts the largest non-fossil leI 

plants not in CEMS. These include th two nuclear plants, as well as geothermal and hydro 

facilities. Thus overall, the non-CE pI nLs t nd to be eith r quite small, or facility typ s 

that in general ar not able to respond rapidly to market hanges. 

\ hiIe CE II unit report their gro s gcn r tion for this anal. sis we would ideall ' obs rve 

n't O'·neration. The cliff ren 'e b ween th two is equal to "in-hou 1 ad," "'hich is the 

1 ctricity th" plant uses to run, for in tance, cooling quipment or nvironmenta.l con roIs. 

As SUCh, net oeneration is vvhat i . sold on th crrid. Reliable plant-level or unit-level estimates 

f he ra io bet\v n net and gross g I eration are not available. In the analys s the t follow we 

Uti all impli d measure of n -t gen ra ion. which we 'al ul· te as 95.7% f gr . 'n ration, 

Thi' 4.3-per nt differenc is the me lian dill r nee in our tiample betw n n t gen ration 

from EI and gross generation ir m CEM. after droppincr some outliers. lO Kotchen and 

.:vIan ur (2013) make a similar cornpari on using national data, finding a 5-percent mean 

diff -'renee. 

10 pC' 'ifi 'ally, we examitp generation <Iat a for 200.)-2011 plaMs that appear in bol h CEM. fl.n<l ED\.. W(' 
calculat·, th annual net to gross ratio for each pl<'Lnt, u:·i.ng net. genera.tion as reported t.o EIA awl gross 
genera ion as rep r eel to CEMS. The median ratio i. O. 66. but ther are irnplausibl out Ii 'rs such that 
the averag is greater than 1. In particular, if som' but not all ""en rating units report to CEi\!IS. this ra io 
can appear larger than 1. Dropping these olltli I", the median is 0.957 and the av rage is 0.926. 
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3.4 Price Data from CAISO 

vVe also obtained hourly whole'al ele tricity prices from CAISO. We use pric at three 

locations: NPl.5 (the North), ZP26 (roughly, thE' LA area), and SP26 (the South). Th prices 

are locational margina.l prices from the day-ah ad market, and the total pric is broken down 

into three components: congestion, loss, and energy. Units are in dollars per m gawatt hour. 

o. ongestion" in this context refers to times when the flow of power on a transmis ion line 

is equal to the line's capacity, according to engineering standards. ll These standards can 

refl ct the physical limit of equipment, or can be limits imposed by the operator to prot.ect 

reliability. During periods in which transmission lines are close to the n traint. CAISO 

us ~ congestion prices to clear the market, implicitly allO\'\;ing for s me flexibility between 

the value of additional flow and pot ntial risks to reliability. The rul s used fur determining 

th s pric ~s and to clear the market are complicat'd and frequently updated, making them 

ext.remely diffi. ult t.o model explicitly. 

Figure 1 shows the weekly maximum price for t.he North and SOl:~h. We focus in this figure 

on the maximum price because transmission impa s are expected to be non-linear: while 

Xorth and South prices in the post-period were frequently the same, a difference in maximum 

prices reflects hours with binding transmission constraints. Maximum price: are generally 

very close prior to the SONGS closure, but they diverge substantially in 2012. Figure 2 shows 

the price difference between the Northern and Southern nodes at 3 p.m. each 'weekday, a 

time when transmission constraints are more likely to bind, and there is a clear incr ase in 

the post-period. There are many more days with positive differentials, including a small 

number of day. with differentials that exceed $40. 

3.5 Other Data 

vVe supplement the generation, prices, and emissions data described above with data from 

several other sources: 

1.	 The daily status of each of the SONGS reactors is obtained from the NRC Power 

Reactor Status reports. Thee reports list the daily capacity factor for each nuc! ar 

lIIt is worth noting that this u e of the term "congestion" is different frUIn how it is typically used in 
economic.'. For example, many studies examine public goods with congestion (e.g. networks, road, airports). 
\Vith the:;e goods the benefit per user falls as the number of users increases. aI's keep moving, for example. 
bUL more ·lowly. This is quite different from electricity transmission, for which there is ess ntially no change 
in b 'ncfits per user whatsoever up until the poillt that the cOllstl'aint binds and no additiorwl flow i fc ible. 
This di. tinction is important enouo"h that we have chosen to adopt the language "tran mission constraint" 
throughout and avoid the term "congestion." 
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generating unit. 

2.	 The OASIS data system also gives 11.' hourly regional load. Th thre regions available 

correspond roughly to the PGE, SCE, and SDGE service territories (the fanner in ih 

N rth, and the la.tt -I' two in the South). 

3.	 \Ve obtain daily I a ural gas pri 'es, in "jmrnbtu, from Platts G D ily. W focus on 

the PG&E ity Gate price for th rth, and the SCG City Gat pn for the Sou h. 

4,	 We obtain annual average Ox pri e ($/ton) [rom REeL 11\'1 annual reports [or 2006­

present. High:>r fr quency price are not publicly available. We use pri es of credi ' 

traded in the same y ar as the compliance y T. 

5.	 Finally. we match each generatin<r u it to one of the three price locations using h 

"Control AI' a G n raling Capability List' available fr m CAl 0, 

4 Empirical Strategy and Results 

4.1 Creating a Credible Counterfactual 

Our objectiv is to determine \vhich pow 'r plants incr ,ased g nenLioll t mak up for the 

2.150 mebawa.tt of 'apaci y that went down stctrting February 2012 when SONGS dos d. 

Although at first glanc thi ~ might appear to b r latively straigh forward xercise, imple 

b fore-and-aft I' comparisons would not be r lible. As we show d arlier. hydroelectric 

genera ion was extremely low in 2012. This alone necessitated 'ub tantial incre' 'es in gen­

eration from therrnol plants, making it difficult to interpret before-and-after comparisons 

like our Table 2. 

On potential approach for ,timating th ca1L al impact of the S KG do I' would have 

been to use a regr sian-dis ontinuity (RD) I' eareh design, comparing gen-ration immedi­

at ly b fore and after h SO~GS closure. Thi approach has a gr at d 1 f intuitive appeal, 

but is only useful for estimating a \'ery short-run ffect i.e. how aid generation change in 

the days or weeks following th closure. AlLhough thi' is ,'ornewhat intere ting, \ve are much 

mor" interested in longer-rull changes in generation patterns. In particular, \ve wan to 

b able to examine JUll , July and August. 2012, vvhen air-conditioning and other fa tors 

1 ad electricit . consump ion to reach its annual pee k. Th RD approach is not helpful for 

xamining this peak peri d because it ceurs eventl months after the cl reo 
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Instead, the approa 'h we adopt in this paper is to construct a generating unit-level econo­

metric model of the relationship between system load and generation, and then to use this 

model to quantify changes in generation post closure. The basic idea is simple. System load 

varies substantially hour to hour. Low-cost g nerating units operat most hours of the year, 

regardless of system load, while higher-cost generating units turn on only during relatively 

high load hours. Th first thing we do is describe this relationship non-parametrically by 

estimating a series of what we call ;;unit-Ievel generation regre sions." 

We estimate these regressions using data from before 2012, when transmission constraints 

were rarely binding in the California market. These regressions are thus an empirical rep­

resentation of operating behavior in an unconstrained market. and they primarily reflect 

differences in marginal cost a ross generating units. During the post-period, howeveL we 

expect transmission constraints and voltage regulation concerns to chang the ordering of 

generating unit . In particular, electricity generated by units in the immediate vicinity of 

SONGS became more valuable, potentially leading these units to be used even at lower levels 

of system load. 

As we describe In the introduction, we distinguish between two different effects: (1) the 

"merit-order" change in generation is when the next generating unit along the marginal cost 

curve is brought online; and (2) the "out-of-order" change in generation is when high r cost 

g nerating units that wo lld normally be offline are brought online because of transmission 

constraints, voltage support, or other considerations. In this section we describe our approach 

in detail, highlighting the key as umptions required for each stage in the analysis. 

Note that we use a reduced form approach, rather than either an engineering model of the 

electrical grid or (1 structural model of firm behavioL Either of these alternative approaches 

would have required us to explicitly model the transmission constraints and other physical 

limitations of the grid. Although engineering models exist with thb level of detail (e.g. 

GE IIAPS), they rely on strong simplifying assumptions that only appruximately descrilw 

Kirchhof's laws and the engineering properties that govern how elcctri('ity moves. In practice, 

in operating the electric grid system operators rely on a combination of un tput from models 

and real-time inform tion ahout system conditions. Our reduced form approach is a valuable 

complement- relying heavily on observed market behavior to make inference about system 

constraints. 

Our method' Iso diff r. from a ·trud.ural modcJ of firm behavioL in that we do not attempt 

to fully solve the firm ' profit maximization problem. Although the obje tive function is 

relatively cleaL particularly for merchant generators, the constraints are not. To formally 
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des rib all he constraints would require an expli ·it model of the transmission constraint.s, 

eft'~ctively r quiring a . mprehensive ngin ering mod 1. \7\f, gain see our approach as 

a ·ompl.ment, in that it relies on fewer as umptions about he tramiluission system and 

bout I 0 mitigation b havior. whi h v ould bias the r ults if incorr ct. Inst ad, our 

approa hue 'onometric tools and a novel method log to measure th redu d form 

generation impacts of the closure. Th ~S r sults repres n a combina ion of changes 111 

bidding behavior, :hauges in CAlSO market pmver mi igation d isions and changes 111 

Lransmis"ion constraints. 

4.2 Generation Curves by Category 

Th aggregate pattern of generation in Table 2 suggests Lh - the majority of the response 

to the SO G ~ closur came from in-sLate natural gas gen ration rather than imports or 

oLher fuel types. Additionally, vve argue i Sectiou 3.3 tha the ~EM units we observ 

are th bull,;: of th in- at natural gas unit that w rc able to respond to the SON S 

outao . T f rmalize thi' argument, our fir't step is t stimate non-parametrically the 

r lationship betwe n v tem load and the generation within th ca gories defined in the 

da a, 

g nerat'ionii = L (Qb',' :ll.{sysl mload, = b}) + Eit,· (1) 
b 

Th dep-ndent variabl is electricity generation for category 'i in hour t, mea. red in megawatt 

hOUTS. \IVe use th categories reported in CAlS ata: thermal, large hydro. imports, nu­

lear, a d ren wables. \ ~ additionally separate thermal inLo tw sub "ateoories: thermal 

gen ration tha does or d es not appear in CEMS, where th lal er is calculated as the dif­

fer nee betw n thermal generaLion repor d in CAISO and that reported in CENIS. 

vV' divid system load into bin' of equal width. Fioure 3 ~hows a histogram of hourly thermal 

1 ad, using ,he 'arne bill width definition Gl:;; ill the rcgre ·sious. Paucl A shows one year of 

-h pr -period and Pan I B the post-period. Tolal oelPration from EMS unit shift.s up 

sub tantiall ' ill the po~t-peri d to fill in for S01\ S. Additioncdly, the di:;;tribution changes 

b a ~ of 'oncurrent "hifts, for instanc in changes to hydro g nera i n. 

vVe do not include a constant in the regr ion. as the dumm I variables sum to unity (we 

could quivalently drop on , but we are inter sted in the C'oeffi i nt on each one rather than 

the relative ·oefficient::;). \i\ ithout any other regressors, tbc coefficients noi give us the average 

gen rati n for a categor.y 'i \\Then sys em loc d is .( I vel b. If there are no unobservables" 

no ramping, tc. this coeffi i nt would be equal to zero up until the pint when lower-cost 
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generating units had aIr ady been turned on to meet d mand, and then would b equal to 

the unit's capacity. Because there are no additional regressors, this is formally equivalent to 

calculating conditional means for different ranges of svst m load. 

