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Abstract

Electric power systems are undergoing a major transformation as they integrate intermittent
renewable energy sources, and batteries to smooth out variations in renewable energy production.
As privately-owned batteries grow from their role as marginal “price-takers” to significant players
in the market, a natural question arises: How do batteries operate in electricity markets, and how
does the strategic behavior of decentralized batteries distort decisions compared to centralized
batteries? We propose an analytically tractable model that captures salient features of the
highly complex electricity market. We derive in closed form the resulting battery behavior
and generation cost in three operating regimes: (i) no battery, (ii) centralized battery, and (ii)
decentralized profit-maximizing battery. We establish that a decentralized battery distorts its
discharge decisions in three ways. First, there is quantity withholding, i.e., discharging less
than centrally optimal. Second, there is a shift in participation from day-ahead to real-time,
i.e., postponing some of its discharge from day-ahead to real-time. Third, there is reduction in
real-time responsiveness, or discharging less in response to smoothing real-time demand than
centrally optimal. We also quantify the impact of the battery market power on total system
cost via the Price of Anarchy metric, and prove that it is always between 9/8 and 4/3. That
is, incentive misalignment always exists, but it is bounded even in the worst case. We calibrate
our model to real data from Los Angeles and Houston. Lastly, we show that competition is very
effective at reducing distortions, but many market power mitigation mechanisms backfire, and
lead to higher total cost. The work provides stakeholders with a framework to understand and
detect market power from batteries. It also shows that the potential loss from battery market
power is relatively small compared to the cost reduction achievable from having enough battery
capacity in the system.
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1 Introduction

Climate change is the defining issue of our time [IPCC, 2023], and countries and regions have
pledged to reduce their carbon emissions through international agreements and carbon neutrality
pledges. For example, the United States and the European Union planned to reach net zero by
2050. The power sector in the United States is one of the largest emitting sectors, accounting for
around 30 percent of total U.S. emissions [CBO, 2022].

To achieve this goal, the electric power systems are currently undergoing a major transformation
by incorporating renewable energy resources, such as solar and wind. However, the availability
of these renewable resources depends on exogenous factors that cannot be controlled. Because
supply of power has to equal demand at all times on the electric grid, the system operator has
to compensate for the real-time variability in one of two ways. The traditional way is to call
up fast-responding “peaker” plants, but these plants are both expensive and have high emissions.
Alternatively, the system can have enough energy storage resources, such as batteries, to smooth
out fluctuations and variations in energy production and consumption over the course of a day. As
costs fall and incentive schemes for renewables and batteries are enacted, battery storage capacity
has been growing rapidly since 2021. California and Texas have emerged as front runners in the
deployment of battery storage, with 8.6 GW and 4.1 GW of battery, respectively, as of April 2024,
while other states are only starting to deploy batteries at scale [EIA, 2024b].! In deregulated
electricity markets such as California and Texas, these grid-scale batteries, like other generation
assets, are often privately owned by profit-driven investors. As batteries grow from their previous

role as marginal “price-takers” to significant players in the market, a natural question arises:

How do batteries operate in electricity markets, and how does the strategic behavior of

decentralized batteries distort decisions compared to centralized batteries?

System operators have already observed strategic battery behaviors leading to negative out-
comes. The Australian Energy Regulator reported strategic behavior from its (relatively small)
100MW /150MWh battery during tight market conditions on March 16-17, 2023 [AER, 2023,

Parkinson, 2023]. After a generator outage (March 16) and a change in forecast price (March

1To put these numbers in context, California and Texas electricity demands on a typical day are around 20-40
GW and 40-70 GW, respectively, so California’s batteries are already a substantial fraction of demand.



17), the battery rebid its capacity from the price floor up to $10,000/MWh and $15,000/MWh,
respectively, setting the price. The report concludes, “This short-term strategic rebidding to capi-
talise on market conditions had the effect of exacerbating high prices. Again, while this behaviour
may not be a breach of the rules, the ability of these participants to increase price through these
rebidding strategies highlights the market power that participants may be able to exercise at certain

times.”

Batteries are also strategic in “normal” market conditions. California’s special report on
battery storage [CAISO, 2023b] suggests that batteries avoid being scheduled in day-ahead on aver-
age, preferring to participate in real-time markets. This strategic shift from day-ahead to real-time

means the system operator has to commit additional more expensive generators in day-ahead.
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Figure 1: Los Angeles’ “duck curve,” hourly mean net demand by year, 2019-2023. The net demand
is the energy demand minus renewable production. (Source: CAISO)

To understand the role of batteries, we must first understand the challenges from the mismatch
between renewable energy production and demand. As an illustrative example, in Figure 1, we
depict for the years 2019-2023 and for Los Angeles, the average hourly net load (or net demand),
defined as the energy demand minus renewable production, which needs to be covered by conven-
tional generators. The net demand admits a peak around 7-8PM when solar wanes and people
come back from work, while during the off-peak around noon the net load is very low and has been

getting lower every year due to increasing solar capacity. This leads to an increasingly steep ramp



period during which energy generation needs to be increased quickly, and only a subset of expensive
and emissions-heavy generators can do the task, negating part of the benefits of renewables. Due
to its shape, this curve is often referred to as the “duck curve.”

Batteries are a natural complement to renewables in the electrical grid because they can charge
during off-peak when energy is plentiful and price is low, and discharge during peak when energy
is scarce and price is high. In doing so, batteries smooth out the demand by arbitraging between
the off-peak and the peak periods during the day and make a profit from the price difference. As
a price taker, such a battery is straightforwardly beneficial, but as discussed earlier, batteries are
now a substantial fraction of demand in most regions in California and other markets are about to
follow, and strategic behavior and market power become questions of interest.

Electricity markets are especially susceptible to the exercise of market power because demand
and supply must be exactly equal at every location at any given time. Even though there are many
grid-scale batteries in California, each can resemble a local monopoly in its region, because the
transmission line infrastructure limits the amount of energy that can be transferred across regions.
California regulators acknowledged that increasing volatility from renewables further exarcerbates
the market fragmentation problem and approved a $7.3 billion plan to build additional transmission
capacity [St. John, 2023]. The fragmented nature of the market is evident from the fact that
wholesale electricity prices are very different across locations in California. For example, on May
27, 2024 at noon (off-peak), the real-time “base” price is $4/MWh but the congestion prices in
some regions of California were as high as $120/MWh.

Starting from the deregulation of electricity markets in the 1990s, and learning from painful
historical lessons along the way,? a large literature on detecting and mitigating market power has
developed, and all US short-term wholesale markets have adopted various forms of market power
mitigation procedures [Graf et al., 2021]. These measures primarily target conventional generators,
because until recently the only feasible storage technology at scale was pumped hydro, which were
relatively small. However, grid-scale battery systems are now projected to rise rapidly, and they
are crucial for integrating renewables into the grid. These developments bring the questions around
the potential for battery market power back to the forefront of electricity market design.

Batteries also pose an additional challenge to regulators more used to monitoring market power

2Most notoriously, the 2000-2001 California electricity crisis caused by flawed market design and market manip-
ulation by energy companies, mainly Enron [Weare, 2003].



from generators. The cost bids of conventional generators are largely determined by known physical
and operational constraints, which allows the system operators to ensure that generators’ bids are
“reasonable” most of the time based on such characteristics. The bids of batteries, however, are
determined by (their predictions of) opportunity costs and not just physical marginal costs like
generators. The questions of what form of strategic behavior a battery might take, and how it

impacts system performance, are therefore crucial questions.

1.1 Summary of Main Contributions

At a high level, this paper identifies an important question — market power of batteries — and
proposes a tractable model that is rich enough to analyze how batteries behave strategically in a

two-settlement market, isolate the effects at play, and quantify their impact on system cost.

Modeling Contribution. We view the formulation of our model as one of our main contribu-
tions, because our model is fully microfounded and rich enough to incorporate salient institutional
features yet simple enough to solve in closed form and isolate the main forces at play. In particular,
we capture the two-settlement structure that is common in most markets, the duck curve demand
trend (peak and off-peak), demand stochasticity and autocorrelation, and heterogeneity in genera-
tor ramp speeds. We can directly see from solutions to the model how each of these factors impact
the types of strategic behaviors of batteries, and how they impact the resulting cost, under different

operating regimes.

Main Features of the Model. We model a two-settlement centralized market with two periods
in a day, a peak period and an off-peak period. The day-ahead market clears for each period at
the beginning of the day with a day-ahead demand forecast. Then for each period, the real-time
market clears after the demand for that period is realized. We assume that the demands in two
periods are random and correlated, to investigate how batteries, as fast responders, react to demand
stochasticity and temporal dependence. This form of modeling allows us to disentangle the two
different kinds of demand-smoothing done by batteries: (i) intertemporal demand smoothing, or
transferring predictable components of demand from peak to off-peak period, and (ii) smoothing
unpredictable components of demand, by being responsive in real-time, discharging more when

demand is unusually high, and vice versa, to reduce the cost impact of deviations from forecast.



We also assume that the battery’s charge and discharge behavior has price impact. In other
words, the price is endogenously determined.

Lastly, we microfound the model by assuming an exogenous set of generators. Only a subset
of generators have fast enough ramping time to participate in real-time, and other generators can
only participate in day-ahead. Given the supply curves of “slow” and “fast” generators, the prices
in both day-ahead and real-time are set at a point where the supply from the generators equals the

exogenous consumer demand net battery charge/discharge.

Battery Behavior. We analyze the behavior of a large battery in two regimes: the centralized
regime, in which the system operator can control the battery charge/discharge to minimize system
cost, and the decentralized regime, in which the battery independently makes charge/discharge
decisions to maximize its profit. We find that in the centralized case, the battery perfectly smoothes
the predictable demand in day-ahead, and unpredictable demand in real-time. Therefore, there is
no economic withholding of any kind under this ideal baseline.

In the decentralized case, we show that the strategic battery distorts its discharge decisions
relative to the centrally optimal in three ways. First is quantity withholding: expected total
battery discharge is less than centrally optimal. Second is the shift from day-ahead to real-time:
expected real-time battery discharge is positive, whereas it is zero in the centralized case, as the
centrally optimal battery only responds to mean-zero demand fluctuations in real time. In other
words, the battery “hides” part of its capacity in day-ahead, reducing its day-ahead participation,
making the day-ahead planning more costly. Third is reduction in real-time responsiveness: the
strategic battery discharges less to smooth real-time demand fluctuation, i.e., to reduce the cost
impact of real-time deviations from forecast.

The first two types of distortion (quantity withholding and shift from day-ahead to real-time) are
about arbitrage across time from peak to off-peak, and the relative weight between them depends on
the generation composition. If most generators are fast (and can participate in real-time), then the
shift from day-ahead to real-time dominates. If most generators are slow, then quantity withholding

dominates. We elaborate on this in Section 5 (cf. Table 1).

Generation Cost Comparison. We compare the generation cost in the three regimes. Central-

ized cost is lower than decentralized cost, which is lower still than no-battery cost. Although there



is incentive misalignment, having an independent battery is still better than not having one. We
quantify the incentive misalignment by the ratio between the cost reduction achieved by a centrally
controlled versus profit-maximizing battery, which we call the Price of Anarchy (PoA). We prove
that PoA is between 9/8 and 4/3, and PoA is decreasing (i.e. the incentive alignment is better) in

the share of fast generators and the steepness of the duck curve.

Numerical Illustration. We illustrate our results by calibrating our model with real data in
two regions: Los Angeles and Houston. We find that, with a single monopoly battery, market
power could lead to a nontrivial increase in generation cost, and all three types of distortion can
be significant, but the effect of market power is relatively small compared to the gains from having

enough battery capacity in the system.

1.2 Related Work

Our paper is related to several streams of literature.

Sequential Markets and Market Power Our work is most closely related to the literature on
market power in sequential markets, starting with the seminal work of Allaz and Vila [1993]. The
latter considers producers (“generators”) rather than batteries, but some of their insights transfer to
our setting. Just like in Allaz and Vila [1993], producers use the forward (“day-ahead”) market even
under complete certainty and perfect foresight because the forward market changes the marginal
revenue on the spot (“real-time”) market. Under market power, the forward market improves both
producer profit and social welfare, because the producer can use the day-ahead market to reduce
withholding. Ito and Reguant [2016] extends the static Cournot game of Bushnell et al. [2008] to
sequential markets, and quantifies market power with limits to arbitrage in the Iberian electricity
market. Borenstein et al. [2008] and Saravia [2003] also consider market power and arbitrage in
electricity markets in California and New York, respectively. You et al. [2019] considers a fixed
strategic load that can allocate to day-ahead or real-time. While these works focus on (perfect or
imperfect) arbitrage between day-ahead and real-time by generators or purely financial “virtual”
bidders and only assume one time period, our work assumes that generators are nonstrategic and

focuses also on the arbitrage between peak and off-peak time periods by batteries.



Renewable Energy Operations. There is a vast literature on renewable energy in operations;
for surveys, see e.g. Agrawal and Yiicel [2021], Parker et al. [2019], Sunar and Swaminathan [2022].
Here, we highlight modeling works that are related to batteries, sequential markets, or market
power. Sioshansi [2010] observes that price smoothing by batteries create welfare gains but the
incentives may not be properly aligned for centrally optimal storage use. Sioshansi [2014] shows
that the introduction of storage always increases welfare when generators are nonstrategic, but it can
reduce welfare when generators are strategic. However, Sioshansi [2014] assumes that the demand
is deterministic and clears in one stage, whereas we highlight the role that demand stochasticity
and sequential market clearing play in different forms of distortion in battery behavior. Peura and
Bunn [2021] uses a game-theoretic model to analyze how intermittent renewable production affect
electricity prices in the presence of a forward market. While they do not consider batteries, the
use of forward markets to improve welfare and reduce market power as in Allaz and Vila [1993]
is related to our work. Acemoglu et al. [2017], Genc and Reynolds [2019] and Bahn et al. [2021]
consider the impact of ownership models (similar to our centralized versus decentralized regimes)
on competition and market power in renewables without batteries. Kaps et al. [2023] and Peng
et al. [2021] develop models of joint investment in renewables, conventional generators, and storage.
Wu et al. [2023] and Qi et al. [2015] consider investment in storage in different locations, but do
not consider incentives. Zhou et al. [2016] analyzes storage operations and energy disposal in the
presence of negative electricity prices.

There is also a nascent line of work on smoothing demand or shaving the peak beyond the use
of batteries. Agrawal and Yiicel [2022] analyzes the design of demand response programs, paying
consumers to reduce consumption when the grid is under stress. Fattahi et al. [2023, 2024] analyze
the use of direct load control contracts to smooth demand. Gao et al. [2024] studies different ways
of aggregating distributed energy resources. Electric vehicles can also be used to shave the peak,

although such uses are currently limited [Wu et al., 2022, Perakis and Thayaparan, 2023].

Market Power in Electricity Markets. There is a large empirical literature in economics
measuring market power in electricity markets; see [Kellogg and Reguant, 2021, Section 4.2] for a
survey, and Graf et al. [2021] for market power mitigation mechanisms. This literature is mostly
focused on market power of generators; the exceptions are Karaduman [2023] and Butters et al.

[2023]. Karaduman [2023] does not model sequential market clearing and focuses more on numer-



ically computing a dynamic equilibrium between a monopoly storage and conventional generators
calibrated to the South Australian electricity market. Like us, he documents the discrepancy be-
tween private and social incentives. In contrast, Butters et al. [2023] assumes that batteries do not

have market power and focuses more on the impact of different incentive schemes on investments.

Battery Market Power in Power Systems There is a body of work in the power systems
literature that study the market power of a monopoly battery with price impact [Mohsenian-Rad,
2015, Bjgrndal et al., 2023, Hartwig and Kockar, 2016, Huang et al., 2018, Schill and Kemfert, 2011].
Other works design algorithms to maximize battery profit over time [Témasson et al., 2020, Ward
and Staffell, 2018, Cruise et al., 2019]. Whereas these papers propose detailed models in the form
of large-scale mathematical programs that are numerically solved, our work gives a stylized model
that can be directly analyzed and solved in closed form. The two lines of work are complementary;
black box models can incorporate more details, while stylized models give sharp analytical insights
and economic intuition. In particular, it is generally understood from this literature that batteries
can strategically withhold capacity, but our work clarifies different forms of withholding and how

they depend on market fundamentals.

2 Model

Two-Settlement Market. We consider a two-settlement centralized market clearing that is
used by all wholesale electricity markets in the United States. The day-ahead (DA) market clears
before the day begins, setting a price in each time period such that the amount of supply from all
generators below the price equals the mean demand for that period. In other words, we assume that
the system operator’s day-ahead demand forecast is unbiased. Then, during the day, the real-time
(RT) market clears the incremental real-time demand (henceforth just “RT demand”), which is the
difference between the realized demand and the pre-committed DA demand. The RT demand can
either be positive (higher demand than expected) or negative (lower demand than expected). If
the RT demand is positive (resp. negative), a subset of generators that are fast enough to adjust in
real-time are called on to increase (resp. decrease) production (cf. the generators section below).
The battery makes the charge/discharge decision and amount after that period’s actual demand is

realized, affecting the net demand for that period (cf. the battery participation section below).



Generators. We model two types of generators: generators that have a slow ramp speed can
only participate in DA (henceforth “slow generators”), whereas generators with a fast ramp speed
can participate in both DA and RT (henceforth “fast generators”). We assume that we have a
continuum of infinitesimally small generators, and each generator is specified by the cost. All
conventional generators are assumed to be non-strategic, that is generators bid their true marginal
cost. Each generator also follows the market operator’s dispatch instructions on whether they
produce. This is an intentional modeling choice to capture the shape of the supply curve and how
it determines the clearing price and generation cost, while abstracting away non-convex elements
such as start-up and no-load costs which we instead capture in a stylized way via the dichotomy
between slow and fast generators. This model of generators is adapted from You et al. [2019].
(While thinking of generators as a continuum is convenient, it is not necessary: we get the same
result with a finite set of generators with zero start-up and no-load costs whose combined cost
functions correspond to the supply curve.)

