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We analyze the design of policies to motivate an electric utility to employ its superior knowl-
edge of industry conditions to: (i) choose between a traditional expansion of transmission
capacity and storage as a transmission asset (SATA); and (ii) deploy SATA to either substi-
tute for transmission service or supply electricity in wholesale markets. The optimal policy
differs considerably from policies under active consideration, in part by paying the utility
relatively little for implementing SATA. The utility often commands substantial rent from
its privileged knowledge of the cost of installing and integrating SATA. However, the utility
typically secures little additional rent from its superior knowledge of the likelihood of local
network congestion.
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1 Introduction

Local transmission congestion can occur on an electricity network when electricity de-
mand at a specific location exceeds the amount of electricity that can be delivered to the
location over existing transmission facilities. Historically, transmission capacity expansion
(TCE) has been the primary means to relieve network congestion. Today, alternative reme-
dies are available. In particular, electricity can be stored near the point of potential conges-
tion and released to serve unusually high demand for electricity when it arises. Such use of
stored electricity can avoid local congestion without having to expand the capacity of the
existing transmission network.!

Electricity storage as a transmission asset (SATA) has become economical in recent years
because of sharply declining battery costs. On average, the cost of lithium-ion batteries has
declined by 23% annually between 2010 and 2015 (Ardani et al., 2017). These declining
costs have led several U.S. states to set ambitious targets for SATA adoption. For example,
California, New York, and New Jersey seek to implement 1,300 MW, 1,500 MW, and 2,000
MW of SATA, respectively, by 2030.

SATA offers an additional benefit relative to TCE. If unusually high local demand for
electricity ultimately does not arise, the stored electricity can be sold in wholesale electricity
or ancillary services markets. The sale of electricity can generate revenue for the SATA owner,
and may provide additional social benefits by, for example, reducing the wholesale price of
electricity. SATA is thus a “hybrid” resource that can both substitute for transmission
services and supply market services. The hybrid nature of SATA raises regulatory issues
regarding appropriate utility compensation for SATA and the rules and conditions under

which SATA can participate in energy markets (Bhatnagar et al., 2013).

! Electricity storage can also provide distribution-level benefits. It can do so by helping to avoid local outages,
for example. Battery storage can also help to balance the flow of electricity from intermittent renewable
energy sources. Brattle (2015), Chang et al. (2015), and Hledik et al. (2018) review the many potential uses
for and benefits of stored electricity. For expositional ease, the ensuing discussion focuses on the benefits
derived from avoiding local transmission congestion. However, the analysis applies more broadly.

2California Public Utility Commission (2013); New York Public Service Commission (2018); New Jersey
Legislature (2018).



In February 2018, the Federal Energy Regulatory Commission (FERC) issued Order
841, which requires Regional Transmission Organizations (RTOs) and Independent System
Operators (ISOs) to establish rules that facilitate the participation of storage resources in
energy markets (FERC, 2018). Appropriate design of these rules entails many important
challenges, including: (i) determining when SATA must provide transmission services and
when it can participate in real-time markets; (ii) motivating utilities to employ SATA to
participate in these markets when appropriate, without promoting double recovery of asset
costs; and (iii) limiting any undesirable effects of market participation by assets whose costs
are reimbursed in part according to cost-of-service principles (California ISO, 2018a, 2018b;
FERC, 2017).

We are not aware of any formal analysis of the optimal design of policies to motivate the
appropriate choice between TCE and SATA and the subsequent SATA deployment. This
research provides such an analysis. We analyze this optimal design in settings where the
regulated utility has privileged knowledge of the likelihood of local transmission congestion
and the cost of acquiring, installing, and integrating SATA. We consider policies that entail
elements of the plans under active consideration in California (CAISO, 2018a,b), which
share many features with plans under study in other jurisdictions (Brooks, 2018). We allow
the regulator to specify a fixed payment to the utility (Ps) if it implements SATA and a
corresponding payment (Pr) if it implements TCE. The regulator can also set the fraction
(f €10,1]) of the revenue SATA generates in supplying market services that accrues to the
utility.® In addition, the regulator can specify a critical day-ahead congestion probability
(s € [0,1]) above which SATA must stand by to supply any transmission services that

might be needed the following day.*

3CAISO (2018b, p. 17) envisions three variants of this policy. Under the full cost-of-service variant, Ps is
effectively set equal to the difference between the fixed cost of SATA (Kg) and the revenue (R) the utility
generates by supplying market services. Under the partial cost-of-service variant, Pg is set at a fixed level
below Kg, and f is set above 0. Under the full cost-of-service plus revenue sharing variant, Pg is set equal
to Kg and f is set above 0.

4CAISO (2018b, p. 29) envisions forecasting the local demand and supply of electricity one day in advance.
Then, “[if] the load forecast for the local area ... exceeds the level identified as a reliability concern,
considering the import capability and capacity resource availability in the local load pocket areas, the
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We find that the optimal regulatory policy entails a relatively small fixed payment for
implementing SATA (Ps). The small payment limits the rent the utility commands from
its superior knowledge of SATA costs. However, the small payment sometimes induces the
utility to implement TCE even though SATA would generate a higher level of expected

> The optimal policy also typically distorts SATA assignment. For instance, the

welfare.
critical congestion probability (5) often is set above its efficient level, so SATA is permitted
to participate in real-time markets even though expected welfare would be higher if SATA
were assigned to provide transmission services. The increased deployment of SATA to supply
market services, coupled with revenue sharing (f > 0), can render SATA implementation
particularly profitable for the utility when (and only when) it knows that local congestion is
relatively unlikely. Thus, the optimal distortion in SATA deployment helps to motivate the
utility to employ its superior knowledge of congestion probabilities to implement the socially
optimal choice between SATA and TCE.

Despite the regulator’s best efforts to limit the utility’s rent (in order to secure lower
electricity prices for consumers), the utility often secures substantial rent from its privileged
knowledge of the cost of installing and integrating SATA. However, the utility typically
secures little additional rent from its superior knowledge of the likelihood of local network
congestion. The limited additional rent reflects in part the fact that day-ahead congestion
probabilities are ultimately observed publicly, which limits the utility’s ability to misrepresent
its superior ex ante knowledge of the prevailing congestion probability. This finding suggests
that regulators often may be better served by improving their knowledge of SATA costs than
by improving their understanding of local congestion probabilities.

We also find that the optimal policy can differ significantly from the policies presently
under active consideration. Furthermore, implementation of the optimal policy can secure

substantial gains for consumers relative to the policies under consideration. Consequently,

SATA resource(s) in the local area will be designated as a transmission asset the following day.”

® Pr is set equal to the (known) cost of TCE under the optimal policy.



further study of potential policy options may be constructive.

We develop these findings and others as follows. Section 2 explains the key elements
of our formal model. Section 3 analyzes the optimal procurement policy in three bench-
mark settings. Section 4 presents our primary findings.® Section 5 concludes and identifies

directions for future research.

2 Model Elements

We consider a setting where unusually high demand for electricity may occur at a given
location on an electricity network. If the unusually high demand arises, it exceeds the
amount of electricity that can be imported from other locations over the existing transmission
facilities. The resulting network congestion imposes an expected loss of L > 0 on electricity
consumers. This loss may stem from personal inconvenience or foregone or compromised
commercial transactions, for example.

As explained in the Introduction, local market congestion can be avoided by TCE or
SATA. TCE serves only to eliminate transmission congestion in our model. SATA can be
employed either to mitigate congestion or to perform other welfare-enhancing activities, such
as selling stored electricity in wholesale markets. However, because the SATA battery cannot
be recharged instantaneously, it cannot provide transmission services (i.e., be prepared to
meet an unusually high local demand for electricity) in the same period (e.g., in the same
day) that it provides market services (i.e., supplies electricity in a wholesale market). Conse-
quently, a decision must be made at the start of each period whether SATA will be deployed
to provide transmission services or market services.

This decision is influenced by the realization of a public signal s € [0, 1], which reflects
the probability that the unusually high local demand for electricity will arise in the coming
period. In practice, this signal might reflect day-ahead projections of electricity demand that
are delivered to an independent system operator. When projected demand is low relative to

existing transmission capacity, the probability of congestion (s) will be small, so SATA may

6The Appendix provides the proofs of all formal findings.



optimally be assigned to supply market services. In contrast, when projected demand is close
to or in excess of transmission capacity, s will be relatively high, so SATA may optimally be
assigned to supply transmission services.’

The optimal choice between TCE and SATA depends in part on the relative costs of the
two assets. K > 0 will denote the cost of TCE. This cost is known to both the regulator and
the utility. In contrast, given the relative novelty of using storage to mitigate local congestion,
the utility is assumed to be better informed than the regulator about the fixed cost of SATA.
This cost includes the cost of acquiring the physical asset (including the battery), the cost of
maintaining the asset, and the various costs associated with fully integrating the asset into
network operations and ensuring its smooth, reliable functioning.® We assume the utility

knows this fixed cost of SATA, Kg € [ K S,KS]. The regulator’s beliefs about Kg are

captured by the distribution function G(Kg) and corresponding density function g(Kg). In

standard fashion, we assume ﬁ (f((ffs;) > 0 for all Kg € [K S,FS}. This assumption is

satisfied for many common distributions, including the uniform and normal distributions.’

Unlike TCE, SATA also entails a variable cost of operation. v > 0 will denote the
variable cost of using SATA to supply market services or to supply the electricity required
to meet unusually high local demand. v includes the cost of recharging the battery after
its discharge and the depreciation cost associated with the discharge and recharge of the
battery. We assume the regulator and the utility both know the magnitude of v.!°

The optimal choice between TCE and SATA also depends on the likelihood that unusually
high local demand for electricity will arise. If the high demand is likely, TCE can be the

most economical means to eliminate the associated congestion. However, if the high demand

"When SATA is assigned to supply transmission services, it discharges its battery and thereby substitutes
for transmission services if and only if the unusually high demand for electricity arises. When SATA is
assigned to supply transmission services, it cannot simultaneously supply market services.

8Sandia (2010) reviews the many facets of this activity.

9See Bagnoli and Bergstrom (2005), for example. This assumption avoids unusual properties of g(-) that can
complicate the characterization of optimal policies in the presence of asymmetric information.

10The presumed symmetric, perfect knowledge of v reflects the fact that battery technologies and depreciation
schedules generally are relatively well known (e.g., Arteaga et al., 2017).



is unlikely, SATA may be the more attractive option because it can generate surplus by
supplying market services when it is not being deployed to provide transmission services.!!
R; > 0 (Ry > 0) will denote the revenue the utility derives from employing SATA to supply
market services if the unusually high demand arises (does not arise). M; > 0 (M, > 0)
will denote the incremental consumer welfare that arises when SATA is employed to supply
market services and the unusually high demand arises (does not arise). This incremental
welfare includes the consumer surplus that arises when an increased supply of electricity
leads to a lower wholesale price of electricity.

We assume the revenue and the incremental consumer welfare that SATA generates are
more pronounced in the presence of the unusually high demand for electricity (hereinafter
“congestion”) than in its absence. (Formally, R; > Ry and M; > M,.) This assumption
reflects the fact that high demand for electricity tends to be associated with both congestion
and high prices for wholesale electricity and ancillary services. We further assume that SATA
supply of market services generates positive surplus, i.e., My + Ry > v. In addition, if con-
gestion arises, expected welfare is higher if SATA has been deployed to provide transmission
services than if it has been deployed to provide market services, i.e., L¢ > M; + R;.!?