Graphs of the c efficients for the pre-period are shown in Figure 4. In each plot, the x-axis 

is the to al generation from all CEIVIS units, divided into bin. The y-axis is generation 

in M ;Vh. We plot all six categories using the same scale for th y-axis, so that one can 

immediately compare both the level and responsiveness of generation. Panel A shows that, 

across all quantiles of load, the CEMS units are very responsive. Large-. ale hydro (Panel 

B) is only somewhat responsive, which is a bit surprising. We thought this might be because 

2011 had relatively high water supply, so we have also examined the generation curve for 

2012. Though the overall lev I of hydro generation is lower in 2012, the slope is about the 

same. 

The impor curve (Panel C) is upward sloping, but only for relatively low load hours. Past 

median load, imports are essentially flat, suggesting that during high load hours only a 

very small part of th lost generation from SONG would be met by import.s. f\uclear 

and renewalles are not upward sloping, as expect. d th nucl 'ar unit (Diablo Canyon) is 

baseload, and renewable generation is exogenously determined by weather. 

4.3 Unit-Level Generation Regressions 

To understand the plant-level changes in generation, we next. estimate these regressions for 

each unit that appears in the CEMS dat.a. The right-hand sick bins are now defined over 

tot.al generation by all 'alifornia CEMS units. This is the resid'Ual demand, after generation 

from renewables, imports, and non-CEMS units has been subtracted from the total syst m 

load. We use this rat.her than total system load because we want to identify the ordering 

of the natural gas unit::;. In particular, when evaluating changes from the pre-period to the 

post-period, we \vant to use only the variation caused by the SONGS outage, and not the 

variation aused by, for instance, changes to renewables or hydro. We discuss how this affects 

the interpretation of our results below. 

Sampl graphs of the coeffi ients from th unit-level regressions are shown in Figure 5. We 

show eight en units: the six larg t units for each of three technol gi s. As can be s en in 

Panel A, the combined cycle plant tend to turn on, and even reach apacity, at fairly low 

levels of syst m load. These units ar generally new, large. and efficient. The combustion 

turbines in Panel B are turned on at higher levels of load and have much smaller capacity. 
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The boil rs (P n 1 C), 'which are gell rally large and old, are turned on only at ver high 

levels of sy tem 1 ad. 

vVe next estill1at th unit-level genera ion regI' "ions for two "ub ets of hour.: b fore and 

after the SOl\GS I .-ure. For the pI' -peri d. we _e data from 2010 and 2011 th. two y,ars 

leading up to the SO 'G closure. Opera ing havior from before 2010 is 1 likely to b 

a good counterfactual for after th SO, 'G I ill, becau f other changes over time. For 

instance, improved ngineering and ll1anagell1e practices m an that genera'ing units are 

tending to perate m re hours per y aI', with fewer unplanned outages. These change' t nd 

to occur relativet' 'lowly, but we n II t,b I S5 hink it makes sense not to go a k farther 

than 2010. For th po t-period, we u.'. data from February 2012 through January 20l:3. 

T ese 301' the first tvvelve months after the ONGS closure. \ hil it would b' inter sing to 

examine longer-run hange in the marke (which will in lud daptation respOllS s, such as 

new capital illvestment), our estimates would become Ie.. credi le as we used data further 

into the future. In the Online App ndix, w include results through June 30, 2013 (the 

last available date f EMS data), The out-of-ord ~r result.' are somewhat attenuated, a. 

xpect d. 

Th he primary 'umption we make i hat the ordering of units along the marginal co. t 

curve in 2012 "",'ould have been th" same as in 2010 and 2011 h d SONGS not dos d. \ hil, 

2012 was differcn in rms of na mel g pric ,changes to non-thermal generation (SUCh as 

hydro and rcncwFlbl .s), and demand, we 10 not believe the-'c hFlngcs Flffect the ordering of 

the natural gas units. As such, we can attribute moves up the ordering to the need to fill in 

for SOKGS, and V\e can attribute re-ord ring of units to th ransmission constrain au'ed 

by SONG . In the nline App iix, we xplore a. 1 con ern in greater dept , con luding 

that our - -tim' tc' . r" largely 11l1off ·ted by them. 

\v, begin our rnFlin sample on pril 20. 2010; prior to tha at., vve do not obsen CAISO 

generation dat . Additionally, we drop a small number of days (fe\\,'er than ten) for which 

data from C. '0 ar incompl t . We' drop a handful of generating units (n=4) which are 

owned by LADWP. A d cribed bo\'; LADv P maintains it.s own power g neration 311d 

import power fr m other tate thro gh long-term contra ts, and is not part of he ISO 

market. For the main anal,' is we x lud, n rating unit that enter or exit during our 0 

ample period, focusing only on c ntinu usly-operating g n rating units plus Huntinoton 

Beach unit. 3 and 4 (which op rat d t.hrongh most of our sample period, ut w re on­

verted to synchronous condensers in 2013). We explore entry and exi further in th Online 

Appendix. 
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4.4 Merit-Order and Out-of-Order Effects 

We thus have a set of coefficients 0' for each of 22 bins at 184 generating units in 2 time 

periods, for a total of over 7,000 c effici nts. We summarize them as follows. We define 

the "merit-order" change in g n re tion t a given unit caused by the SO~GS closure as: 

maintaining the ordering of units along the r arginal cost curve, while requiring an additional 

2,150 11l0;2;a\vatt hours of generation to fill the SONGS gap. For convenience, we define the 

bin width as 2,150/2 = 1,075 megawatt hours, so that we can c)Ssume that system thermal 

load increased by two bins following the SONGS closure. 12 Then the "merit-order" change 

across all bins 6 and all generating units i in a geographic region (INorth or I. 01luJ is: 

~~ ( 'pre _ pre ). epost
L L 0'&1 Qb-2,i b (2) 
b>2 iEI 

where e~()8f is the fraction of hours that system load was in bin 6. 13 

The "out-of-order" effect is the chanuE' in generation from the pre-period to the post-period, 

conditional on a given level of system load. T be preci e. the out-of-order change across 

generating units i and bins 6 is: 

~~ ( ,Poot _ . prp) . epost
L L (lin (Yb-i 7b (3) 

b iEI 

Summing thes gives the total chang across generating units i and bins 6: 

"'" "'" ( yost _ ,pre ). epo.stL ~ O'bi °b-2,i b (4) 
b>2 iEI 

For ease of calculating standard errors, we estimate our main results at the regional. rather 

than generating unit level. This is numerically equivalent, since we are reporting the linear 

sum of coefficients across units \vithin a region. The standard errors are clust red by sample 

month to allow for arbitary spatial correlation and to allow for serial dependence. To examine 

whether the monthly cluster \V ufficiently long, \\1e r a-ressed the residuals on their lags. 

Beyond fifteen days, \ve estimate coefficient that are close to zero and not statisti ally 

"ignificant. 

121n robustne..s checks, we verify that results are similar for a bin width of 2,150 or 2,150/3. 
13Note that this cannot be calculated for b=l and b=2, since b - 2 would be undefined. In our sample, 

these leveb of thermal generation do not appear in the post period, so in pra.ctice e = O. If the had 
appeared, one solution would have been to u'e (h = e1 + e2 + th. 
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Additionally, we evaluat the merit-order and out-of-order changes for subset' f h urs when 

transmis ion constraints are mosL lik ly to bind, W onsid I' two such subse .'. ea J1 t Lalling 

approximately 5o/c of hours. First, we define weekday' summ I' afternoons as 2 p.m. to 5 p.m. 

in months June through Sept 'mb 1'. Second. we define high load hours when total CE:.\IrS 

generation was in th 13th quanile (gpater than 13,c 37 M\iVh); this leaves approxim Lely 

th ~ 'ame number of observ' Lions as in the weekday summer afternoon I' sluL. \"f, verify 

that both definitions are highly orrelat d with congestion d fined b} th pric differential 

bet\v "'n ,\1orth and South. l4 Kote that we u th e definitions b cau e thev ar xog nous; 

w do not condition dir ·tl. Oll the pric cliff l' ntial, a it is endogenous. 

4.5 J\!Iain Results 

Tabl 3 describe' the eff ct of the S _ GS closure on the geographic pattern of g n ration, 

rcported ill avcra c hourlY han<J'cs in mcgawatt ho lrs. Panel A report' eft' ,t for all hours 

during the tw Ive months following the closure, The merit-order chang in 11 ration is 

si1l1il8l' betwe n the. orth and the South: the point e ,imat i 892 in th South. and 944 

in the )Jar h. Th Central California olumn T pre nt' m .Y fewer plant, and ac ordillgl,v 

a malleI' in-order change (300 I'v1Wh). The out-of-ord I' change sho'<,\'s the eli 'pIa O'1enL of 

eneration from 1 -orthern g nera ing units to outhem units. elatiye to \vhat w would 

have xpected in a world without transmission cOllstraints, the South rn unit increased 

genera iOll by 150 MvVh, wh reas the )Jortheru unit::; de re' d by 140 f Th. To put thi 

in p rspective, 1h av rage plan -level capacity is around .380 M !If in the South and around 

270 MW in th North. 

The I' suIts are tark r when th ample is limited to the hours in \vhi h ransmission con­

::>traint' are most likely to bind. Oil W ekda,v :mrnru I' aftem ons (Panel B), the out- f- re er 

-ff c almost doubles, t a 237 _rWh incr ase in th South and 260 1\1\1\1h decrease in the 

North. In th 5% of hours with the hiohest 1 v-I of system load (Panel C), the point esti­

mate i' an increase in the South f 431 Mv , nd a d crease in the Korth of 381 MWh. 

As an alterna.ti\·e int rpretation, he merit-orcle,r effect. in hicrh load hour is similar to an 

in rease in capacity fact r of v 11 percentage points. The out-of-order eff t is 'omparable 

o increase in capacity fact l' of thre percen age point in the SouLh alld a clecrea e of thr-e 

perc ntage pint in the North. 

The result· in Ta.bl ' as urn hat th ntire displa·d 0_ G generation (2,15 ]\IWh) was 

met by in-state thermal units, A hown in Figure 4, imports are responsive at some levels 

14Th yar also correlated with one ana h r, with a simp! orr laLion f 0.29. 
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of load to changes in demand. To account for this, we calculated the m Tit-order impa t on 

imports of a shock to total load equal to 2150, using the same generation regr lon as m 

Figure 4. Averaging acr ss all hours: we find that around 25% of the lost generation from 

SONGS was made up by imports. One could imagine adjusting the merit-order results in 

Panel A of Table 3 downward accordingly. For weekday summer afternoon::; and high load 

hours, hO\vever, we find a very small imports respon e, consistent with the viswil evichmce 

in Figure 4. On weekday summer afternoons, only 4 percent of the lost generation is made 

up by imports, and in high load hours it is les than 1 percent. While the merit-order ff ts 

depend on how respon 'ive imports are, the out-of-order effects do nt, 8S imports did not 

change transmission constraint·. Further details and discussion are presented in the Online 

Appendix. 

The table also reports standard errors. The merit-order changes arc estimated with a high 

degree of statisti al precision and all nine estimates are strongly statistically significant. 

The estimated out-of-ard r chang are less precise, r fleeting that wher a the merit-order 

changes are estimated using the pre-period only, the out.-of-order effects reflect differ nccs m 

(' timated coeffic.iC'ilt. hctw en the pre-period and t.he post-period. 

It would have been unusual to ab. erve this magnitude and pattern of out-of-order effects due 

to chance alone. In the Onlin App ndix, we report r suits from a s ries of placebo t ts 

aimed at providing some reassurance that these results are not driven by omitted variables 

or model misspec.ificFLtion. In particular, we repeat the analysis six times using t.he exact 

same specification, but with a different set of years. In the first placebo t('st, for example, 

we estimate the model as if 0 GS had closed in January 2007 rather than January 2012. 