The non-strategic generators assumption is realistic because system operators (regulators) know
the engineering characteristics of each generator and the fuel costs, so they can reliably estimate
each generator’s “true” marginal cost, and they can cap and penalize generators that overbid. For
example, California’s Department of Market Monitoring publishes annual reports that calculate the
“price-cost markups” which are 3.6%, 3.1%, and 2.5% on 2023, 2022, and 2021, respectively [CAISO,
2023a, 2022, 2021]. These slight positive markups show that bids in the California wholesale energy
market have been competitive, which is not surprising given that regulators have been regulating
conventional generators closely since the early 2000s. In contrast, batteries are a much newer
resource, and they are also harder to regulate because it is not clear what the “correct” charge
and discharge prices and quantities should be; they depend on not just operating costs but also
opportunity costs and price forecasts. Therefore, we assume that the battery is strategic while
generators are not to study the potential effect of battery market power.

Let G4(A), respectively G (), be the mass of slow, respectively fast generators, with cost less
or equal than A. The cost distributions G,(-) and G¢(-) of slow and fast generators are primitives

of the model, assumed to be strictly increasing.

Demand Process. There are T time periods in a day, indexed by ¢t € {1,2,...,T} = [T]. For

each t, period ¢t net demand is a random variable D, such that all the net demands (D1, Do, ..., D)
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is drawn from a known joint distribution 7. This captures the fact that the net demand in each
period is random, and net demands across periods can be correlated. For each ¢, we define Dq.; =
(D1,Da,...,Dy), py = E[Dy] and ¢? = Var(D;), and i = (u1 + --- + ur)/T. For ¢ < t, define
tejd,.,, = E[D¢| D1y = dip].

Recall that this demand process describes net demand, so uncertainties in the net demand
comes from both consumer demand and renewable production, and they are both exogenous. In
particular, we assume that electricity demand is perfectly inelastic and exogenous. This is well-
supported by empirical evidence [Joskow, 2006]. We model the demand process this way because
we want to capture the fact that markets with high renewable and battery penetration such as
Los Angeles exhibit a duck curve (cf. Figure 1): the price is highest in the evenings when solar
generation wanes (the sun sets) and demand peaks as people come home from work, and the price
is lowest in midday when solar production peaks. Note that our net demand representation is
very flexible. We can set T' = 24 so each period corresponds to each hour of the day. Indeed, in
every electricity market, the day-ahead bidding is hourly. In real-time, there could be bidding at
a more fine-grained intervals than hourly — say, every 15 minutes (California) or 5 minutes (other

US markets) — but here we will also assume hourly for simplicity.

Battery Participation. We will first assume that there is a single monopoly battery. This is to
highlight the market power of the battery in the case where it is strongest. We will soon show that
the market power is bounded even in this extreme case, and the battery market power will shrink
even further when more realistic restrictions on the batteries are added. (We will later relax this
assumption and consider multiple competing batteries in Section XXX.)

Before the day, the battery decides on the DA discharge amount z}” 4 day-ahead for each period
t € [T]. These are scalar decision variables. Then the real-time scenario materializes: for each
t € [T], the previous and current demands Di4 = (D1,...,Dy—1, D) are realized, then depending
on the demand realization, the battery decides on the incremental RT discharge amount 2?7 (D),
so that the actual discharge is 2”4 + z/'T (Dy.t). These are policy (or functional) decision variables.
Note that the battery discharging (resp. charging) is represented by positive (resp. negative) z.

The battery is assumed to have no state-of-charge constraint and no efficiency losses. Again, we
can relax these assumptions in Section XXX but we assume these both for simplicity and to show

that the battery market power is limited even when the battery is most powerful. While our model
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features only one day (with multiple time periods in a day), we should interpret the model as a
day in steady state. Equivalently, we have the same day that happens day after day. The battery
cannot produce its own energy, so the total energy charged must equal the total energy discharged
(plus the cycle inefficiency loss, which we assume to be zero for now). Also, we say “day” but our
framework can also cover the case of multiple days, e.g., we can set T' = 48 for a 2-day demand
forecast and battery planning horizon.

Therefore, the battery’s decision variables are zP4 and zf'T(Dy.;) for t € [T] subject to the

condition that the net discharge throughout the day is zero for each demand realization:

T
Z zé/j 4 =0,
t'=1
T
Z zﬁT(Dlzt/) = 0 for every (D1, ..., Dr) in the support.
=1
These restrictions capture the fact that batteries cannot produce produce energy, only shift it across
time, and that because there is no energy loss from charging and discharging, the total charging
equals total discharging over the planning horizon, most conveniently taken to be a day. Also,
we let the constraints bind on both DA and RT separately because, even though the day-ahead
transactions are purely financial, the system operator still wants the battery to submit a physically
feasible operating plan. In Section XXX, we analyze an alternative scenario where constraints only
bind in real-time: 25:1 P4+ 2B (Dyy) = 0.

We can set T to correspond to a day (even though, as previously discussed, our framework
naturally accommodates multiple days) because batteries typically have negligible net daily dis-
charge: batteries overwhelmingly arbitrage between peak and off-peak periods within a day rather
than between days. This is evident from the data. For each year in 2021-2023, we can calculate
the mean absolute daily discharge over the year, which captures the average net daily position of
batteries over the year. This net position is 1.0%, 2.9%, and 1.1% of total battery capacity in 2021,
2022, and 2023. The daily charge cycle of batteries is by design: less than 7% of installed storage
have duration exceeding 4 hours [Denholm et al., 2023].

Note that while we model the battery as choosing a quantity in each scenario, the quantity

discharged in practice depends on the specific market framework, which broadly falls into two

categories. First is self-scheduling: the battery can decide the quantity to discharge in each period,

12



which is the same as our model. Second is economic bidding, where the battery bids the charge and
discharge curves as price-quantity pairs, and the quantity charged/discharged is determined from
market clearing conditions. Given that the battery is the only strategic player in the environment,

the battery can choose the bid curves to achieve any desired quantity level.

Net Demand and Price Formation Process. The DA demand in each period t € [T] is taken
to be the mean p; of Dy, from the system operator’s unbiased demand forecast. With the battery
discharge, the DA and RT net demands for each period t € [T] are given by dP4 = p; — zP4 and
dfT(D1.4) = Dy — iy — 2T (D1.4). Note that the RT net demand is the incremental demand, i.e.,
the adjustment to the quantity cleared in day-ahead. (We slightly abuse the terminology here.
The traditional definition of net demand is system demand minus renewable production, which is
covered by conventional generators and batteries; this corresponds to D; and Dy in the demand
process section earlier. The “net demands” dP4,dfT in this section are covered by conventional
generators only.)

In each time ¢, the DA price )\tD 4 is set at the market clearing price, that is, the price such that

the energy produced by generators with costs below the price exactly equals the net demand:
G + G =dP. (1)

In RT, the price )\ﬁT is set such that the total energy produced equals the net demand (DA
demand plus incremental RT demand). However, slow generators with total energy output Gs(AP4)
can no longer be adjusted in real-time, so the system operator sets the price so that the RT

generators adjust their output to match the realized net demand:
GuAPY) + Gy = aP 4 " (2)

Equations (1) and (2) relate the net DA and RT demands dP4,df" to the DA and RT prices
APANET - (Note that df*T and AFT depend on Dy which we omit for brevity.) We can invert
these to get prices in terms of net demands.

We note that if RT demand is zero (dfff = 0, no adjustment to demand), then DA and RT

prices are equal: /\?A = /\fT. If RT demand is positive (resp. negative), then the RT price is

13



higher (resp. lower) than the DA price.

Generation Cost. As the price formation process suggests, the slow generators are cleared in
DA: they produce if and only if their costs are below )\,PA. The fast generators are cleared in
RT: they produce if and only if their costs are below A*’. The total generation cost follows from
integrating the mass of generators with cost less than the corresponding clearing price, )\tDA for

slow generators and AT for fast generators. Therefore, the total generation cost is given by

T
> ( A s AdGs(\) +Ep /A o MG f(N) > : (3)
t=1 <A <A

where the expectation is taken over the random demand. This generation cost captures the difficulty

of dealing with off-peak versus peak periods because in there are fewer generators in real-time (only
fast generators can participate), so the real-time prices are more sensitive to the random demand
level and volatility than day-ahead prices, leading to increasing cost because the generation cost
curve is convex. Note that this generation cost expression is separable in ¢, namely, that the cost
in each period depends only on the production level of fast and slow generators in that period
alone. However, we can also include the ramping cost explicitly, by assuming that generators incur
a ramping cost depending on the difference between the current period and the previous period’s
production levels, which breaks separability and makes the problem more complicated. We do this
extension in Section XXX.

Throughout, our system cost objective is the physical generation cost from conventional gen-
erators. These are the costs that generators actually incur from producing energy, not the prices
they are paid. Generators are paid the market clearing price, which could be higher than their
costs/bids. Because consumers are assumed to be price inelastic, maximizing welfare is equivalent
to minimizing generation cost. To see this, note that the market clearing price determines the price
at which money transfers from the load (demand side) to the system operator and from the system
operator to the generators (supply side). If we “sum up” the welfare of both the demand side and
the supply side, these purely monetary transfers cancel out, and only the “real” physical costs re-

main in the welfare calculation.® This also matches the prevailing objective of independent system

31f the loads /consumers are price-elastic, the welfare would be the sum of the loads’ utilities minus the physical
generation cost, but inelastic loads do not have utility functions.
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9

operators in practice: 7“unit commitment” and “economic dispatch” procedures in day-ahead and

real-time both minimize generation cost [Kirschen and Strbac, 2018, Creti and Fontini, 2019].

Battery Operation Models. We will compare three operating regimes.
e A first benchmark system is one without batteries.

e Centralized participation: In this system, the battery is directly controlled by the system

operator and makes charge/discharge decisions to minimize generation cost.

e Decentralized participation: in this system, the battery is an independent entity that makes

charge/discharge decisions to mazimize its own profit.

Note that the DA and RT prices are endogenously determined by the battery’s charge/discharge

decisions, as outlined earlier as part of the price formation process.

Day-Ahead and Real-Time Supply Curves We have the relationships between DA and RT
prices and demands in (1) and (2), which depend on G and G¢. G, and G5 are demand functions
for slow and fast generators, respectively, so we have a flexible way to define the relationship
between demand and price via the specification of G5 and G.

We assume that at each price A, a fraction ky of generators are fast, and ks = 1 — ky are slow.
In other words, at any price point, there are fast generators that can adjust their production up
and down. This assumption reflects the operating characteristics of the generators themselves: coal

" whereas natural gas and hydro plants are “fast.” This assumption is

and nuclear plants are “slow,’
also an implicit model of the system operator’s reserve requirement in day-ahead scheduling, which
ensure this property by committing some fast-responding generators in day-ahead (even when they
are relatively expensive) for reliability. Let G(\) = Gs(A\) + G () be the total supply function,

then Gs(A\) = ksG(A) and Gy = kyG(X). Equations (1) and (2) imply
=G (4P 0

1
MT =G <de + kdﬁT) . (5)
f

Note that while G(-) describes a supply curve that maps price to quantity, G~1(-) also describes
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a supply curve, mapping quantity to price. We assume that the supply curve is linear:
G (z) = a+ B, (6)

where «, 8 > 0 are known constants. The parameter « is the “intercept” (minimum marginal
cost for conventional generators), and the parameter ( is the “slope.” The linear supply curve
assumption is commonly made in the literature, e.g., Sioshansi [2010, 2014], Ito and Reguant
[2016], and we also make this assumption primarily for parsimony. We thus have price-demand
relationships of the form \P4 = a + gPA@PA \FT = \PA | pRTRT with pPA = 3, ghT = B/ks.
These price-demand relationships are similar to those derived in [You et al., 2019, Equations (5)
and (8)]. In this case, we can interpret BPA and BET as price elasticities of day-ahead and real-time

demand, respectively.?
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Figure 2: California supply curve

Figure 2 shows that the linear supply curve assumption is a good fit for the California market.
It shows the scatterplot and the nonparametric regression fit between the day-ahead price and
the day-ahead net demand, that is, our G~! function, which is linear over the applicable range.
It is true that in the rare case when the net demand is unusually high, the price could increase

super-linearly; Section XXX analyzes the extension when the supply curve is convex.

4Strictly speaking, they are not price elasticities, because price elasticities are conventionally defined as the ratio
of one percentage (relative) change against another percentage change, whereas our coefficient is the slope, or the
ratio of the absolute price change against the absolute demand change. The intuition governing both is similar.
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3 No Battery Baseline

In the next three sections, we will characterize the optimal battery behavior and the corresponding
generation cost in three regimes: no battery (§3), centralized cost-minimizing battery (§4), and
decentralized profit-maximizing battery (§5). Our results hold for any given distribution 7 over
(D1,...,D7).

Before we proceed, we first derive an expression for generation cost in terms of demands, which
is used in all regimes we consider. Define the modified DA and RT demands as dP4 = dP4,
dfT = aPA + afT /kp. (Both dffT and dffT can depend on D4, but we sometimes omit it for

brevity.) The generation cost is then given by

T

. )
Sk, (w;m P )2> T kyEp [acsz ny “’fm)?] | )
t=1

2 2

In the no-battery case, the generation cost is computed from (7) with dP4 =y, dFT(Dyy) =

pe + (Dy — ) /kg. The proof is given in Appendix A.

Theorem 1 (No Battery). The generation cost under no battery Cost(NB) is given by

T
Cost(NB) = ; <aut + g,u? + 2£f\/'ar(Dt)> .

This no-battery generation cost is a baseline to which we compare the other two regimes,
centralized and decentralized. The generation cost depends only on the marginal mean p; = E[Dy]
and marginal variance Var(D;) of D;, and not on the actual distribution beyond these moments,
or the correlation of demands from the two periods. Correlation does not matter because there
is no decision making (i.e., battery) linking the two periods, and the market clears in each period
independently. The generation cost depends on the variance because the generation cost is quadratic
in demand. Variability in demand therefore leads to higher cost. The generation cost is also
decreasing in k¢, because a larger fraction of fast generators means that more generators can buffer
the real-time variability of demand. In other words, with more fast generators, less expensive fast
generators around the day-ahead point are enough to satisfy the real-time incremental demand,

and the system does not need to use more expensive generators further away. This is also why ky
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only appears in conjunction with the variance terms and not the mean terms: if the demands are

deterministic (Var(D;) = 0 for all ¢), then the cost no longer depends on k.

4 Battery Operation: Centralized Solution

We now consider the case when there is a battery, and the system operator can directly control the
battery to achieve the system goal, namely, minimize generation cost. The decision variables are
the DA and RT discharges 24 and 28T (D) for each realization of period-1 demand Dy, and the

system operator solves
- pa, g(dP4)? r | g (df7)?
(ztDA;%lTn() r ; ks | ad/ " + 8 5 +kfEp | ad™ + 5 ,
where dPA = dPA = 11, — 2PA and dFT = aP4 + dfT [k = wp — P4 + (D — e — 287 (D14)) /Ky

The following theorem gives the optimal battery decisions and the corresponding generation cost.

Theorem 2 (Centralized Battery). The centralized battery discharge decisions are given by, for

each period t,

= —n

t—1
2 (Dyy) = M(Dt — i) — t/; (T—tl’—i—l)(Dt/ — )

1 T t—-1 T 1
Sy DAL DI D ety I LR OL

i=t+1 t'=1i=t'+1

We can show that the centralized cost minimization problem is a convex quadratic optimization
problem, whose unique optimal solution can be found from first-order conditions. The proof is
given in Appendix A.

Theorem 2 formalizes the intuition that a centralized battery improve social welfare by “smooth-
ing” demand as much as possible, in the sense that batteries shift demand from “peak” periods,
where it is scarce and expensive, to “off-peak” periods, where it is plentiful and cheap, making the
net demand profile over the day more equalized and smooth. In DA, the net demand in each period

tis py — ztDA = [i, smoothing net demands between periods to the mean. The RT smoothing is
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more subtle, as we have to make the discharge decision z{?‘T(Dl) knowing the realization of period
1 demand Dy but not the period 2 demand D>, and so on. The intuition is most clear with T = 2,
where we have 27 (D) = (D1 — 1) — %(M2|D1 —p2) and 287 = — 28T If we replace the unknown
period 2 demand with its conditional mean pgp,, then the incremental RT demands of the two
periods are Dy — p1 and pgp, — p2, so the RT discharge is set such that the net RT demands of
the two periods are equalized: (Dy — pu1) — 2{7 (D1) = (pap, — p2) + 217 (Dy).

An alternative way to view z/*'(Dy.) is that it smooths the real-time component of demand
followed by a correlation correction. For T = 2, the incremental demand in period 1 is D1 — 1 so
the battery shifts half of it at %(Dl — u1) to period 2. The extra term —%(M2|Dl — u2) captures the
effect of the demand dependence of period 2 that influences the decision in period 1. On one end
of the spectrum, if Dy and Dy are independent, then uyp, = 2, so this term is zero, in agreement
with the intuition that if demands are independent, then the future should not influence the current
period’s decision. On the other end, if D1 = D3 always, then ug p, = D1, and ugp, —p2 = D1—p,
so the correlation correction term exactly cancels out the main term, and the battery discharges
zero. This is also in agreement with the intuition that if the two periods are always the same, then
there is no smoothing for the battery to do. The correlation correction intuition also shows that
the real-time battery discharge does depend on the correlation between two demand periods, albeit
implicitly, and that higher demand correlation reduces battery discharge. The perfect smoothing
of demand also implies that prices in two periods are equal for both day-ahead and real-time, so
battery profit is zero. This is centrally optimal but clearly not aligned with the goal of battery
profit. If the battery is instead operated by an independent profit maximizer, then the battery will
notice that the social optimum discharges “too much” and withholds some of its discharge. This is

the source of incentive misalignment that we will quantify in §5.