The local demand for electricity cannot be predicted perfectly. However, because utilities
often are more knowledgeable than regulators about specific customer needs and network
capabilities, the utility is assumed to be initially better informed than the regulator about
the probability of congestion (s). The prevailing cumulative distribution function of s can be
one of n > 2 distributions, Hy(s), ..., H,(s). These distribution functions are ranked by first-
order stochastic dominance, so the probability of congestion is systematically greater when

H;(s) prevails than when H;(s) prevails for all j > i (i,j € {1,...,n}).!* The utility knows

Sandia (2010) observes that the unusually high demand can arise very infrequently. Consequently, SATA
may be able to deliver market services a large fraction of the time.

Formally, if L¢ > M; + Ry, then —v (welfare when SATA avoids congestion) exceeds M; + Ry — v — L°
(expected welfare when SATA supplies market services and congestion occurs). Observe that M; + Ry —
v— L < My+ Ry —v when Mo+ Ry —v > 0 and L® > M; + R;. Thus, when SATA supplies market
services, expected welfare is lower when congestion occurs than when it does not occur.

BFormally, Hy(s) > ... > H,(s) for all s € (0,1).



the prevailing distribution of s from the outset of its interaction with the regulator. The
regulator knows only that distribution H;(s) prevails with probability ¢,. Unless otherwise
noted, we assume ¢, € (0,1) for each i € {1,...,n}.1

We assume congestion is sufficiently likely and the expected loss from congestion (L)
is sufficiently pronounced that the regulator always induces the utility to implement either
TCE or SATA. The regulator pays the utility Pr if it implements TCE. If it implements
SATA, the utility receives payment Ps from the regulator and the fraction f € [0,1] of the
revenue generated by employing SATA to deliver market services. The remaining fraction
(1— f) of this revenue accrues to consumers (in the form of lower retail charges for electricity,
for example). The regulator also reimburses the utility for v, its variable cost of operating
SATA.' The utility will operate as long as it anticipates nonnegative profit from doing so.

In addition to setting Ps, Pr, and f, the regulator specifies how SATA will be deployed,
depending on the realized public signal. She does so by specifying a critical congestion
probability, 5 € [0, 1], and requiring SATA to supply transmission services when the realized
signal exceeds s, while authorizing the utility to employ SATA to supply market services
when s < 5.

The utility will implement the asset that allows it to secure the highest (nonnegative)
level of expected profit. The utility’s profit when it implements TCE is:

Iy = Pr—Kr. (1)

The utility’s expected profit when it implements SATA and when fixed cost Kg and cumu-

lative distribution function H;(s) prevail is:

Ez{HS(KS)} = PS‘I‘f/(SRl —f—[l—S]Ro)dHi(S)—KS. (2)

Expressions (1) and (2) imply that the utility will implement SATA rather than TCE when

Findings 1 and 2 in Section 3.4 consider a benchmark setting where the regulator and utility both know
that distribution H;(s) prevails, so ¢; = 1 and ¢, = 0 for all j # i (4,5 € {1,...,n}).

15This compensation structure reflects the structure in the proposed California ISO policy (CAISO, 2018a,b).
Alternative compensation structures are discussed below.



distribution H;(s) prevails if:

E{lls(Ks)} > Iy & Ks < Kg

where Kg = KT—PT+PS+f/(sR1 +[1—s] Ry )dH(s). (3)
0

The regulator seeks to maximize expected consumer welfare, which is the difference be-
tween: (i) the sum of the incremental consumer welfare generated when SATA provides
market services and the fraction (1 — f) of the revenue from such activity that is awarded to
consumers; and (ii) the sum of variable SATA costs, payments to the utility, and the losses
that consumers incur when unmitigated congestion arises (because SATA provides market
services). Formally, the regulator’s problem, [RP], is to choose Pr, Ps, f € [0,1], and 5 to:

n
Maximize » ¢, J; (4)

i=1
subject to, for each i = 1,...,n:

Iy > 0 and E;{Ig(Ks)} > 0 forall Kg € [Kg, Kg;], where (5)

Ji = G(I?Si){/(5[M1+(1—f)Rl—Le]+ [1—s][Mo+ (1—f)Ro]— v)dH(s)

_PS—/svdHi(s)}— [1-@(}?&.) Pr. (6)

Expression (6) reflects the fact that when distribution H;(s) prevails, the utility imple-
ments SATA when Kg < K si, whereas it implements TCE when Kg > K 5.7 Furthermore,
SATA is deployed to supply transmission services when s > § and to supply market services
when s < 5. The constraints in expression (5) ensure the utility secures nonnegative ex-
pected profit whether it implements TCE or SATA. V; will denote the maximized value of
i ¢,; Ji at the solution to [RP].

=1

16We follow the standard convention by ensuring that when the utility is indifferent among multiple actions,
it undertakes the action preferred by the regulator.

"We assume Kg; € (Kg,Kg) for each i € {1,...,n} at the solution to [RP]. This will be the case if, for
instance, K ¢ is sufficiently small and K g is sufficiently large relative to Kr.



The interaction between the regulator and the utility proceeds as follows. First, the utility
learns privately the fixed cost of SATA (Kg) and the prevailing distribution of the congestion
probability (H;(s)). Second, the regulator specifies payments to the utility (Pr and Ps), the
extent of revenue sharing (f), and the critical congestion probability (§) that determines
whether SATA is assigned to deliver transmission or market services. Third, the utility
decides whether to implement TCE or SATA. Fourth, the actual congestion probability (s)
is realized and observed publicly. Fifth, if SATA has been implemented, it is assigned to
provide transmission services if s > § whereas it is assigned to supply market services if
s < 5. Finally, if SATA is implemented and s < s, the revenue SATA generates in supplying

market services is realized, and the fraction 1 — f is delivered to consumers.

3 Benchmarks
Before characterizing the optimal regulatory policy in the setting of primary interest, we

briefly explain the optimal policy in four benchmark settings.

3.1 Full Information Setting

First consider the full information setting, in which the regulator shares the utility’s
knowledge of Kg and H;(s) from the outset of their relationship. In this setting, the reg-
ulator dictates the efficient (welfare-maximizing) asset choice and SATA assignment while
eliminating the utility’s rent.

The regulator ensures the efficient SATA assignment by requiring it to supply market
services if and only if the corresponding expected welfare exceeds the expected welfare from

supplying transmission services, i.e.,
S{Ml—Q—Rl—Le]—i‘[l—S][Mo—i—Ro] — v Z S[—U]

M0+R0—U
& < s = 0,1). 7
=0 M0+R0—U+L€—M1—R1 E(’) ()

It is readily verified that:

ds* ds* ds* ds* ds* ds*
<0, — <0, —>0, — >0, — >0 d
e S dw " dR, ~ 0 dMy O dRy, ~ M an

> 0. (8)



Thus, in the full information setting, SATA is deployed to deliver transmission services over
a broader range of s realizations as congestion imposes greater social losses (L¢) and as the
variable cost of SATA operation (v) increases.'® In contrast, SATA is deployed to deliver
market services over a broader range of s realizations when the market services generate
higher levels of revenue (R, R;) and/or incremental consumer welfare (Mo, M;).

The regulator ensures the efficient asset choice in the full information setting by spec-
ifying payments that induce the utility to implement SATA if and only if the associated
expected welfare exceeds the expected welfare from implementing TCE. This is the case
when distribution H;(s) prevails if

Ws(s')—Ks > —Kr & Ks < K¢ = Kp+W§(s*), where (9)

1

We.(3) E/(s[M1+R1—L6]+[1—s][M0+RO]—v)dHi(s)—/svdHi(s) (10)

s

is the aggregate expected welfare (not counting the fixed cost, Kg) SATA generates when
H;(s) prevails, given s. This expected welfare is the difference between: (i) expected revenue
and incremental consumer welfare when SATA provides market services; and (ii) expected
variable SATA costs and expected losses from congestion when SATA provides market ser-
vices. The regulator can ensure the desired utility behavior while eliminating the utility’s

rent by setting:
PT:KT, PSZKs, andf:O. (11)

The payments in expression (11), coupled with reimbursement of variable SATA costs, ensure
the utility always secures exactly zero profit. Because the utility’s profit does not vary with
its asset choice, the utility will implement the asset that maximizes expected welfare, given
Kg and H(s).

The regulator’s expected payoft in the full information setting is:

18Observe that the variable cost is always incurred when SATA supplies market services whereas this cost is
only incurred when congestion arises if SATA is deployed to provide transmission services.

10



*
KSi

V= Yoe| [ 06 - Kslact) - au) K| (1)

=1 Kg

3.2 Setting Where Utility has Private Knowledge of H;(s) Only
Now suppose the regulator knows the fixed cost of SATA (Kg) but does not share the
utility’s private knowledge of H;(s). This form of limited information is not constraining for
the regulator because as long as she knows Kg (and Kr), she can institute the payments
in expression (11).! Doing so ensures the utility receives the same (zero) profit whether it
implements TCE or SATA, so the utility will implement the welfare-maximizing asset choice,
given the prevailing H;(s) distribution. Consequently, the regulator’s expected payoff in this

setting is V.

3.3 Setting with Symmetric Uncertainty about H;(s) Only.

Next suppose the regulator observes K¢ and K before setting Pg, Pr, f, and 3, but
neither she nor the utility knows the prevailing H;(s) distribution. Both parties believe H;(s)
prevails with probability ¢, € (0,1). The regulator can again eliminate the utility’s rent by
setting Pr = Kp, Ps = Kg, and f = 0 in this setting. The regulator will also ensure the
efficient SATA assignment by setting s = s*. In addition, SATA will be implemented if and
only if it generates a higher level of expected welfare than TCE, i.e.,

Z¢iWie(5*)_KS > —Kr < Ks < f?g** = KT+Z¢¢W16(3*)- (13)

i=1 =1

The regulator’s expected payoff in this setting is:?°

Vo= Yoo [ Wi - KsldGks) - [1- GRS [ Ke | (19

19The regulator can also set 5§ = s* to ensure the efficient deployment of SATA.

20V, < V4 in part because l?g* is a constant that does not vary with the prevailing H;(s) distribution. In
contrast, the regulator can choose a different K§, for each i € {1,...,n} to match the prevailing H;(s)
distribution in the full information setting.

11



3.4 Setting Where Utility has Private Knowledge of K¢ Only

Finally suppose the regulator knows the prevailing H;(s) distribution but does not share
the utility’s knowledge of Kg. In this setting, the regulator sets Pg, Pr, f, and § to maximize
J; as specified in expression (6). Finding 1 characterizes the optimal regulatory policy in

this setting.

Finding 1. Suppose ¢, = 1. Then at a solution to [RP]: (i) 5 = s*; (ii) Pr = Ky; (iii)
f=0;and (iv) Ps = [A(Si, where
- G(Ks;
KSi = ng(s*) + KT - <AS) . (15)
9(Ksi)

Expressions (9) and (15) imply that the largest SATA fixed cost (}A(SZ) for which the
utility implements SATA when H;(s) prevails is smaller when the regulator does not know
K than when she knows K. Thus, asymmetric information about Kg leads the regulator
to promise the utility relatively modest compensation for implementing SATA.?! The modest
compensation helps to limit the utility’s rent when Kg is low. However, the relatively low
compensation sometimes induces the utility to implement TCE even when expected welfare
would be higher if SATA were implemented (i.e., when Kg € ( K, K%,)). Therefore, the
regulator intentionally induces the prospect of an inefficient asset choice in order to limit the
utility’s rent.??

The induced inefficiency can be substantial. To illustrate, suppose each of the possible

K realizations is equally likely, so g(Kg) = T 1 —. Further suppose TCE and SATA
—Kg

deliver the same expected welfare when H,(s) prevails, so W§,(s*) — K§, = — Kr where

K§, = % [ Kq+ FS]. Then, as Finding 2 reports, the regulator optimally fails to induce the

welfare-maximizing asset choice for one quarter of the possible Ky realizations.??

