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Non-Technical Summary 

Storing Power: Market Structure Matters 
 

The transition to a low carbon economy will require grid-scale electricity storage to facilitate 
the integration of intermittent renewable energy generation. Moreover, investments in elec-
tricity storage have the potential to boost productive and investment efficiency, leading to 
lower consumer prices. However, as David Andrés-Cerezo and Natalia Fabra warn in this pa-
per, without proper regulation, market power and the ownership structure of storage can 
distort the incentives to invest and to use storage facilities, which runs the risks of jeopard-
izing their potential benefits. 
 
Renewables provide substantial economic and environmental benefits, but their massive de-
ployment is not free of obstacles. In particular, the intermittency of renewables poses a chal-
lenge for power systems: increasing the share of renewables in the power sector requires 
investing in flexible resources able to counteract the volatility of renewable output. Energy 
storage facilities are called to play that role. By storing electricity when renewables’ availa-
bility is high and releasing it when it is low, storage will be key to balancing renewable dom-
inated electricity systems. In addition to tackling intermittency, electricity storage has fur-
ther potential benefits. First, by smoothing production over time, it reduces generation costs 
and flattens the price curve, which translates into improved production efficiency and lower 
prices for consumers. Second, storage often prevents energy curtailment in periods of high 
renewables availability, thus allowing for a better use of available resources. Third, because 
storage improves security of supply, it reduces the need to invest in oil-fired or natural gas 
generators. 
 
Do markets provide the right signals for investments in energy storage? Under the current 
market rules in place in most countries, storage owners make profits by arbitrating price dif-
ferences over time. Thus, they store electricity in periods of low prices (and high renewable 
availability) to release it in periods of high prices (and low renewable availability). By increas-
ing demand when prices are low and increasing supply when prices are high, this will lead to 
a flattening of the price curve, which will be greater the deeper the penetration of storage. 
 
But this raises a key question: if increasing storage capacity reduces the benefits of arbitrat-
ing price differences over time, will the incentives to invest in storage also decrease? How 
will this depend on the type of storage technologies – batteries, hydro pumping, electric ve-
hicles – and on the type of owner who carries out the investments – stand-alone or vertically 
integrated companies that are also present in the generation segment? 
 
In this paper, David and Natalia explore these questions as a necessary first step to under-
stand whether additional regulatory measures are needed to support the deployment and 
efficient use of energy storage facilities. Their first approach is theoretical: they build a 
model of wholesale market competition that captures the key drivers of investment deci-
sions in energy storage capacity. In their model, generation firms with varying degrees of 
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Non-Technical Summary 

market power undertake production decisions across periods. In turn, storage firms decide 
whether to invest in storage capacity, and if so, how to use it. Market structure – both in 
generation as well as in storage – are likely to be crucial to determine firms’ incentives. On 
the one hand, market power in generation tends to make the price curve steeper, thus giving 
rise to wider arbitrage profits. On the other hand, market power in storage tends to smooth 
the usage of storage facilities over time in order to avoid strong price effects that would 
make storing more expensive and releasing less profitable. Under the three market struc-
tures considered (storage operated by a benevolent system operator, by a fringe of compet-
itive storage owners, by an independent storage monopolist, or by a vertically integrated 
storage monopolist) they find that the most distorted outcome is obtained under the latter. 
The reason is that the vertically integrated firm internalizes the price effects caused by stor-
age on its own energy sale and purchase decisions. This causes them to distort the use of 
storage away from the cost-minimizing pattern, reducing its profitability, and thus weaken-
ing the firms' incentives to invest. 
 
This conclusion is in contrast with the debate in the policy arena on the rules on who should 
own and operate the storage facilities. In many jurisdictions, storage is considered a gener-
ation asset, which essentially bars system operators from owning and operating storage de-
vices due to unbundling restrictions. Yet, our analysis suggests that regulators should not 
put the spotlight on the integration between transmission and storage (which could poten-
tially be positive), but rather on the integration between generation and storage, as well as 
on the concentration in storage ownership.  
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efficiency through two channels: it induces an inefficient use of the storage facilities,

and it distorts investment incentives. The worst outcome for consumers and total

welfare occurs under vertical integration. The results are key to understanding

how to regulate energy storage, an issue which is critical for the deployment of

renewables.

Keywords: storage, electricity, market structure, market power, investment.

JEL Classification: L22, L94.

∗Emails: david.andres@eui.eu and natalia.fabra@uc3m.es. This project has received funding from the

European Research Council (ERC) under the European Union Horizon 2020 research and innovation

programme (grant agreement No 772331), and from Fundación Ibedrola. We are grateful to the editor and

three anonymous referees for helpful comments and suggestions. We are also thankful to comments by

Claude Crampes, Philipp Kircher, David Levine, Gerard Llobet, Mateus Nogueria, Juan Pablo Rincón-

Zapatero and seminar participants at the Energy Workshop (TSE-Carlos III, Madrid), the CESifo Area

Conference on Energy and Climate Economics, the International Industrial Organization Conference

(IIOC), and the Mannheim Conference on Energy and the Environment.

1



1 Introduction

The transition to a low carbon economy will require massive investments in renewable

energy. Renewables provide substantial environmental and economic benefits (Borenstein

(2012)), but their deployment is not free of obstacles. In particular, the intermittency

of renewables poses a challenge for power systems, in which demand and supply have

to be equal at all times. For this reason, the pathways to decarbonizing the power

sector increasingly rely on energy storage as a means to counteract the volatility of

renewable output.1,2 Whether this objective is actually achieved will crucially depend on

firms’ incentives to operate and invest in storage facilities. The goal of this paper is to

characterize how such incentives shape market outcomes, and to understand how they

depend on the market structure.

By storing electricity when renewables’ availability is high and releasing it when it is

low, storage facilitates the integration of renewables in electricity markets. Furthermore,

because storage improves security of supply, it reduces the need to invest in oil-fired or

natural gas back-up generators (European Commission (2020)). And last, but not least,

by smoothing production over time, storage reduces generation costs and flattens the

price curve, which translates into improved production efficiency and lower prices for

consumers. The downside is that the costs of investing in energy storage remain high,

despite substantial cost reductions over the past decade (BloombergNEF (2020)).

Do markets send adequate signals for firms to invest in storage, or is it necessary

to put in place other regulatory arrangements to align social and private incentives?

As it is well known, markets fail in internalizing positive externalities, such as the ones

listed above, and this naturally leads to under-investment. But, are such externalities the

only market failures we should be concerned about? Leaving aside externalities, perfectly

competitive markets (both in storage as well as in generation) induce the socially optimal

storage decisions. However, in this paper we show that market power (in storage and/or

generation) distorts storage decisions (operation and investment) in ways that increase

costs and consumer payments. For this reason, market structure is a key determinant of

1Demand response is also an important source of flexibility. Some of the economic issues it raises

are similar to the ones raised by storage, with two important differences. First, consumers are usually

considered as price-takers; and second, storage requires heavier investments as compared to demand

response. However, behavioral, informational and political considerations often introduce obstacles to

demand response (Fabra et al. (2021)).
2For instance, in the big five markets in Europe (Great Britain, France, Germany, Spain and Italy),

energy storage could grow from 3 GW today, to 26 GW in 2030, and 89 GW by 2040, representing one

fifth of the total capacity additions that are needed to decarbonize the power sector- the rest being wind,

solar, interconnectors and gas peakers (McCarthy and Eager (2020)).
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the ability of markets to send efficient signals for storage operators.3

We build a stylized theory model that captures the key drivers of storage investment

and pricing incentives in wholesale electricity markets. In particular, we assume that the

market is served by a fringe of non-strategic producers, one strategic producer, and a set

of storage owners. In order to endogenize investment decisions in storage facilities, we

assume that storage capacity is chosen once and for all, followed by competition in the

wholesale market. Demand moves deterministically over time, from low to high levels

over a compact interval, while production entails increasing marginal costs.

Under the welfare maximizing solutions,4 the planner uses storage to shift production

from high to low demand periods in order to minimize generation costs. Moreover, it

invests in storage capacity so as to equate the additional marginal cost savings brought

about by storage with its per unit investment cost.5 At the optimal capacity, production

is not fully flattened across time as the marginal cost savings of adding storage would fall

down to zero, i.e., below the investment cost. Under the competitive market solution,

storage owners make profits by arbitraging price differences across demand levels. Since

in the absence of market power prices reflect marginal costs, the arbitrage gains capture

the cost savings that storage brings about. Hence, the social and private incentives are

aligned, absent other market imperfections.

Market power in generation and storage distorts this outcome in opposite directions.

Consider first the case in which there is market power in generation, but not in storage.

Since the strategic firm’s incentives to withhold output are stronger in high demand

periods, the price curve becomes steeper the higher the degree of market power. This

makes arbitrage more profitable, inducing storage firms to over-invest.

Consider now the case in which a storage monopolist serves a perfectly competitive

energy market. The storage firm is no longer a price taker, i.e., it internalizes the impact

of its storage decisions on the prices at which it either buys or sells the stored amounts.

This leads the storage owner to smooth its storage decisions over time in order to avoid a

strong price reduction when it sells and a strong price increase when it buys (i.e., acting

3The nature of the different storage technologies may give rise to important differences in market

structure. For instance, plug-in electric vehicles and in-home batteries are probably better thought as

being price-takers, thus giving rise to competitive market structures. In contrast, pumped storage, large

batteries and future compressed air facilities are more likely to be in the hands of large firms, possibly

vertically integrated with the generators.
4We characterize the first-best (the planner can decide both upon generation and storage) and the

second-best (she can only decide upon storage, as generation decisions are market-based).
5Under the first-best, these marginal cost savings are computed along the industry marginal cost

curve. Instead, under the second-best, they are computed along the market supply curve, which is

steeper. This implies that the second-best capacity exceeds the first-best capacity.

3



as a monopolist or as a monopsonist, respectively). In turn, this smoothing reduces the

profitability of storage, and thus leads to under-investment.

These distortions are enhanced in the case in which a vertically integrated firm has

market power in both storage and generation. The reason is that the vertically integrated

firm not only internalizes the price impacts on its stored output but also on its own

generation. This leads to a greater distortion in the allocation of output across firms. For

this reason, under some assumptions on the demand distribution, this market structure

yields the least efficient market outcome, the lowest level of investment in storage capacity,

and the lowest level of consumer surplus.

In sum, we find that total welfare and consumers surplus decline as we introduce

more layers of market power. Market power in production creates static productive inef-

ficiencies as it distorts the optimal market shares across producers; while market power

in storage creates dynamic productive inefficiencies as storage fails to flatten production

across demand levels. In both cases, market power gives rise to additional inefficiencies

as it distorts the incentives to invest in storage. These impacts ultimately translate into

higher prices for consumers.

Related Literature Our paper relates to a long-standing literature on the role of

storage technologies in commodity markets. The canonical theory (Newbery and Stiglitz

(1979); Wright and Williams (1984)) focuses on the role of storage in balancing stochastic

production in a perfectly competitive environment. Subsequent papers in this literature

consider alternative market structures and explore the impact of storage on price volatility

and social welfare (McLaren (1999); Newbery (1990); Allaz (1991); Williams and Wright

(2005); Thille (2006); Mitraille and Thille (2014)). Our contribution to this literature is

two-fold. First, we abstract from issues related to stochastic demand in order to put the

spotlight on the role of strategic interactions and ownership structure. Encompassing

different market structures in a single tractable framework allows us to provide a welfare

ranking across market structures. Second, in contrast to the previous literature, we

characterize endogenous storage investment decisions and relate them to the degree of

market power. Interestingly, our results imply that analyzing production and storage

decisions in isolation underestimates the welfare distortions created by the exercise of

market power.

Within the energy economics literature, there is a long strand of papers analyzing the

role of hydro storage and its impact on market power.6 In an early paper, Borenstein and

6See Rangel (2008) for a survey of the papers analyzing the competition issues that arise in hydro-

dominated electricity markets. For empirical papers, see Kauppi and Liski (2008) on the Nordic electric-
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Bushnell (1999) already note that the availability of hydroelectric production is one of

the most important determinants of the severity of market power in wholesale electricity

markets. In turn, Bushnell (2003) characterizes how strategic hydro producers exercise

market power: by shifting hydro production from peak to off-peak periods in order to

avoid depressing market prices when their infra-marginal production is larger (see also

Garcia et al. (2001)). A similar result also arises in our paper, but not only when firms

decide how to allocate their stored amounts, also when deciding when to schedule their

charging decisions. Indeed, there is a key difference between the strategic use of hydro-

power and pure storage: whereas the former involves allocating an exogenously given

amount of output across time (i.e., determined by rainfalls or river flows), the latter

involves four types of intimately linked decisions, i.e., when and how much to charge and

discharge.7 Furthermore, the existing papers on hydro storage typically take the reservoir

capacity as given, and therefore do not analyze how such distortions in the allocation of

hydro over time affect the profitability of investment decisions.

An emerging strand of the literature specifically analyzes the economics of energy

storage. First, a set of engineering-oriented studies quantify the value of electricity

storage for small storage operators that take prices as given (e.g., Shardin and Szölgyenyi

(2016); Steffen and Weber (2016)). In contrast to these papers, our analysis reveals that

abstracting from strategic interaction and storage-induced price effects overestimates

the profitability of storage investments. Related papers analyze the level of storage

capacity needed to deal with the intermittency of renewables (Pommeret and Schubert

(2019)), the complementarity between thermal production and storage (Crampes and

Moreaux (2010)), or the economic properties of different storage technologies (Crampes

and Trochet (2019)).

The analyses of Ambec and Crampes (2019) and Schmalensee (2019) are more closely

related to our work. They analyze investment decisions in generation and storage in a

two period model of wholesale market competition. Our modelling assumptions differ

in several aspects - for instance, they allow for two generation technologies with con-

stant marginal costs, while we allow for a continuum of technologies leading to increasing

marginal costs. However, the main difference refers to firms’ behaviour: whereas they

assume perfect competition both in generation and storage, we allow for strategic be-

ity market and McRae and Wolak (2018) and Fioretti and Tamayo (2020) on the Colombian electricity

market.
7Another notable difference between hydro power and pure storage regards their storage cycles: hydro

plants are usually designed for seasonal storage to supply water during dry seasons, whereas batteries or

pumped storage can store much smaller amounts of energy, with their storage cycle typically spanning

over a day.
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haviour in both segments. Like us, they conclude that perfectly competitive markets

deliver the optimal storage decisions (absent other market failures). However, we further

show that market power in either segment opens up a wedge between private and social

incentives regarding storage decisions.8 This incentive misalignment is also present in

an empirical paper by Karaduman (2020), who builds a quantitative model of the South

Australian Electricity Market to estimate the expected market outcomes under various

levels of storage capacity. Our stylized framework complements this analysis in two re-

spects. First, we provide analytical closed-form solutions that single out the differences

across market structures. Second, we expand the set of cases considered by analyzing the

effects of vertical integration between generation and storage, which is common in most

electricity markets in practice. Schill and Kemfert (2019) perform Cournot simulations

of the German electricity market and conclude that strategic firms have incentives to

underutilize storage facilities, in line with our theoretical predictions.

More broadly, our paper is related to the trade literature that allows for strategic

arbitrage across countries. The reason is that trade links markets across space, while

storage links markets across time. One notable difference is that trade flows are rarely

constrained by the infrastructure linking two markets, while storage is typically limited

by binding capacity constraints. Hence, while (in the absence of market power) the law

of one price (up to transportation costs) applies to the trade context, it does not apply

to the storage case. Energy trade is an exception, as electricity and gas trade require

cross-border interconnection capacity. It is thus not surprising to find some similarities

between our analysis and papers on electricity trade (Joskow and Tirole (2000, 2005)

and Yang (2020)), or gas trade (Ritz (2014); Massol and Banal-Estanol (2018)). The

main difference however is that the storage capacity allows to ‘stock’ energy over time, in

contrast to the transmission capacity which allows energy to ‘flow’ at an instant of time.

Hence, while it is particularly relevant to understand how and when a binding storage

capacity is operated, this question becomes simpler in the context of energy trade (i.e.,

always use the transmission line at full capacity).

Last, our paper connects with the literature on exhaustible natural resources. Indeed,

oil, gas, and minerals, among other natural resources, have two features in common with

electricity: they are storable and often vulnerable to the exercise of market power. This

literature has shown that the optimal extraction path of natural resources follows the

8Sioshansi (2014) and Schill and Kemfert (2011) also compare market outcomes under different market

and ownership structures, but do not analyze investment decisions. Nasrolahpour et al. (2016) explores

storage investment incentives, but only under the assumption of perfect competition. We also depart

from these papers in that, instead of their two period configuration, we allow for a continuum of demand

levels. With only two demand levels, storage smoothing would not be possible.
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“Hotelling rule” both for price-taking storage firms (Hotelling (1931)) as well as for

strategic firms (Salant (1976)). Interestingly, our analysis departs from the Hotelling

model in that, unlike the case of natural resources in which reserves are exogenously

given, in our storage problem firms also have to decide when to store, as well as how

much to invest in storage capacity.

The remainder of the paper is organized as follows. Section 2 describes the model.

