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1
Introduction

Electricity
production

accounted
for

over
a

quarter
ofboth

U
.S.and

globalcarbon
em

issions

in
2021

(C
BO

,2022;IEA
,2022a,b).

M
any

countries’clim
ate

goals
center

on
transitioning

to

a
low

carbon
electricity

grid
w

hile
sim

ultaneously
electrifying

heating
and

transportation.

M
eeting

these
goals

w
illrequire

m
assive

investm
entin

w
ind

and
solar

pow
ered

generators.

Yet,
connecting

an
electricity

generator
to

the
U

.S.
pow

er
grid

is
increasingly

difficult.

The
process,

know
n

as
interconnection,

takes
several

years.
It

can
also

be
costly:

connect-

ing
generators

m
ust

often
pay

to
upgrade

the
transm

ission
infrastructure

because
the

local

grid
is

at
capacity

(Plum
er,2023).

R
enew

able
energy

developers
cite

interconnection
as

the

single
biggesthurdle

they
face

(D
riscoll,2022),and

less
than

a
quarter

ofthe
w

ind
and

solar

generators
that

start
the

process
com

plete
it

(R
and

et
al.,2021).

W
e

study
the

design
of

this

interconnection
process.

Interconnection
w

orks
as

follow
s.A

generatorw
ishing

to
connectto

the
transm

ission
grid

joins
a

w
aitlistknow

n
as

the
interconnection

queue.The
grid

operator
then

conducts
a

series

of
engineering

studies
to

determ
ine

w
hether

the
new

generator
w

illoverload
the

grid,and,

if
so,the

cost
of

the
new

equipm
ent,such

as
transm

ission
lines,that

is
necessary

to
resolve

the
overload

(“interconnection
cost”).The

grid
operator

studies
generators

in
the

queue
on

a

first-com
e,first-served

basis.
G

enerators
in

the
queue

m
ust

pay
for

the
studies

to
rem

ain
in

the
queue

and
can

drop
outatany

tim
e.A

generator
usually

needs
three

studies
to

arrive
ata

finalcost.A
fter

the
finalstudy,the

generator
can

connectby
paying

the
interconnection

cost,

or
itcan

leave
the

queue.

From
an

econom
ic

perspective,the
current

queuing
process

is
far

from
optim

al.
Priority

is
by

entry
date,butthe

probability
ofcom

pletion
is

significantly
differentacross

generators

w
ith

the
sam

e
finalinterconnection

cost.Thus,w
hile

grid
operators

struggle
to

keep
up

w
ith

an
influx

ofinterconnection
requests

from
renew

ables,m
any

studies
are

done
for

generators

w
ith

low
probabilities

of
com

pletion.
The

cost
of

being
in

the
queue

is
also

low
and

m
ay

be

insufficientto
offsetthe

congestion
externality

im
posed

on
other

generators.

W
e

use
novel

data
to

study
the

design
of

this
process.

W
e

hand
collect

these
data

for

the
PJM

,
the

largest
of

the
U

.S.
regional

grid
operators.

PJM
serves

65
m

illion
people

in

parts
ofthe

M
id-A

tlantic,M
idw

est,and
Southern

U
nited

States
(PJM

,2021b).O
ur

data
cover

allgenerator
interconnection

requests
from

2008
through

2020:
4,085

requests
and

the
7,117

engineering
studies

for
these

requests.

U
sing

this
new

dataset,w
e

quantify
a

congestion
externality:

studies
are

returned
m

ore

2



slow
ly

w
hen

m
ore

generators
are

w
aiting

in
the

queue.Starting
in

2018,there
w

as
a

dram
atic

rise
in

the
num

ber
ofgenerators

queuing
each

year.This
increase

is
explained

by
both

a
tran-

sition
to

renew
ables

and
renew

able
generators

being
m

uch
sm

alleron
average

than
fossilfuel

generators.
U

.S.grid
operators

struggled
to

keep
up

w
ith

dem
and

for
interconnection

stud-

ies. 1
O

ne
ofthe

m
oststriking

exam
ples

is
PJM

.Itannounced
in

2022
thatitw

ould
notreview

new
interconnection

requests
again

until2026
w

hile
it

w
orks

to
clear

its
backlog

(H
ow

land,

2022).W
e

use
variation

in
a

generator’s
queue

position
to

estim
ate

the
effects

ofthis
backlog.

W
e

find
a

10
percent

increase
in

the
num

ber
of

higher
queued

generators
reduces

a
genera-

tor’s
probability

ofreceiving
the

third
and

finalstudy
by

5
percent,on

average.

W
e

next
show

that
interconnection

costs
can

be
very

high
and

are
hard

to
predict.

The

distribution
of

interconnection
costs

has
a

long
right

tail.
In

the
second

study,
the

m
edian

interconnection
costis

$0.05
m

illion
per

m
egaw

att,and
the

90th
percentile

is
$0.41

m
illion

per

m
egaw

att,roughly
a

quarter
of

the
installation

cost
for

w
ind

and
solar

generators.
W

e
also

find
thatobservably

sim
ilargenerators

can
have

very
differentinterconnection

costs,a
finding

consistent
w

ith
project

developers’
com

plaints
that

interconnection
costs

are
unpredictable

(C
aspary

etal.,2021).

Finally,w
e

show
thatinterconnection

costs
are

a
key

factor
in

generator
decisions

to
w

ith-

draw
from

the
queue.A

fter
every

study,generators
w

ith
high

interconnection
costs

are
m

ore

likely
to

w
ithdraw

from
the

queue.
For

exam
ple,a

generator
w

ith
a

second
study

intercon-

nection
cost

above
0.1

m
illion

per
m

egaw
att

(33
percent

of
generators)

is
49

percent
m

ore

likely
to

w
ithdraw

from
the

queue
prior

to
receiving

the
third

study.
W

e
find

sim
ilar

results

w
hen

w
e

controlfor
distance

to
the

grid
connection

point,a
proxy

for
perm

itting
difficulties,

and
w

hen
w

e
instrum

entfor
interconnection

costs
w

ith
the

difference
in

costs
across

studies.

W
e

then
develop

an
em

piricalm
odelofqueuing

to
study

the
incentives

ofpotentialgen-

erators.W
e

m
odelw

ithdraw
aldecisions

as
an

optim
alstopping

problem
.A

generator
w

aits

in
the

queue
for

the
necessary

studies
and

form
s

beliefs
aboutw

hen
the

nextstudy
w

illarrive

and
w

hatits
interconnection

costestim
ate

w
illbe.The

continuation
value

ofa
generator

de-

pends
on

its
characteristics

and
the

status
ofthe

queue.
W

e
also

develop
a

tractable
queuing

equilibrium
conceptthataccom

m
odates

the
non-stationarity

in
the

data.

W
e

estim
ate

the
m

odelin
tw

o
steps.

First,w
e

use
a

rich
setofgenerator

and
queue

char-

acteristics
to

jointly
m

odelthe
arrivalofnew

studies
and

the
update

ofinterconnection
costs.

These
estim

ates
allow

us
to

constructgenerator
beliefs.Second,w

e
em

bed
these

beliefs
in

the

1W
hile

w
e

focus
on

the
U

nited
States,this

pattern
of

increased
requests

and
grid

connection
challenges

are
w

idespread,including
in

A
ustralia,France,Italy,Spain,and

the
U

.K
.(M

ooney,2023).
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generator’s
optim

al
stopping

problem
,and

use
the

observed
w

ithdraw
al

decisions
and

the

dynam
ic

m
odelofqueuing

to
recoverthe

w
aiting

costand
payoffforcom

pleting
interconnec-

tion.T
he

generator’s
decision

to
begin

operation
after

receiving
its

finalinterconnection
cost

helps
to

identify
the

payoff
function.

Interim
interconnection

cost
estim

ates
in

prior
studies

shiftgenerator
expectations

ofthe
finalcostand

help
to

identify
the

w
aiting

costs.

U
sing

the
estim

ated
m

odel,w
e

firstfind
thatreducing

w
aiting

tim
e

significantly
increases

com
pleted

capacity.A
10

percentincrease
in

the
study

arrivalprobability
increases

totalcom
-

pleted
capacity

by
4.0

G
W

,or
5.3

percent.
R

enew
able

capacity
increases

by
1.6

G
W

,or
4.6

percent.
R

educing
w

aiting
not

only
shortens

the
deferm

ent
of

payoffs,
but

also
reduces

a

generator’s
w

aiting
cost,

such
as

the
cost

of
leasing

land,
and

exposure
to

other
causes

of

w
ithdraw

als,such
as

the
expiration

ofsigned
long

term
contracts.

T
his

result
m

otivates
potentialgains

from
m

odifying
the

queuing
m

echanism
to

reduce

congestion.W
e

solve
for

an
alternative

queuing
m

echanism
thatexcludes

a
setofgenerators

from
the

queue
to

m
axim

ize
com

pleted
capacity.

This
m

echanism
rem

oves
a

large
share

of

generators
below

100
m

egaw
atts

in
size.

By
facilitating

the
com

pletion
of

larger
generators,

this
m

echanism
increases

com
pleted

capacity
by

7.9
G

W
,of

w
hich

1.5
G

W
is

renew
able.

W
e

also
consider

other
m

echanism
s

thatputa
greater

w
eighton

renew
able

capacity.

W
e

next
consider

a
series

of
proposed

reform
s.

W
e

first
consider

a
flat

entry
fee,w

hich

also
screens

out
sm

allgenerators.
W

e
find

that
an

entry
fee

of
900,000

dollars
per

generator

m
axim

izes
the

com
pleted

capacity,adding
6.9

G
W

ofcapacity,butonly
0.8

G
W

ofrenew
able

capacity.This
policy

also
rem

oves
m

any
m

ore
sm

allgenerators
than

the
queuing

m
echanism

s

w
e

considered
above.W

e
find

thatincreasing
the

fee
to

requestlater
studies

does
notincrease

com
pleted

capacity.
W

e
also

consider
an

alternative
w

ay
of

assessing
interconnection

costs.

To
reduce

uncertainty,PJM
plans

to
study

large
clusters

ofgenerators
together

and
share

the

total
interconnection

costs
equally

on
a

per-m
egaw

att
basis.

W
e

show
that,w

ith
a

subsidy,

assessing
costs

in
this

w
ay

can
add

m
ore

renew
able

capacity
than

other
reform

s.

T
he

clim
ate

im
pact

of
these

policy
reform

s
is

large.
U

sing
the

U
.S.Environm

ental
Pro-

tection
A

gency’s
A

voided
Em

issions
and

G
eneration

Tool(A
V

ER
T),w

e
calculate

the
avoided

carbon
em

issions
from

the
added

renew
able

capacity.
A

t
a

socialcost
of

carbon
of

$185
per

ton,the
im

plied
annualbenefitis

259
m

illion
dollars

per
G

W
ofadded

renew
able

capacity.
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R
elated

Literature

In
this

paper,w
e

study
electricity

transm
ission

policy
and

form
ally

accountfor
the

effects
of

interconnection
queues.

A
lthough

the
interconnection

process
is

a
key

step
in

entering
the

electricity
m

arket
and

has
received

som
e

attention
in

research
on

energy
policies

(e.g.,G
er-

gen,C
annon

Jr
and

Torgerson
(2008);A

lagappan,O
rans

and
W

oo
(2011)),it

has
been

rarely

studied
in

the
econom

ics
literature,likely

due
to

a
lack

ofdata.
In

a
related

paper,G
onzales,

Ito
and

R
eguant

(2022)
study

how
the

expansion
of

the
transm

ission
grid

enables
the

entry

of
renew

ables.
M

ore
broadly,in

considering
the

econom
ic

im
plications

of
electricity

trans-

m
ission

policy,this
paper

relates
to

papers
studying

the
effects

oftransm
ission

constraints
on

com
petition,em

issions,and
renew

able
energy

investm
ent(W

olak
(2015);R

yan
(2021);D

avis

and
H

ausm
an

(2016);Fell,K
affine

and
N

ovan
(2021);LaR

iviere
and

Lyu
(2022);D

oshi(2022)).

W
e

also
contribute

to
the

literature
on

how
public

policy
affects

investm
entin

renew
able

energy
(see,e.g.,M

etcalf
(2010);H

itaj(2013);Johnston
(2019);A

ldy,G
erarden

and
Sw

eeney

(2023);D
eschenes,M

alloy
and

M
cD

onald
(2023)).

M
ore

broadly,there
are

a
num

ber
of

pa-

pers
in

the
energy

and
environm

entalliterature
thatstudy

investm
entand

industry
dynam

ics

(R
yan

(2012);G
ow

risankaran,R
eynolds

and
Sam

ano
(2016);Fow

lie,R
eguantand

R
yan

(2016);

Blundell,G
ow

risankaran
and

Langer
(2020);Butters,D

orsey
and

G
ow

risankaran
(2021);El-

liott(2021);G
ow

risankaran,Langerand
Z

hang
(2022);A

bito
etal.(2022);C

overtand
Sw

eeney

(2022);D
avis,H

olladay
and

Sim
s

(2022);Leisten
and

V
reugdenhil(2023)).

The
cited

papers

are
unified

in
focusing

on
how

environm
entalregulations

interact
w

ith
dynam

ic
incentives

in
equilibrium

.

O
ur

study
uses

data
from

PJM
,the

largestU
.S.transm

ission
organization

by
the

num
ber

of
custom

ers
served.

A
num

ber
of

papers
(e.g.,M

ansur
(2007,2008);Bushnell,M

ansur
and

Saravia
(2008);A

llcott
(2012);Buchsbaum

et
al.(2022))

also
use

data
from

PJM
but

focus
on

m
arket

structure
issues,

w
hile

Linn
and

M
cC

orm
ack

(2019)
study

exit
by

coal-fired
pow

er

plants.

Finally,w
e

contribute
to

the
em

piricalliterature
on

dynam
ic

assignm
entm

echanism
s

(e.g.

A
garw

aletal.(2021);W
aldinger(2021);Verdierand

R
eeling

(2021);Liu,W
an

and
Yang

(2021))

by
studying

a
queuing

problem
in

a
novel

and
im

portant
m

arket.
W

e
develop

a
tractable

queuing
equilibrium

concept
for

a
non-stationary

environm
ent.

O
ur

equilibrium
concept

is

sim
ilar

to
W

eintraub
etal.(2010),and

w
e

use
a

finite
horizon

assum
ption

to
capture

the
non-

stationarity
in

the
data

(Igam
i

(2017);
Yang

(2020)).
To

understand
the

equilibrium
effects

of
congestion,w

e
solve

for
alternative

queuing
m

echanism
s

that
m

axim
ize

various
planner

5



objectives
(C

he
and

Tercieux
(2021)).

2
PJM

Interconnection
Process

W
e

first
describe

how
PJM

m
anages

the
interconnection

process
in

m
ore

detail.
The

tw
o

m
ain

types
ofparticipants

are
developers

and
transm

ission
ow

ners.D
evelopers

(e.g.,N
extEra

Energy)enter
their

generators
(e.g.,2.5M

W
FrontR

oyalSolar
Field

in
V

irginia)in
the

queue

and
pay

the
interconnection

costs
identified

in
the

studies.
These

developers
can

be
either

independent
producers

(m
ore

com
m

on
for

renew
able)

or
regulated

utilities
(m

ore
com

m
on

for
naturalgas).

Transm
ission

ow
ners

conduct
the

interconnection
studies

and
construct

the
upgrades

(C
onnelland

M
cG

ill,2020). 2
T

hey
are

regulated
utilities,and

w
e

assum
e

they
do

notexercise

m
arketpow

er,i.e.,they
charge

the
costofupgrades

in
a

com
petitive

factor
m

arket. 3

2.1
Entering

the
Q

ueue

To
enter

a
generator

in
the

interconnection
process,a

developer
m

ust
secure

land
sufficient

to
build

the
generator

(PJM
,2021f).D

evelopers
m

ustalso
pay

a
depositto

enter
the

queue
or

m
ove

on
to

the
nextstage.T

he
depositam

ountdepends
on

the
generator

size
and

stage,w
ith

larger
generators

and
later

studies
typically

requiring
higher

deposits.For
the

m
edian

gener-

ator
size

of20
M

W
,the

three
deposits

w
ould

be
12,000,10,000

and
50,000

dollars.G
enerators

thatw
ithdraw

have
their

depositreturned,less
a

10
percentnon-refundable

portion
and

any

study
costs

already
incurred

(PJM
,2021c).

2W
hile

new
generators

pay
for

transm
ission

netw
ork

upgrades
through

the
interconnection

process,
other

transm
ission

investm
ent

is
planned

by
the

grid
operator.

In
PJM

,this
transm

ission
planning

process
is

called
R

TEP,w
hich

stands
for

regionaltransm
ission

expansion
plan.The

prim
ary

goalofthe
R

TEP
is

to
m

aintain
relia-

bility
(PJM

,2021d).A
ta

high-level,the
tw

o
types

oftransm
ission

investm
entare

substitutes,butthey
are

funded
differently.

C
onnecting

generators
pay

for
the

netw
ork

upgrades
they

trigger
through

the
interconnection

pro-
cess.In

contrast,electricity
consum

ers
pay

forR
TEP

investm
entvia

highertransm
ission

rates
(PJM

,2021d).In
our

analysis,w
e

treat
R

TEP
investm

ent
as

fixed.
Tw

enty-seven
billion

dollars
w

orth
of

R
TEP

investm
ent

w
as

com
-

pleted
from

2008-2020
(PJM

,2023).
Locations

w
ith

recent
R

TEP
investm

ent
are

associated
w

ith
increased

entry
and

a
m

oderate
decrease

in
interconnection

costs
(Table

E.2).
W

hile
generator

entry
responds

to
R

TEP,the
R

TEP
process

does
not

consider
generators

w
aiting

in
the

queue
or

try
to

anticipate
entry

by
generators

(PJM
,2021d).

M
ore

generally,
larger-scale

transm
ission

infrastructure
is

challenging
to

build
due

to
difficulties

surrounding
siting

and
perm

itting,overlapping
jurisdictions,and

costallocation
(D

avis,H
ausm

an
and

R
ose,2023).

3T
he

transm
ission

ow
ner

does
notprofitfrom

this
investm

entbecause
upgrades

paid
for

by
connecting

gen-
erators

do
notgo

into
its

rate
base.
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2.2
Q

ueuing
R

ules

G
enerators

can
enter

the
queue

at
any

tim
e,

but
each

year
is

divided
into

tw
o

w
indow

s.

G
enerators

thatenterin
the

sam
e

6-m
onth

w
indow

are
putin

the
sam

e
cohortand

w
illreceive

up
to

three
studies

(feasibility,system
im

pact,and
facility

study)sequentially.Through
these

studies,generators
learn

increasingly
accurate

inform
ation

aboutthe
costs

ofinterconnection.

To
receive

the
next

study,a
generator

m
ust

incur
a

cost,but
it

can
freely

leave
the

queue
at

any
tim

e.
PJM

m
ay

requires
just

one
or

tw
o

studies
if

it
determ

ines
that

a
generator

is
not

required
to

m
ake

significant
netw

ork
upgrades

or
share

costs
w

ith
other

generators.
A

fter

the
last

study
is

issued,the
generator

chooses
to

leave
the

queue
or

sign
an

interconnection

service
agreem

entin
w

hich
itagrees

to
pay

the
finalinterconnection

cost,thus
com

pleting
the

interconnection
process.

T
he

officialtim
eline

for
the

interconnection
process

is
quite

rigid.For
generators

thatap-

ply
w

ithin
the

sam
e

tim
e

w
indow

,PJM
starts

conducting
the

firststudies
(feasibility

studies)

one
m

onth
after

the
closing

of
the

w
indow

.
W

ithin
three

m
onths,generators

are
supposed

to
receive

their
firststudies.A

tthis
point,generators

have
another

m
onth

to
decide

w
hether

to
advance

to
the

second
study

(system
im

pact
study).

The
second

study
then

takes
four

m
onths,

at
w

hich
point

generators
have

one
m

onth
to

decide
w

hether
to

request
the

third

and
finalstudy

(facility
study).

T
he

third
study

takes
6

m
onths.

Finally,generators
and

PJM

agree
on

finaldetails
and

sign
the

interconnection
service

agreem
ent,overa

6.5-m
onth

period

(PJM
,2021a). 4

D
espite

this
tim

eline,significantdelays
in

delivering
studies

can
occur

due
to

the
num

ber

ofbacklogged
interconnection

requests
and

a
lack

ofstaffcapacity
(Shoem

aker,2021).
U

pon

receiving
a

study,
a

generator
has

approxim
ately

one
m

onth
to

decide
w

hether
to

pay
the

depositto
requestthe

nextstudy,butithas
little

controlover
w

hen
the

transm
ission

organi-

zation
delivers

the
study.A

solar
developer

in
PJM

recently
lodged

a
com

plaintw
ith

Federal

Energy
R

egulatory
C

om
m

ission
(FER

C
)

after
w

aiting
m

ore
than

tw
o

years
for

the
second

study
(H

ale,2021).

2.3
Tim

ing
of

Interconnection
w

ithin
ProjectD

evelopm
ent

G
enerators

apply
for

interconnection
early

in
projectdevelopm

ent.A
fter

a
developer

secures

the
land

for
the

generator,the
perm

itting
and

interconnection
process

occur
sim

ultaneously.

4T
his

agreem
entalso

sets
a

com
m

ercialoperation
date.

A
fter

signing
the

interconnection
service

agreem
ent,

the
generator

m
ay

suspend
the

process
for

up
to

3
years

(up
to

1
year

ifthe
suspension

has
a

negative
im

pacton
subsequentgenerators),though

these
suspensions

are
rare

(PJM
,2021e).
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C
om

pared
to

perm
itting,interconnection

delays
and

costs
are

perceived
as

the
m

ore
im

por-

tant
hurdle

(R
echargeN

ew
s

(2021);C
ollier

(2021)).
R

enew
able

energy
generators

sign
long

term
contracts

to
sell

the
pow

er
w

hile
in

the
queue

or
once

the
interconnection

process
is

com
pleted.

A
fter

the
long

term
contract

and
interconnection

service
agreem

ents
are

signed,

the
physicalgenerator

and
interconnection

facilities
are

constructed.
This

construction
typi-

cally
takes

less
than

a
year,far

shorter
than

the
tim

e
the

generator
spends

in
the

queue. 5

A
slow

interconnection
process

can
adversely

im
pactother

steps
in

projectdevelopm
ent.

Pow
er

buyers
are

w
illing

to
sign

long
term

contracts
a

few
years

before
a

generator
begins

operation,butdevelopers
m

ustapply
for

interconnection
m

uch
earlier.

D
evelopers

are
thus

left
trying

to
forecast

dem
and

a
few

years
in

advance
and

enter
generators

into
the

queue

accordingly.There
have

also
been

cases
w

here
developers

w
ith

long
term

contracts
are

unable

to
begin

operation
as

planned
because

they
are

stillw
aiting

for
interconnection.

A
long

w
ait

m
ay

also
cause

a
developer’s

option
to

lease
to

expire,prom
pting

the
developer

to
relinquish

site
controlor

renegotiate
w

ith
landow

ners.

2.4
Proposed

R
eform

s

There
have

been
severalrecentefforts

to
reform

the
interconnection

process,w
hich

a
key

reg-

ulatordescribed
as

in
“chaos”

(Potter,2021).In
2023,the

FederalEnergy
R

egulatory
C

om
m

is-

sion
(FER

C
),the

federal
regulator

overseeing
U

.S.transm
ission

policy,approved
new

rules

governing
the

interconnection
process.

Broadly,the
new

rules
try

to
transition

interconnec-

tion
queue

priority
from

“first-com
e,first-served”

to
“first-ready,first-served”.

The
rules

in-

crease
the

costforgenerators
to

enterand
rem

ain
in

the
queue,m

ove
from

separate
studies

for

each
generator

to
studying

severalproposed
generators

together,and
penalize

transm
ission

ow
ners

for
delays

in
com

pleting
studies

(H
ale

and
C

hristian,2023).

PJM
plans

to
im

plem
entreform

s
consistentw

ith
FER

C
’s

proposed
new

rules.In
addition

to
increasing

the
cost

of
entry, 6

PJM
transm

ission
ow

ners
w

ill
group

generators
into

large

clusters
and

study
all

generators
in

a
cluster

jointly,
issuing

each
study

at
the

cluster
level

rather
than

the
generator

level.G
enerators

w
ithin

each
cluster

w
illshare

the
identified

inter-

connection
costs

proportionally,thus
reducing

the
variability

in
interconnection

costs
(PJM

,

2022).

5T
his

tim
eline

is
based

on
the

tim
eline

fora
w

ind
generatorin

A
W

EA
(2019);w

ind
and

solargenerators
follow

sim
ilar

tim
elines.

6For
exam

ple,PJM
plans

to
require

larger
deposits

and
stricter

site
control

requirem
ents.