21 Payments need not take the exact form specified in property (iii) of Finding 1. It is only necessary that

the utility’s expected profit is zero when it implements SATA and Kg = Kg;.
22Borgers (2015, p. 22) observes that in related but distinct settings, the regulator effectively acts as if the
cost of SATA is the virtual cost Kg + g((fgss))
the rent afforded the utility when Kg < Kg;.

BKg - (Ko + 1K) = bEg+ 1 Rs— (s + 1Ks) = 3 [Fs - Kq].

rather than the actual cost Kg. The virtual cost accounts for

12



Finding 2. Suppose ¢, = 1, g(Kg) = KglK , and W§,(s*) — K§, = — Kr. Then at a
—Kg

solution to [RP], Kg; = 3 K¢+ 1 Kgs. Consequently, for all Kg € [2 Kg+ § Kg,K§;), TCE

is implemented even though expected welfare would be higher if SATA were implemented.

The regulator’s ex ante expected payoff in this settingis V3 = Y ¢, J, where J denotes
i=1

the maximized value of J;.

4 The Solution to [RP]

Finding 3 records some key features of the optimal regulatory policy in the setting of

primary interest where the utility is privately informed about both Kg and H;(s).

Finding 3. At the solution to [RP]: (i) Pr = Kr; (ii) 5 = s* if f=0; and (i)

Z@ 9(Ks) [KT - (ffs,- + G(E{Si) — Wf(?))] = 0. (16)
i=1

By setting Pr = K, the regulator eliminates the utility’s rent when it implements TCE.
Doing so also limits the payment the regulator must deliver to the utility to induce it to
implement SATA rather than TCE when Ky is relatively low.

If f = 0, the utility receives none of the revenue that SATA generates when it delivers
market services. Consequently, the utility’s expected payoff is the same whether it imple-
ments TCE or SATA, regardless of the prevailing H;(s) distribution. In this case, setting
s # s* would be counterproductive for the regulator because doing so would reduce total
expected surplus without inducing the utility to use its privileged knowledge of H;(s) to
choose between SATA and TCE.

When the regulator cannot observe H;(s), she cannot choose payments to induce the
optimal Kg; identified in equation (15) for each H,(s) distribution. Equation (16) indicates
that, instead, the regulator essentially sets Pr and Ps (and f and §) to ensure the optimal

K g are induced in expectation.?® Thus, relative to the choices between SATA and TCE

24 As explained further below, setting f > 0 plays an important role in inducing the utility to implement
SATA when congestion is relatively unlikely and to implement TCE when congestion is relatively likely.
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characterized in equation (15), the utility will implement SATA for additional Kg realizations
under some H;(s) distributions and implement SATA for fewer K¢ realizations under other
H;(s) distributions. The particular H;(s) distributions and Kg realizations for which SATA
implementation is expanded or contracted varies with the regulator’s beliefs about s and
Kg.2

Additional analytic characterization of the solution to [RP] is problematic because the
qualitative properties of the optimal regulatory policy can vary as model parameters and
the functional forms of G(Kg) and H;(s) change. To illustrate the optimal regulatory policy
under conditions that might reasonably arise in practice, consider the following baseline
setting.?® In this setting, SATA is presumed to be a 1 MW battery.?” The fixed cost of SATA,
which encompasses purchase, installation, and integration costs, range from K¢ = 100, 000
to K g = 350, 000, reflecting estimates in Hledik et al. (2018, Table 4) and Lazard (2018, Slide

12), for example. For simplicity, Kg is assumed to have a uniform distribution on [ Kq Kg ] ,

so g(Kg) = T 1K and the expected fixed cost of SATA, E{Kg}, is 3 [Kg+ Kg| =
—Kg
225,000. K7 is taken to be 250,000, which is approximately 110% of F{Kg}.?
For simplicity, the baseline setting assumes there are three equally likely distributions of

s (son =3 and ¢, = ¢, = ¢35 = 3). Each of these distributions is a Beta distribution with

parameters o and 3.2 The baseline setting assumes = 2 and o € {1, 3, 16} to permit

2 Equation (16) implies that the regulator optimally ensures the K s; identified in equation (15) is approxi-

mated relatively closely when H;(s) is likely to prevail (so ¢, is large), ceteris paribus.

26The baseline setting posits one particular set of model parameters. Substantial variation in these parame-
ters will be considered.

2T American Electric Power has proposed the implementation of a 1 MW SATA and a 0.5 MW SATA to
relieve congestion at two substations in Texas (Maloney, 2017).

281n practice, TCE costs can either exceed or be less than corresponding SATA costs, depending on the
nature and extent of the capacity expansion (Eyer, 2009). The assumption that F{Kg} < Kr in the
baseline setting is consistent with ongoing reductions in storage capacity costs (Hledik et al., 2018, pp.
12-13). SATA projects have been supported in several jurisdictions (e.g., Arizonza and New York) recently
on the grounds that SATA is less costly than TCE (Chew et al., 2018).

2The Beta density is h(s) = % for s € [0,1], where B(«, ) = folxa_l [1—2]°"" da. This
density is employed because it can assume a wide variety of shapes as its parameters («, ) change. The
Beta density is symmetric about its mean (ai ) when o = 3, skewed to the left when 8 > a > 1, and
skewed to the right when o > 5 > 1.
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substantial variation in the potential distributions of 5.3 The corresponding cumulative

distribution functions for s are illustrated in Figure 1.

[ Figure 1 Here]

Problem [RP] assumes congestion is sufficiently deleterious that the regulator prefers to
implement TCE than to risk congestion. To ensure this is the case in the baseline setting,
L¢ is set at 750, 000.3

The potential gains from employing SATA to deliver market services include the corre-
sponding reductions in the cost of producing electricity and associated reductions in gen-
eration capacity costs.*> Hledik et al.’s (2018) estimates of cost savings from these sources
imply a 1 MW SATA would secure annual cost savings of approximately $102, 065.3% These
cost savings arise primarily during hours of peak demand for electricity, when congestion
is most likely to arise. The estimates in E3’s (2018) Avoided Cost Model imply that in
California, the ratio of hourly avoided production and capacity costs in peak periods to the
corresponding avoided costs in off peak periods is 2.813.3* If M, + Ry = 2.813[ My + Ry,
then annual expected cost savings of $102, 065 arise when My+ R =~ $74,084 and M; + R, ~

$208, 397.%> For simplicity, the baseline setting rounds these numbers and assumes the cost

30The substantial variation in these distributions generates significant variation in the expected congestion
probability as H;(s) varies. Letting E;{s} denote the expected value of s when H;(s) prevails, F1{s} =~
0.33, Ex{s} = 0.60, and E3{s} ~ 0.89.

31The regulator will always prefer to implement TCE than risk congestion if K7 < Ey{s} x L°. Because
E{s} = % in the baseline setting, this inequality is satisfied if L > 750,000. Alternative values of L€ are
considered below.

32See Sandia (2010), Chang et al. (2015), and Hledik et al. (2018), for example.

33Hledik et al. (2018, p. 18) estimate the reduction in production costs to be $4.5 million for a 200 MW
SATA, which implies cost savings of $22,500 (= $4.5 million + 200) per MW-year. Hledik et al. (2018,
p. 23) estimate that a 200 MW SATA enables a 179 MW (or 89.5%) reduction in generation capacity.
Newell et al. (2018, Table ES-2) estimate the cost of a new combustion turbine natural gas generating unit
to be $88,900 per MW-year. Together, these two estimates imply a 1 MW SATA would permit an annual
reduction of approximately $79, 565 (= $88,900x0.895) in generation capacity costs. The implied combined
annual cost savings from employing a 1 MW SATA is approximately $102,065 (= $22,500 + $79, 565).

34Specifically, in Climate Zone 6 (in the Los Angeles region), this avoided cost measure is: (i) $113.70 during
the 4:00 — 9:00 pm (peak demand) period; and (ii) $40.42 during other hours. Boampang and Brown
(2018) document the relatively pronounced demand for electricity in California during the 4:00 — 9:00 pm
time period.

3521208, 397] + 12 [74,084] ~ 102, 065.
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savings increase consumer welfare and profit symmetrically, so My = Ry — v = 37,500 and
M; = Ry — v = 105, 000.

The baseline setting further assumes the variable cost of SATA (v) is the sum of the
cost of the electricity required to recharge the battery and depreciation cost. The battery
is assumed to be re-charged during off-peak hours each day (Brattle, 2015; Arciniegas and
Hittinger, 2018). E3 (2018) estimates the wholesale marginal cost of electricity in California
during off-peak hours to be $37.13/MWh. The corresponding annual cost is approximately
$13,552 (= 365 x $37.13).

Annual depreciation cost is estimated as the product of annual battery decay and the
expected fixed cost of SATA (225,000). The annual battery decay is approximated as the
ratio of the annual number of charge and discharge cycles (365) and the estimated battery
cycle life (6,500).3¢ Thus, the annual depreciation cost is taken to be approximately 12,635
(~ (55‘;050 x 225,000). The sum of this depreciation cost and the recharging cost is 26, 187.
Reflecting this estimate, the baseline setting assumes v = 25, 000.

Table 1 records key features of the optimal regulatory policy (i.e., the solution to [RP])
in the baseline setting.?” The first row of data reports outcomes in the full information (FT)

setting.®® The second row of data pertains to outcomes at the solution to [RP]. E{II} denotes

the utility’s expected profit.3? V reflects the maximum expected gain from SATA.* Formally,

36 Arteaga et al. (2017) report battery cycle lives between 3,000 and 10,000. We employ the mid-point of
this range (6,500) and, for simplicity, abstract from the nonlinear battery depreciation rates that prevail
in practice.

3TWe specify [RP] as a mixed complementarity program (MCP). We employ the software GAMS and the
PATH solver to identify the solution to the MCP. Because the identified solution to nonlinear programs
can be sensitive to the starting values, we employ a Monte Carlo approach that randomly selects 1,000
starting values and solves the MCP for each set of values. We observe systematic convergence to a unique
solution to our MCP.

38The entries for Ps and f in the full information setting are not unique. One way to ensure the efficient

implementation of SATA is to compensate the utility (only) for its realized costs regardless of its asset
choice (i.e., set Pr = K, Ps = Kg, and f = 0).

MFormally, E {lIg} = Z:l ¢, Ei {lls(Kg) }, where E; {IIg(Kg) } is defined in expression (2).

40The entries for Pg, IA(Sl, IA(Sg, IA(S:),, E{II}, and V in Table 1 are rounded to the nearest whole number.
The entries for f and § are rounded to the nearest ten-thousandth.
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V is the difference between the maximized value of the regulator’s objective function and

the corresponding value when SATA is not available (so TCE is always implemented).*!

Py Ps f 3 Kqp Ko Kss | E{II}| V
FI | 250,000 K 0 0.1271 | 250,797 | 235,142 | 227,778 0 | 38,220
RP | 250,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103

Table 1. Outcomes in the Baseline Setting

Four elements of the solution to [RP] in the baseline setting warrant emphasis, in part
because these features persist much more generally. First, the regulator promises the utility
a relatively small fixed payment for implementing SATA.*? Even after accounting for revenue
sharing, the relatively small expected return from implementing SATA induces the utility to
implement TCE for many realizations of K¢ for which expected welfare would be higher if
SATA were implemented. To illustrate, Table 1 reports that when distribution Hs(s) prevails,
the utility will implement TCE at the solution to [RP] when Kg € (165,863, 235, 142) even
though expected welfare would be higher if SATA were implemented. As noted above, the
relatively modest compensation for implementing SATA helps to limit the rent the utility
secures when K¢ turns out to be low.