Section 3 characterizes the solution to the social planner’s problem when she can take

production and storage decisions (first-best) or when she can only decide on storage

(second-best). These solutions serve as benchmarks to assess the equilibrium market

outcomes characterized in Section 4. The analysis considers three alternative market

structures for storage ownership: a fringe of competitive storage owners, an independent

storage monopolist, and a vertically integrated storage monopolist. Section 5 compares

the resulting equilibrium outcomes in terms of consumer surplus and total welfare. Sec-

tion 6 relaxes some of the main model’s assumptions, and Section 7 concludes. The

Appendix includes the main proofs of the paper.

2 The Model

We build a tractable model of competition in wholesale electricity markets in order to

uncover the distortions that arise due to imperfect competition. Since our highly stylized

model omits several important characteristics of electricity markets, in Section 6 we show

that the paper’s main results remain unchanged when we relax some assumptions.

Demand Electricity demand is assumed to be perfectly inelastic and strictly increasing

in time during a storage cycle, which we refer to as a ‘day’. This gives rise to a simple

storage pattern, with storage capacity being gradually filled up at the beginning of the

day and gradually emptied towards the end.9

In more detail, demand θ takes values in the interval
[
θ, θ̄
]

in increasing order, with

0 ≤ θ < θ.10 Changes in demand are described by a load duration curve (Green and

9This formulation is particularly convenient because it avoids the need to model the dynamics of

energy storage. Most storage models introduce motion conditions, with the stored amounts at each

moment of time being non-negative and depending on how much was charged/discharged in the past.

Adding market power to these models, which has to be solved through dynamic programming, makes

the model analytically intractable.
10In markets with a high penetration of renewables, one may expect a large incidence of periods with

negative net demand (θ < 0). In Section 6 we explicitly consider this possibility and we show that it

does not change the main results of the paper.
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Newbery, 1992), i.e., a cumulative distribution function G (θ) that gives the fraction of

time when demand is below a certain level.11 We assume that G (θ) is everywhere dif-

ferentiable in the support, with density g (θ) . The density is assumed symmetric around

its expected value, denoted E(θ).12 We interpret θ as demand net of electricity produced

from non-dispatchable (renewable) technologies, such as wind and solar.13 This net de-

mand can be met through dispatchable generation such as gas, or through storage, as

described next.

Generation The costs of generating q units of electricity are captured by the function

c (q) , which is increasing and convex, i.e., c′ (q) > 0 and c′′ (q) > 0. In order to obtain

closed-form solutions, we will often assume linear marginal costs, i.e., c′ (q) = q.14 As

our focus is not on generation investment, we take generation capacity and generation

costs as given.

Storage The costs of storing and releasing electricity are normalized to zero up to the

storage capacity K,15 while storing above K is impossible. At the beginning of each day,

the storage capacity K is empty, but it can be filled up during the ‘day’. We assume that

there are no constraints on how fast storage plants can charge and discharge, so storage

is uniquely defined by its capacity K.16 The stored amounts become valueless at the end

11It is possible to extend our analysis to more general demand characterizations, e.g., our analysis

applies if demand follows a sine or cosine function during the day. The notation would be more involved

but results would remain unchanged. See Section 6 for more on this.
12Note that for probability distribution functions that are symmetric around the mean it is true that

θ̄ = 2E[θ]− θ, a property that will be used later in some of the proofs.
13The assumptions about the demand process make our model well-suited to capture the diurnal

problem in solar-dominated electricity systems, with θ being load net of exogenous solar generation.

Due to the nature of these technologies, i.e., they generate electricity in the intermediate hours of the

day when the sun in shining, predictable changes in net demand are quantitatively much more important

than unpredictable ones. Moreover, the daily demand cycle generally displays only one maximum and

one minimum during the day.
14Some papers in the literature (e.g., Schmalensee, 2019 and Ambec and Crampes, 2019) assume that

there exist two technologies (e.g., conventional and renewables) with constant marginal costs each up to

a certain capacity. This assumption makes the model less tractable, as results depend on the values of

those capacities relative to demand, which requires analyzing several subcases. In both cases industry

marginal costs are increasing, so the results would be qualitatively unchanged.
15In reality, storage entails some efficiency losses (these are the so-called round-trip inefficiencies, which

typically imply that a 10-25% of the stored amounts are lost). In section 6 we explicitly consider this

possibility and show that it does not alter the paper’s main results.
16In reality, there are constraints on the rate of charging and discharging. In our model, adding these

would lead to further storage smoothing over time. Since we want to highlight that storage smoothing
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of the day.

Since our focus is on storage decisions, we allow for endogenous storage investment

decisions.17 For this purpose, we represent the costs of investing in storage capacity

with the function C (K) , which is assumed to be increasing and (weakly) convex, i.e.,

C ′ (K) > 0 and C ′′ (K) ≥ 0, with C(0) = 0 and C
′
(0) = 0.

Timing of the game Investment, production and storage decisions take place in two

stages. In the first stage storage capacity K is chosen once and for all. The reason is

that investment decisions involve long-lived assets, and firms do not have the flexibility

to change storage capacity as often as market conditions change. In the second stage

production and storage operation decisions are chosen simultaneously. In this stage, all

firms know the frequency of each demand level and choose production and storage plans

for the whole day.

Market structure in the generation segment There are two types of generators:

a dominant firm (D) and a set of fringe firms (F ). Inspired by Perry and Porter (1985),

we assume that the existing production assets are split between them: for each cost

level, the dominant firm owns a fraction α ∈ (0, 1), while the remaining fraction (1− α)

is owned by the fringe. This means that their marginal costs are c′D(q) = q/α and

c′F (q) = q/ (1− α) , respectively. Note that α is a measure of the dominant firm’s size,

i.e., at any given price, the higher α the more it can produce without incurring in losses.

Equivalently, α is a measure of the dominant firm’s efficiency, i.e., the higher α, the lower

the costs that the firm incurs when producing a given quantity. This representation has

an appealing property: namely, the competitive industry supply curve remains fixed at

q = c′ (q) irrespectively of the distribution of assets across firms. Firms’ market shares

at an efficient output allocation are α for the dominant firm and (1− α) for the fringe.

Any departure from these efficient shares would lead to higher production costs.

We follow Stigler (1940)’s interpretation of the dominant-fringe model: at each price,

the competitive supply curve of the fringe is subtracted from market demand to obtain

arises because of strategic considerations (and not because of binding constraints), we omit these from

the main analysis. In Section 6 we add them explicitly and show how this would change the results.
17We assume (dispatchable) generations assets that determine the cost function c(q) to be exoge-

nously given. This assumption seems well suited to analyze current electricity markets, in which large

investments in dispatchable generation facilities have taken place in the last decades. Endogenizing

investment in both renewable generation and storage assets is likely to highlight a potential complemen-

tarity between the two, as suggested by our analysis of the case with negative net demand in Section

6.
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the dominant firm’s residual demand function. The intersection between the dominant

firm’s marginal revenue and its marginal cost determines its profit maximizing quantity.

Given this quantity, the market price is found on the dominant firm’s residual demand

function, which in turn determines the fringe’s output.18

Market structure in the storage segment Regarding storage, we will consider vari-

ous market structures. First, we will analyze the first-best and the second-best solutions.

Under both of them, a social planner chooses how much to invest in storage capacity and

when to use it. The difference between the two is that under the first-best, the social

planner can also take production decisions, whereas under the second-best, production

decisions are market-based. We will compare these benchmarks with three alternative

cases in which there is either (i) a continuum of competitive storage firms; (ii) a sin-

gle independent storage monopolist; or (iii) a vertically integrated firm that owns both

production and storage facilities.

3 The Social Planner Solutions

3.1 The First-Best

Under the first-best problem, the social planner takes investment, storage and production

decisions in order to maximize total welfare. Because total demand is inelastic, total

welfare is simply the sum of gross consumers’ surplus net of production costs, minus the

costs of investing in storage capacity. Let v denote consumers’ maximum willingness to

pay. In turn, let qB(θ) and qS(θ) denote the quantities that are bought (similarly, charged)

and sold (similarly, discharged) through the storage facility, when demand is θ. Since the

total amount that has to be produced in order to meet demand is (θ − qS(θ) + qB(θ)) ,

the first-best solves the following maximization problem:

max
qB(θ),qS(θ),K

W =

∫ θ̄

θ

[
vθ − c

(
θ − qS(θ) + qB(θ)

)]
g(θ)dθ − C (K) ,

subject to two intertemporal constraints. First, the storage facilities cannot store beyond

their capacity. And second, they cannot release more than what they have stored. Given

18To make it clear, there is no sequentiality in these production decisions. Fringe firms do not re-

spond to the dominant firm’s decision: they simply offer their output at marginal cost. Several papers

have adopted this same formulation when modelling competition in wholesale electricity markets. For

instance, see Ito and Reguant (2016) and Fabra and Imelda (2020).
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our assumptions on demand, these two constraints can be written as∫ θ̄

θ

qB(θ)g(θ)dθ ≤ K (1)∫ θ̄

θ

qB(θ)g(θ)dθ ≥
∫ θ̄

θ

qS(θ)g(θ)dθ, (2)

We denote by µ and λ the (Lagrange) multipliers associated to constraints (1) and

(2), respectively. Our first lemma characterizes the optimal use of the storage capacity

at the first-best solution, denoted as FB, for given storage capacity. Figure 1 provides

an illustration.

Lemma 1 Let µFB(K) denote the optimal value of the Lagrange multiplier associated

to constraint (1). At the first-best, for given K > 0, the following are optimal storage

decisions:

qFBB (θ) = max
{
θFB1 (K)− θ, 0

}
and qFBS (θ) = max

{
θ − θFB2 (K) , 0

}
where

θFB1 (K) = E(θ)− µFB(K)

2
≤ θFB2 (K) = E(θ) +

µFB(K)

2
, (3)

and where µFB(K) solves the capacity constraint (1) with equality when K < K̃ and

equals zero when K ≥ K̃, with K̃ given by:

K̃ :=

∫ E(θ)

θ

(
E(θ)− θ

)
g(θ)dθ. (4)

Proof. See the Appendix.

For given capacity K, storage reduces production costs by smoothing production

across time. It is optimal to store so as to flatten production at θFB1 for θ < θFB1 , and to

release the stored amounts so as to flatten production at θFB2 for θ > θFB2 . If the storage

capacity does not bind (µFB = 0), production and marginal costs are equalized at E(θ)

across all periods. Instead, a binding capacity constraint (µFB > 0) partially prevents

this as, for demand levels between θFB1 and θFB2 , the storage capacity remains inactive.

The marginal value of storage capacity is given by θFB2 − θFB1 , i.e., the marginal

cost savings from storing an extra unit of output that costs θFB1 in order to substitute

production that would have cost θFB2 instead. The higher K, the lower the marginal

value of storage as the cost savings from transferring output from θFB2 to θFB1 become

smaller as θFB2 and θFB1 get closer to each other.

This leads to our first Proposition, which characterizes the optimal investment in

storage.
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p

q

θ

θ θ̄

qFBS (θ)

qFBB (θ)

θFB2

θFB2

θFB1

θFB1

c′(q(θ))

µFB

Notes: This figure illustrates the solution provided by Lemma 1. The x-axis displays consumers’ demand

ordered from low to high demand levels, for the case in which demand is uniformly distributed on [θ, θ].

The y-axis displays prices and marginal costs. The brown line represents total quantity produced i.e.,

market demand plus/minus storage decisions. It also captures industry marginal costs at the efficient

solution. The shaded area represents the amount of energy stored. As it can be seen, total production

and hence marginal costs are fully flattened whenever the storage facilities are active. The marginal

value of storage is found along the industry’s marginal cost curve, as depicted by the red arrow.

Figure 1: Optimal storage decisions under the first-best solution

Proposition 1 At the first-best, the optimal investment in storage capacity, K = KFB,

is the unique solution to

C ′ (K) = θFB2 (K)− θFB1 (K) > 0. (5)

Proof. See the Appendix.

At the optimal investment, the marginal value of storage capacity is equal to its unit

cost. This implies that the capacity constraint must be binding in equilibrium (µFB > 0).

Otherwise, the marginal value of storage capacity would fall below its unit cost. As a

consequence, at the social optimum, storage allows to smooth production and marginal

costs, but it does not lead to full price equalization across time.
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3.2 The Second-Best

The first-best solution assumes that production is efficient, i.e., the market share al-

location between the dominant and the fringe firms minimizes total production costs.

However, in many instances, the social planner has no control over production decisions.

Her role is limited to choosing how much to invest in storage capacity and how to operate

it. We refer to the solution of the constrained planner’s problem as the second-best.

The equilibrium in the product market is simultaneously determined by the storage

decisions of the social planner, {qS(θ), qB(θ)} , and the output decisions of the dominant

firm and the fringe, denoted qD(θ) and qF (θ), respectively. Since the fringe is willing to

produce whenever prices are at or above its marginal costs, the fringe’s supply is given

by qF (θ) = (1 − α)p(θ). Last, because of market-clearing, the inverse residual demand

faced by the dominant firm is given by

p (θ; qS, qB, qD) =
θ − qS(θ) + qB(θ)− qD(θ)

1− α
· (6)

Taking {qS(θ), qB(θ)} as given (Cournot assumption), the dominant producer chooses

its output qD(θ) in order to maximize profits over its residual demand for every demand

level θ,

max
qD(θ)

πD =

∫ θ̄

θ

[p (θ; qS, qB, qD) qD(θ)− cD (qD(θ))] g (θ) dθ. (7)

Our next Lemma gives the best response of the dominant firm to the storage decisions

{qS(θ), qB(θ)}, and the resulting market price.

Lemma 2 For given qB(θ) and qS(θ), the quantities produced by the dominant and fringe

producers as a function of the storage decisions are given by

qD(θ) =
α

1 + α

(
θ − qS(θ) + qB(θ)

)
<

1

1 + α

(
θ − qS(θ) + qB(θ)

)
= qF (θ),

resulting in a market price given by

p (θ; qS, qB) =
θ − qS(θ) + qB(θ)

1− α2
· (8)

Proof. See the Appendix.

The dominant producer charges a constant price-cost markup equal to α, for all

demand levels. Since the fringe operates at marginal costs, firms’ market shares depart

from the efficient allocation, giving rise to productive inefficiencies. In particular, the

dominant firm produces inefficiently little as α/(1 + α) < α, while the fringe produces

too much as 1/(1 + α) > 1− α. The higher α, the stronger the dominant firm’s market

power, and the larger the degree of productive inefficiency.
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q

θ

θ θ̄θSB2θSB1

q(θ)

c′F (qF (θ))θSB2

1−α2

θSB1

1−α2

µSB

Notes: This figure illustrates the solution provided by Lemma 3. The x-axis displays consumers’ demand

ordered from low to high demand levels, for the case in which demand is uniformly distributed on [θ, θ].

The y-axis displays prices and marginal costs. The brown line represents total quantity produced i.e.,

market demand plus/minus storage decisions. The shaded area represents the amount of electricity

stored and released. The blue line gives the marginal cost of the fringe (equal to market prices) at every

demand level. The price curve is steeper than under the first-best as a consequence of the dominant

producer’s market power. Total production is fully flattened whenever the storage facilities are active.

The value of the Lagrange multiplier is found along the marginal cost curve of the competitive fringe,

as depicted by the red arrow.

Figure 2: Optimal storage decisions under the second-best solution

In turn, taking qD(θ) as given, for given capacity K the social planner makes storage

decisions {qS(θ), qB(θ)} to maximize total welfare,

max
qB(θ),qS(θ),K

W =

∫ θ̄

θ

vθg(θ)dθ −
∫ θ̄

θ

[
cD
(
qD(θ)

)
+ cF

(
θ − qS(θ) + qB(θ)− qD(θ)

)]
g(θ)dθ,

subject to the intertemporal constraints (1) and (2).

Our next Lemma characterizes, for given K, the planner’s storage decisions under the

second-best. The solution is illustrated in Figure 2.

Lemma 3 Let µSB(K) denote the optimal value of the Lagrange multiplier associated to

constraint (1). At the second-best, for given K > 0, the following are optimal storage

decisions:

qSBB (θ) = max
{
θSB1 (K)− θ, 0

}
and qSBS (θ) = max

{
θ − θSB2 (K) , 0

}
14



where

θSB1 (K) = E(θ)− (1− α2)
µSB(K)

2
≤ θSB2 (K) = E(θ) + (1− α2)

µSB(K)

2
, (9)

and where µSB(K) solves the capacity constraint (1) with equality when the constraint is

binding (K < K̃) or it equals zero if the constraint is non-binding (K ≥ K̃).

Proof. See the Appendix.

The storage decisions under the second-best are the same as under the first-best. In

particular, in order to minimize production costs, the planner uses storage to flatten

production at θSB1 for all θ < θSB1 and at θSB2 for all θ > θSB2 . Such demand thresholds

are the same as under the first-best, i.e., θSB1 (K) = θFB1 (K) and θSB2 (K) = θFB2 (K)

for any given capacity K. There is however one key difference between Lemmas 1 and

3. Namely, µSB is now given by the fringe firms’ marginal cost savings from moving

production from θSB2 to θSB1 , and not by the marginal cost savings along the competitive

industry supply curve. The reason is that the social planner takes the dominant firm’s

supply as given when deciding on the use of the storage facilities (Cournot assumption).

Hence, the fringe’s supply provides the production flexibility that accommodates the

changes in the storage decisions. Since the fringe’s supply is steeper than the industry

competitive supply, µSB > µFB.

Turning into the optimal investment level, note that the impact of increasing storage

capacity on total welfare can be decomposed into two terms:19

dW

dK
=
∂W

∂K
+

∫ θ̄

θ

∂W

∂qD (θ)

∂qD (θ)

∂K
g(θ)dθ.