Overall, the estima ed out-of-order effects in these other years do not follow the pattern 

observed in 2012. Some of he estimat are similar in size to our main results. However, 

\\ hen one looks closely at non-zero out-of-order effects in other years, they tend to be driven 

by IOEg outages. To demonstrate this, we show several diagnostics on the unit-level out­

of-order effects. In the year with the largest out-of-order placebo effects, the standard 

deviatioll: skewne 'S, and kurtosis are all substantially larger (in absolute terms) tha.n in 

2012, indicating large year-to-year changes in generation at a few individual plants rather 

than correlated changes in generation across many plants. 

4.6 Impact on Costs 

We next quantify the change in the total cost of production associated with these generation 

impa .ts. To do so, we must first calculate a marginal co~t curve for each gE':nerating unit. As 
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IS OIllmon in the literat . \ve cal ulate marrrinal cost u::;ing information on heat rat s, fuel 

price.',andvariableoperatingan.lr aint nancec t::;(YOM): \!IC;=h atTat i·f'LL lpri' i.-L 

va ri . For the unit-lev 1heat rate. w divide th€'; t tal 11 at input over our im frame (in 

1 IBtus) by the total net g nerati n (in i\lIvVhs).15 F r til fu 1 price, \V us th av rage 

post-period ural gas pri e in dollars per M .'lEtu, with separate prices for the North 

and South, from the Platt data d 'cribed above. F r YO It w assume 3.02 $/MWh for 

combined cy '1"' plants and 4.17 /1\.1 'v\ 11 for all 0 h r plants, [ollow'ing CEC (2010). Th 

l' sultino mar'o'inal co. timates range from $23.79 for genera, ing uni \'.1it favorable heat 

rate' t $79.63 f I' units \:I/ith high heat rates. 

In Figure 6, we plot h 'marginal t numbers for both th EMS units and for th r types 

of g nerati n in California. For uniL-l v 1 apa ity, \ve u e the maximum ob erved h urly 

genera ion in our sample. For th . hydroelec ric, rene\>,rable, and nuclear portions of this 

'urve, we proxy for capa ity " ith average hourly generation in the post- riod (F~bruary 

1 through J nuary 31, 2013), using the AI 0 produc ion data. While th s types of 

g- eration have high r rat d capacities, the averaoe gen"ration in the pst-period is more 

relevant given >'onstraint set by w h r onditions. \i\e assum zero marginal cost for hydro 

and renew ble5 produ tion. For th argin' lost of nucl 'ar units, we use the ,tim te of 

, 7.08 P r m gaw 1,1, h Ul', h av-rag f I 1cost· Iluclear plants repo ed in Table .4 f the 

EIA' El ctric Power Annual (EIA 20 2), plus $4.17 for OM, Only in-state gen ra ion is 

·huwll. It is illlIJOrtant to n t that th e imat, fur natlll'al gas ullit, are ::;pecific to OUI' 

tim- peri d . they use average fuel pric £ r th twelve months followillg the 'losUI'e. The 

marginal 0 t curve for oth I' ear \'lith higher natural gas prie ,s would be both hioher and 

st eper. More details on ,he impli it as umpti n und rlying these cal 'ulatiolls ar given in 

Section 7. 

'V\!, overlay n the marginal os llrve a histogram of ttl hourly g 'n 'ration in the post­

period (Februarv 2012 through January 201:3). In most hours; th marginal generating unit i 

a combined 'y'l na.tural ga unit, with marginal cost given th averao pst-period na.tural 

gas price of around 25 $/MvVh. In hio'h load hours, hO\vever; th marginalnnit. is typically 

either a ,ornbnstion turbine or a boil· r (again, fueled by natural gas), with m ginal :ost 

around 40 $/MWh. 

v\e next cal ulate he total co t of generation in each hour for each g n rat.ing unit by 

multiplying st per M\Vh by total generation. W next mn pgres 'ions similar to th - unit­

1 v 1 rrenerati n regres ions: total 0 t i. a fun 'tion of total rrenera iOll bins interact d with 

pre-p ·[iod and post-perio:l dummies. The advantag of using this regression is that wean 

15This b tracts from ramping rates, as is COIllmon in th lit rature. 
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gain decompose the total change in cost into merit-order and ut-of-order changes. Results 

are given in Table 4. Taking a weighted average across all hours, the merit-order increase 

in total cost of thermal generation was $28,000 in the South, $8,000 in the ZP region, and 

$26,000 in the North - otalling over $61,000 statewide ea h hour. The average cost implied 

is approximately 29 $/MWh. 

It is worth noting that this estimate of $61,000 does not account for a differential import 

cost. As described above, imports made up approximately 25 percent of the lost generation 

on average, across all hours. Given that th California me rginal cost curve is quite elastic 

in most of these hours, the marginal cost of out-of-state generation nece:-:isarily must have 

been close to the marginal cost of the in-state generation. As such, we expect our estimate 

of $61,000 to be close to the tru' merit-order change in total cost. 

In addition to this merit-order increase in the total cost of thermal generation, the out-of­

order changes are sig·nificant. Whil total cost increased by $6,900 in th South and $500 in 

ZP, it decr ased by $3,000 at orthern generating units because of the decrease in quantity. 

Systemwide, this implies an increase of over $4.000 each hour coming from the out-of-order 

changes in generation. While lower-c st units were available in the ~orth, they could not be 

used because of th tran mission nstraints. 

Thus the total cost increase at thermal power plants statewide, including both merit-order 

and out-of-order effects, was over· 66,000 each hour. This can be compared to total quantity 

multipli d by the average post-period price of 31,33 $/~IWh, giving a naive calculation of 

$67,000 per hour. This is close to our estimate, because the supply curve is fairly elastic in 

the majority of hours. hus thE' co t of the marginal generating unit is not very difFerent 

from the cost of the inframarginal units. Next, using the EIA estimate of fuel cost at nuclear 

plants of 7.08 $/tvIWh for nu lear plants (EIA 2012) and a YOM of $4.17 impli s that the 

marginal ost of generation at SONGS would have been around $24,000 each hour. 16 This 

difference in costs impli('d that the; SONGS closure incrpa,srd the cost of generation by about 

$369 million in the first twelve months (Table 5). Of this, the out-uf-order portion is the 

ost associated with insufficient transmission capacity. This totals over ~4,OOO per hour ­

around $39 million over the first twelve months following the closure. 

Panels Band C estimate the cost hang s for weekday summer afternoons and high load 

hours, when transmission constraints are more likely to bind. The merit-order efi'ects are 

larger than in Panel A, because th marginal generating units at these hours are higher 

up on the marginal cost curve. Th change is particularly high in the South, where the 

IGFor nuclear plants, marginal costs are mostly fuel costs. Repair costs for the cracked steam generators 
are not mar ina!. but we consider these cost" in Section 6. 
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generation impacts were larger. The out-of-order changes in total cost are also higher than 

in Panel A, reB. ding a combination f larger out-of-order chang. in generation and higher 

marginal cost. The system-wid total ch 1ge in th rmal 'ost.· is approximately $76,000 per 

hour on wee day summer aftern all::;. and around 83.000 per hour in hia-h load hoursli 

For comparison, b cause the weekda "un mer aft moon averag whole ale price \vas 50.86 

$/l\.IWh, a llal'Ve .lculation of S i\GS apacity multipli d y price would have implied 

a chang in total cost of $109:000. The -t al hang. in total cost is lower, becc u::;e the 

marginal generating unit in these h urs has a higher cost than the inframarginal units. 

Similarly, a naive alcula ion of P time' Q for hio'h load hours (Panel C) would have given 

an estimate f $112,000. 

4.7 Impacts on Emissions 

In addition to the private co t f g n -rati n we cal ulate al ave, \;,Te quantify the impact 

of the generation change on carbon dioxide missions. The CENIS data provide hourly 

data by g n rating unit on emissions of various pollutcUlts,' described in Section 3. We 

use th dne type of regression as w J us d for the 0 n"ration and cost hang " but novv 

with CO2 emissions. in Lm , a_' the d ~pendenL variable. While California pmver plant are 

currently overd by a c rbon ca.p and trade program, they \'vere not .vet covered in 2012. As 

a. result, any increa. in CO2 emissions ca ed by the SONGS closure would not have been 

offset. vVe estimat an increase of 1,080 t ns per hoUr. 18 For comparison, the averc ge hourly 

total emissions at ElVIS plants was around 4,200 'onl) in 2010 and 3,400 tons in 2011. 19 

The central value of the social c, of carbon us~d by the f deral government for r uulatorv 

impact an<lvsi~ is 32 "/ton (in 2007$) (I G 2013). For this ot of earbon, our stimat s 

imply a social cost of th aclditional missions of $331 million in 2013$. 

\ 1Ile al 0 ,xal inc the impact on S02 nd ;\lOx emissions. For b (,h pollutants, the iner ses 

we estimate are on th same order of magnitude (relative to baseline levels) as th O2 

numbers. However th economic significance is small for rea nable estimates of the socia,l 

ost of 502 and !\Ox. Iloreover. a portion of l\Ox emissions are capped in the RECLAIM 

Ii S we describ ~lb ve, imports did not ubstantially incr ase in th weekday SUI 1m r afternoon and high 
load hours, As such. we exp ct our in-stat calcula.tions to b very close to the true total change in cost. 

1 '0/e do nut report th' geograpllic breakdowll 1101' the differenc' ill high load hours, although they match 
what one would expect given the Q'eneration changes in Table 3. Sillce CO 2 is a long-lived. global pollutant, 
these breakdowns are Ilot relevant. 

19Hydro generation We ' large in 2011, which presumably lowered the total generation from thermal units 
and thus CO2 emissiOl s. These baseline numbers are for all units in E:VIS. including tho e we drop wh n 
w construct our balanced panel. For our balan ed panel. hourly missions \overe around 2,9 0 tons in 2011. 
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market around the Los Ang les areCl, so some of these iner ases may have been offset by 

other sectors. 

Plant-Level Impacts 

We next pI' sent results disaggregated to the plant level. Table 6 shows the plants that were 

most affected by the SCSGS outage. In Panel A, we show the plants with the five largest 

merit-order increases in generation. All five are large plants with low marginal cost. As 

Figure 6 shows, in most hours th equilibrium is at a fairly elastic portion of the supply curve, 

with costs around 25 $/MWh. Panel B shows the largest positive out-of-order increa. " and 

Panel C the largest out-of-order deer as . The largest iner as s tend to be in the South 

and the larg .. t decreases tend to be in the North, matching the aggregate re~;ults in Table 

3. 

The differences between the South and North are starker during hours when transmission 

constraints were most likely to bind. Table 7 shows the most aff cted plants during high load 

hours only. Re. ults for weekday summer afternoons are similar and available in the Online 

Appendix. ~ t surprisingly, the merit-order increases are largest at plants with II uch higher 

marginal cost: around 40 $/MWh. In Panel B, the large t out-of-order incr ases are exclu­

sively at Southern plants, as expected. Moreover, these are plants that were approximately 

on the margin: their marginal co t is comparable to the marginal cost of the plants in Panel 

A. 

In Panel C, sev ral of the largest out-of-order de Teases are at plants in the North. There 

are t\·o important exceptions, hmvever. The two largest out-of-order decreases in high load 

hours were at plants in the South: Alamitos and Redondo, both owned by AES. These two 

large plants were on the margin in these high load hours: they appear in Panel A as plants 

with large merit-order changes. :\loreover, given their location in the South, they would 

have been expected to have out-of-order increases. To illustrate the anomaly these planL 

represent, we show in Figure 7 the plant-level hourly out-of-order changes for high-load 

hours, separated by regi(H The AES plants are shown in orange circles, and all oth r plants 

are shown with black lines. While the other Southern California plants gen'rally exhibit 

positive out-of-order effects, the AES plants are clearly unusual. 