Second, f is strictly positive, so revenue sharing is implemented. The revenue sharing
ensures the utility’s expected profit when it implements SATA is higher if the realized con-
gestion probability (s) is low (i.e., s < ) than if it is high (i.e., s > 5, so SATA is assigned
to supply transmission services). When s is relatively small, the likelihood that s < &
typically is substantially higher when congestion is unlikely (e.g., when H;(s) prevails) than
when congestion is likely (e.g., when Hj(s) prevails). Thus, revenue sharing (f > 0) serves to

render SATA implementation relatively profitable for the utility when it knows congestion is

41 Specifically, V= Vi — (—Kp) = V1 + 250,000 in the full information setting, whereas V= Vo + 250,000
for the solution to [RP]. The regulator’s expected payoff is expressed relative to her expected payoff in the
absence of SATA to facilitate a focus on positive numbers.

42Observe, in particular, that Pg = 165,542 < E{Kg} = 225,000 at the solution to [RP].
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unlikely. Consequently, revenue sharing can help to induce the utility to employ its superior
knowledge of H;(s) to implement SATA when congestion is relatively unlikely (and Kg is
relatively small) and to implement TCE when congestion is relatively likely.*3

Third, the utility commands considerable rent from its private knowledge of K¢ and
H;(s). This rent is almost 50% of the regulator’s expected gain from having SATA available
at the solution to [RP].** As explained further below, the rent arises primarily from the
utility’s superior knowledge of the fixed cost of implementing SATA.

Fourth, the regulator’s expected gain from SATA is considerably lower in the presence of
the prevailing information asymmetries than in their absence. As Table 1 reports, informa-
tion asymmetries reduce the expected gain from SATA by approximately 50% in the baseline
setting.®®

Table 1 also reports that 5 exceeds s* in the baseline setting, so SATA is assigned to
provide market services for some s realizations (s € (s*,§)) for which expected welfare
would be higher if SATA were assigned to provide transmission services. More generally, §
can either exceed or be less than s* at the solution to [RP]. The optimal deviation between s
and s* is designed to render SATA (TCE) implementation relatively profitable for the utility
when congestion is relatively unlikely (likely). To illustrate, suppose s realizations just above
(below) s* are more likely when Hi(s) prevails than when Hj3(s) prevails. In this case, the
regulator often will set 5 above (below) s* in order to expand the range of s realizations for
which the utility can profit from using SATA to provide market services when H;(s) prevails
more than when Hj(s) prevails.

Tables A1 — A16 in the Appendix record how the optimal regulatory policy and industry

$3When 5 is large, the probability that s < 5 can be similar under all H;(s) distributions. Consequently,
revenue sharing may cede rent to the utility without rendering SATA implementation substantially more
profitable for the utility when congestion is unlikely (e.g., when Hj(s) prevails) than when congestion is
likely (e.g., when Hs(s) prevails). Numerical solutions indicate that f often is close to 0 (and can even be
0) at the solution to [RP] when 5 is relatively high (which is the case, for instance, when My, M7, Ry, and
Ry are large).

“From the last two entries in the last row of Table 1, =251 ~ (.50.

» 19,103
1, 38.220 —19.103 () 5.

5From the last two data entries in the last column of Table 35990
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outcomes change as elements of the baseline setting change. Table Al reports that the
regulator’s expected gain from SATA (V) and the utility’s rent (E{II}) can both increase
substantially as the cost of TCE (K7r) increases. As K increases, the regulator induces the
utility to implement SATA over a broader range of Kg realizations (i.e., £ {[A( s} = i o; Ks;
increases), which increases both V and E{II}.*6 -

Tables A2 and A3 report that Vand E {I1} decline as K ¢ increases or K g increases, ceteris
paribus. A higher fixed cost of SATA tends to limit its implementation, which reduces the
regulator’s expected gain from SATA and the utility’s rent.’” Perhaps more surprisingly,
Table A4 indicates that the regulator’s expected payoff from SATA can increase as Kg — K¢
increases, holding the expected value of Kg constant. One might suspect that “increased
uncertainty” (i.e., an increase in K g — Kg) would harm the regulator. However, this is not
necessarily the case because increases in Kg — K ¢ that entail a reduction in K¢ lower the
expected SATA cost in the “relevant region,” i.e., for those K¢ realizations for which the
regulator optimally induces the utility to implement SATA. Corresponding increases in K g
are relatively inconsequential because the utility is induced to implement TCE for the higher
K realizations.

Table A5 illustrates that V and E{IT} decline modestly as v, the variable cost of SATA,
increases.®® ¥ and E{I1} also decline modestly as L€, the expected loss from congestion,

increases. (See Table A6.)* In both cases, the reduced utility profit reflects reduced imple-

mentation of SATA.

46To illustrate, when Kp increases by 25% (from 200, 000 to 250,000), V increases by approximately 145%
(from 7,812 to 19,103) and E{II} also increases by approximately 145% (from 3,906 to 9,551). These
substantial increases reflect in part the 17.4% increase in E{Kg} (from 143,953 to 168,953) that arises
when K7 increases from 200, 000 to 250,000. The utility’s rent increases as SATA implementation expands
because the utility secures no rent when it implements TCE (because Pr = Ky at the solution to [RP]).

47To illustrate, when K 4 increases from 100,000 to 125,000, V' declines from 19,103 to 14,258 and E{II}
declines from 9,551 to 7,129.

48For example, as v increases from 25,000 to 30, 000, V declines from 19,103 to 18,301 and E{II} declines
from 9,551 to 9, 150.

4970 illustrate, as L€ increases from 750, 000 to 800, 000, V declines from 19,103 to 19,031 and E{II} declines
from 9,551 to 9,515.
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Tables A7 — A9 illustrate the changes that arise as the prevailing H;(s) distributions
change. An increase in the mean of any H;(s) distribution tends to reduce the expected
gain from SATA (V), in part by reducing the likelihood that SATA is implemented.”® Table
A10 shows that as high congestion probabilities become systematically more likely, SATA is
implemented less often, which reduces V and E{II}.>! In contrast, V and E{II} increase as
the H;(s) and Hj3(s) become more likely and the Hs(s) distribution becomes correspondingly
less likely. (See Table A11.)2 The increases in V and E{II} arise in this case primarily
because the increased likelihood of the H;(s) distribution leads to a substantial increase in
the probability that SATA is implemented.

Tables A12 — A15 report that V and E{Il} increase modestly as the revenue or the
incremental consumer welfare that arises when SATA supplies market services increases.’
Larger values of My, My, Ry, or Ry promote expanded implementation of SATA (i.e., £ {l? s}
increases) and increased deployment of SATA to deliver market services (i.e., s increases),
both of which increase the regulator’s expected gain from SATA and the utility’s expected

t.54 Table A16 reports that outcomes similar to those that arise in the baseline setting

profi
persist as n, the number of possible distributions of s, increases.

Tables 1 and A1l — A16 indicate that the utility often secures substantial rent under
the optimal regulatory policy. To determine the primary source of this rent, it is useful
to compare outcomes in the benchmark settings considered in Section 3. Table 2 records

~

the regulator’s expected gain from SATA (V') and the utility’s expected rent (E{II}) in

50To illustrate, when a increases from 1 to 1.5, E{[A(S} declines from 168, 953 to 167,570. When as increases
from 3 to 4, E{Kg} declines from 168,953 to 168,654. When a3 increases from 16 to 17, E{Kg} declines
from 168,953 to 168, 928.

lFor example, as ¢5 increases by 0.1 and ¢; declines by 0.1, V declines from 19,103 to 18,460 and E{IT}
declines from 9,551 to 9, 230.

2o illustrate, as ¢, and ¢5 each increases by 0.1 and ¢, declines by 0.2, V increases from 19,103 to 19, 359
and E{II} increases from 9,551 to 9, 680.

% For example, as M increases from 105,000 to 120,000, V increases from 19,103 to 19,126 and E{II}
increases from 9,551 to 9, 563.

54 More pronounced, simultaneous increases in My, My, Ro, and R; can lead to substantially higher values of
s and lower values of f. To illustrate, if My = 127,500, M; = 360,000, Ry = 152,500, and R; = 385, 000,
then § = 0.9808 and f =0 (and V = 53,784 and E{II} = 26,892) at the solution to [RP].
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five settings. The first and fourth rows of data pertain to the full information setting and
the setting in problem [RP], respectively. The second row of data records outcomes in the
benchmark setting of Section 3.3 where the regulator and the utility both know Kg and
both have the same imperfect knowledge of H;(s). The third row of data in Table 2 reports
outcomes in the benchmark setting of Section 3.4 where the regulator and the utility both
know the prevailing H;(s), but only the utility knows the realization of Kg.

The last row of data in Table 2 records outcomes under what we call a “Rule of Thumb”
policy, which is designed to reflect policies that have been proposed in practice and may have
intuitive appeal. Under the Rule of Thumb policy, the regulator reimburses the utility for the
fixed expected cost of the asset it implements (in addition to reimbursing the variable cost
of employing SATA). Thus, Pr = Kr and Ps = E{Kgs}. In addition, the utility is awarded
one-half of the revenue it generates when SATA supplies market services (so f = 0.5).%

Furthermore, 5 is set at 0.05, so SATA is assigned to supply transmission services whenever

the realized congestion probability exceeds 5%.%¢

Setting 1% E{11}

Full Information 38,220 0

Symmetric Uncertainty about H;(s) Only | 38,036 0

Utility has Private Knowledge of Kg Only | 19,110 | 9,555

[RP] 19,103 | 9,551

Rule of Thumb 5,450 | 31,781

Table 2. Additional Outcomes in the Baseline Setting

% This compensation structure is consistent with the CAISO full cost-of-service plus revenue sharing policy.
CAISO observes that a policy of this sort provides “incentives for the [utility] to participate in the market
by allowing [it] to retain some percentage of the market revenue” while eliminating the utility’s “risk of
not being able to at least recover the full cost of the resource” (CAISO, 2018b, p. 17).

56When s = 0.05, the probability of unmitigated congestion (i.e., the probability that SATA supplies market
services and congestion arises), is > ¢; H;(0.05) ~ 0.0327.
i=1
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Table 2 reports that limited knowledge of H;(s) alone is not very constraining for the
regulator. The first two rows of data indicate that the regulator’s expected gain from SATA
declines below the gain achieved in the full information setting by less than 1% when neither
the regulator nor the utility know H;(s), but both know Kg.5” This relatively small decline
arises even though the three possible distributions of s differ substantially in the baseline
setting. (Recall Figure 1.) The ability to dictate the deployment of SATA after observing the
realized congestion probability helps to limit the losses from having to choose between SATA
and TCE without knowing the prevailing H;(s) distribution.’® Furthermore, the realization
of s serves as an ex post signal that is correlated with the utility’s privileged knowledge of
H;(s). When the regulator knows Kg, she can employ the signal to induce the utility to
implement SATA only when congestion is relatively unlikely without ceding much rent to
the utility. She can do so by rewarding the utility only when the realization of s is relatively
low following the implementation of SATA (by setting f > 0 and assigning SATA to supply
market services only when s < 5).%

In contrast, the regulator’s expected gain from SATA declines substantially when the
utility is privately informed about Kg, even when the regulator and the utility both know
the prevailing H;(s) distribution. The first and third rows of data in Table 2 indicate that
asymmetric information about Kg alone reduces the regulator’s expected gain from SATA
by approximately 50%.%° The reduction arises from two primary sources. First, the utility
secures substantial rent when Kg is low because Ps and f are set to ensure the utility

implements SATA for both low and moderate values of Kg. Second, when Pg and f are

57 38,220 — 38,036
38,220

eliminate the utility’s rent in this benchmark setting where the utility has no private information. The 1%
entry in the second row of data in Table 2 is the value of V5 (from Section 3.3) in the baseline setting.