D
eposits

w
ill

be
partially

a
share

of
the

generator’s
netw

ork
upgrade

costs
that

increases
w

ith
each

of
the

three
study

phases.
G

enerators
m

ustalso
dem

onstrate
site

controlthroughoutthe
process

rather
than

only
upon

entering
the

queue.
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Table
1:Sum

m
ary

Statistics

Study
1

Study
2

Study
3

M
ean

Std.D
ev.

M
ean

Std.D
ev.

M
ean

Std.D
ev.

C
ostper

M
W

0.12
0.40

0.18
0.48

0.10
0.16

W
aittim

e
(m

os.)
5.3

2.7
12.7

11.3
19.0

13.0
Size

in
M

W
97

196
106

191
162

276
U

prate
0.21

0.41
0.23

0.42
0.16

0.37
Solar

0.60
0.49

0.60
0.49

0.59
0.49

N
aturalG

as
0.17

0.37
0.16

0.36
0.22

0.42
W

ind
0.09

0.29
0.10

0.30
0.12

0.32
Battery

0.10
0.30

0.10
0.30

0.04
0.19

C
oal,oil,diesel

0.02
0.13

0.01
0.12

0.01
0.09

O
ther

0.03
0.18

0.03
0.17

0.02
0.15

C
ostsharing

0.04
0.19

0.60
0.49

0.60
0.49

Study
1

costsharing
0.42

0.49
0.48

0.50
0.45

0.50
R

eceive
engr.tests

0.82
0.39

0.88
0.32

0.04
0.21

D
istance

to
substation

(km
)

3.81
5.99

3.71
6.18

3.40
5.17

O
rdinance

0.28
0.45

0.31
0.46

0.30
0.46

N
4,083

2,433
672

G
enerators

entering
the

queue
in

2008-2020.
C

osts
in

m
illions

of
2020

dollars.
C

ost
per

M
W

is
interconnection

costestim
ate

divided
by

the
generator’s

size
in

M
W

.W
aittim

e
for

Study
1

is
w

ait
in

m
onths

for
the

first
study

after
joining

the
queue.

W
ait

tim
e

for
Study

2
is

w
ait

in
m

onths
for

second
study

after
receiving

the
firststudy.W

aittim
e

for
Study

3
is

w
aitin

m
onths

for
third

study
after

receiving
the

second
study.

U
prate

is
an

indicator
for

a
capacity

increase
to

an
existing

generator.
C

ostsharing
is

an
indicator

for
ifa

generator
shares

costs
w

ith
other

generators.Study
1

costsharing
is

an
indicator

for
ifthe

firststudy
m

entions
shared

netw
ork

upgrade
costs.

R
eceive

engr.
tests

is
an

indicator
for

receiving
any

of
three

engineering
tests:

generator
deliverability,m

ultiple
facility

contingency,and
short

circuit
analysis.

D
istance

to
substation

is
the

distance
to

the
nearestsubstation

in
km

.O
rdinance

is
an

indicator
for

a
local

ordinance
restricting

renew
able

energy
developm

ent.

3
Interconnection

R
equestD

ata

O
ur

m
ain

data
are

based
on

the
4,085

interconnection
requests

in
PJM

from
2008

to
2020.

These
data

com
e

from
pdfs

of
7,117

engineering
studies

done
as

part
of

the
interconnection

process.Because
the

form
ats

are
irregular,w

e
hand

collectthese
data.W

e
startour

sam
ple

in

2008
because

data
before

2008
have

even
m

ore
irregular

form
ats,m

aking
it

hard
to

identify

the
relevantcosts.Sum

m
ary

statistics
are

presented
in

Table
1

and
A

ppendix
Table

E.1.

T
he

PJM
queue

is
dom

inated
by

requests
for

solar,
natural

gas,
and

w
ind

generators.

These
three

fuels
accounted

for
82

percent
of

interconnection
requests

from
2008-2020.

N
at-

uralgas
generators

tend
to

be
m

uch
larger

than
w

ind
and

solar
generators;they

accountfor

14
percent

of
requests

but
40

percent
of

requested
capacity.

A
ppendix

Figure
E.1

show
s

the

9



Figure
1:Q

ueue
Size

O
ver

Tim
e

Solid
red

line
is

annual
avg.

num
ber

of
generators

in
the

queue
(m

easured
from

entry
to

finalstudy
receiptorw

ithdraw
al).D

otted
blue

line
is

totalnum
-

ber
ofnew

entries
to

the
queue

by
year.

proportion
ofnew

requests
by

fueltype
in

each
ofour

sam
ple

years.In
the

restofthe
paper,

w
e

refer
to

w
ind

and
solar

generators
as

“renew
able”,and

the
restas

“non-renew
able”.

T
he

num
ber

of
interconnection

requests
has

increased
over

tim
e.

Figure
1

show
s

both

the
num

ber
ofnew

interconnection
requests

each
year

(dotted
line)and

the
average

num
ber

of
generators

in
the

queue
by

year
(solid

line). 7
R

equests
increased

dram
atically

starting
in

2015.
T

his
increase

w
as

driven
by

renew
able

generators.
Because

renew
ables

are
sm

aller
on

average,the
increase

in
requested

capacity
w

as
less

pronounced:the
capacity

ofnew
requests

in
2008

w
as

42
G

W
com

pared
to

69
G

W
in

2020. 8

3.1
W

aiting
tim

es

The
officialtim

eline
is

thatthe
studies

should
take

no
m

ore
than

3,4,and
6

m
onths.O

verthree

quarters
ofgenerators

receive
the

firststudy
w

ithin
6

m
onths.The

second
study’s

arrivaltim
e

is
m

ore
variable;

the
m

ean
w

ait
tim

e
is

10
m

onths
w

ith
a

standard
deviation

of
7

m
onths.

Finally,the
m

ean
w

aitfor
the

third
study

is
15

m
onths

w
ith

a
standard

deviation
of9

m
onths.

7T
he

queue
size

is
based

on
the

queue
and

w
ithdraw

aldates
forallgenerators

queued
betw

een
1997

and
2020.

8T
he

spike
in

2010
w

as
due

to
an

influx
of

solar
generators.

The
likely

cause
w

as
a

tem
porary

program
that

offered
the

federalinvestm
enttax

creditforsolarinvestm
entas

a
cash

grantratherthan
a

nonrefundable
tax

credit
(A

ldy,G
erarden

and
Sw

eeney,2023).
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Figure
2:Study

A
rrivalTim

es
by

D
ate

ofQ
ueue

Entry

(a)Study
2

(b)Study
3

Panel(a)show
s

the
distribution

ofarrivaldates
for

the
second

study
by

entry
cohort.Panel

(b)show
s

the
distribution

ofarrivaldates
for

the
third

study
by

entry
cohort.

The
m

ean
w

aiting
tim

e
to

receive
the

term
inalstudy

is
24

m
onths.

W
hile

priority
is

by
entry

cohort,study
arrivalis

stochastic.Figure
2

plots
the

distribution

of
arrival

tim
e

of
studies

by
entry

cohort.
C

ohorts
that

entered
the

queue
earlier

are
m

ore

likely
to

receive
a

study
then

generators
in

later
cohorts

that
are

w
aiting

for
the

sam
e

study,

but
this

is
not

guaranteed.
Tim

e
spent

in
the

queue
increased

over
our

sam
ple,though

not

as
dram

atically
as

the
num

ber
ofgenerators.The

m
ean

w
aittim

e
from

entering
the

queue
to

receiving
the

term
inalstudy

w
as

20
m

onths
for

generators
queuing

in
2008-2012

com
pared

to

27
m

onths
for

those
queuing

in
2013-2017.

9

3.2
Interconnection

C
osts

Interconnection
costs

are
often

com
prised

of
tw

o
com

ponents:
the

direct
cost

to
connect

the

production
facility

to
the

grid,
and

the
indirect

cost
of

upgrading
the

netw
ork

to
avoid

an

overload.
Both

com
ponents

m
ay

require
building

or
upgrading

lines,circuit
breakers,and

even
a

substation.
PJM

expressly
states

in
studies

that
the

interconnection
costs

do
not

con-

sider
perm

itting
costs

or
rights

of
w

ay.
The

first
study

(feasibility
study)

does
only

som
e

of

the
required

engineering
tests.

T
his

study
reports

prelim
inary

direct
interconnection

costs

and
w

hether
the

generator
m

ay
share

costs
w

ith
other

generators
using

com
m

on
transm

is-

9O
ne

reason
w

ait
tim

es
are

variable
is

that
these

studies
som

etim
es

need
to

be
revised.

For
exam

ple,
19

percent
of

generators
in

our
sam

ple
had

their
second

study
revised.

R
evisions

can
be

due
to

the
connecting

generator
changing

its
requestor

nearby
generators

dropping
outofthe

queue.
W

e
w

illm
odelthe

arrivalofthe
finalversion

ofeach
study,notthe

intervening
versions

w
hich

are
notalw

ays
posted

by
PJM

.
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Figure
3:Q

ueue
Size

and
Study

A
rrival

(a)Second
Study

2011
2012

2013
2014

2015
2016

2017
2018

2019
2020

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

0.38

0.4

200

400

600

800

1000

1200

1400

queue size

# 2nd study/# w
aiting for 2nd

queue size

(b)Third
Study

2011
2012

2013
2014

2015
2016

2017
2018

2019
2020

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

200

400

600

800

1000

1200

1400

queue size

# 3rd study/# w
aiting for 3rd

queue size

Panel(a)blue
line

show
s

annualproportion
ofgenerators

w
aiting

for
the

second
study

thatreceive
it.Panel

(b)
show

s
annualproportion

of
generators

w
aiting

for
the

third
study

that
receive

it.
R

ed
lines

show
avg.

num
ber

ofgenerators
in

the
queue

by
year

(from
firststudy

receiptto
finalstudy

receiptor
w

ithdraw
al).

sion
infrastructure.

The
second

study
com

pletes
the

rem
aining

engineering
tests,

updates

the
directinterconnection

costs,and
reports

the
netw

ork
upgrade

costs.
A

generator
m

ay
be

solely
responsible

for
netw

ork
upgrades

or
share

this
cost

w
ith

other
generators.

The
third

study
details

the
engineering

specification
ofallupgrades

and
provides

a
finalupdate

to
the

costs.W
hile

the
m

edian
interconnection

cost
estim

ate
is

close
to

zero,
the

cost
distribution

is

rightskew
ed.W

e
use

costperm
egaw

att(M
W

)as
ourm

easure
ofcost. 10

Forthe
second

study,

thirty
percentofgenerators

have
interconnection

costs
less

than
0.01

m
illion

per
M

W
.Yet,the

75th
percentile

of
the

costdistribution
is

0.15
m

illion
per

M
W

and
the

90th
percentile

is
0.42

m
illion

per
M

W
.For

com
parison,installation

costs
for

w
ind

and
solar

generators
are

roughly

1.5
m

illion
per

M
W

.The
m

edian
interconnection

cost
per

M
W

is
also

higher
for

renew
ables

(0.08
vs.0.02).

3.2.1
Interconnection

C
osts

are
H

ard
to

Predict

There
are

several
sources

of
uncertainty

about
interconnection

costs.
First,

although
a

de-

veloper
m

ay
be

able
to

use
engineering

m
odels

to
identify

w
hether

an
interconnection

w
ill

cause
instability,it

is
hard

to
predict

w
hat

rem
edies

a
transm

ission
ow

ner
w

ill
require

and

the
cost

of
these

rem
edies,according

to
our

interview
w

ith
an

industry
expert.

Second,the

10T
here

do
notappear

to
be

econom
ies

ofscale
for

m
oderately

sized
generators.For

generators
from

the
10th

to
90th

percentile
in

size,a
1

standard
deviation

increase
in

capacity
is

associated
w

ith
0.05

standard
deviation

decrease
in

the
second

study
interconnection

cost.

12



Figure
4:C

osts
by

Location

C
ost/M

W
 in m

illion dollars
0−

0.01
0.01−

0.05
0.05−

0.1
>

0.1

Second
study

interconnection
costestim

ates
by

location.C
osts

in
m

illions
of2020

dollars
per

M
W

.

w
ithdraw

alofother
generators

sharing
the

costofa
netw

ork
upgrade

changes
a

generator’s

cost.
A

fter
w

ithdraw
als,

PJM
m

ay
still

require
the

upgrade,
so

the
rem

aining
generators’

share
of

its
cost

increases.
If

PJM
no

longer
requires

the
upgrade,the

cost
for

the
rem

aining

generators
w

illdecrease.
T

hird,due
to

the
long

w
aiting

tim
e,technologies

like
solar

invert-

ers
evolve,and

a
developer

m
ay

need
to

change
the

production
equipm

ent,causing
the

grid

operator
to

reevaluate
the

generator
and

assess
a

differentcost.

O
bservable

generatorcharacteristics
explain

som
e

butfarfrom
allofthe

variation
in

inter-

connection
costs.

A
ppendix

Table
E.2

show
s

that
a

regression
of

having
a

low
second

study

interconnection
cost

on
characteristics

such
as

size,state,fueltype,and
year

of
entry

has
an

R
2

of
0.41.

G
eography

also
does

not
explain

m
uch

of
this

variation.
Figure

4
plots

the
lo-

cation
of

generators
w

ith
study

2
cost

estim
ates. 11

M
ore

generators
are

clustered
along

the

m
ore

populated
east

coast.
T

hese
generators

have
higher

interconnection
cost

estim
ates,on

average,but
interconnection

costs
can

vary
substantially

in
the

sam
e

geographic
area,even

w
ithin

fueltype. 12

W
e

nextshow
thatchanges

in
costs

across
studies

are
also

hard
to

predict.Figure
5

show
s

thatinterconnection
costs

for
the

sam
e

generator
do

notsystem
atically

decrease
across

stud-

11W
e

focus
on

costs
from

the
second

study
because

the
first

study
does

not
typically

indicate
a

generator’s
contribution

to
shared

netw
ork

upgrade
costs

(see
A

ppendix
A

for
m

ore
detailand

an
exam

ple
ofthe

inform
ation

available
in

the
firststudy).This

is
a

selected
sam

ple
because

generators
w

ith
high

interconnection
costs

are
m

ore
likely

to
drop

outafter
the

firststudy.
12W

e
observe

a
sim

ilar
pattern

w
hen

plotting
the

residuals
after

regressing
costs

on
generator

characteristics.

13



Figure
5:D

ifferences
in

C
ostEstim

ates
across

Studies
W

ithin
A

G
enerator

($M
illion/M

W
)

(a)Study
2

-Study
1

(b)Study
3

-Study
2

Panel
(a)

show
s

a
histogram

of
the

difference
in

the
first

and
second

study
interconnection

cost
es-

tim
ates

for
generators

queuing
from

2011-2020
that

received
study

2.
N

=2,023;
50

generators
w

ith
costdifferences

above
1

in
m

agnitude
excluded.

Panel(b)
show

s
a

histogram
of

the
difference

in
the

second
and

third
study

interconnection
costestim

ates
for

generators
queuing

from
2011-2020

thatre-
ceived

study
3.N

=479;3
generators

w
ith

costdifferences
above

0.5
in

m
agnitude

excluded.Y-axis
is

the
percentofobservations

in
each

bin.C
osts

are
in

m
illions

of2020
dollars

per
M

W
.

ies. 13
This

pattern
suggests

that
cost

changes
are

not
anticipated.

If
developers

w
ere

able
to

predicthow
a

generator’s
interconnection

costw
ould

evolve
across

studies,w
e

w
ould

expect

selection
on

this
difference.

A
ppendix

Figure
E.2

also
show

s
that

generators
disproportion-

ately
w

ithdraw
from

the
queue

in
the

tw
o

m
onths

after
receiving

a
study,w

hich
suggests

the

studies
provide

new
inform

ation.

3.2.2
H

igh
Interconnection

C
osts

Lead
to

W
ithdraw

als

W
e

nexttestw
hether

generators
w

ith
high

interconnection
costs

are
m

ore
likely

to
w

ithdraw

from
the

queue.
Specifically,

w
e

regress
an

indicator
for

w
ithdraw

ing
from

the
queue

on

an
indicator

for
having

a
high

(above
0.1

m
illion

per
M

W
)

interconnection
cost.

W
e

define

w
ithdraw

ing
as

leaving
the

queue
before

the
nextstudy

arrives,orbefore
beginning

operation

for
generators

thathave
received

their
finalstudy.

A
cross

allthree
studies,w

e
find

thatgenerators
w

ith
a

high
interconnection

costestim
ate

are
m

ore
likely

to
w

ithdraw
from

the
queue

(Table
2).For

the
firststudy,the

O
LS

estim
ates

in

the
firstcolum

n
im

ply
thathaving

a
high

interconnection
costis

associated
w

ith
an

increase

in
the

probability
ofw

ithdraw
alof12

percentage
points,or

44%
atthe

m
ean

w
ithdraw

alrate.

13C
osts

on
average

increase
from

the
firstto

the
second

study
because

the
second

study
includes

the
contribu-

tion
to

shared
costs.

For
generators

that
do

not
share

costs,the
distribution

of
this

cost
difference

is
sym

m
etric

around
zero.

14



Table
2:Interconnection

C
osts

on
Probability

ofW
ithdraw

ing
from

the
Q

ueue

Study
1

Study
2

Study
3

O
LS

O
LS

O
LS

IV
IV

O
LS

IV
C

ostabove
0.1m

/M
W

0.123***
0.123***

0.231***
0.293***

0.241***
0.113*

0.074
(0.022)

(0.022)
(0.031)

(0.054)
(0.057)

(0.063)
(0.117)

Study
1

costsharing
0.018

0.106***
(0.020)

(0.033)
Log

totalfor
sharing

0.015***
0.020**

(0.005)
(0.009)

M
ean

ofdependentvar.
0.28

0.28
0.43

0.43
0.43

0.55
0.55

F-statistic
(instrum

ent)
972

808
202

N
3,191

3,191
1,269

1,269
1,269

345
345

G
enerators

queuing
from

2011-2020;generators
stillactive

excluded.
SEs

in
parentheses;clustered

by
substation.

D
ep.

var.
are

indicators
for

projects
w

ithdraw
ing

from
the

queue
before

receiving
the

next
study

or
before

beginning
operation

for
generators

w
ith

their
finalstudy.

C
ost

above
0.1m

/M
W

indicates
ifthatstudy’s

interconnection
costestim

ate
is

above
0.1

m
illion

dollars
per

M
W

.Study
1

cost
sharing

indicates
ifthe

firststudy
m

entions
shared

netw
ork

upgrade
costs.Log

totalfor
sharing

is
the

log
ofthe

totalcosts
to

be
shared

listed
in

Study
1

forgenerators
w

ith
costsharing.IV

results
instrum

ent
for

having
a

high
costusing

the
change

in
having

a
high

costacross
studies.

A
llspecifications

control
for

size
(5

bins),fueltype,state,uprate,and
FE

for
the

year
of

queue
entry

and
the

year
the

study
is

issued.
∗

p
<

0.1, ∗∗
p
<

0.05, ∗∗∗
p
<

0.01.

The
estim

ated
effectis

sim
ilarly

large
for

other
studies. 14

W
e

find
sim

ilar
estim

ates
w

hen
w

e
instrum

ent
for

costs
w

ith
the

change
in

these
costs

across
studies.G

enerators
m

ay
have

private
inform

ation
aboutcosts.The

resulting
selection

w
ould

attenuate
the

relationship
betw

een
interconnection

costs
and

w
ithdraw

als.To
address

this
concern,

w
e

instrum
ent

for
current

interconnection
costs

w
ith

the
innovation

to
these

costs,
i.e.,

the
difference

betw
een

the
current

cost
and

the
cost

in
the

previous
study.

This

instrum
entis

valid
because

changes
in

interconnection
costs

across
studies

are
hard

to
predict

(Section
3.2.1).

For
the

effect
of

the
second

study
costs

on
w

ithdraw
als,the

IV
estim

ates
are

sim
ilar

to
the

O
LS

estim
ate

and
statistically

significant.For
the

effectofthird
study

costs,the

IV
estim

ate
is

positive
and

sim
ilar

in
m

agnitude
butnotprecisely

estim
ated. 15

3.3
Speculative

Interconnection
R

equests

R
equests

for
interconnection

are
inexpensive

and
have

a
high

option
value,

so
developers

enter
m

any
m

ore
requests

than
the

num
ber

of
generators

they
expect

to
build.

This
phe-

14O
ur

resultis
robustto

using
a

continuous
m

easure
ofcosts

or
m

ore
costbins

(A
ppendix

Table
E.3).

15In
A

ppendix
Table

E.4,w
e

also
find

these
effects

are
not

driven
by

perm
itting

difficulties.
Specifically,w

e
show

they
are

robust
to

including
controls

for
w

hether
the

county
has

an
ordinance

restricting
the

siting
of

re-
new

ables
and

the
distance

to
the

pointofinterconnection.

15



nom
enon

is
com

m
only

referred
to

as
speculative

interconnection
requests.

W
e

take
this

be-

havior
to

m
ean

thatm
ostpotentialgenerators

w
ere

entered
into

the
queue

during
the

period

w
e

study. 16

To
understand

w
hether

strategic
interactions

are
im

portant,w
e

collectdata
on

the
identi-

ties
ofdevelopers.The

nam
e

ofthe
developer

is
listed

in
the

studies
starting

w
ith

the
second

study.
T

his
nam

e
is

often
the

lim
ited

liability
corporation

that
ow

ns
the

generator
(e.g.,“7

Bridges
Solar,LLC

”),and
w

e
use

localnew
s

articles,regulatory
docum

ents,and
developer

w
ebsites

to
m

atch
each

generator
to

its
developer

(e.g.,“Longroad
Energy”).

O
f

the
genera-

tors
in

our
data,w

e
are

able
to

identify
the

developer
for

39%
overall,52%

thatreached
study

2,and
81%

thatreached
study

3.

T
hese

data
show

that
concentration

is
low

.
W

e
m

atch
1,574

generators
to

383
unique

de-

velopers,and
the

largestdeveloper
(“Invenergy“)accounts

for
only

5.0%
ofthese

generators.

This
lack

of
concentration

suggests
that

strategic
interactions

m
ay

be
less

im
portant

in
this

setting.

W
e

next
turn

to
the

question
of

w
hether

developers
are

subm
itting

m
ultiple

intercon-

nection
requests

w
ith

the
intention

of
building

only
one

generator.
O

ur
data

suggest
that

m
odeling

the
generator’s

rather
than

the
firm

’s
problem

is
a

good
approxim

ation.
For

cases

w
here

a
developer

had
m

ore
than

one
generator

in
an

entry
cohort,either

allor
none

of
the

generators
w

ere
com

pleted
71%

of
the

tim
e.

A
ppendix

Table
E.6

reports
this

sam
e

fraction

for
the

top
15

developers
in

our
sam

ple.
O

verall,w
e

view
these

data
as

generally
consistent

w
ith

developers
being

w
illing

to
build

allgenerators
thatare

individually
profitable.

4
Externalities

in
the

Q
ueue

In
this

section,w
e

discuss
three

form
s

ofexternalities
thatm

ay
be

presentin
the

interconnec-

tion
queue.

W
e

find
that

generators
that

face
m

ore
higher-queued

generators
receive

their

third
studies

m
ore

slow
ly,consistentw

ith
the

queue’s
first-com

e-first-serve
priority

rule.

16T
here

is
som

e
debate

aboutthe
quality

ofthe
m

arginalentries
into

the
queue.The

follow
ing

quote
sum

s
up

the
perspective

thatthese
entries

are
potentially

viable
projects:

M
aybetherearesom

epeoplew
ho

carpetbom
b

thequeuesw
ith

speculativeprojects,butIthink
in

generalthey
appear

to
be

speculative
because

people
know

it’s
going

to
take

five
years

to
get

through
the

process,so
you

have
to

do
thatearly

on.Itw
ould

be
unw

ise
to

fully
develop

your
site

prior
to

entering
a

queue
thatyou

have
no

certainty
on

getting
through,especially

because
so

m
any

things
can

change
in

five
years.-Boone

Staples,
director

oftransm
ission

analysis
atTenaska

(Penrod,2022)

A
nother

perspective
is

that
these

m
arginalrequests

are
not

viable;for
exam

ple,FER
C

says
its

2023
reform

s
w

ill
“discourage

speculative,com
m

ercially
non-viable

interconnection
requests”

FER
C

Staff(2023).This
concern

m
ay

be
especially

relevant
for

requests
put

in
by

firm
s

that
have

not
previously

developed
projects,though

w
e

note
thatdevelopers

w
ith

projects
in

the
queue

can
and

do
sellthese

projects
to

other
developers.
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4.1
C

ongestion
Externality

W
e

first
quantify

w
hether

a
generator

at
a

low
queue

position
(m

any
generators

ahead)
re-

ceives
studies

m
ore

slow
ly.Figure

3
show

s
thatthe

third
study’s

arrivalprobability
falls

w
hen

the
queue

size
increases.Specifically,w

e
separately

plotthe
proportions

ofgenerators
eligible

for
the

second
study

and
the

third
study

thatreceive
one

in
each

year.The
arrivalprobability

of
the

second
study

declines
starting

in
2017

but
reverts

to
the

2011
level

in
2020

despite
a

large
queue.H

ow
ever,the

third
study

arrivalprobability
is

highly
negatively

correlated
w

ith

the
queue

size.
In

Section
7.2,w

e
form

ally
estim

ate
the

arrivalprocess.
U

sing
variations

in

the
queue

position,w
hich

is
determ

ined
by

the
queue

size
upon

entry
and

unexpected
exits

of
higher

queued
generators,w

e
find

evidence
for

a
congestion

externality:
the

probability

a
w

aiting
generator

receives
its

third
study

falls
in

the
num

ber
of

higher
queued

generators

w
aiting

for
the

third
study.Q

uantitatively,

4.2
C

ostExternality

In
principle,w

hen
a

generator
pays

for
the

interconnection
costand

upgrades
the

grid
infras-

tructure,
a

future
generator

connecting
in

the
sam

e
location

m
ay

benefit
from

the
upgrade

and
pay

a
low

er
interconnection

cost.To
m

itigate
this

externality,m
any

grid
operators

share

the
costs

ofnetw
ork

upgrades
across

generators.
17

W
e

test
for

w
hether

a
costly

com
pleted

interconnection
low

ers
interconnection

costs
for

the
nextgenerator

connecting
in

the
sam

e
location.PJM

shares
netw

ork
upgrade

costs
across

contem
poraneous

generators
(typically,those

w
ithin

the
sam

e
or

adjacent
cohorts)

that
trig-

ger
the

sam
e

violation.W
e

define
“next”

as
the

nextgenerator
thatdoes

notshare
costs

w
ith

the
com

pleted
generator.