Vie view the AES out-of-order decreases as consistent with th exercise of market power. As 

it turns out, these two plants were operat d through a tolling agreement with JP Morgan 

Ventures Energy Corporation, a subsidiary of JPrvlorgan Chase. The Federal Energy Regula­
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tory Commission has all g d market manipulation by JP J'vlorgan at these and 0 her plants. 2o 

FERC assert d that JP \II rgan engag d in t~velve different manipulative bidding strategies 

between September 2010 and Nov mber 2012 in both the California and tVIidcontin nt mar­

r s. Some of the strategies, parti 'ulady in 2011, weI' designed to 1 ad the independent 

system operator to schedul the gen rating units ven when it w uneconomical to do so, 

then to pay prices above the \vholesale price thr ugh so-called make-vvhole payments. Other 

strategies, particularly in 2012, involved submitting extremely hicrh bid. but relying on the 

ISO's dynamic sch dulino' constraints to lead th bids Lo be> accepted. :8 l' details on the 

individual strategies, S' FERC (2013). In 201:3, JP Morgan agreed to pay a civil penalty 

of $2 5 million and to disgoq:;c '125 million in allcoed unjnst profit". 

It would be interesting to us our results to calculate th profit earn d by AES by manip­

l.tlating the market, potentially then comparing this number La the settlement with FERC. 

Several things prevent u, from being alle to do that, First, sin 'e JP Morgan was engaging in 

market panipulation ill both our pre- and post-periods. w do not kn w \\ hether the out-of­

order decreases at Alamitos and Redondo ar a result of unusually high generation in 2011 

or withholding in 2012. Second, \V do not observe a period wh n SO;\TGS \:vas closed bUL he 

Alamitos and Redondo plan 5 were operating competitively. . data b - om availabl from 

post-settlement, i might be possible to do more here. Finally, mu h of the manipulation 

alleged by FERC was aimed at earning revenues through exceptional dispatch and other 

out-of-markeL operations, and we do not observe the payment. 

vVe do, hO\~"eveL re-examine our main results in light of the FERC inve tigation. In Table 

tl we pres('lll. our mail! sJ)(~(ificati()ll, with the three plantl:i U\ovned by ES sepm'at(~d from 

toh other Southern plants. AES plants over this time frarn w l' Alamitos, Redondo Beach, 

and Huntingt.on Beach. AES and JP '1organ had tolling agr ments for all thre plants. 

A column (2) shows, th ont-of- rder increase in the SouLhern units arE: even larger than 

in Table 3, one the plants with alleged non-competitive bidding ar s parat d U·'. We 

b li ve this validat s our overall appr ach in two important way,. Fir t, it ho . that our 

out-of-order stimat s do indeed sh w the effects of the transmission can ·l.raints between the 

Northern and ' nthem marke s. Second; the out-of-order estimates an serve as a diagn shc 

tool, pointing to generating units where one IT ight suspect non-camp titiv b havi r. 

20Wolak (2005) point.s uut that rq,'lllatory uver 'igltt uf dectric;ity is different than for most goods, in that 
it is illegal to ex rcise unilateral market power. FEe is changed with a statutory mandate dating back 
to 1935 which requires wholesale electricity pri' ' to he "just and reasonable." allowing for the recovery of 
proclu tion costs and a "fair" rat of retUrI!. 
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6 Discussion 

The previous estimates speak to th benefits of transmission, but these must be compared 

with the costs. In this s ction we in orporate available estimates in the literature for the cost 

of upgrading transmission lines and other relevant points of comparison. We then step back 

and think more broadly ~1~)Out Southern California Edison's decision to close SONGS. 

6.1 Benefits vs. Costs 

Of the estimated $369 million in increased generation costs, we attribute $39 million to 

transmission constraint. and other physical limitations of the grid. This reflects Southern 

plants operating too much, and Northern plants operating too little. Over twenty years 

with a 1.6% discount rate (Office of Nlanagement and Budget, 2013) this annual cost of $39 

mi::ion implies a present discounted value of $677 milliun. 

There are ways these transmission constraints could be relaxed. One approach would be 

to build an additional high-voltag (500-kV) transmission line along the existing -Path 15' 

corridor, an 84-mile path connecting Northern and Southern CaliJornia. The advantage of 

increasing capacity of existing transmission lines is that it avoids much of h siting challenges 

inher nt in opening new corridors. A similar project in Path 15 was completed in 2004 and 

cost $346 million. 21 

Another alternative would have been to add new generation capacity in Southern California. 

Construction costs for a conventional combined-cycle natural gas plant in California are 

auont $1100 per kilowatt (EIA 2013B), so to build a plant that 'ould replace the entire 

2150 megawatts from SONGS would cost about $2.4 billion. This is considerably larger than 

the implied cost of the transmission constraints, but, of course, a new plant would huve both 

re18xed the constraints and generated electricity. 

Thpre may also be 10\'ver-cos1, alternatives available for mitigating transmission canst raints. 

Part of the challenge with the SONGS closure was voltage regulation. Electricity gradually 

drops in voltage when it is transmitt d long distances, so some local generation is necessary 

to complement electricity produced far away. Much of the attention since the SONGS closure 

has been on adding local generation, and in particular, on adding generation that provides 

"reactive" pov;er that maintain' voltage. making it possible to bring in more power produced 

21See http://www.wapa.g v/ n/op,/transmission/path15/factSh(-:eLpdf. We multiplied the construction 
cost by 1.13 to rellecl year 2010 dollars. 
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far away. For example, in 2013, two generat l' c illltington Beach lant weI' converted to 

synchronous condensers, providing local voltag support. Accordin o to CAISO (2013A) the 

project cost $15 million. making this a rela ively inexpensive project compared to capa ity 

and generation additions. 

The fact that the SONGS closure \-vas unexpe te sharpens he int rpretation of our re­

'ults, essentially allowing us to observe th Calif mia market with and without transmission 

one traints. But this come::> at some co::> in the form of external validity. Had th closure 

been anticipated, investment::> in capaci y and generation could have e n made in advan e, 

potentially avoiding the regional imbalan es altogether. 

It is also important to distinguish between ex ante and ex post calculation. Our ee timates 

provide ex post mea ures of the cost of the SO~GS do::>ur during th twelve months following 

the do ·ure. They reflect natural gas prices, el c1.ri -'ity demand, we'j1.h 1', and other market 

conditions from 2012 Hm:\'ever, had these conditions materialized diff' l' ntly. the cost 'ould 

have been mu h higher. An extended period of hotter-than-averacre wea -her or an outage at 

another major pOWf~r plan could have retiulted in price spikes or even blackouts. 

6.2 The Decision to Close SONGS 

An appealing feature [our analysis iti that it pI' vides some of the inf rmation nee ssary to 

evaluate the decision to close SONG . When the decision wa made to close the facility, it 

till had ten years left on its CUITent operating lie nse with the TR .22 V h ther the decision 

L 'Iose makes sense or not depends on the value of the ele tricity that SOl\G ' would have 

generated during this period, as \vell:: on tlw fixed costs of repairing the plant and keeping 

it open. 

\V find that. the O~ JGS closur incre' g neration costs by about, '369 milli n during 

the first twelve: months. 0 0.1' te:n year,' with a l.G<Yr discount rate this is $3.4 hillion. If the 

transmission 'onstraints and other physical limitations of the grid ould be eliminated. th 

annual c t drops to $329 million, and the ten-year cost t.o $.3.0 billi n. Inc rpora ing xternal 

benefit.s in the form of l' duced carbon dioxide emissions \'iould incr . this value. 

Thes' benefits from k(;cping SONG op(;n must be compared again. t cvcral significant 

'osts. First, th re wa.s real uncertainty about the cost of required l' pair'. and even about 

whether SONGS \-vould hav ever been allowed to re tart. v hen th deci i It was made to 

22Reactor numbter twu W'LS lie n. eel througll F bruar ' 2022. cl1ld reactor nurnber three wa., licensed through 
November :2022. Se' ?\IRe Dig st. 
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close the plant t lw )iRC had already \varned SCE that it might be a year or more bdure 

a final decision would be made. Second, although the marginal cost of nuclear genera.tion 

is low, its annual operations and maintenance costs are substantial, about $330 million per 

year. 23 Third, there are important external cost associated with operating a nuclear power 

plant. Some were cone rned:. [or xample, that SONGS' trouble. signaled increased accident 

risk. 

Conelusion 

We find that the ONGS closure increased the private cost of electricity generation in Cali­

fornia by about $369 million, and the social cost of emi sions from g neration by about $331 

million, during the first twelve months. Of this, $39 million reflects transmission constraints 

and other physi al limitations of the grid that necessitated that a high fraction of lost gen­

eration be met by plants located in h Southern part of the state. These constraints al '0 

increased the SCOp0 for market power, and we find evidence that on company, in particular, 

may have acted non-competitively. 

The analysis corroborates long-held views about the importance of transmission constraints 

in electricity markets (Bushnell, 1999; Borenst in, Bushnell and Stoft, 2000; Joskow and 

Tirole, 2000) and contributes to a growing broader literature on the economic impacts of 

infrastructure investments (Jc en: 2007; Banrrjee, Dufto and Qian: 2012; I30renstein and 

Kellogg, 2014; Donald on Forthcoming). Infrastructure facilitat trade and reduces price 

dispersion, but it also affc,ts mark,t structure, aud this is true not only for electricity but 

also for a broad range of tradable goods (Ryan, 2013). 

Our results also illustrate the challenges of designing deregulated electricity markets. Wolak 

(2014) argues that while 'ompetition may improve efficiency relative to regulated monopoly, 

it also iIltrodu . cost in th form of greater complexity and need for monitoring. Trans­

mission constraints add aI additional layer to this complexity, b implicitly shrinking the 

size of the market. Constraints increase the scope for non-competitive behavior, but only for 

certain plants during certain high-demand periods, so understanding and mitigating market 

power in these contexts is difficult and requires an unusually sophisticated regulator. 

Despite these challenges, the experience in California in 2012 also provides some cause for 

optimism. An enormous generating facility closed suddenly and un xpectedly during a year 

23The Co t of Generation Model from CE (2010) a:S\lmes an annual fixed 0&.·1 cost of 147.7 /kW-yf. 
in 2010 dollars. We lllultipLied this by SO"JGS' ca.pacity of 2150 MW and we translated into current dollars. 
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with lo"v hydro .leclric gen ration, y t th r wa' ssentially no di ruption in supply and 

wholesale prices remained steady. In part. thes 'steady' prices were only an illusion, driven 

by a lucky coincidence in th form o[ de rased uatural gas prices. However the experience 

also points to a mol' mature, more flexit Ie mark t that, although imperfect, pr vides m 1 y 

of the right incentive.' f r generation and investment. 
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Figure 1: Weekly Ma.,ximum Prices, South versu . orth 
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oul h. The vertical line show the w ek the second S NG unit w'n( dOWTl (F bruary 

2012). One oulli I' in 2009, with both Nor h and South prices gre tel' than 400, has been 
dropped. Price are in /MvVh. North and outh are defined b til Path-lei transmission 
interconnection. 
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Figure 2: Pri e Differential, South versus ::'Jorth 
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b r 2013. \Vt,'k nds me l'xC'lll "'d. POl' eClch day, we cakulal the pric<' diff<;r lIC" betw 'en 
th S uth od lorth. The vertical line ..bm s the day tbe sec nd SONG' unit went down 
(February 1. 2012). 