5 Battery Operation: Decentralized Solution

We now consider the regime when there is an independently operated battery that chooses its

DA _RT
9 Zt

discharge/charge decisions (] (Dlzt));f:l to maximize its profit. The battery, like other

resources on the grid, pays (resp. gets paid) the market clearing prices )\tDA and AFT in DA and
RT when it charges (resp. discharges) in period t. Given that the quantity discharged is ztDA in

DA and z/*T in RT (which could be positive or negative), the DA and RT profits in period ¢ are
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APAZPA and MFT2ET . The battery solves

max Z )\DA DA

(DART
tltl

T
RT _RT
Z At 2t )
t=1

where the DA and RT prices are given by (4), (5), and the supply curve is given by (6). We derive

the optimal battery behavior and the corresponding cost in the following theorem.

Theorem 3 (Decentralized Battery). The decentralized battery discharge decisions are given by,

for each period t,

_ (2—ky) _
ZtDA* m(ut—ﬂ)

k T—t =L 1
2 (Dyy) = (4_7};{]0)(% —[)+ M(Dt — ) — t/z=:1 m(Dt’ — [t)

1
AT Zwﬂu Y Z o i, — )

=t t'=1i= t’+1

We can show that the profit maximization problem is also a convex quadratic optimization
problem, whose unique solution can be found from first-order conditions. The proof is given in
Appendix A. As in the centralized case, the discharges have “non-random” components smooth-
ing predictable demand fluctuations between time periods, and “random” components smoothing

demand fluctuation within each period. We discuss each of these components in turn.

Non-random component of discharge. The total expected discharge in period ¢, z DA 4
Ep[zfT] = ﬁ(ﬂt — fi) is strictly less than the centrally optimal discharge (u; — r). We call this
distortion quantity withholding. This form of distortion is familiar from the standard account of
market power. As we observed in §4, centrally optimal battery discharges “too much,” perfectly
smoothing demand resulting in zero profit. The independent battery exercises market power by
withholding capacity, resulting in less total discharge. Quantity withholding increases generation
cost because it makes peak demand higher and off-peak demand lower, which nets out to higher
cost because cost is quadratic in demand. Note that quantity withholding occurs even without

demand randomness. We quantify the extent of quantity withholding by computing one minus the

20



ratio between the decentralized and centralized expected battery discharge, which we define as

(2P pen + Eplzf)pen 2 —ky

quantity withholding =1 — = . 8
(zPY)en + Ep[efThon 4=k )

Note that quantity withholding is defined such that if the decentralized battery (DCN) dis-
charges as much as the centralized battery (CN), then withholding will be zero, whereas if the
decentralized battery has zero discharge, then withholding will be one. Therefore, our definition
captures the percentage of quantity withholding. Quantity withholding (2 — kf)/(4 — ky) is de-
creasing in ky. Intuitively, this is because more fast generators mean that the battery can discharge
more with less price impact, so the battery needs to withhold less to maximize profit. The quantity
withholding percentage is 1/2 = 50% when generators are mostly slow (ks ~ 0) and is 1/3 ~ 33.3%
when generators are mostly fast (ky ~ 1).

Furthermore, the battery shifts a positive amount of the expected discharge (Aji’];f)(,ut —[) to
real time. In contrast, the centrally optimal battery has zero real-time discharge in expectation.
We call this distortion the shift from day-ahead to real-time. Omnce the monopolist battery al-
ready commits the cleared quantity in the first (day-ahead) market, the battery’s marginal revenue
changes, enabling the battery to discharge more in total. In other words, the shift to real-time,
while undesirable in itself, enables the battery to do less quantity withholding. This intuition is
similar to how a monopolist sells to a population of nonstrategic consumers over two stages: with
a higher-price in the first stage to capture higher-value consumers, and a lower price in the second
stage. The quantity sold is split over two stages, but the total quantity sold is higher than a single-
stage monopoly quantity. This effect is analogous to the forward market equilibrium in Allaz and
Vila [1993], but we are the first to analyze this effect for batteries in electricity markets. A more
informal way to think about this effect is this: because the two markets clear separately each with
exogenous demand, the battery splits its quantity into two markets to reduce the quantity in each
market and thus reduce the adverse price impact, which is increasing in each market’s quantity.

Notably, This shift to real-time is a structural consequence of sequential market clearing by
itself: it still exists even without different elasticities in two markets or demand randomness. Nev-
ertheless, the relative elasticities of the two markets, as determined by the share of fast generators
k¢, determines the eztent of the shift to real-time. We quantify the extent of shift from day-ahead

to real-time by computing the share of expected discharge in real-time as a fraction of total dis-
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charge, and compare this share between decentralized and centralized regime. In other words, we

define shift from day-ahead to real-time as

Ep[f'T k
shift from day-ahead to real-time = (Eplz” D)pow = (9)

(zPYpen + Eplf ) pen 2

Therefore, the shift from day-ahead to real-time is increasing in ky. The shift percentage is
0% when generators are mostly slow (ky ~ 0) and 50% when generators are mostly fast (kf ~
1). Intuitively, more fast generators mean that the real-time price impact is less so real-time
participation is more attractive and the battery discharges more in real time. If (almost) all
generators are slow, then the price impact is so large that it is not worth discharging in real time
at all. Instead, the battery exercises market power by quantity withholding; we have seen earlier
that quantity withholding is highest in this slow generator case.

The upshot of our discussion is that the battery strategically distorts the discharge via quantity
withholding and shift from day-ahead to real-time, independent of demand randomness. Both types
of distortion increase generation cost and the relative weight of each type depends on generator
composition. More fast (resp. slow) generators mean more shift from day-ahead to real-time (resp.
quantity withholding). We summarize the expected discharge in day-ahead, real-time, and total,

as well as the extent of quantity withholding and shift from day-ahead to real-time in Table 1.

regime generator quantity shift from reduction in
g composition | withholding | DA to RT | RT responsiveness
slow gen.
dominate 50% 0% 50%
decentralized

fast gen.
dominate 33.3% 50% 50%
(kf~1)

centralized cent'rally 0% 0% 0%
optimal

Table 1: Strategic distortions of the battery as a function of generation composition.

Random component of discharge. The random components of 2z (D1;) are all the terms
except the (u; — 1) term, namely, the (D; — ;) and (Dy — i) terms and the (p;p,,, — pi) and
(Ui|D1:t, — ;) terms. The DCN coefficient of every term is 1/2 the corresponding coefficient, half
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of the centrally optimal perfect smoothing. We define the one minus the ratio of the random

component of decentralized versus centralized discharge as reduction in real-time responsiveness:

1 1
reduction in real-time responsiveness = 1 — 3= 73 (10)

Intuitively, the reduction in real-time responsiveness can also be viewed as a form of battery ex-
ercising market power via quantity withholding, but on the real-time mean-zero component of
demand. This reduction in real-time responsiveness is always exactly 50% on both the realized
demand and the correlation correction components. Just as we argued in the centralized case, the
terms (1 p,,, — #t) can be viewed as “correlation corrections” because it is zero when D; and D

are independent.

6 Comparing Generation Costs Across Different Regimes

We have derived battery discharge decisions and the corresponding generation costs under three
regimes: no battery (Theorem 1), centralized battery (Theorem 2), and decentralized battery
(Theorem 3). We can now compare generation costs (which are the system operator’s objectives)
between the three regimes, which we denote by Cost(NB), Cost(CN), and Cost(DCN), respectively.

We define the price of anarchy (PoA) as the relative cost reduction from the no-battery default

of the centralized versus decentralized battery:

PoA — Cost(NB) — Cost(CN)

- Cost(NB) — Cost(DCN) " (PoA)

While not obvious, having an independent battery always yields a cost reduction relative to the
no-battery default (cf. Theorem 4). Given this, (PoA) is well-defined, and PoA > 1.

The PoA metric captures the fact that there is a part of the generation cost that is “unavoidable”
in the sense that even the centrally controlled battery cannot avoid it. Therefore, the PoA is defined
to compare the relative cost reduction relative to the no-battery benchmark, which is the status
quo before the introduction of battery.

Throughout this subsection (and later analyses comparing costs), we will assume the following.

Assumption 1. Let X; = Dy — ug be the centered net demand. Then (Xt)thl follows an MA(1)

23



process in the following sense. We can write X1 = €1 and Xy = ¢ + Oer—q for 2 <t < T where

e ~ N(0,02) are independent normal variables for 1 <t < T, and 0 is a constant.

Assumption 1 captures the demand randomness and positive correlation across time periods
in a tractable way. There is a baseline mean demand ;. The noise terms X; are allowed to be
correlated, but only across nearby time periods. This is the simplest model of dynamic random
demand that goes beyond independent random noise that still allows us to derive analytical insights.

Later, we will see that our insights continue to hold across very general correlation structures.
Theorem 4 (Cost Comparisons). If Assumption 1 holds, then

(a) Cost(NB) > Cost(DCN) and Cost(DCN) > Cost(CN). Both inequalities become equalities if

and only if py = po and o1 = pos.

(b) 9/8 < PoA < 4/3. The lower bound is achieved when kf = 1 and o1 = poa. The upper
bound is achieved when ky = 0. PoA is decreasing in |1 — p2|, increasing in |0y — poa|, and

decreasing in k.

The result that Cost(NB) > Cost(DCN) is in the spirit of Sioshansi [2014], while Cost(DCN) >
Cost(CN) is necessarily true by definition. Taken together, these cost comparisons show that the
three costs are ranked, so the PoA metric is well-defined and meaningful. We also derive a lower
bound of 9/8 and an upper bound of 4/3 on PoA, and both bounds are the best possible. In other
words, the incentive misalignment can increase the generation cost from 12.5% to 33.3% relative
to the no-battery benchmark. Both bounds are attainable and are independent of the market
parameters. On the one hand, the existence of an absolute lower bound strictly away from 1 means
that in any market, there is always incentive misalignment (increasing cost by at least 12.5%). On
the other hand, the existence of an absolute upper bound of 4/3 also shows that in any market, the
incentive misalignment can be at most 33.3%, and this is even we assume the starkest conditions to
make battery market power starkest: there is a single monopoly battery that is perfectly efficient.
In §9, we show that PoA remains bounded even after relaxing assumptions.

The bounds and comparative statics of PoA follow from the following argument. The cost

reductions of both centralized and decentralized regimes have two components: the contribution
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from the differences in means, and from the differences in variance, as shown by

(bmmm&m@m:ﬁhmmf+ﬁzwlp@f

(12 — 5k + k)
4(4 — kg)?

(11 — p2)* + ﬂ(01 — po2)?

Cost(NB) — Cost(DCN) = 6k
f

The variance component of the two cost gaps are always a factor of 4/3 from each other, whereas

125k p+k2
the mean component of the two cost gaps are a factor of MT’;J)FJ from each other. This factor
reaches a minimum of 9/8 at ky = 1 and a maximum of 4/3 at ky = 0. Therefore, the ratio

PoA is between 9/8 and 4/3. Because the mean factor component is less than the variance factor
component of 4/3, if |u1 — pe| increases, the mean component becomes more important and the
PoA decreases, whereas if |07 — pos| increases, the variance component becomes more important
and PoA decreases. Lastly, because the mean factor is decreasing in k¢, the ratio PoA is also
decreasing in ky.

Because PoA is decreasing in |uq — 2|, as renewable energy (especially solar) increases, widening
the gap between peak mean net demand p; and off-peak mean net demand ps, incentive alignment
improves! A more severe duck curve increases the cost gaps of both centralized and decentralized
regimes, but the decentralized cost reduction grows at a faster rate. Moreover, the fact that PoA
is decreasing in ky means that more fast generators improve incentive alignment. Intuitively, this
is because non-strategic fast generators are ready to “step in” and cushion the price impact of
real-time battery withholding. Lastly, because PoA is increasing in |01 — pos/, it is not necessarily
monotonic in the correlation p. On the one hand, if o; < o2 then PoA is always increasing in p.
On the other hand, if o3 > o9 then PoA is decreasing in p when p < 01/02 and increasing in p

when p > o1 /09.

7 Numerical Illustrations

In this section, we illustrate the battery behavior and incentive misalignment numerically. To
anchor ideas, and for illustration purposes, we use data from Los Angeles and Houston. We choose
these regions as examples of markets that are well on the way in terms of renewable and battery
adoption, and markets that are in transition, respectively. We also observe local monopoly effects

in these regions. For example, in Los Angeles, as of April 2024, AES is the biggest player with 4
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batteries with total capacity of 355 MW, the second biggest is VESI with two batteries, 20 MW
each, and the rest are very small batteries with total capacity 27.2 MW [EIA, 2024a].

We emphasize that the results we present here are illustrative of the forces at play, but also do
not account for how submarkets are connected in the electricity market. A full network analysis is

beyond the scope of the current work.
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Figure 3: Mean net demand for each hour of the day in 2023 in Los Angeles and Houston, and the
corresponding peak and off-peak hours.

We calibrate the supply curve parameters o, 8 from public market data. We estimate k; from
the share of energy produced from “fast” sources. If we assume that natural gas and hydro are
fast, while nuclear and coal are slow, then we have ky = 0.93 for Los Angeles and k; = 0.66 for
Houston.

In contrast to the generator parameters o, 3, k¢ which can be assumed to be constant through-
out the year, the net demand has a significant seasonality component. We assume that the peak
and off-peak net demands are jointly normal, and calibrate the marginal means 1, u2, marginal
variances 03,03, and the correlation p for each quarter of 2023. For Los Angeles, we take the peak
hour to be 19:00-20:00 and the off-peak hour to be 12:00-13:00. For Houston, we take the peak
hour to be 19:00-20:00 and the off-peak hour to be 09:00-10:00 (cf. Figure 3).

For each quarter, we calculate the price of anarchy. In Los Angeles, we have 1.15 for all four
quarters. In Houston, we have Q1: 1.26, Q2: 1.24, Q3: 1.22, Q4: 1.26 with an average of 1.25.

Therefore, even though the demand has high seasonality, the price of anarchy is fairly stable across
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seasons.

We can see that, if the battery achieves local monopoly in a region, the price of anarchy as well
as all three types of distortion are practically significant. Nevertheless, the low values of the PoA
shows that the impact on cost reduction is limited. The Los Angeles PoA of 1.15 (resp. Houston
PoA of 1.25) means that the cost reduction from having decentralized batteries is already 87%
(resp. 80%) of the best possible cost reduction. We should think of the best possible cost reduction
not necessarily as the benchmark that could be achieved if only the central planner takes total
control because in practice, the central planner also do not have perfect information and is not
necessarily as nimble as private actors. Rather than viewing this result as saying that we could
do even better with a benevolent monopoly in charge, we should view this result instead as saying

that the liberalized electricity market status quo can give reasonable performance.

8 Competition and Market Power Mitigation Mechanisms

So far, we have assumed that there is a single battery monopoly which operates without restrictions
to highlight the fundamental features of battery market power. In this section, we will analyze the
equilibrium of a game with n competing batteries and shows that competition is quite effective
at reducing strategic distortions. However, we will show that a few reasonable-sounding market

mitigation measures that the system operator might deploy can backfire.

8.1 Competition

Theorem 5. Consider n batteries deciding discharge quantities in each period in a Cournot equi-

librium. Then, there is a unique equilibrium given by

P = e o )
(0 = sy )+ an, — o)
For every market, we have the PoA bounds
1 1

14+ <PoA <1+
n

n(n+1)(n?2+n+2) (n+2)
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Note that Theorem 5 reduces to the decentralized monopoly case (Theorem 3) with n = 1. We
can quantify the three types of distortions by comparing the total discharge in equilibrium n(z1) ponx
with the socially optimal discharge (z1)cn which is the same as the one-battery case (because the
battery has no capacity constraint). They are: quantity withholding = (n+1—nky)/((n+1)%>—nky),
shift from day-ahead to real-time = k¢/(n + 1), reduction in real-time responsiveness = 1/(n +1).

In particular, the three types of distortions all go to zero at a rate of 1/n as m increases.
Meanwhile, the PoA bounds show that PoA decreases to 1 at a rate of 1/n? in the worst case. So just
a moderate amount of competition can substantially reduce distortions and incentive misalignment.
The caveat that competition also substantially reduces battery profit, which might deter battery

market entry.

8.2 Market Power Mitigation Mechanisms

8.2.1 Regulating Day-Ahead versus Real-Time Discrepancy

Out of the three types of distortions that we have identified in our model, the shift from day-
ahead to real-time is easiest to observe in the data. California’s special report on battery storage
[CAISO, 2023b] shows the hourly average battery bids and market prices in day-ahead and real-
time (Figure 4 and Figure 5 in Appendix E). In day-ahead, battery bids are significantly higher
than market clearing prices, whereas in real-time, battery bids are comparable to market clearing
prices. This means that batteries avoid being scheduled in day-ahead, preferring to be scheduled in
real-time instead. This corresponds to the shift from day-ahead to real-time that we have identified.
We consider two market policies that the regulator could enact to mitigate the day-ahead versus

real-time discrepancy:

(P1) The regulator can require that the battery discharges zero in expectation in real-time. This
policy basically “bans” the shift from DA to RT, which is observable. Equivalently, this policy

imitates the socially optimal (centralized) behavior.

(P2) The regulator can introduce virtual bidders, which are purely financial bidders that arbitrage

between day-ahead and real-time prices in each period, using market dynamics.

Unfortunately, both of these policies will backfire.
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Theorem 6. Both (P1) and (P2) lead to more quantity withholding, lower battery profit, and higher

system cost.

Intuitively, the monopoly battery splits the exercise of market power “optimally” between quan-
tity withholding and shift from DA to RT. If the regulator bans shift from DA to RT, the battery
will have to do more quantity withholding to compensate. Whereas the shift from DA to RT will
still make the battery capacity available (only later than optimal), quantity withholding will make
the battery capacity not available at all, which further increases system cost. This also lowers
battery profit because the profit-maximizing battery would not choose this quantity withholding

allocation without the external constraint.

8.2.2 Battery Discharge Subsidy

If we think the charge and discharge behavior of batteries gives positive externalities to the system,
we can subsidize battery discharge, analogous to renewable production tax credits for renewables
but for batteries. The regulator selects a subsidy price s such that the regulator pays sz if the

battery discharges z during peak period.

Theorem 7. For any subsidy level s > 0, total financial cost, defined as a sum of subsidy cost and

system generation cost, increases compared to no subsidy.

We note that even though subsidy increases total financial cost, it might still be a good policy

if having lower carbon emissions is desirable in its own right, e.g., via the social cost of carbon.