A
grid

operator
w

e
spoke

w
ith

said
any

effects
w

ould
be

highly

local.Tw
o

results
show

that
there

do
not

appear
to

be
large

cost
externalities

from
com

plet-

ing
costly

interconnections.
First,

w
e

test
w

hether
entry

is
m

ore
likely

to
follow

a
costly

interconnection.
W

e
define

a
substation

as
a

potentiallocation
for

interconnection.
For

each

substation-quarter,w
e

regress
the

indicator
ofw

hether
there

is
a

new
interconnection

request

on
w

hether
the

prior
interconnection

is
costly

(>1
m

illion
dollars),controlling

for
PJM

-w
ide

grid
investm

ent,voltage
ofthe

substation,locationalm
arginalprices

(localw
holesale

prices),

17In
FER

C
O

rder2023,the
C

om
m

ission
states

that“absentcostsharing
provisions

am
ong

clusters,interconnec-
tion

custom
ers

m
ay

significantly
benefitfrom

earlier-in-tim
e

netw
ork

upgrades
butnotshare

in
the

costofthose
netw

ork
upgrades

in
a

m
anner

thatis
roughly

com
m

ensurate
w

ith
benefits”

(pg.320)suggesting
this

externality
is

m
ore

relavantfor
system

s
w

ithoutcostsharing
(FER

C
(2023)).
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and
state-quarter-year

fixed
effects.In

Table
3,w

e
show

thatprior
(costly)interconnections

at

sam
e

substation,w
ithin

10km
or

w
ithin

50km
have

little
effects

on
entry.The

pointestim
ates

range
from

-0.1%
to

0.6%
,

w
hile

the
m

ean
entry

rate
at

a
substation-m

onth
com

bination
is

4.3%
. 18

Second,
w

e
regress

the
indicator

of
w

hether
a

generator
has

a
low

interconnection
cost

estim
ate

on
w

hether
the

m
ostrecently

com
pleted

interconnection
atthe

sam
e

substation
and

w
ithin

10
km

w
as

costly.The
first

tw
o

colum
ns

of
Table

4
show

som
e

evidence
that

a
com

-

pleted
interconnection

w
ith

a
total

cost
over

1
m

illion
dollars

increases
the

probability
the

next
interconnection

in
that

location
has

a
low

cost.
Yet,the

third
and

fourth
colum

ns
show

these
effects

are
m

uch
sm

aller
and

notstatistically
significantonce

w
e

controlfor
w

hether
the

generator
is

an
uprate,w

hich
is

a
requestfor

a
capacity

expansion
for

an
existing

generator.

W
e

sim
ilarly

do
notfind

statistically
significantim

pacts
for

alternative
definitions

ofthe
sam

e

location
and

thresholds
for

costly
(A

ppendix
Table

E.5).

4.3
O

utputExternality

Finally,
w

e
test

if
the

successful
interconnection

of
a

new
generator

affects
the

revenues
of

future
generators.The

regressions
in

Table
3

show
thatpriorsuccessfulinterconnections

have

little
effects

on
the

entry
ofgenerators

atthe
sam

e
location.This

resultim
plies

thatlocaleffect

on
the

netprofitoffuture
generators

is
lim

ited.
This

section
focuses

on
testing

w
hether

new

interconnections
to

the
grid

cause
a

change
in

the
local

w
holesale

prices,
w

hich
reflect

an

interconnection’s
effect

on
the

revenues
of

future
generators.

W
e

conduct
a

D
ifference-in-

D
ifference

eventstudy,using
the

successfulinterconnection
ofa

generator
greater

than
20,50

and
100

M
W

.The
com

parison
group

is
the

substation-m
onth

w
ithoutnew

interconnections
or

w
ith

interconnections
less

than
20

M
W

.The
dynam

ic
treatm

enteffects
estim

ated
via

the
tw

o-

w
ay

fixed
effectestim

ator
or

C
allaw

ay
and

Sant’A
nna

(2021)show
thatthere

is
no

change
in

the
price

(Figure
6).

5
A

n
Illustrative

M
odelof

the
Interconnection

Q
ueue

Before
introducing

the
full

em
pirical

m
odel,

w
e

first
illustrate

the
m

ain
idea

in
a

T
-period

queuing
m

odel.
There

are
N

1
generators

entering
in

period
1

and
N

2
in

period
2.

N
o

gen-

erators
enter

in
subsequent

periods.
For

sim
plicity,

w
e

assum
e

each
generator

needs
only

18A
ppendix

Table
E.7

presents
the

sum
m

ary
statistics

ofthe
variables

used
in

the
regression.
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one
study.

A
generator

receives
the

study
w

ith
som

e
probability

in
each

period.
The

prob-

ability
decreases

in
the

num
ber

of
generators

in
the

sam
e

or
higher

queue
positions.

Specif-

ically,
w

e
use

N
1,t

and
N

2,t
to

denote
the

num
bers

of
generators

that
entered

in
periods

1

and
2

and
are

still
in

the
queue

at
the

beginning
of

period
t.

The
study

arrival
probability

is
p

1,t ( N
1,t )

=
Φ
( −

ln
N

1,t )
for

a
generator

that
entered

in
period

1,
and

p
2,t ( N

1,t ,N
2,t )

=

Φ
( −

ln
( N

1,t +
N

2,t ))
for

those
thatentered

in
period

2.The
tim

ing
is

as
follow

s:

1.
A

t
the

beginning
of

each
period,generators

observe
( N

1,t ,N
2,t ) ,form

beliefs
about

the

probability
ofreceiving

the
study,and

decide
w

hether
to

leave
the

queue
or

continue
to

w
ait.

2.
Forthose

thatchoose
to

w
ait,a

new
study

arrives
according

to
p

1,t ( N
1,t ) and

p
2,t ( N

1,t ,N
2,t ) .

3.
G

enerators
that

receives
the

study
decide

w
hether

to
w

ithdraw
or

pay
the

cost
and

com
plete

the
interconnection.O

ther
generators

continue
to

w
ait.

4.
N

ew
generators

enter
the

queue.

The
queue

ends
atperiod

T
,w

hen
allgenerators

leave
the

queue.

W
e

firstdescribe
a

generator’s
decision.W

e
use

r1,t to
denote

the
period

tbeliefaboutthe

study
arrivalprobability

ofa
generatorthatentered

in
period

1.A
generatorknow

s
this

belief

for
every

tbutis
stilluncertain

aboutw
hen

its
study

w
illactually

arrive.The
value

function

ofa
generator

thatstillw
aits

is

V
1,t

=
E

ξ
1,t m

ax{
ξ

1,t ,r1,t Π
+
( 1−

r1,t ) V
1,t+

1 }
,

(1)

w
here

ξ
1,t indicates

the
value

ofthe
outside

option
(w

ithdraw
al)and

Π
is

the
expected

profit

ofreceiving
the

study.T
he

expectation
is

overthe
value

of
ξ

1,t .W
e

specify
Π

=
E

c,ε m
ax{

π
−

c,ε}
,w

here

π
is

the
presentvalue

ofcom
pleting

interconnection
and

building
the

generator,c
is

the
inter-

connection
cost,and

εis
a

shock
thatcaptures

the
value

ofw
ithdraw

albefore
the

construction

phase.
A

tthe
term

inalperiod
T

,V
1,T

=
E

ξ
1,T .The

m
axim

ization
problem

im
plies

the
choice

probabilities
ofw

hether
to

w
ithdraw

in
any

period
t,Λ

1,t .W
e

analogously
define

r2,t and
Λ

2,t

for
a

generator
thatenters

in
period

2.

W
e

consider
a

tractable
queuing

equilibrium
.Sim

ilar
to

Jovanovic
(1982)and

H
openhayn

(1992),our
equilibrium

concept
does

not
have

uncertainty
over

the
transition

betw
een

peri-

ods.
Specifically,w

e
assum

e
that

each
generator

is
sm

all,and
w

e
define

balance
conditions

19



w
here

the
num

ber
ofgenerators

“continuously”
changes

across
periods.U

nder
this

assum
p-

tion,the
nextperiod

num
ber

ofgenerators
is

the
num

ber
ofgenerators

in
the

currentperiod

tim
es

the
probability

thatthey
decide

to
w

aitbutdo
notreceive

studies.Like
Buchholz

(2022),

w
e

focus
on

a
finite-horizon

case
to

allow
for

exogenous
non-stationarity

in
the

rich
em

pirical

m
odelw

e
describe

in
the

next
section.

The
balance

conditions
w

e
consider

are
also

sim
ilar

to
the

non-stationary
oblivious

equilibrium
(N

O
E)in

W
eintraub

etal.(2010),butthe
equilib-

rium
beliefs

in
our

m
odeldepends

on
a

period
t’s

queue
state,i.e.

the
num

ber
ofgenerators

in
this

sim
ple

m
odel.

In
contrast,N

O
E

focuses
on

a
“steady-state”

beliefevenutally
reached

by
a

non-stationary
stochastic

process.

T
he

queuing
equilibrium

consists
of

the
num

ber
of

generators
{ N

1,t ,N
2,t }

,
the

choice

probabilities
{

Λ
1,t ,Λ

2,t } ,and
the

beliefs
{ r1,t ,r2,t }

for
t
=

1,...,T
.

The
equilibrium

requires

the
follow

ing
restrictions:

1.
O

ptim
ality.T

he
choice

probabilities
are

consistentw
ith

the
Bellm

an
equation

(1)and
its

equivalentfor
generators

thatentered
in

period
2.

2.
C

onsistentbeliefs.W
e

assum
e

that

r1,t
=

p
1,t ( N

1,t ) ,r2,t
=

p
2,t ( N

1,t ,N
2,t ) .

3.
Balance

conditions.

N
1,t+

1
=

N
1,t ( 1−

Λ
1,t )

( 1−
p

1,t ( N
2,t )) ,

N
2,t+

1
=

N
2,t ( 1−

Λ
2,t )

( 1−
p

2,t ( N
1,t ,N

2,t )) .

This
tractable

equilibrium
conceptstillallow

s
us

to
capture

im
portantequilibrium

responses.

A
s

an
exam

ple,w
e

sim
ulate

how
the

equilibrium
responds

to
faster

study
arrival.

W
e

first

sim
ulate

the
baseline

equilibrium
outcom

e
and

beliefs
for

T
=

30.Then
in

Figure
(7),w

e
plot

the
num

ber
ofcom

pleted
generators

w
hen

w
e

hold
the

baseline
equilibrium

beliefs
fixed

and

w
hen

w
e

allow
the

equilibrium
beliefs

to
adjust.W

e
increase

the
study

arrivalprobability
by

5%
,10%

,...,25%
.The

equilibrium
effects

m
itigate

the
benefits

offasterstudy
arrival,because

generators
anticipate

m
ore

generators
w

illw
ait,slow

ing
dow

n
the

equilibrium
study

arrival.

This
m

itigation
effectis

proportionally
larger

for
generators

thatarrive
later.
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6
Em

piricalM
odel

To
understand

the
effects

ofthe
queue

backlog
and

quantify
the

im
pactofpolicy

reform
s,w

e

develop
a

finite
horizon,discrete-tim

e,non-stationary
dynam

ic
m

odelofthe
interconnection

queue.
W

e
define

a
period

to
be

a
quarter.

W
e

assum
e

thatevery
generator

enters
the

queue

w
ith

a
firststudy.The

tim
ing

ofthe
queue

in
each

period
is

as
follow

s:

1.
A

t
the

beginning
of

a
period

t,the
generator

observes
the

cost
estim

ate
from

the
latest

study
and

othertim
e-varying

inform
ation,such

as
the

currentcalendartim
e,how

m
any

studies
the

generator
has

received,
and

w
hether

certain
engineering

tests
have

been

conducted.

2.
T

he
generator

form
s

beliefs
aboutw

hether
the

nextstudy
w

illarrive
in

the
currentpe-

riod,the
new

cost
estim

ate,and
the

other
contents

of
the

study.
It

decides
w

hether
to

w
aitor

w
ithdraw

.

3.
For

a
generator

that
chooses

to
w

ait,a
new

study
arrives

w
ith

som
e

probability.
If

the

new
study

arrives,

(a)
For

a
generator

w
ith

tw
o

studies,the
new

study
is

the
finalstudy.

The
generator

decides
w

hether
to

com
plete

the
interconnection

or
w

ithdraw
.

(b)
For

a
generator

w
ith

one
study,

i.
W

ith
som

e
probability

the
new

study
is

the
finalstudy.The

generatorobserves

the
finalcostestim

ate
and

decides
w

hether
to

com
plete

the
interconnection

or

w
ithdraw

;

ii.
O

therw
ise,the

generator
observes

the
costestim

ate
and

other
contents

of
the

study
and

decides
w

hether
to

requestthe
nextstudy

or
w

ithdraw
.

Ifno
new

study
is

issued,the
generator

continues
to

the
nextperiod.

4.
Potentialgenerators

decide
w

hether
to

enter
the

queue.

6.1
G

enerator
D

ecisions
in

the
Q

ueue

6.1.1
N

otation

W
e

focus
on

a
particulargenerator’s

decision
and

om
itthe

generatorsubscriptin
ournotation.

A
generator

in
calendar

tim
e

period
t
=

1,...,T
is

associated
w

ith
tim

e-invariant
generator
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characteristics
x,such

as
the

size
ofthe

generator.W
hile

in
the

queue,the
generator

incurs
a

w
aiting

costofo
t ( τ,τ̃,x

) ,w
here

τ
=

1,...,T
0

is
the

num
ber

ofperiods
a

generator
has

been

in
the

queue,and
τ̃

is
the

num
ber

ofperiods
since

receiving
the

previous
study.

Through
its

dependence
on

w
hen

the
previous

study
w

as
received,the

w
aiting

costaccounts
forthe

study

fee
and

deposit
required

by
PJM

to
advance

in
the

queue. 19
W

e
assum

e
that

each
generator

w
aits

a
m

axim
um

ofeightyears
(T

0
=

32).The
lastquarter

is
T
=

85,corresponding
w

ith
an

end
year

of2028.

W
e

use
k
∈
{ 1,2,3}

to
indicate

w
hich

study
the

generator
has

received.
W

e
use

c
to

de-

note
the

interconnection
costestim

ate
from

the
lateststudy,and

z
to

denote
other

inform
ation

from
previous

studies. 20
In

our
analysis,w

e
focus

on
tw

o
sets

of
contents

in
the

study
and

specify
z
= (z

test,z
cost-sharing )

.The
first

com
ponent

z
testis

an
indicator

for
w

hether
PJM

has

conducted
a

setofengineering
tests.These

engineering
tests

quantify
how

m
uch

a
new

gen-

erator
w

ill
overload

the
grid.

T
he

variable
z

cost-sharing
is

another
indicator

for
w

hether
PJM

deem
s

the
generator

partofa
cost-sharing

group
collectively

responsible
for

the
sam

e
trans-

m
ission

upgrade. 21

W
e

use
y

t to
denote

the
equilibrium

queue
state

that
affects

the
cost

and
w

aiting
tim

e
of

a
generator.

The
queue

state
has

tw
o

m
ain

com
ponents

that
are

both
generator

specific:
(1)

the
generator’s

queue
position,w

hich
depends

on
the

num
ber,com

position,and
actions

of

other
generators

w
ith

earlier
entry

tim
es,and

(2)
the

num
ber

and
sizes

of
other

generators

in
the

sam
e

region.
G

iven
the

“first-com
e-first-served”

rule,the
queue

position
is

the
m

ain

factor
determ

ining
the

arrivaltim
e

ofa
study.

A
generator’s

outcom
e

also
depends

on
w

hat

other
generators

are
present

in
the

queue
and

geographically
close.

For
exam

ple,PJM
m

ay

jointly
study

generators
thatoverload

the
sam

e
circuitbreakers

and
ask

them
to

share
costs.

W
e

use
a

vector
ofvariables

in
y

t to
flexibly

accountfor
these

effects.W
e

discuss
the

detailed

specification
ofy

t in
A

ppendix
7.1.

W
e

use
π

t ( τ,x
)

to
denote

the
generator’s

expected
discounted

operating
profit

w
hen

it

com
pletes

the
interconnection

process
in

period
t

after
w

aiting
for

τ
periods. 22

W
e

assum
e

19D
eposits

are
paid

in
the

firstperiod
after

receiving
the

previous
study.

20T
he

inform
ation

m
ay

be
cum

ulative.
For

exam
ple,each

study
contains

results
from

different
engineering

tests,and
the

generator
needs

to
aggregate

these
results

to
form

beliefs
aboutthe

finalinterconnection
cost.

21O
ur

estim
ates

indicate
thatcost-sharing

has,atm
ost,a

m
oderate

effecton
both

the
costs

and
study

arrival.
W

e
therefore

do
not

explicitly
m

odel
the

interactions
betw

een
generators

sharing
costs.

W
e

also
note

that
this

is
likely

a
PJM

-specific
feature.

For
exam

ple,
the

w
ay

costs
are

shared
in

another
grid

operator
SPP

can
lead

to
a

w
aiting

gam
e

since
costs

often
substantially

decline
w

hen
generators

in
the

cost-sharing
cluster

w
ithdraw

(C
harles

etal.(2023)).
22W

e
can

allow
π

to
explicitly

depend
on

the
current

and
past

queue
states

and
account

for
how

the
equilib-

rium
queue

outcom
es

m
ay

affectthe
expected

payoff.
For

exam
ple,existing

entrants
m

ay
decrease

the
expected

profitability
of

the
focal

generator.
In

a
robustness

analysis,w
e

estim
ate

a
profit

function
that

depends
on

the
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thatthe
supportof

( k,c,z,τ,τ̃,t,x
)

is
discrete.

6.1.2
B

elief
A

ssum
ptions

W
e

start
w

ith
the

belief
of

a
generator

that
has

received
tw

o
studies

and
is

w
aiting

for
the

third
and

laststudy.G
iven

the
latestcostestim

ate
c

and
study

inform
ation

z,w
e

assum
e

the

beliefaboutthe
arrivalofthe

third
study

w
ith

a
costestim

ate
c ′in

period
tis

rt (c ′;c,z,τ,τ̃,x )
≡

H
3 (c ′;c,z,τ,τ̃,y

t ,x )
,

(2)

w
here

the
function

H
3

is
the

probability
ofPJM

issuing
the

new
study

given
the

currentstatus

ofthe
queue

and
the

generator
state.This

function
represents

PJM
’s

“production
process”

of

studies.
W

e
assum

e
this

process
is

invariant
to

the
actions

of
the

generator
up

to
the

argu-

m
ents

ofthe
H

3
function,w

hich
flexibly

include
the

generator’s
queue

position,w
hether

the

generator
is

a
renew

able
generator,and

a
large

set
of

other
tim

e-varying
queue

characteris-

tics
as

w
ellas

tim
e

fixed
effects.W

e
m

ake
sim

ilar
assum

ptions
below

aboutthe
other

arrival

probability
functions,also

denoted
by

H
butdistinguished

by
subscripts.

To
sim

plify
a

generator’s
belief,w

e
assum

e
thatthe

generator
beliefrt ( ·)

depends
on

the

generator
characteristics

and
the

inform
ation

contained
in

previous
studies,varies

over
tim

e,

and
is

consistent
w

ith
the

equilibrium
queue

state
y

t .
The

underlying
assum

ption
is

that
a

generator
reacts

to
the

state
ofthe

queue
aggregated

in
the

function
H

3
( ·) ,butnotthe

actions

ofindividualgenerators.T
his

“large-m
arket”

assum
ption

helps
to

reduce
a

generator’s
state

space
and

has
been

used
to

analyze
other

settings
w

ith
m

any
strategic

players
(e.g.A

garw
al

etal.(2021);C
hen

and
X

u
(2023)).

Sim
ilarly,the

belief
aboutthe

arrivalof
a

second
study

thatis
the

finalstudy
w

ith
a

new

costestim
ate

c ′is

p
t (c ′;c,z,τ,τ̃,x )

≡
H

2 (c ′;c,z,τ,τ̃,y
t ,x )

,
(3)

w
here

H
2

is
the

probability
that

a
second

study
arrives

and
PJM

deem
s

a
third

study
to

be

unnecessary.

N
ext,w

e
assum

e
that

the
belief

about
the

arrival
of

a
second

study
that

is
not

the
final

study
w

ith
a

costestim
ate

c ′and
new

inform
ation

z ′in
the

study
is

q
t (c ′,z ′;c,z,τ,τ̃,x )

≡
H̃

2 (c ′,z ′;c,z,τ,τ̃,y
t ,x )

.
(4)

com
pleted

generation
capacity

atthe
transm

ission
ow

ner
territory

leveland
find

its
effectto

be
negligible.
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The
function

H̃
2

is
the

probability
of

the
non-final

second
study

arrival.
In

both
rt ( ·)

and

p
t ( ·) ,

w
e

assum
e

that
generators

form
beliefs

about
the

costs
w

hich
w

ill
directly

enter
the

payofffunction
after

receiving
the

finalstudy.
In

q
t ( ·) ,the

generator
form

s
the

beliefs
about

the
costc ′and

other
contents

z ′ofthe
nextstudy.Both

the
currentc

and
z

affectthe
generator

belief.

Finally,w
e

assum
e

that,w
hen

a
generator

enters
the

queue,the
initialcostc

and
the

study

inform
ation

z
in

the
first

study
are

assigned
w

ith
probability

H
1
( c,z;y

t ,x
) .

W
e

assum
e

the

generator
beliefis

consistentw
ith

this
probability

distribution:

v
t ( c,z;x

)
=

H
1
( c,z;y

t ,x
) .

(5)

6.1.3
G

enerator
D

ecision

W
e

start
from

the
last

period
a

generator
can

be
in

the
queue,

τ
=

T
0 .

A
generator

that

reaches
this

m
axim

um
w

aiting
tim

e
receives

the
outside

option
and

leaves
the

queue
w

ithout

com
pleting

interconnection.
W

e
assum

e
the

outside
option

(scrapping
the

project
and

relin-

quishing
site

control)is
valued

atb
t ( x

)
+

ξ
t in

period
t,w

here
b

t ( ·)
varies

over
tim

e
and

is
a

function
ofgenerator

characteristics,and
ξ

t is
know

n
to

the
generator

butunobserved
by

the

researcher.

For
τ
<

T
0 ,w

e
first

consider
the

case
w

here
the

generator
has

received
the

final
study

cost
estim

ate
c

in
calendar

tim
e

t.
W

e
assum

e
the

total
cost

to
bring

the
generator

online,

including
the

costs
of

construction
and

equipm
ent,is

g
t ( x

)
+

c
+

εt ,w
here

g
t ( ·)

represents

how
observed

characteristics
affectthe

cost,c
is

the
interconnection

costfrom
the

finalstudy,

and
εt is

the
generator-specific

unobserved
cost.

Im
portantly,g

t ( ·)
flexibly

accounts
for

cal-

endar
tim

e
to

capture
exogenous

trends
such

as
the

decrease
in

renew
able

installation
costs

and
changes

in
subsidy

policies.
If

the
expected

totalprofit
exceeds

the
value

of
the

outside

option,

π
t ( τ,x

) −
g

t ( x
) −

c−
εt
>

b
t ( x

)
+

ξ
t ,

the
generator

com
pletes

the
interconnection.The

expected
value

ofreaching
this

stage
is

Π
t ( τ,x,c)

=
E

εt ,ξ
t m

ax{
π

t ( τ,x
) −

g
( t,x

) −
c−

εt ,b
t ( x

)
+

ξ
t }

,
(6)

w
here

w
e

integrate
over

the
random

variables
in

the
expectation

sign’s
subscript.