"Recall from Section 3.2 that if the utility alone knows H;(s) but the regulator and utility both know Kg,
the regulator can achieve the same expected gain she secures in the full information setting.

»Cremér and McLean (1988), Riordan and Sappington (1988), and Gary-Bobo and Spiegel (2006), among
others, demonstrate how a principal can employ an ex post signal that is correlated with an agent’s private
information to limit the agent’s rent while inducing the agent to reveal the information truthfully.

60 W = 0.50. The V entry in the third row of data in Table 2 is V3 (from Section 3.4) in the

baseline setting.

~ 0.005. The limited extent of this decline reflects in part the fact that the regulator can
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reduced to limit the utility’s rent, the utility often implements TCE when expected welfare
would be higher if SATA were implemented.

The regulator’s incremental loss from asymmetric knowledge of both H;(s) and Kg rather
than just K is limited in the baseline setting (and more generally). The third and fourth
rows of data in Table 2 report that the regulator’s expected gain from SATA at the solution
to [RP] is less than 0.1% below her expected gain from SATA in the benchmark setting
where she shares the utility’s knowledge of H;(s) but not its knowledge of Kg.®! Again, the
ability to dictate how SATA is deployed after s is realized helps to limit the regulator’s loss
from limited knowledge of the prevailing distribution of s.

Implementation of the Rule of Thumb policy substantially reduces the regulator’s ex-
pected gain from SATA (XA/) and generates considerable rent for the utility (E{II}) in the
baseline setting. Under the Rule of Thumb policy, V declines by more than 70% whereas
E{I1} increases by more than 230% relative to their values at the solution to [RP].%* Table
3 helps to explain these effects. The first column in the table records a single modification
of the identified Rule of Thumb policy.%® The last two columns report the values of V and
E{I1} that arise under the corresponding modified Rule of Thumb policy. The first two rows
of data record the effects of changing the critical congestion probability (§). In the first row,
S is increased to its level (0.1273) at the solution to [RP]. In the second row, § is reduced to
0.01, so SATA is deployed to supply transmission services whenever the realized congestion
probability exceeds 1%.54

The third and fourth rows of data in Table 3 report the effects of changing the utility’s

share of the revenue generated when SATA provides market services. In the third row, f

61 W ~ 0.0004. This conclusion implies that the regulator would achieve at most a very small

percentage increase in her expected payoff if she were to offer the utility a menu of compensation structures
and allow the utility to select its preferred option from the menu, as in Laffont and Tirole (1993), for
example. Brown and Sappington (2019) demonstrate that such menus of compensation structures generate
relatively little incremental surplus in other settings.

62 19,103 — 5,450 __ 31,781 — 9,551
o103~ ~0.715 and s~ 233

630ther elements of the Rule of Thumb policy remain unchanged in each case considered in Table 3.

64When 8 = 0.01, the expected probability of unmitigated congestion ( Y. ¢, H;(3)) is 0.0003.
i=1
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is set at 0.6232, its value at the solution to [RP]. In the fourth row, f is reduced to 0.25.
The last three rows in Table 3 consider changes in the base payment for implementing SATA
(Ps). In the fifth row of data, Ps is set at 165,542, its value at the solution to [RP]. In the
sixth row, Pg is reduced to 112, 500, one-half of the expected fixed cost of SATA. In the last
row, Pg is set at 224,792, which is the difference between the expected fixed cost of SATA
(E{Ks}) and an approximation of the utility’s expected revenue (E{R}) from employing
SATA to supply market services. Formally, E{R} = Zn: gzﬁifsf [s Ry + (1 —s)Ro|dH,(s),
where f = 0.5 and 5 = 0.05.9 o

Change in Rule of Thumb Policy % E{II}
s = 0.1273 5,277 | 32,660
s = 0.01 5,057 | 31,354
f = 0.6232 4,497 | 33,450
=025 5,671 | 32,109
Pg = 165,542 19,059 | 9,539
Ps = $ B{Ks} = 112,500 7,822 544
Ps = E{Ks} — E{R} = 224,792 | 5,153 | 31,250

Table 3. Effects of Modifying Elements of the Rule of Thumb Policy

Table 3 indicates that the base payment for SATA (Ps) plays a central role in determining
the performance of the prevailing regulatory policy. When P is set at its optimal level (i.e.,
at its level in the solution to [RP]), the regulator secures nearly the same gain from SATA
that she achieves under the optimal policy even though s and f differ significantly from their

optimal levels.®® In contrast, V remains far below its optimal value when either 5 or f is set

% F{R} = 208 in the baseline setting. E{R} overstates the utility’s actual expected revenue from supplying
market services because it does not account for the fact the utility will sometimes implement TCE rather
than SATA.

66Under this modified Rule of Thumb policy, f is 19.74% (~ 28232=03) below and 5 is 60.72% (=

0.1273 = 0.05) helow their res ive levels he soluti RP 06252
01973 spective levels at the solution to [RP].
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at its optimal value but Ps is set equal to the expected fixed cost of SATA. 6768

Table 3 also indicates that the gain from SATA can be relatively low both if Pg is reduced
only moderately below the full expected cost of SATA or if Pg is reduced well below E{Kg}.
A moderate reduction in Pg below E{Ks} (e.g., Ps = E{Ks} — E{R}) affords the utility
considerable rent, thereby reducing V. A substantial reduction in Ps can limit the utility’s
rent. However, it can also induce the utility to implement TCE when expected welfare would
be higher if SATA were implemented, thereby foregoing much of the potential increase in
surplus that SATA can provide.® Specifically, if Pg is reduced to %E{K s} V under the
modified Rule of Thumb policy is only 59% (=~ %) of its value at the solution to
[RP].

Tables A17 — A31 in the Appendix record the value of r = m that arises at
the solution to [RP] for each of the settings considered in Tables A1 — A15. The average
value of r is these settings is 0.74, and r varies between 0.52 and 0.86. The smallest value
of r arises when Kr is small, so Ps is optimally set at a relatively small level to avoid
excessive implementation of SATA.™ The largest value of r arises when K¢ — K 4 is small,

so Pg is optimally set relatively close to E{Kg} in light of the relatively limited information

asymmetry regarding Kg.”

5 Conclusions.
We have examined the design of policies to motivate both the appropriate choice between

TCE and SATA and subsequent SATA deployment. Our analysis provides four primary con-

67The substantial reduction in V arises even though the Rule of Thumb policy often induces the utility to
implement the asset that maximizes expected welfare. In the baseline setting, F{Kg} = 228,376 under
the Rule of Thumb policy and F {IA( s} =~ 237,906 under the optimal policy in the full information setting.
Thus, the expected maximum K realization for which SATA is implemented is fairly similar under these
two policies. (In contrast, E{Kg} =~ 168,953 at the solution to [RP] in the baseline setting.)

68 1/ also remains well below its optimal value (i.c., its value at the solution to [RP]) if 5 and f are both set
equal to their values at the solution to [RP] but Pg = 1 E{Kg}. In this case, V = 7,848 and E{II} = 549.

09 B{Kg} = 113,548 under the modified Rule of Thumb policy with Py = 1 B{Ks}. E{Kgs} = 168,953 at
the solution to [RP].

70See the first row of data in Table A17.
"ISee the first row of data in Table A20.
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clusions. First, the optimal payment to the utility for implementing SATA typically is
substantially below the expected cost of acquiring, installing, and integrating SATA. The
relatively modest compensation reduces the rent the utility secures from its privileged knowl-
edge of this cost.

Second, the optimal policy often awards the utility a substantial share of the revenue it
derives from employing SATA to supply market services.”> Because revenue sharing serves
to reward the utility when SATA is ultimately deployed to supply market services, it can
help to motivate the utility to employ its superior knowledge of local industry conditions to
implement SATA only when congestion is relatively unlikely and SATA costs are relatively
low. Third, limited knowledge of the utility’s cost of implementing SATA is particularly
constraining for the regulator. Her limited knowledge of the probability of local congestion
(s) typically is substantially less constraining. The relatively small losses from limited ex
ante knowledge of s stem in part from the fact that the relevant local congestion probability
is observed publicly before SATA must be assigned to deliver either market services or
transmission services.

Fourth, it is not possible to specify a single, simple policy that is optimal in all settings.
Even in our streamlined model, the various elements of the regulatory environment interact
in complex ways, thereby precluding a simple characterization of the optimal policy. How-
ever, we found that the performance of the regulatory policy is particularly sensitive to the
specified payment (Ps) for implementing SATA. It is often optimal to reduce Ps well below
the expected cost of implementing SATA (E{Kg}). Although small values of Pg can induce
the utility to implement TCE when welfare would be higher if SATA were implemented,
small values of Pg enable consumers to secure the benefits of SATA at relatively low cost
when K is relatively small. Substantial reductions in Ps below E{Kg} can be particularly

advantageous when substantial revenue sharing is implemented and considerable revenue

"2The utility is optimally awarded more than half of the revenue it generates in each of the settings considered
in Tables A1 — A14 in the Appendix. Smaller values of f can be optimal if s* is relatively high, so SATA
is often employed to deliver market services.
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from employing SATA to supply market services is anticipated.

These conclusions have three primary implications for regulatory policy design. First,
policies that set compensation for SATA (Ps) equal to its expected cost (E{Kg}) can deliver
substantial rent to utilities and thereby diminish consumer welfare. Even policies that reduce
Ps below E{Kg} by the amount of the utility’s expected revenue from employing SATA to
supply market services typically afford substantial rent to the utility. Larger reductions in
Ps can benefit consumers even though they sometimes induce the utility to implement TCE
when welfare would be higher if SATA were implemented.

Second, revenue sharing often serves consumers well. As noted above, compensation for
implementing SATA (Ps) can be reduced by (at least) the amount of revenue the utility
expects to secure via revenue sharing. This reduction in Pg ensures that revenue sharing
does not automatically deliver excessive rent to the utility. In addition, revenue sharing
can help to induce the utility to implement SATA only when local congestion is relatively
unlikely (so SATA is likely to be deployed to supply market services) and the cost of SATA
is relatively low.

Third, efforts by regulators to improve their knowledge of prevailing industry condi-
tions typically is best directed at reducing uncertainty about the utility’s cost of acquir-
ing, installing, and integrating SATA. For example, regulators might require utilities to file
carefully-documented studies of the cost of SATA implementation. Regulators might also
encourage corresponding studies by independent experts, and share available studies across
regulatory jurisdictions.

Conceivably, our primary findings could reflect the relatively simple regulatory policies we
analyzed. It is possible, for instance, that the regulator might be able to secure substantially
greater gains for consumers if the fixed payment for implementing SATA could be higher when
SATA delivers market services than when it is ultimately deployed to provide transmission
services. Although such a reward structure can increase consumer welfare by helping to

induce the utility to implement SATA only when congestion is relatively unlikely and the
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cost of SATA is low, consumer gains from the policy typically are very small.”® To illustrate,
the regulator’s ability to implement this more general reward structure increases expected
consumer welfare by less than 1% in the baseline setting.”™

In closing, we suggest four extensions of our study that merit further analysis. First,
the effects of utility risk aversion should be analyzed. It seems likely that when the utility
is averse to risk, the regulator will optimally increase the utility’s fixed compensation for
implementing SATA and reduce revenue sharing. Second, variation in the severity of con-
gestion and in the amount of SATA that can be implemented should be considered. Under
such conditions, the welfare-maximizing policy may entail simultaneous investment in TCE
and SATA. Third, policies that encourage competitive deployment of SATA deserve further
study. Such policies have the potential to help to limit utility rent and reduce expected en-
ergy costs. Fourth, the full impact of expanded SATA participation in wholesale electricity
and ancillary services markets warrants further research. Issues that may merit particular
attention include the effects of expanded SATA activity on the earnings (and thus on the

investment and participation decisions) of natural gas generators.