The first term is a direct effect, which results from relaxing the storage capacity con-

straint, i.e., it is given by µSB, which in turn is equal to
(
θSB2 − θSB1

)
/ (1− α2) . The

second term is a strategic effect: an increase in storage capacity induces the dominant

firm to withhold more output, which enlarges the productive inefficiencies and hence

reduces total welfare. It follows that that marginal value of storage capacity is below

µSB.

In particular, the marginal value of storage capacity is given by the marginal cost

savings from storing an extra unit of output when demand is θSB1 in order to substitute

production when demand is θSB2 . However, unlike the first-best, these cost savings are now

evaluated at the equilibrium market shares, with the dominant firm (fringe) producing an

19Using the envelope theorem, the effect of the change in storage decisions vanishes out.
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inefficiently low (high) market share (Lemma 2). In particular, for given θ, the average

marginal costs (weighted by firms’ market shares) are given by

α

1 + α
c′F

(
α

1 + α
θ

)
+

1

1 + α
c′D

(
1

1 + α
θ

)
=

1 + α− α2

(1 + α) (1− α2)
θ.

Therefore, the marginal cost savings brought about by an additional unit of storage are

given by the difference of the above expression evaluated at θSB2 and θSB1 .

Our next Proposition characterizes the investment decision at the second-best.

Proposition 2 At the second-best:

(i) Equilibrium investment, K = KSB, is the unique solution to

C ′ (K) =
1 + α− α2

(1 + α) (1− α2)

[
θSB2 (K)− θSB1 (K)

]
. (10)

(ii) There is over-investment in storage, KSB > KFB, which is increasing in α.

Proof. See appendix.

How does market power in the product market, α, affect the optimal capacity deci-

sion? The bigger the dominant firm, the more output it withholds. Hence, the marginal

cost savings (weighted by firms’ market shares) brought about by additional storage

are greater the higher α. This implies that the optimal investment at the second-best is

larger than at the first-best because it has the additional value of reducing the productive

inefficiencies created by market power. This over-investment is nevertheless inefficient: if

the product market were perfectly competitive, the investment costs of the extra storage

capacity would exceed the production cost savings.

The first-best and the second-best serve to assess the market solutions under various

market structures, an issue to which we turn next.

4 The Market Solutions

In this section we analyze the optimal storage and investment decisions under three al-

ternative ownership structures: (i) there is a fringe of storage owners; (ii) there is an

independent storage monopolist; or (iii) there is a vertically integrated storage monop-

olist.
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4.1 Competitive Storage

We start by considering the case in which storage facilities are in the hands of a large

set of small owners, with free entry in storage. Since storage and generation facilities are

independently owned, for given storage decisions {qB(θ), qS(θ)} , the equilibrium in the

product market remains as in Lemma 2.

Storage operators earn a return from buying the good when prices are low and selling

the good when prices are high. Therefore, for given K, at every demand level θ, their

problem is simply to choose how much to buy, qB(θ), and how much to sell, qS(θ), so

as to maximize their arbitrage profits, taking market prices as given. Formally, their

problem can be written as

max
qB(θ),qS(θ)

Π =

∫ θ̄

θ

p (θ) [qS(θ)− qB(θ)] g (θ) dθ, (11)

subject to the intertemporal constraints (1) and (2). The free entry condition implies

that there is investment in storage capacity until the returns from storage just cover the

investment costs.

Lemma 4 Under competitive storage, for given K, the equilibrium storage decisions are

the same as under the second-best.

Proof. See the Appendix.

Not surprisingly, the operation of storage facilities by competitive firms results in the

same pattern of storage use as under the social planner solutions.20 Since competitive

storage operators act as price-takers, profit maximization commands to fill up the storage

capacity during the first periods of the cycle (when prices are lower) and to empty it

towards the end (when prices are higher), leading to a flattening of prices whenever the

storage operators buy or sell energy. This outcome is the same as under the second-

best, given that flattening production in order to minimize costs (second-best) leads to

the same storage decisions as flattening prices in order to maximize arbitrage profits

(competitive storage).21

For the competitive storage owners, the marginal value of capacity is given by the

extra arbitrage profits, i.e., the price difference between storing an extra unit at a price

θC1 /(1−α2) in order to sell it at a price θC2 /(1−α2). Note that the market price is equal

to the marginal cost of the fringe, which is steeper than both the industry marginal cost

20Indeed, with no risk and hence no missing markets and convexity, this result just derives from the

standard welfare theorem. We state it here for completeness.
21More formally, this analogy implies that θFB

i (K) = θSB
i (K) = θCi (K) for i = {B,S} and for all K.
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curve and the average marginal cost of the two firms at the market equilibrium. Hence,

the marginal value of capacity for the storage owners is greater than under the first-best

and the second-best.

This alone would imply that equilibrium investment is inefficiently high, a result

that is further strengthened by the combination of free-entry and cost convexity. In

particular, because of the free-entry condition, firms invest in storage capacity up to

the level at which the marginal value of storage equals average investment costs. Due

to cost convexity,22 average costs are below marginal costs, giving rise to even greater

over-investment, a result which is reminiscent of standard models of market power with

fringe entry. In turn, investment is increasing in the degree of market power in the

product market, α, as it enhances the marginal value of capacity by making the price

curve steeper.

Proposition 3 When storage is owned by a competitive fringe:

(i) Equilibrium investment, K = KC, is the unique solution to

C (K)

K
=
θC2 (K)− θC1 (K)

1− α2
· (12)

(ii) There is inefficient over-investment in storage, KC > KSB > KFB, which is increas-

ing in α.

4.2 Independent Storage Monopolist

Consider now the case in which the storage facilities are owned by an independent storage

monopolist. The main difference with respect to the previous case is that the storage

owner now internalizes the effects of its decisions on market prices, and thus on arbitrage

profits. Hence, the problem of the storage monopolist can be re-written as in (11), now

replacing p (θ) by the inverse demand (6),

max
qB(θ),qS(θ),K

Π =

∫ θ̄

θ

θ − qS(θ) + qB(θ)− qD(θ)

1− α
[qS(θ)− qB(θ)] g (θ) dθ, (13)

subject to the intertemporal constraints (1) and (2). The problem of the dominant

producer is still given by (7).

Our next Lemma characterizes, for given K, the use of the storage facilities by the

storage monopolist. Figure 3 illustrates the solution.

22If the investment cost function C(K) were concave, then the comparison with the first-best and

second-best would depend on the relationship between α and the degree of cost concavity.
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Lemma 5 Let µM(K) denote the optimal value of the Lagrange multiplier associated to

constraint (1). When storage is owned by an independent monopolist, for given K > 0,

the following are equilibrium storage decisions:

qMB (θ) = max

{
θM1 (K)− θ

2 + α
, 0

}
and qMS (θ) = max

{
θ − θM2 (K)

2 + α
, 0

}
,

where

θM1 (K) = E(θ)− µM(K)

2
(1− α2) ≤ θM2 (K) = E(θ) +

µM(K)

2
(1− α2), (14)

and where µM(K) solves the capacity constraint (1) with equality when K < K̂ or it

equals zero when K > K̂, with K̂ := K̃/(2 + α).

Proof. See the Appendix.

As in the previous cases, storage allows to shift production across demand levels.

Unlike the previous cases, however, it does not lead to a full flattening of production

whenever the storage facilities are active. The reason is that the storage monopolist no

longer equalizes prices, but rather marginal revenues when it sells (or marginal expendi-

tures when it buys).23 As it is standard in a monopoly problem (or symmetrically, in a

monopsonist problem), the marginal revenue curve lays below the market price because

an increase in supply (i.e., an increase in qS) reduces the price at which the inframarginal

units are sold. Symmetrically, an increase in demand (i.e., an increase in qB) makes it

more costly to buy the inframarginal units. Thus, the storage owner smooths storage in

order to avoid a strong price reduction when it sells and a strong price increase when

it buys. In turn, this prevents production and prices from being fully flattened, and

production costs from being minimized.

The comparison of Lemma 5 with Lemmas 1 and 3 shows that market power in storage

creates an inefficient use of the storage capacity relative to both the first-best and the

second-best. First, when the storage capacity is binding (µM > 0), the region over which

the storage facilities are not active is inefficiently short. In other words, because of

storage smoothing, the monopolist requires more demand levels to fill the same storage

capacity.24 Second, when the storage capacity constraint is not binding (µM = 0), the

monopolist under-utilizes the existing storage capacity. In particular, a fraction of the

storage capacity remains idle despite the scope for arbitrage, which would help to reduce

production costs. Again, another source of productive inefficiency.

23Bushnell (2003) and Newbery (1990) provide similar results for hydro-power and commodities, re-

spectively.
24For given K, we must have θM1 (K) ≥ θFB

1 (K) and θM2 (K) ≤ θFB
1 (K).
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Notes: This figure illustrates the solution provided by Lemma 5. The x-axis displays consumers’ demand

ordered from low to high demand levels, for the case in which demand is uniformly distributed on [θ, θ].

The y-axis displays prices and marginal costs. The brown line represents total quantity produced i.e.,

market demand plus/minus storage decisions. The shaded area represents the amount of electricity

stored and released. The blue line gives prices at every demand level. As it can be seen, the storage

monopolist does not fully flatten production (whenever the storage facilities are active), but rather its

own marginal expenditures (ME(θ)) and revenues (MR(θ)), as shown by the green lines.

Figure 3: Equilibrium storage decisions by the storage monopolist

Note that the degree of storage smoothing is positively related to the degree of market

power in the product market, α. The higher α, the steeper is the marginal cost of the

fringe, and hence the steeper is the residual demand function faced by the storage owner

(see equation (8)). This makes the storage monopolist willing to smooth storage more in

order to avoid sharp price changes.25 In sum, market power in production amplifies the

inefficient use of the storage capacity due to market power in storage.

For the storage monopolist, the marginal value of capacity is again made of two terms,

25If the storage monopolist was a Stackelberg leader, there would be less storage smoothing than under

a simultaneous quantity choice model. In the releasing region, the storage monopolist would be able

to commit to sell more knowing that the dominant producer would respond by increasing withholding,

which would mitigate the price reduction. Under simultaneous quantity choices, this strategic effect is

not present.
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a direct effect and a strategic effect:

dΠ

dK
=
∂Π

∂K
+

∫ θ̄

θ

∂Π

∂qD(θ)

∂qD(θ)

∂K
g (θ) dθ.

First, as in the case of competitive storage, an extra unit of capacity allows the firm

to increase its arbitrage profit by buying an extra unit at p
(
θM1
)

and selling it at p
(
θM2
)
,

thus making extra profits
(
θM2 − θM1

)
/(1 − α2). Due to storage smoothing, θM1 and θM2

are closer to each other than under competitive storage, thus implying that the marginal

arbitrage profit is now lower.

However, there is now a second term that enhances the marginal value of capac-

ity for the storage monopolist. In particular, when it adds new capacity and thus sells

(buys) more output, the dominant producer restricts its own output (because of strategic

substitutability, see Lemma 2). This strategic effect partially mitigates the price reduc-

tion (increase), thus making storage capacity more valuable. Since the effects when the

storage operator buys or sells are of the same magnitude, this is formally captured by∫ θ̄

θ

∂Π

∂qD(θ)

∂qD(θ)

∂K
g (θ) dθ = 2

∫ θ1

θ

[
∂p (θ)

∂qD(θ)

∂qD(θ)

∂qB(θ)

∂qB(θ)

∂K
qB(θ)

]
g(θ)dθ > 0.

This effect would not be present in the absence of market power in the product

market (as the rivals’ output decisions would not be affected by the storage decisions,

∂qD(θ)/∂qB(θ) = 0). Similarly, it would not be present in the absence of market power

in storage (as the storage operators would take prices as given, without internalizing the

effects of their decisions on market prices, ∂p (θ) /∂K = 0). Hence, the combination of

market power in both production and storage are necessary to uncover this effect.

Our next Proposition characterizes the equilibrium investment.

Proposition 4 When storage is owned by an independent storage monopolist:

(i) Equilibrium investment K = KM is the unique solution to

C ′(K) =
θM2 (K)− θM1 (K)

1− α2
+

2αK

(1− α2)G[θM1 (K)]
· (15)

(ii) When α = 0, KSB = KFB > KM .

(iii) When α > 0, if θ is uniformly distributed and C ′(K) = K, then KSB > KFB >

KM .

Proof. See the Appendix.

The comparison of the storage monopolist’s solution versus the second-best depends

on countervailing forces. In the absence of market power in the wholesale market, storage
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smoothing reduces the marginal gain from arbitrage, thus leading to less investment than

under the second-best. However, the presence of market power in generation pushes in

the opposite direction. Whether one effect or the other dominates depends on the relative

strength of the two sources of market power, which ultimately depends on the shape of

G (θ) and C(K), as well as on the value of α. We show that for uniformly distributed

demand and a linear marginal cost function, the former effect dominates, thus leading to

under-investment relative to both the first-best and the second-best.26

4.3 Vertically Integrated Storage Monopolist

We now consider the case in which the dominant producer owns all the storage facilities.

Hence, the vertically integrated firm decides both on production as well as on storage.

Its profit maximizing problem now becomes

max
qD(θ),qS(θ),qB(θ),K

πI =

∫ θ̄

θ

{
p (θ, qS, qB, qD)

[
qD(θ)− qB(θ) + qS(θ)

]
− cD (qD(θ))

}
g (θ) dθ,

subject to the intertemporal constraints (1) and (2), with the market price given by

(6). As compared to (7), the firm now internalizes how its output decisions affect the

arbitrage profits made through its storage facilities. Also, as compared to (13), the

firm now internalizes how its storage decisions affect the revenues made through its own

production.

By replacing q(θ) = qD(θ)− qB(θ) + qS(θ), the problem would be equivalent to

max
q(θ),qS(θ),qB(θ),K

πI =

∫ θ̄

θ

{
p (θ; q) q(θ)− cD

(
q(θ)− qS(θ) + qB(θ)

)}
g (θ) dθ,

subject to the intertemporal constraints. As it is implicit in this formulation, the ver-

tically integrated firm decides how much output to offer to the market (regardless of

whether it comes from its own production or from its storage facilities), and uses storage

to minimize the costs of its in-house production. However, its own production is distorted

by its incentives to push market prices up.27

Our next lemma characterizes the production and storage decisions of the vertically

integrated firm, for given K. Figure 4 illustrates the solution.

26This result holds for more general investment cost functions as long as this curve is not very steep

for low levels of investment.
27This shows why this solution differs from the first-best, even when α approaches one. Indeed, the

vertically integrated firm withholds output to push prices up, which leads to a distorted output allocation

between the fringe and the dominant firm. This source of inefficiency is not present under the first-best.
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Lemma 6 Let µI(K) denote the optimal value of the Lagrange multiplier associated to

constraint (1). When storage is owned by the dominant producer, for given K > 0, the

following are equilibrium storage decisions:

qIB(θ) = max

{
θI1(K)− θ

2
, 0

}
and qIS(θ) = max

{
θ − θI2(K)

2
, 0

}
, and

qID(θ) =
α

1 + α
max

{
θI1(K), θ

}
for θ < E(θ) (16)

qID(θ) =
α

1 + α
min

{
θI2(K), θ

}
for θ > E(θ) (17)

where

θI1(K) = E(θ)− µI(K)

2
(1 + α) ≤ θI2(K) = E(θ) +

µI(K)

2
(1 + α),

and where µI(K) solves the capacity constraint (1) with equality when K < Ǩ or it equals

zero when K > Ǩ, with Ǩ := K̃/2.

Proof. See the Appendix.

For given capacity K, the vertically integrated firm withholds output to push prices

up and uses storage to smooth its own production across time. This minimizes its own

costs, but gives rise to two sorts of productive inefficiencies. First, because it produces

inefficiently little; and second, because it uses storage to flatten its own production. This

means that all the changes in demand are fully met by the fringe’s production along its

steeper marginal cost curve.

Interestingly, vertical integration changes the pattern of market power over time given

that the firm now internalizes the price effects on its net position qD(θ)−qB(θ)+qS(θ). In

particular, the vertically integrated firm no longer charges a constant markup at α (as it

was the case for the stand-alone producer). Instead, its mark-up is increasing in demand.

For θ < θI1, the firm charges a markup below α because its net position qD(θ) − qB(θ)

is smaller than in the case of the stand-alone producer. This mark-up even becomes

negative when qD(θ) < qB(θ), which is when the firm is a net-buyer and hence exercises

monopsony power by reducing prices below marginal costs.28 Instead, for θ > θI2, the

firm exercises more market power than in the stand-alone case because its net position

qD(θ) + qS(θ) is now larger. This is summarized below.

28This result is common in models in which firms are allowed to have negative net positions, either

because of vertical integration or because of contracting. Hortacsu and Puller, 2008 provide a neat

empirical illustration of this phenomenon in the context of the Texan electricity market.
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q(θ)
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qD(θ)
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1+α

θI1
1+α

p(θ)
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Notes: This figure illustrates the solution provided by Lemma 6. The x-axis displays consumers’ demand

ordered from low to high demand levels, for the case in which demand is uniformly distributed on [θ, θ].