FiCTure HistoCTram of Hourly Load 
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!'\otC': This figure show lJ. histogram of tot.al hourly g neration from CE2I1S units in the 
ear leading up to the S l\C" closure (Panel A) nd in the year following the closUl'e 

(Panel B), The!>ift to the right in Panel B refiects uoth the clo'llre of 01 GS and 
concurr nt chang sin non-th I'mal generat,ion (espec'ally hydl'o) and dermuld, 

35
 



Figure 4: Pre-Period Load Regressions by Fuel ype 
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::\ote: The'e figllres pint th coeffici nt from six regressions, using hOllrly gener bon da.ta 
from CEI 1S and GAlSO. The x-axis shows the quantile of total generation ITom . 11 ,omces. 
Th y-axi haws the average generation, in MvVh, for that· cat.egory of genera ion. Data 
in from th two year, prior to th losure of SO:.lGS. For the non-GEM thermal IInit~ 

in Panel F, w hay subtra. t d total CEMS generation in our balanced panel from he 
total thermal generation reported in CArSO data. Details on the regr s'ion estimation 
are ~ven in the text. 
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Figure 5: Sample Pr -Period Unit Gen ration R ­
gr siam; 
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Figure 6: The Marginal ost of ElecLricity in California, 2012 
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:\otc: 'l'hi li(';urc wa:' con:trucled by the authur usiug their measure: of rnargimL! cost and capacity fur electricity g n ral ing 
re ourc in til ·tat of California. Imports are not tncluded. To CQnstr ct marginal cost for natural g units, w use 
uniT-sp cifi,. hea rates, the average natural "as price ( eparated by region), and California Energy Commission estimates or 
variable 0 :'vi. costs. For detail:;. see the text. For the (.Oap" ity of n tural gas unit, (i.e. the width of ach tep), we use 
the maxirnul observe hourly g n ration iu our sampl For hydro, renewabl (including wind, solar, geothermal, and small 
hydro), and nuclear capacity, we use avera" hourly generation in 2012. For the marginal cost of nuclear generation. we u an 
EIA estimate of fuel costs of 7.0 /rvrv/h and VOl I of 4.17 S/MWI.. Bi mass/biogas ar not shown, as marginal cos numb r, 
ar not available. This marginal cost f biomass generation is likely in the range of th combin d CY'c e u its with an average 
produ ·tion over this period of around 500 MWh. 
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Fifrllre 7: Plant.-Level Ou --of-Order Change, in High L ad Hours 
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:\ote: This figure plots the plant-le"el hourly all rage out-of-order change by region, with 
\ES-o\:vtled plant:-j ::; (l\\,n in solid orrtnge ciTcles. Tb regiou; 1 totab arc sho\'\o'o ~ itb 

hollo\\" circle -. De ail on th calculations are given in the text. 
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Table 1: California Net Electricity Generation By Source III 2011 

eM 'gory Subcat gory 

0' 'il Fuels 

Nuclear 

R.enewable· 

Total 

_ atural G, 
oal 

Other os~il Fuels 
Total 

San Onofre 
Diablo C"nyoll 
Total 

Hydroel eric 
G otb rrnal 
"'Yiod 

alar (PV a.nd Thermal) 
Other R.enewables 
Total 

{·U 

1.0 
1.7 
47.0 

90 
92 
18.3 

21.1 
63 
39 
04 
30 
34.7 

100.0 

Note; These cia a come from the U.S. Department of Energy PO'wer Plant Operations Re­
port, which includes n ratioll hom all electric generating plants larger than one megawatt. 
The table describ s 2011 ne generation for pl.nts operating ill California. Out-of-state g n­
era iun, including electricity imports, are excluded. "0 her Fossil Fuels" includes petrol urn 
coke, distillate petroleum, waste oil, residual pe r leurn, ol'h r '" , and oth r (includino 

n nbiug nic municipal lid waste). "Other Renewabl ," includ . w d and wood w' t 

and muni ipal sobd \\'aste a.nd l::>ndfi I gas, 
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Table 2: California Electricity Gen ration, 2011-2012 

ven...ge :\1011t hJy Average M nthly Change 
G n rati Il. neration, 

)dillion \1Wh ~1iJlion \PNh 
2011 2012 

Pan Data 

Nat,mal Gas 7.41 10.09 261> 
Wind 0.6 083 01 

th rmaJ 1.0 1.11 006 
alar ( . V and ThermaJ) a 7 0.12 004 

Oth -r Renewable~ 0:;0 0.53 0.02 

Co"I 017 0.13 -0.03 
Other Fossil Fuels 0.2 0.21 -0.0 
Hydroele ,ri 3.5'. 2.21 -1:33 
~uclear 3.06 1.54 -1.51 

Panel B: By Sector, l':atural Gas Only, E1A Data 

IPP Non-Cogen 2.6:1 4.51 1. 
Electric Utility 2.24 2.98 0.73 
Indu.strial • on­ 'ogen 0.03 0.10 0.07 
IPP ogen L.J7 143 0.06 

'ornmercial NOIl­ 'ugen 002 002 n.no 
ommercial C Ie>" n 0.[4 0.12 -00 

Industrial Cogen 0.99 0.93 -0.06 

Panel Data 

Therm",l 6.12 8.47 235 
Imports 5.45 5.77 0.32 
R new"hles 2.11 2.25 014 
L,u'''­ Hydro 2.·17 ['5' -0. 9 
l':UCleiJ.I 3.07 1.;;5 -1. -1 

t: Thi.s tahle reports the ilV rag' m nt hly net generation in C<t[if rnia in 
2CJJ 1 and _012. l1leasured in rnillion 1\·IWh. A' described in _ ction .. J. the 
E1 Mta escrih... ",II .S. " ... ' ..'rating facilities with mol' than one megawatt. 

f capacity. Here we report generation from ~tl.l fa 'Uities in th st at.e of Cal­
ifornia. I Pancl A. " ther Renewahles" includ w ad and wood waste, 
and municipal :;olid w~te and landfill ga.:;. "Other Fossil F'l.lel-" indud :; 
p troleum coke, di:;tilIat- [Ptroleum. wa.,t.e oil, r 'idua] petroleum, other 
gases, and other (including nonbiogenic municipal solid ·waste). Panel d­
scrihe 1 ctri it sold t.hrough the 'alifurnia Independent, Syst In Op rator 
including four categorie~ of generation from inside California, and "import.s·' 
whlciJ incllld· all ele 'tricil.)' coming from oul of ·ta e. 
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Table 3: he Effect of the SONGS Closure on the Regional Patt rn of Generation 

Average Hourly Change, By R.egion 

Southern C ntm! . orthern 
California 'alifornia California 

(SP26) (ZP26) ('JPI5) 

(1) (2) (3) 

Merit-Order Change in Net Ceneration (:\'IWh) 

Out-of-Order Ch<\rl"e in Net Generation (l1Wh) 

l\-1erit- rder Charrge in N t G n ration (lvl \,V Ii) 

Out-of-Order han e in Net Generation ( lWh) 

l\'lerit-Order Change in Net Generation ( [Wh) 

OUl-of- rder Change in Net Generat'on (flrWl ) 

Obs rvation' (Hour by ni)
 
. I umber of Generatill,!; nits
 
N umber of Plant,s
 
Total C"pacity R.epresented (1\11\,\/)
 

Pan,,) A: All Hours 

1392 300 944 
(1) (1,'1) (18) 

HiO 20 -140 
(73) (66) (79) 

Pane! B: Weekday Summer .\fl"rn0ull.' 

1068 259 
(·U) (17) 

237 76 
(144)	 (6l) 

Pan I C: High Load Hours 

1207 
(44) 

431 
(J4.J.) 

2.2 '5)40
 
94
 
42
 

15.922
 

174 
(30) 

4 
(T) 

622 
(39) 

-260 
(119) 

753 
(35) 

-3Rt 
(129) 

1920.490
 
79
 
43
 

11,776
 

Note: The sample includes electric generating uni . that report to th EP Air :-,,!arket Program's Contin-uo'U.S 
Emi sioll.l Monitoring System within particular geofrTa.phic ar "'. as indic.ated by the column headings. vVe 
exclude generating unit' that nter or exit during our sampl period, to focus on a compl t panel of ontinllously 
reporting units. Our sample include. all hourly observa.tion~ between April 20, 2010 and January 31, 2013. The 
merit.-order calculati II give th increas in generatio at marginal unit· assuming 2,150 )'fWh ar needed (0 

make up for he 10 l generation from NG.. Th out-ol-ord I' calculation gives the differen e b t\vcen actual 
and expected gen rati n, as xplain d in th txt. tandard errors (in parenth s) ''lre clust r by sampl 
month. In Panel B, vVeekday Summer Afternoon' include he hours 2 p.m. to 5 p.m. in months June 1,hrough 
Septrmhcr. In Pan I C, [lig" Load II llrS an' d tin 'c\ hours when t.otal CE),[ generation was in th I, Lh 
quantil (greater than 13, 37 )'[Wh); result are quaEt tively similar wiLh other cut-ofl's. For Ilnit-Ievel capa 'iLy, 
we proxy with ma."imum obs ed genera.l ;011 in our s<lmple; total capaci y is the sum across units. he thre 
geographic zones are defined by the Path-15 and Path-2 . transrni 'sion interconnections. 
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abl 4: The Effect of the ONG Clo UT n Th f01al Gen'ra Ion C t 

Average Hourly Cbang , 13)' Region 

SQuthern entral nrthernj 

'alifortli" California ~abforni 

P26) (ZP2G) (NP15) 

(I) (2) (3) 

Pa.nel A: All HOllrs 

Merit-Order Change in Total ost ( ODD's) 2 .0 7.7 26.0 
(0.6) (O ..J.) (0.5) 

.,Out-of-Order hange in Total a t (SOOO's) 6.!) 0.5 -,J. 

(29) (Li) (2.4) 

Panel 13: \. e kday umm r Aft moons 

I>lerit-Order Change in Total Co;-t (SOOO's) O. 7.3 26.!J 
(1.6) (0. ) (J .4) 

Out-of- rder hange in Total ost (SOOO's .fi 1.4 -8.9 
(5.0) (lfi) (4.2) 

Panel C: High Load Hour, 

M rit-Order' bange in Total Cost ("OOO's 4 5 27.2 
(l. ) (0. ) (14) 

Out-of-Order hange in Total Co t ('000' .) 160 -0. - -14.2 
(4.7) (1.7) (4.7) 

:<67.410 1,920,490 
11 79 
5 43 

11.776 

:\ot-': This able reports Shlllilt,<,,; "I' tbt' NISI, uf mcdill" t h lost gen 'ration om . C~, during rb" tirsl twelve 
rn nths folluwing the closure. The forma of the table a.nd underlying data are identical to Table 3, but we Ilave 
u.s d our measures I' marginal cost for eacb geilewl iug unit. 1.0 calcul te 'he chang' in t tal general ing cost. 
r"'ther t.ban the change in generati n. As we xplain in III text. thi. include' chaages in fuel e 'penditures and 
other marginal costs., but not capital cost or l'ixed O&~l. 
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Table 5: Total Impact of SONGS Closure 

Impa.c during th 12 
lV[onths following lasure, 

MiLliuns of $ 

t\Ierit ­ rder Increase in Thermal G n ration Co.-t:' 541 
(:>.0) 

Out-of-Order Increase in Th rm,,! G neration C ts 39 
(10.5) 

N t Increas in yen ration 0 'ts 369 
(1 .0) 

Change in External Carbon Cost· 331 
(80) 

I Tote: The "out-of-order" increas is t he effect of insufficient transmission capaci y, Th" 
"n t increase" combines the merit-order ...nd out-of-order rhclflges 1'0 th l'mal 'I'< 'r<\tion 
c st . th n 'ubtl'a<::ts annual gen nition c - at 'O)lG ,Thi number thu' rcpr scnts the 
increase in generation costs cause b· the SONG: do-ore. A' w explai" in the text, these 
generation c sts indud changes in fuel expendit,u.r and oth r marginal costs, but not 
"apital costs or fix dO <\'\. For comparison, annual fixed 0 'M ell nu lear plants is around 
330 million per year. Carbon is valued at ';35/1.on, as de~crib d in the text. II dollar 

amount in year 2013 doll r~, 
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Tahle 6: lvlost Affected Plants, All Hours 

R.ank Plant Nalllo Owner Plant Type Zono Margitlal COSL Capacity Merit-Order Ont-of-Order 
($ per MWh) (Megawatts) Change Change 

(MWhs) (I'vlWhs) 

Pant.,1 A. I\llerit.-Order [nereases, Top Five 

2 

3 

<1 

5 

Moss Landing 

La PalOlm' 

P'Uitoria 

Delta 

Mountainvicw 

Dynegy 

La Palom" Cen Co, LLC 

Calpine 

Calpine 

SCE 

CondJ Cye / I30iler 

Comb Cye 

COlllh C.Ve 

Comb Cye 

Comh Cyr 

NP15 

ZP26 

51'15 

NPl5 

81"15 

26/25/27/27/36/37 

25/25/25/26 

25/25/25 

26/26/26 

25/25/25/25 

2541 

1066 

764 

896 

1068 

227 

l(:i~ 

142 

l2ti 

12ti 

:>9 

100 

-37 

25 

:3 

Panel 13. Out-of-Order lucre"ses, Top Fiv» 

~ 
Ql 1 Ot"y IVIes" Culpine Comh Cye SPl5 25/2f; 5% 54 l48 

2 flO PalollHI La Paluma Con Co, LLC Comb Cye ZP26 25/25/25/2(; 1066 168 JO[J 

3 Cobrillu I buciwl NRC Boiler 81"15 40/40/41/43/44 %4 23 1:;;7 

4 High I)p.,prf Tell<tSka Comb Cye SPl5 39/39/%1 4'12 !'II 82 

5 Moss Landing \)ynegy Comb Cyc / I30iler NPl5 26/26/27/27j;l6/37 2541 227 5U 

PaDel C. Out-aI-Order Decreases, Top Piv... 