" The corresponding gains that arise if the regulator is not required to reimburse the utility’s variable SATA
cost also tend to be very small.

" Specifically, the regulator’s expected gain from SATA increases by approximately 0.004% (= W)

The limited extent of this gain reflects the fact that f can be employed to deliver much the same incentive
that differential fixed SATA payments can provide. Numerical solutions also indicate that only very small
gains arise if the regulator can explicitly penalize the utility when it implements SATA and congestion
occurs.
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Appendix

Section I of this appendix presents additional numerical solutions to [RP]. Section II
presents the proofs of the formal conclusions in the text.

I. Additional Numerical Solutions.

The tables that follow record outcomes at the solution to [RP] as parameters in the
baseline setting change. The first column in each table identifies the values of the single
parameter that changes. (All other parameters remain at their levels in the baseline setting.)
The variables whose values are recorded in the tables are those reported in Table 1 in the
text.™

Kr Ps | f 3 Ko | Ke | Ke | B} | V
150,000 | 115,541 | 0.6213 | 0.1277 | 125,454 | 115,864 | 115,541 761 | 1,521
175,000 | 128,041 | 0.6223 | 0.1275 | 137,954 | 128,363 | 128,041 | 2,021 | 4,042
200,000 | 140,542 | 0.6228 | 0.1274 | 150,454 | 140,863 | 140,542 | 3,906 | 7,812
225,000 | 153,042 | 0.6230 | 0.1274 | 162,954 | 153,363 | 153,042 | 6,416 | 12,832
250,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103

Table Al. Outcomes at the Solution to [RP] as K7 Changes.™

Kq Ps / 5 Ks1 Ko Kgs | E{II} V
50,000 | 140,542 | 0.6235 | 0.1273 | 150,454 | 140,863 | 140,542 | 14,747 | 29,494
75,000 | 153,042 | 0.6234 | 0.1273 | 162,954 | 153,363 | 153,042 | 12,101 | 24,203
100,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
125,000 | 178,042 | 0.6230 | 0.1274 | 187,954 | 178,363 | 178,042 | 7,129 | 14,258
150,000 | 190,542 | 0.6228 | 0.1274 | 200,454 | 190,863 | 190,642 | 4,882 | 9,765

Table A2. Outcomes at the Solution to [RP] as K ¢ Changes.

Ky Ps / s Kg Ko Kgs | E{II} V
300,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 11,939 | 23,878
325,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 10,613 | 21,225
350,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
375,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 8,683 | 17,366
400,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 7,959 | 15,919

Table A3. Outcomes at the Solution to [RP] as K¢ Changes.

™5 Pr is always set equal to K7 at the solution to [RP], so the value of Pr is not reported in the tables that
follow.

"Values of K7 above 250,000 violate the maintained assumption that Ej{s} L® > Kr. However, larger
values of K7 can be considered without violating this assumption if, say, Kp and L¢ are increased propor-
tionately. To illustrate, if K = 400,000 and L¢ = 1,200, 000, then Ps = 240,651, f = 0.8685, 5 = 0.0721,
E{IT} = 41,092, and V = 82,184 at the solution to [RP].
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Ks— Kg Ps / 5 Ks1 Ko Kgs | E{II} V
150,000 | 190,542 | 0.6228 | 0.1274 | 200,454 | 190,863 | 190,542 | 6,510 | 13,020
200,000 | 178,042 | 0.6230 | 0.1274 | 187,954 | 178,363 | 178,042 | 8,020 | 16,040
250,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
300,000 | 153,042 | 0.6234 | 0.1273 | 162,954 | 153,363 | 153,042 | 11,093 | 22,186
350,000 | 140,542 | 0.6235 | 0.1273 | 150,454 | 140,863 | 140,542 | 12,640 | 25,281

Table A4. Outcomes at the Solution to [RP] as Kg — K4 Changes.”

(% PS f s KSl KS2 ng E{H} \%
10,000 | 171,198 | 0.5509 | 0.1240 | 177,811 | 171,403 | 171,198 | 10,815 | 21,629
20,000 | 167,428 | 0.6042 | 0.1262 | 176,238 | 167,709 | 167,428 | 9,962 | 19,924
25,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
30,000 | 163,655 | 0.6385 | 0.1285 | 174,670 | 164,017 | 163,655 | 9,150 | 18,301
40,000 | 159,878 | 0.6608 | 0.1309 | 173,105 | 160,327 | 159,878 | 8,379 | 16,759

Table A5. Outcomes at the Solution to [RP] as v Changes.

Le Ps f 5 Kg1 Ko Kgs | E{II}| V
750,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,363 | 165,542 | 9,551 | 19,103
800,000 | 165,568 | 0.6502 | 0.1174 | 175,104 | 165,830 | 165,568 | 9,515 | 19,031
850,000 | 165,587 | 0.6773 | 0.1088 | 174,803 | 165,805 | 165,587 | 9,485 | 18,970
1,000,000 | 165,625 | 0.7589 | 0.0894 | 174,110 | 165,761 | 165,625 | 9,416 | 18,831
1,250,000 | 165,655 | 0.8955 | 0.0689 | 173,371 | 165,728 | 165,655 | 9,343 | 18,686

Table A6. Outcomes at the Solution to [RP] as L° Changes.™

o Ps / 5 Ko Ko Kegs | E{II} | V

1.0 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
1.25 | 165,509 | 0.6992 | 0.1274 | 172,982 | 165,869 | 165,509 | 9,304 | 18,609
1.5 | 165,454 | 0.8340 | 0.1274 | 171,372 | 165,884 | 165,454 | 9,146 | 18,292
2.0 | 165,701 | 1.0000 | 0.1294 | 168,835 | 166,241 | 165,701 | 8,962 | 17,930
2.5 | 165,937 | 1.0000 | 0.1307 | 167,285 | 166,494 | 165,937 | 8,864 | 17,734

Table A7. Outcomes at the Solution to [RP] as a; Changes.”

""E{Ks— Kg} = 225,000 in all cases in Table A4.

™Values of L¢ below 750,000 violate the maintained assumption that FEi{s} L¢ > Kr. However, smaller
values of L¢ can be considered without violating this assumption if, say, Kp and L¢ are reduced proportion-
ately. To illustrate, if L¢ = 500,000 and K7 = 166,666.67, then Pg = 123,476, f = 0.4905, s = 0.2220,
E{Il} = 1,688, and V = 3,376 at the solution to [RP].

"Values of a; below 1 violate the maintained assumption that Ey{s} L¢ > Kr. However, smaller values of
a1 can be considered without violating this assumption if, say, K1 and a; are reduced commensurately.
To illustrate, if oy = 0.75 and Kr = 200, 000, then Ps = 140,559, f = 0.5909, s = 0.1274, E{II} = 4,178,
and V = 8,356 at the solution to [RP].
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&%)

Pg

f

~

S

Kg

Kgo

Kgs

E{I1}

Vv

165,432

0.6478

0.1277

175,763

167,400

165,432

9,710

19,421

2.5

165,603

0.6244

0.1275

175,546

166,394

165,603

9,613

19,226

165,542

0.6232

0.1273

175,454

165,863

165,542

9,551

19,103

3.5

165,405

0.6302

0.1272

175,418

165,535

165,405

9,507

19,014

165,253

0.6392

0.1272

175,405

165,305

165,253

9,472

18,945

164,444

0.6899

0.1271

175,398

164,444

164,444

9,327

18,655

Table A8. Outcomes at the Solution to [RP] as a; Changes.

a3

Pg

f

-~

S

K1

Kgo

Kgs

E{IT}

%

5

166,667

0.5508

0.1272

175,418

166,950

166,674

9,744

19,487

10

165,901

0.6002

0.1273

175,442

166,209

165,901

9,612

19,224

12

165,747

0.6101

0.1273

175,447

166,061

165,747

9,586

19,172

15

165,584

0.6205

0.1273

175,452

165,903

165,584

9,558

19,117

16

165,542

0.6232

0.1273

175,454

165,863

165,542

9,551

19,103

17

165,504

0.6257

0.1273

175,455

165,326

165,504

9,545

19,090

22

165,363

0.6347

0.1273

175,459

165,689

165,363

9,521

19,042

Table A9. Outcomes at the Solution to [RP] as a3 Changes.

In Table A10, A; is the amount by which ¢, is reduced below % and ¢4 is increased above
1

3

Ay Ps f B Ks1 Ko Kgs | E{II} V
-0.2 | 166,286 | 0.5749 | 0.1272 | 175,418 | 166,580 | 166,286 | 10,194 | 20,388
-0.1 | 165,846 | 0.6032 | 0.1272 | 175,433 | 166,156 | 165,846 | 9,873 | 19,745
0 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
0.1 | 165,319 | 0.6387 | 0.1274 | 175,487 | 165,649 | 165,319 | 9,230 | 18,460
0.2 | 165,149 | 0.6532 | 0.1277 | 175,568 | 165,488 | 165,149 | 8,909 | 17,818

Table A10. Outcomes at the Solution to [RP] as A; Changes.

In Table A11, A, is the amount by which ¢, and ¢; are increased above %.8

0

Ao Ps f s Kg Kgo Kgss | E{IT} V
-0.2 | 166,750 | 0.5497 | 0.1273 | 175,494 | 167,033 | 166,750 | 9,298 | 18,597
-0.1 | 166,218 | 0.5820 | 0.1274 | 175,476 | 166,518 | 166,218 | 9,424 | 18,849
0 |165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,042 | 9,551 | 19,103
0.1 | 164,654 | 0.6777 | 0.1272 | 175,424 | 165,002 | 164,654 | 9,680 | 19,359
Table A11l. Outcomes at the Solution to [RP] as A, Changes.

80A, = 0.2 is not considered in Table A1l because ¢, < 0 if Ay = 0.2.




~

Mo PS f S KSl KSQ KSS E{H} \%
20,000 | 165,609 | 0.6401 | 0.1006 | 173,660 | 165,772 | 165,609 | 9,371 | 18,742
30,000 | 165,574 | 0.6251 | 0.1161 | 174,640 | 165,817 | 165,574 | 9,469 | 18,937
37,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
40,000 | 165,530 | 0.6239 | 0.1310 | 175,739 | 165,880 | 165,530 | 9,581 | 19,161
50,000 | 165,479 | 0.6319 | 0.1455 | 176,950 | 165,963 | 165,479 | 9,706 | 19,413
Table A12. Outcomes at the Solution to [RP] as M, Changes.

M, Ps f B Ks1 | Ks» | K | B{I}| V
75,000 | 165,558 | 0.6394 | 0.1211 | 175,237 | 165,842 | 165,558 | 9,529 | 19,058
90,000 | 165,550 | 0.6313 | 0.1242 | 175,343 | 165,852 | 165,550 | 9,540 | 19,080
105,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
120,000 | 165,533 | 0.6152 | 0.1307 | 175,570 | 165,875 | 165,533 | 9,563 | 19,126
150,000 | 165,512 | 0.5990 | 0.1379 | 175,821 | 165,903 | 165,512 | 9,589 | 19,178
Table A13. Outcomes at the Solution to [RP] as M; Changes.