The y-axis displays prices and marginal costs. The brown line represents total quantity produced i.e.,

market demand plus/minus storage decisions. The shaded area represents the amount of electricity

stored and released. The blue line gives prices at every demand level. As it can be seen, the vertically

integrated firm operates the storage facilities to flatten its own production and thus its own marginal

costs, as shown by the green line. Note that prices fall below marginal costs for low θs for which the firm

is a net buyer. The marginal value of storage is found along the marginal cost curve of the vertically

integrated firm, as depicted by the red arrow.

Figure 4: Equilibrium storage decisions by the vertically integrated storage monopolist

Corollary 1 The demand-weighted mark-up charged by the vertically integrated firm is

higher than in the stand-alone case. In particular, the firms charges a mark-up below

(above) α for low demand levels θ < θI1 (for high demand levels θ > θI2).

Proof. See the Appendix.

Using expressions (16) and (17), the dominant firm’s marginal costs at θI1 and θI2 are

θI1/(1 + α) and θI2/(1 + α), respectively. Hence, the marginal value of storage capacity is

captured by the marginal cost savings from storing a unit of output that costs θI1/(1 +α)

in order to substitute production that would have cost θI2/(1 + α). Accordingly, µI =

(θI2−θI1)/(1+α). Note that these are the marginal cost savings of the vertically integrated

firm, which are below those at the industry level. As a result, there is inefficient under-
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investment in storage capacity as compared to the first-best. In turn, since the second-

best capacity is above the first-best capacity, the equilibrium capacity is also inefficiently

low with respect to the second-best.

Two key differences in investment incentives explain the departure from the first-best.

The first difference comes from the ability of the vertically integrated firm to exercise

market power. To see this, note that in both cases the marginal value of storage capacity

is equal to the marginal costs savings for the dominant firm. However, in the first-best

these coincide with the marginal cost savings at the industry level, as the dominant firm

is producing the socially efficient share of output. In contrast, a dominant firm that

behaves strategically withholds output and depresses its marginal costs, which reduces

the need to smooth its total production costs by investing in storage capacity. Second,

even if the dominant firm priced at marginal cost in the production stage, its incentives

to invest in storage would still remain lower, as it does not internalize the cost savings

that storage facilities would provide to the competitive fringe. Our next proposition

characterizes the optimal investment decision of the vertically integrated firm.

Proposition 5 When storage is owned by the dominant producer:

(i) Equilibrium investment K = KI is the unique solution to

C ′(K) =
θI2 (K)− θI1 (K)

1 + α
· (18)

(ii) There is inefficient under-investment in storage, KSB > KFB > KI . The distor-

tion in increasing in α.

Proof. See the Appendix.

Interestingly, and in contrast with the previous cases, storage capacity KI decreases

in the degree of market power in the product market, α. A larger α implies that the

dominant firm has lower and flatter marginal costs. Additionally, since a larger α implies

that the dominant firm withholds more, the marginal cost savings are computed over a

flatter region of the cost function. In sum, the marginal cost savings brought about by an

extra unit of capacity are lower the more market power there is, thus making additional

storage capacity less valuable the higher α.

5 Comparison across Market Structures

In this section, we compare equilibrium outcomes across market structures to assess the

impacts on consumers surplus and overall efficiency. We start by performing the compar-

ison for a given non-binding storage capacity, and then compare market outcomes under
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a binding capacity constraint. In all cases, we take K as given in order to understand

how different players would use a given storage capacity chosen by the regulator.29

Consumer’s surplus can be defined as

CS =

∫ θ̄

θ

[
v − pi(θ)

]
θg(θ)dθ = vE(θ)− E[p].

Hence, differences in consumer surplus across market structures are fully driven by differ-

ences in the demand-weighted average price, denoted E[p]. Market structures affect (i)

the price levels for each demand realization, as well as (ii) the slope of the price pattern

over time. Clearly, E[p] is higher under market structures that give rise to steeper price

patterns, even if the unweighted average prices coincide.

p(θ)

pC(θ)E(θ)
1−α2

E(θ)

E(θ) pFB(θ)

θ

pNS(θ)

pM(θ)

pI(θ)

θ̄

θ

Notes: For the case in which storage capacity K is non-binding, this figure depicts equilibrium prices

for every demand level θ across all market structures: FB first-best (black), SB second-best and C

competitive (red), M storage monopolist (blue), I vertically integrated firm (green) and NS no-storage

(orange).

Figure 5: Equilibrium prices across market structures for non-binding storage capacity

To understand how the market structure affects the price level and the slope of the

price patterns, it is useful to first consider the case in which the storage capacity constraint

29This approach facilitates the comparison across market structures, while providing a welfare ranking

that extends to the case with endogenous storage capacity under some convexity conditions regarding

the investment cost function.
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K is non-binding. Using our previous results, Figure 5 plots equilibrium prices as a

function of demand θ under all market structures considered. Three main results come

out of this figure. First, as compared to the case with no storage, storage smooths

prices across time. However, only under competitive storage are prices fully equalized

across demand levels (recall that we are assuming a non-binding capacity constraint). In

contrast, market power in storage results in a steep price pattern, although not as steep

as in the absence of storage. Second, regardless of who owns the storage facilities, market

power in the product market increases the price level. This can be seen by comparing

prices under competitive storage and the first-best: both are flat, but the former are

higher. Last, if storage facilities are monopoly owned, market power in the product

market makes the price pattern both higher as well as steeper, more so under vertical

integration than in the case of a stand-alone storage monopolist.

Averaging across all demand levels, the demand-weighted average prices under all

market structures considered are given by:

E[p]FB = E[θ]2

E[p]SB = E[p]FB
1

1− α2

E[p]C = E[p]SB

E[p]M = E[p]SB + V ar[θ]
1

(1− α)(2 + α)

E[p]I = E[p]SB + V ar[θ]
1

2(1− α)

E[p]NS = E[p]SB + V ar[θ]
1

1− α2

Average prices under the first-best simply reflect the average across marginal costs. In

all other cases, prices are increasing in α, reflecting two types of mark-ups (i) a mark-up

due to market power in the energy market (which is a function of α), and (ii) a markup

due to market power in storage (which depends on α and V ar[θ] as both affect the slope

of the price pattern faced by storage owners). Since the first mark-up is common across

all market structures, the price comparison solely depends on the distortions due to the

use of storage. Comparing these expressions, it immediately follows that

E[p]FB < E[p]SB = E[p]C < E[p]M < E[p]I < E[p]NS.

Regarding total welfare, since demand is assumed to be price-inelastic, it can be

expressed as simply the sum of gross consumer surplus minus total costs:

TW = vE(θ)−
∫ θ̄

θ

(
q2
D(θ)

2α
+

q2
F (θ)

2(1− α)

)
g(θ)dθ
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Similarly as before, total costs can be decomposed into two terms:30 (i) one reflect-

ing static productive inefficiencies, and (ii) another one reflecting dynamic production

inefficiencies due to the distorted use of storage. On the one hand, total costs increase

due to market power in the product market, which results in distorted market shares

between the dominant firm and the fringe. Second, total costs increase due to the misuse

of storage, which results in a lack of production equalization across time. As with prices,

the second distortion is also amplified by market power in the product market.

The above results naturally carry over to the cases in which the storage capacity K

is binding. In particular, for all K, the same outcome as under the second-best can

be achieved by allocating K to competitive storage owners, which in turn deliver higher

consumer surplus and higher welfare than when storage is monopolized, either by a stand-

alone firm or by a vertically integrated one. However, the comparison of consumer and

total welfare in the stand-alone storage monopolist case versus the vertically integrated

case depends on countervailing forces. On the one hand, the stand-alone monopolist

spreads the use of storage more across time in order to avoid strong price effects. This

results in higher production costs (recall that, for given K, θM2 (K)− θM1 (K) < θI2(K)−
θM1 (I)). On the other hand, when the dominant producer owns storage it has stronger

incentives to withhold output in order to push market prices up. This creates larger

static production inefficiencies as the dominant firm’s output is replaced by the fringe’s.

Which of these two effects dominates depends on the degree of market power α and on

the shape of the demand distribution G(θ). When demand is uniformly distributed, the

second effects dominates.31 This suggests that allocating storage capacity to vertically

integrated firms may result in the lowest level of consumer surplus and overall efficiency.

The following Proposition summarizes the above results:

Proposition 6 (i) For all K > 0, the ranking of consumer surplus and total welfare

across market structures is given by, for j = I,M :

CSFB(K) > CSSB(K) = CSC(K) > CSj(K)

W FB(K) > W SB(K) = WC(K) > W j(K)

(ii) Let K̂ be the storage capacity that the storage monopolist uses when K is non-binding

(as defined in Lemma 5). For any K > K̂, or for any K < K̂ and θ uniformly distributed,

CSM(K) > CSI(K)

WM(K) > W I(K)
30The expressions can be found in the Appendix.
31Other assumptions on the demand distribution would generally yield similar results, although ana-

lytical tractability would be compromised.
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Proof. See the Appendix.

In sum, it is not enough to promote investments in storage if market power in produc-

tion remains. The reason is that storage facilities will be inefficiently operated if market

prices are distorted due to market power. Also, regulators should avoid allocating stor-

age capacity to dominant operators, particularly so if they are vertically integrated firms.

This conclusion is further strengthened if regulators rely on pure market mechanisms to

spur storage investments. As we have seen, the endogenous investment decisions of a

vertically integrated firm depart from the second-best solution, further compounding the

inefficiencies arising from distortions in the use of storage.

One way for the regulator to implement the second-best is to allow small firms to invest

up to KSB and no more (recall that KSB < KC). An alternative would be to run storage

auctions for a capacity equal to KSB, but only allow small operators to participate. These

options would allow the regulator to correct the distortions arising from competitive over-

investment while relying on the market to efficiently operate storage facilities.

6 Extensions and Variations

Our baseline model rests on a number of simplifying assumptions. In this section we

demonstrate that our main conclusions are robust to relaxing some of them. We first

consider extensions related to the storage technology; we then move to discussing issues

related to energy demand and to the timing of the game; and we finish by discussing issues

related the social value of storage. The Appendix contains analytical details supporting

the results.

Round-trip efficiency In our main analysis, we assumed away any potential energy

losses in the process of storing and releasing energy. However, in reality, the ratio of

energy put in to energy retrieved from storage - known as the round-trip efficiency -

ranges from 70% to 95%, depending on the type of energy storage technology used. To

allow for this, we now parametrize the round-trip efficiency by σ ∈ (0, 1]. This affects

constraint (2) in the problem on how to operate the storage facilities. It now has to be

written as: ∫ θ̄

θ

qS(θ)g(θ)dθ ≤ σ

∫ θ̄

θ

qB(θ)g(θ)dθ, (19)

thus reflecting the fact that only a fraction σ of the electricity units charged can now be

discharged.

29



Therefore, we can no longer express the demand thresholds θ1 and θ2 symmetrically

around expected demand E(θ), as we did in Lemmas 1, 3, 5 and 6. However, we can

implicitly express these thresholds as:∫ θFB1

θ

(
θFB1 − θ

)
g(θ)dθ = K∫ θ̄

θFB2

(
θ − θFB2

)
g(θ)dθ = σK

It follows that, for a given K, the location of the θFB1 threshold is not affected by σ.

However, the location of the θFB2 threshold necessarily has to go up with respect to our

baseline model, in which we had implicitly assumed σ = 1. Trivially, efficiency losses

reduce the amount of energy that is available for a given storage capacity, thus reducing

the number of periods during which energy can be released. This affects the value of

relaxing the capacity constraint, thus changing equilibrium investment decisions.

To illustrate the forces at play, let us focus on the solution to the first best problem.

In this case, as shown in Proposition 1, the value of relaxing the capacity constraint is

equal to the marginal cost savings associated with a marginal increase in storage capacity.

This logic remains when efficiency losses are introduced, but now the marginal cost of

producing one more unit of output in periods of high demand must be weighted by the

round-trip efficiency, i.e., µFB = σθFB2 − θFB1 .

Accordingly, an increase in round-trip efficiency σ has a direct and an indirect effect

on the marginal value of investments, µFB. On the one hand, each unit of storage capacity

becomes more valuable the higher the σ, as it allows to substitute more production at

peak times. On the other, an increase in σ pushes the θFB2 threshold down, leading

to lower marginal cost savings. Since the direct effect dominates, equilibrium capacity

investment is larger the higher the round-trip efficiency.

While the precise effect of increasing σ on the marginal value of storage capacity differs

across the various market structures considered, in all of them the same conclusion holds

true. Furthermore, the welfare ranking across market structures remains the same as in

Proposition 6. Intuitively, the reason is that changes in equilibrium investment K when

σ < 1 are proportional to the equilibrium values when σ = 1.

Charge and discharge constraints In our baseline model we assumed that the opera-

tion of storage facilities is only constrained by their capacity limits. However, in practice,

storage facilities are also constrained on how fast they can charge and discharge.32 For-

32Other papers have analyzed this issue in greater detail. See for instance Crampes and Trochet

(2019). Note that investing in storage technologies with faster or slower charge/discharge times entails
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mally, this would add two additional constraints to our model, qB(θ) ≤ k and qS(θ) ≤ k

for all θ, where k denotes the maximum amount of energy that can be bought or sold at

a time. If k is sufficiently small so that it is binding for some demand levels, the optimal

operation of the storage facilities would be constrained, potentially affecting equilibrium

investment decisions.

To illustrate this, consider the first-best solution, under which storage is operated so

as to flatten demand as much as possible (the same applies to the second-best solution and

to the case with competitive storage). Since demand flattening requires to store (release)

large amounts of energy when net demand is low (high), i.e., qB(θ) = qS(θ) = θFB, the

charge/discharge constraint would be binding for at least some θ if θFB > k. This requires

rewriting the solution in Lemma 1 as follows,

qFBB (θ) = min
{

max
{
θFB1 − θ, 0

}
, k
}

and qFBS (θ) = min
{

max
{
θ − θFB2 , 0

}
, k
}
.

Accordingly, we would also observe storage smoothing under the first-best, but for reasons

other than the strategic reasons leading the storage monopolist or the vertically integrated

firm to also smooth their storage decisions. In turn, as storage facilities would need more

time to fully charge/discharge their capacities, this would push θFB1 up and θFB2 down,

as it can be seen in these expressions:∫ θFB1

θ

min
{
θFB1 − θ, k

}
g(θ)dθ =

∫ θ̄

θFB2

min
{
θ − θFB2 , k

}
g(θ)dθ = K

Last, the narrowing of the difference between θFB2 and θFB1 would reduce the marginal

value of storage, leading to lower equilibrium investment.

A similar impact would arise in the case of a storage monopolist or a vertically

integrated firm. However, the impact would be weaker given that both types of firms

already find it in their own interest to smooth storage, with or without charge/discharge

constraints. Hence, these constraints are less likely to be binding under those market

structures. As a consequence, charge/discharge constraints reduce the difference between

the first-best capacity and the capacity chosen whenever there is market power in storage.

Nevertheless, this would not alter the welfare ranking across the various cases.

Allowing for negative demand In our main model, we have assumed θ > 0 and

c′(θ) = θ > 0, i.e., demand net of renewables is always positive and the marginal costs

of meeting it are always positive. Therefore, the optimal use of the storage capacity (in

different costs. Hence, the question would not only be how much to invest, but also which mix of storage

technologies to invest in, an issue which is out of the scope of the current analysis.
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the absence of market power in storage) leads to a flattening of demand, subject to the

storage capacity constraint. However, these assumptions are not well suited to analyze

storage decisions in renewables-dominated markets, in which net demand can become

negative at times of abundant renewable energy. We now allow for this possibility by

assuming θ < 0.

Let us consider the first-best (the second-best or the competitive scenario are equiv-

alent). The problem of the social planner at the production stage is simply to choose

when and how much electricity to discharge in periods with positive net demand, i.e.,33

max
qS(θ)

W =

∫ θ̄

θ

vθg(θ)dθ −
∫ θ̄

0

[θ − qS(θ)]2

2
g(θ)dθ,

subject to constraints (1) and (2).

Now, the marginal value of capacity is simply equal to the marginal costs avoided

by the extra unit of storage, θFB2 , given that the marginal cost of producing the stored

amount equals zero, i.e., θFB1 = 0. Hence, by leading to negative net demand, renewables

boost the marginal value of storage.

In addition, the optimal storage capacity simply results from equating the marginal

value of storage capacity with its marginal cost, θ2(KFB) = C ′(KFB). The resulting

investment is greater than when θFB1 > 0, which illustrates the complementarity between

storage and renewables.

What if demand is not monotonically increasing? In the main analysis we have

assumed that demand is strictly increasing in time along the day. This assumption gives

rise to a simple storage cycle, with the storage plant buying energy at the beginning of the

day and gradually releasing it towards the end of the day. Thanks to this assumption,

we have been able to make further progress, relative to existing papers, in comparing

equilibrium market outcomes under different market structures. The reason is that it has

allowed us to circumvent the complexity of dynamic decision problems. Although our

problem is analytically simpler than a dynamic problem, in the absence of uncertainty

both problems would yield the same result and, in particular, the comparison across

market structures would remain unchanged.

Nevertheless, our approach does not require demand to be strictly increasing, as long

as it satisfies certain properties. In particular, we require low demand levels (i.e., those

below average demand) to precede high demand levels (i.e., those above average demand).

33This expression assumes that E(θ) < 0 so that it is possible to cover all positive demand levels with

electricity produced by renewables. The alternative case E(θ) > 0 would yield similar results, in between

those presented in this section and those in the baseline model.
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Still, demand need not be strictly increasing conditional on demand levels being low or

high. Analytically, one demand cycle satisfying this property is given by sin θ, with θ in

the (−π, π) interval. Figure 6 illustrates it. Actual electricity demand movements over

the day could well be represented by the patterns shown in the figure.