9 Extensions

So far, we have made assumptions to get the most parsimonious model that shows the main
economic and operational drivers of strategic battery behavior. In this section, we will show that

the main insights continue to hold in more complex settings.

9.1 Multiple Time Periods

In this subsection, we extend our results to 7" > 2 periods, indexed by ¢t € {1,...,T} = [T].

The demands of all periods are random variables drawn from a known joint distribution D =
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(D1,...,Dp) ~ 7. As before, we consider the centralized case where the battery minimizes gener-
ation cost, and the decentralized case where the battery maximizes its profit. The battery decides
the discharge quantities 2/ 4 for each period ¢ in day-ahead, and 21 (Dy.) for each period t in
real-time as a function of the realized history Dj, subject to >, zP4 = 0 and 3, 2f7(D14) = 0
for all D. The market prices are determined by (1) and (2), and the generation cost is also given
by (3) (but summing over all ¢ € [T]), and the price of anarchy is defined by (PoA) as before.
Theorem 9 in Appendix F gives explicit formulas for the centralized and decentralized battery
decisions zP4 and 2T (Dy.;). This theorem reduces to previous results with 7' = 2. We can see
from the explicit formulas that the three types of distortions (quantity withholding, shift from day-
ahead to real-time, reduction in real-time responsiveness) continue to hold with the same amount
as in (8), (9), (10). We can prove that the bounds 9/8 < PoA < 4/3 on the Price of Anarchy also

continue to hold for independent normal demand for every T, and we believe that the bounds will

hold more broadly under reasonable assumptions on the correlation matrix.

9.2 Battery Inefficiency

In this subsection, we are back to the two-period model, but we now assume that the battery is
not perfectly efficient. Rather, it has a round trip efficiency of n € (0,1]. That is, the energy the
battery discharges is 7 times the amount it charges. In practice, n is typically between 0.85 and
0.98 for lithium-ion batteries [Koohi-Fayegh and Rosen, 2020]. If we assume that period 1 is a peak
period and the battery charges, while period 2 is an off-peak period and the battery discharges,
then we have zP4 + 7nzP4 = 2FT 4 28T = 0. Theorem 10 in Appendix F gives explicit formulas
for centralized and decentralized battery decisions. We also have the bounds 9/8 < PoA < 4/3 as

before.

9.3 Non-Parallel Supply Curves

We have assumed that the same fraction ky of generators are fast at every price A, that is G4(\) =
ksG(\) and Gf(\) = ksG()\) and the supply curve is linear: G™1(z) = o + Bz. We now relax the
former assumption and assume that the fast and slow supply curves are linear but not necessarily
a multiple of each other: G51(z) = as + fBsx and G;l(x) = ay + Byx. Theorem 11 shows that we
can still characterize the battery strategies in closed form, and the bounds 9/8 < PoA < 4/3 still
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hold.

9.4 Convex Supply Curves

We have assumed that the total supply curve is linear: G~'(z) = a+ Bx. This is a good first-order
approximation for most hours in the market, but we might want to also take into account that
prices might increase super-linearly when the demand is unusually high. Here, we assume that
G Yz) = a+ Bx + yz? for vy > 0. Theorem 12 derives the centralized and decentralized battery

strategies as linearized convexity corrections in +.

9.5 Battery Capacity

We have assumed that the battery has unlimited capacity, so the only constraints are that the total
net discharge is zero. Now we assume that the monopoly battery has a given capacity C. We do
not have closed form solutions, but they can be numerically approximated. Figure 6 shows the

Price of Anarchy values, calibrated with Los Angeles and Houston data, are comparable to before.

9.6 Battery Investments and Operations

Given our model’s focus on daily cycles of the market, taking market participants as fixed, it
naturally fits with the system operator’s goal of ensuring proper market functioning. However, it
can also be used to understand higher-level decisions such as investment in battery capacity. Here,
we assume that the battery capacity is endogenous. There is an investment cost c¢j,y per unit of
battery capacity. The decision maker first decides the battery capacity C to invest in, then decides
leA, zsz(Dl) to operate the battery with this capacity. The centralized case minimizes total cost,
which is a sum of investment cost c¢jyC and generation cost. The decentralized case maximizes

net profit, which is the arbitrage profit minus investment cost. Figure 7 shows that the Price of

Anarchy values, calibrated with Los Angeles and Houston data, are comparable to before.

10 Conclusion

We formulate and solve an analytical model of market power of batteries in electricity markets.
We find that profit-maximizing batteries strategically distort their decisions by quantity withhold-

ing, shifting participation from day-ahead to real-time, and reducing real-time responsiveness, and
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quantify the extent of each form of distortion. The larger the share of fast generators, the more
batteries do shift to real-time rather than quantity withholding, and vice versa. Battery distortion
due to incentive misalignment leads to an increase in generation cost between 12.5% and 33.3%,
and the misalignment is largest in relative terms when generators are slow, and and the duck curve
is shallow. Numerical illustrations with Los Angeles and Houston data suggest that, if a battery
achieves local monopoly, these effects could be practically significant, but the loss from market
power is bounded even in the worst case. A moderate amount of competition is very effective at
reducing distortions, with the caveat that it also substantially reduces battery profits, which might
deter battery market entry. However, market power mitigation mechanisms can backfire. While
our base model is intentionally parsimonious to most clearly highlight the main drivers of battery
incentive misalignment, the insights and quantitative bounds continue in more general settings.
There are many avenues for future work. Our model considers each region separately, which can
be a good first-order approximation for highly fragmented markets. For moderately fragmented
markets, the network structure and locational marginal pricing market clearing should be modeled
explicitly, and the question of market power over a network is worth investigating. Our model also
assumes that the environment is probabilistically known. Arguably, however, battery behavior is
also partly shaped by uncertainty and robustness considerations. For example, if the market price
occasionally spikes, then part of battery withholding behavior might simply be contingency prepa-
ration rather than market power. Understanding the role of price and system forecast, Bayesian and
non-Bayesian uncertainty, and distinguishing between strategic behavior and standard operating

procedures is an important future direction.
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A  Proofs for Section 3

Proposition 1. We have

E[Dy — pig)p,] = 0
E[(Dg — paip, ) (D1 — 1) =0
E[(D2 — pigp, ) (D2 — p2)] = (1 = p2)o3
E[(D1 — p1)(pg)p, — p2)] = po102
1i2)

E[(D2 — Mz)(M\Dl | = 10502

Also, for each constant ¢, we have
E[(D; — ¢)?|d1] = U%m1 + (g, — €)°

Proof. Proof of Proposition 1. The first two equations hold by definition of ps. For the third
equation, bE[Dy — g p,] = E[E[D2 — g p,|D1]] = Elugp, — t2)p,] = 0. For the fourth equation,
E[(D2 — poyp, ) (D1 — p1)] = E[E[(D2 — pgp, ) (D1 — p)|D1]] = E[(D1 — p)(p2)p, — H2ip,)] = 0. For
the fifth equation,

E[(D2 — pioyp,) (D2 — p2)] = E[(D2 — pigp, )] + E[(D2 — pioyp, ) (p2yp, — p2)]
= E[E[(D2 — pigp,)*|D1]] + E[E[(D2 — pigp, ) (112 p, — p12)|D1]]
= E[Ugml] + E[(121p, — t21p, ) (H2|Dy — 12)]

=(1-p2)o3+0=(1-pl)os

For the sixth equation, E[(D1 — p1)(pgip, — p2)] = E[E[(D1 — pn) (D2 — p2)|D1]] = E[(Dy —
p1)(D2 — p2)] = porog. For the seventh equation, E[(Da — p2) (2 p, — p2)] = E[E[(Da — p2)(p2)p, —

p2)| D1]] = E[(pgyp, — p2)?] = p2o3
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Lastly, we have

E[(Da — ¢)?|d1] = E[(D2 — pigja, + paja, — ¢)*|dn]
= E[(DZ - /“LQ‘dl)2’d1] + (/'62|d1 - 6)2 + 2(/'1’2|d1 - C)E[(DQ - .u2|d1 ‘dl}
= Ug‘dl + (M2|d1 - 0)2 + 2(M2|d1 - C) -0

2 2
= 0g)q, T (M2|d1 —c)

Proof. Proof of Theorem 1.

For ¢t € {1,2}, we compute

BT = B [+ 2|

E[(d{")*] =E

kg ky K2 K2

Di—m\*| o 2m 1 2 _ 2, 0f
e + = pi + 7—E[(Dy — pe)] + -5 E[(Dy — )] = pi + -5

Therefore, the generation cost is

- 8
> ks [aut + 2#?] +ky
t=1

B 2 0't2
aps + 3 Mt+k]%

which simplifies to the given expression.
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B Proofs for Section 4

Proof of Theorem 2. We want to minimize generation cost. The generation cost is

> [(1 —ky) (a(ut — 2P 4 g(“t _ ;DA 2)

t=1

Dy — iy — 28T Dy — = 2"
+ksE a(ut—ztDAthutt)Jrﬁ(Mt oAy Doz =57 Mt ]

2

Therefore, we want to minimize the expression in {---}.

We note that the generation cost is strictly convex (quadratic) in the decision variables. So,
the global minimum is achieved where first-order conditions hold with equality.

Fix 1 <t <T —1. For each i, t <4 <T — 1, take the derivative with respect to 277 (d;.;) and

take expectation over Dy, 1),; (so the equation depends only on dy.; gives

T-1

kp(ur — ) = (i, — 1) + (rjar, — pr) + k2P + kg > 204 Z 7+ Z (1+1(t = 0)E[2{" [d1e] = 0
t'=1 t'=1 t'=t

(11)

where fi;4,, = di for i =t, and E[z["|d1,] = {7 (dy1) for ¢/ =1t.

We will first solve for the DA variables. So we will take expectation of (16) for i =t over D

to get
T-1
k;fzzt, A1+ BT =0
t'=1 t'=1

Because this holds for every ¢, and only E[2*7] depends on ¢ in the above equation, we get that
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E[zfT] must be equal for every t: E[zf'T] = E[zfT] and

kfzz +TE[fT] =0
t'=1

We now take the derivative with respect to zP4:

21— k) — 2P+ (1 kp)(2 <NT+Z@

t'=1

1 Dy — uy — 28T 9 T-1 D L ST-1LRT
+kr(2) <_k:f>E<iut_leA+M>+kf()E<,U/T+ZZtQA+ =+ Y1 2

ky

Replacing E[z/T] = E[zfT], we get

2(2—1€f)<w—ut+zt +Zzt’ >+ —TE[z{"] =0

t'=1

This holds for every . So there is a constant ¢ such that z” A = 1y — pp + ¢ This gives

T
22— kp)T(c+ i — pr) + —E[ T=0and 0=ky > 2P+ TE["] = kyT(f — pr + ) + TE[2f"

kg prat

Therefore, E[zf7] = 0 and ¢ = pr — fi, so 2P4 = s — i
Now we solve for z/*7(dy.;).

Substituting 2?4 = py — fi in (16) gives

t—1 —1
(it — 1) + (1jay, — ) + Y2+ ) (L+ 1t = D)E[ |dia] = 0 (12)
t'=1 t'=t
Summing (17) over all t <i < T — 1 gives
T-1 t—1 T-1
= iy, — 1) + (T = ) (prjay, — pr) + (T =) 2+ (T —t+1) Y Bz |dry] =

=t t'=1 t'=t

This gives ZtT,;tl E[25T|d14] in terms of 2T, ¢/ < ¢ — 1. We substitute this into (17) with i = ¢:
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T-1

t—1
—(dy — ) + (MT|d1:t — pr) + Z ZﬁT + ZﬁT + Z E[Zﬁ’T|d1;t] =0

t'=1

t'=t

t—1
(T —t+1) <—(dt — ) + (Ui, — pr) + Y 24T + ZtRT>
t'=1

T—1
= — Z(:U’ﬂdl:t — ,Uz') + (T - t)(MTIst

1=t

t—1
—pr)+(T—1)> ="

t'=1

T—1 t—1
—(T = t)(dr — ) + Y (Hifary — 13) + (Wrjay, — pr) + Y 25+ (T —t+ 1)z =0
i=t+1 t'=1
This recursion has the form
t—1
(T —t+ 1)z + 2 = a
t'=1
with
T
ar = (T —t)(de — pu) — Z (Mi|d1:t — 1)
i=t+1

This gives T2f7 = a; so 287 = a; /T and

(T —t)2f — (T =t + 1) + 2 = a1 — ay

1
R R

GRSy <<T‘t><dt —p) = 3 (g, — )

t'=
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t—1

=1
T

i=t+1
T

t—1
> (T - t’)(T1 1) <(T —t)dy =) = D (iga,, — 1)

i=t/+1

1
;(T—t’)(T—t’—l—l)a

tl

)
)



Therefore

L k) B Z (RS SR S o )
z. e Cww — — —_— / — /) - - : — Mg
t (T—t11) t— Ht P T —¢+1) ' Mt (T —t+1) 2 Fildy.e — K

T Z Z —U+1) (Mz‘|d1:t, — 1)

t'=1i= t’+1

O
C Proofs for Section 5
Proof of Theorem 3. We now solve the decentralized case. The battery profit is
T T
M= PP B (YD /\szfT]
t=1 t=1
T-1 T—1
- TP P E | SO e
t=1 t=1
T-1 T-1 (D _ _ _ _
pe) — (D1 — pr)
_ _9,D DA | _DA E _ _9,DA _ DA ¢
B e — pr — 2204 =N 2P 2 +B; pe — pr — 2z ;zk + oy

kAt

o~
Il
—

For a given k, consider the derivative of the profit w.r.t z/ (dy.;). We get

1
5 (—k) A R R D D
£k f 2k
1
+kf((dk — k) = (H7|dy, — ZE Tldyg] — 4z (dlzk))> =0
1k

where, of course, if t < k, then E[2*|dy.x] = 2/* (dy1.4).

or

i k= pr = 2200 =Y 2P+ (de = ) = (yay, — ) —2) B[] — 427 =0
t£k t£k

We will first take the expectations to eliminate all randomness (and solve for the DA variables
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first):

We have
II
E:Z pt — pr — 22 ZZ
t t'#t
D; — —DT— T—2ZRT— ’ ZI?
+ZE Mt—MT—QZtDA— Zt]?A—i-( t— pe) = ( Hk) ¢ Zt;étt zﬁT
t t/#t Y
Derivative w.r.t. 27 (dy.)) gives
1 DA (Dk_luk)_(DT_NT)_ZLZ?T_Zt’;ékZﬁT
E ];C(_]W)Ztl + | pr — pr — 227 —Zzt/ +

2k ky

or

k(e — pr) = kpzg® — kg Zz - 221@ Tldy] — 2287 + (dy, — p) — (pyay,, — pr) =0
(Without further specification, ), means sum over ¢ = 1

=1,...,7 —1.) Of course, when t < k, we
have E[2f7|d1.1] = 27 (d1.t).

We will use this equation later to solve for individual z

" (di:). For now, we take the expectation
over all randomness to get

kg(pn — pr) — kfz,?A — ky ZztDA — QZE[ztRT] — 2E[Z]§T] =0
t

t

We want to calculate Y, E[z{*T

]. Summing the above for all k € [T' — 1] gives

kg Z(Mt — pT) — kaZZtDA — QTZE[Zg%T _
t " -

So
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Substituting this back in gives

ky

k k
E[Z]?T] f DA+ f( T

5 % 5 (B = pr) = t (pr — pr)

Now take the derivative w.r.t. zDA

DDA = — 4204 =Y )+ (CDEET ]+ (—2)E[T] =

t#k t'£k t#k

or

—2zP4 =23 2P+ (e — pr) — B[] =) BT =0
t t

Substituting the value of E[zf'T] and Y, E[2*1] gives
2 k
Z 2 f; (e — pr)

Summing over k € [T — 1] gives

Therefore,
oA _ (2—ky) o1 3 @k
t
where i = (1 + -+ + pr—1 + pr)/T. Substituting this into the E[25T] expression gives

ky 1 Ky .
m ((Mk — pr) — T Z(Ht - MT)) = W(uk — i)

t

E[2{T] =

Now we will solve for each z,?T.
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Recall

kp(un — pr) = kg = kp Y 2P =23 "B |di] — 22877 + (di — ) = (prjay,, — ) =0
t

t

Substituting the z,? A expression gives

k—1
2k
ﬁ(ﬂk —pr) =2 AT (dra) — 4287 (dyg) — 2 Z BT\, 4]
! t=1 t=k+1

This equation will be used a lot: (18)
Fixat, 1 <t <T — 1. We will solve for z/*7'(dy4) in terms of dy.;.