W
e

next
consider

the
generator

decision
w

hen
it

has
tw

o
non-finalstudies.

Suppose
the
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generator’s
laststudy

indicates
a

costofc.The
decision

is
w

hether
to

w
aitfor

the
third

study

or
w

ithdraw
.

The
option

value
of

w
aiting

depends
on

the
probability

rt ( ·)
of

receiving
a

study
next

period,the
w

aiting
cost

o
( ·) ,and

the
value

of
the

outside
option.

The
value

of

w
aiting

is
given

by
the

follow
ing

Bellm
an

equation

W
t ( c,z,τ,τ̃,x

)
=

E
ξ m

ax {
b

t ( x
)
+

ξ
t ,∑c ′

rt (c ′;c,z,τ,τ̃,x )·Π
t (τ,x,c ′ )

+ (
1−

∑c ′
rt (c ′;c,z,τ,τ̃,x ) )

·W
t+

1
( c,z,τ

+
1,τ̃

+
1,x

) −
o

t ( τ,τ̃,x
) }

.
(7)

w
here

w
e

take
expectations

over
values

of
the

outside
options

and
the

finalstudy
cost.

W
e

do
notseparately

include
a

discountfactor
in

addition
to

the
w

aiting
cost.The

probability
of

staying
in

the
queue

is
the

probability
that

the
first

term
in

the
m

axim
and

is
low

er
than

the

second
term

.

N
ow

w
e

consider
the

decision
w

hen
the

generator
decides

w
hether

to
w

ait
for

the
sec-

ond
study

after
entry.

The
generator

m
ay

receive
a

second
study

that
is

the
final

study,
a

second
study

thatis
notthe

finalstudy,or
w

ithdraw
.The

value
ofw

aiting
takes

into
account

the
respective

payoffs,
the

arrival
probability

p
t ( ·)

of
a

final
second

study,
and

the
arrival

probability
q

t ( ·)
ofa

non-finalsecond
study:

V
t ( c,z,τ,τ̃,x

)
=

E
ξ m

ax {
b

t ( x
)
+

ξ
t ,∑c ′

p
t (c ′;c,z,τ,τ̃,x )·Π

t (τ,x,c ′ )
+

∑c ′,z ′ q
t (c ′,z ′;c,z,τ,τ̃,x )·W

t+
1 (c ′,z ′,τ

+
1,1,x )

+ (
1−

∑c ′
p

t (c ′;c,z,τ,τ̃,x )−
∑c ′,z ′ q

t (c ′,z ′;c,z,τ,τ̃,x ) )
·V

t+
1
( c,z,τ

+
1,τ̃

+
1,x

) −
o

t ( τ,τ̃,x
)}

(8)

In
the

above,w
e

can
norm

alize
the

netm
ean

profit
π

to
be

π
−

g
−

b.This
norm

alization

does
not

affect
the

choice
probabilities

of
w

aiting
or

com
pletion

but
sim

plifies
the

Bellm
an

equations.
W

ith
a

slight
abuse

of
notation,

w
e

still
use

π
to

denote
the

norm
alized

m
ean

profitand
w

rite
our

Bellm
an

equations
as

Π
t ( τ,x,c)

=
E

ξ,ε m
ax{

π
t ( τ,x

) −
c−

εt ,ξ
t }

,
(9)

25



W
t ( c,z,τ,τ̃,x

)
=

E
ξ m

ax {
ξ

t ,∑c ′
rt (c ′;c,z,τ,τ̃,x )·Π

t (τ,x,c ′ )
+ (

1−
∑c ′

rt (c ′;c,z,τ,τ̃,x ) )
·W

t+
1
( c,z,τ

+
1,τ̃

+
1,x

) −
o

t ( τ,τ̃,x
) }

.
(10)

V
t ( c,z,τ,τ̃,x

)
=

E
ξ m

ax {
ξ

t ,∑c ′
p

t (c ′;c,z,τ,τ̃,x )·Π
t (τ,x,c ′ )

+
∑c ′,z ′ q

t (c ′,z ′;c,z,τ,τ̃,x )
·W

t+
1 (c ′,z ′,τ

+
1,1,x )

+ (
1−

∑c ′
p

t (c ′;c,z,τ,τ̃,x )
−

∑c ′,z ′ q
t (c ′,z ′;c,z,τ,τ̃,x ) )

·V
t+

1
( c,z,τ

+
1,τ̃

+
1,x

) −
o

t ( τ,τ̃,x
) }

(11)

A
t

the
term

inalperiod
τ
=

T
0

for
each

generator
w

ithout
its

finalstudy,the
norm

alization

im
plies

thatW
t ( c,z,τ

=
T

0 ,τ̃,x
)
=

V
t ( c,z,τ

=
T

0 ,τ̃,x
)
=

0.

Finally,w
e

m
odelthe

entry
decision

as

E
c,z

( V
t ( c,z,τ

=
1,τ̃

=
1,x

)| t,x
)
>

ct ( x
) ,

(12)

w
here

the
left-hand

side
is

the
expected

surplus
from

entering
the

queue,
and

ct ( x
)

is
the

entry
cost.

T
he

expectation
is

taken
over

the
belief

of
the

first
study

cost
c

and
inform

ation

z
conditional

on
the

entry
tim

e
t

and
x.

The
set

of
N

potential
entrants

is
denoted

as
X

=
{
( i,ti ,x

i ) Ni=
1 }

,w
here

ti and
x

i are
the

entry
tim

e
and

characteristics
ofgeneratori.A

potential

entrantileaves
after

period
ti ifitdecides

notto
enter

the
queue.

To
com

pute
the

value
of

entry,
a

potential
generator

m
ay

use
inform

ation
from

past
or

current
interconnection

requests.
To

partially
account

for
this

inform
ation,w

e
calculate

the

num
ber

of
other

generators
that

have
w

ithdraw
n

from
the

queue
in

the
past

tw
o

quarters

w
ithin

a
100km

radius
and

the
sam

e
transm

ission
ow

ner
territory,and

include
it

in
the

first

study
costfunction.

O
ur

entry
m

odeldoes
notdirectly

accountfor
the

interconnection
costs

in
recent

studies
of

nearby
generators.

In
A

ppendix
B,w

e
find

these
costs

have
at

m
ost

a

m
oderate

effect
on

subsequent
entry

at
the

sam
e

point
of

interconnection,
especially

com
-

pared
w

ith
other

factors
outside

the
queue,such

as
baseline

transm
ission

investm
entby

the

grid
operator.
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6.1.4
Q

ueuing
Equilibrium

W
e

consider
a

finite-horizon
queuing

equilibrium
,w

here
the

beliefs
ofthe

generators
are

con-

sistentw
ith

the
state

ofthe
queue

in
calendar

tim
e

t.The
finite

horizon
assum

ption
allow

s
us

to
capture

the
non-stationarity

in
the

costofw
ind

turbines
and

solar
panels

and
the

increase

in
the

num
ber

ofentrants.

W
e

use
Ψ

t ( c,τ,x
) to

representthe
w

ithdraw
alprobability

ofa
generatorafterreceiving

the

finalstudy
w

ith
a

costestim
ate

c,Λ
t ( c,z,τ,τ̃,x

)
the

w
ithdraw

alprobability
w

hen
itw

aits
for

the
third

study,Υ
t ( c,z,τ,τ̃,x

)
the

w
ithdraw

alprobability
w

hen
itw

aits
for

the
second

study,

and
Ξ

t ( x
) the

w
ithdraw

alprobability
ofpotentialentrants.W

e
use

m
t ( c,z,τ,τ̃,k,x

) to
denote

the
fraction

of
generators

w
aiting

in
period

t
w

ith
a

cost
estim

ate
c,tim

e-varying
character-

istics{ z,τ,τ̃,k} ,and
tim

e-invariantcharacteristics
x.

The
equilibrium

consists
of(1)optim

al

w
ithdraw

alprobabilities{
Ψ

t ,Λ
t ,Υ

t ,Ξ
t }

Tt=
1 ,(2)the

beliefs
aboutnew

studies{ rt ,p
t ,q

t ,v
t }

Tt=
1 ,

(3)the
com

position
ofthe

queue
in

every
period

{ m
t }

Tt=
1 ,and

(4)the
num

ber
ofw

aiting
gen-

erators
N

t
in

every
period

{ N
t }

Tt=
1 .

The
equilibrium

queue
status

that
affects

study
arrival

and
costs

is
aggregated

from
the

queue
com

position
and

queue
size

via
a

function
S,

y
t
=

S (
x,{ m

t ′,N
t ′,Ψ

t ′,Λ
t ′,Υ

t ′,Ξ
t ′,rt ′,p

t ′,q
t ′,v

t ′}
tt ′=

1 )
.

A
queuing

equilibrium
satisfies

the
follow

ing
conditions:

1.
O

ptim
ality

conditions.
The

w
ithdraw

al
probabilities

{
Ψ

t ,Λ
t ,Υ

t ,Ξ
t }

Tt=
1

are
consistent

w
ith

the
Bellm

an
equations

in
(9),(10),(11)and

(12).

2.
C

onsistentbeliefs.
T

he
generator

beliefs
{ rt ,p

t ,q
t ,v

t }
Tt=

1
aboutthe

arrivalprobabilities

ofnew
studies

and
their

contents
are

consistentw
ith

(2),(3),(4)and
(5).

3.
Balance

conditions.For
every

t
=

1,...,T
,

(a)
The

transition
ofthe

queue
(τ

>
1).

i.
For

generators
w

ith
tw

o
studies

and
w

aiting
for

the
third

study,

N
t+

1 m
t+

1
( c,z,τ

+
1,τ̃

+
1,k

=
2,x

)

=
N

t m
t ( c,z,τ,τ̃,k

=
2,x

) ·( 1−
Λ

t ( c,z,τ,τ̃,x
))

· (
1−

∑c ′
rt (c ′;c,z,τ,τ̃,x ) )

.
(13)
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ii.
For

generators
justreceiving

the
second

study,

N
t+

1 m
t+

1
( c,z,τ

+
1,τ̃

=
1,k

=
2,x

)

=
N

t
∑c ′,z ′,τ̃

′ m
t (c ′,z ′,τ,τ̃

′,k
=

1,x )
· (1−

Υ
t (c ′,z ′,τ,τ̃

′,x ))·q
t (c,z;c ′,z ′,τ,τ̃

′,x )
.

(14)

iii.
For

generators
w

ith
one

study
and

w
aiting

for
the

second
study,

N
t+

1 m
t+

1
( c,z,τ

+
1,τ̃

+
1,k

=
1,x

)

=
N

t m
t ( c,z,τ,τ̃,k

=
1,x

) ·( 1−
Υ

t ( c,z,τ,τ̃,x
))

· (
1−

∑c ′,z ′ q
t (c ′,z ′;c,z,τ,τ̃,x )−

∑c ′
p

t (c ′;c,z,τ,τ̃,x ) )
.

(15)

(b)
T

he
boundary

condition
(entry):

N
t m

t ( c,z,τ
=

1,τ̃
=

1,k
=

1,x
)
=

v
t ( c,z;x

) n
t ( x

)
( 1−

Ξ
t ( x

)) ,
(16)

w
here

n
t ( x

)
is

the
num

ber
ofnew

generators
w

ith
characteristics

x
and

entry
tim

e

tin
the

setofpotentialentrantsX
.

In
equilibrium

,
a

generator
has

perfect
foresight

over
the

evolution
of

the
queue

but
faces

uncertainty
over

its
ow

n
studies.

7
Identification

and
Estim

ation

T
here

are
tw

o
key

sets
of

param
eters

in
our

m
odel.

First,
w

e
flexibly

specify
the

com
po-

nents
of

queue
state

y
t (the

S
function)

and
directly

estim
ate

the
functions

that
govern

how

PJM
issues

studies
(H

1 ,H
2 ,H̃

2
and

H
3 )

from
data.

These
param

eters
govern

the
exogenous

transition
dynam

ics
ofthe

m
odelbetw

een
quarters.

Second,w
e

use
the

estim
ated

functions
to

construct
beliefs

and
use

the
w

ithdraw
aland

com
pletion

decisions
to

recover
preferences,w

hich
are

the
param

eters
of

the
profit

function

π
t ( τ,x

) ,the
w

aiting
cost

o
( τ,τ̃,t,x

) ,and
the

distribution
of

ξ
t

and
εt .

Im
portantly,w

e
as-

sum
e

that
the

set
of

potential
entrants

X
is

the
set

of
observed

actual
entrants.

There
are

tw
o

m
ain

reasons
for

this
assum

ption.
First,as

discussed
in

Section
2,developers

face
long

w
aiting

tim
es

and
greatcostuncertainty

in
the

queue
as

w
ellas

an
extrem

ely
low

entry
cost
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relative
to

the
generator’s

installation
cost.

In
response,developers

enter
a

large
num

ber
of

generators
into

the
queue

even
though

m
any

generators
have

a
low

probability
of

com
ple-

tion.G
iven

this
unique

institutionalfact,w
e

think
itis

reasonable
to

assum
e

thatdevelopers

have
exhausted

all
entry

opportunities.
Second,the

utility-scale
solar

industry,w
hich

con-

stitutes
the

m
ajority

of
requests,significantly

expanded
during

the
latter

half
of

our
sam

ple,

but
the

expansion
w

as
due

to
a

large
decrease

in
the

cost
of

solar
panels

that
w

as
unrelated

to
the

queuing
process.

G
iven

these
considerations,

w
e

fix
the

entry
probability

to
be

1
in

estim
ation.In

Section
7.4,w

e
discuss

the
assum

ptions
for

estim
ating

the
entry

costs.

7.1
Q

ueue
State

y
t

For
the

S
function

that
aggregates

the
current

and
past

evolution
of

the
queue

to
the

queue

state
y

t ,w
e

include
tw

o
sets

of
vectors.

The
first

set
describes

the
queue

position.
In

period

t,w
e

com
pute

each
generator’s

queue
position

as
the

num
ber

ofgenerators
thatentered

the

queue
in

the
sam

e
or

an
earlier

entry
cohortand

are
stillin

the
queue.

W
e

include
the

queue

position
and

its
interaction

w
ith

w
hether

generator
iis

w
aiting

for
the

third
study.

W
e

also

allow
for

nonlinear
and

tim
e-varying

effects
of

the
queue

position
by

including
its

higher

order
term

s
and

interactions
w

ith
tim

e
fixed

effects.

T
he

second
setofvariables

accounts
for

the
effects

ofother
localgenerators

in
the

queue.

A
s

discussed
in

Section
2,the

localtransm
ission

ow
ner

usually
conducts

the
tests

and
issues

the
studies

on
behalfofPJM

.A
large

localbacklog
m

ay
also

affectthe
the

localtransm
ission

ow
ner’s

ability
to

conduct
studies.

Furtherm
ore,

m
ultiple

generators
in

the
sam

e
location

m
ay

share
the

costs
oftransm

ission
upgrades.W

e
therefore

also
include

the
num

ber
and

the

totalcapacity
of

localgenerators.
W

e
consider

tw
o

definitions
of

being
localto

a
generator.

O
ne

is
to

be
in

the
sam

e
transm

ission
ow

ner
service

territory,and
the

other
is

to
be

w
ithin

a
100km

radius
of

the
generator. 23

For
sim

ilar
reasons,w

ithdraw
als

of
localgenerators

m
ay

lead
to

re-study,w
hich

changes
costs

and
delays

the
studies

for
rem

aining
generators.

W
e

therefore
also

include
the

local(as
defined

above)w
ithdraw

als
in

the
pasttw

o
quarters.Thus,

the
queue

status
y

t is
specific

to
a

generator’s
location

and
entry

tim
e.

23In
engineering

m
odels,PJM

m
easures

distances
in

“electric
distances”

based
on

im
pedance,w

hich
requires

detailed
know

ledge
aboutthe

physicaldistance
and

capability
ofthe

connecting
transm

ission
lines.W

e
find

that
a

physicaldistance
of

100km
is

a
reasonable

cutoff
to

account
for

the
effect

of
nearby

generators.
W

e
random

ly
sam

pled
100

generators
thatPJM

identifies
as

contributing
to

the
sam

e
violation

w
ith

atleastone
other

generator.
Then,for

each
of

100
sam

pled
generators,w

e
com

pute
the

average
distance

to
the

corresponding
cost-sharing

generators.W
e

find
that86%

ofthe
average

distances
are

w
ithin

100km
.
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7.2
Transition

D
ynam

ics

The
functions

H
1 ,H

2 ,H̃
2

and
H

3
describe

the
tim

ing
and

inform
ation

ofa
new

study.
These

functions
are

directly
identified

and
estim

able
from

data
(e.g.,A

guirregabiria
and

M
ira

(2007);

Bajari,
Benkard

and
Levin

(2007)).
W

e
focus

on
the

specification
of

these
functions

in
this

section.The
inputofthe

functions
includes

the
costassessm

entc
from

the
m

ostrecentstudy,

the
study

inform
ation

z
from

previous
studies,the

tim
e

since
the

generator
entered

the
queue

τ,the
tim

e
since

the
m

ost
recent

study
w

as
issued

τ̃,the
current

calendar
tim

e
t,generator-

specific
characteristics

x,and
the

currentqueue
state

y
t .

T
he

outputs
of

the
H

functions
differ.

The
functions

H
2

and
H

3
generate

the
probability

thata
new

study
thatis

the
finalstudy

(w
hether

itis
the

second
or

third
study)w

illbe
issued

in
the

current
period,and

that
the

new
cost

is
c.

The
function

H̃
2

generates
the

probability

that
a

new
study

that
is

not
the

final
study

w
ill

be
issued

and
that

the
updated

cost
and

inform
ation

are
c

and
z.

The
function

H
1

generates
the

cost
and

inform
ation

for
the

first

study.

G
iven

the
com

plex
set

of
decisions

in
the

queuing
process,

w
e

sim
plify

our
m

odel
by

considering
tw

o
processes:

(1)
the

arrival
of

a
new

study
and

the
cost

distribution,and
(2)

conditional
on

receiving
the

second
study,

PJM
’s

decision
to

expedite
the

interconnection

requests,i.e.,require
only

tw
o

studies,and
to

update
the

inform
ation

z.
W

e
then

com
bine

these
processes

to
produce

the
H

functions.

7.2.1
N

ew
Study

A
rrivaland

C
ost

W
e

start
by

specifying
a

flexible
probability

function
for

receiving
a

new
study

w
ith

a
cost

c.
W

e
discretize

the
cost

and
consider

a
joint

probit
(for

study
arrival)

and
ordered

probit

(for
the

costlevel)m
odel.

W
e

divide
the

interconnection
costs

(in
m

illion
$/M

W
)into

L
=

4

bins,
w

ith
bin

`
∈

C
`
=
{
[ 0,0.01] ,( 0.01,0.05] ,( 0.05,0.20] ,( 0.20,∞

]}
.W

e
specify

the
latent

variables
governing

study
arrivals

and
costs

as

u
?arrive

=
β

arrive·d
1
( `,z,k,x,y

t ) ,

u
?cost

=
β

cost·d
2
( `,z,k,x,y

t ) ,

w
here

the
d
( ·)

( ·)
functions

are
vectors

of
flexible

polynom
ials

of
the

characteristics,and
the

β
( ·)s

are
vectors

ofparam
eters.W

e
use

costbin
`

in
place

ofc
(from

the
m

ostrecentstudy)to

m
ake

itclear
thatw

e
m

odelthe
costas

a
discrete

variable.The
probability

thatthe
new

study
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arrives
and

the
new

costestim
ate

is
in

bin
` ′is

defined
as

h
t (` ′;`,z,τ,τ̃,k,x,y

t ( x
) )

=
Pr (0

<
u
?arrive

+
ε

arrive
t

,µ
` ′≤

u
?cost+

ε
cost
t
≤

µ
` ′+

1 )
,

(17)

w
here

µ
1
=
−

∞
,µ

2
=

0,and
µ

2
≤

...≤
µ

L
<

µ
L
+

1
=

∞
are

a
series

ofparam
eters.W

e
allow

the
norm

ally
distributed

errors
ε

arrive
t

and
ε

cost
t

to
be

correlated.

7.2.2
PJM

D
ecision

to
Expedite

Interconnection
R

equests
and

U
pdate

Inform
ation

z

PJM
determ

ines
w

hether
to

expedite
a

generator
based

on
the

size
and

generation
type

and

w
hether

certain
types

of
violations

are
identified

in
the

first
study

(PJM
(2010)).

Instead

of
fully

m
odeling

PJM
’s

rules
and

engineering
sim

ulations
for

these
decisions,w

e
sim

plify

the
analysis

by
using

a
flexible

probit
m

odel
based

on
generator

characteristics.
W

e
use

p
final
t

( `,z,x,y
t )

to
denote

the
predicted

probability
the

second
study

is
the

finalstudy.

W
e

apply
the

sam
e

approach
to

the
other

tw
o

PJM
decisions,w

hich
w

e
track

as
the

cu-

m
ulative

inform
ation

z
= (z

test,z
cost-sharing ).

For
z

test
∈
{ 0,1} ,

w
e

focus
on

a
set

of
three

tests:generator
deliverability,m

ultiple
facility

contingency,and
shortcircuitanalysis.

These

tests
are

jointly
conducted

to
determ

ine
how

m
uch

the
generator

w
illoverload

the
grid.PJM

m
ay

choose
to

conduct
these

tests
in

the
first

or
the

second
study

depending
on

the
genera-

tor’s
characteristics

and
the

currentlocaltransm
ission

netw
ork

conditions.
W

e
also

consider

w
hether

the
generator

shares
costs

w
ith

other
generators,z

cost-sharing
∈
{ 0,1} .

To
determ

ine

this
variable,PJM

conducts
additionaltests

(short
circuit

dynam
ic

analysis
and

system
pro-

tection
analysis)to

identify
generators

responsible
for

the
sam

e
upgrade.

Both
variables

can

inform
the

arrivaltim
e

ofthe
nextstudy

and
the

cost.W
e

denote
the

corresponding
predicted

probabilities
as

p
test
t

( `,z,x,y
t )

and
p

cost-sharing
t

( `,z,x,y
t ) .

7.2.3
T

he
H

Functions

W
e

com
bine

these
processes

to
yield

the
follow

ing
transition

functions.W
e

set

H
3
=

h
t (` ′;`,z,τ,τ̃,k

=
2,x,y

t )
and

H
2
=

h
t (` ′;`,z,τ,τ̃,k

=
1,x,y

t )·p
final
t

( `,z,x,y
t ) .
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For
the

probability
ofreceiving

a
non-finalsecond

study,w
e

assum
e

(om
itting

argum
ents

of

the
p

final
t

,p
cluster
t

and
p

test
t

functions)that:

H̃
2 (

` ′,z
test′,z

cluster′;`,z,τ,τ̃,y
t ,x )

= (z
cluster′p

cluster′
t

+ (1−
z

cluster′ )(1−
p

cluster′
t

))
· (z

test′p
test′
t

+ (1−
z

test′ )(1−
p

test′
t ))· (1−

p
final
t )

·h
t (` ′;`,z,τ,τ̃,k

=
1,x,y

t )
.

For
H

1 ,w
e

assum
e

that
the

cost
in

the
first

study
is

determ
ined

by
a

flexible
ordered

probit

function
ofx

and
y

t .W
e

setz
to

be
w

hatw
e

observe
in

the
firststudies

in
the

data. 24
A

lthough

ourspecification
restricts

the
unobservables

to
be

independent,w
e

do
allow

PJM
decisions

on

issuing
studies,costs,expediting

generators,and
conducting

tests
to

be
correlated

through
a

large
setofflexibility

specified
observables.

7.2.4
Identification

and
Estim

ation

The
m

ain
identification

assum
ption

is
that

generator
observables

in
the

probit
functions

are

independentofany
unobservable

thataffects
the

study
arrival.This

is
a

reasonable
assum

p-

tion
because

both
the

PJM
m

anualand
interview

s
w

ith
industry

experts
indicate

thatthe
PJM

study
process

is
largely

based
on

the
queue

position
observed

in
the

data.
M

ore
com

plex

studies
m

ay
take

longer,butw
e

expectthese
effects

to
be

w
ellcaptured

by
controls

for
gener-

atorsize,fueltype,previous
costestim

ate,and
w

hetherthe
generatoris

sharing
costs.Finally,

w
hile

it
is

possible
that

the
presence

of
m

any
nearby

generators
or

nearby
generators’w

ith-

draw
als

slow
s

dow
n

studies,w
e

find
sim

ilar
estim

ates
ifw

e
controlfor

the
size,com

pletion,

and
w

ithdraw
alofnearby

generators
in

the
queue

(A
ppendix

Table
E.12

colum
n

3).

W
e

use
m

axim
um

likelihood
to

estim
ate

these
transitions.

Table
5

presents
param

eter

estim
ates

ofthe
covariates

related
to

queue
positions.