Using this property, under the first-best, the second-best and the competitive case, the

storage capacity would be filled symmetrically at periods around −π/2, and it would be

emptied symmetrically at periods around π/2, so as to flatten demand in both cases up to

the capacity limit. Even though there are now four critical demand levels (when to start

and stop buying, and when to start and stop selling) the symmetry assumption guarantees

that this is equivalent to choosing just two, similarly to our choice of θ1 and θ2 in the

main analysis. Under the cases with monopoly power in the storage segment, demand

would not be fully flattened around −π/2 and π/2 periods, as the storage monopoly

would equally have incentives for storage smoothing. The logic would nevertheless remain

unchanged.

Notes: This figure illustrates the demand process and the cycle of storage decisions under the social

planners’ solution and the competitive market scenario. The x-axis captures time and the y-axis displays

demand levels. The brown line represents total quantity demanded and the shaded area represents the

amounts of electricity stored and released.

Figure 6: Example of storage/release demand cycles

Committing to storage decisions In our main model, we assumed that storage

and generation decisions are taken simultaneously, after storage capacities have been
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chosen. While this assumption is reasonable in practice, one may wonder whether the

planner could do better by committing to its storage decisions before generators have

taken theirs. Assessing this possibility requires revisiting the timing of the second-best

analysis. In particular, consider the following order of moves: first, the planner chooses

storage capacity K; second, it decides how to operate the storage facilities, {qB(θ), qS(θ)};
and third, the fringe firms and the dominant producer compete in the energy market. As

usual, we proceed by backwards induction.

In the third stage, for given storage decisions {qB(θ), qS(θ)} , the equilibrium in the

energy market is determined by the pricing decisions of the dominant producer, who

seeks to maximize its profits over the residual demand. The solution to this problem was

already obtained before, see equation (8).

Turning to the second stage of the game, the main difference with respect to the analy-

sis in Section 3 is that now the planner internalizes the best response of the dominant gen-

erator and can affect its generation decisions through its storage decisions {qB(θ), qS(θ)} .
In the simultaneous move game, since the planner takes the dominant firm’s production

as given, the marginal value of storage capacity µFB is equal to the fringe firms’ marginal

cost savings. In the sequential game however, since the dominant firm’s production is

no longer fixed, the marginal value of storage capacity is given by the overall marginal

cost savings, taking into account that these savings will accrue to the fringe and to the

dominant firm, proportionally to their market shares. Since the marginal cost curve in

this latter case is flatter, the resulting marginal cost savings are lower, leading to a lower

value of storage,

µFB =
(1 + α− α2)

(1 + α) (1− α2)

[
θSB2 (K)− θSB1 (K)

]
> 0.

Nevertheless, when analyzing the first stage of the game, there is a force that plays

in the opposite direction. In particular, the strategic effect that was present in the

simultaneous move game (see equation (3.2)), is no longer present in the sequential move

game. Hence, the optimal capacity is simply found by equating the marginal cost of

capacity to the marginal cost savings. This leads to the exact same level of investment,

and thus the exact same market outcomes, as in the simultaneous move game, even

though the drivers differ. Overall, when the planner can commit to its storage decisions,

its effect on the dominant firm’s decisions goes through the investment decision instead

of operating through its storage choices. We conclude that the planner cannot do better

by committing to its storage decisions.
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The social value of storage In the model we have focused on a single source of

social value: energy storage lowers generation costs. However, energy storage creates

further social value through other channels. First, due to the still immature state of the

technology, support to energy storage gives rise to learning economies that lead to future

cost reductions. Second, energy storage contributes to the deployment of renewable

energies through a two-fold channel: by allowing to make use of renewable production

that would otherwise be lost (renewable energy spills), and by contributing to security of

supply without the need to further invest in back-up capacity to counteract renewables’

intermittency. Furthermore, we have abstracted from the network dimension, whereas

storage plants are often justified as a substitute to transmission lines. It is important to

take into account these issues when performing a welfare analysis, given that a potential

lack of private profitability does not necessarily imply that investments in energy storage

are not socially desirable.

7 Conclusions

There is consensus among the relevant institutions and industry analysts on the strong

growth potential of energy storage over the next decade (see for instance, McCarthy and

Eager (2020) and European Commission (2020)). However, whether these expectations

fully materalize will depend on policy and regulatory decisions which will ultimately

determine the incentives to efficiently operate and invest in storage facilities.

Our focus in this paper has been to analyze how such incentives depend on the market

structure. Perfectly competitive markets replicate the first-best, absent other market

imperfections. However, market power in storage and/or in generation reduces market

efficiency through two channels: it induces an inefficient use of the storage facilities,

and it distorts investment incentives. Whereas market power in the wholesale electricity

market tends to induce over-investment in storage, market power in storage tends to

induce firms to under-invest. Under reasonable assumptions, the combination of the two

through vertical integration gives rise to the most distorted outcome, both for consumers

as well as for overall efficiency.

Our results suggest that markets will not deliver adequate incentives regarding storage

decisions, unless both the generation and the storage segments are perfectly competitive.

We reach this conclusion even without taking into account other potential positive ex-

ternalities of energy storage (such as improved security of supply, stronger learning by

doing economies, or the reduced need to develop transmission infrastructure). Taking

these additional sources of social value into account strengthens the case for putting in
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place support mechanisms, e.g. auctions of storage capacity, similar to the ones that

have already been used in various countries in order to guarantee that such investments

take place. In any event, the mechanisms designed to grant public support should take

into account that market structure matters, i.e., the same storage capacity in the hands

of competitive storage owners is more socially valuable than if it is allocated to large

storage firms or to generators.

Despite the scant attention given by academic research to these issues, there is an

intense debate in the policy arena regarding the rules on who should own and operate

storage facilities. In many jurisdictions, storage is considered a generation asset, which

essentially bars system operators from owning and operating storage devices due to un-

bundling restrictions.34 Yet, our analysis suggests that regulators should not put the

spotlight on the integration between transmission and storage (which could potentially

be positive),35 but rather on the integration between generation and storage, as well as

on the concentration in storage ownership. A vertically integrated firm or a large storage

owner internalizes the price effects caused by storage on its own energy sale and purchase

decisions. This causes them to distort the use of storage away from the cost-minimizing

pattern, reducing its profitability, and thus weakening the firms’ incentives to invest.

Throughout the analysis, we have assumed that storage owners are exposed to whole-

sale electricity prices. While this is generally true for large storage installations (e.g.,

pumped hydro), it need not be so for the distributed storage facilities (e.g., electric vehi-

cles, or behind-the-meter batteries). In order to fully develop the potential of storage, it

is paramount to foster dynamic electricity prices and time-of-use tariffs so that storage

owners internalize the social benefits that they bring about.

34For instance, in May 2019, the European Commission ruled that only under exceptional circum-

stances are transmission and distribution operators allowed to own and operate storage facilities (Euro-

pean Commission (2019)). Similarly, in 2019, China decided not to allow network operators to include

storage costs in their fees, which led to a sharp decline in storage investment. Yet, other jurisdictions

(such as Australia or Chile) allow network operators to own and operate storage assets under certain

conditions. And in the US, the debate is still on-going as regulators are currently reviewing the storage

ownership rules, which differ widely across states (European Commission (2019, 2020)).
35For instance, that is the case if the transmission owner is required to operate storage so as to reduce

system costs, just as a social planner would do. Also, storage in the hands of the System Operator could

contribute to security of supply.

36



References

Allaz, Blaise (1991). “Duopoly, inventories and futures markets”. Commodity, futures and financial

markets. Springer, 249–271.

Ambec, Stefan and Claude Crampes (2019). “Decarbonizing electricity generation with intermittent

sources of energy”. Journal of the Association of Environmental and Resource Economists, 6, 919–

948.

BloombergNEF (2020). New Energy Outlook 2020. Tech. rep. BloombergNEF.

Borenstein, Severin (2012). “The private and public economics of renewable electricity generation”.

Journal of Economic Perspectives, 26, 67–92.

Borenstein, Severin and James Bushnell (1999). “An Empirical Analysis of the Potential for Market

Power in California’s Electricity Industry”. Journal of Industrial Economics, 47, 285–323.

Bushnell, James (2003). “A Mixed Complementarity Model of Hydrothermal Electricity Competition in

the Western United States”. Operations Research, 51, 80–93.

Crampes, Claude and Michel Moreaux (2010). “Pumped storage and cost saving”. Energy Economics,

32, 325–333.

Crampes, Claude and Jean-Michel Trochet (2019). “Economics of stationary electricity storage with

various charge and discharge durations”. Journal of Energy Storage, 24, 100746.

European Commission, EU (2019). EU Clean Energy Package. Tech. rep. Official Journal of the European

Union.

— (2020). Study on energy storage. Contribution to the security of the electricity supply in Europe.

Tech. rep. European Commission.

Fabra, Natalia and Imelda (2020). “Market Power and Price Exposure: Learning from Changes in Re-

newables Regulation”. CEPR Discussion Papers 14729.

Fabra, Natalia, David Rapson, Mar Reguant, and Jingyuan Wang (2021). “Estimating the Elasticity to

Real-Time Pricing: Evidence from the Spanish Electricity Market”. AEA Papers and Proceedings.

Vol. 111, 425–29.

Fioretti, Michele and Jorge Tamayo (2020). Production Synergies and Cost Shocks: Hydropower Gener-

ation in Colombia. Mimeo. SciencesPo.

Garcia, Alfredo, James D Reitzes, and Ennio Stacchetti (2001). “Strategic pricing when electricity is

storable”. Journal of Regulatory Economics, 20, 223–247.

Green, Richard J. and David M. Newbery (1992). “Competition in the British Electricity Spot Market”.

Journal of Political Economy, 100, 929–953.

Hortacsu, Ali and Steven L. Puller (2008). “Understanding strategic bidding in multi-unit auctions: a

case study of the Texas electricity spot market”. The RAND Journal of Economics, 39, 86–114.

Hotelling, Harold (1931). “The economics of exhaustible resources”. Journal of political Economy, 39,

137–175.

Ito, Koichiro and Mar Reguant (2016). “Sequential Markets, Market Power, and Arbitrage”. American

Economic Review, 106, 1921–57.

Joskow, Paul and Jean Tirole (2000). “Transmission rights and market power on electric power networks”.

The Rand Journal of Economics, 450–487.

— (2005). “Merchant transmission investment”. The Journal of industrial economics, 53, 233–264.

Karaduman, Omer (2020). “Economics of Grid-Scale Energy Storage”. Working Paper.

37



Kauppi, Olli and Matti Liski (2008). An Empirical Model of Imperfect Dynamic Competition and Appli-

cation to Hydroelectricity Storage. Working Papers. Massachusetts Institute of Technology, Center

for Energy and Environmental Policy Research.

Massol, Olivier and Albert Banal-Estanol (2018). “Market power and spatial arbitrage between inter-

connected gas hubs”. Energy Journal, 39, 67–95.

McCarthy, Rory and Dan Eager (2020). Europe power system flexibility: The essential ingredient for

decarbonisation. Tech. rep. Wood Mackenzie.

McLaren, John (1999). “Speculation on primary commodities: The effects of restricted entry”. The

Review of Economic Studies, 66, 853–871.

McRae, Shaun D . and Frank A. Wolak (2018). Market Power in a Hydro-Dominated Wholesale Elec-

tricity Market. Working Paper. Stanford King Center on Global Development.
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Appendix: Proofs

Proof of Lemma 1

At the production stage, the social planner’s problem is to choose a plan {qS(θ), qB(θ)}θ∈[θ,θ̄]

to maximize total welfare W , taking storage capacity K > 0 as given. Therefore, we look

for the solution to the following problem:

max
qS(θ),qB(θ)

W
(
qS(θ), qB(θ)

)
=

∫ θ̄

θ

[
vθ −

(
θ − qS(θ) + qB(θ)

)2

2

]
g(θ)dθ

s.t. h1

(
qS(θ), qB(θ)

)
=

∫ θ̄

θ

qB(θ)g(θ)dθ −
∫ θ̄

θ

qS(θ)g(θ)dθ ≥ 0

h2

(
qB(θ)

)
= K −

∫ θ̄

θ

qB(θ)g(θ)dθ ≥ 0

h3

(
qS(θ)

)
= qS(θ) ≥ 0

h4

(
qB(θ)

)
= qB(θ) ≥ 0,

We can define the constraint set of the problem as:

C := {qS(θ), qB(θ) ∈ X : hj
(
qS(θ); qB(θ)

)
≥ 0, j = {1, 2, 3, 4}},

where X is the space of continuous functions on [θ, θ]. The constraint set C is a convex

subset of X, as the constraints are linear functionals in qS(θ) and qB(θ). Moreover, the

Slater condition is satisfied, so the Karush-Kuhn-Tucker (KKT) optimality conditions

that we list below apply. The Lagrangian of the problem is:

L
(
qB(θ), qS(θ), ηS(θ), ηB(θ), λ, µ

)
=

∫ θ̄

θ

[
vθ −

(
θ − qS(θ) + qB(θ)

)2

2

]
g(θ)dθ

+

∫ θ̄

θ

ηS(θ)qS(θ)g(θ)dθ +

∫ θ̄

θ

ηB(θ)qB(θ)g(θ)dθ

+ λ
(
E[qB(θ)]− E[qS(θ)]

)
+ µ
(
K − E[qB(θ)]

)
,
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where λ, µ, ηS(θ) and ηB(θ) are the multipliers associated with their respective constraints

h1(·), h2(·), h3(·), h4(·) ≥ 0. To simplify notation, note that we have replaced E[qi(θ)] :=∫ θ̄
θ
qi(θ)g(θ)dθ for i = {B, S}. The KKT conditions are:

θ − qS(θ) + qB(θ)− λ+ ηS(θ) = 0, ∀θ (20)

θ − qS(θ) + qB(θ)− λ+ µ− ηB(θ) = 0, ∀θ (21)

ηi(θ) ≥ 0,∀θ, i = {S,B}

qi(θ) ≥ 0,∀θ, i = {S,B}

ηi(θ)qi(θ) = 0, ∀θ, i = {S,B}

E[qB(θ)]− E[qS(θ)] ≥ 0 (22)

λ ≥ 0

λ
(
E[qB(θ)]− E[qS(θ)]

)
= 0

K − E[qB(θ)] ≥ 0 (23)

µ ≥ 0

µ
(
K − E[qB(θ)]

)
= 0.

These conditions are necessary and sufficient, as the constraints are linear and the

objective functional W is concave in qS(θ) and qB(θ). Thus, as soon as we identify any

tuple
(
qFBS (θ), qFBB (θ), λFB, µFB, ηFBS (θ) and ηFBB (θ)

)
satisfying the KKT conditions, then

the pair (qFBS , qFBB ) is a global maximum of the functional W on the subset C.

Without loss of generality, we can focus attention on cases in which for any θ ∈ [θ, θ̄],

qB(θ) > 0 → qS(θ) = 0 & qS(θ) > 0 → qB(θ) = 0. We conjecture that there exists

θ1 ∈ [θ, θ̄] and θ2 ∈ [θ, θ̄], with θ1 ≤ θ2, such that:{
qB(θ) > 0 if θ < θ1

qB(θ) = 0 if θ ≥ θ1

and

{
qS(θ) = 0 if θ ≤ θ2

qS(θ) > 0 if θ > θ2

.

We proceed by finding the expressions for qB(θ), qS(θ), θ1 and θ2 implied by this

conjecture that satisfy all the KKT conditions. Note that λ > 0 must be satisfied in every

possible solution of this problem, as if the associated constraint holds with inequality,

one can always increase the value of the program by increasing qS(θ) or reducing qB(θ).

From condition (20):

qS(θ) = θ − λ,∀θ > θ2,

and from condition (21):

qB(θ) = λ− µ− θ, ∀θ < θ1,
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By continuity:

qS(θ2) = 0⇒ θ2 = λ⇒ qFBS (θ) = θ − θ2, ∀θ > θ2

qB(θ1) = 0⇒ θ1 = λ− µ⇒ qFBB (θ) = θ1 − θ, ∀θ < θ1.

From condition (22): ∫ θ1

θ

(θ1 − θ)g(θ)dθ =

∫ θ̄

θ2

(θ − θ2)g(θ)dθ = K. (24)

We have two possible cases depending on the value of the exogenous parameter K.

When K < K̃ (as defined in equation (4)), K is binding, so µ > 0 and θ2 − θ1 = µ > 0.

Define x = θ2 − θ1. By symmetry of g(θ), equation (24) implies that θ2 and θ1 must be

symmetric around the mean, i.e.,

θ1 = E(θ)− x

2
⇒ θFB1 = E(θ)− µFB

2
(25)

θ2 = E(θ) +
x

2
⇒ θFB2 = E(θ) +

µFB

2
· (26)

with µFB implicitly given by:∫ θ1(µFB)

θ

(
θ1(µFB)− θ

)
g(θ)dθ =

∫ θ̄

θ2(µFB)

(
θ − θ2(µFB)

)
g(θ)dθ = K. (27)

Note that µFB is well defined as long asK < K̃. To prove the existence and uniqueness

of µFB, we define the following continuous function:

J(µFB) =

∫ θ1(µFB)

θ

(
θ1(µFB)− θ

)
g(θ)dθ −K

=

∫ E(θ)−µ
FB

2

θ

(
E(θ)− µFB

2
− θ
)
g(θ)dθ −K.