The equation with k =t is

2k
(4 J]; ) ,ut /LT -2 Z 2 42{” 2 Z Zt/ ’dl -t (dt
t'=1 t'=t+1

+ (dk — px) — (rydy,, — 1) =0

— put) = (W7|dy,, — M) =0

Now take the equation with t + 1 < k < 7' — 1 and take expectation over D 1) (so the

equation depends only on d.:

2k —
(e — ) - 2 Z AT =2 =2 3" (1 + 1 = k)EF |dua] + (agas, — 1) — (471a,,

(4 k ) t'=1 t'=t+1

Summing these equations for all t < k < T — 1 gives

=t t'=1 t'=t

+(dy

47

T-1
A=k (e — pr) —t Z 2T =2AT —t+1) Y B[z |did] = (T = ) (ugyay, — ir)
K

T-1

— )+ > (ijay, — k) =0

k=t+1

— pr)

=0



Therefore,

T-1 T—-1 (T . t) t—1
S BT |dy) = Z e — pT) — s Y
b (T —t+ 1 P (T —t+1) —
T—1
(T —1) 1 1
S o _ - (d - B _
ST — i3 1) Wlne = H0) + 5y (e = 1) + 5 k;l(“’f'dlrt k)

The equation with k£ =t says:

71
2k
= J;{ 3 (ut — pr) — 2 Z 2T =22 =23 Bl |dia] + (d — ) — (pja, — o) =0
t'=1 t'=t

Solving for z'T" gives

-1
k 1 1
A = Ty TS B + 5 (de = 1) = 5 (g, — r)
t'=1 t'=t

Substituting the expression for S, _} E[z5T |dy.4] gives

T t—1
k 1 1 (T —t)
RT S RT
T A _ T - ——~— 7 (d, —
T a—ky) (”t (T—t+1)k§“’“> Torri2 Yo M
T-1
1 1
_mWT\du — pr) — m k;rl(ukwl:t — 1K)

This gives a recursion that gives /! in terms of zﬁT for 1 <t <t — 1. The recursion has the

form
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This gives

(T —t+ 1)z = (T —t+1)ay — Zzt/
=1

(T —t)2f — (T =t + )T = (T — t)ag1 — (T — 1+ t)ay — 217

1
zﬁ_:q ZRT = Qt41 — Gt — mat
Summing these equations from 1 to t — 1 gives
t—1 1
ZtRT_ZlRT:at_al_Zmat/
=1
We also have zI*T' = a;, so
t—1 1
RT
Zt = Q¢ — Z mat/
=1
Note that we have
T T
kg 1 (T —1t) 1
ap = ———— - + ——(d; — - A
T 4=k (’“ (T—t+1) ;“’J 2T —t + 1)( ¢~ 1) 2T —t+1) g;l(“’ﬂdl-t
We have
ZFT = a1
ky (T —1) 1«
—_— — _— /1 d _— —_—— —
i) (1= p) + 75— (di — ) = 5 ;(Nlﬂdl [4k)
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and

1
R R
2 e oy

k 1 < T2 T
:M—%<“2‘@—n§“k)+%—f><d2—ﬂ2 BT =) 2 s~

=3

1 ks o (T-1) 1 <&
7(T—1) ((4_kf)(ulﬂ)+ oT (1*/‘61 21—,2::2//443(11 )

L S P S k. W N ZT:M ) — =y — i) + ZT:M
(4—l<:f) 2 2T — 1) 2 2) kzg kldia — k) o\~ M k;:2 kldi —

We substitute the expressions of a; and ay in the z/*"

kg/(4 — ky) times

expression. The “constant” term is

|
kS
_l_
A
~
+
}_A
+
HM
|
”t
|
<X
+
=
N~
=

t—1 t—11t

t+1 Z“’“ Z Z t'+1)“

t’l t’lkl

The coefficient of [ is

+Z T T N T TY\__,
—t+1 —t’ T—-t+1) (T—t+1) T—t+1 T)

We swap the order of the double summation (over ¢ and k, to over k and t') to get

oG\ =) (T =t +1) e = T—t+1 T—k)M
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Therefore, all the terms cancel out to u; — it and the constant term is

ky .

The rest of 2T is

(T 1) 1 T
m(dt — i) — m k;ﬂ(ﬂkdu — k)
t—1 1 (T B t/) . T
— t’z—:l (T —t) (2(T — V1) (dy — per) — m k;ﬂ(ﬂmdl:t, - uk))

Therefore, we have

ky ) (T — 1) t—1
T (drt) = (e — 1) + oo~ (de — ) ZQ —t’ (de — purr)

(A= ky) 2AT—t+1) +1)
T T 1
ft+ 1 Z 'uk|d1t 'U'k + Z Z 2 t/+ 1) ('uk|d1:t/ _Nk)
k t+1 t'=1k=t'+1

D Proofs for Section 6

To compare costs between regimes, we first derive the expressions for generation costs under cen-
tralized and decentralized regimes, assuming Assumption 1. The results are given in Proposition 2

and Proposition 3 below.

Proposition 2. If Assumption 1 holds, then

Cost(CN) = stuff

Proposition 3. If Assumption 1 holds, then

Cost(DCN) = stuff
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Lemma 1. If Assumption 1 holds, then for i > t, we have

0 ifs>t+1
E[X,|X1,...,X{] =

0—ir—  ifs—=t+1

oi+0%0;
Proof of Lemma 1. Let {e;}._; be independent with ¢, ~ N(0,0?), and define the process:

Xl = €1,

Xt:€t+0€t71; t:2,,T

We compute the conditional expectation E[X | X1,...,X;] for s > t.

Case 1: s >t + 2.

Since X5 = €5 + fes_1, and both €5 and €51 are independent of {X7,..., X;}, we have:

E[X, | X1,...,X] = 0.

Case 2: s=t+1.
Then:

Xit1 = €41 + Oey,

where e;41 L {X1,..., X3}, so
E[Xt—i-l ‘ X17"'7Xt} = H'E[et | Xl?"'aXt]'

We now compute Ele; | Xi,...,X;]. Since only X; depends on ¢; directly (and all €’s are
independent), we have:

Ele, | X1,..., X4 = Ele | Xu].

Now, X; = ¢; + 0¢;_1, where ¢, ~ N'(0,02) and ¢;_1 ~ N(0,02 ) are independent. Therefore,

the conditional expectation of ¢; given X is:

Cov (e, Xt) o?
Ele, | X;] = b 2t) %L x
lee | il Var(X,) ' o2+ 022 "
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Proof. We first calculate ztD AN and zf TN We have ztD AON _ pe — pofor 1 <t <T. Now, for
1<t<T -1,
t—1
RT,CN (T —1)
’ N D/ — /
z T—t+ ) t/z:l —t’+1) v — i)
1 T
- (T* t+ ) Z (HZ‘Dlt lu’l + Z Z ! + 1) (/’Li|D1:t/ - :U’Z)
t'=11i= t’+1
t—1
(T —1) 1
= —X; - — Xy
(T—t+1)"" ;(T—t/ﬂ) !
1 ol
- -0 - L —X
(T —t+1) o + 60202 | !
t—1 9
1 (o]
.0 - t X,
Therefore,

T (T—t+1) o2+ 622, )"

t—1 9
1 1 (o
0 L X
+§:: ((T—t’—i—l) T onT v+ g§,+92gg_1> !

‘ 1 1 o2
= / + / / 2 2 t2, 2 Xy
(r-v+1) (T-t)T-t'+1) o5 +6%;_,

Using the convention that ¢g = 0 and o9 = 0, we calculate

t t

1
t/z::l _t/ t:yz::l(T—t’ 6t+ez —t’+1 -

t t—1 0

Z:: €t+92 VAT t+1 t+z< —t’+1 +(Tt/)>6t’

t'=1
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and

! 1 o2
Z / / 0 2 t2, 2 Xy
prawet (T =t)(T -t +1) o5 + 0%,
2

1 1 (o) 1 Oy
= fe + t v + 2 v
(T -1)T ﬂz_;(T—t’)(T—t’Jrl) o2 + 6% | ;(T—t’—l)(T—t’) at,+1+022
t ! 0 o + § 1 02 0f i1
= et/
(T —t)NT—t+1) of+6%0% | " = (T—t-1)(T—t) o}, +6% 2
= 1 0 0—152 Et
(T —t)(T —t+1) o + 6257 |
o 1 o2
+ 0 ¢ + 2 t'+1 ey

Therefore, for 1 <t <T —1

X, — ZtRT,CN

1 N 1 o?
pu— 6
(T—t+1)  (T—t)(T—t+1) 02+602,)"

—|—Z 0 i 1 O't2/ 4 1 2 O'tQ/_,'_l
€41
— —t’+1) (T—t) (T—t)T—t+1) ot +00%_, (T—t—-1)(T—-t) o +052)"

Now we calculate DCN.

2—k B
ZPA M( )
k _ (T —t) — 1
RT f
Diy) = 7 (e — (D — — = (D — uw
2" (D1:t) (4_k)(ut N)+2(T—t+1)( ¢ — it ZQ(T—t’+1)( v — )
d t'=1
T T
—t+1 Zt: Hi| Dy — Hi +;,;12 ) 75,+1)(/~%|Dl:t,—,LLZ‘)

Before we prove these propositions, we have a few lemmas for key calculations.
First, the 27 expressions involve many conditional expectations of the form E[D;|D1.] with

i > t, which Lemma 1 calculates in closed form.
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E Proofs for Section 8

Figure 2.3.1 Hourly average day-ahead bids and nodal prices (by quarter)

550
2500 = == « Avg bid to charge ($/MWh) Avg bid to dischargs (S/MWh)
iﬁ Avg nodal price

$/MWh

1591317211 5 91317211 5 91317211 5 51317211 5 91317211 5 9131721
a3 a4 a1 Q2 a3 a4
2021 2022

Figure 4: Day-Ahead discharge bid > price (avoid DA scheduling)

Figure 2.3.2  Hourly average real-time battery bids and nodal prices (by quarter)

$400
&350 == == = Avg bid to charge ($/MWh) Avg bid to discharge ($/MWh)
Avg nodal price

$/MWh

[] ~
-$50 > o “'"*.--l' Aol -
-5100 .
1591317211 5 91317211 5 91317211 5 8 131?21\1 591317211 5 9 131721
Q3 a4 ai a2 | a3 a4
2021 2022

Figure 5: Real-time discharge bid ~ price (batteries suddenly show up in RT)

Proof. Proof of Theorem 5.
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Assume that there are n batteries indexed by b € [n] = {1,2,...,n}. Assume that battery b
discharges z A in day-ahead in time ¢ € {1,2} and z T(Dy) in real-time in time 1, and z (D1, Ds)
in RT in time 2, with szlA + Zb2 = zb T(Dy) + zb2 (Dl,Dg) = 0.

We have
P ==Y
b
A5 = o + Z 2
di(dy) = Zz +— <d1 [ — Zzbl dl)
5T (dy, do) = pa + Zb:zé?{‘ + klf <d2 — pia + Zb:ZfIT(dl)>
and

APA = o 4+ gdPA
A = o+ BapA
N = o1 gl

NET = o 1 BT
Battery b’s profit is given by
My = (AP =22z + B[ = 2572 (D))
We can write
I, =B (Ml —M2—2225f4> Z
b
5{#1 2 —22%1 ( — 1) — (D2 — p2) —2225?(D1))}Zf1T(D1)]

b

+E
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Fix D1 = d;. We take derivative w.r.t. zﬁT(dl) to get

E

1
B{m — =23 a0+ (= ) = (D2 = o) =23 =) 4z;?f<d1>)}
b b b

D1:d1] =0

or

K <u1 —pp -2y zé?f“) k(= ) = (o, = 12) =2 =75 (d) — 4T (1)) =0 (14)

b b £b
We take derivative w.r.t zlfIA to get
p—p =2zt =4 | + B {—Q}zflT(Dl)] =0 (15)
b £b

We will assume that the equilibrium is symmetric. (We can show directly that any equilibrium
is symmetric, because the main terms are determined by linear equations with a unique solution
which we will derive below.)

The main term of (14) is
kp(pa — po = 2n20) + (dy — pa) = (poa, — p2) — (20 + 2)z4 (da) =0
or
74 (dy) = 2(n1+1) (kg1 — pa) = 2knzf + (dy — 1) = (pajg, — p2))
The main term of (15) is
g1 — p2 — (20 +2) 2 = 2E[z (D1)] = 0
From the expression for zé?{[ (d1), we have
El2 (D)) =

— (k — — 2k DA
3+ 1) (kp(p1 — p2) mzi)
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Substituting this in gives

1
kp(p — p2) — 2kpnzift) =0

T S P —
pa — p2 — (2n + 2) 2, 2(n_|_1)(f

or

DA _ (n+1— k)
b1 2((n+1)2 —nky

)(Ml — p12)

which gives

ks 1 1

Zlfulr(dl) = 2((n + 1)2 _ nkf) (,ul - NQ) + m(dl - Nl) -

m(ﬂmdl — p12)

We now compute the generation cost. The generation cost is given by

olyn + 12) + k5 (@A + (@] + kg DB [( 7 4 (5T

which evaluates to

a(pr + p2)

(2 + 61+ Tn? 4+ 4n3 + nt — (4n + 5n? + 2n3)ks + n’k?)
6{ E (i + 13)

(T 12 — kg2
n(2+5n +4n* +n® — (3n + 2n°)k; + nk?)
2((n + )% — nky)?

N (2+2n+n?)o? + (2 +4n + 2n% — (2n +n?)p?)os + 2n(2 + n)poioy
4(n + 1)2k‘f

_l’_

12

This gives

Cost(NB) ~ Cost(ON) = (1 — o)’ + J,ifwl o)’

(n(2 + 50 + 4n® +n°) — n?(3 + 2n)ky + n*k})
4((n +1)% — nky)?

Cost(NB) — Cost(DCN) = (1 — p2)? + M(al — poa)?
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Therefore,

1 (n?4+n+1)2 (n+1)2 1
1 = <P AL — =14+ —7-—.
+n(n+1)(n2+n—|—2) nn+1)(n?2+n+2) ~ o8 = n(n +2) n(n +2)

O]

Proof. Proof of Theorem 6. We first consider (P1). We want to maximize profit with the extra
constraint that E[2FT] = 0.

The profit is

I = (APA = AP 2PA + B (M7 = M) 2fT(Dy)] + 0E [2f7]

= By — pig — 22024 2P4

(D1 — p1) = (D2 — pi2) — 22FT(D1))> Z{%T(Dl)}

+E|:,B<u1—u2—221DA+ L
f

We can ignore the factor of 5 in maximizing profit.

We can write the Lagrangian

L= (1 — pg —220*)2PA

+E [(Ml —po — 2204 + (D1 — ) — (Dzk; 12) — QZf%T(Dl))> ZﬁT(Dl)} + 0 [T

Taking derivative w.r.t. 25*7(d;) for a given fixed d; gives, for each dj,

di — pu1) — (Do — p2) — 4217 (dy
E Dy (dr) [ (m — g —22P4 4 ( p) —( . p2) 17 (d1)) o0
This reduces to
1 1 1 k
A () = ghyb + 3 (= ) = 3 iy = p2) 5 (1 = 2 = 227

In particular,

1 k
B[ (D1)] = Jkpt + mel i — 2504
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This should be zero. Therefore,
DA)

6= —(u — po — 24}

Now we take derivative w.r.t zP4:

(p1 — p2 — 420" + E [(=2)2{"(D1)] =0

Because E[2f1] = 0, we have

_ 1
Z{DA = Z(ﬂl — p12)
~RT 1 1
zi (dh) = Z(dl — 1) — Z(M2|d1 )

Now we compute the generation cost. The demands are given by

3 1
dDA — DA _ 2 -
1 M1 — 21 4M1+ 112
1 3
dQDAZ,u2+ZlDA= — M1+ 2
4 4
3 1
dfi" = Z(dl — 1) + Z(M\dl — p2)

1 1
dy" = (dy — p2) + 7l =) = (poja, — p2)

We calculate the modified real-time demand

dNRT_dDA_i_d{%T_ 3 (d o )+ 1 ( _ )+§ +1

1 = aj T:f = ka 1— M1 74kif H2|dy — M2 4M1 4,u2

- akft 1 1 1 1 3
RT __ ;DA 2 _ - _ _ o _ il 2
dy” =dy " + Pyl (d2 — p2) + Ty (di — ) T (Mojay — k2) + o1+ 2
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We calculate, using Proposition 1:

. 3 1 3 1 \?
E[(di")*] =E (%(Dl — 1) + m(/@wl — p2) + it 4M2>

_ 90% + p2o3 + 6poioy 3 n 1 2
- 16k7 gH T

E (4(172 —p2) + (D1 —p1) — (poip, —p2) 1 3 >2

E[(d5")%] =

4k‘f + Z,Ul + Z,U2

2 2\ 2 2
_ 01+ (16 — 7p5)o3 + 6poios 1 3
- 16k2 gt g

The generation cost is

oy + 12) ks | 5 (@4 4 (@] | + kg

2

ﬁ ~ ~
(@) + (@Y ]
which simplifies to

Cost(DCN-Reg) = a1 + p2) + 8

5p3 4 6u1p2 + 545 | 5ot + (8 = 3pF)as + 6paioy
+
16 16]{Jf

Here, DCN-Reg means decentralized but “regulated”.

We can compute

k‘f(4 + kf)

Cost(DCN-Reg) — Cost(DCN) = 15— 5

(11 — p2)> >0

so Cost(DCN-Reg) > Cost(DCN). So this regulation (requiring that the battery discharges zero in
expectation in real time) always increases cost!

Under this regulation, the three types of distortions are

quantity withholding =
shift from DA to RT =

reduction in RT responsiveness =

= O N =

So the reduction in RT responsiveness is the same. The quantity withholding is worse, and the shift
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from DA to RT is better (obviously! because it is designed specifically to combat this). So stamping
down on withholding of the second kind (shift from DA to RT) means spillover to withholding of
the first kind (quantity withholding). As we have seen above, the net effect on the system is to
increase cost. And the battery profit decreases by definition (profit under constrained maximization
is lower than profit under unconstrained maximization).

Now we consider (P2). This is a consequence of a more general theorem, Theorem 8, that
characterizes the equilibrium with any number of batteries and virtual bidders.

O]

Theorem 8 (Battery Competition and Virtual Bidders). Let there be B batteries and V virtual

bidders in a Cournot competition. Then each battery b’s DA and RT discharges in period 1 are

pa_ BV 1) —(V+1)k;

BT ABAV DB+ - ka)(ﬂ1 )

(D1 = ) = (paipy = #2) (V + 1)ks (41 — o)
2(B +1) 2((B+V +1)(B+1) — Bky) S

z (Dy) =

Each virtual bidder v’s discharges in period 1 are

_ Bky
Yl =B+ V +1)(B+1) - Bky)

(1 — p2)

The generation cost is

(B> +2B+2)(B+V +1)*+ B*} - B2B* + 5B +4+2(B+2)V)k; , 1 (1 1 > )
+— 1+ 55—
A(B+V +1)(B+1) — Bky)? STy (B+1)2
Proof. Proof of Theorem 7.
I = B(u1 — p2 — 220 )P4
Dy — ju1) — (Do — po) — 228T(D
+E[ﬁ (MI—M2—221DA+(( 1) ~ Qkf’“) 4 1))>zFT(D1)}

+s (zfm + E[zf%T])
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Taking derivative w.r.t. 257 (d;) for a given fixed d; gives, for each dj,

+s5=0

((dy = 1) = (Dy = p2) — 425T(d1))>

BEDQNW("dI) [ (Ul — M2 — 2leA + ky

This reduces to

ks 1 1 k
AT () = 5+ 300 = ) = (g, = p2) + 51— iz = 287

In particular,

kys kg DA
= My — 2
4ﬁ + 4 (Ml lu2 Zl )

Now we take derivative w.r.t zP4:

Blyu1 — iz — 42P4) + BE [(=2)=fT(D1)] +5 = 0

Substituting the expression for E[zf*7], we have

DA __ (2_kf) k:fs
20 = m(m — p2) — SA— k)5
1 1 L k:
At (d1) = gy — ) = G luzia = pr2) + M(m — p2) + (4_@)5

Note that with positive s, the battery does LESS quantity withholding and MORE shift from
day-ahead to real-time. This is a good sign.