Ry Ps f s Kg Kgo Kgs | E{I1} V
37,5000 | 165,733 | 1.0000 | 0.0890 | 172,804 | 165,848 | 165,733 | 9,305 | 18,614
50,000 | 165,591 | 0.7681 | 0.1084 | 174,135 | 165,794 | 165,591 | 9,418 | 18,836
62,500 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
75,000 | 165,482 | 0.5387 | 0.1455 | 176,949 | 165,960 | 165,482 | 9,706 | 19,413
87,500 | 165,409 | 0.4854 | 0.1629 | 178,606 | 166,091 | 165,409 | 9,883 | 19,667
Table A14. Outcomes at the Solution to [RP] as R, Changes.

Ry Pg f g K¢ Kgo Kgs | E{IT} V
78,000 | 165,572 | 0.6816 | 0.1170 | 175,090 | 165,826 | 165,572 | 9,514 | 19,028
104,000 | 165,558 | 0.6523 | 0.1219 | 175,264 | 165,843 | 165,558 | 9,532 | 19,064
130,000 | 165,542 | 0.6232 | 0.1273 | 175,454 | 165,863 | 165,542 | 9,551 | 19,103
156,000 | 165,523 | 0.5944 | 0.1332 | 175,660 | 165,886 | 165,523 | 9,572 | 19,145
182,000 | 165,501 | 0.5658 | 0.1397 | 175,885 | 165,914 | 165,501 | 9,596 | 19,191

Table A15. Outcomes at the Solution to [RP] as R; Changes.
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n PT PS f :9\ KSl_KSn E{H} %4

5 | FI | 250,000 Ky 0 0.1271 23,019 0 | 37,872
RP | 250,000 | 165,641 | 0.6447 | 0.1275 10,268 9,465 | 18,931

20 | FI | 250,000 Ky 0 0.1271 19,345 0 | 34,559
RP | 250,000 | 166,724 | 0.5869 | 0.1274 9,340 9,287 | 18,574

Table A16. Outcomes in the Baseline Setting with n =5 and n = 20.%!

The following tables report the values of Ps and r = m at the solution to

[RP].%2 All parameters other than the one identified in the first column of a table are set at
their values in the baseline setting.

KT PS T KS PS T
150,000 | 115,541 | 0.5214 50,000 | 140,542 | 0.7149
175,000 | 128,041 | 0.5778 75,000 | 153,042 | 0.7319
200,000 | 140,542 | 0.6342 100,000 | 165,542 | 0.7471
225,000 | 153,042 | 0.6907 125,000 | 178,042 | 0.7606
250,000 | 165,542 | 0.7471 150,000 | 190,542 | 0.7727

Table A17. Variations in K. Table A18. Variations in Kg.

?S PS T 75 — KS PS r
300,000 | 165,542 | 0.8421 150,000 | 190,542 | 0.8599
325,000 | 165,542 | 0.7917 200,000 | 178,042 | 0.8035
350,000 | 165,542 | 0.7471 250,000 | 165,542 | 0.7471
375,000 | 165,542 | 0.7072 300,000 | 153,042 | 0.6907
400,000 | 165,542 | 0.6713 350,000 | 140,542 | 0.6342

Table A19. Variations in K. Table A20. Variations in Kg — K ¢.%

81The first and third rows of data in Table A14 report outcomes in the full information (FI) setting. ¢, =
for ¢ = 1,...,n in all settings considered in the table. For the setting with n = 5, a3 = 1, as = 1.5,
a3 =3, ag = 7, and a5 = 16. For the setting with n = 20, a3 = 1 and o; = ;1 + 0.25 for i = 2,...,n.

3=

These parameter values ensure the expected probability of congestion, Y ¢,F;{s}, is similar when n = 3
i=1

(0.6074), n = 5 (0.6057), and n = 20 (0.5971). "
82Recall that E{R} = il ®; ff [sR1+ (1 —s)Ry]dH;(s), where f =0.5 and 5§ = 0.05.
BE{Ks—Kg} = 2257000 (i)n all cases in Table A18S.
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v

Pg

r

10,000

171,198

0.7686

20,000

167,428

0.7543

25,000

165,542

0.7471

30,000

163,655

0.7398

40,000

159,878

0.7253

Table A21. Variations in v.

5]

Pg

r

1.0

165,542

0.7471

1.25

165,509

0.7442

1.5

165,454

0.7423

2.0

165,701

0.7405

2.5

165,937

0.7396

Table A23. Variations in «;.

a3

Pg

r

5 | 166,667 | 0.

7508

10 | 165,901 | 0.

7483

12 [ 165,747 | 0.

477

15 | 165,584 | 0.

7472

16 | 165,542 | 0.

7471

17 | 165,504 | 0.

7469

22 | 165,363 | 0.

7465

Table A25. Variations in oj3.

A,

Pg

r

-0.2

166,750

0.7457

-0.1

166,218

0.7464

0

165,542

0.7471

0.1

164,654

0.7475

Table A27. Variations in A,.

Le PS T
750,000 | 165,542 | 0.7471
800,000 | 165,568 | 0.7467
850,000 | 165,587 | 0.7464

1,000,000 | 165,625 | 0.7456
1,250,000 | 165,655 | 0.7448

Table A22. Variations in L°.

Qo Pg r

2 | 165,432 | 0.7489
2.5 | 165,603 | 0.7479
3 | 165,542 | 0.7471
3.5 | 165,405 | 0.7463
4 | 165,253 | 0.7457
8 | 164,444 | 0.7429

Table A24. Variations in ;.

Al PS T
-0.2 | 166,286 | 0.7557
-0.1 | 165,846 | 0.7513
0 | 165,542 | 0.7471
0.1 | 165,319 | 0.7429
0.2 | 165,149 | 0.7389

Table A26. Variations in A;.

MO PS T
20,000 | 165,609 | 0.7451
30,000 | 165,574 | 0.7462
37,500 | 165,542 | 0.7471
40,000 | 165,530 | 0.7474
50,000 | 165,479 | 0.7487

Table A28. Variations in M.
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M,

PS T

75,000

165,558 | 0.7468

90,000

165,550 | 0.7469

105,000

165,542 | 0.7471

120,000

165,533 | 0.7472

150,000

165,512 | 0.7475

Table A29.

Variations in M.

Ry

PS T

78,000

165,572 | 0.7467

104,000

165,558 | 0.7469

130,000

165,542 | 0.7471

156,000

165,523 | 0.7473

182,000

165,501 | 0.7475

Table A31.

Variations in R;.

Ry

Pg

r

37,500

165,733

0.7445

50,000

165,591

0.7456

62,500

165,542

0.7471

75,000

165,482

0.7487

87,500

165,409

0.7506

Table A30. Variations in R,.

35



II. Proofs of Findings 1 — 3.

Proof of Finding 1

The proof parallels the proof of Finding 3, and so is omitted.

Proof of Finding 2

(15) implies that when G(K) is the uniform distribution, SATA is optimally implemented
whenever:

G(Ks) G(Ks) 1 7
K+ CWE(s) < Kr o Ks+ CWE(sT) < < [Kg+Ks] - We(s*
S g(KS) S( ) T S g(KS) S( ) 2[ S S] S( )

G(Ks) 1 _ 1 _

& K, < - | K K & Kg+Ksg—Kg < - | K K

S+g(KS) < 2[_s+ s} s+ g —Hg < 2[_5+ s]

3 1— 3 1—

& 2Kg < §KS+§KS & Ky < ZKS_'_ZKS. (17)

(9) and (17) imply that for Kg € [2 K¢+ 1 Kg, 1 Kg+1Kg], TCE is implemented in
the presence of asymmetric knowledge of Kg whereas SATA would be implemented in the
presence of symmetric knowledge of Kg. The length of this interval is:

1 1 3 1 1
CKet+-Ks— Ko+ -Kg| = -~ [Ksg— Ks]. B
gistghs (4—S+4 S) 4[ s = K]

Proof of Finding 3

Lemma 1 ensures the regulator’s problem is as formulated in [RP], provided Kg: €
[K4,Ks] foralli € {1,...,n} at the solution to [RP].

Lemma 1. Suppose E{Ily} > 0 and ]:?Si € [Ks,fs}- Then for all Kg € [KS,FS},
max{ E{Ilr }, E{1ls(Ks)}} > 0.

Proof. By construction, Ei{HS(I?Si)} = E{Ilr} > 0. Furthermore, from (2), using (1)

wd B py(Ke)} 2 B{1)

= P5+f/(SRl—i-[l—S]Ro)dHi(S)—KS z E{HT}

& Ksi—Kr+Pr—Ksg = E{Ilp}

& Kg+E{ll;}-Ks 2 E{ll;} & Ks S Ks.

36



Therefore:

max { E{Il; }, BE{Ils(Ks)}} = E{Ils(Ks)} > Ef{Ils(Ks)} > 0

for all Kg < IA{Si,and

max{ E{I;}, B{lls(Kg)}} = E{II;} > 0. O

Define J = > ', J;. Also let Ay and )\; denote the Lagrange multipliers associated
with the first and second constraints in (5), respectively. Then the necessary conditions for
a solution to [RP] include:

n

. o0J 8[?51 _

e 3 o a0 otka) [ < o s
" | 8] 0K Y

Ps : = — ¢, G(Ksi = 0. 19

s > [aKSi op, ¢ ( S)] (19)
" 9J 0Kg; a h

oY= S Z@G(KSZ)/(8R1+[1—8]Ro)dHi(5)—)‘f < 0;
= 0Ks; Of = ’

and f[-] = 0. (20)

w)
)

. aJ'aKSiJr Z¢.G(I?si)hi( {S[M +(1—f)R — L]
F[1-F][Mo+(1—f)Ry—v]} = 0. (21)

Differentiating (4), using (6) and (10), provides:

= ¢, g(Kg) WY, 22
Y ¢; 9(Ksi) (22)

¥ = /<s[M1+<1—f>R1—m+[1—sHMo+< ~ f) R — ) dH(s)

— Ps + Pr — U/SdHi(S)

1

_ /(s[M1+R1—Le]—i—[l—s][Mo—i—Ro]—v)dHi(s)— U/sdHi(s)

s
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7 [ R 1= 8] R aHS) - P+ Py

— WEE) - (PS PT+f/(sR1+[1s]Ro)dHi(s))

— W) — (f{sz- . KT) — W)+ Kr — K.
The conclusion in (23) reflects (3).

(22) and (23) imply:

o.J . . . . G(Kg;)
—— —$,G(Ks;) = &; 9(Kgi) V) — ¢, G(Ks;) = &; 9(Kgi) | U9 — —=
Y ¢, G(Ksi) = ¢; 9(Ksi) ¢, G(Ksi) = ¢; 9(Ksi) g(KSi)]
, G(Ks:)
= . . — i —=
¢ 9(Ksi) | Wi(s) + Kr — Kg o(Ke)

Differentiating (3) provides:

)

OKg; 0K 0K /
— 1. — 1 — Ry +[1—s]Ry)dH,(s); and
P 1; P, Y (sRy+ | s|Ry) (s); an
0
0K

5ot = Fh(E)[§ R +(1-8) Ro].

(25) implies that (18) — (21) can be written as:

n

_i[aK& KSI):|_Z¢i+/\T = 0.

i=1

T oJ N
;[af(s,- —gbiG(KSi)] = 0.