Note that qB(θ) = θ1− θ = E(θ)− µFB

2
− θ ≥ 0 implies that µFB can only take values on[

0, 2
(
E(θ)− θ

)]
. We have that, for any K < K̃:

J(µFB = 0) =

∫ E(θ)

θ

(
E(θ)− θ

)
g(θ)dθ −K = K̃ −K > 0

J
(
µFB = 2[E(θ)− θ]

)
= −K < 0

∂J(µFB)

∂µFB
=

∫ E(θ)−µ
FB

2

θ

−1

2
g(θ)dθ = −1

2
G

(
E(θ)− µFB

2

)
< 0, ∀µFB.

Therefore, when K < K̃, by the intermediate value theorem, µFB exists and is unique.
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When K is not binding (K ≥ K̃), so that µ = 0, from equations (25) and (26) it is

straightforward to establish that θFB1 = θFB2 = E(θ). Therefore, the unique solution in

this case is:{
qB(θ) = E(θ)− θ if θ < E(θ)

qB(θ) = 0 if θ ≥ E(θ)
and

{
qS(θ) = 0 if θ ≤ E(θ)

qS(θ) = θ − E(θ) if θ > E(θ)
.

Proof of Proposition 1

Now we turn to the problem of choosing optimal K at the investment stage, which is

to maximize total welfare (which is a function of K alone) given the optimal operation

of storage at the production stage. Note that any optimal K must fall on the interval

[0, K̃], with K̃ given by equation (4), as otherwise there would be idle storage capacity

at the production stage.

Let V (K) be the value function after substituting the optimal solutions qFBS (θ,K)

and qFBB (θ,K). The problem of the social planner at the investment stage is

max
K∈[0,K̃]

{
W
(
qFBS (θ,K), qFBB (θ,K), K

)
− C(K)

}
= max

K∈[0,K̃]

{
V (K)− C(K)

}
.

Note that the objective function
[
V (K)−C(K)

]
is a continuously differentiable function.

Moreover,
[
0, K̃

]
is closed, bounded and compact, so the solution set to the problem is

non-empty.

By the envelope theorem, we have that:

dV (K)

dK
=
∂L
(
qB(θ), qS(θ), ηS(θ), ηB(θ), λ, µ

)
∂K

= µFB(KFB) = θFB2 (KFB)− θFB1 (KFB).

Therefore, the unique interior solution KFB is given by:

∂
(
V (K)− C(K)

)
∂K

= 0⇔ θFB2 (KFB)− θFB1 (KFB)− C ′(KFB) = 0, (28)

with θFB1 (KFB) and θFB2 (KFB) implicitly given by:

∫ θFB1 (KFB)

θ

(
θFB1 (KFB)− θ

)
g(θ)dθ =

∫ θ̄

θFB2 (KFB)

(
θ − θFB2 (KFB)

)
g(θ)dθ = KFB.

Moreover, the second order condition is satisfied:

∂2
(
V (K)− C(K)

)
∂K2

=
∂θFB2 (K)

∂K
− ∂θFB1 (K)

∂K
− C ′′(K)

=
−1

G
(
θFB1 (K)

) − 1

G
(
θFB1 (K)

) − C ′′(K) < 0,
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for all K ∈ [0, K̃]. Thus,
(
V (K)−C(K)

)
is strictly concave in K, so the solution KFB is

the global maximum. Note that KFB > 0 always, as θ̄− θ > 0 and C
′
(0) = 0. Also note

that the solution to the problem implies that the capacity constraint must be binding in

the second stage. Otherwise, idle storage capacity would imply that the marginal benefit

of storage capacity is lower than its marginal cost, violating the optimality condition at

the first stage.

Proof of Lemma 2

The problem of the competitive fringe is:

max
qF (θ)

πF (θ) =

∫ θ̄

θ

(
p(θ)qF (θ)− q2

F (θ)

2(1− α)

)
g(θ)dθ.

The first order condition, which is both necessary and sufficient, is:

p(θ)− qF (θ)

1− α
= 0⇔ qF (θ) = (1− α)p(θ),∀θ.

The dominant producer chooses its output in order to maximize its profits over the inverse

residual demand. That is:

max
qD(θ)

πD (θ) =

∫ θ̄

θ

(
p(θ)qD(θ)− [qD(θ)]2

2α

)
g(θ)dθ

=

∫ θ̄

θ

(
θ − qS(θ) + qB(θ)− qD(θ)

1− α
qD(θ)− [qD(θ)]2

2α

)
g(θ)dθ.

Hence, the first order condition of problem is:

∂πD (θ)

∂qD (θ)
= 0⇔ θ − qS(θ) + qB(θ)− 2qD(θ)

1− α
− qD(θ)

α
= 0

⇔ qD(θ) =
α

1 + α

(
θ − qS(θ) + qB(θ)

)
, ∀θ, (29)

with second order condition satisfied. Note that the above implies that:

qF (θ) =
1

1 + α

(
θ − qS(θ) + qB(θ)

)
,∀θ.

The equilibrium market price is:

p(θ) =
1

1− α2

(
θ − qS(θ) + qB(θ)

)
,∀θ.
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Proof of Lemma 3

At the production stage, the social planner’s problem is:

max
qB(θ),qS(θ)

W
(
qS(θ), qB(θ)

)
= vE(θ)−

∫ θ̄

θ

[
[qD(θ)]2

2α
+

[
θ − qS(θ) + qB(θ)− qD(θ)

]2
2 (1− α)

]
g(θ)dθ

subject to constraints (1) and (2), and taking qD(θ) as given. The structure of the

functional optimization problem is identical to the one in the Proof of Lemma 1. In

particular, we deal with a convex optimization problem for which the KKT conditions

that we list below are necessary and sufficient.

Without loss of generality, we can focus attention on cases in which for any θ ∈ [θ, θ̄],

qB(θ) > 0→ qS(θ) = 0 & qS(θ) > 0→ qB(θ) = 0. The KKT conditions are:

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λ = 0,∀θ ≥ θ2 (30)

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λ < 0,∀θ < θ2

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λ+ µ = 0,∀θ ≤ θ1 (31)

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λ+ µ > 0,∀θ > θ1

E[qB(θ)] = E[qS(θ)] = K, (32)

with θ1 ≤ θ2 and the complementary slackness conditions identical to those of the FB

problem. Note that condition (32) already incorporates the fact that we must have λ > 0

in any optimal solution to the problem. Note that these conditions are necessary and

sufficient, due the concavity of the objective functional and the linearity of the constraints.

From condition (30), and using the best response of the dominant firm, equation (29):

θ − qS(θ)

1− α2
= λ,∀θ > θ2,

and from conditions (29) and (31):

θ + qB(θ)

1− α2
= λ− µ,∀θ < θ1.

By continuity:

qS(θ2) = 0⇒ θ2 = λ(1− α2)⇒ qSBS (θ) = θ − θ2, ∀θ > θ2

qB(θ1) = 0⇒ θ1 = (λ− µ)(1− α2)⇒ qSBB (θ) = θ1 − θ, ∀θ < θ1.
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From condition (32): ∫ θ1

θ

(θ1 − θ)g(θ)dθ =

∫ θ̄

θ2

(θ − θ2)g(θ)dθ. (33)

We have two possible cases depending on the value of the exogenous parameter K.

When K is binding (i.e., K < K̃, as defined by equation (4)), µ > 0 and θ2 − θ1 =

µ(1 − α2) > 0. Define x = θ2 − θ1. By symmetry of g(θ), equation (33) implies that θ2

and θ1 must be symmetric around the mean, i.e.,

θ1 = E(θ)− x

2
⇒ θSB1 = E(θ)− µSB

2
(1− α2) (34)

θ2 = E(θ) +
x

2
⇒ θSB2 = E(θ) +

µSB

2
(1− α2), (35)

with µSB implicitly given by:∫ θ1(µSB)

θ

(
θ1(µSB)− θ

)
g(θ)dθ =

∫ θ̄

θ2(µSB)

(
θ − θ2(µSB)

)
g(θ)dθ = K. (36)

The existence and uniqueness of µSB can be proved using identical arguments to

those in the proof of Lemma 1. Also note that when K is not binding (i.e., K ≥ K̃),

so that µ = 0, from equations (34) and (35) it is straightforward to establish that

θSB1 = θSB2 = E(θ).

Proof of Proposition 2

(i) The problem of the constrained social planner is to choose K to maximize total

welfare, conditional on optimal behavior of all agents at the production stage. Let V (K)

be the value function after substituting the optimal solutions qSBS (θ,K), qSBB (θ,K) and

qSBD (θ,K) at the production stage. Also note that any optimal K must fall on the interval[
0, K̃

]
, where K̃ is given by equation (4). Thus, the problem of the social planner at the

investment stage is:

max
K∈[0,K̃]

{
W
(
qSBS (θ,K), qSBB (θ,K), qSBD (θ,K), K

)
− C(K)

}
= max

K∈[0,K̃]

{
V (K)− C(K)

}
Note that the objective function

[
V (K)−C(K)

]
is a continuously differentiable function.

Moreover,
[
0, K̃

]
is closed, bounded and compact, so the solution set to the problem is

non-empty.

Applying the envelope theorem, we have that:

dV

dK
=
∂V

∂K
+

∫ θ̄

θ

∂V

∂qSBD (θ)

∂qSBD (θ)

∂K
g(θ)dθ.
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The first term is a direct effect and it equals µSB(K). The second term is a strategic effect

which results from the impact of K on the dominant firm’s output decision. Focusing on

it,∫ θ̄

θ

∂V

∂qSBD (θ)

∂qSBD (θ)

∂K
g(θ)dθ =

∫ θ̄

θ

[
∂qSBD (θ)

∂K

α
(
θ − qSBS (θ) + qSBB (θ)

)
− qSBD (θ)

α (1− α)

]
g(θ)dθ

=
α

(1− α2)

∫ θ̄

θ

[
∂qSBD (θ)

∂K

(
θ − qSBS (θ) + qSBB (θ)

)]
g(θ)dθ,

where the second line follows from using the expression for qSBD (θ) .

Since

qB(θ) = max
{
θSB1 (K)− θ, 0

}
and qS(θ) = max

{
θ − θSB2 (K), 0

}
,

we can write,∫ θ̄

θ

∂V

∂qSBD (θ)

∂qSBD (θ)

∂K
g(θ)dθ =

α

(1− α2)

∫ θSB1 (K)

θ

∂qSBD (θ)

∂K
θSB1 (K)g(θ)dθ

+
α

(1− α2)

∫ θ̄

θSB2 (K)

∂qSBD (θ)

∂K
θSB2 (K)g(θ)dθ.

For θ < θSB1 (K),

qSBD (θ) =
α

1 + α
θSB1 (K)⇒ ∂qSBD (θ)

∂K
=

α

1 + α

∂θSB1 (K)

∂K
=

α

1 + α

1

G (θSB1 (K))
·

And for θ > θSB2 (K),

qSBD (θ) =
α

1 + α
θSB2 (K)⇒ ∂qSBD (θ)

∂K
=

α

1 + α

∂θSB2 (K)

∂K
= − α

1 + α

1

1−G (θSB2 (K))
·

Hence, the strategic effect is∫ θ̄

θ

∂V

∂qSBD (θ)

∂qSBD (θ)

∂K
g(θ)dθ = − α2

(1− α2) (1 + α)

(
θSB2 (K)− θSB1 (K)

)
< 0.

Note that the strategic effect disappears if α = 0. Furthermore, it is negative and its

absolute value is increasing in α.

Putting the direct and the strategic effects together, the unique interior solution KSB

is given by:

∂
(
V (K)− C(K)

)
∂K

= 0⇔ 1 + α− α2

(1− α2) (1 + α)

(
θSB2 (KSB)− θSB1 (KSB)

)
− C ′(KSB) = 0,

(37)
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with θSB1 (KSB) and θSB2 (KSB) implicitly given by:∫ θSB1 (KSB)

θ

(
θSB1 (KSB)− θ

)
g(θ)dθ =

∫ θ̄

θSB2 (KSB)

(
θ − θSB2 (KSB)

)
g(θ)dθ = KSB.

Moreover, the second order condition is satisfied:

∂2
(
V (K)− C(K)

)
∂K2

=
1 + α− α2

(1− α2) (1 + α)

[
−1

1−G
(
θSB2 (K)

)− 1

G
(
θSB1 (K)

)]−C ′′(K) < 0,∀K.

Thus, V (K) − C(K) is strictly concave in K, so the solution to the problem is unique.

Note that it is always the case that KSB > 0, as we have assumed C
′
(0) = 0.

(ii) Note that 1+α−α2

(1−α)(1+α)2
is increasing in α, and it equals 1 for α = 0. Since for i = {1, 2},

θSBi (K) = θFBi (K) for all K, it follows that KSB > KFB for α > 0.

Proof of Lemma 4

At the production stage, the problem of the competitive storage operator is to solve

problem (11) subject to constraints (1) and (2). The structure of the functional opti-

mization problem is identical to the one in the Proof of Lemma 1. In particular, we deal

with a convex optimization problem for which the KKT conditions that we list below are

necessary and sufficient. The Lagrangian of the problem, omitting the non-negativity

constraints, is:

L
(
qB(θ), qS(θ), λ, µ

)
=

∫ θ̄

θ

p(θ)
[
qS(θ)− qB(θ)

]
g(θ)dθ + λ

(
E[qB(θ)]− E[qS(θ)]

)
+ µ
(
K − E[qB(θ)]

)
,

where λ and µ are the Lagrange multipliers. Without loss of generality, we can focus

attention on cases in which for any θ ∈ [θ, θ̄], qB(θ) > 0 → qS(θ) = 0 & qS(θ) > 0 →
qB(θ) = 0. The KKT conditions are:

p(θ)− λ = 0,∀θ ≥ θ2 (38)

p(θ)− λ < 0,∀θ < θ2

p(θ)− λ+ µ = 0,∀θ ≤ θ1 (39)

p(θ)− λ+ µ > 0,∀θ > θ1

E[qB(θ)] = E[qS(θ)]. (40)

with θ1 ≤ θ2 and the complementary slackness conditions identical to those of the FB

problem. Note that these conditions are necessary and sufficient, due the concavity of
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the objective functional and the linearity of the constraints. Also note that condition

(40) already incorporates the fact that we must have λ > 0 in any optimal solution to

the problem.

From condition (38):

p(θ) = λ,∀θ > θ2,

and from condition (39):

p(θ) = λ− µ,∀θ < θ1.

Since p(θ) is the best response of the dominant firm,

λ = p(θ) =
θ − qS(θ)

1− α2
⇔ qS(θ) = θ − (1− α2)λ,∀θ > θ2

λ− µ = p(θ) =
θ + qB(θ)

1− α2
⇔ qB(θ) = (1− α2)(λ− µ)− θ, ∀θ < θ1.

By continuity:

qS(θ2) = 0⇒ θ2 = (1− α2)λ⇒ qCS (θ) = θ − θ2,∀θ > θ2

qB(θ1) = 0⇒ θ1 = (1− α2)(λ− µ)⇒ qCB(θ) = θ1 − θ, ∀θ < θ1.

From condition (40):∫ θ1

θ

(θ1 − θ)g(θ)dθ =

∫ θ̄

θ2

(θ − θ2)g(θ)dθ. (41)

We have two possible cases depending on the value of the exogenous parameter K.

When K < K̃ (as defined in equation (4)), K is binding, so µ > 0 and and θ2 − θ1 =

µ(1 − α2) > 0. Define x = θ2 − θ1. By symmetry of g(θ), equation (41) implies that θ2

and θ1 must be symmetric around the mean i.e.,

θ1 = E(θ)− x

2
⇒ θC1 = E(θ)− µC(1− α2)

2
(42)

θ2 = E(θ) +
x

2
⇒ θC2 = E(θ) +

µC(1− α2)

2
, (43)

with µC implicitly given by:∫ θ1(µC)

θ

(
θ1(µC)− θ

)
g(θ)dθ =

∫ θ̄

θ2(µC)

(
θ − θ2(µC)

)
g(θ)dθ = K. (44)

The existence and uniqueness of µC can be proved using identical arguments to those

in the proof of Lemma 1. Also, note that when K ≥ K̃, K is not binding, so that µC = 0,

from equations (42) and (43) it is straightforward to establish that θC1 = θC2 = E(θ).

48



Proof of Proposition 3

(i) The free-entry and perfect competition assumptions imply that entry/investments

take place until expected profits are zero, conditional on operating the storage facilities

optimally, i.e., Π
(
qCS (θ,K), qCB(θ,K), K

)
= Π(K) = 0.

The profits of the storage operator at the investment stage are:

Π(K) =

∫ θ̄

θ

pC(θ)
[
qCS (θ)− qCB(θ)

]
g(θ)dθ − C(K)

=

∫ θ̄

θC2 (K)

θ − qCS (θ)

1− α2
qCS (θ)g(θ)dθ −

∫ θC1 (K)

θ

θ + qCB(θ)

1− α2
qCB(θ)g(θ)dθ − C(K)

=

∫ θ̄

θC2 (K)

θC2 (K)
(
θ − θC2 (K)

)
1− α2

g(θ)dθ −
∫ θC1 (K)

θ

θC1 (K)
(
θC1 (K)− θ

)
1− α2

g(θ)dθ − C(K)

=
1

1− α2

[
θC2 (K)K − θC1 (K)K

]
− C(K)

= µC(K)K − C(K),

(45)

with µC(K) implicitly given by equation (44). Note that µFB(K) = µSB(K) = µC(K).