The total discharge is

DA+ BT =

41— kg

Now we compute the generation cost.
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Now we compute the generation cost. The demands are given by

== = i k  a y

= = g i

it = “a ff:f)ﬂ - 2(4]?@) (w1 — p2) + %(dl — 1)+ i(uzul — h2)

T = s s = )+ (o = o) (e = ) = gy — 1)

We calculate the modified real-time demand

- it 3 1 (5 — ky) (3 —ky) (2—kyf) s
qRT _gbAM 0 a4 L _ f f _ )2
1 1+ ks 4/-cf( 1— ) + 1k, (Hoja, — p2) + 24— kf)m 21— kf)uz 24— kp) B
- S| 1 1 (3 —ky) (5—ky) (2—kyf) s
GRT — gbA L %2 _ (g _ S d — ) — — _ i f 7 s
2 2+ Py kf( 2 — pi2) + 4kf( 1— 1) 4kf(,u2\d1 p2) + 2(47kf)m+ 2a— k" T a3d =) B
We calculate, using Proposition 1:
. 3 1 (5 —ky) (3 —ky) (2—kf) s\>
El(GRTV = [ > (D, — L . f _ i
() = & (G (D1 = )+ G, = ) + o=+ o — 20
_ 90t +pios +6poroy  (Bky) o Bk 2=k s ?
- 16k2 24— k)" T2 — k)" T 204—ky) B

E[(d8T)] = E (4(D2 — p2) + (D1 — p1) — (ug)p, — p2) n (3 —ky) it

Ak 24— k) T2 — k)" T 24— ky) B

_ of + (16 — 7pZ)o3 + 6po1o2 L (B=kp) o Bk (2—kyp) s
16k 2(i—kpn)" T2 — k)" T 24— ky) B

(5—ky) . (2—k) >

The total cost (generation cost plus subsidy cost) is

B

Cost(DCN-s) = apq + p2) + ks + ksE

S [ap? + @] |+ kg | 5 @ + (@5

We can then calculate

(2 —ky)(4+ ky)
2(4 — k‘f)2

(12 = 5kf)ky o

Cost(DCN-s) — Cost(DCN-0) = ms =
—Rf

(1 — p2)s +

So for s > 0, Cost(DCN-s) is minimized at s = 0.
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F Proofs for Section 9

Theorem 9 (Multiple Time Periods). For each t' < t, define D14 = (D1, D3, ..., Dy), u = E[Dy],

= (u1 + -+ pr)/T, and pyq, , = E[Dt|Dr.y = diy].

The centralized battery discharge decisions are given by, for each period t,

ztDA: T

Mt — H
t—1
RT (T —1)

D : N - ;7 — /

( l.t) (T—t—|—1) Dy ,Ut tle 1 D, ,Ut)
T

_t_|_1 Z Hi|Dy.y — Hi +Z Z —t/ t/+1)<ui|D1:ﬁ_Mi)

=t+ t'=1i= t’+1

The decentralized battery discharge decisions are given by, for each period t,

t W( fe — i)

k ) T—t =t 1
2 (Dyy) = (4_726]0)(% — )+ 2(7(1_t_21)(Dt — [ht) — t'z=:1 m(m — )

DA _ (2 —ky)

1
B m Z (NZ‘Dlt 'uz + Z Z _ tl ¢+ 1) (iu’i|D1:t/ - ;ul)

1=t t'=1i= t’+1

If we further assume that each Dy is normal and independent, the bounds 9/8 < PoA < 4/3 always

hold.

Remark. Even though Theorem 9 proves the bounds 9/8 < PoA < 4/3 only in the special

case when (Dj,...,Dr) are independent and normal, we conjecture that the same bound still

holds under a reasonable assumption on the covariance matrix, such as when each two periods are

positively correlated: Cov(Dy,, Dy,) > 0 for each t1, ta.

Proof of Theorem 9. We first solve the centralized case.
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We want to minimize generation cost. The generation cost is

ET: [(1 - kf) (a(ﬂt — z{jA) + g(ﬂt _ ztDA 2)
t=1

D _ ZRT D _ Z
+ksE | <Mt —2PA 4 t“tt> + 2 p (Mt — DAy t— Mt t ]
k‘f 2
ﬁ T-1 _ 2
:aTu—i—Z{(l—kf) (e — 2P+ (1 — ky) ( Z )
t=1 i—1
T-1 ) T—1 2
Dy — pu — 2™ Dy — pr + zE
+kuE<“t_ZtDA+t'LZ;t) +/-chE<uT+ LAy 2T kut Lt
t=1 t=1

Therefore, we want to minimize the expression in {---}.
Fix 1 <t < T —1. For each i, t <4 <T — 1, take the derivative with respect to 277 (dy.;) and

take expectation over D(y,1),; (so the equation depends only on dy.; gives

kp(ur — 1) = (ijan, — 16) + (B7ian, — pr) + kel ke Y 2P+ 2T+ (1 + 1t = ) E[2f7 |dia] =
t'=1 t'=1 t'=t

where f;4,, = di for i =t, and E[z[/|d1,] = 27 (dy) for ¢/ =1t.

We will first solve for the DA variables. So we will take expectation of (16) for i =t over Dy,

to get
T-1
kfzzt/ f1+) ElZ=0
t'=1 t'=1

Because this holds for every ¢, and only E[ztRT] depends on ¢ in the above equation, we get that

E[zf*T] must be equal for every t: E[zfT] = E[2'T] and

kfzzt/ +TE[fT] =0
t'=1
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We now take the derivative with respect to zP4:

—2(1 = kg)(pe — 204 + (1= k) (2 (NT + Z zy

/=1
1 Dy — py — 27 2 — i+ L1 2T
+ky(2) <_>E<Ht—ZtDA+t e — % > +kf( ) LLT+ZZt/ M 2 %
kg kg kg praet kg
Replacing E[zfT] = E[zfT], we get
T—1 9
2(2—k3f) <MT_Mt+Zt +Zzt/ ) -l—kaE[z{%T] =0
=1 f
This holds for every ¢. So there is a constant ¢ such that 2”4 = p; — ur + ¢ This gives
o7 T
22— kp)T(c+ i — pr) + £ BAT) = 0 and 0= by 37 2P+ TEET) = kT3 — pur + ) + TEL)
f t/:l
Therefore, E[zF7] = 0 and ¢ = pr — i, s0 2P4 = s — [
Now we solve for z/*7(dy.;).
Substituting 2?4 = s — i in (16) gives
t—1
ity — 1)+ (rjay, — o) + Y 2+ Z 14 1(t = i))E[zFT|d1.] = 0 (17)
=1 t'=t
Summing (17) over all t <i < T — 1 gives
T-1 T—1
= > (ijay, = 1) + (T = ) (piriay., — — 1) Z AT (T —t+1) Y EffTdi] =0

i=t t'=1 t'=t

This gives Y1} E[25T|d14] in terms of 2/, ¢/ < ¢ — 1. We substitute this into (17) with i = ¢:

t—1

—\a¢ — e HTidy., — KT 2 2 Ry |01t =
(dy — pe) + (o )+ + 2T+ BT |duy]
t'=1 t'=t
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t—1
(T'—t+1) ((dt — i) + (Brjay, — ) + Y 2T+ ZtRT>

t'=1
T-1 t—1
== Wity — 1) + (T = ) (pgyay, — ) + (T =) > 2"
i=t t'=1
T—-1 t—1
(T = t)(de = ) + Y Wity — 1) + (rjay, — pr) + 3 2T+ (T —t+ 1)z =0
i=t+1 t'=1

This recursion has the form

-1
(T—t+ 1) +y 7 =q
=1
with
T
ap = (T —t)(dy — i) = Y (Mijdy, — 1)
i=t+1

This gives Tzf" = a; so 2T = a1 /T and

(T —t)zfh = (T =t + D)z + 27 = a1 —
1
RT _ RT
AR Zi?:f%j(at+l'_'at)

t—1 i—1
RT _ 11 _ _ 1 _ 1 ,
“ _T+;(T—t’)(at+1 W) = Ty ;(T—t’)(T—t’—kl)at

T
- m <(T =) =) = 3 (i, - m))

i=t+1
t—1 T
_ Z (T — t/)(jl—v — 1) <(T — t/)(dt’ - Nt’) - Z (,U«Z-|d1:t, — ,u,l)>
v=1 i=t'+1
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Therefore

t—1
= M(d — ) — Z (Tl(dt/ — p) — (T—lt—i—l) Z (il — Hi)

z =
T —tr) = (T -t +1) S
+ Z Z — + 1) ('uﬂdl:t’ B 'ui)
t'=1i= t’+1

We now solve the decentralized case. The battery profit is

T
I=> AP+ R
1
-1

T
ST
t=1

T—
Z )\RT )\RT RT]

Rl

()\DAi)\ DA+E

I

© T
>+ N =
iME

— pr — 22974
Tt

For a given k, consider the derivative of the profit w.r.t sz(dl;k). We get

3 <_1> Bl ] + (e — pr — 2504 — 30 2P

t+k ky 4k

1
oo (e = 1) = G = o) = S BT da) = 4547 (1)) ) =0
t£k

where, of course, if ¢ < k, then E[z/'T|d1..] = 2/ (d1.).

or

- ZZ?A + (dk, — k) — (Wrjay,, — BT) — QZE[ZtRT

+hyp | o — pr — 2204
t#k t£k

D¢ — pt) — (Dt — pr) -

T-1
—szDA ZtDA—i-BZE Mt—MT—%f)A—ZZI?A

=0

We will first take the expectations to eliminate all randomness (and solve for the DA variables

first):
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‘We have

11
L ] P S 2
t t1£t
(Dt — put) = (D1 — pr) — 2287 =37, 2f17
1| TR S 0 XAl )

t t/ £t

Derivative w.r.t. 227 (dy.x) gives

— ) = (D — pr) = 42f17 =32, 27T

L'\ gr
E Z <_k2f> 2+ | — pr — 227 Z 224 ks
v £k t'£k
or
k(g — pr) — kpzp —kfzz —221@ 0\ dvak) — 2287 + (dy — p) — (pyay, — o) =0

(Without further specification, ), means sum over t = 1,...,7 — 1.) Of course, when ¢t < k, we

have E[2f7|d1.1] = 217 (d1.t).
We will use this equation later to solve for individual sz(dlzk). For now, we take the expectation

over all randomness to get
ky(pe — pr) — kpzp _kfzz —ZZE 71— 2E[z"] =0

We want to calculate Y, E[zf*T]. Summing the above for all k € [T — 1] gives

ky Z(Mt — pr) — kaZ 2PA — 2TZE[ZﬁT =
t t 7

So

BT = Y P 2L S )
t t

2
t
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Substituting this back in gives

ky

k k
E[Z]?T] f DA+ f( T

5 % 5 (B = pr) = t (pr — pr)

Now take the derivative w.r.t. zDA

DDA = — 4204 =Y )+ (CDEET ]+ (—2)E[T] =

t#k t'£k t#k

or

—2zP4 =23 2P+ (e — pr) — B[] =) BT =0
t t

Substituting the value of E[zf'T] and Y, E[2*1] gives
2 k
Z 2 f; (e — pr)

Summing over k € [T — 1] gives

Therefore,

2PA = EZ:Z;; ((Mk —pr) — ;;(Mt - MT)) = i::ﬁ(uk — )

where i = (1 + -+ + pr—1 + pr)/T. Substituting this into the E[25T] expression gives

E[z;fT] Mﬁfkf) ((Mk — pr) — % Z(Mt - MT)) = (4kfkf)(uk; — i)

t

Now we will solve for each z,?T.
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Recall

kp(un — pr) = kg = kp Y 2P =23 "B |di] — 22877 + (di — ) = (prjay,, — ) =0
t

t

Substituting the z,? A expression gives

k—1
2k
ﬁ(ﬂk —pr) =2 AT (dra) — 4287 (dyg) — 2 Z BT\, 4]
! t=1 t=k+1

This equation will be used a lot: (18)
Fixat, 1 <t <T — 1. We will solve for z/*7'(dy4) in terms of dy.;.

The equation with k =t is

2k
(4 J]; ) ,ut /LT -2 Z 2 42{” 2 Z Zt/ ’dl -t (dt
t'=1 t'=t+1

+ (dk — px) — (rydy,, — 1) =0

— put) = (W7|dy,, — M) =0

Now take the equation with t + 1 < k < 7' — 1 and take expectation over D 1) (so the

equation depends only on d.:

2k —
(e — ) - 2 Z AT =2 =2 3" (1 + 1 = k)EF |dua] + (agas, — 1) — (471a,,

(4 k ) t'=1 t'=t+1

Summing these equations for all t < k < T — 1 gives

=t t'=1 t'=t

+(dy

72

T-1
A=k (e — pr) —t Z 2T =2AT —t+1) Y B[z |did] = (T = ) (ugyay, — ir)
K

T-1

— )+ > (ijay, — k) =0

k=t+1

— pr)

=0



Therefore,

T-1 T—-1 (T . t) t—1
S BT |dy) = Z e — pT) — s Y
b (T —t+ 1 P (T —t+1) —
T—1
(T —1) 1 1
S o _ - (d - B _
ST — i3 1) Wlne = H0) + 5y (e = 1) + 5 k;l(“’f'dlrt k)

The equation with k£ =t says:

71
2k
= J;{ 3 (ut — pr) — 2 Z 2T =22 =23 Bl |dia] + (d — ) — (pja, — o) =0
t'=1 t'=t

Solving for z'T" gives

-1
k 1 1
A = Ty TS B + 5 (de = 1) = 5 (g, — r)
t'=1 t'=t

Substituting the expression for S, _} E[z5T |dy.4] gives

T t—1
k 1 1 (T —t)
RT S RT
T A _ T - ——~— 7 (d, —
T a—ky) (”t (T—t+1)k§“’“> Torri2 Yo M
T-1
1 1
_mWT\du — pr) — m k;rl(ukwl:t — 1K)

This gives a recursion that gives /! in terms of zﬁT for 1 <t <t — 1. The recursion has the

form

73



This gives

(T —t+ 1)z = (T —t+1)ay — Zzt/
=1

(T —t)2f — (T =t + )T = (T — t)ag1 — (T — 1+ t)ay — 217

1
zﬁ_:q ZRT = Qt41 — Gt — mat
Summing these equations from 1 to t — 1 gives
t—1 1
ZtRT_ZlRT:at_al_Zmat/
=1
We also have zI*T' = a;, so
t—1 1
RT
Zt = Q¢ — Z mat/
=1
Note that we have
T T
kg 1 (T —1t) 1
ap = ———— - + ——(d; — - A
T 4=k (’“ (T—t+1) ;“’J 2T —t + 1)( ¢~ 1) 2T —t+1) g;l(“’ﬂdl-t
We have
ZFT = a1
ky (T —1) 1«
—_— — _— /1 d _— —_—— —
i) (1= p) + 75— (di — ) = 5 ;(Nlﬂdl [4k)
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and

1
R R
2 e oy

k 1 < T2 T
:M—%<“2‘@—n§“k)+%—f><d2—ﬂ2 BT =) 2 s~

=3

1 ks o (T-1) 1 <&
7(T—1) ((4_kf)(ulﬂ)+ oT (1*/‘61 21—,2::2//443(11 )

L S P S k. W N ZT:M ) — =y — i) + ZT:M
(4—l<:f) 2 2T — 1) 2 2) kzg kldia — k) o\~ M k;:2 kldi —

We substitute the expressions of a; and ay in the z/*"

kg/(4 — ky) times

expression. The “constant” term is

|
kS
_l_
A
~
+
}_A
+
HM
|
”t
|
<X
+
=
N~
=

t—1 t—11t

t+1 Z“’“ Z Z t'+1)“

t’l t’lkl

The coefficient of [ is

+Z T T N T TY\__,
—t+1 —t’ T—-t+1) (T—t+1) T—t+1 T)

We swap the order of the double summation (over ¢ and k, to over k and t') to get

oG\ =) (T =t +1) e = T—t+1 T—k)M
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Therefore, all the terms cancel out to u; — it and the constant term is

ky i

The rest of 2T is

(T 1) 1 T
m(dt — i) — m k;ﬂ(ﬂkdu — k)
t—1 1 (T B t/) . T
— t’z—:l (T —t) (2(T — V1) (dy — per) — m k;ﬂ(ﬂmdl:t, - uk))

Therefore, we have

ky ) (T — 1) t—1
T (drt) = (e — 1) + oo~ (de — ) ZQ —t’ (de — purr)

@k AT —t+1) )
d 1
ft+1 Z 'uk|d1t 'U'k +Z Z t,+1)(ﬂk|d1:t/_ﬂk)
k t+1 ki 2
We will now calculate Cost(CN) and Cost(DCN) when the demands in all periods are indepen-
dent.
We have
— a7+ Boost
Cost = o' + ECost
with

Cost’ = (1 — ky) ET - 24k g E( - EA+—t Ht ZtT>
08 2P z
f e (1t t ft - 27 t kf
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First, we have

T T D—,u—02
Cost’(NB) = (1 — ky) — 02+ k ]E( —0+H>
(NB) = (1 k) 3G 0F 4k Y .