Z{ O _ 4 G(Rs) ] / (sRy+[1—s]Ro)dHi(s) — A; < 0;
=1 aKSz o

and f[-] = 0.

i=1 aKSz‘

(23)

(25)
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+ i@@(}?&-)hi(g‘). (3[My+ R — L)+ [1-5][My+Ro—v]} = 0. (29)

(29) reflects the fact that:

SMi+ (1= f) Ry = L)+ [1=5][Mo+ (1= f) Ro — v]
= g[Ml—i-Rl—Le]+[1—§][M0+R0—U]— f[/S\Rl +(1—§)R0] (30)

Conclusion (iii) in the Finding follows from (24) and (27).

Conclusion (i) follows from (1) and (5) if Ay > 0. Summing (26) and (27) provides:
N bt d =0 = A= > ¢ =13>0.
i=1 i=1
To prove Conclusion (ii) in the Finding, observe from (29) that if f = 0:
§[M1+R1—Le]+[1—/8\][M0+R0—U]
& S[Mi+Ri+v—L°—(My+ Ro)]+ Mo+ Ry—v = 0

~ M0+RU—U «
& s = = s N
My + Ry + L¢ — (M1 + Ry +v)
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Figure 1. The Cumulative Distribution Functions for s in the Baseline Setting.



References

Arciniegas, L. and E. Hittinger (2018). “Tradeoffs Between Revenue and Emissions in Energy
Storage Operation,” Energy, 143(15): 1-11.

Ardani, K., E. O’Shaughnessy, R. Fu, C. McClurg, J. Huneycutt, and R. Margolis (2017).
Installed Cost Benchmarks and Deployment Barriers for Residential Solar Photovoltaics with
Energy Storage: Q1 2016. National Renewable Energy Laboratory. NREL/TP-7A40-67474.

Arteaga, J., Z. Hamidreza, and T. Venkataraman (2017). “Overview of Lithium-Ton Grid-
Scale Energy Storage Systems,” Current Sustainable/Renewable Energy Reports, 4(4): 197-
208.

Bagnoli, M. and T. Bergstrom (2005). “Log-Concave Probability and its Applications,”
Economic Theory, 26(2): 445-469.

Bhatnagar, D., A. Currier, J. Hernandez, O. Ma, and B. Kirby (2013). Market and Policy
Barriers to Energy Storage Deployment. A Study for the Energy Storage Systems Program.
SANDIA Report 2013-7606. Available at: https://www.sandia.gov /ess-ssl/publications/SAN
D2013-7606.pdf.

Boampong, R. and D. Brown (2018). “On the Benefits of Behind-the-Meter Rooftop Solar
and Energy Storage: The Importance of Retail Rate Design,” University of Alberta Working
Paper. Available at: https://drive.google.com/file/d/1RUu7yZwDa8m6cc3eXswWnLTtgQw
puJGu/view.

Borgers, T. (2015). An Introduction to the Theory of Mechanism Design. Oxford: Oxford
University Press.

Brattle (2015). The Value of Distributed Electricity Storage in Texas. Available at: http://
files.brattle.com/files/5977 the value of distributed electricity storage in_texas -
proposed policy for enabling grid-integrated storage investments full technical
report.pdf.

Brooks, M. (2018). “RTOs/ISOs File FERC Order 841 Compliance Plans.” RTO Insider.
Available at: https://rtoinsider.com/ferc-order-841-energy-storage-compliance-107534//.

Brown, D. and D. Sappington (2019). “Employing Cost Sharing to Motivate the Efficient
Implementation of Distributed Energy Resources,” Energy Economics (forthcoming).

California ISO (CAISO) (2018a). Storage as a Transmission Asset. Issue Paper. March 20.
Available at: http://www.caiso.com/Documents/IssuePaper-StorageasaTransmission Asset.pdf.

CAISO (2018b). Storage as a Transmission Asset: Enabling Storage Assets Providing Reg-
ulated Cost-of-Service-Based Transmission Service to Access Market Revenues. Second Re-
vised Straw Proposal. October 16. Available at: https://www.caiso.com/Documents/Revised

StrawProposal-Storageas-TransmissionAsset.pdf.
40



California Public Utility Commission (2013). Decision Adopting Energy Storage Procurement
Framework and Design Program. California Public Utilities Commission. Rulemaking 10-
12-007.

Chang, J., J. Pfeifenberger, K. Spees, and M. Davis (2015). The Value of Distributed
Electricity Storage in Texas. Prepared for ONCOR. The Brattle Group. Available at:
http://files.brattle.com /files /5977 the value of distributed electricity storage in_tex
as - proposed policy for enabling grid-integrated storage investments full technical
_report.pdf.

Chew, B., E. Myers, T. Adolf, and E. Thomas (2018). Non-Wire Alternatives: Case Studies
from Leading U.S. Projects. Available at: https://edthefuture.org/wp-content/uploads/2018/
11/2018-Non-Wires-Alternatives-Report  FINAL.pdf.

Cremér, J. and R. McLean (1988). “Full Extraction of the Surplus in Bayesian and Dominant
Strategy Auctions,” Econometrica, 56(6): 1247-1257.

E3 (2018). Distributed Energy Resources Avoided Cost Proceedings. Avoided Cost Calculator.
Available at: https://www.ethree.com/tools/acm-avoided-cost-model/.

Eyer, J. (2009). Electric Utility Transmission and Distribution Upgrade Deferral Bene-
fits from Modular Electricity Storage. Sandia Report. SAND2009-4070. Available at:
https://prod-ng.sandia.gov/techlib-noauth/access-control.cgi/2009/094070.pdf.

Federal Energy Regulatory Commission (FERC) (2017). Utilization of Electric Storage Re-
sources for Multiple Services when Receiving Cost-Based Rate Recovery. Docket No. PL17-
2-000. Available at: https://www.ferc.gov/whats-new/comm-meet/2017/011917/E-2.pdf.

FERC (2018). Electric Storage Participation in Markets Operated by Regional Transmis-
sion Organizations and Independent System Operators. Order No. 841. Docket Nos.
RM16-23-000 and AD16-20-000. Available at: https://www.ferc.gov/whats-new/comm-
meet/2018/021518 /E-1.pdf.

Gary-Bobo, G. and Y. Spiegel (2006). “Optimal State-Contingent Regulation under Limited
Liability,” RAND Journal of Economics, 37(2): 431-448.

Hledik, R., J. Chang, R. Lueken, J. Pfeifenberger, J. Pedtke, and J. Vollen (2018). The Eco-

nomic Potential for Energy Storage in Nevada. Prepared for Public Utilities Commission of

Nevada and Nevada’s Governor’s Office Of Energy. Available at: http://energy.nv.gov/upload
edFiles/energynvgov/content /Home/Features/EconomicPotentialForStorageInNV.pdf.

Laffont, J. and J. Tirole (1993). A Theory of Incentives in Procurement and Regulation.
Cambridge, MA: MIT Press.

Lazard (2018). Lazard’s Levelized Cost of Storage Analysis — Version 4.0. Available at:
https://www.lazard.com/media/450774 /lazards-levelized-cost-of-storage-version-40-vfinal.pdf.

41



Maloney, P. (2017). “Storage or Generation? AEP Case Could Help Answer the Ques-
tion in Texas,” Utility Dive. Available at: https://www.utilitydive.com/news/storage-or-
generation-aep-case-could-help-answer-the-question-in-texas,/507943 /.

New Jersey Legislature (2018). Assembly Bill No. 3723. State of New Jersey 218th Legisla-
ture.

New York Public Service Commission (2018). New York State Energy Storage Road Map and
Department of Public Service/New York State Energy Research and Development Authority
Staff Recommendations. New York Public Service Commission Case 18-E-0130.

Newell, S., M. Hagerty, J. Pfeifenberger, B. Zhou, E. Shorin, P. Fits, S. Gang, P. Daou, and J.
Wroble (2018). PJM Cost of New Entry — Combustion Turbines and Combined-Cycle Plants.
Available at: https://www.pjm.com/~ /media/committees-groups,/committees/mic/20180425-
special /20180425-pjm-2018-cost-of-new-entry-study.ashx.

Riordan, M. and D. Sappington (1988). “Optimal Contracts with Public Ex Post Informa-
tion,” Journal of Economic Theory, 45(1): 189-199.

Sandia (2010). Energy Storage for the Electricity Grid: Benefits and Market Potential As-
sessment Guide. A Study for the DOE Energy Systems Program. Sandia National Labora-
tories. Available at: https://www.smartgrid.gov/files/energy storage.pdf.

42



Department of Economics, University of Alberta
Working Paper Series

2019-09: Pricing Patterns in Wholesale Electricity Markets: Unilateral Market Power or
Coordinated Behavior? - Brown, D., Eckert, A.

2019-08: Son Preference and Child Under Nutrition in the Arab Countries: Is There a Gender
Bias Against Girls? - Sharaf, M., Rashad, A., Mansour, E.

2019-07: How Local Economic Conditions Affect School Finances, Teacher Quality, and
Student Achievement: Evidence from the Texas Shale Boom - Marchand, J., Weber, J.

2019-06: Subjects in the Lab, Activists in the Field: Public Goods and Punishment - Dave,
C., Hamre, S., Kephart, C., Reuben, A.

2019-05: Fiscal Austerity in Emerging Market Economies — Dave, C., Ghate, C.,
Gopalakrishnan, P., Tarafdar, S.

2019-04: Inequality and Trade Policy: Pro-Poor Bias of Contemporary Trade Restrictions -
Ural Marchand, B.

2019-03: Determinants of Locational Patenting Behavior of Canadian Firms - Eckert, A.,
Langinier, C., Zhao, L.

2019-02: The Microeconomics of New Trade Models - Alfaro, M.

2019-01: Universal Childcare for the Youngest and the Maternal Labour Supply - Kunze, A.,
Liu, X.

2018-19: On the Benefits of Behind-the-Meter Rooftop Solar and Energy Storage: The
Importance of Retail Rate Desigh - Boampong, R., Brown, D.

2018-18: The Value Premium During Flights - Galvani, V.

2018-17: Asymmetric Information, Predictability and Momentum in the Corporate Bond
Market - Galvani, V., Li, L.

2018-16: The Momentum Effect for Canadian Corporate Bonds - Galvani, V., Li, L.

2018-15: Green Technology and Patents in the Presence of Green Consumers — Langinier,
C., Ray Chaudhuri, A.

2018-14: Subjective Performance of Patent Examiners, Implicit Contracts and Self-Funded
Patent Offices — Langinier, C., Marcoul, P.

2018-13: Ordered Leniency: An Experimental Study of Law Enforcement with Self-Reporting
- Landeo, C., Spier, K.

2018-12: Imperfect Competition in Electricity Markets with Renewable Generation: The Role
of Renewable Compensation Policies - Brown, D., Eckert, A.

2018-11: The Extensive Margin of Trade and Monetary Policy - Imura, Y., Shukayev, M.

2018-10: Macroeconomic Conditions and Child Schooling in Turkey - Gunes, P., Ural
Marchand, B.

2018-09: Employing Simple Cost-Sharing Policies to Motivate the Efficient Implementation of
Distributed Energy Resources - Brown, D., Sappington, D.

2018-08: Sequential Majoritarian Blotto Games - Klumpp, T., Konrad, K.

2018-07: Why are Refugee Children Shorter than the Hosting Population? Evidence from
Camps Residents in Jordan - Rashad, A., Sharaf, M., Mansour, E.

2018-06: Optimal Law Enforcement with Ordered Leniency - Landeo, C., Spier, K.
2018-05: Price-Quality Competition in a Mixed Duopoly - Klumpp, T., Su, X.

2018-04: "Causes of Sprawl”: A (Further) Public Finance Extension - McMillan, M.