Sunri~e El\IEf and ChevronTexaco Comb Cye ZP26 2!i/2G 577 101 -114 

2 Inland Empire Genera I Electric Comb Cye 8[-'15 24/25 702 61 -Ill 

3 Calpine Sutter Culpin., Comb Cye NP1,j 24/25 56,1 101 -!J4 

4 Gat.f'.\.va.y pca::; Comb eye NPlG 25/27 [,90 K4 -72 

5 Gosumnes Si'vlUD Comb eye NP15 26/26 523 41 -41 

Not.e: The regressions for this tuble are idont.ical to those in Table 3. but ut. the plant level. Owner and plant type d'lt,. ar<J from CEMS documentation. 
cross-checked again.st industry sources. Marginul co;;t numbers 'He frum I\ut,hor~' calculations, tlt'seribed in the text. Capacit.y in MV\I is the maximum observed 
e<lpaciLy in our sample. tEME refers to Edison Mission Energy. 



Table 7: Most Affected Plants, High Load Hours 

Rank Plant Name Owner Plant Type Zone !vfarginal Cost 
$ per MWI1) 

Capacity 
(tvl,*tlwntts) 

Merit-Order 
Chnng.~, 

(MWhs) 

Out-of-Order 
Change 
(1\IWhs) 

Panel A. Merit-Order Tncrp",ses, Top Five 

2 

3 

4 

5 

Moss Landing 

AES Alamitos 

AES Redondo 

El Segundo 

CI:.brillo 1 Encina 

Dynegy 

AES 

AES 

NRC 

NRC 

Comb Cye / 

Boiler 

Boiler 

l30iler 

Boiler 

l30iler NP15 

SP15 

SP];; 

81"15 

81-'15 

26/26/27/27/36/37 

40/4 1/'11/4:3/45/46 

40/43/M/(j:3 

40/42 

40/40/41/4:3/44 

2541 

19:14 

1348 

651' 

954 

251 

23t\ 

130 

130 

124 

-62 

-196 

-122 

ll:l 

154 

Parwl 13. Out-of-Order Increases, Top Five 

~ 
, Coolwalcr NRC Comb Cye / Boiler 81"15 35/37/37/38/40/42 636 33 257 

O'! 
2 Cabrillo I Encina NRC Boiler SP15 40/40/41/43/44 954 124 ] .5'1 

3 Otay Mesa Calpine Comb Cyc 81"]5 25/26 596 10 117 

4 EI Segundo NRC Boiler SP15 40/42 6"8 130 113 

5 Ormond Bl'f\ch NRC Boiler SPl,5 3<)/40 1490 98 108 

Panel C. Ont-of-Order Decrca"cs, Top Fiv 

AES Alamitos AES Boiler SP15 40/41/41/43/45/46 1934 238 -196 

2 AES Redondo AES Boiler SP15 40/43/54/63 1348 LlO -122 

:l Panache Energy Investors Fund Combust Turbine NP15 34/35/35/35 412 53 -116 

4 Los Esterus Cri tiCi=l1 Calpine Comoust T1lrbine NP15 37/,37/J7 /:17 ]86 3:3 -97 

[; Sunrise f<:MEj and Chevrun'l'cxc'co Comb eye ZP26 25/2S 577 2] -77 

Note: The regressions for this table arc identical to those in Table 3, but at the plant Ipvc!. Owner and pl!ll1t type rIal" are from CEMS documentation, 
cross-checked agllinst indust.ry sources~ Margin,,] cost number" are from authors' calculations, dC':;cribed in tlw text.. C"p<1city in M W is the maximum observed 
capacity ill our snmple. High load hour, fire defined ns hOUb when total CEMS gcn(,ralion WH,'l in the ]3th quantile (gre3at.er than ]3,837 Y[\Vh) rEJ....IE refers 
to F,(lison :VI ission Erll"rgy. 



Table 8: S parating Alamitos and Redondo 

Average Hourly Change., By Region 

Soulhern 

AES 

aliC rnia, 
xcluding 

AES 
Central 

California 
1\01' hern 
California 

(L) (2) (3) (4) 

Panel A: All Hours 

:Vlerit-Ordel' 'hange in Net Cen rF\,!:ion (iVl\Vh) liO 7 '[ 300 ~44 

(15 ) ( 5) (15) 1') 

Out-of- rder Change in , 't Genera.tion (;\1W11) -:12 182 2 -140 
(60) (.53) (66) (49) 

Panel B: """eekday Summer Aflernootls 

Merit-Order hange in Net eneration (~rn'h) 3J9 729 259 822 
(31) (27) (17) (:19) 

Out-of- rder Cha ge in • 'et Generation (M\ -:311 54 76 -260 
(9 ) (10-) ( 1) (119) 

Panel : High Load Hours 

~1e.Tit-Ordcr Change in 1\et ;eneration (M\Vh) 455 752 174 75:3 
(42) (:34) (30) (3') 

ut-of- rd'1' IJo.ng i.n :"let G nero lion (\InVh) -310 742 4- -3'1 
(127) (111) ( -7) (129) 

Observati ns 1,944,800 267, HO UJ20.490 
Numb'r of .enerahng lllt~ 0 11 79 
'umber of Plants 39 5 4:3 

Total Capacity Repres nted (MW) 11.755 2," 7 l'I,776 

Note: 1'h> fonnat of the t;able and tlnd rlying; ata ar id nhcal 1,0 Table 3, but we haY 
pI n s ow ed by AES from "lJler 'outhern plants, The thre plants are lamito, Redondo 
Beach. and Huntington Beach, A and JP1'-'lor l'lnChase had tolling tlf!, eem ntg for all thr plunts. 
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Appendix: Potential Confounders 

A1.1 Preliminary Discussion 

In this section we cvaluatc thc potential for confounding factors to be influcncing our results 

We are intewstcJ, in particular, in potential bias of our main estimates of merit order and 

out-of-order chang(~s. \i\-e consid(~r natural gas prices, changes to non-thermal generation, 

entry and exit, imports, and demand. Although it is important to go through these potential 

concerns carefully, we end up concluding that overall our estimates are likely to be largely 

unaffected by th s confounders. 

Before dis ussing the specific concerns, it is useful to clarify exactly what we mean by bias 

Consider, for example, our estimates of merit order effects. Can eptually, wha.t we wish to 

capture is the change in generation from the SONGS closure that would have resulted in 

a market with no transmission cons mints and holding everything else constant. We build 

this countcrfactual by constructing th unit-level generation curves using data from before 

the closure, and then moving up th curve by the amount of lost generation. 

Thus, in some sense, no change to the market in 2012 could "bias" these results. Our merit­

order estimates are on trueted using pre-do ur data only, and so h y provid predicted 

changes in generation given the market conditions prior to 2012. Since there is no informa­

tion from 2012+ in the.e estimates, it does not make sense to talk about them being biased 

by what happened in 2012. Inst ad. it is reasonable to a~k whether the 2010 and 2011 data 

provide a good representation of what the ordering of plants would have been had SONGS 

not closed, <'lnd in this section, we show that -hey do provide such a repr- ntation. 

The out-of-order effects are easier to think about. Conceptually, we want these estimates to 

reflect th differ He between actual generation and the generatiun we would have observed 

in a market with no transmission constraints. VVe interpret these out-of-order effe ts as the 

causal impact of the transmission constraints and other physical limitati ns of the grid, as 

"veil as any increa.sed exercise of market power that goes along with it. 

There is an additional consideration: we are attributing the uut-of-order effects to trans­

mission constraints, and we are attributing the increase in transmission constraints to the 

SONGS closure. The pattern of observed prices, both over time, and across California regions 

tends to support this interpreta.tion. :"Jonetheless, it is important to consider the possibilit­

that these out-of-order effects are biased by other factors influencing transmission constraints 

or by other unmodeled changes in the market between the pre-- and post- periods. 
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In the sub ti ns that follow \-ve dis uss the changes in the California el tricity market 

in 2012 and how th _y might be biasing ur estimates or changing the way th y should b 

interpreted. Subsections ar organized into groups. We look fir . at natural gas prices, 

then changes to non-th rmal generation, entry and exit. imports, 1d finally: electricity 

demand. 

A1.2 Changes in Natural Gas Prices 

Natural gas prices \-vere more than 20% lower in 2012 than they were in 2011. These lower 

pri ·e. l' duced the cO·(, of replacing th·~ lost generati n fr m S NGS. relativ, to what one 

,,,'auld have alculat d ba 'ed on 2011 pri es. W' emphasize this point in desc"ibing our 

results and u e 2012 pri es "hen quantifying the cost of incr ed th rmal generation. 

It is also natural to ask wh th rthi pric" hange could sam how bias our estimates of erit 

rder and out-of- rder .ng s. In this section we evaluate several potential ncerns and, 

at the same tim discuss 10 'ely related uest.ion about change' in th price of permits 

for Southern California' cap-and-trade program for nitrogen oxide (NOx). Overall, the 

vid nee suggests that our result.. are unlikely to be meaningfully aff-'C'ted by these pric 

ha ges. 

Th main potential can m is chang s in t.he OT-rlering of plants. Our unit-l v I regressions 

d _scribe impli itly an ord ring of plants along a maruinal co.t curve. Plants with low h at 

rates are more effici nt, producing large amounts f ,,1 ctricity per lmit of fuel input, . 

these pLmt, operate all thc time. Plants \,ith higher hC8.t rates arc Jc,~s effiri .nt, so appear 

at the top of the maro'inal 'ost curve and operate le··s fr quently. If the changes in natural 

gas prices afJ:··'ctcd this ordering, this ("(mId hias our estimate~ of 01lt-c f-order eff·'ct. For 

example, we could see a generator that is operating more b ause of a hang in the merit 

order, and misinterpret this as the irnpa t f transmission constraints. 

Although this is ertainly possible, there are s veral rec -'ons why we would not expe t large 

chang s in the merit order. First, there is vel'. littl coal or other fossil fuels in the California 

ele tri :ity market, and thus little scop for inter-fuel changes in the ordering of plants. 

In addition, nll 1 aI', 'run-of-the-river' hydro, geothermaL wind and solar all opera e at 

extremely low marginal cost, hus are always ah ,ad of natural gas in the queue. Moreover, 

the ordering f n tue I ga, plants is larg 1r unl1.fI:"e tEO by natural gas pric ,. The part of 

th marginal st liTV made up of by natural gas plants should b thouo'ht of. sentiall', 

as an ordering of plants by heat rate. A deer ' 'e in n' tural gas price redu s the marginal 
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cost of generation for all plants, but the orde'T'ing is largely unaff ted. 