The
firstparsim

onious
specification

is

our
baseline

estim
ate.

The
second

specification
explores

w
hether

the
num

ber
of

larger
and

higher
queued

generators
has

a
differenteffecton

the
study

arrival.In
the

third
specification,

w
e

consider
the

entire
queue

size
and

use
a

richer
setofother

generator
covariates.

C
onditionalon

how
long

a
generator

has
been

w
aiting,w

e
find

that
the

queue
position

has
a

generally
sm

alleffecton
the

arrivalprobability
ofthe

second
study

buta
negative

effect

on
the

arrivalprobability
ofthe

third
study.

The
num

ber
oflarge,higher-queued

generators

24Ifeither
z

is
1,then

the
indicator

w
illcontinue

to
be

1
in

subsequentstudies.O
ur

results
are

robustto
setting

z
=

( 0,0)
and

assum
ing

only
study

2
updates

this
inform

ation.
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(>
20M

W
)has

little
additionaleffectconditionalon

the
totalnum

ber
ofhigher-queued

gen-

erators.
These

findings
are

based
on

the
im

plied
average

m
arginal

effect
of

increasing
the

num
ber

of
higher

queued
generators,calculated

as
the

m
arginalchange

in
the

study
arrival

probability
for

every
generator-quarter

observation
w

aiting
for

that
study.

A
10%

increase

in
higher-queued

generators
reduces

the
probability

of
receiving

the
third

study
by

5%
on

average,and
this

effectis
sim

ilar
across

generator
sizes

and
fueltypes

(A
ppendix

E.11).

Finally,w
e

consider
a

range
ofrobustness

checks.First,our
findings

are
robustto

includ-

ing
a

rich
setofother

covariates,including
actions

ofgenerators
in

the
queue

thatare
located

nearby
and

m
ay

affectPJM
’s

study
process

(A
ppendix

Tables
E.12,E.13

and
E.9).Second,w

e

consider
a

selection
problem

:
if

unobservables
affecting

profit
or

construction
costs

also
af-

fecthow
fastPJM

issues
studies,then

w
e

cannotestim
ate

the
study

arrivalprocess
separately

from
the

generator’s
w

ithdraw
aldecisions.

W
e

test
if

proxies
for

these
unobservales

indeed

m
atter

for
the

study
arrivalrates.For

a
proxy

for
the

unobservable
affecting

the
revenue,w

e

use
the

average
locationalm

arginalprices 25
atthe

nearestbus
to

the
generator.For

proxies
of

costs,w
e

use
localsolar

ordinances
and

the
distance

to
the

nearestsubstation.
W

e
find

their

effects
on

study
arrivalto

be
sm

alland
statistically

insignificant.

7.3
G

enerator
Preferences

7.3.1
Identification

W
e

startw
ith

the
identification

ofthe
payofffunction.W

e
take

the
functions

H
1 ,H

2 ,H̃
2 and

H
3

as
given.In

standard
optim

alstopping
problem

s,itis
often

notpossible
to

separately
identify

the
w

aiting
cost

o
and

the
payoff

function
π

because
a

stopping
decision

(w
ithdraw

al)
m

ay

be
explained

by
a

low
payoff

or
a

high
w

aiting
cost.

O
ur

case
is

different.
W

e
observe

tw
o

types
of

decisions:
the

decision
to

w
aitw

hile
the

generator
is

in
the

queue,and
the

decision

to
com

plete
the

interconnection
w

hen
the

finalstudy
is

issued.The
variation

ofthe
generator

characteristics
and

final-study
interconnection

cost
c

identify
the

payoff
function

follow
ing

the
standard

identification
argum

entofbinary
choice

problem
s

(M
anski(1988)).

Specifically,w
e

specify
the

profitand
w

aiting
costfunctions

as

π
t ( τ,x

)
=

β
π
·d

π
( τ,t,x

) ,o
t ( τ,τ̃,x

)
=

β
o ·d

o
( τ,τ̃,t,x

) ,

w
here

( β
π,β

o)
are

vectors
of

param
eters,

( d
π ,( ·) ,d

o
( ·))

are
vectors

of
covariates

based
on

25W
e

use
the

quarterly
average

ofhourly
prices

during
peak

hours
(7am

-11pm
).
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current
calendar

tim
e,

w
aiting

tim
e

and
generator

characteristics
(size,

fuel
type,

location,

and
entry

tim
e).

Intuitively,to
identify

the
effect

of
an

indicator
variable

on
profits,w

e
ex-

ploitthe
variation

of
the

w
ithdraw

alprobability
Ψ

im
plied

by
the

m
axim

ization
problem

in

equation
(9)

across
generators

conditional
on

this
variable

being
0

vs
1,holding

other
vari-

ables
fixed.

For
a

continuous
variable,w

e
exploit

the
variation

in
Ψ

across
generators

w
ith

differentvalues
ofthis

variable.To
see

how
the

distribution
ofthe

unobservable
is

identified,

consider,for
exam

ple,a
distribution

of
ξ

t know
n

up
to

its
variance.

If
the

variance
is

large,

the
w

ithdraw
alprobability

w
illnotsignificantly

change
w

ith
the

interconnection
cost.In

the

specialcase
that

ξ
t is

m
ean

zero
and

sym
m

etric,the
w

ithdraw
alprobability

w
illbe

close
to

0.5

ata
high

variance.O
n

the
other

hand,a
sm

allvariance
im

plies
thatw

ithdraw
alprobabilities

w
ould

be
dram

atically
differentforgenerators

w
ith

sm
alldifferences

in
interconnection

costs.

In
our

sam
ple

of
generators

that
com

pleted
the

interconnection
or

w
ithdrew

after
receiving

the
last

study,the
m

edian
interconnection

cost
is

$9,100/M
W

.The
com

pletion
rate

is
49.4%

for
generators

below
the

m
edian,and

28.8%
for

those
above

it.

T
he

argum
entfor

identifying
the

w
aiting

costis
constructive.

G
iven

the
identified

profit

function
π

t ,w
e

can
use

backw
ard

induction
to

constructthe
value

function
for

any
generator

in
its

last
period

τ
=

T
0 .

Then
the

only
unknow

n
param

eter
in

the
w

ithdraw
alprobability

at
τ
=

T
0 −

1
is

the
w

aiting
cost.

The
w

ithdraw
al

probability
is

identified
from

data,
and

inverting
this

probability
identifies

the
w

aiting
cost.

W
e

can
apply

the
argum

ent
to

τ,τ̃
=

T
0 −

2,T
0 −

3,...and
any

t.T
his

identification
argum

entrelies
on

the
norm

alization
thatthe

m
ean

value
ofthe

outside
option

is
0,w

hich
m

eans
thatw

e
interpretthe

w
aiting

costs
as

the

difference
betw

een
the

actual
w

aiting
costs

and
the

(potentially
tim

e-varying)
value

of
the

outside
option.In

the
em

piricalanalysis,w
e

adopta
m

ore
parsim

onious
specification

for
the

w
aiting

costto
lim

itthe
num

ber
ofparam

eters.

O
ne

m
ay

be
concerned

about
unobserved

heterogeneity
across

generators.
In

particular,

generators
at

locations
that

have
higher

dem
and

m
ay

be
m

ore
likely

to
stay,

and
those

at

locations
w

ith
higher

unobserved
costs

ofbuilding
infrastructure

m
ay

be
m

ore
likely

to
exit.

To
address

this
concern,w

e
consider

the
follow

ing
extension

in
a

robustness
analysis,w

here

the
profitfunction

is

π
t ( τ,x

)
=

β
π
·d

π
( τ,t,x

)
+

ζ
sub .

(18)

The
unobservable

ζ
sub

is
a

substation-level
random

effect
for

the
nearest

substation
w

ith
a

norm
aldistribution

and
unknow

n
variance

σ
sub .W

e
use

the
panelstructure

ofthe
data,w

here

m
ultiple

generators
enter

near
the

sam
e

substation,to
identify

σ
sub .

The
intuition

is
that

a
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larger
variance

im
plies

stronger
w

ithin
substation

correlations
in

the
w

ithdraw
aldecisions.

7.3.2
Estim

ation

W
e

use
m

axim
um

likelihood
to

recovergeneratorpreference
param

eters
in

the
baseline

m
odel

based
on

the
2011

to
2020

sam
ple. 26

W
e

use
the

estim
ated

transition
functions

in
Section

7.2

as
generators’beliefs

in
the

dynam
ic

program
m

ing
problem

.
To

estim
ate

the
extension

w
ith

the
random

substation
effects

in
(18),w

e
use

a
sim

ulated
m

axim
um

likelihood
approach.

Table
6

presents
the

estim
ates

of
the

profit
function,

β
π.

C
olum

n
(1)

is
our

baseline
esti-

m
ate.C

olum
n

(2)includes
substation-levelunobserved

heterogeneity.W
e

also
include

state,

entry
year,and

year
fixed

effects
to

account
for

policy
and

technology
heterogeneity

across

space
and

tim
e.T

he
estim

ates
ofcovariate

param
eters

are
largely

sim
ilar

across
the

tw
o

spec-

ifications.
W

e
find

that
generators

w
ith

capacity
betw

een
20

and
100

M
W

have
a

higher
net

profiton
a

per
m

egaw
attbasis

than
those

below
10

M
W

,and
the

profitoflarger
generators

is

notnecessarily
higher.R

enew
able

generators
have

a
low

er
netprofitper

m
egaw

attofcapac-

ity,consistentw
ith

their
higher

w
ithdraw

alrates
and

low
er

capacity
factors.

A
ppendix

Table
E.10

presents
the

estim
ates

for
the

w
aiting

costs.
W

e
find

that
w

aiting

costs
are

high
in

periods
im

m
ediately

after
receiving

the
studies,and

the
additionalcost

of

w
aiting

forthe
third

study
is

$3,500
perM

W
perquarter(e.g.,$71,000

perquarterfora
20

M
W

generator).
T

hese
costs

account
for

both
the

adm
inistrative

costs
of

m
aintaining

the
queue

position
as

w
ell

as
econom

ic
costs

such
as

extending
site

control.
The

estim
ates

rationalize

the
data

pattern
that

a
high

proportion
of

w
ithdraw

als
occurred

after
the

studies
are

issued

(A
ppendix

Figure
E.2).

A
ppendix

Table
E.14

presents
estim

ates
for

the
standard

deviation
param

eters
for

the
un-

observables.
The

estim
ated

standard
deviations

of
ξ

t ,
w

hich
reflect

the
unobserved

profit

and
costshocks

after
the

generator
learns

the
finalstudy

costestim
ate,are

large
(greater

than

$100,000
M

W
in

m
ost

years),but
have

decreased
since

2012.
R

enew
ables

face
considerably

greateruncertainty
than

othergenerators.U
nlike

othergenerators,renew
ables

thathave
been

in
the

queue
form

ore
than

tw
o

years
face

a
higherstandard

deviation
of

ξ
t ,w

hich
is

consistent

w
ith

our
interview

s
thatthese

generators
often

face
additionaluncertainties

aboutsecuring
a

long
term

contractand
sourcing

the
panels

orturbines
atthe

stage
ofcom

pleting
the

intercon-

nection.
These

uncertainties
are

often
m

uch
greater

than
εt ,w

hich
is

the
quarter-to-quarter

unobserved
outside

option
as

the
generator

continues
to

w
ait.The

estim
ated

standard
devia-

26W
e

use
the

pre-2011
sam

ple
to

com
pute

the
queue

status
(such

as
the

num
ber

ofhigher-queued
generators)

and
hold

them
fixed.
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tion
of

εt is
about$78,770

perM
W

in
the

baseline
estim

ates,com
parable

to
thatofthe

random

effectin
specification

(2).

7.4
Entry

C
osts

To
estim

ate
the

entry
cost,w

e
rely

on
a

free-entry
assum

ption:

A
ssum

ption.
The

low
estexpected

profitfrom
entering

the
queue

in
each

year
is

0.

In
effect,w

e
assum

e
thatthe

m
arginalinterconnection

requestjustbreaks
even,w

hich
is

reasonable
given

the
large

num
ber

ofentrants.W
e

define
the

expected
profitas

the
expected

surplus
ofentering

the
queue

m
inus

the
entry

costin
(12):

E
c,z

( V
t ( c,z,τ

=
1,τ̃

=
1,x

)| t,x
) −

ct ( x
) .

For
sim

plicity,
w

e
assum

e
that

the
entry

cost
(on

a
per

m
egaw

att
basis)

is
the

sam
e

across

potentialgenerators
in

a
given

year,but
this

assum
ption

can
be

relaxed
to

allow
the

cost
to

vary
based

on
observable

characteristics,such
as

location
and

fueltype.For
the

entry
costin

year
j,w

e
com

pute
the

low
estexpected

surplus
from

entering
the

queue
in

year
j,defined

as

cj( t)
=

m
in

x∈
X

j E
c,z

( V
t ( c,z,τ

=
1,τ̃

=
1,x

)| t,x
) ,

w
here

X
j is

the
setofpotentialentrants

in
year

j,j( t)
denotes

the
year

ofthe
period

t,and
the

value
function

is
given

by
the

Bellm
an

equations
(9)through

(12).

T
his

procedure
gives

us
reasonable

estim
ates

for
the

entry
costs.In

A
ppendix

Figure
E.3,

w
e

present
the

distribution
of

the
expected

surplus
by

year.
W

e
estim

ate
the

entry
costs

are

from
$48,200

to
$81,100

perm
egaw

att.Forperspective,annuallease
paym

ents
for

solarrange

from
about$2,000

to
$20,000

per
m

egaw
att(Parker

etal.,2023),though
an

exclusive
option

to

lease
is

cheaper.
O

ur
estim

ates
of

the
econom

ic
costs

of
entry

also
account

for
other

factors,

such
as

deposits
to

enter
the

queue,negotiating
leases

w
ith

landow
ners,building

com
m

unity

support,and
starting

the
perm

itting
process.

8
Equilibrium

Sim
ulation

and
M

odelFit

W
e

use
the

estim
ated

m
odel

to
sim

ulate
the

queuing
equilibrium

defined
in

Section
6.1.4.

The
details

of
the

sim
ulation

procedure
are

given
in

A
ppendix

C
.W

e
provide

a
high

level

sum
m

ary
here.
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A
lgorithm

1
Sum

m
ary

ofEquilibrium
Sim

ulation

•
Initialization

–
U

se
the

observed
outcom

es
in

the
data

to
com

pute
the

queue
status

y
t for

period
t
=

1,...,T
.

–
C

om
pute

the
distribution

of
study

arrival,
cost

bins
and

inform
ation

z
using

H
1 ,H

2 ,H̃
2 ,H

3
for

each
potential

entrant
i

in
X

for
each

τ,τ̃
i after

the
entry

date
ti .

–
Solve

the
equations

(9),(10),(11)
and

(12),and
the

associated
w

ithdraw
alproba-

bilities.

•
Iteration

1.
G

iven
the

currentstudy
transition

and
w

ithdraw
alprobabilities,com

pute
the

frac-
tions

of
a

generator
i

that
w

ithdraw
s,w

aits,and,if
the

final
study

arrives,com
-

pletes
the

interconnection.

2.
U

pdate
the

queue
status

y
t .

3.
U

pdate
the

study
transition

and
w

ithdraw
alprobabilities.

4.
Iterate

untilconvergence.

T
he

procedure
em

beds
three

assum
ptions.

First,by
explicitly

starting
the

iteration
w

ith

the
observed

outcom
es,w

e
selecta

particularequilibrium
thatis

naturally
m

otivated
by

data.

Second,
w

e
assum

e
perfect

foresight
for

the
evolution

of
the

queue
status.

This
is

not
an

overly
restrictive

assum
ption

because
the

long
term

increase
in

queue
size

is
not

surprising

given
the

rapid
decrease

in
the

costofrenew
able

generators.A
tthe

sam
e

tim
e,generators

do

not
have

perfect
foresight

over
their

ow
n

study
arrivalor

future
values

of
their

unobserved

shocks.
T

hese
assum

ptions
are

not
contradictory

because
each

generator
is

sm
allrelative

to

the
queue.

Third,w
e

take
the

arrivaltim
e

of
potentialentrants

and
their

characteristics
x

as

given.

To
validate

our
m

odel,w
e

firstcom
pare

the
tim

e
series

ofaggregate
investm

entitpredicts

to
the

data.
Figure

8
show

s
the

cum
ulative

capacity
that

w
as

com
pleted,

by
queue

year,

for
generators

in
our

sam
ple

(queued
betw

een
2011

and
2020).

The
left

panel
show

s
the

cum
ulative

capacity
for

allgenerators,and
the

rightpanelshow
s

the
cum

ulative
capacity

for

renew
ables.

T
he

solid
black

lines
plot

the
total

capacity
of

generators
in

the
data

that
are

com
pleted,

i.e.,
they

have
com

pleted
construction

and
started

operation.
For

exam
ple,

the

solid
black

line
in

2018
represents

the
totalcom

pleted
capacity,as

of2022,ofgenerators
that

entered
the

queue
by

2018.
A

s
w

e
near

the
end

of
our

sam
ple,

there
are

m
any

generators
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that
are

w
aiting

for
their

next
studies

or
have

received
their

finalinterconnection
study

but

have
not

been
com

pleted
or

w
ithdraw

n
from

the
queue.

The
dotted

black
lines

represent

the
capacity

of
these

generators
(w

hich
include

generators
stillunder

construction)
plus

the

capacity
ofgenerators

thatare
com

pleted
from

data.

O
ur

m
odelis

able
to

m
atch

these
tim

e
series.

The
solid

blue
line

plots
the

m
odel’s

pre-

diction
for

the
totalcapacity

ever
com

pleted,by
queue

year.
For

the
early

years,this
should

m
atch

the
capacity

actually
com

pleted
as

of2022
(the

solid
black

line);allgenerators
queued

in
these

early
years

have
had

tim
e

to
finish

construction
and

begin
operation.The

com
pleted

capacity
for

generators
entering

the
queue

in
2014

and
2018

is
slightly

under-predicted
by

the

pointestim
ates

ofthe
m

odelbutcovered
w

ithin
the

reasonably
narrow

confidence
intervals.

For
later

years,the
blue

line
lies

betw
een

the
solid

and
dotted

black
lines

as
expected. 27

9
C

ounterfactualSim
ulations

W
e

use
ourestim

ated
m

odelto
conducta

series
ofsim

ulations.In
the

firstsetofcounterfactu-

als,w
e

sim
ulate

the
added

capacity
ifthe

necessary
studies

are
delivered

faster.This
exercise

can
be

seen
as

quantifying
the

returns
to

increasing
PJM

’s
processing

capacity.

A
lternatively,w

e
m

ay
hold

PJM
’s

processing
capacity

fixed
and

ask
the

follow
ing

ques-

tions:
are

there
too

m
any

generators
in

the
queue?

If
so,

w
hich

ones
should

be
rem

oved

to
m

axim
ize

the
com

pleted
capacity?

This
sim

ulation
considers

alternative
queuing

m
echa-

nism
s.

Specifically,w
e

can
reduce

congestion
by

rem
oving

generators
that

are
less

likely
to

com
plete

or
add

less
capacity.

T
he

reduced
congestion

in
turn

expedites
the

studies
for

the

rem
aining

generators,reducing
their

chance
of

w
ithdraw

al
and

potentially
increasing

total

com
pleted

capacity.

W
e

nextconsiderseveralproposed
policy

reform
s.G

iven
w

e
find

a
substantialcongestion

externality,w
e

focus
on

reform
s

thatincrease
the

costofentering
or

staying
in

the
queue.W

e

also
sim

ulate
the

effects
of

grouping
large

clusters
of

generators
together

and
charging

each

the
average

per-m
egaw

attinterconnection
costfor

the
cluster.

9.1
R

educing
Study

D
elays

A
s

discussed
in

Section
2.2,reducing

study
delays

m
ay

have
a

first-orderim
pacton

increasing

com
pleted

capacity.
A

structuralreason
for

the
long

w
aiting

tim
e

is
grid

operators’lim
ited

27In
A

ppendix
Figure

E.4,w
e

show
the

m
odelfitfor

the
grow

ing
queue

sizes.
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capacity
to

process
generator

requests.G
rid

operators
told

us
they

are
lim

ited
by

engineering

staffcapacity
and

thatthey
had

difficulty
hiring

electricalengineers,w
hose

supply
is

inelastic

in
the

short
run

due
to

the
training

involved.
In

principle,grid
operators

could
offer

higher

w
ages,hire

m
ore

engineers,and
speed

up
the

process.
W

e
sim

ulate
five

scenarios
in

w
hich

the
study

arrivalprobabilities
ofthe

second
and

third
studies

are
increased

by
5%

to
25%

.

W
e

find
large

increases
in

com
pleted

capacity
from

reducing
w

aiting
tim

es.
Figure

9
re-

ports
the

sim
ulation

results.
T

he
x−

axis
show

s
the

average
w

aiting
tim

e
from

the
first

to

the
last

study
conditionalon

not
w

ithdraw
ing

from
the

queue
before

the
last

study,and
the

y−
axis

is
the

added
capacity.

A
10%

increase
in

the
study

arrivalprobabilities
reduces

w
ait-

ing
tim

e
by

about
2%

, 28
and

adds
4.0

G
W

of
totalcapacity,of

w
hich

1.6
G

W
is

renew
able. 29

These
additions

correspond
to

increases
of

5.6%
and

4.6%
,

respectively.
The

added
capac-

ity
increases

quickly
in

the
study

arrival
probability

for
all

generators;
for

exam
ple,

a
25%

increase
adds

nearly
9

G
W

ofnew
capacity.

W
e

interpretthese
large

gains
as

being
due

to
reductions

in
both

the
costand

uncertainty

from
w

aiting
in

the
queue.G

enerators
incurcosts

like
m

aintaining
the

option
on

the
land,but

also
face

m
any

risks,such
as

the
expiration

of
signed

purchase
agreem

ents
(Penrod,2022).

O
ur

m
odel

captures
the

first
w

ith
the

w
aiting

costs
and

the
second

w
ith

the
idiosyncratic

unobservable
εt .

W
e

estim
ate

the
standard

deviation
of

εt to
be

larger
than

the
difference

in

w
aiting

costs
due

to
generator

size,fueltype,or
tim

e.

9.2
A

lternative
Q

ueuing
M

echanism
s

W
e

next
take

the
processing

ability
of

PJM
as

given
and

consider
alternative

queuing
m

ech-

anism
s.

W
e

search
for,for

each
potentialentrant,a

w
eightbetw

een
0

and
1

to
m

axim
ize

the

totalcom
pleted

capacity.W
e

treateach
generator

as
a

continuous
m

ass,and
the

w
eightrepre-

sents
the

share
thatthe

grid
operatorincludes

in
the

queue. 30
These

w
eights

m
odify

the
queue

28A
10%

increase
in

the
study

arrivaldoes
notresultin

a
10%

decrease
in

the
w

aiting
tim

e
for

tw
o

reasons:(1)
w

e
plotthe

conditionalaverage
w

aiting
tim

e
given

thatthe
generators

do
notw

ithdraw
,and

generators
thatreach

theirlaststudies
receive

studies
faster,w

hich
lim

its
the

scope
forfasterstudy

delivery
to

reduce
theirw

aiting
tim

e,
and

(2)
faster

study
delivery

increases
the

value
of

w
aiting,so

m
ore

generators
w

ait
in

equilibrium
,increasing

congestion.
29A

developer
could

save
the

tim
e

of
going

through
the

queue
again

by
entering

at
the

sam
e

location
w

ith
m

ultiple
identicalrequests

across
tim

e.
If

a
prior

generator
fails

to
com

plete
the

interconnection
even

w
hen

the
interconnection

cost
is

low
,the

generator
can

im
m

ediately
use

the
queue

position
of

a
subsequent

generator
at

the
sam

e
location

and
expectsim

ilar
interconnection

study
results.W

e
could

over-predictthe
com

pleted
capacity

if
this

practice
is

w
idespread.

W
e

do
not

find
this

practice
to

be
of

first-order
im

portance:
locations

that
saw

consecutive
entry

of
generators

that
have

the
sam

e
fuelsources

and
sim

ilar
capacities

contribute
to

0.12
G

W
of

added
totalcapacity

and
0.07

G
W

ofadded
renew

able
capacity.

30A
n

alternative
is

to
solve

the
integer

program
m

ing
problem

of
w

hich
generators

to
keep

in
the

queue,but
this

optim
ization

problem
w

ould
be

m
uch

harder.
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status.
For

exam
ple,the

queue
position

of
a

generator
is

given
by

the
sum

of
the

w
eights

of

higher-queued
generators,and

w
e

can
m

ove
up

the
queue

position
ofa

low
er-queued

gener-

ator
by

reducing
these

w
eights.W

e
consider

the
follow

ing
m

axim
ization

problem
:

m
ax

w
∑t,c,τ,x

ρ
t ( c,τ,x

) ·( 1−
Ψ

t ( c,τ,x
)) ·cap

x ,
(19)

w
here

w
is

the
vector

of
w

eights,
ρ

t ( c,τ,x
)

is
the

num
ber

of
generators

w
ith

characteristics

x
and

final
study

cost
estim

ate
c

in
period

t
after

having
w

aited
τ

periods,and
cap

x
is

the

capacity
of

these
generators.