We have that, under the zero-profit condition, that the unique equilibrium investment

KC is implicitly given by:

Π(KC) = 0⇔ θC2 (KC)− θC1 (KC)

1− α2
=
C(KC)

KC
· (46)

To see this, define:

L1(K) =
θC2 (K)− θC1 (K)

1− α2

L2(K) =
C(K)

K
·

We have that:

lim
K→0

L1(K) =
θ̄ − θ

1− α2
> lim

K→K̃
L1(K) = 0 (47)

lim
K→0

L2(K) = 0 < lim
K→K̃

L2(K) =
C(K̃)

K̃
, (48)

with K̃ given by equation (4). Moreover, we have that:

∂L1(K)

∂K
=

1

1− α2

(
∂θC2 (K)

∂K
− ∂θC1 (K)

∂K

)
=

1

1− α2

(
−1

1−G
(
θC2 (K)

) − 1

G
(
θC1 (K)

)) < 0,∀K, (49)
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and
∂L2(K)

∂K
=
C ′(K)K − C(K)

K2
> 0,∀K, (50)

where the last inequality follows from the convexity of the cost function (which implies

that C ′(K) > C(K)/K.). Given equations (47), (48), (49) and (50), and the the con-

tinuity of L1(K) and L2(K), KC exists and is unique. Note that KC > 0 always, as

C
′
(0) = 0 by assumption.

(ii) Now, we show that KC > KSB. Assume on the contrary that KC ≤ KSB. From

equations (36) and (44), this implies that:∫ θC1

θ

(θC1 − θ)g(θ)dθ ≤
∫ θSB1

θ

(θSB1 − θ)g(θ)dθ → θC1 ≤ θSB1∫ θ̄

θC2

(θ − θC2 )g(θ)dθ ≤
∫ θ̄

θSB2

(θ − θSB2 )g(θ)dθ → θC1 ≥ θSB1 .

Thus, from the optimal solutions (10) and (12),

θC2 − θC1 ≥ θSB2 − θSB1 ⇒ C(K)

K
(1− α2) ≥ C ′(K)

(1− α2)(1 + α)

1 + α− α2
.

A contradiction, by strict convexity of the cost function C(K) and α > 0. Therefore,

KC > KSB and, by Proposition 2, KC > KFB.

Proof of Lemma 5

At the production stage, the problem of the storage monopolist is:

max
qS(θ),qB(θ)

∫ θ

θ

θ − qS(θ) + qB(θ)− qD(θ)

1− α
(
qS(θ)− qB(θ)

)
g (θ) dθ,

subject to constraints (1) and (2). The structure of the functional optimization problem

is identical to the one in the Proof of Lemma 1. In particular, we deal with a convex

optimization problem for which the KKT conditions that we list below are necessary and

sufficient. The Lagrangian of the problem, omitting the non-negativity constraints, is

given by:

L
(
qB(θ), qS(θ), λ, µ

)
=

1

1− α

∫ θ

θ

[
θ − qS(θ) + qB(θ)− qD(θ)

][
qS(θ)− qB(θ)

]
g (θ) dθ

+ λ
(
E[qB(θ)]− E[qS(θ)]

)
+ µ
(
K − E[qB(θ)]

)
,

where λ and µ are the Lagrange multipliers. Without loss of generality, we can focus

attention on cases in which for any θ ∈ [θ, θ̄], qB(θ) > 0 → qS(θ) = 0 & qS(θ) > 0 →
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qB(θ) = 0. The KKT conditions are:

θ − 2qS(θ)− qD(θ)

1− α
− λ = 0,∀θ ≥ θ2 (51)

θ − 2qS(θ)− qD(θ)

1− α
− λ < 0,∀θ < θ2

θ + 2qB(θ)− qD(θ)

1− α
− λ+ µ = 0,∀θ ≤ θ1 (52)

θ + 2qB(θ)− qD(θ)

1− α
− λ+ µ > 0,∀θ > θ1

E[qB(θ)] = E[qS(θ)] = K, (53)

with θ1 ≤ θ2 and the complementary slackness conditions identical to those of the first-

best problem. Note that these conditions are necessary and sufficient, due the concavity

of the objective functional and the linearity of the constraints.

Pointwise optimality implies that the system of reaction functions is:

qS(θ) =

(
θ − qD(θ)

)
− λ (1− α)

2

qB(θ) =
(λ− µ) (1− α)−

(
θ − qD(θ)

)
2

qD(θ) =
(
θ − qS(θ) + qB(θ)

) α

1 + α
·

Thus, we have that:

qS(θ) =
θ − (1− α2)λ

2 + α
,∀θ > θ2

qB(θ) =
(1− α2) (λ− µ)− θ

2 + α
,∀θ < θ1.

By continuity:

qS(θ2) = 0⇒ θ2 =
(
1− α2

)
λ⇒ qS(θ) =

θ − θ2

2 + α
,∀θ > θ2

qB(θ1) = 0⇒ θ1 =
(
1− α2

)
(λ− µ)⇒ qB(θ) =

θ1 − θ
2 + α

,∀θ < θ1.

Recall that the market price is given by:

p(θ) =
θ − qS(θ) + qB(θ)

1− α2
.

Using the expressions for qS(θ) and qB(θ),

p(θ) =
θ (1 + α) + θ2

(2 + α) (1− α2)
, ∀θ > θ2

p(θ) =
θ (1 + α) + θ1

(2 + α) (1− α2)
, ∀θ < θ1.
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From condition (53): ∫ θ1

θ

θ1 − θ
2 + α

g(θ)dθ =

∫ θ̄

θ2

θ − θ2

2 + α
g(θ)dθ = K. (54)

We have two possible cases depending on the value of the exogenous parameter K.

When K < K̂, as defined in Lemma (5), K is binding, so µ > 0 and θ2−θ1 = µ(1−α2) >

0. Define x = θ2 − θ1. By symmetry of g(θ), equation (54) implies that θ2 and θ1 must

be symmetric around the mean i.e.,

θ1 = E(θ)− x

2
⇒ θM1 = E(θ)− µM(1− α2)

2
(55)

θ2 = E(θ) +
x

2
⇒ θM2 = E(θ) +

µM(1− α2)

2
, (56)

with µM implicitly given by:∫ θ1(µM )

θ

θ1(µM)− θ
2 + α

g(θ)dθ =

∫ θ̄

θ2(µM )

θ − θ2(µM)

2 + α
g(θ)dθ = K. (57)

Note that µM is well defined as long as K < K̂. The existence and uniqueness of

µM can be proved using identical arguments to those in the proof of Lemma 1. Also,

note that when K is not binding, so that µ = 0, from equations (55) and (56) it is

straightforward to establish that θM1 = θM2 = E(θ).

Proof of Proposition 4

(i) The problem of the storage monopolist is to maximize profits, conditional on managing

the storage facilities optimally and anticipating the optimal behavior of the dominant firm

at the production stage. Let V (K) be the value function after substituting qMS (θ,K),

qMB (θ,K) and qMD (θ,K). Note that any optimal K must fall on the interval
[
0, K̂

]
, where

K̂ = K̃
2+α

(see equation (4)). Thus, the problem is:

max
K∈[0,K̂]

Π
(
K
)

=

∫ θ̄

θ

pM(θ,K)
[
qMS (θ,K)− qMB (θ,K)

]
g(θ)dθ − C(K)

=

∫ θ̄

θM2 (K)

[
θ(1 + α) + θM2 (K)

][
θ − θM2 (K)

]
(1− α2)(2 + α)2

g(θ)dθ

−
∫ θM1 (K)

θ

[
θ(1 + α) + θM1 (K)

][
θM1 (K)− θ

]
(1− α2)(2 + α)2

g(θ)dθ − C(K)

=V (K)− C(K).
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Note that the objective function Π(K) is a continuously differentiable function. More-

over, [0, K̂] is closed, bounded and compact, so the solution set to the problem is non-

empty. Taking the derivative of V (K) with respect to K we have:

∂V (K)

∂K
=−

∫ θ̄

θM2 (K)

αθ + 2θM2 (K)

(1− α2)(2 + α)2

∂θM2 (K)

∂K
g(θ)dθ

−
∫ θM1 (K)

θ

αθ + 2θM1 (K)

(1− α2)(2 + α)2

∂θM1 (K)

∂K
g(θ)dθ.

Applying the implicit function theorem to equation (57), we can obtain:

∂θM1 (K)

∂K
=
∂θM1 (K)

∂µ

∂µ

∂K
=

2 + α

G(θM1 (K))

∂θM2 (K)

∂K
=
∂θM2 (K)

∂µ

∂µ

∂K
= − 2 + α

1−G(θM2 (K))
·

Thus:

∂V

∂K
=

2
(
θM2 (K)− θM1 (K)

)
(1− α2)(2 + α)

+

α

(∫ θ̄
θM2 (K)

θg(θ)dθ −
∫ θM1 (K)

θ
θg(θ)dθ

)
(1− α2)(2 + α)G

(
θM1 (K)

)
=

2αK

(1− α2)G
(
θM1 (K)

) +
θM2 (K)− θM1 (K)

1− α2
·

Therefore, the unique interior solution KM is given by:

∂Π(K)

∂K
= 0⇔ 2αKM

(1− α2)G
(
θM1 (KM)

) +
θM2 (KM)− θ1(KM)

1− α2
= C ′(KM).

with θM1 (KM) and θM2 (KM) implicitly given by:

∫ θM1 (KM )

θ

θM1 (KM)− θ
2 + α

g(θ)dθ =

∫ θ̄

θM2 (KM )

θ − θM2 (KM)

2 + α
g(θ)dθ = KM . (58)

Moreover, the second order condition is satisfied:

∂2Π(K)

∂K2
=

1

1− α2

[
∂θM2 (K)

∂K
− ∂θM1 (K)

∂K

]
+

2αG
(
θM1 (K)

)
− 2αKg

(
θM1 (K)

)∂θM1 (K)

∂K

(1− α2)
[
G
(
θM1 (K)

)]2
=

−2(2 + α)

(1− α2)G
(
θM1 (K)

) +
2α

(1− α2)G
(
θM1 (K)

) − 2αKg
(
θM1 (K)

)
(2 + α)

(1− α2)
[
G
(
θM1 (K)

)]3
=

−4

(1− α2)G
(
θM1 (K)

) − 2αKg
(
θM1 (K)

)
(2 + α)

(1− α2)
[
G
(
θM1 (K)

)]3 < 0,

for all K ∈ [0, K̂]. Thus, KM is the unique global maximum. Note that KM > 0 always,

as C
′
(0) = 0 by assumption.
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(ii) Optimality conditions when α = 0 are given by:

C ′(K) = θFB2 (K)− θFB1 (K)

C ′(K) = θSB2 (K)− θSB1 (K)

C ′(K) = θM2 (K,α = 0)− θM1 (K,α = 0).

Equations (27), (36) and (57) imply that

θFB2 (K)− θFB1 (K) = θSB2 (K)− θSB1 (K) > θM2 (K,α = 0)− θM1 (K,α = 0).

Thus, KM < KSB = KFB for α = 0.

(iii) We just need to show that KM < KFB, as KFB < KSB is always true for α > 0.

With demand uniformly distributed on [θ, θ̄], first-best investment in storage capacity is

given by:

θFB2 (KFB)− θFB1 (KFB) = C ′(KFB)

θ̄ − θ − 2
√

2(θ̄ − θ)KFB = KFB

KFB =
[
5− 2

√
6
]
(θ̄ − θ).

Note that, for θ uniformly distributed on [θ, θ̄], the marginal investment revenue for

the monopolist MRM(K) is:

MRM(K) =
θM2 (K)− θM1 (K)

1− α2
+

2αK

(1− α2)G(θM1 (K))

=
(θ̄ − θ)− 2

√
2(2 + α)(θ̄ − θ)K

1− α2
+

α2K(θ̄ − θ)
(1− α2)

√
2(2 + α)(θ̄ − θ)K

=
1

(1− α2)
√

2 + α

(√
2 + α(θ̄ − θ)− (4 + α)

√
2(θ̄ − θ)K

)
.

Evaluated at KFB:

MRM(KFB) =
θ̄ − θ

(1− α2)
√

2 + α

(√
2 + α− (4 + α)

√
2(5− 2

√
6)

)
< 0.

Moreover,

∂MRM(K)

∂K
=

2

(2 + α)(1− α2)

(
∂θM2 (K)

∂K
− ∂θM1 (K)

∂K

)
+

α

(2 + α)(1− α2)

(
− θM2 g

(
θM2 (K)

)
− θM1 g

(
θM1 (K)

))
< 0,

for all K, as
∂θM2 (K)

∂K
< 0 and

∂θM1 (K)

∂K
> 0. Thus, KM < KFB.

54



Proof of Lemma 6

The structure of the functional optimization problem is identical to the one in the Proof

of Lemma 1. In particular, we deal with a convex optimization problem for which the

KKT conditions that we list below are necessary and sufficient. The Lagrangian of the

problem, omitting the non-negativity constraints, is given by:

L
(
p(θ), qB(θ), qS(θ), λ, µ

)
=

∫ θ̄

θ

[
p(θ)D (p; θ)−

[
D (p; θ)− qS(θ) + qB(θ)

]2
2α

]
g (θ) dθ

+ λ
(
E[qB(θ)]− E[qS(θ)]

)
+ µ
(
K − E[qB(θ)]

)
,

where λ and µ are the Lagrangian multipliers and where the residual demand D (p; θ) is

given by D (p; θ) = θ − (1 − α)p(θ). Without loss of generality, we can focus attention

on cases in which for any θ ∈ [θ, θ̄], qB(θ) > 0 → qS(θ) = 0 and qS(θ) > 0 → qB(θ) = 0.

The KKT conditions are:

θ − (1− α)
[
qS(θ)− qB(θ)

]
− (1− α2)p(θ) = 0, ∀θ (59)

1

α

[
θ − qS(θ)− (1− α)p(θ)

]
− λ = 0, ∀θ ≥ θ2 (60)

1

α

[
θ − (1− α)p(θ)

]
− λ < 0, ∀θ < θ2

1

α

[
θ + qB(θ)− (1− α)p(θ)

]
− λ+ µ = 0,∀θ ≤ θ1 (61)

1

α

[
θ − (1− α)p(θ)

]
− λ+ µ > 0,∀θ > θ1

E[qB(θ)] = E[qS(θ)] = K, (62)

with θ1 ≤ θ2 and the complementary slackness conditions identical to those of the FB

problem. Note that these conditions are necessary and sufficient, due the concavity of

the objective functional and the linearity of the constraints.

Combining conditions (59) and (60):

qS(θ) =
θ − λ(1 + α)

2
,∀θ ≥ θ2

p(θ) =
θ + λ(1− α)

2(1− α)
, ∀θ ≥ θ2.

From conditions (59) and (61):

qB(θ) =
(λ− µ)(1 + α)− θ

2
,∀θ ≤ θ1

p(θ) =
θ + (λ− µ)(1− α)

2(1− α)
,∀θ ≤ θ1.
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And from condition (59):

p(θ) =
θ

1− α2
for θ1 < θ < θ2.

By continuity:

qS(θ2) = 0⇒ θ2 = (1 + α)λ⇒

qIS(θ) = θ−θ2
2
, ∀θ > θ2

p(θ) = θ
2(1−α)

+ θ2
2(1+α)

,∀θ > θ2

qB(θ1) = 0⇒ θ1 = (1 + α)(λ− µ)⇒

qIB(θ) = θ1−θ
2
,∀θ < θ1

p(θ) = θ
2(1−α)

+ θ1
2(1+α)

,∀θ < θ1

From condition (62): ∫ θ1

θ

θ1 − θ
2

g(θ)dθ =

∫ θ̄

θ2

θ − θ2

2
g(θ)dθ. (63)

We have two possible cases depending on the value of the exogenous parameter K.

When K < Ǩ, as defined in Lemma (6), K is binding, so µ > 0 and θ2−θ1 = µ(1+α) > 0.

Define x = θ2 − θ1. By symmetry of g(θ), equation (63) implies that θ2 and θ1 must be

symmetric around the mean i.e.,

θ1 = E(θ)− x

2
⇒ θC1 = E(θ)− µ(1 + α)

2
(64)

θ2 = E(θ) +
x

2
⇒ θC2 = E(θ) +

µ(1 + α)

2
, (65)

with µI implicitly given by:∫ θ1(µI)

θ

θ1(µI)− θ
2

g(θ)dθ =

∫ θ̄

θ2(µI)

θ − θ2(µI)

2
g(θ)dθ = K. (66)

Note that µI is well defined as long as K < Ǩ. The existence and uniqueness of µI

can be proved using identical arguments to those in the proof of Lemma 1. Also, note

that when K is not binding (K ≥ Ǩ), so that µ = 0, from equations (64) and (65) it is

straightforward to establish that θI1 = θI2 = E(θ).