Vve say 'largely unaffected' bpcctuse marginal cost also depends on NOx emissions and vari­

able operations and maintenance, which vary across plants, but these 'omponents are small 

compared to the cost of fuel so that the merit order is close to a monotonic ranking of plants 

by heat rate. Take ~ Ox prices, for example. 'nder the RECLAIM program, certain gener­

ators in and around Los Ang 1 mu t remit permits carr sponding to their NOx emissions. 

As it turns out, however, NOx permit pric s were low enough durinb our sample period 

that they are unlikely to have had any affect on the ordering of the plants. In our data, 

the median emissions rates for the Los Angeles area plants is 0.2 pounds per MWh, and 

the mean rate is 0.4. Prices for NOx permits ranged from 1160 to 2400 $/ton in 2010-2012, 

implying that NOx credit payments make up only a small portion of the plants' marginal 

costS. 24 

A more subtl concern would be differential changes in natural gas prices between the North 

and South. How ver, as can be seen in Figure AI, the natural gas prices are quite similar in 

the North and South during the entire period. This makes sense given the network of existing 

pipelines as well as available storage, which can smooth out short-run capacity constraints 

in transmission. Although not visible in the figure, prices in the South increased from the 

pr to post-period approxim tely 2% more han in the North. This i a relatively small 

change, so we would not expect it to have much impact on the ordering of plants. 

A1.3 Changes to Non-Thermal Generation 

Between 2011 and 2012 there were significant changes in electricity generation from hydro 

and renewables. Perhaps most importantly 2012 was an unusually bad year for hydroelectric 

generation. The snowpa k in 2012 was only half of the historical average level, and total 

hydroelectric generation in 2012 was less than 2/3rds generation in the previous year. 25 

At the s me time, there w re also in 'T ase in wind and solar g n ration. Almost 700 

megawatts of wind an solar capacity were added in 2012, resulting in large percentage 

incr ases in generation from wind and solar. 26 This section di cu es how these changes in 

non-thermal generation could potentially be impacting our estimates or affecting how the 

24The mean ma.rginal cost would therefore be le's than $0.50. compared to wholesale electricity prices that 
are typically above $30. A small number of units have substantially higher NOx ra es; the highest rate we 
observe is 5 pounds per MWh. V. e are exploring th pot -ntial impact of th se outliers in simulations 

25For historic snowpack I vels s e http://cd ·.water.ca.gov/cdecapp/snowapp/sweq.action. 
26See CAISO (2013B) for details. G therm.l and other renewabl _. experienc d essentially no chann-e 

between 2011 and 2012. 
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results are interpreted. 

As with th changes in nat Iral gas prices, it is worth rnphasizing that these changes' re 

exogeno'U, ' and should not 1e viewed as being ca'U ed by the SO. 'GS ,1 ·me. Year-to-vear 

varia ion in hydroelectric gen ration is driven by iciios.yncrati variation in precipi ation. 

\iVhil n w capacity inv menU;; do respond to market c nditi ns, it takes at leas s vera.l 

years [or planning and permitting a new site. The new wind alld solar facilities that came 

onlin ill 2012 were first 'llvision'd ill the early 20UOs. long bcfm) there wa' any indi 'ct iot 

of potential safety concern::; with SOl GS. 

It is nbo import::tnt to rCl1lcrnb .1' that we measure Illerit-orcler eft' cts u'ing n t 'y tem load. 

v hen calculating load for ur tmit-level regT ssi n,', we start with sy tern load but th >n 

.subLract from it all electricity generati( n fr m these non-thermal res life S. Thi -, makes 

sens for wind, solar, and non-di~p' tch'lble hydro. Their arginal co t r operation is n ar 

zero; and th yare always in lud d at h. top of th merit rder. The same could b said for 

lectricit. generation from alif mia's one ther nud-ar wer pl nt. Diablo Canyon. 

ispat hable hydroel ctric generation is somewhat harder to think about; but also unlik ly 

to be affecting om results. '[': ar-to-variation in I recipiti:Ltion d t -rmines total h:ydroele ­

tric gelleratioIl: but operators have some fiexiLJility as to when these r some 'ar utilized. 

Short-rlln generation decisions are determined by a Olnplex dv'namic optimization problem. 

Opera rs responding to curren and expected market conditi ns, trading off b (,well 'llrrent 

prices and the shado\-v value of remaining reservoir. None of this is par i ul Tly problematic 

for our analysis b ailS operators ar presumably behavino' similarly both b for and after 

t.he SO)lGS closure, Moreover, the generation curves in Figure 5 illdi ate only a rnodest 

am unt. of in ert mporal 'ubstitution lowar 1 high load periods. 

relat d que tion is how hange in n n-ther al n'ra i n could have 'hanged the likeli­

ho d that th tran mi si n c - 't.raints \-vere binding, hu. indirec ly impa -Ling he ordering 

of b rmal r source'. This i' potentially problematic be au we would lik- Lo a tribute 

the olrerved out-of-order effect to transmission constraint' caused by th SOL GS utage. 

Althouoh this is ' n importan co ider tion, the d cr as in hydroele tric g neration would 

hay , if an thing, made transmission constraints les likely to bincl. Hydroel ctri' plants ar 

located primarily in the ..orth 27 so th cr· e in hydro I t ric generation in 2012 would 

hav reduc·d the ne d for North-South tran mission. 

In addition, the chang s in wind and solar g eration, while large p rc ntao-e increas . 

repres nt small hanges when ompar d t ntire market. \iVind and solar generation 

0% of ummer- capacity is in t,hf-> 'or-tll. 
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stat wide increased by 0.18 million, and 0.04 million Mwh per month, resp ctively, in 2012. 

Total monthly g neration in Californi' in 2012 'was 16.77 million Mwh, so th e increases 

combined repres nt only about 1% of total generation. Moreover, most of the new capacity 

was in the South, so if anything these additions would have made transmission con. traint 

less likely to bind. 

Al.4 Entry and Exit 

From 2010 to 2012, a number of g nerating units opened or closed, and in this s ction we 

discuss the impact of this entry and xit on the interpretation of our estimates. Our main 

results fa us for simplicity on a balan . d panel of units, restricting the sample to those unit 

that were continually in servic betw en April 2010 and Deccmber 2012. Excluding units 

that enter and exit raises two po ential con erns 28 First, our results could be biased if the 

entry and exit were endogenou to the closure of SONGS. In particular, it would be a causal 

effect of SONGS that we are failing to capture. Second, for entry and exit that is either 

cndogcnou' or exogenous, a eparatc concern IS that it affected transmission COllO 'stion. 

This would then bias our out-of-order effects. 

'vv, argue tha endog nous entry and exit are not a cone rn given -he short time horizon 

we consider. New units tak years to plan and permit, and the closure of SONGS was 

unexpected. To verify this, we examined siting documents from the California Energy Com­

mission for the thirteen units that opened in 2012. 29 Altogether. the e units accounted [or 

4% of CEMS generation in 2012. Where we were able to locate the siting documents, we 

found that appli 'ations had be n fil d in 2008 or 2009. 1 ng bef re the SONGS do ure. 30 It 

is true that in the long run, we would exp ct. endogenous entry, but 2012 is still much too 

early. 

Moreover, the entry and exit that did occur, even if it impacted transmission congestion, 

cannot explain the merit-order eff cts that we estimate. 31 Net entry was la.rger in the North 

28 A related possibility is that existing units made capital investments to change their heat rate or apacity. 
If caused by the SON'S c!osme, this would be one of the mechanisms through which our effects operate. If 
not cansed by ONGS, it would con[OlU1der om results only if it. were syst matically dillerent bet.ween the 
North and the South. 

29Six units closed in 2010, a.nd 12 units opened in 2010 and 2011. These could not have been caused by 
the SONGS closure, which was not yet expected. 

3°It is possible that new entry may have been ac el rated by the SONGS closure, but we are unaware of 
any specific cases. 

31 However, note hat W dLe wla.ble to cal 'ulat the lIprit-order and out-of-orJer efrects at the pla.nts tlmt 
enter or exit. Since we do not have a full tim series of generation at the. units, we cannot construct th 
proper counler[actual. As such, our results are limited to those plants that operate conbnuously. 
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lhan the South, by approximat ly 100 MVlh each hour. T is could change c ngestion in 

the sam direction as the cl ure of SOKG . However, the difference in net entry b 'tween 

the South and North is small l' than th chano' in gen ralion from large-scale hydTo. As 

su h, the overall impact of th s combin d chang . to generation (from net entry, large-scale 

hydro, and other renewables) ,vould hav b en to partially reliev congestion caused b . the 

clol:iure of SONGS. 32 

A1.5 Imports 

Imports make up 30% of toal electricity supply in California. In alculating our 'merit 

order" effects we have implicitly assumed that none of the lost g n ration from SO:\"GS is 

met by out-of- tate gener tion. :Vheth l' r not this is a reasonabl . sumption dep nds 

on h imp , of the O::'JGS cl . on pri ~ and on the lasti i'y of suppl ' for imp l' l:i. 

Our results SlIgo- st that pric- impac s weI' likely mode L. During most hours quilibriurn 

in the Califor lia lectricity mark occur' at ng the 1 ng inelastic part of the marginal cost 

curve so one would not have expected th SONGS closure to have substantial impact on 

price'. During the hOUT in which quilibrium occurs along the s ep part of the marginal 

cost urv, there are questi n about wheth I' there \\. a.vailable inter at transmi sion to 

bring in additional out-of-st t supply. 

Empiricall T, the elasti'ity of supply for impc r app aI'S to be relatively low. \Ve estimat d 

an equation similar to our unit-level g neration l' gression in equation (1); by regressing 

imports on bins of total Calif rnia syste 1 ad. e use data from the entire period (April 

20; 2010 to January 31, 2 13) to improve pre i iOil, but results ar-' similar if we cOllsid r­

only the pI' -period or only th post-p riod. Imports incr ase with system load, but not 

very much and most of th incr-ase OCCUl'_ at r laLivel T low 1 ad quantiles. Moreover, ahove 

the median load, there is ess nLially no observable increase in imp rts. Averaging across all 

hours, im] or increase by an average of '"19 m g \'vatt hours when Lotal load incr e by 

2,1 0 MWh. This is equiv lent to 25% of th 10 t generation from SONGS. This su gests 

that we auld redu our m ri - rder estimat s in Pallel A of Table 3 by 257C. Th l' <Tional 

pat - 'n of impacts would till be similar, but all of the estimate would only be about 

three-quart rs as large. 

Intere tingly, the chana' in imports during ,,\Ie kday summer afternoons and high load hours 

32For his calculation, we assum tIt· t 0% of the fall in h ·dro g neration wa" from North rn r -. urC€S. 

We also Il1ak tIte conservative R.. UIIll ion that the entir increase in s jar and wind gen ration wa [rom 
Southern resources. 

53 



NOT FOR PUBLICATION APPENDIX 

was much lower. During weekday summer afternoons, imports in 2012 increased on aver­

age by only 90 megawatt hour, and during high load hours the increase was less than 10 

megawatt hours. This is consis ent with int rstate transmission con traints or other physical 

limitation of the grid preventing larger increases in imports during these hours. Alterna­

tively, it could simply refle ·t the fact that demand is correlated across states, ie. it tends to 

be hot in Nevada and California at I he sam' time, and so the elasti ity of supply for imports 

becomes very inelastic in -hese periods. 

From th perspective of interpreting our results it do n't particularly matter why imports 

are not responding more. From the perspective of interpreting our re ults it means that the 

estimates in Panels Band C of Table 4 are approximately correct. If we think imports ill 2011 

are a good counterfactual, then to incorporate imports we \-vould want to reduce our estimates 

in thes panels by only 40/( and 17c, re pectively, to r flect the relatively small portion of the 

lost generation from SONGS that app CLr to have been met with imports. 