This
quantity

ρ
is

based
on

the
equilibrium

queue
status

and

generator
w

ithdraw
alprobabilities,both

ofw
hich

depend
on

the
w

eights
w

. 31

A
plannerm

ay
value

som
e

generators
m

ore
than

others.Forexam
ple,a

plannerm
ay

favor

non-renew
able

generators
to

im
prove

grid
reliability,or

renew
ables

for
their

environm
ental

benefits. 32
W

e
also

consider
algorithm

s
that

m
axim

ize
the

follow
ing,m

ore
flexible

objective

function:

m
ax

w
∑t,c,τ,x

ρ
t ( c,τ,x

) ·( 1−
Ψ

t ( c,τ,x
)) ·cap

x ·
θ

x ,
(20)

w
here

θ
x

reflects
the

planner’s
preference

for
type

x
generators.

W
e

consider
three

sets
of

planner
preference

param
eters,w

here
θs

on
renew

ables
and

other
generators

are
( 0.5,0.5) ,

( 0.75,0.25)
and

( 0.9,0.1) .
M

axim
izing

the
objective

in
(20)

under
the

preference
param

eters

of
( 0.5,0.5)

am
ounts

to
m

axim
izing

(19).
The

m
axim

ization
is

also
subjectto

optim
ality

con-

ditions
9

through
12

and
a

setofm
odified

balance
conditions

in
A

ppendix
C

.3.

In
our

im
plem

entation,
a

generator
has

the
sam

e
priority

as
other

generators
w

ith
the

sam
e

fueltype,in
the

sam
e

entry
year

range
{
<

2015,[2015,2018),≥
2018}

and
the

sam
e

size

range
{
<

20M
W

,[20M
W

,50M
W
),

[50M
W

,100M
W
),≥

100M
W
} .

W
e

use
this

discretization

to
sim

plify
the

optim
ization

problem
,

but
w

e
could

also
allow

the
w

eights
to

differ
across

finer
categories

of
generator

characteristics
or

com
pute

a
dynam

ic
queuing

rule
w

ith
tim

e-

31In
this

exercise,w
e

view
the

H
functions

as
structuralparam

eters
reflecting

the
processing

constraints
w

hen
PJM

conducts
studies.Forexam

ple,a
grid

operatorthatfaces
m

ultiple
w

aiting
generators

m
ay

have
to

study
them

sequentially,finishing
one

generator
before

m
oving

on
to

the
next.A

lternatively,itm
ay

be
able

to
parallelize

and
sim

ultaneously
w

ork
on

m
ultiple

generators
at

the
sam

e
tim

e.
W

e
estim

ate
the

study
process

through
the

H
functions.

If
the

study
process

is
strictly

sequential,and
a

low
er-queued

generator
has

high
capacity

but
m

ight
leave

the
queue

after
prolonged

w
aiting,then

m
oving

up
this

generator’s
rank

and
studying

itfirstm
ay

increase
the

totalcom
pleted

capacity.
32It

is
not

obvious
the

planner
w

ould
put

a
higher

w
eight

on
renew

ables
given

these
generators

are
already

subsidized
at

the
state

and
federallevel.

A
grid

operator
w

e
spoke

w
ith

w
as

concerned
that

too
little

dispatch-
able

generation
capacity

w
as

being
com

pleted
to

m
aintain

reliability
in

the
face

ofpolicy-induced
coalgenerator

retirem
ents.
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varying
w

eights.

W
e

find
thatthese

alternative
queuing

m
echanism

s
m

eaningfully
increase

com
pleted

ca-

pacity.
In

Table
7,w

hen
a

planner
equally

values
renew

able
and

non-renew
able

generation

capacity
(C

olum
n

(1)),
w

e
find

an
increase

of
7.94

G
W

in
total

capacity,
1.48

G
W

of
w

hich

is
renew

able.
W

hen
the

planner
prefers

renew
ables

(C
olum

ns
(2)

and
(3)),

the
com

pleted

renew
able

capacity
increases

butthe
totaladded

capacity
is

considerably
sm

aller.

T
he

queuing
m

echanism
s

rem
ove

m
any

sm
allgenerators

from
the

queue.
Table

8
show

s

the
percentage

ofrem
oved

generators
w

ithin
each

fuel-size
group.W

ith
equalpreferences

for

the
renew

able
and

non-renew
able

generators,m
any

generators
below

100
M

W
are

screened

out.
A

s
the

planner
prefers

renew
able

capacity
m

ore,the
m

echanism
rem

oves
few

er
renew

-

able
generators

w
ith

a
capacity

betw
een

20
and

100
M

W
butstillrem

oves
m

ore
than

45%
of

renew
able

generators
under

20M
W

.M
ore

m
edium

sized
non-renew

able
generators

are
also

rem
oved.

U
nder

all
preference

param
eters,few

er
but

larger
generators

com
plete

intercon-

nection.

9.3
Entry

Fees

W
e

consider
tw

o
types

of
entry

fees,defined
as

the
cost

to
enter

the
queue

(obtain
the

first

study).The
firsttype

is
a

flatper
generator

fee.The
second

type
is

assessed
per

m
egaw

att.

Forboth
types

ofentry
fee,w

e
find

an
inverted-U

relationship
betw

een
the

added
capacity

and
fee

levels
(Figure

10).The
flatfee

thatm
axim

izes
com

pleted
capacity

is
$900,000.Itw

ould

add
over

6.85
G

W
of

capacity,but
only

0.8
G

W
of

renew
able

capacity.
It

also
decreases

the

num
ber

of
com

pleted
generators

by
40%

. 33
The

per-m
egaw

att
fee

achieves
a

m
uch

sm
aller

effect,adding
atm

ost0.5
G

W
ofcapacity.N

one
ofthe

generators
added

by
the

per-m
egaw

att

fee
is

a
renew

able
generator.

Table
9

breaks
dow

n
w

hich
potentialgenerators

decide
not

to
enter

the
queue

at
the

flat

fee
levelthatm

axim
izes

com
pleted

capacity.C
om

pared
w

ith
the

alternative
queuing

m
echa-

nism
s

above,the
fee

screens
outm

any
m

ore
sm

allgenerators
and

m
ore

renew
able

generators

com
pared

to
non-renew

able
generators

resulting
in

a
low

er
com

pleted
capacity.

W
e

also
sim

ulate
an

increase
in

the
fees

for
later

studies.
W

e
again

consider
both

flatand

perm
egaw

attfees,and
assum

e
the

sam
e

increase
in

fee
is

levied
forboth

the
second

and
third

study.
Screening

atthis
later

stage
is

less
effective:com

pleted
capacity

falls
for

allfee
levels.

A
ppendix

D
.1

provides
m

ore
details.

33In
PJM

’s
2022

reform
s,the

collected
entry

fees
w

illbe
refunded

to
generators

thatcom
plete

interconnection.
W

e
do

notaccountfor
these

refunds
in

our
sim

ulations.41



9.4
Sharing

Interconnection
C

osts
Equally

A
cross

Large
C

lusters
of

G
enerators

A
s

discussed
in

Section
2.4,PJM

plans
to

reform
the

process
ofassessing

interconnection
costs

to
reduce

costuncertainty.Specifically,PJM
w

illdesignate
severallarge

clusters
and

study
all

generators
in

each
cluster

atonce
and

assign
the

totalnetw
ork

upgrade
costs

ofthe
cluster

to

each
generator

based
on

capacity. 34

O
ur

next
counterfactual

approxim
ates

this
cluster-level

cost
allocation.

W
e

first
assum

e

each
transm

ission
ow

ner
territory

and
entry

year
com

bination
is

a
cluster. 35

R
ather

than

endogenously
determ

ine
the

total
costs

to
be

shared
after

each
study,w

e
consider

a
policy

of
pre-com

m
itting

to
a

set
per-m

egaw
att

interconnection
cost.

W
e

do
so

for
com

putational

tractability.
T

herefore,
relative

to
the

proposed
reform

,
the

policy
w

e
sim

ulate
leads

to
a

greater
reduction

in
uncertainty.

W
e

consider
three

assum
ptions

on
the

totalcluster-levelcostin
each

cluster:
(1)

the
total

interconnection
costs

of
com

pleted
generators;(2)

the
totalfinalstudy

interconnection
costs

ofgenerators;(3)the
totalstudy

2
interconnection

costs
ofgenerators.

For
each,w

e
arrive

at

the
per-m

egaw
attcostby

dividing
the

totalcosts
observed

in
the

data
by

the
totalsize

ofthe

corresponding
group

of
generators,e.g.,totalstudy

2
costs

by
the

totalsize
of

generators
in

that
cluster

that
reached

study
2.

T
hese

per-m
egaw

att
costs

are
fixed

in
the

sim
ulation.

The

“true”
interconnection

costs,as
predicted

by
the

H
functions,w

illlikely
differ

from
these

pre-

com
m

itted
costs.Ifthe

revenue
is

less
than

“true”
interconnection

costs,a
subsidy

is
required

to
sustain

the
costcom

m
itm

ent.

Table
10

show
s

thatthis
policy

can
increase

com
pleted

capacity,butrequires
a

subsidy
to

do
so.

For
exam

ple,pre-com
m

itting
to

the
average

cost
for

generators
that

reached
study

2

(row
3)

adds
2.3

G
W

of
totalcapacity,at

a
subsidy

cost
of

0.71
billion

dollars.
W

e
also

find

that
com

m
itting

to
low

er
costs

has
decreasing

returns:
the

added
G

W
per

billion
dollars

of

subsidy
falls

as
w

e
decrease

the
pre-com

m
itted

cost.W
hile

reducing
uncertainty

m
ay

reduce

the
incentive

to
enter

the
queue,w

e
find

thatentry
falls

by
less

than
one

percentunder
each

of
the

three
cost

assum
ptions.

In
A

ppendix
D

.2,w
e

study
the

effects
of

directly
subsidizing

interconnection
costs.T

he
results

suggestthatthis
type

ofcluster-levelcostallocation
w

ithout

subsidy
w

ould
reduce

com
pleted

capacity.

T
he

increases
in

capacity
are

m
ainly

from
the

renew
ables.

In
fact,for

the
costs

in
row

s

(2)
and

(3),renew
able

capacity
increases

w
hile

other
capacity

decreases.
Because

renew
able

34C
luster

study
m

ay
also

reduce
the

tim
e

PJM
needs

to
process

each
study;w

e
abstractfrom

this
effect.

35A
s

ofN
ovem

ber
2023,PJM

had
notreleased

the
geographic

regions
itw

illuse
to

form
clusters.
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generators
have

higher
interconnection

costs,non-renew
able

generators
subsidize

renew
able

generators
under

a
policy

ofsharing
costs

equally.

W
e

note
thatentry

m
ay

sw
itch

from
locations

w
here

expected
costs

rise
to

locations
w

here

expected
costs

fall.W
e

partially
accountfor

this
behavior

because
an

entrantw
hose

expected

value
from

entering
the

queue
is

low
er

than
the

entry
cost

w
ill

not
enter.

Yet,
w

e
do

not

account
for

increased
entry

in
locations

w
here

expected
costs

fall,a
behavior

that
w

ould
in-

crease
the

am
ountofsubsidy

required.

9.5
C

lim
ate

Im
pacts

W
e

found
that

severalpolicy
reform

s
w

ould
significantly

increase
renew

able
generation

ca-

pacity,
an

increase
that

w
ould

offset
electricity

production
from

fossil
fuel

generators.
To

quantify
the

approxim
ate

im
pact

of
this

investm
ent

on
carbon

em
issions,

w
e

use
the

U
.S.

Environm
entalProtection

A
gency’s

A
voided

Em
issions

and
G

eneration
Tool(A

V
ER

T).This

tooltranslates
changes

in
generation

capacity
into

changes
in

C
O

2
em

issions
using

data
on

regionaldem
and,production

costs,and
m

arketdispatch
(U

S
EPA

,2022).W
e

value
these

em
is-

sions
using

the
socialcostofcarbon

of$185
per

ton
ofC

O
2

in
R

ennertetal.(2022).

A
dditionalrenew

able
generation

capacity
w

ould
produce

large
socialbenefits

from
avoided

carbon
em

issions.For
exam

ple,increasing
the

study
arrivalprobability

by
10%

results
in

1.58

G
W

m
ore

renew
able

capacity.T
he

A
V

ER
T

toolcalculates
thatadding

1.58
G

W
ofutility-scale

renew
able

generation
capacity

to
the

M
id-A

tlantic
region

in
2022

w
ould

decrease
annualC

O
2

em
issions

by
2.14

m
illion

m
etric

tons. 36
The

im
plied

annualsocialvalue
of

this
reduction

is

394
m

illion
dollars.The

m
ore

conservative
socialcostofcarbon

used
by

the
U

.S.governm
ent

($51
per

ton)
im

plies
a

socialvalue
is

109
m

illion
dollars.

O
ur

other
sim

ulations
find

gains

in
renew

able
capacity

in
the

range
of

1-3.5
G

W
.A

V
ER

T
show

s
that

C
O

2
em

issions
are

offset

roughly
atthe

rate
of1.4

m
illion

m
etric

tons
per

gigaw
attin

this
range.

10
C

onclusion

W
e

use
novel

data
from

the
largest

transm
ission

operator
in

the
U

nited
States

to
study

the

interconnection
queue.

W
e

find
there

is
a

congestion
externality.

If
a

generator
has

m
ore

generators
ahead

of
it

in
the

queue,the
probability

it
receives

the
third

and
finalstudy

in
a

36W
e

assum
e

the
com

position
of

this
1.58

G
W

increase
is

one
third

w
ind

and
tw

o
thirds

solar,m
atching

the
roughly

2
to

1
ratio

ofsolar
to

w
ind

capacity
in

our
sam

ple.
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given
quarter

falls.
W

e
also

find
that

interconnection
costs

are
hard

to
predict

and
are

a
key

factor
in

generators’decisions
to

w
ithdraw

from
the

queue.

W
e

next
study

policy
reform

s
using

a
dynam

ic
m

odel
that

accounts
for

equilibrium
ef-

fects.
W

e
find

that
reducing

study
delays

can
substantially

increase
investm

ent.
G

iven
the

congestion
effects,w

e
next

ask
w

hether
rem

oving
som

e
generators

can
increase

the
am

ount

of
generation

capacity
com

pleted.
A

lternative
queuing

policies
prioritize

larger
generators

and
increase

com
pleted

capacity.A
flatfee

to
enter

the
queue

has
a

sim
ilar

effect,though
this

increase
disproportionately

com
es

from
non-renew

able
generators.

If
paired

w
ith

a
subsidy,

a
cluster-study

approach
thatallocates

the
totalinterconnection

costfor
a

large
group

ofgen-

erators
equally

on
a

per-m
egaw

attbasis
better

targets
renew

able
generators.These

increases

in
renew

able
capacity

have
substantialenvironm

entalbenefits.
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O
nline

A
ppendix

A
A

llocation
of

Shared
N

etw
ork

U
pgrades

There
are

tw
o

m
ain

types
of

interconnection
costs:

direct
connection

costs
and

netw
ork

up-

grades.W
hile

w
e

collectcosts
separately

for
each

ofthe
m

ajor
categories

listed
in

the
study,it

is
notalw

ays
easy

to
distinguish

betw
een

directcosts
and

netw
ork

upgrades,and
w

e
com

bine

both
types

into
one

costm
easure

for
our

analysis.

N
etw

ork
upgrades

are
often

shared
am

ong
m

ultiple
generators.

A
generator’s

contribu-

tion
to

these
shared

costs
is

typically
firstreported

in
the

second
(system

im
pact)study.

The

first
(feasibility)

study
w

illnote
that

the
generator

m
ay

be
responsible

for
a

contribution
to-

w
ard

these
costs

and
w

ill
often

report
the

total.
Figure

A
.1

show
s

a
typical

exam
ple.

The

generator
w

illlikely
be

responsible
for

a
portion

of
the

17.75
m

illion,and
an

estim
ate

of
its

exact
responsibility

w
illbe

provided
in

the
next

study.
For

this
exam

ple,the
first

study
cost

w
e

use
in

estim
ation

is
7.85

m
illion.

This
generator

w
illalso

have
the

variable
s1

cluster
set

to
one

because
the

firststudy
indicates

the
generator

m
ay

be
responsible

for
additionalcosts

and
lists

a
non-zero

totalfor
these

costs.

B
Prior

G
enerator

C
ostand

Entry

In
our

analysis,
w

e
do

not
consider

how
interconnection

studies
provide

inform
ation

that

affects
the

entry
decisions

of
future

generators.
Specifically,

high
costs

in
a

location
m

ay

cause
entrants

to
substitute

to
other

locations.A
lternatively,suppose

a
recentupgrade

to
the

infrastructure
m

ade
by

one
generator

low
ers

the
costfor

the
nextgenerator.

Then,locations

w
here

a
generator

w
ith

a
high

interconnection
costm

ay
be

aboutto
com

plete
interconnection

w
ould

be
desirable.PJM

’s
cost-sharing

m
akes

this
second

channelless
likely. 37

To
assess

the
em

pirical
relevance

of
this

concern,
w

e
first

look
at

the
region-level

tim
e-

series
of

interconnection
costs

and
entry.

Figure
B.1

show
s

the
tim

e
series

of
m

ean
study

2

costs
for

the
nineteen

transm
ission

ow
ner

territories
in

PJM
.The

tim
e

period
is

the
half-year.

W
e

focus
on

the
study

2
costbecause

itis
an

im
portantsource

ofinform
ation:this

is
the

first

study
to

include
a

generator’s
contribution

to
shared

netw
ork

upgrade
costs,and

it
is

m
ore

w
idely

available
than

study
3.

H
igh

costs
do

not
appear

to
result

in
either

higher
or

low
er

entry
in

subsequentperiods.

W
e

nextestim
ate

the
effectofprior

study
costs

on
entry

atthe
sam

e
pointofinterconnec-

37Em
pirically,w

e
find

little
evidence

a
costly

com
pleted

interconnection
reduces

the
cost

for
the

subsequent
generator

once
w

e
controlfor

w
hether

the
subsequentgenerator

is
an

uprate.
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O
nline

A
ppendix

tion.
T

he
estim

ation
sam

ple
consists

of
allsubstation-quarters

w
here

the
second

study
cost

ofa
higher-queued

generator
is

available,i.e.,locations
w

here
a

prior
entry

has
m

ade
itto

at

leastthe
second

study.T
he

outcom
e

variable
is

an
indicator

for
w

hether
entry

occurs
in

quar-

ter
tatthis

location. 38
W

e
regress

this
variable

on
w

hether
the

m
ostrecentstudy

2
costatthat

substation
exceeds

$0.1
m

illion/M
W

.W
e

also
include

three
m

easures
ofgrid-operator

trans-

m
ission

investm
ent

(R
T

EP)
affecting

the
substation, 39

the
voltage

of
the

transm
ission

line
at

the
substation,and

the
locationalm

arginalprice
(LM

P).To
constructourm

easure
ofthe

LM
P,

w
e

use
a

quarterly
average

of
hourly

prices
for

peak
hours

(7am
-11pm

)
for

three
days

each

m
onth

(10
th,20

th,and
30

th,ifavailable,else
the

28
th).W

e
condition

on
state-year-quarterfixed

effects
to

controlfor
changes

in
state-levelincentives

and
tim

e
trends.

W
e

estim
ate

that
prior

costs
have

a
sm

alleffect
on

entry
relative

to
other

factors.
These

estim
ates

are
reported

in
Table

B.1.
The

effect
of

the
prior

generator’s
study

2
cost

is
not

precisely
estim

ated,w
ith

a
95%

confidence
intervalfrom

-0.004
to

0.016,w
hich

are
-6%

to
23%

ofthe
m

ean
entry

rate.
Baseline

R
T

EP
investm

enthas
a

larger
effect:cum

ulative
investm

ent

greater
than

$100,000
is

associated
w

ith
41%

increase
in

the
entry

rate.
Supplem

entalR
TEP

investm
ent

and
cum

ulative
investm

ent
since

the
m

ost
recently

com
pleted

generator
have

sm
all

effects.
G

enerators
also

tend
to

enter
at

higher
voltage

substations.
Finally,

w
e

do

notfind
an

effectofLM
Ps

on
entry.

C
Equilibrium

Sim
ulation

C
.1

Prelim
inaries

Each
potentialgenerator

iis
associated

w
ith

a
queue

date
ti .Ifthe

generator
decides

to
enter

the
queue,itreceives

the
firststudy.In

the
calendartim

e
periods

ti +
1,ti +

2,...,ti +
T

0 ,ifthe

generator
has

notreceived
the

finalstudy,the
generator

decides
w

hether
to

w
aitor

continue.

A
tthe

end
ofti +

T
0 ,ifthe

generator
has

notreceived
the

finalstudy,the
generator

leaves
the

queue.

In
the

sim
ulation,w

e
solve

for
a

vector
of

values
n

i ( `,z,τ,τ̃,k) ,w
hich

is
the

fraction
of

generator
iw

ith
a

costestim
ate

in
bin

`
(A

ppendix
7.2.1),study

inform
ation

z,having
w

aited

τ
periods,

τ̃
periods

from
the

last
study,and

w
aiting

for
kth

study.
W

e
do

not
need

the
x

in

38Ifa
generator

requests
to

interconnectby
tapping

into
a

line
instead

ofata
substation,w

e
assign

the
request

to
the

nearestsubstation.
39W

e
use

data
from

PJM
on

the
planned

and
com

pleted
transm

ission
investm

ent.
These

data
list

w
hich

sub-
stations

w
illbe

affected
by

each
investm

ent.
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O
nline

A
ppendix

the
argum

entbecause
the

sim
ulation

is
done

for
each

potentialentrantiin
the

setX
.W

e
also

do
notneed

the
calendar

tim
e

index
because

the
calendar

tim
e

at
τ

is
ti +

τ.
In

our
solution,

n
i ( `,z,τ,τ̃,k) ∈

[ 0,1] is
a

fraction.Ignoring
the

integer
constraintgreatly

sim
plifies

the
sim

u-

lation
process.In

particular,w
e

treat,for
exam

ple,uncertain
arrivals

ofstudies
as

fractions
of

the
w

aiting
generator

receiving
studies

over
m

ultiple
periods.R

em
oving

stochasticity
allow

s

us
to

tractably
m

odelthe
equilibrium

.For
the

study
inform

ation
z

test,w
e

setthe
variable

to
1

in
allsubsequentstudies

ifPJM
perform

s
the

corresponding
tests

in
a

study.

C
.2

Sim
ulation

Steps

•
Initialization

–
W

e
startw

ith
an

initialguess
ofn

i ( `,z,τ,τ̃,k) ,w
here

n
i is

the
fraction

ofa
potential

generatoriin
a

particularstate
and

`
indicates

the
`th

costbin.W
e

use
the

observed

data
as

the
starting

point.Forexam
ple,ifa

generatoriw
ith

1
study,costc∈

C
` and

inform
ation

z
w

aited
2

periods
and

exited
the

queue,then
n

i ( `,z,τ
=

1,τ̃
=

1,k
=

1) =
1,n

i ( `,z,τ
=

2,τ̃
=

2,k
=

1)
=

1,and
0

for
any

other
inputvalues.

–
U

se
the

initial
n

i ,
com

pute
the

probabilities
im

plied
by

H
1 ,H

2 ,H̃
2

and
H

3 .
The

only
additionalinputw

e
need

is
the

queue
state

for
each

i.W
e

use
y

it to
denote

i’s

queue
state.

A
llofthe

queue
states

w
e

include
in

the
H

functions
are

com
putable

from
the

observed
outcom

es
in

data.
For

exam
ple,the

queue
size

at
the

calendar

tim
e

t,is
calculated

as

∑k
∑̃τ

∑τ
∑`

∑z
∑i

n
i ( `,z,τ,τ̃,k)

1
( ti +

τ
=

t) .

–
G

iven
the

predicted
probabilities

( v
i ,p

i ,q
i ,ri )

based
on

the
H

functions,w
e

solve

the
Bellm

an
equations

and
the

corresponding
w

ithdraw
al

probabilities
for

each

generator
i,

Υ
i ,Λ

i ,
Ψ

i and
Ξ

i for
each

com
bination

of
( `,z,τ,τ̃

) .
To

sim
plify

nota-

tion,w
e

om
it

queue
state

y
it and

generator
characteristics

x
i from

the
argum

ents

ofthese
functions.

•
Iteration

1.
U

se
the

study
transition

probabilities
predicted

by
H

and
w

ithdraw
alprobabilities

probabilities
( Υ

i ,Λ
i ,Ψ

i ,Ξ
i )

to
update

n
i .