~

t=1

T
=S Y
t=1

ky

=1 —kp)> pi +kfz<ut )

S
)

Now we compute Cost’(CN). We have p; — 2z

A=jforevery 1<t<T.Forl<t<T-1,
we have

t
1
Dt - ,LLt — ZﬁT — Z ﬁ(Dt/ — Mt/)

Y
bt t'+1

For t =T, we have

T—

)_l

T—1
RT
- E 2t Dy — i)
t=1 t:l —t+ 1

SO

T-1
1
Dr —pr — 24" = (Dr — pr) — ZTi

For both 1 <t<T —1andt="1T, we have

D, — U — zRT _ t 1 0'2/
E _ DA t t — 2 “t
(ut 24+ —kf (72) +t§,1 T 71K

Now we note that

Therefore,

T o2
Cost’(CN) = (1 — ky)T(1)* +kf< (ﬁ)2+Z(T_zle/ 1)/;2)
. t
2
+; —t—i—l f

77



Now we compute Cost’(DCN) We have

_ (2 — k) N 2 .
Ht*ZtDA—Mt*m(ut*lﬁ—MJﬁm(ﬂt*H)

For 1 <t <T —1, we have

k (T —t+2) 1
Dy — oy — BT — M 5 D, — Dy — uw
=1
SO
B DA+Dt Mt*ZﬁT - 3 ( i) 2+ (T —t+2) 0t2+TZ:1 o’
—Z . = _— — _—
e k P a—gpy vt H AT —t+1)) K &= AT —t’+1 )2 &2
Now we compute
T-1 T—1
k 1
RT f =
NTLRT M ) — Dy —
SO
ks T—1 1
T — PWT — 27 7(4_]{:]0)(#1“ ) + (Dr MT)+t:12(T—t+1)( )

T-1
DT — UT — ZRT _ 1 _ 2 02 0'2
E _ DA T o l t
(“T o ki BAGRETEwICa k§+;4 —t+12k2
So the equation for 1 <t < T — 1 also holds for ¢t =T as well. Therefore,

T 9 2
Cost’(DON) = (1 —ks) > (u - m(ﬂt - u))

t=1

T—t+2)?2 02 o2
k 2 o t
* fz( 7 (ke = 1) +4(T—t+1 ky +t, 4T —t’+12k:f
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Now we note that
t—1 9 T-1

5 oYY G L M
A(T —t’ 2/.gf —t’—|—1)2k3f L AT =t +1)2 ky

t=1¢'=1 t'=1t= t/+1
and collecting the coefficients of o7 /k:

(T —t+2)? (T—-t)  (T—t+4)
HT —t+1)2 AT —t+1)2 4T-t+1)

for1<t<T—1and (T—T+2)?/(4(T —T +1)?) = 1, which is also equal to the above for t = T..

Therefore,

T
- 4 — 3k ~ T—t+4) o2
Cost’(DCN) = Tja* + —{ S -y ALt o

(4_kf2t:1 — AT —t+1)ky
Now, we note that
T
S =T = (e —p)’
t=1 t=1
Therefore,
T T o2
Cost’(NB) — Cost’(CN) = tzl i)? + tzl ﬁkft
12 — 5ky + k3 4 o2
Cost’(NB) — Cost’(DCN) = a- ]if ! tZ:: Z:: —t+ 1 k;
Note that % € [%, %] Therefore,

PoA =

Cost(NB) — Cost(CN)  Cost’(NB) — Cost’(CN) c 94
Cost(NB) — Cost(DCN)  Cost’(NB) — Cost’(DCN) ~ |8’ 3

We now calculate these quantities for a general multivariate normal distribution with 7" = 3

periods:
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2
M1 01 P120102  pP130103

(D1, D2, D3) ~ N K2 | > | P120102 U% p230203

u3 P130103 P230203 a%

We have

3 2 2

20’ o 2p120102  2p130103  p230203
Cost’(NB) — Cost’( Z 142 — —

— 31<:f 2k 3k, 3k, ky

12 — 5ks + k2
Cost’(NB) — Cost’(DCN) = = ;; ! Z (e —

I
n i n (27 +2p1y)05 | 5p1305  p12oioe  p13o1os | (22p1ap1z — 36pa3) o203

2k T2k; 18ky 2y 2y T2k;

Therefore,

4(Cost’(NB) — Cost’(DCN)) — 3(Cost’(NB) — Cost’(CN))

_ kp(4+kp) ZS:(M P+ pi203 +10p7503 + (11p12p13 + 9p23) 0203
(4 —ky)? p 9k

We can see that if all correlations are positive pio, p13, 023 > 0, then the expression above
will be > 0, so we still have PoA < 4/3. However, the above expression is not always negative.
The constraints on the covariance matrix is that the matrix must be positive semidefinite, that is
P12, P13, p23 € [—1,1] and 1 — p3y — p3s — p33 + 2p12p13p23 > 0. In fact, numerical optimization
suggests that the maximum value of PoA is around 2, achieved at, for example, 01 = 02 | 0,03 =
1, p12 = p13 = 0, p23 = —1. However, the parameter values where PoA is this high are expected to
be quite pathological, and we believe that for reasonable parameter values, PoA should be much

smaller than this, and is likely below 4/3.
O

Theorem 10 (Round-trip Inefficiency). Let the battery’s round-trip efficiency be n € (0,1] such
that the battery discharges in period 1 (peak) and charges in period 2 (off-peak).
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The centralized battery discharge decisions are given by

2

DA _ N .n
21 1_{_772/‘61 1+772M2
2
(Dy) = (D1 — 1) — L(M Dy — 12)
1_1_772 1+772 | 1

The decentralized battery discharge decisions are given by, for each period t,

pa_ 2—kg) (P o
SR R B L B L
k 2 2
RT f n n n n
D) = — Dy — _ _
( 1) (4_kf) <1+772M1 1+172M2> 2(1+7’2)( 1 Nl) 2(1+772) (M2|D1 NZ)

If we further assume that (D1, Dy) ~ 7 is jointly multivariate normal, then the bounds 9/8 <
PoA < 4/3 always hold.

Proof. Proof of Theorem 10.

The calculations are similar to those in the proof of Theorem CN and Theorem DCN, but with
DA = P4 n and 28T = —2FT /n instead.

We first compute the optimal strategy in the centralized case (CN).

Generation cost is

a(p1 + p2)

% =t (e 40) |

D _ JRT D 2 DA Doy — 4 RT D 2
—|—ka Ml—zl Ay L= i 1)> +(M2+ 1 2 p2 + 21 ( 1)/"7)
ky U ky
For each fixed D1 = d, we take the derivative w.r.t 257 (dy):

1 dq — T (d 1 2PA D — po + 2ET(d
EDzNW(-|D1:d1){ Tk (Ml e 5 1( 1)> + T (Mz + 2=t A 1)/77)

+ ks
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We now evaluate the expectations over Dy ~ 7(+|d;):

1 dy — 1 — zf"(d 1 pA —p2 + 277 (d
(e ety (Y e et AT
kf kf nkf n k‘f

The above simplifies to
N(paja, — p2) — n*(dr — ) = n’kppn + nkppus + (L4 02kpzP? + (1+0%) 27 (di) = 0

or

—n(paja, — p2) +0°(dy — 1) + 0k ppn — nk g

A7 (1) = —kyaP 4 -

Therefore,

nky(np — p2)

B[ (D) = —kgzP + T

We take the derivative w.r.t zP4:

N R )

n
1 DA Do — RT D
<M a4 Da—mta ( 1)/77”
7 ky

Dy —py — Zf%T(D1))

+krE [— (Ml — P44
ky

or

(1= kg) [=n(np — p2) + (1 + %) 2P4]
+ky [—nmm — p2) + (L +n?)PA + klfu + n2>E[zFT<D1>]]

or

—n(nm — p2) + (L+ 0204 + (L+7°)E[T (D1)] = 0
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Substituting the expression for E[z/*T(Dy)] gives

—n(nuy — p2) + (1+0?) 204 — k(1 + ) 204 + nky(np — p2) =0
or

_DA __ n(np — M2)
=

1+ n?
This gives
2
T () = = (d = ) = 15 a2y, — i2)
1+ 772 14+ n2 1
We now compute the generation cost Cost(CN). We have
DA\ 2 2
DAy2 21 _ (1 +mpe)
(1 —207) +<M2+ ) =g
and
2
Dy — M1 — ZRT(Dl)
E _ DA 1
<,U1 z7 7+ kf
1 2
- WE (kg(p1 +np2) + (D1 — p1) 4+ n(pzyp, — p2))
1
TR0 (K3 (11 + np2)® + oF + 0 plos + 2nporos)
and
2
o P e 2 T G €I
ky
L 2
= WE (kgn(pa +np2) +n(Dy — 1) + (1+0*) (D2 — p2) — (p2)p, — H2))
f
1
TR+ p)? (kfn* (w1 + np2)® + n’0F + (1 +n0*)?03 + plos + 2n(1 + n*)poros — 2nporos — 2(1 +17°)po3)
f
1
TRt 2)2 (K3n? (1 + np2)® + °0f + (L+07)% = (1 + 20%)p3) a3 + 21 por02)
f
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Therefore,

Dy — m — 2FT(D DA Dy — g+ (D) /0
E(,ul—zfm—i— 1— M 21 I 1)) —i—E(Mg—i—Zl 422 p2 + 21 ( 1)/77>
kf n kf
1
= wa o () ) + (14 P)0t+ (L) (1472 = )03 + 20(1 -+ 7P)po10)
i
1 (2 2 2 2 2\ 2
= o \kp(n +npe)” + o1 + (L+n" = p)o +277p0102)
R+ Y ' o

Therefore, the generation cost is

Dy — 1 — 2BT(DO\ 2 DA D—+RTD 2
M1—21DA+ 11— — 2 ( 1)) +<M2+Z177 2 — M2 ];1 ( 1)/77>

SO

Cost (CN) = a(pu1 + piz) + /3<“1( 1’7;‘2)) + 30 f s ot

— p2os + 2npo1o]

‘We now consider the decentralized case.

The prices are given by

M4 =at Bl — 24
DA
)\DA—Q+,B<M2+77>

di — —ZRT
A{{T—a—l—ﬁ(m—zfm—i-l = )

ky
DA RT
Lt
A§T:a+ﬁ(uz+ L 2T A /n)
n ky
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Battery profit is

APAPA L XPAPA + BT + AT )
DA )\DA DA )\RT
n n
1+ n?
_ (Ml M2 n ZDA> ZlDA

1+ n? 1 Dy — 1 4 n?
+ OE [(ul - %— A <D1 —m- S n;’ zﬁT(Du)) zf”(Dl)}

Taking the derivative with respect to 257 (dy):

1+n? 1 Pojd, — M2 1472
Nl_&— nzf)A—l—kf<d1—,u1— 2 177 — 77277 2sz(d1) =0

or

k k
RT(dl) _ 2f2’1DA + nry

(1 — p2) +

n
dr — _ _
2(1+772)( 1— H1) 2(1+n2)(u2|d1 f2)
This gives

k nk
E[{"(D1)] = —?fzf)A + A1) +f772) (nu1 — p2)

Taking the derivative with respect to leA

Substituting the expression for E[zf7 (D1)] gives

2k
ah = 24—143(1:772) (np1 — )

This gives

ky m n?

RT
dy) =

n
di — o _
(d1 — 1) 21+ 12) (M2|d1 12)
Substituting these into the generation cost expression and using Proposition 1 yields the gen-
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eration cost

Cost(DCN) = a(p1 + p2)
16 + 4n* — (8+3n2)kf+kfc ) 4+ 160 — (3+87]2)kf+772k]2¢ ) 77(12—5kf+kj2¢)
21+ 2)(d—kp2 1 2T+ ) (d—kp)? 2T AR a— k2

(4+n?)of + (4 + 49 — 3p3)os + 6npoio2
8(1+n )k‘f

+

The cost under a no-battery regime is exactly the same as before in Theorem 1 (no 7 is involved,

because there is no charging and discharging):

u?+u§+0f+ff§>

Cost(NB) = a(ju + i2) + ( ! o

Assuming ps; = p, we therefore have

_ 2 o 02)?
Cost(NB) — Cost(CN) = 3 (O;'lﬁ T :;22)) * (gk:fl(l f:) >

?)
(12 = 5ky + k3) (g — p2)? . 3(non — pos)?
(4—ky)? 2(1+ 2) 8ky(1+n?)

Cost(NB) — Cost(DCN) = (

_ 2
(12-5k; k%) [2,8] for ks € [0,1], we have PoA € [3, 3] as desired.

Because W

Theorem 11 (Non-Parallel Supply Curves). Here, we assume

Ggl(x) = o, + fBsx

G;l((l:) =ay+ frx

(Note that if we want to match the previous assumption, we will have oy = «, Bs = B/ks,ap =

o, Bf = B/ky with ks =1 — ky.) The centralized battery discharge decisions are given by

1
24 = 5(#1 — [12)

(Dy) = %(Dl —p1) — 1(Mzu:)l — j12)

2
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The decentralized battery discharge decisions are given by

pa_ P48
LT 2(4B85 +38s)
Bs

1 1
247 (Dy) = Z(Dl — 1) — 1(:“2\D1 — p2) + m(#l — p2)

(p1 — p2)

The system generation costs in each regime (no battery NB, centralized CN, decentralized DCN)

are given by

(o —as)? | (ofBs + asfiy) By

_ BrBs 2 2 Pl 2 2
Cost(NB) = 5,75, G ) (1 + p2) + 203, + ﬁs)(ﬂl +pz) + 5 (o1 +03)
~ (ap—ag)® (s + asBy) BsBy > Br, o 2\ 2
Cost(CN) = — Be+ 5) TG By (k1 + p2) + w(m +p2)” + (01 + (2 = pi)og + 2po102)
_ (ay—ay)® agfs+asfy
Cost(DON) = =5 =3 T~ 5.5, #atr)
By0:(200] + 298/0, +1082) ,  By0:(128] + 1985 + 50
4(Br + Bo) 4By + 362 T o5, 1 BBy + 3807 TP
+ fé (50% + (8 = 3p2)o2 + 6p0102)

Assuming ps = p, we have

®| ©
IA
)-U
)
>
IA
ol

for every parameter. The lower bound 9/8 is achieved when By < [s. The upper bound 4/3 is
achieved when s < fBy.

Proof. Proof of Theorem 11. We then have

From

Gs (NP + G (AP = dP4

GO + G = dP + di™

87



with dP4 =y — 2P4,df" = Dy — py — 277, Solving for APA, AET gives

)‘tDA: O‘fﬂs‘i‘asﬁf + ﬁs/@f dtDA

Bs + By Bs + By

s+0456 ﬁs/ﬁf
A\RT _ arf Iy dPA 1 g,qRT
S =T h Thorp TP

The generation cost is given by

/ GOV
ASAET

We first calculate the no-battery case.

Let oo = M. WE have

&P a2 (A2 —af
|- ey

t=1

2
> [A o MG\ +E

t=1

355
M4 =a+ Bfffsﬁs”l
M =a+ Bf’f‘f@suz
AT — o 4 Bf]fsﬁsm + B¢(D1 — 1)
AT =a+ Bf}fsﬁs p2 + By(D2 — p2)
E(T)? = (a+ ﬁfff‘;smf + lo?
BOST) = (o 7720 u2>2 + 3203
So
Cost(NB) = <2; N 2;f> (P42 1 (ADAY2) W _ (;2 _ ﬁ
= (W@Q - ;f - ﬁ) + ol + ) + Q(ﬁiffsﬁs) (i + 1) + %a? + %a%
= —W +a(p + p2) + Q(ﬂiffs@ (1 + p13) + %a? + %03

Now we calculate the centralized case.

Remember that dP4 = py — 2P4 dP4 = po 4+ 2P4,dlT = Dy — py — 2F7(Dy), d5T = Dy — o +
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z1(Dy)
For each fixed Dy = dy, we take the derivative w.r.t. zsz(dl). We get

E 2\ (=Bp) + 2057 (B4)| D1 = di] = 0
or

o (2 — p1 + 220 + By (D2 — p2) — (D1 — ) + 22{7(D1))|Dy = di | =0
Bs +5f

or E[)\m — AT |D1 = dy] = 0, which becomes
2 1
53(#2 p1+ 22 ) (,35 Bf)((ﬂmdl M2) (dl Nl) 2z (d1>) =0

this allows us to write 2{*'(d;) in terms of zP4:

ﬁs DA /85
Bs"‘ﬁfZl +2(B8+/Bf)

1 1
(u1 = p2) + 5 (dr = p1) = S (Hojay — p2)

74 (dy) = — 5

In particular, this implies

58 DA Bs

B-AT (D)) = 5

(BS + Bf) (:U’l - M?)

Taking the derivative w.r.t. 2P4 gives

! {2){"“( Peby >+2/\2DA< Pl >}+1E[2AFT< Bbs >+2A§T< Pl >]_0

26s B+ By Bs + By 28 ~ Bs + By Bs + B¢
or
APA—APA EDT — AT
=0
ﬁs * ﬂf
or

. ﬂffgf (s — iy + 22PN ﬁlf < ﬁffgf (12 — 1 +22P2) 4 BLE(Dy — o) — (D1 — o) + 2zFT<D1>1> —0
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or
(n2 — p1 + 2204 + 2Bz (D1)] = 0

Using the expression for E[zf*7(Dy)] derived earlier, we get

zf)A = (1 — p2)

1 1
77 (d) = ldi = 1) = 5 (paja, — p2)

N —

We now compute generation cost. We have

DA _ \pA _ QfBs +asPy BsBf
A=A Bt Br 20+ B

AT = b by | BBy )(m + p2) + ﬂf((Dl — 1) + (42D, = p2))

)(/M + p2)

Bs + By 2(Bs + By 2
s +as BsB B
AT — Oéfgs : gfﬁf + 38, +fﬁf) (11 + p2) + %(2(02 — p2) + (D1 = 1) = (pgyp, — H2))

We have

E[(ART)2] = (Oéfﬁs + asfy n BsBs

2 /82
Bs+ By %m+ﬂﬂ““+”ﬂ>-+jﬂﬁ+p%%+mmmg

and

E[(}\gT)Q] _ <afﬁs +asﬁf + Bsﬁf

2 /62
B, + By %@+ﬁﬂ““+“ﬂ>*-f®?+@—3&w3+mmmg
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The generation cost is therefore

Cost(CN) = tz: [W T E W”
= (A?A);_O‘Q + 2}# 2(APN? 4 55(20% + (4= 2p3)03 + 4po102) — 205
= (51 + ;f) (AP? — O; - (;jzj + %(0% + (2 = p2)os + 2po102)
- Bf@:ﬂf : <af§:i g;ﬁf " 2(5%?&) (o + “2)>2 - ;f B ﬁ + %(Gf + (2= p2)o3 + 200102)
_ ((er%i; + (a](vg: ig;ff) (1 + p2) + 4(5’8:_%(#1 + 1) + %(of + (2= p9)05 + 2p0102)

Lastly, we calculate the decentralized case.