A1.6 Electricity Demand 

Statewide demand for I c-ricity w s slicrhtly higher in 2012 than 2011 due to warm weather. 

vVe Cc lculat , our "n erit order effect.·" u ing the distribution of ,'ystcm load in 2012, so ow' 

estimates reflect this higher overall level of load. Hence, there is no en e in which this 

aggregate chCLnge in electricity demand is "biasing" our estimates. Still, in the paper, we 

would like tu at tribute the increase in transmission constraints to the SONGS closure, so it 

would be worth knowing if the changes in electricity demand ar large en ugh to provide an 

alternative explanation. 

The increas in electricity demand also raises qu stions about external validity. Had SONGS 

closed during a cooler year, it would have been less expensive to meet the lost generation, 

and transmi sian constraints would have been less binding. While this is undoubdt dly true, 

th same could be said about h droele 'iric g neration, natural gas prices, and other fa tors. 

Throughout the analvsis we ha\ e tried where possible to have our estimates reflect ac ual 

market conditions in 2012. 

A related question is how to think about demand response. Implicitly, our analysis assumes 

that electricity demand i perfectly inelastic. We calculate our merit-order effects by moving 

along the genemtion curv by 2,150 megawatt hours, the entire lost generation from SONGS. 

This is correct only if demand is perfectly inelastic. Although this assumption is common in 

the literature, it is obviously not exac I right. Allhough the va,st majority of customers do 
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not face l' al-tim-' pri es. ret,ail electricity price do n;sp nd month-to-month to ha e 111 

g n ration s . '1oreover, th re dIe some indu rial 'ust mel'S who fac price that update 

more frequently. 

The size of the demand response depends on hmv much prices changed and th· price el~ ticity 

of demand. The 80 lGS closure shift th m rginal ost curve to the left in reasina- rice. 

Our results suggest, however, ha in t v t majority f hours this pri impac would 

hav een fairly modest. Moreov 1', most stimates of h price elasticity of d mand sugg st 

tha even in the medium-term, demand is not vel'. elasti .. 33 Thus valuatiug the hange in 

supply requir d to make up the nbre 2) -0 megawatts hours of lost g~n ration is likely a 

very good approxima ion. 

A more sul>t1 ' COllcern is whether liffer<.:ntial h· ng<.:s in U'lllanu across l' '"ion could hav<.: 

impact d ransmission constraints. T evalu te thi , we obtain d h urly d mand for thr 

geogn phic regions within California: the PG E, 8 E, and 8DG&E territorie '. In praph A2, 

we ::;how .he total weekly 1 d for all thr e region' a ross time. vVhile not lar"e, th re does 

appear to be a div rgence in the summer f 2012 between th PG&E and SeE quantities, 

I' fleeting a warmer than averag ummel' in the South. However in graph A3, we show 

pr liminal' 'eviden that this is unlikely to expl' in much of the price diff renee we se in 

th post-period. This graph plots the pri" diff ren b ween th SP26 and NP1 prJ mg 

r gi n 1 c' well as the d ,mand :1iff renee betw en h S uth ( E plus SDG&E) and the 

:\"orth (PG&E). While the demancl differn betw en th . l'th and South in reased in lat 

2012, the pri' diff' I' nee in rased much ner and persisted much long 1'. 

To more formally address he cone rn that our out- f-orcler results could have b n driven 

by the cha11O' " in d mand, we estimat 01 I' main results conditioning on th - load difference 

b tween Jorth and South. SF ecifically, we eal ul te the difference benl.,·ccn South (SeE 

pill' DG&E) and T rth (PG&E), then con. truct aeries f qual-width bins. TheE bins 

are iutera ted with the load bin in th unit-lcvel generation regression. 34 The merit-order 

r suIts (available up n request) ar qualitatively imilar to (311d not statistically different 

from) those ir Table 3. Th point estima.tes of the ut-of-ord r re ults are around 10 to 20o/c 

small r than in Table 3, although th yare not ntatisti 'ally cliff r nt. This may inch ate that a 

sm' II I ortion of the congestion Wi:lli • ttributablc t the diff"l'cnce in demand. -nfortunate1y: 

we ar unable to ' ustruct a campI te counterfact 1al for th pre-period under high levels of 

SouthE,rn d mCl,ncl. 

33Ito (20] ), ~ r example, finds a pric lasticit· of less than -0.10 with respect to retail prices for a sample 
of Californi hous h Ids. 

34 These r gre , 'ons drop ob ervations in bins for which there is no pre-period overage. 
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AI.7 Placebo Tests 

To provide further evidence that the observed out-of-order effects are unusual, and not 

driven by idiosyncratic unobs r abl s, we next provide a series of placebo t . ts. We repeat 

our analysis six times, -stimating the model as if SONGS had closed in different years (2007, 

2008, t). Figure A4 shmvs the out-of-order changes for each "placebo" regression, with 

separate results (as in our main analysis) for all hours, weekday summer afternoons, and 

high load hours. 

The figure shows that some of the estimated out-of-order effects from other y ars are similar 

in size to the estimates for 2012. In 2007. for instance, the South saw p sitive out-of-order 

changes, whereas the North sm,v negative changes. Hmvever, the results for 2012 differ more 

dramatically from the placebo r ults, when one accounts for the unusual behavior at AES­

owned facilities. In Figure A5, we again show six placebo tests, but ES has been dropped. 

The larg positive chang. in the South and negative changes in the South are more apparent 

than in the previous figure. 

1\loreover, loser inspection of th out-of-order re~:iUlts in other years shows that they are 

largely driven by eA"tended outag at single plants, rather than by correlated changes across 

plant . To demonstrate this, Fig re A6 shows a series of tatistics from the unit-level out­

of-order changes in the placebo te"ts. In particular, we cal ulat the standard deviation, 

skewness, and kurtosis of the unit-level changes. F r years with the largest out-of-order 

changes (especially 2007 and 200 ), the presence of outliers is clear in these diagnostics. 

Those years have higher st,'lldard deviations, skewness (in absolute terms), and kurtosis 

than our main sample, indicating the pr ' nce of outliers. 0 erall, these placebo test results 

indicate that the pattern of results we e in 2012 is indeed unusual. 
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Appendix Figur 1: • 'atural Pri e by IOn 

N 

SONGS Closure 

01jan2010 01 jan2011 01jan2012 01jan2013 
date 

I0 South • North I 
);OL : Thi' figure plot· daily natural gas prices, in /mmbtu, for.'or hem California 
(PGE citygate) v rsus outhern alif rnia (S G cityga e). Data are from Platt 
Daily. 

Appendix Figur A2: Regi nal Load 
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1':ote: D mand is for th mean level in a iven week for the three regi ns. The vertical 
lin ho~'s th w the second '0, 'C unit W [It d \ n (F: bruary 2012). PCE is roughly 
the 'orthern half f the. ta e, DGE is the Southern half excluding the 'an Diego area, 
and SDCE i~ til· ,n Die 0 area. 
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Appendix Figure A3: Regional Load and Price Differentials 
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\"ote; This figure d cribe' daily d"rnalld and pric diHi rClItials at J pm be weell January 
2009 and ep ember 2013 V,fe k Dds ar ex Iud Th vert.ical line shows th !ity the 
second SO!"C u'lil went down (February 1, 2012). 
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ppen ix Figur A4: Out-or-Order Chang 5, ~ ar 
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Appendix Figure A5: 
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Out.-of-Order Changes, without AES, by Year 
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other year for which we have Of\ta (hollow black circles). 
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Weekday Summer All Hours High Load HoursAftemoons 

~ot : Th gu.re how unit-Ie'·el diagnostics on th out-or-orde e ti­
l • for h main sample of int'rest (201:., in orange) compared to 

alh l' years f r which we have data (hollow black cir leo). 
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RalLk Plant Name 

l'do~s Landing 
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Appendix Table A2: 

Dynegy 
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Most Affected Plants, 'Weekday Summer Afternoons 

Panel 1\. Merit-Order Increa~es, Top Fiv 
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omb Cye / Boiler NP15 2G/26/27/27/36/37 

Boiler SP15 40/41/41/43/45/46 

43 

-21:3 

Out-of~Order 

hange 
MWI,,) 

z 
o 
~ 

~ o 
::tl 
"'0 
c::::: 
to 
t"'" ..... 
Q 

~ 

OJ 
W 

. 
2 

4 

3 

5 

Coolwater 

La Paloma 

alJriJlo I Encina 

La PD.[orn" 

AES Ikclondo 

La Paloma C,~n 

KRG 

NRC 

AES 

L,~ Palomu Gfln 

o. LLC 
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Comb Cyc ZP26 25/2[./25/26 

Hoiler SP15 40/40/'J 1/43/44 

Boiler 81"15 40/43/54/63 

COll1b Cyc / Boiler SP]& 35/:l7(;l7/38/40/42 

Cl;'lI1h Cyc ZP26 25/2.5/25/26 

Part<~1 D. OIl1-ol-Order Increases, Top Five 
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JO(;6 
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3 CabriJlo I Encina Nfl.' Hoi ler SP'5 40/40/41/43/ ~'4 89 118 

4 Otay Mesa Calpine 'ornh Cyc 81"15 25/26 V(j 54 98 

5 Elk Ilille Occidental ["etroleum Comh Gyc ZP26 26/26 548 1J 86 

Pane] G. Out-aI-Order Decreases, Tup Five 

AES Alamitos AES Boiler SP15 40/41/4]/43/45/46 1934 181 -213 

2 Panoche Enl:l'gy Investors Fnnd COIr,bu,t Turbine NP15 34/:35/35(:,5 41:1 54 -105 

3 Calpine Sutler Calpine Comb Cyc NPJ5 24/25 564 60 -94 

4 Los Es1.eros Critical Calpine Combllst '['nrhine NP15 37/~H/37/37 1:;6 28 -80 

5 SlInrise 8MB' and GhevrollTexaco Comb Cye ZP26 25/25 577 25 -76 

Note: The regressions lor thi, tublc arc identical to those ill Tablc :3, bul ,,1. the plant level. Owner and plant type data are from CEMS documental iOll, 
~ross-checked against industry SO\lrc"~. MargiJ'81 cost nUlllbers ,ue from Buthors' calclliat ions, describcd in tbe t.ext. Capacity ill i\1W is the maxirnum ob''''''ve, 
capaciLy in i he C£MS data. '~Ieekday SlImmer af1crlloons illclude the hOW'b 2 p.m. to 5 p.m. ill monl,hs .Juno I hrough September. tEi\IE relers to Edison 
Mission I~nergy. 
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Appendix Table A3: Including 2013 

Average Hourly Ch 11'"' , By Regiun 

Southern entTal :\Torthem 
California California Califomia 

(SP26) (ZP26) (NPI5) 

0} 

Panel A: :\i! !lom, 

l\[eri -Order Challge in I"et Generation (MV.;II) 8S:J 301 %0 
(I'l) (17) (18) 

Out-of-Order Change in Net Genera ion (MWh) 63 40 -78 
(77) (70) (75) 

Panel B: vVeekday Summer ft moons 

:vl rit-Ord rhange in I" Cen ra ion (MWb) 1037 27 53 
('l3) (I ) (35) 

Out-of­ rder Change in Net G n ration (M\lVII) I'll 22 -193 
(126) (77) (107) 

Panel C: High L ad Hour~ 

M rit-Order Change in N t Generation (~1Wh) 1214 1 3 748 
(41) (29) (36) 

Out- f-Order Chang in Net Generation (l\1 \lVh) 390 -15 
(141) (61) (131) 

Observations 2,565.420 ;~Oti.735 2,202,91­
Number of Generating 'nits 92 11 79 
Number of Plants 42 5 43 
Total apaci y Represented (MW) 15,498 2.935 11.782 

:\Tote: This table was constructed ill the same way as Table 3, except tlla data were also included for February 
through June of 2013. 
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