Specifically,
for

those
w

ith
tw

o
studies

52



O
nline

A
ppendix

and
w

aiting
for

the
third

study
and

for
any

`
and

z,

n
i ( `,z,τ

+
1,τ̃

+
1,k

=
2)

=
n

i ( `,z,τ,τ̃,k
=

2) ·( 1−
Λ

i ( `,z,τ,τ̃
))

· (
1−

∑` ′
ri (` ′;c,z,τ,τ̃ ) )

.

In
the

firstperiod
after

receiving
the

second
study,

n
i ( `,z,τ

+
1,τ̃

=
1,k

=
2,x

)

=
∑` ′,z ′,τ̃

′ n
i (` ′,z ′,τ,τ̃

′,k
=

1 )
· (1−

Υ
i (` ′,z ′,τ,τ̃

′ ))·q
i (`,z;` ′,z ′,τ,τ̃

′ )
.

For
those

w
ith

one
study

and
w

aiting
for

the
second

study
and

for
any

`
and

z,

n
i ( `,z,τ

+
1,τ̃

+
1,k

=
1)

=
n

i ( `,z,τ,τ̃,k
=

1) ·( 1−
Υ

i ( `,z,τ,τ̃
))

· (
1−

∑` ′,z ′ q
i (` ′,z ′;`,z,τ,τ̃ )−

∑` ′
p

i (` ′;`,z,τ,τ̃ ) )
.

T
he

entry
process

im
plies

that

n
i ( c,z,τ

=
1,τ̃

=
1,k

=
1)

=
v

i ( c,z) ·( 1−
Ξ

i ) .

2.
U

pdate
the

queue
status

y
t ,using

n
i as

the
num

ber
of

generators
in

a
particular

state.

3.
U

pdate
the

study
transition

and
w

ithdraw
alprobabilities.

4.
Iterate

untilconvergence.

C
.3

B
alance

C
onditions

in
A

lternative
M

echanism
s

W
e

use
w

t,x
to

denote
the

w
eight

for
a

generator
of

characteristics
x

and
entry

tim
e

t.
The

balance
conditions

are:
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O
nline

A
ppendix

1.
For

generators
w

ith
tw

o
studies

and
w

aiting
for

the
third

study,

N
t+

1 m
t+

1
( c,z,τ

+
1,τ̃

+
1,k

=
2,x

)

=
N

t m
t ( c,z,τ,τ̃,k

=
2,x

) ·( 1−
Λ

t ( c,z,τ,τ̃,x
))

· (
1−

∑c ′
rt (c ′;c,z,τ,τ̃,x )

w
t−

τ,x )
.

(C
.1)

2.
For

generators
justreceiving

the
second

study,

N
t+

1 m
t+

1
( c,z,τ

+
1,τ̃

=
1,k

=
2,x

)

=
N

t
∑c ′,z ′,τ̃

′ m
t (c ′,z ′,τ,τ̃

′,k
=

1,x )
· (1−

Υ
t (c ′,z ′,τ,τ̃

′,x ))·q
t (c,z;c ′,z ′,τ,τ̃

′,x )
w

t−
τ,x .

(C
.2)

3.
For

generators
w

ith
one

study
and

w
aiting

for
the

second
study

(τ
>

0),

N
t+

1 m
t+

1
( c,z,τ

+
1,τ̃

+
1,k

=
1,x

)

=
N

t m
t ( c,z,τ,τ̃,k

=
1,x

) ·( 1−
Υ

t ( c,z,τ,τ̃,x
))

· (
1−

∑c ′,z ′ q
t (c ′,z ′;c,z,τ,τ̃,x )

w
t−

τ,x −
∑c ′

p
t (c ′;c,z,τ,τ̃,x )

w
t−

τ,x )
.

(C
.3)

4.
T

he
boundary

condition
(entry):

N
t m

t ( c,z,τ
=

1,τ̃
=

1,k
=

1,x
)
=

v
t ( c,z;x

) n
t ( x

)
( 1−

Ξ
t ( x

)) w
t,x .

(C
.4)

D
A

dditionalC
ounterfactualR

esults

D
.1

A
dditionalD

etailon
Study

Fees

Figure
D

.1
show

s
that

the
added

capacity
falls

at
every

level
for

both
types

of
study

fees.

There
are

tw
o

key
distinctions

from
the

entry
fee,w

hich
w

e
find

can
increase

com
pleted

ca-

pacity.First,the
additionalstudy

fees
m

ay
cause

large
generators

w
ith

a
high

interconnection

costidentified
in

study
1

to
drop

out,butsm
allgenerators

w
ith

a
low

study
1

costto
stay

in

the
queue.Second,generators

thatw
aitlong

enough
to

requestthe
third

study
are

those
that

are
m

ore
likely

to
com

plete
interconnection,and

screening
atthis

stage
becom

es
less

effective.
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A
s

a
result,these

fees
do

notsufficiently
protectthe

incentives
of

large
generators

to
rem

ain

in
the

queue
and

lead
to

an
overallreduction

in
the

com
pleted

capacity.

D
.2

Subsidizing
Interconnection

C
osts

The
cluster

study
counterfactuals

reduce
uncertainty,re-allocate

costs
across

generators,and

subsidize
these

costs.
To

understand
the

role
of

subsidizing
costs

in
increasing

com
pleted

capacity,
w

e
next

consider
a

subsidy
that

is
a

percentage
of

a
generator’s

interconnection

costs,holding
entry

fixed.
For

different
subsidy

levels,w
e

com
pute

the
effect

on
com

pleted

capacity
as

w
ellas

the
totalsubsidy

cost.

W
e

find
that,

as
in

the
cluster

cost-allocation
sim

ulations,
subsidies

for
interconnection

costs
disproportionately

benefitrenew
able

generators
and

have
dim

inishing
returns.

Figure

D
.2

reports
counterfactualinvestm

entand
the

corresponding
subsidy

costfor
subsidy

levels

of
10%

,
20%

,
...,

100%
.

The
solid

line
show

s
the

increase
in

total
capacity,

and
the

dashed

line
show

s
the

increase
in

renew
able

capacity.
For

all
subsidy

levels,m
ore

than
half

of
the

resulting
increase

in
capacity

is
renew

able
capacity.

C
om

pared
to

the
cluster

cost-allocation
sim

ulations
(Table

10),directly
subsidizing

inter-

connection
costs

results
in

m
ore

totaland
renew

able
capacity.For

exam
ple,subsidizing

inter-

connection
costs

at
50%

requires
approxim

ately
4

billion
dollars

but
increases

totalcapacity

by
13

G
W

,of
w

hich
7

G
W

is
renew

able
capacity.

In
contrast,a

sim
ilar

level
of

subsidy
for

cluster-levelcostallocation
(4.5

billion
dollars)adds

just8
G

W
oftotalcapacity

and
5

G
W

of

renew
able

capacity.T
his

resultthatdirectsubsidies
are

m
ore

effective
is

likely
because,com

-

pared
to

sharing
costs

equally,subsidizing
a

percentage
of

costs
gives

generators
w

ith
high

“true”
costs

a
greater

incentive
to

w
ithdraw

.
O

verall,
these

results
suggest

that
equalizing

costs
across

generators
w

ithoutsubsidy
w

ould
reduce

com
pleted

capacity.

E
A

dditionalFigures
and

Tables



Table 3: Effects of Prior Completions on Entry

Same substation <10km <50km

Prior Interconnection -0.001 -0.006 0.001
( 0.006) ( 0.003) ( 0.002)

Costly Prior Interconnection 0.001 0.007 0.001
( 0.010) ( 0.005) ( 0.003)

Cumulative RTEP Baseline Investment>$0.1 million 0.012*** 0.016*** 0.016***
( 0.004) ( 0.004) ( 0.004)

Cumulative RTEP Supplemental Investment>$0.1 million 0.006 0.008** 0.009**
( 0.004) ( 0.004) ( 0.004)

Cumulative RTEP Since Most Recently Completed Generator>$0.1 million 0.001 -0.004 -0.004
( 0.005) ( 0.004) ( 0.005)

Voltage>230kV 0.011*** 0.010*** 0.014***
( 0.002) ( 0.003) ( 0.004)

Prior Interconnection × Voltage>230kV 0.021** 0.010** -0.002
( 0.009) ( 0.005) ( 0.005)

LMP ($/MWh) 0.000 0.000 0.000
( 0.000) ( 0.000) ( 0.000)

Mean of dependent var. 0.043 0.043 0.043
N 88,374 88,374 88,374

Observations are at the substation by quarter level for 2011-2020. The sample includes all substations that have ever had a prior
interconnection request since 2008. The dependent variable is an indicator for entry into the queue at that substation in that
quarter. Prior Interconnection indicates whether there is a prior project completed at that substation before that quarter. Costly
Prior Interconnection indicates whether the most recently completed project has a cost > $0.1 million/MW. Cumuative RTEP
Baseline Investment>$0.1 million is an indicator for if the cumulative amount of baseline transmission investment completed
since 2008 and affecting that substation is greater than $100,000. Cumulative RTEP Supplemental Investment>$0.1 million is an
indicator for if the cumulative amount of supplemental transmission investment completed since 2008 and affecting that substation
is greater than $100,000. Cumulative RTEP Investment>$0.1 million is an indicator for if the cumulative amount of either type of
RTEP investment since the last connecting generator at the substation was completed is greater than $100,000. Voltage>230kV is
an indicator for if the voltage of the substation is greater than 230 kV. Prior Interconnection × Voltage > 230kV is the interaction
term between Prior Interconnection and Voltage > 230kV. LMP is a quarterly average of the nearest locational marginal price at
peak hours in 2020 ($/MWh). The regression includes state-year-quarter fixed effects. Standard errors are in parentheses and
clustered by substation. ∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01.



Table
4:EffectofPrior

C
ostly

Interconnection
on

Probability
ofLow

Interconnection
C

ost

C
ostly

prior
interconnection

0.080*
0.146**

0.015
0.095

(0.048)
(0.065)

(0.048)
(0.062)

N
o

prior
interconnection

-0.038
0.044

-0.020
0.068

(0.025)
(0.045)

(0.023)
(0.041)

U
prate

0.452***
0.429***

(0.036)
(0.039)

Substation
FE

X
X

N
1,597

1,597
1,597

1,597

G
enerators

queuing
from

2011-2020.
SEs

in
parentheses;clustered

by
substation.

D
ep.

var.
is

indicator
for

Study
2

cost
estim

ate
less

than
0.01

m
/M

W
(m

ean
0.31).

C
ostly

prior
inter-

connection
is

an
indicator

for
if

the
m

ostrecentprior
com

pleted
interconnection

atthe
sam

e
substation

and
w

ithin
10km

ofthe
focalgenerator

had
a

totalcost
>

1
m

illion
dollars

(m
ean

0.07).
A

llspecifications
controlfor

size
(5

bins),fueltype,state,and
FE

for
the

year
ofqueue

entry
and

the
year

the
study

is
issued.*

p
<

0.1,**
p
<

0.05,***
p
<

0.01.
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Figure
7:Sim

ulated
Equilibrium

:Illustrative
M

odel

G
enerators

thatEntered
in

Period
1

G
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E
quilibrium

F
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W
e

set
N

1
=

N
2
=

15,
π
=

3,c
is

norm
alw

ith
a

m
ean

of1
and

standard
deviation

of1,
ξ

and
ε

are
i.i.d

and
standard

norm
al,and

T
=

30.

Table
5:N

ew
Study

A
rrivalProbitM

odel:Q
ueue

Position
Param

eters

(1)Baseline
(2)C

ongestion
Effects

ofH
igher-

(3)A
dditionalQ

ueue
and

Q
ueued

Large
G

enerators
G

enerator
C

haracteristics

Q
ueue

Position

ln
( #

H
igher

Q
ueued

G
enerators)

-0.10
-0.10

-0.10

(0.04)
(0.04)

(0.05)

ln
( Total#

G
enerators

in
the

Q
ueue)

-0.19

(0.09)

G
enerator

iW
aiting

for
Third

Study
×

ln
( #

H
igher

Q
ueued

G
enerators)

0.74
0.49

0.48

(0.15)
(0.43)

(0.24)

ln
( #

H
igher

Q
ueued

G
enerators) 2

-0.11
-0.11

-0.10

(0.02)
(0.05)

(0.02)

ln
( #

H
igher

Q
ueued

G
enerators

>
20M

W
)

0.23

(0.40)

ln
( #

H
igher

Q
ueued

G
enerators

>
20M

W
) 2

0.02

(0.06)

ln
( Total#

G
enerators

in
the

Q
ueue)

-0.10

(0.11)

ln
( H

igher
Q

ueued
G

enerators
C

apacity
M

W
)

0.19

(0.14)

G
enerator

iW
aiting

for
Third

Study
×

ln
( #

H
igher

Q
ueued

G
enerators) ×

Entry
Year

2013-2015
0.16

0.15
0.12

(0.02)
(0.02)

(0.03)

2016-2018
0.16

0.15
0.15

(0.02)
(0.02)

(0.03)

>2018
0.04

0.02
0.04

(0.03)
(0.03)

(0.04)

Param
eter

estim
ates

related
to

the
queue

position
for

the
new

study
arrivalprobit.

#
H

igher
Q

ueued
G

enerators
is

the
num

ber
ofgenerators

thatentered
the

queue
in

the
sam

e
or

an
earlier

entry
cohortand

are
stillin

the
queue

for
thatquarter.SE

in
parentheses.A

ppendix
Table

E.12
presents

estim
ates

ofthe
param

eters
for

other
covariates.



Table
6:ProfitFunction

Param
eter

Estim
ates

($1,000/M
W

)

(1)Baseline
(2)H

eterogeneity

C
apacity

(M
W

)
10-20

52.30
45.42

(12.10)
(11.16)

20-100
88.12

85.83
(12.68)

(12.58)
>100

32.16
32.78

(14.87)
(14.91)

R
enew

able
-100.31

-100.56
(22.67)

(21.66)
σ

substation
69.85
(6.97)

Estim
ated

param
eters

for
the

profitfunction
in

$1,000
of2020

dollars
per

M
W

.R
enew

able
is

an
indicator

for
being

a
w

ind
or

solar
generator.

SE
in

parentheses.
(2)

H
eterogeneity

is
a

specification
thatincludes

random
effects

at
the

nearestsubstation
level.

σ
substation

is
the

standard
deviation

ofthis
random

effect.W
e

also
include

entry
year

and
year

fixed
effects

at
the

3-year
level,state

fixed
effects,and

fixed
effects

for
the

num
ber

of
quarters

in
the

queue.A
ppendix

Table
E.14

reports
estim

ates
for

other
profitfunction

param
eters.
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The
solid

black
lines

(cap
com

pleted)representthe
totalcum

ulative
capacity

ofgenerators
in

our
sam

ple
that

have
started

operation
by

2022.For
exam

ple,the
capacity

in
2018

represents
the

totalcom
pleted

capacity
of

generators
thatentered

the
queue

in
2018

or
earlier.The

dotted
black

lines
(cap

in
queue)representthis

capacity
plus

the
capacity

ofgenerators
thathave

notw
ithdraw

n
as

of2022.The
blue

line
is

the
sim

ulated
cum

ulative
capacity

thatw
illever

be
begin

operation,by
queue

year.The
red

line
represents

the
confidence

intervals
for

the
m

odelprediction.



Figure
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Y-axis
is

new
capacity

added
relative

to
the

status
quo.

X
-axis

is
the

average
w

ait
tim

e
from

first
study

issue
date

to
the

receipt
of

the
final

study.
Each

point
on

the
line

corresponds
to

either
the

status
quo

or
an

increase
in

the
arrival

probability
of

the
second

and
third

studies.From
rightto

left,the
points

on
each

line
are

the
status

quo,5%
,10%

,...,25%
.

The
solid

line
show

s
the

change
in

totalgeneration
capacity,

w
hile

the
dotted

line
show

s
the

change
in

renew
able

generation
capacity.

Table
7:A

dded
C

apacity
in

A
lternative

Q
ueuing

M
echanism

s
(G

W
)

Planner
Preference

Param
eter

( θ
renew

able ,θ
non-renew

able )
( 0.5,0.5)

( 0.75,0.25)
( 0.9,0.1)

A
dded

C
apacity

7.94
4.09

0.08
R

enew
able

1.48
2.66

3.02
N

on-R
enew

able
6.46

1.43
-2.94

Table
reports

new
capacity

added
relative

to
the

status
quo

for
generators

in
our

sam
ple.

The
m

odel-predicted
totalcom

pleted
capacity

in
the

status
quo

is
71.15

G
W

,32.44G
W

ofw
hich

is
renew

able.

Table
8:Percentage

ofG
enerators

R
em

oved
by

A
lternative

Q
ueuing

M
echanism

s

Planner
Preference

Param
eter

( θ
renew

able ,θ
non-renew

able )
( 0.5,0.5)

( 0.75,0.5)
( 0.9,0.1)

R
enew

able
C

apacity
(M

W
)

<
20

72.31
45.02

67.06
20-100

51.76
25.73

23.81
>100

1.19
0.00

0.00

N
on-R

enew
able

C
apacity

(M
W

)
<

20
55.97

56.24
56.24

20-100
57.12

77.17
73.08

>100
0.00

8.52
28.05

Table
reports

the
share

of
generators

in
a

group
that

are
rem

oved
by

each
queuing

m
echanism

.
For

exam
ple,

72.31%
ofgenerators

w
hose

sizes
are

below
20M

W
are

rem
oved

w
hen

the
planner

preference
param

eters
for

the
renew

able
and

non-renew
able

generators
are

0.5
and

0.5.



Figure
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renew
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Y-axis
is

new
capacity

added
relative

to
the

status
quo.

X
-axis

is
the

fee
to

enter
the

queue
and

receive
the

firststudy.The
solid

line
show

s
the

change
in

totalgeneration
capacity,the

dotted
line

show
s

the
change

in
renew

able
generation

capacity.

Table
9:G

enerators
thatN

o
Longer

Enter
the

Q
ueue

w
ith

a
FlatFee=

$900,000

%
ofG

roup
Entry

Year
<2013

2013-2015
2016-2018

>2018

R
enew

able
C

apacity
(M

W
)

<
20

92.11
98.18

94.77
95.98

20-100
69.27

70.59
30.63

40.22
>100

1.92
0.00

0.00
0.00

N
on-R

enew
able

C
apacity

(M
W

)
<

20
93.70

85.06
91.73

87.97
20-100

29.07
22.92

44.68
12.82

>100
0.90

0.00
0.00

0.00

Table
reports

the
share

of
generators

in
a

group
that

no
longer

enter
the

queue
w

hen
there

is
a

$900,000
per

generator
entry

fee.
For

exam
ple,92.11%

of
generators

that
entered

the
queue

from
2008-2012

and
w

hose
sizes

are
below

20M
W

no
longer

enter
the

queue.Table
10:C

luster
Study

A
dded

C
apacity

(G
W

)
Subsidy

($Billion)
Total

R
enew

able
C

luster-levelC
ostA

ssum
ption

(1)C
om

pleted
G

enerators
7.74

5.23
4.48

(2)FinalStudy
C

osts
3.13

3.65
1.41

(3)Study
2

C
osts

2.28
2.72

0.71

C
lusters

are
at

the
transm

ission
operator

territory
by

year
level.

R
ow

(1)
C

om
pleted

G
enerators

assum
es

the
pre-com

m
itted

costper
M

W
for

the
cluster

is
the

average
per

M
W

costfor
com

pleted
generators

in
that

transm
ission

ow
nerterritory

and
yearin

the
data.R

ow
(2)FinalStudy

C
osts

the
sam

e
butforthe

finalstudy
costs

in
the

data.R
ow

(3)Study
2

C
osts

the
sam

e
butfor

the
second

study
costs

in
the

data.



Figure
A

.1:Exam
ple

costbreakdow
n

for
the

firststudy

Table
B.1:EffectofInterconnection

C
osts

on
Entry

atthe
Sam

e
Substation

M
ostR

ecentStudy
2

C
ost>$0.1

m
illion/M

W
0.0061

(0.0052)
C

um
ulative

R
TEP

Baseline
Investm

ent>$0.1
m

illion
0.028

(0.0072)
C

um
ulative

R
TEP

Supplem
entalInvestm

ent>$0.1
m

illion
0.0095

(0.0073)
C

um
ulative

R
TEP

Since
M

ostR
ecently

C
om

pleted
G

enerator>$0.1
m

illion
-0.0077
(0.0077)

Voltage>230kV
0.020

(0.0058)
LM

P
($/M

W
h)

-0.00010
(0.00031)

M
ean

ofdependentvar.
0.0685

N
21,204

O
bservations

are
at

the
substation

by
quarter

level
for

2008-2020.
Sam

ple
is

all
substation-quarters

w
here

a
prior

second
study

interconnection
cost

is
available

(N
=

21,204;
1,014

unique
substations).

D
ependent

variable
is

an
indicator

for
entry

into
the

queue
at

that
substation

in
that

quarter.
C

um
u-

lative
R

TEP
Baseline

Investm
ent>$0.1

m
illion

is
an

indicator
for

ifthe
cum

ulative
am

ountofbaseline
transm

ission
investm

ent
com

pleted
since

2008
and

affecting
that

substation
is

greater
than

$100,000.
C

um
ulative

R
TEP

Supplem
entalInvestm

ent>$0.1
m

illion
is

an
indicator

for
ifthe

cum
ulative

am
ount

ofsupplem
entaltransm

ission
investm

entcom
pleted

since
2008

and
affecting

thatsubstation
is

greater
than

$100,000.C
um

ulative
R

TEP
Investm

ent>$0.1
m

illion
is

an
indicator

for
ifthe

cum
ulative

am
ount

ofeither
type

ofR
TEP

investm
entsince

the
lastconnecting

generator
atthe

substation
w

as
com

pleted
is

greater
than

$100,000.
Voltage>230kV

is
an

indicator
for

if
the

voltage
of

the
substation

is
greater

than
230

kV.LM
P

is
a

quarterly
average

ofthe
nearestlocationalm

arginalprice
atpeak

hours
in

2020
$/M

W
h.

R
egression

includes
state-year-quarter

fixed
effects.

SE
in

parentheses,clustered
by

substa-
tion.



Figure
B.1:M
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Study

2
C

osts
and

Entry
in

Each
Transm
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w
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The
bar

graph
(lefty−

axis)show
s

the
num

ber
ofentrants

in
a

transm
ission

ow
ner

territory
by

year,and
the

red
line

(righty−
axis)show

s
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average
study

2
costs

for
studies

issued
in

thatterritory
by

year.
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Y-axis
is

new
capacity

added
relative

to
the

status
quo.

X
-axis

is
the

increase
in

fees
for

the
second

and
third

studies
(w

e
assum

e
both

are
increased

by
the

sam
e

am
ount).

The
solid

line
show

s
the

change
in

total
generation

capacity,the
dotted

line
show

s
the

change
in

renew
able

generation
capacity.
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Y-axis
is

new
capacity

added
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the

status
quo.

X
-axis
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totalcostof
the

subsidy.The
solid

line
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s
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change
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totalgeneration
capacity,w
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dotted
line

show
s
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change
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renew

able
generation

capacity.From
leftto

right,the
points

on
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line
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subsidies
for

interconnection
costs

of10%
,20%

,...,100%
.
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Figure
E.2:W
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als

R
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Study

A
rrival

N
um

ber
of

generators
w
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the
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Table
E.1:FullSum

m
ary

Statistics

Study
1

Study
2

Study
3

M
ean

Std.D
ev.

M
ean

Std.D
ev.

M
ean

Std.D
ev.

C
ostper

M
W

0.12
0.40

0.18
0.48

0.11
0.18

...≤
0.01m

0.41
0.49

0.27
0.44

0.16
0.37

...(0.01m
,0.05m

]
0.20

0.40
0.21

0.41
0.31

0.46
...(0.05m

,0.1m
]

0.14
0.35

0.17
0.38

0.22
0.42

...
>

0.1m
0.25

0.43
0.35

0.48
0.30

0.46
W

aittim
e

(m
os.)

5.3
2.8

12.9
11.6

18.9
13.1

Size
in

M
W

97
196

105
190

161
273

...≤
10

0.28
0.45

0.17
0.37

0.09
0.29

...10-20
0.26

0.44
0.27

0.44
0.24

0.43
...20-100

0.24
0.43

0.32
0.47

0.35
0.48

...100-500
0.17

0.38
0.19

0.40
0.22

0.42
...