The battery maximizes profit

IT= (AP = 2020 + B[ = A1) (Dy)]

DA\ _DA
= H1 — U2 — 2z z
BS +Bf( 1 ) 1

L E [( ﬁsﬁff(m — ip — 22PAY 4 B((Dy — 1) — (Do — pia) — sz%T(Dl))> sz(DO}

Taking the derivative w.r.t. 257 (d;) for a given fixed d; gives, for each dj,

E |: 6sﬁf

(1 — po = 2204) + Bp(D1 — i) — By(D2 — pa) — 4B¢21" (D1)| D1 = dl} =0
Bs +Bf

This reduces to

1 1 )
2T (dy) = Z(dl — ) — 1(#2\111 — p2) + m(w — g — 2204

In particular,

E[z{""(Dy)] = 4(&%@)(#1 — iy — 2274
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Now we take derivative w.r.t zP4:

/Bsﬁf
Bs + ﬁf

ﬂsﬁf
Bs + ﬁf

(11— pg — 420" + E (—=2)z"(D1)| =0

Using the expression for E[zf*7'(D;)] derived earlier gives

DA __ (68 + 2Bf)

21 - 2(3,85 +4Bf) (Ml _/’1‘2)
1 1 s
ZFT(dl) = Z(dl — ) — Z(Mmdl — p2) + 2(?’Bf_i_zwf)(ul — pi2)
We then have
\DA _ apfs + asfy BsBr(58s + 635) hp+ BsBr(Bs + 20y) "
! Bs"‘ﬁf 2(65+ﬂf)(3ﬂs+46f) 2(68+/6f)(358+4ﬂf)
)\é?A: O‘fﬂs+0&sﬁf + Bsﬁf(ﬁs‘f'zgf) [+ Bsﬁf(5ﬁs+6/6f) 112
Bs"’ﬁf 2(ﬁs+ﬁf)(3/88+4ﬁf) 2(Bs+ﬁf)(363+4/8f)
/\{%T _ O‘fﬁs + asﬁf + ﬁsﬁf(4/85 + 5/8f) 1 + Bsﬁf(2ﬁs +3/Bf) 112
/35+Bf 2(5s+6f)(3ﬁs+46f) 2(/85+ﬁf)(358+45f)
+ %(Dl =) + %(Nz\pl — p2)
/\é%T: O‘fﬁs'f'asﬁf ﬁsﬁf(2ﬁs+35f) ﬁsﬁf(4ﬁs+5ﬁf)

Bot Br 208+ Br)(3Bs - 48" T 2(Bs + Br) (38 + 48"
+ %(Dl — 1) — %(Mwl — p2) + Br(D2 — p2)
We have

Cost(DCN) = Z [

(P2 —ad o [MFTV - a?”
t=1

255 2ﬁf
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Note that

2
)\RT 21 O‘fﬁs"'asﬁf 6sﬁf(4ﬂs+5ﬁf) ﬁsﬁf(Q/@s‘i‘ng) )
BT = ( 5B 2+ B+ 450" T 20+ 538 1 48"

2

B
+ Té (90% + p2os + 6p0102)

rrvoy  (@fBs + osBy BsB7(28s + 38) BsB5 (485 + 585) )2

BQ
+ 15 (o1 + (16 = 7p2)o3 + 6p0102)

— afPstasBy
Let o = 343,
The cost becomes
B1Bs(128% + 19878 + 82)

/Bfﬁs(2oﬁ;+29/8fﬁs+loﬁg)( 2 2)
2(ﬁf + Bs)(4ﬁf + 3/88)2

+ C)[([Ll + :U'Z) + 4(6}” + Bs)(4/8f + 3/88)2 1251 125

202 207 [(3/16
s 1 1002 + (16 — 6p2)o2 + 12
28, 23, + 25; (1007 + (16 — 6p%)o5 + 12po1029)

12

042(51“ + Bs)
ﬁfﬁs

Now we note that

M oz O‘?_M

ﬁfﬁs Bs ﬁf B ﬁf+ﬁs

Therefore,
_(ay—as)?  opBs + sy
BB+(208% + 298 B« + 1062) 2412 BrBs (1267 + 19878, + 832)
4(By + B)(4Br + 3807 V1T T (B B @Br + 362 P
+ fé (501 + (8 — 3p2)03 + 6po102)

We can now prove the bounds on the Price of Anarchy. Assuming ps = p, we have

Cost(NB) — Cost(CN) = 4(6‘?_%6)(#1 — 1) + %(01 — po3)?
ByBs(1287 + 1985 + 857
COSt(NB) - COSt<DCN) = f4(ﬁ(gf +jlc65)(46ff+ 3,85)2 )(Ml - NZ)Q + 31%((0'1 - 002)2
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This implies 9/8 < PoA < 4/3 as desired.

Theorem 12 (Convex Supply Curves). Assume G~1(z) = a + Bx +v2? with a, 3,7 > 0.

The centralized battery discharge decisions are given by

1
A = 5(#1 — p2) + O(?)

1 1
2 (Dy) = §(D1 — 1) — §(M2|D1 — p2) —

U§|D v
17 2

The decentralized battery discharge decisions are given by

(2 k) (07 —03) v
4 = 5= k) (11 — p2) — 7%;(4 — zf) R O(+%)
2 2

k 1 1 o] —0 U§|D 0
! )(ul—u2)+4(D1—u1)—(u2|d1—u2)+< L2 1>+0(72)

RT
D)=
a0 =507 1 A(4—kyp)  4k; ) B

Proof. Proof of Theorem 12. We first solve the centralized case.

Generation cost is

a(pr + p2)
B 1
+ ks [2 (1 — 2PN + (2 + 2P)?] + 3 (1 — 204 + (o + 2243 ~
Dy — _ oRT D 2 Do — + RT D 2
+ kfEp, D, d pp — DA AT T A (D1) I (P Y S el (D1)
2 ky ks

1 D _ _ RT D 3 D _ + RT D 3

+§ <M1—zf)’4+ ! M1k21 ( 1)> +<,u2+zf7A+ 2 M2k21 ( 1)> N
f f

We first note that if v = 0, then the generation cost is strictly convex (quadratic) in the decision
variables. So, for ~ sufficiently close to zero, the global minimum is achieved where first-order
conditions hold with equality.

For each fixed D1 = di, we take the derivative w.r.t z{zT(dl). By the law of iterated expecta-
tions, the expectation Ep, p, can be viewed as taking expectation Ep, followed by the conditional

expectation Ep,|p,, by focusing on 2T (dy) we fix the value Dy = d; while the inner expectation
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becomes an expectation over Dy ~ 7(-|D; = di). We therefore get

1 d—m—zRle 1 DQ— 2+ZRTD1
EDQNﬂ.HDl:dI){ﬁ [_k:f <Iu,1_leA—|— 1 kf 1 ( ) +k_7f N2+21DA+ 2 kf 1 ( )

1 di — g — 2R d)\° 1 Dy — RT (7. )\ 2
—k<ul—zfm+ 1 :ulkzl (1)) +k<”2+ZPA+ 2 M2;21 (1)> S
f f ! !

+

We will calculate the expectations in terms of py4, and a§| 4, First we evaluate the expectation,

using the last equation of Proposition 1 to evaluate the quadratic term in Dy, then multiply across

by ky:

B
ks [—kp(p1 — p2) + 2kt — (dy — pa) + (pioga, — pi2) + 2247 ()]

e
2
Ky

—+

2 2
— (kp(u = 2P +dy — pa — 27 (d1))” + 054, + (n2ja, — p2 + 247 (dr) + kg (ug + 2P74)) ] =0
Let 4 = /8. We get

ky [(Nz\dl = p2) = (dv — ) — kp(pa — p2) + 2kf21DA + QZFT(dl)]
+ ﬁ{gg\dl + [(pojay — p2) + (di — p1) + kg (pr + p2)] X

[(pja, — p2) — (dv — ) — kp(pa — p2) + 2k + 2207 (dy)] } =0 (19)

Taking the derivative w.r.t. 2P4 gives

ks [ﬁ [— (1 — 20 + (2 + 28] + 9 [ (o1 — 2PN + (2 + 274)?]

+kaD1,D2{5[—<M1—leA+ - Mlkle ( 1)>+<M2+21DA+ 2 /“LQkle ( 1))]

Dy — 1 — 2T (D)\? Dy — g + 27 (D)\?
_<M1_Z{)A+ 1 Mlk;Zl ( 1)> +<M2+21DA_’_ 2 Mzkzl ( 1)> _0
! f

+
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or (with 4 =~/p):

(ks + kp)(u2 — gy + 2207%) + k(2 + ) (p2 — o + 22047

1
+ /ffEDl,m{kf (D — p2) = (D1 = ) + 22{" (D1)]

+ =5 [kp(p2 — 1+ 2204) + (D2 — p2) — (D1 — pa) + 227 (D1)] x [(D1 — p1) + (D2 — p2) + kg (1 + p2)] } =0

&?M‘Q‘

(2 — g1+ 2204) 4 kg (u2 + p1) (p2 — 1 + 22045
1
. kaDl,m{kf 217 (D1)]

+ % [/ff(/m — +221DA) + (Do — p2) — (D1 — 1) +2Z{RT(D1)]
f

X [(D1 = p1) + (D2 = p2) + kg(p1 + po)] } =0 (20)

We now have equations (19) and (20) for 24 and 27 (d; ) from first-order conditions on z{* (d;)
and sz, respectively, which we want to solve.

We now write

A=+ 205+ 0(77)

20 (do) 1= 217 (do) + 217 (do)7 + O(F°).
The main term of the 25*7(d;) derivative equation is, for every dj,
(Haja, — p2) — (d1 — 1) = kp(m — pa) + 2kpz04 + 227 (d1) = 0
or

_ _ k 1 1
2 (dy) = —kpzPA 4 ?f(/u — p2) + §(d1 — ) — §(M2|d1 - p2)
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Therefore,

_ _ k
El"(D1)] = kg2 + 5 (n — pi2)
The main term of the 24 derivative equation (20) gives

p2 — iy + 2204 + 2B [z (D1)] = 0

Substituting the expression for E[zfT(Dy)] gives

-DA H1 — U2
Zl = 2

Putting 2”4 into the expression for 2/ (d;) gives

_ 1 1
2 (dy) = §(d1 — 1) — 5(#2\111 — p2).
The curvature correction term of the 25t/ (dy) derivative equation (19) gives

2k75704 + 2k 21 (dy) + {a§|d1 + [(poja, — p2) + (d1 — pa) + kg (p + po)] X

[(pajay — pi2) = (dy = pa) — kp(uy — p2) + 2k 2P + 2277 (dy)] } =0

Note that [(pg)q, — p2) — (di — p1) — ky(p1 — p2) + 2kzPA 4+ 227 (d1)] = 0 for every dy by

the defining equation for 257 (d;). Therefore,
23204 + 2k 217 (dy) + 035, = 0

or
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Taking the expectation over d; and using Proposition 1 gives

(1—p?)o3

BT (D) = —hy2Pt - S

The curvature correction term of the 24 derivative equation (20) gives

2204 + kg(po + pa) (2 — p1 + 2204)

. 1 _ _
+E|2:7(D1) + 2 kg (pa — o+ 220%) + (D2 — pg) — (D1 — pa) + 22{7 (Dy))]
f
X (D1 — p1) + (Dg — p2) + kp(pr + p2)] | =0

Using Proposition 1, the last expectation term evaluates to 0+ (1 — p2)o3 + 0 = (1 — p?)o3.

Also substitute the expression for E[257(Dy)] gives

1 — p2)o2 1
2:P4 19 (—kfzf’f‘ - (215)”2> + —(1-pHoi =0
f

This yields

2PA — .

Therefore,

2
991dy

We conclude that the battery discharges are given by

1 )
P4 = 5 (= p2) + 0(3)

2
02|d1 ~ ~9
2k ¥+ O(G7),

1 1
ZFT(dl) = §(d1 —p1) — §(M2|d1 — p2) —

as claimed in the theorem.

‘We now solve the decentralized case.
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The prices are given by

dRT dRT 2
A{"T:a+6<d{”‘+é> +7<d{”“+é>
f f
JBT dRT 2
/\§T:a+ﬁ<d5“+2> +7<d§”“+2)
ky ky

with

Ayt = — 277
g = po + 20
i = Dy — py — 287 (Dy)

5" = Dy — pig + 2" (D)
The battery maximizes profit:
= (AP = A2 + B [T = A7) (Dy)]

We can write

= B(ur — pg — 220 )24 + (1 + p2) (1 — p2 — 227°4) P4

+ E{B <u1 —po — 2204 + (D1 =) — (Dzk— fi2) — 2ZFT(D1))) BT (D))
f

_ _ _ _ _ _ ZRT
oy <m+m+ (D1 m);;(Dg u2)> <m 2P (D1 — 1) (ngf [ig) — 22! (Dl))> sz(Dl)}

Taking derivative w.r.t. 25*7(dy) for a given fixed d; gives, for each dj,

dy — — (D2 — — 42RT(q
Ep,en(|di) [5 <,u1 — g —22P4 4 (1 = ) = ( Qkf p2) 1 ( 1))>

+ (Ml + p2 + (d — ) Zf(D2 — Mz)) <M1 — M2 — 2z1DA + ((dy — p1) — (D2k; p2) — 425T(d1))> ] =0
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This reduces to

k(pn — po — 2204) + kp(dy — 1) — ky(popa, — p2) — dkpzi™ (dy)
+’Y{ - Ugldl

+ ((naja, — ) + (di — ) + kppn + kppa) X (—(pga, — p2) + (dy — 1) — 42{" (dn) + kg — kppa — 2kpzi ) }
(21)

Now we take derivative w.r.t zf)A:

Blur — p2 — 420 + y(pn + p2) (u1 — po — 42P4)

(D1 — 1) + (D2 — p2)
kg

+E [8(=2)2FT(Dy) +~ <u1 + p2 + ) (—2)zFT(D1)] =0 (22

We now have (21) and (22) from the first order conditions over zf**(D;) and zP4. Now we look
at the main and curvature correction terms in turn.
Let 4 = ~/B. We write
PA= P4 PRy 1 O

a7 (D1) = 2" (D) + 217 (D)7 + O(77)
The main term of (21) gives

Fep(py — pa — 2204) + (dy — 1) — (pgya, — p2) — 42{7 (dy) =0

or

k

_ 1 1 _
Z(dy) = Z(dl — 1) — < (pojg, — p2) + Ly — g — 22P

A
4 4 )

100



This gives
BT (D1)] = L (i — pa — 22D
The main term of (22) gives
Blur — p2 = 4204) + E [B(=2)7 (D1)] = 0
Using the expression of E[zFT(Dy)] gives
Ml—M2—451DA—%(M1—M2—25f)A) =0

which gives

74 = mwl — p2)

Plugging this value of 2”4 into the equation for z/*T(D;) gives

i S )

7 (dy) = Z(d1 — 1) = 4 (Hgjay — p2) + m

4

The curvature correction term of (21) gives

— 27504 — ak 27 (dy)

2
+ { _02|d1

+ (g — p2) + (dr — ) + kppa + kppia) X (= (pioga, — p2) + (di — ) — 4217 (dv) + kppn — kppg — 2kpz0?) }
Using the expressions for 274 and 27 (d;), we calculate
(—(paja, — p2) + (dv — ) — 4207 (dy) + kppn — kppo — 2kpz04) =0

Therefore, the last product term is zero. We therefore have
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or

This also gives

The curvature correction term of (22) gives

— 420+ (1 + po) (1 — po — 4204

+E (_2)2{%T(D1) + <M1 + 1o + (Dl _Nl)]:_ (DQ _H2)> (—2)ZFT(D1):| -0
!

We have calculated E[2f7(D;)] above. Using the expression for 27 (D;) and Proposition 1, we

can also calculate

E[4((D1 — p) + (D2 — p2)) 7" (D1)]

=& (01— )+ (D2 = ) (D= ) = o, = )+ 25 = ) )

=E[(Dy — 1)? — (D1 — p1) (g p, — pi2) + (D2 — p2) (D1 — pu1) — (D2 — pi2) (piaypy — p12)]

(42_I€Zf) (11 — p2)E[(D1 — p1) + (D2 — p2)]

= 0 — po102 + po1o2 — pios +0

_l’_

2 2 2
=01 — P02
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Therefore,

4Pk o) (14 ) G - )

24— ky)
—2 <—k2filDA - (1_4,55)05> —2(p1 + p2) (2(4]?,{” (11 — m)) - ka O P _4’)?0% =0
or
—aP4 4 ffkf (12— 1i2) + kyzPa 4 U —25)03 -1 ffkf (3 —u3) — 2 ;k’f“% —0
or
élDA _ af — o3
2ky(4 —ky)

Substituting the expression of 2”4 into that of 287 (d;) gives

2 2 2
01 — 09 T2)ds

sRT
d) = _
S = 30Ty T 1y

This leads to the decentralized battery strategies as desired.

Price of Anarchy (Los Angeles 2023) Price of Anarchy (Houston 2023)
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L 1.10 L 1.10
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v v
1.00 1.00
6 é 1‘0 1‘5 2‘0 25 3‘0 E) é 1‘0 1‘5 2‘0 2‘5 3‘0
Battery Capacity (% of mean summer peak net demand) Battery Capacity (% of mean summer peak net demand)

Figure 6: Price of Anarchy with finite battery capacity.
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Price of Anarchy (Los Angeles 2023) Relative Battery Capacity (Los Angeles 2023)
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Figure 7: Price of Anarchy with endogenous battery capacity, considering battery investments and
operations.
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