>
500

0.05
0.21

0.05
0.21

0.10
0.30

U
prate

0.21
0.41

0.23
0.42

0.16
0.37

R
evision

0.04
0.20

0.19
0.39

0.18
0.39

R
equested

energy
in

M
W

97
196

104
191

160
273

R
equested

capacity
in

M
W

66
173

68
164

120
257

Solar
0.60

0.49
0.60

0.49
0.59

0.49
N

aturalG
as

0.17
0.37

0.16
0.36

0.22
0.42

W
ind

0.09
0.29

0.10
0.30

0.12
0.32

Battery
0.10

0.30
0.10

0.30
0.04

0.19
C

oal,oil,diesel
0.02

0.13
0.01

0.12
0.01

0.08
O

ther
0.03

0.18
0.03

0.17
0.03

0.17
C

ostsharing
0.04

0.19
0.59

0.49
0.59

0.49
Study

1
costsharing

0.41
0.49

0.48
0.50

0.45
0.50

R
eceive

engr.tests
0.81

0.39
0.88

0.32
0.04

0.20
D

istance
to

substation
(km

)
4.77

13.92
4.44

11.73
4.45

12.35
Build

new
substation

0.22
0.41

0.27
0.44

0.46
0.50

O
rdinance

0.28
0.45

0.30
0.46

0.29
0.46

Prior
R

T
EP

Investm
ent(0m

,60m
]

0.37
0.48

0.37
0.48

0.37
0.48

Prior
R

T
EP

Investm
ent

>
60m

0.15
0.36

0.16
0.37

0.21
0.41

N
4,138

2,472
692

G
enerators

entering
the

queue
in

2008-2020.
C

osts
in

m
illions

of
2020

dollars.
C

ost
per

M
W

is
in-

terconnection
cost

estim
ate

divided
by

the
generator’s

size
in

M
W

.W
ait

tim
e

for
Study

1
is

w
ait

in
m

onths
for

the
firststudy

after
joining

the
queue.W

aittim
e

for
Study

2
is

w
aitin

m
onths

for
second

study
after

receiving
the

first
study.

W
ait

tim
e

for
Study

3
is

sim
ilarly

defined.
Size

in
M

W
is

our
m

easure
of

size
w

hich
is

the
m

axim
um

of
the

requested
energy

and
requested

capacity.
U

prate
is

an
indicator

for
a

capacity
increase

to
an

existing
generator.

R
evision

is
an

indicator
for

if
the

study
w

as
revised.

R
equested

energy
in

M
W

is
the

associated
energy

resource
for

the
interconnection

re-
quest.R

equested
capacity

in
M

W
is

the
associated

capacity
resource

for
the

interconnection
request;

allcapacity
resources

m
ustparticipate

in
PJM

’s
capacity

auction.C
ostsharing

is
an

indicator
for

ifa
generator

shares
costs

w
ith

other
generators.Study

1
costsharing

is
an

indicator
for

ifthe
firststudy

m
entions

shared
netw

ork
upgrade

costs.R
eceive

engr.tests
is

an
indicator

for
receiving

any
ofthree

engineering
tests:

generator
deliverability,

m
ultiple

facility
contingency,

and
short

circuit
analysis.

D
istance

to
substation

is
the

distance
to

the
nearestsubstation

in
km

.O
rdinance

is
an

indicator
for

a
localordinance

restricting
renew

able
energy

developm
ent.Prior

R
TEP

Investm
entis

R
TEP

transm
is-

sion
investm

entm
ade

w
ithin

18
m

onths
ofthe

issue
date

ofa
focalprojectand

located
w

ithin
10km

ofit.



Table
E.2:Predictors

ofInterconnection
C

osts

IH
S

C
ost

Low
Study

C
ost

(1)
(2)

ProjectSize
Bin

1
(10M

W
,20M

W
]

-0.049**
0.009

(0.025)
(0.027)

ProjectSize
Bin

2
(20M

W
,100M

W
]

-0.020
-0.134***

(0.026)
(0.027)

ProjectSize
Bin

3
(100M

W
,500M

W
]

-0.028
-0.168***

(0.027)
(0.030)

ProjectSize
Bin

4
>

500M
W

-0.056*
-0.210***

(0.030)
(0.051)

D
istance

To
Substation:

0.003
-0.007

(0.004)
(0.005)

O
rdinance

0.029
-0.043*

(0.019)
(0.022)

U
prate

-0.055***
0.494***

(0.021)
(0.029)

Fuel-N
aturalG

as
-0.044

0.104
(0.053)

(0.078)
Fuel-Solar

-0.026
-0.122

(0.054)
(0.080)

Fuel-W
ind

-0.031
-0.034

(0.060)
(0.084)

Fuel-Storage
-0.028

-0.051
(0.055)

(0.081)
Fuel-O

ther
-0.032

0.129
(0.063)

(0.098)
Prior

R
T

EP
Investm

ent(0m
,60m

]
-0.012

0.035**
(0.015)

(0.017)
Prior

R
T

EP
Investm

ent
>

60m
-0.015

0.056**
(0.022)

(0.026)

O
bservations

2,432
2,432

R
-Squared

0.122
0.421

Projects
queuing

from
2008-2020.SEs

in
parentheses;clustered

by
sub-

station.In
colum

n
(1),D

ep.var.is
the

inverse
hyperbolic

sine
transfor-

m
ation

ofStudy
2

interconnection
costestim

ate
(m

ean
0.14).In

colum
n

(2),D
ep.var.is

indicator
for

Study
2

costestim
ate

less
than

0.01m
/M

W
(m

ean
0.27).Prior

R
TEP

Investm
ents

is
m

easured
as

investm
ents

m
ade

w
ithin

18
m

onths
ofthe

issue
date

ofa
focalprojectand

located
w

ithin
10km

of
it.

C
ontrols

for
state,the

year
of

queue
entry

and
the

year
the

study
is

issued.
∗

p
<

0.1, ∗∗
p
<

0.05, ∗∗∗
p
<

0.01



Table
E.3:W

ithdraw
alR

egressions
w

ith
A

lternative
C

ostM
easures

Study
1

Study
2

Study
3

O
LS

O
LS

O
LS

IV
IV

O
LS

IV

A
.C

ontinuous
M

easure

IH
S

cost
0.290***

0.290***
0.347***

0.350***
0.290***

0.457**
0.092

(0.054)
(0.054)

(0.057)
(0.074)

(0.072)
(0.179)

(0.427)

B.C
ostbin

specification

Low
cost

-0.042
-0.043*

-0.046
0.023

(0.025)
(0.025)

(0.050)
(0.076)

M
id

cost
-0.011

-0.010
-0.046

0.110
(0.027)

(0.027)
(0.052)

(0.086)
H

igh
cost

0.107***
0.106***

0.198***
0.174**

(0.027)
(0.027)

(0.046)
(0.083)

Study
1

shared
X

X
M

ean
dep.var.

0.28
0.28

0.43
0.43

0.43
0.43

0.43
Firststage

F
215

195
12

N
3,191

3,191
1,269

1,269
1,269

345
309

G
enerators

queuing
from

2011-2020;generators
stillactive

excluded.SEs
in

parentheses;clus-
tered

by
substation.D

ep.var.are
indicators

for
projects

w
ithdraw

ing
from

the
queue

before
receiving

the
next

study
or

before
beginning

operation
for

generators
w

ith
their

finalstudy.
IH

S
costis

the
inverse

hyperbolic
sine

transform
ation

ofthe
study’s

interconnection
costes-

tim
ate.

IV
results

instrum
ent

for
the

IH
S

of
cost

using
the

change
in

the
IH

S
of

cost
across

studies.Low
costbin

indicates
an

interconnection
costbetw

een
0.01

and
0.05

m
illion

dollars
per

M
W

.M
id

costbin
indicates

an
interconnection

costbetw
een

0.05
and

0.1
m

illion
dollars

per
M

W
.H

igh
cost

bin
is

a
cost

greater
than

0.1
m

illion
dollars

per
M

W
.Study

1
shared

in-
dicates

if
the

regression
includes

tw
o

variables
from

Study
1:

an
indicator

for
if

the
study

m
entions

shared
netw

ork
upgrade

costs
and

the
log

ofthe
totalcosts

to
be

shared.
A

llspec-
ifications

controlfor
size

(5
bins),fueltype,state,uprate,and

FE
for

the
year

ofqueue
entry

and
the

year
the

study
is

issued.
∗

p
<

0.1, ∗∗
p
<

0.05, ∗∗∗
p
<

0.01.



Table
E.4:W

ithdraw
alR

egressions
w

ith
A

lternative
C

ontrols

Study
1

Study
2

Study
3

O
LS

O
LS

O
LS

IV
IV

O
LS

IV

A
.O

riginalspecification

H
igh

cost
0.123***

0.123***
0.231***

0.293***
0.241***

0.113*
0.074

(0.022)
(0.022)

(0.031)
(0.054)

(0.057)
(0.063)

(0.117)

Study
1

shared
X

X

M
ean

dep.var.
0.28

0.28
0.43

0.43
0.43

0.55
0.55

Firststage
F

972
808

202
N

3,191
3,191

1,269
1,269

1,269
345

345

B.Including
perm

itting
controls

H
igh

cost
0.123***

0.123***
0.230***

0.293***
0.241***

0.115*
0.074

(0.022)
(0.022)

(0.031)
(0.054)

(0.057)
(0.064)

(0.118)

Study
1

shared
X

X

M
ean

dep.var.
0.28

0.28
0.43

0.43
0.43

0.55
0.55

Firststage
F

948
788

199
N

3,191
3,191

1,269
1,269

1,269
345

345

A
.Including

substation
FE

H
igh

cost
0.108***

0.107***
0.275***

0.267***
0.246***

0.255*
0.347*

(0.031)
(0.031)

(0.049)
(0.072)

(0.075)
(0.134)

(0.176)

Study
1

shared
X

X

M
ean

dep.var.
0.26

0.26
0.41

0.41
0.41

0.43
0.43

Firststage
F

365
326

18
N

2,413
2,413

759
759

759
138

138

G
enerators

queuing
from

2011-2020;generators
stillactive

excluded.PanelC
.excludes

gener-
ators

thatw
ere

the
only

generator
connecting

atthatsubstation.SEs
in

parentheses;clustered
by

substation.
D

ep.
var.

are
indicators

for
projects

w
ithdraw

ing
from

the
queue

before
re-

ceiving
the

next
study

or
before

beginning
operation

for
generators

w
ith

their
final

study.
Perm

itting
controls

are
tw

o
variables:

the
log

of
the

distance
from

the
generator

location
to

the
nearest

substation
in

kilom
eters

and
w

hether
the

county
had

an
ordinance

restricting
renew

able
energy

developm
ent.Study

1
shared

indicates
ifthe

regression
includes

tw
o

vari-
ables

from
Study

1:an
indicator

for
ifthe

study
m

entions
shared

netw
ork

upgrade
costs

and
the

log
of

the
total

costs
to

be
shared.

A
ll

specifications
control

for
size

(5
bins),fuel

type,
uprate,and

FE
for

the
year

ofqueue
entry

and
the

year
the

study
is

issued.Panels
A

.and
B.

include
state

FE;PanelC
.include

substation
FE. ∗

p
<

0.1, ∗∗
p
<

0.05, ∗∗∗
p
<

0.01.



Table
E.5:R

obustness
for

Effectofa
C

ostly
Prior

Interconnection
on

the
Probability

ofLow
C

ost

Threshold
for

N
earby

Interconnections
Sam

e
substation

and
<

10km
Sam

e
substation

<
10km

<
20km

<
50km

(1)
(2)

(3)
(4)

(5)
(6)

(7)
(8)

(9)
(10)

A
.Totalcost

>
$1m

C
ostly

prior
interconnection

0.015
0.095

-0.046
0.063

0.052
0.065

-0.015
0.059

-0.020
0.009

(0.048)
(0.062)

(0.035)
(0.051)

(0.032)
(0.045)

(0.034)
(0.050)

(0.042)
(0.052)

Substation
FE

X
X

X
X

X

B.Totalcost
>

90
th

percentile

C
ostly

prior
interconnection

-0.003
0.132

-0.056
0.045

0.054
0.052

-0.040
0.064

-0.036
-0.005

(0.072)
(0.100)

(0.052)
(0.060)

(0.044)
(0.074)

(0.055)
(0.073)

(0.059)
(0.107)

Substation
FE

X
X

X
X

X

C
.C

ost/M
W

>
$0.1m

C
ostly

prior
interconnection

-0.011
0.080

-0.029
0.116

0.036
0.063

-0.007
0.006

0.012
0.007

(0.076)
(0.111)

(0.055)
(0.084)

(0.037)
(0.053)

(0.039)
(0.052)

(0.036)
(0.046)

Substation
FE

X
X

X
X

X

D
.C

ost/M
W

>
90

th
percentile

C
ostly

prior
interconnection

-0.056
0.018

-0.026
0.097

0.006
0.090

-0.038
0.047

-0.001
-0.000

(0.092)
(0.139)

(0.065)
(0.090)

(0.050)
(0.084)

(0.074)
(0.108)

(0.078)
(0.110)

Substation
FE

X
X

X
X

X

N
1,597

1,597
1,597

1,597
1,597

1,597
1,597

1,597
1,597

1,597

Projects
queuing

from
2011-2020.

SEs
in

parentheses;
clustered

by
substation.

D
ep.

var.
is

an
indicator

for
Study

2
cost

estim
ate

less
than

0.01
m

/M
W

(m
ean

0.31).
C

ostly
prior

interconnection
is

an
indicator

for
if

the
m

ost
recent

nearby
interconnection

w
as

costly.
Each

estim
ate

corresponds
to

a
separate

regression
w

ith
row

s
corresponding

to
different

thresholds
for

costly
and

colum
ns

to
different

definitions
ofnearby.The

90
th

percentile
for

the
costofprior

interconnection
are

7.0,8.6,7.1,7.2,and
9.4

m
illion

dollars
for

totalcostand
0.15,0.13,0.18,0.15,and

0.14
m

illion
dollars

for
cost

per
M

W
.A

llspecifications
controlfor

w
hether

there
w

as
no

prior
interconnection

nearby,w
hether

the
generator

is
an

uprate,size
(5

bins),fueltype,state,and
FE

for
the

year
of

queue
entry

and
the

year
the

study
is

issued.
∗

p
<

0.1, ∗∗
p
<

0.05, ∗∗∗
p
<

0.01.



Table
E.6:Top

15
D

evelopers
and

Selective
C

om
pletion

D
eveloper

N
o.of

generators
C

ohorts
w

ith
a

generator
A

vg.gen.
per

cohort
C

ohorts,
excl.active

Frac.allor
0

com
pleted

Invenergy
79

18
4.4

8
0.75

PSEG
53

17
3.1

17
0.53

C
om

m
unity

Energy
52

17
3.1

11
0.64

D
om

inion
49

19
2.6

16
0.81

LS
39

18
2.2

12
0.83

ED
F

30
12

2.5
6

0.83
A

pex
28

13
2.2

6
0.67

N
extEra

27
11

2.5
5

1
SunEnergy1

27
9

3
5

0.4
U

rban
G

rid
27

6
4.5

0
-

EffiSolar
26

5
5.2

5
0.6

ED
P

25
13

1.9
9

0.78
IM

G
24

8
3

8
0.63

A
EP

23
11

2.1
10

0.9
Exelon

20
10

2
9

0.89

Sum
m

ary
statistics

for
the

top
15

developers
in

our
sam

ple
by

num
ber

ofgenerators.C
ohorts

w
ith

a
generator

is
the

num
ber

of
queue

entry
cohorts

(out
of

33)
that

the
developer

has
a

generator
in.

C
ohorts,excl.

active
is

the
sam

e
but

excludes
cohorts

w
here,

as
of

A
ugust

2023,
at

least
one

of
the

developer’s
generators

is
still

active,
i.e.,

it
has

neither
begun

operation
or

w
ithdraw

n.Frac.allor
0

com
pleted

is
the

m
ean

ofa
developer-cohortlevelindicator

for
ifeither

allor
none

ofthe
generators

in
thatcohortw

ere
com

pleted;this
m

ean
is

taken
across

cohorts
w

ithoutactive
generators.



Table
E.7:Sum

m
ary

Statistics:Entry
and

Prior
C

om
pletions

Sam
e

substation
<

10km
<

50km

M
ean

Std.D
ev.

M
ean

Std.D
ev.

M
ean

Std.D
ev.

Prior
Interconnection

0.084
0.278

0.304
0.460

0.807
0.395

C
ostly

Prior
Interconnection

0.015
0.121

0.054
0.227

0.108
0.310

C
um

ulative
R

T
EP

Baseline
Investm

ent>
$0.1

m
illion

0.307
0.461

0.307
0.461

0.307
0.461

C
um

ulative
R

TEP
Supplem

entalInvestm
ent>

$0.1
m

illion
0.198

0.399
0.198

0.399
0.198

0.399
C

um
ulative

R
TEP

Since
M

ostR
ecently

C
om

pleted
G

enerator>
$0.1

m
illion

0.368
0.482

0.368
0.482

0.368
0.482

Voltage>
230kV

0.334
0.472

0.334
0.472

0.334
0.472

Prior
Interconnection

×
Voltage>

230kV
0.042

0.201
0.140

0.347
0.292

0.454
LM

P
($/M

W
h)

35.804
10.643

35.804
10.643

35.804
10.643

Entry
0.043

0.203
0.043

0.203
0.043

0.203

Prior
Interconnection

indicates
w

hether
there

is
a

prior
projectcom

pleted
atthatsubstation

before
thatquarter.C

ostly
Prior

Interconnection
indicates

w
hether

the
m

ostrecently
com

pleted
projecthas

a
cost

>
$0.1

m
illion/M

W
.C

um
uative

R
TEP

Baseline
Investm

ent>
$0.1

m
illion

is
an

indicator
for

if
the

cum
ulative

am
ountof

baseline
transm

ission
investm

entcom
pleted

since
2008

and
affecting

thatsubstation
is

greater
than

$100,000.
C

um
ulative

R
TEP

Supplem
entalInvestm

ent>
$0.1

m
illion

is
an

indicator
for

ifthe
cum

ulative
am

ountofsupplem
entaltransm

ission
investm

entcom
pleted

since
2008

and
affecting

that
substation

is
greater

than
$100,000.

C
um

ulative
R

TEP
Investm

ent>
$0.1

m
illion

is
an

indicator
for

if
the

cum
ulative

am
ount

of
either

type
of

R
TEP

investm
ent

since
the

last
connecting

generator
at

the
substation

w
as

com
pleted

is
greater

than
$100,000.

Voltage>
230kV

is
an

indicator
for

if
the

voltage
of

the
substation

is
greater

than
230

kV.
Prior

Interconnection
×

Voltage
>

230kV
is

the
interaction

term
betw

een
Prior

Interconnection
and

Voltage
>

230kV.LM
P

is
a

quarterly
average

ofthe
nearestlocationalm

arginalprice
atpeak

hours
in

2020
($/M

W
h).

The
regression

includes
state-year-quarter

fixed
effects.Standard

errors
are

in
parentheses

and
clustered

by
substation.Entry

is
an

indicator
ofnew

entry
into

the
queue

atthatsubstation
in

thatquarter.



Table
E.8:Sum

m
ary

Statistics:C
om

pletions
and

LocationalM
arginalPrices

M
ean

Std.D
ev.

A
verage

locationalm
arginalprice

34.759
14.448

C
om

pleted
interconnection

0.219
0.413

...
>

20M
W

0.128
0.334

...
>

50M
W

0.087
0.282

...
>

100M
W

0.067
0.250

C
om

pleted
renew

able
interconnection

0.103
0.304

...
>

20M
W

0.043
0.203

...
>

50M
W

0.028
0.166

...
>

100M
W

0.020
0.141

O
bservations

are
atthe

substation
by

m
onth-year

levelfor
2016-2020.The

sam
ple

includes
all

substations
that

have
ever

had
a

prior
interconnec-

tion
request.

A
verage

locationalm
arginalprice

is
m

easured
during

peak
hours.

C
om

pleted
interconnection

is
an

indicator
of

com
pleted

intercon-
nections

that
change

the
com

pleted
capacity

at
the

sam
e

substation.
W

e
also

include
indicators

for
com

pleted
interconnections

thatchange
the

ca-
pacity

by
m

ore
than

20M
W

,50M
W

,and
100M

W
.C

om
pleted

renew
able

interconnection
is

an
indicator

of
com

pleted
renew

able
interconnections

thatchange
the

com
pleted

capacity
atthe

sam
e

substation.
Sim

ilarly,w
e

include
indicators

forrenew
able

interconnections
thatchange

the
capacity

by
m

ore
than

20M
W

,50M
W

,and
100M

W
.

Table
E.12:N

ew
Study

A
rrivalProbitM

odel:A
dditionalEstim

ates
(1)Baseline

(2)Large
G

enerators
(3)M

ore
C

ovariates

LastStudy
C

ost($M
illion/M

W
)

0.01-0.05
0.11

0.11
0.12

(0.04)
(0.04)

(0.04)
0.05-0.20

0.05
0.06

0.07
(0.04)

(0.04)
(0.04)

>0.20
-0.01

-0.00
-0.02

(0.05)
(0.05)

(0.06)
H

as
Tests

(z test)
-0.12

-0.12
-0.13

(0.04)
(0.04)

(0.04)
C

ostSharing
(z cost-sharing)

0.04
0.03

0.01
(0.05)

(0.05)
(0.05)

ln
#

Projects
in

the
Q

ueue
<10km

0.00
(0.02)

<100km
0.11

(0.04)
Sam

e
TO

-0.03
-0.03

-0.03
(0.02)

(0.02)
(0.02)

W
ithdraw

n
in

the
Past2

Q
uarters,<100km

-0.04
(0.04)

W
ithdraw

n
in

the
Past2

Q
uarters,Sam

e
TO

-0.02
(0.01)

G
enerator

iW
aiting

for
Third

Study
×

ln
#

Projects
in

the
Q

ueue×
Sam

e
TO

-0.14
-0.13

-0.13
(0.03)

(0.03)
(0.04)

W
ithdraw

n
in

the
Past2

Q
uarters,<100km

-0.08
(0.07)

W
ithdraw

n
in

the
Past2

Q
uarters,Sam

e
TO

-0.00
(0.01)

W
ind/Solar

-0.04
-0.04

0.35
(0.04)

(0.04)
(0.11)

W
ind/Solar×

Entry
Year

2013-2015
0.52

(0.17)
2016-2018

0.31
(0.20)

>2018
0.17

(0.23)
W

ind/Solar×
Year

>2013-2015
-0.60
(0.16)

>2016-2018
-0.51
(0.20)

>2018
0.06

0.07
-0.42

(0.05)
(0.05)

(0.23)
W

ind/Solar×
C

apacity
(M

W
)

10-20
-0.23
(0.10)

20-100
-0.19
(0.10)

100-500
-0.12
(0.11)

>500
-0.35
(0.16)

C
apacity

(M
W

)
10-20

0.21
(0.08)

20-100
0.13

(0.08)
100-500

-0.73
-0.73

-0.53
(0.08)

(0.08)
(0.12)

>500
-0.63

-0.64
-0.34

(0.10)
(0.10)

(0.13)
C

apacity>100×
Entry

Year
>2013-2015

-0.02
(0.16)

>2016-2018
-0.16
(0.19)

>2018
-0.34
(0.21)

C
apacity>100×

Year
>2013-2015

0.65
0.64

0.60
(0.10)

(0.10)
(0.15)

>2016-2018
0.60

0.60
0.66

(0.10)
(0.10)

(0.20)
>2018

0.52
0.52

0.70
(0.09)

(0.09)
(0.22)

W
e

additionally
include

entry
year

fixed
effects,

year
fixed

effects,
num

ber
of

quarters
in

the
queue

fixed
effects

and
their

interactions
w

ith
w

hether
the

generator
is

w
aiting

for
its

third
study,state

fixed
effects,indicators

for
w

hether
the

generator
is

an
uprate,w

aiting
for

its
third

study,and
study

1
indicates

the
generator

m
ightlater

share
costs

w
ith

others.



Table
E.9:PJM

D
ecisions (p

final
t

,p
test
t

,p
cluster
t

)
and

Study
1

C
ostD

istribution
H

1

Probit
O

rdered
Probit

Study
2

is
Final

Test
C

ostSharing
Study

1
C

ost

LastStudy
C

ost($M
illion/M

W
)

0.01-0.05
-0.47

-0.09
0.32

(0.11)
(0.27)

(0.09)
0.05-0.20

-0.84
-0.12

0.31
(0.11)

(0.30)
(0.09)

>0.20
-1.43

-0.13
-0.28

(0.15)
(0.30)

(0.14)
C

apacity
(M

W
)

10-20
-0.64

0.63
0.35

-0.34
(0.10)

(0.21)
(0.11)

(0.04)
20-100

-1.26
0.35

0.70
-0.12

(0.13)
(0.24)

(0.12)
(0.05)

>100
-2.03

0.90
0.85

-0.17
(0.15)

(0.31)
(0.13)

(0.05)
R

enew
able

-0.16
0.94

-0.23
0.81

(0.09)
(0.26)

(0.08)
(0.04)

ln
TotalM

W
in

the
Q

ueue

W
ithdraw

n
in

the
Past2

Q
uarters,<100km

-0.09
0.04

0.01
0.03

(0.01)
(0.02)

(0.01)
(0.00)

W
ithdraw

n
in

the
Past2

Q
uarters,Sam

e
TO

-0.15
-0.00

-0.00
0.04

(0.01)
(0.03)

(0.01)
(0.01)

W
e

additionally
controlfor
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