Proof of Corollary 1

Let us use L (θ) to denote the Lerner Index, i.e., the ratio between price minus marginal

cost over price. Using the equilibrium storage decisions,

L (θ) =


θ(1+α)−θI1(1−α)

θ(1+α)+θI1(1−α)
if θ < θI1

α if θI1 ≤ θ ≤ θI2
θ(1+α)−θI2(1−α)

θ(1+α)+θI2(1−α)
if θ > θI2

·
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These mark-ups are continuous in θ. They are constant for θI1 ≤ θ ≤ θI2 and increasing

in θ otherwise. Hence, for θ < θI1, L (θ) < α. And for θ > θI2, L (θ) > α. Since the two

expressions are a mirror image of each other, while the markups for high demand levels

are weighted more, the demand-weighted average mark-up is greater than α.

Proof of Proposition 5

(i) By identical arguments to those in the proof for optimal first-best capacity investment,

the unique interior solution KI is given by the solution to:

θI2(KI)− θI1(KI)

1 + α
− C ′(KI) = 0. (67)

with θI2(KI) and θI1(KI) implicitly given by:∫ θI1(KI)

θ

θI1(KI)− θ
2

g(θ)dθ =

∫ θ̄

θI2(KI)

θ − θI2(KI)

2
g(θ)dθ = KI .

(i) Now we show that KI < KFB. Assume on the contrary that KI ≥ KFB. Then, by

strict convexity of the cost function:

KI ≥ KFB ⇒ C ′(KI) ≥ C ′(KFB) (68)

Moreover:

KI ≥ KFB ⇒ θI2 − θI1 < θFB2 − θFB1 ⇒ (1 + α)C ′(KI) < C ′(KFB). (69)

where the first implication comes from the capacity constraints in the optimal solution

(equations (27) and (66)), and the second from first stage optimality conditions (5) and

(18). Putting (68) and (69) together:

(1 + α)C ′(KI) < C ′(KFB) ≤ C ′(KI).

A contradiction. Thus, KI < KFB.

Proof of Proposition 6

From Lemma 4, we know that, for given K, equilibrium storage decisions under a

competitive storage market structure coincide with those of the second-best. Thus,

W SB(K) = WC(K) and CSSB(K) = CSC(K), ∀K. Moreover,

{qSBB (θ,K), qSBS (θ,K)} = argmax
qB(θ,K),qS(θ,K)

W (K)
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Thus, as in general qMB (θ,K) 6= qSBB (θ,K) and qIB(θ,K) 6= qSBB (θ,K), we have that

W SB(K) > WM(K) and W SB(K) > W I(K), ∀K > 0.

For the second part of the proposition, we want to show that WM(K) > W I(K),

which is equivalent to TCM(K) < TCI(K). Recall that, for j = {M, I}

TCj(K) =

∫ θ̄

θ

(
q2
D(θ,K)

2α
+
q2
F (θ,K)

2(1− α)

)
g(θ)dθ

. For the monopolist:

TCM(K) =
1 + α− α2

2(1− α)

[ ∫ θM1 (K)

θ

(
θ(1 + α) + θM1 (K)

(2 + α)(1 + α)

)2

g(θ)dθ

+

∫ θM2 (K)

θM1 (K)

(
θ

(1 + α)

)2

g(θ)dθ

+

∫ θ̄

θM2 (K)

(
θ(1 + α) + θM2 (K)

(2 + α)(1 + α)

)2

g(θ)dθ

]
·

For the vertically integrated firm:

TCI(K) =

∫ θI1(K)

θ

(
1

2α

(
αθI1(K)

1 + α

)2

+
1

2(1− α)

(
(1 + α)θ + (1− α)θI1(K)

2(1 + α)

)2
)
g(θ)dθ

+
1 + α− α2

2(1− α)

∫ θI2(K)

θI1(K)

(
θ

(1 + α)

)2

g(θ)dθ

+

∫ θ̄

θI2(K)

(
1

2α

(
αθI2(K)

1 + α

)2

+
1

2(1− α)

(
(1 + α)θ + (1− α)θI2(K)

2(1 + α)

)2
)
g(θ)dθ·

Note that:

lim
K→∞

TCM(K) =
1 + α− α2

2(1− α)

∫ θ̄

θ

(
θ(1 + α) + E(θ)

(2 + α)(1 + α)

)2

g(θ)dθ

lim
K→0

TCI(K) =

∫ θ̄

θ

(
1

2α

(
αE(θ)

1 + α

)2

+
1

2(1− α)

(
(1 + α)θ + (1− α)E(θ)

2(1 + α)

)2
)
g(θ)dθ,

Therefore:

lim
K→∞

[TCM(K)− TCI(K)] = −V [θ]
5α2

8 (1− α) (2 + α)2 < 0

lim
K→0

[TCM(K)− TCI(K)] = 0,
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Thus, TCM(K) < TCI(K) if:

∂TCM(K)

∂K
< 0

∂TCI(K)

∂K
< 0∣∣∣∣∂TCM(K)

∂K

∣∣∣∣ ≥ ∣∣∣∣∂TCI(K)

∂K

∣∣∣∣
for all K < K̂ (as defined in Lemma (5)).

For the independent monopolist, after some computations we have that:

∂TCM(K)

∂K
=

1 + α− α2

(1− α)(2 + α)(1 + α)2G
(
θM1 (K)

)[ ∫ θM1 (K)

θ

[
θ(1 + α) + θM1 (K)

]
g(θ)dθ −

∫ θ̄

θM2 (K)

[
θ(1 + α) + θM2 (K)

]
g(θ)dθ

]
< 0.

∣∣∣∣∂TCM(K)

∂K

∣∣∣∣ =
1 + α− α2

(1− α)(2 + α)(1 + α)2

[
θM2 (K)− θM1 (K)

]
·

+
1 + α− α2

(1− α)(2 + α)(1 + α)G
(
θM1 (K)

) [∫ θ̄

θM2 (K)

θg(θ)dθ −
∫ θM1 (K)

θ

θg(θ)dθ

]
·
and for the vertically integrated firm:

∂TCI(K)

∂K
=

1

2(1 + α)2

1

G (θI1(K))

[∫ θM1 (K)

θ

[
(1 + α)θ + (1 + 3α)θI1(K)

]
g(θ)dθ

−
∫ θ̄

θI2(K)

[
(1 + α)θ + (1 + 3α)θI2(K)

]
g(θ)dθ

]
< 0∣∣∣∣∂TCI(K)

∂K

∣∣∣∣ =
(1 + 3α)

2(1 + α)2

[
θI2(K)− θI1(K)

]
+

1

2(1 + α)G (θI1(K))

[∫ θ̄

θI2(K)

θg(θ)dθ −
∫ θI(K)

θ

θg(θ)dθ

]
·

Assuming that θ is uniformly distributed on [θ, θ̄], we have that:∣∣∣∣∂TCM(K)

∂K

∣∣∣∣ =
1 + α− α2

(1− α)(2 + α)(1 + α)2

[
(2 + α)(θ̄ − θ)− (3 + α)

√
2(2 + α)(θ̄ − θ)K

]
∣∣∣∣∂TCI(K)

∂K

∣∣∣∣ =
1

(1 + α)2

[
(1 + 2α)(θ̄ − θ) + (7α + 3)

√
(θ̄ − θ)K

]
·
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Thus: ∣∣∣∣∂TCM(K)

∂K

∣∣∣∣− ∣∣∣∣∂TCI(K)

∂K

∣∣∣∣ > 0

⇔ K <

(
α2(2 + α)

√
θ̄ − θ

(1 + α− α2)(3 + α)
√

2(2 + α)− (7α + 3)(1− α)(2 + α)

)2

·

Note that:(
α2(2 + α)

√
θ̄ − θ

(1 + α− α2)(3 + α)
√

2(2 + α)− (7α + 3)(1− α)(2 + α)

)2

<

(
E[θ]− θ

)2

2(θ̄ − θ)(2 + α)
= K̂.

Thus,

∣∣∣∣∂TCM (K)
∂K

∣∣∣∣ > ∣∣∣∣∂TCI(K)
∂K

∣∣∣∣, so that TCM(K) < TCI(K) and WM(K) > W I(K).

For comparing consumer surplus, we follow the same approach. First note that:

lim
K→∞

[CSM(K)− CSI(K)] =
α

2 + α
V [θ] > 0

lim
K→0

[CSM(K)− CSI(K)] = 0.

Second, note that:

∂CSM(K)

∂K
=

1

(1− α2)G(θM1 (K))

[ ∫ θ̄

θM2 (K)

θg(θ)dθ −
∫ θM1 (K)

θ

θg(θ)dθ

]
> 0.

for all K and

∂CSI(K)

∂K
=

1

(1 + α)G(θI1(K))

[ ∫ θ̄

θI2(K)

θg(θ)dθ −
∫ θI1(K)

θ

θg(θ)dθ

]
> 0.

for all K.

Finally, when θ is uniformly distributed on [θ, θ̄], we have that:

∂CSM(K)

∂K
− ∂CSI(K)

∂K
> 0

⇔ θ̄ − θ −
√

2(2 + α)(θ̄ − θ)K
1− α2

− θ̄ − θ − 2
√

(θ̄ − θ)K
1 + α

> 0(
α
√
θ̄ − θ√

2(2 + α) + 2α− 2

)2

> K.

Note that: (
α
√
θ̄ − θ√

2(2 + α) + 2α− 2

)2

<

(
E[θ]− θ

)2

2(θ̄ − θ)(2 + α)
= K̂.

Thus, ∂CSM (K)
∂K

> ∂CSI(K)
∂K

, so that CSM(K) > CSI(K), for all K.
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Extensions and Variations

In this appendix we provide the analysis that supports our claims in Section 6.

Round-Trip Efficiency

We parametrize the round-trip efficiency by σ ∈ (0, 1]. This affects constraint (2) in the

optimization problem, which now has to be written as∫ θ̄

θ

qS(θ)g(θ)dθ ≤ σ

∫ θ̄

θ

qB(θ)g(θ)dθ.

In what follows we re-do the analyses allowing for σ < 1. Note that our main analysis

is a specific case of this one with σ = 1.

First-Best At the production stage, the problem of the social planner is to choose qB(θ)

and qS(θ) to maximize total welfare W , taking capacity K > 0 as given. Therefore, we

look for the solution to the following problem:

max
qS(θ),qB(θ)

W
(
qS(θ), qB(θ)

)
=

∫ θ̄

θ

[
vθ −

(
θ − qS(θ) + qB(θ)

)2

2

]
g(θ)dθ

s.t. h1

(
qS(θ), qB(θ)

)
= σ

∫ θ̄

θ

qB(θ)g(θ)dθ −
∫ θ̄

θ

qS(θ)g(θ)dθ ≥ 0

h2

(
qB(θ)

)
= K −

∫ θ̄

θ

qB(θ)g(θ)dθ ≥ 0

h3

(
qS(θ)

)
= qS(θ) ≥ 0,∀θ

h4

(
qB(θ)

)
= qB(θ) ≥ 0,∀θ

with K > 0. The structure of the functional optimization problem is identical to the one

in the Proof of Lemma 1. In particular, we deal with a convex optimization problem for

which the KKT conditions that we list below are necessary and sufficient. The Lagrangian

of the problem is:

L
(
qB(θ), qS(θ), ηS(θ), ηB(θ), λ, µ

)
=

∫ θ̄

θ

[
vθ −

(
θ − qS(θ) + qB(θ)

)2

2

]
g(θ)dθ

+

∫ θ̄

θ

ηS(θ)qS(θ)g(θ)dθ +

∫ θ̄

θ

ηB(θ)qB(θ)g(θ)dθ

+ λ
(
σE[qB(θ)]− E[qS(θ)]

)
+ µ
(
K − E[qB(θ)]

)
,

61



where λ, µ, ηS(θ) and ηB(θ) are the multipliers associated with their respective constraints

h1(·), h2(·), h3(·), h4(·) ≥ 0. The KKT conditions are:

θ − qS(θ) + qB(θ)− λ+ ηS(θ) = 0,∀θ (70)

θ − qS(θ) + qB(θ)− λσ + µ− ηB(θ) = 0,∀θ (71)

ηi(θ) ≥ 0, ∀θ, i = {S,B}

qi(θ) ≥ 0, ∀θ, i = {S,B}

ηi(θ)qi(θ) = 0,∀θ, i = {S,B}

σE[qB(θ)]− E[qS(θ)] ≥ 0 (72)

λ ≥ 0

λ
(
σE[qB(θ)]− E[qS(θ)]

)
= 0

µ ≥ 0

K − E[qB(θ)] ≥ 0 (73)

µ
(
K − E[qB(θ)]

)
= 0,

Without loss of generality, we can focus attention on cases in which for any θ ∈ [θ, θ̄],

qB(θ) > 0 → qS(θ) = 0 & qS(θ) > 0 → qB(θ) = 0. We conjecture that there exists

θ1 ∈ [θ, θ̄] and θ2 ∈ [θ, θ̄], with θ1 ≤ θ2, such that:{
qB(θ) > 0 if θ < θ1

qB(θ) = 0 if θ ≥ θ1

and

{
qS(θ) = 0 if θ ≤ θ2

qS(θ) > 0 if θ > θ2

.

We proceed by finding the expressions for qB(θ), qS(θ) implied by this conjecture that

satisfy all the KKT conditions.

From condition (70):

qS(θ) = θ − λ,∀θ > θ2,

and from condition (71):

qB(θ) = λσ − µ− θ, ∀θ < θ1.

By continuity:

qS(θ2) = 0⇒ θ2 = λ⇒ qFBS (θ) = θ − θ2,∀θ > θ2

qB(θ1) = 0⇒ θ1 = λσ − µ⇒ qFBB (θ) = θ1 − θ, ∀θ < θ.1

Note that those conditions are the same as in the case with no efficiency losses. That

is, the social planner uses storage to flatten production within charging and discharging

regions. We have two possible cases, depending on the value of the exogenous parameter
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K. When K is binding, we have that µ > 0 and θ2 − θ1 = µ + λ(1− σ) > 0. Note that

λ = θ2. Therefore, we now have:

µ = σθ2 − θ1.

That is, the value of relaxing the capacity constraint is equal to the marginal cost

savings. However, in this case the cost of producing one more unit in periods of high

demand is weighted by the round-trip efficiency.

In contrast to the baseline model, we now have that θ2 and θ1 are not symmetric

around the mean. This prevents expressing θ1 and θ2 as a function of E(θ) and µ.

However, note that θ1(K) and θ2(K) are implicitly given by:∫ θ1

θ

(
θ1 − θ

)
g(θ)dθ = K∫ θ̄

θ2

(
θ − θ2

)
g(θ)dθ = σK.

Note that this implies that σ does not affect the location of θ1 for a given K, while

∂θ2/∂σ < 0. Trivially, higher efficiency losses reduce the number of periods for which the

social planner releases energy (as less energy is available for the same capacity).

When K is not binding, so that µ = 0, it is straightforward to establish that θFB1 =

θFB2 . However, in contrast to the previous case we now have that E(θ) < θFB1 = θFB2 . To

see this, note that from 72:

σ

∫ θ1

θ

(θ1 − θ)g(θ)dθ =

∫ θ̄

θ1

(θ − θ1)g(θ)dθ.

σθ1G(θ1) + θ1[1−G(θ1)] = σ

∫ θ1

θ

θg(θ)dθ +

∫ θ̄

θ1

θg(θ)dθ.

σθ1G(θ1) + θ1[1−G(θ1)] = E(θ)− (1− σ)

∫ θ1

θ

θg(θ)dθ

θ1 − E(θ)

1− σ
= θ1G(θ1)−

∫ θ1

θ

θg(θ)dθ.

As the right-hand side is strictly positive for any θ1 > 0, then θ1 > E(θ) and, by

symmetry of the demand distribution, θ2 > E(θ). In fact, given that θ2 > E(θ) when K

is not binding, it is guaranteed that θ2 > E(θ) for any binding K. Moreover, the value

of K for which the constraint is binding is larger than before (i.e., it is decreasing in σ).

Now we turn to the problem of choosing optimal K at the investment stage. The

problem of the social planner at the investment stage it to maximize total welfare given

the optimal operation of storage at the production stage.
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Let V (K) be the value function after substituting the optimal solutions qFBS (θ,K)

and qFBB (θ,K) at the production stage. As in previous cases, note that any optimal K

must fall on the interval [0, K̃], where K̃ is given by equation (4).

Thus, the problem of the social planner at the investment stage is

max
K∈[0,K̃]

W
(
qFBS (θ,K), qFBB (θ,K), K

)
− C(K) = V (K)− C(K).

By the envelope theorem, we have that:

dV (K)

dK
=
∂L
(
qB(θ), qS(θ), ηS(θ), ηB(θ), λ, µ

)
∂K

= µFB(K).

Therefore, the unique interior solution KFB is given by:

∂W

∂K
= 0⇔ µFB(KFB)− C ′(KFB) = σθ2(KFB, σ)− θ1(KFB)− C ′(KFB) = 0,

with ∫ θ1(KFB)

θ

(
θ1(KFB)− θ

)
g(θ)dθ = KFB

∫ θ̄

θ2(KFB ,σ)

(
θ − θ2(KFB, σ)

)
g(θ)dθ = σKFB.

To see how optimal investment KFB changes as a function of σ, define:

F = σKFB −
∫ θ̄

θ2(KFB ,σ)

(
θ − θ2(KFB, σ)

)
g(θ)dθ.

Therefore, we have that (relying on the implicit function theorem):

∂µFB

∂σ
= θ2(KFB, σ) + σ

∂θ2(KFB, σ)

∂σ

= θ2(KFB, σ)− σ ∂F/∂σ

∂F/∂θ2(KFB, σ)

= θ2(KFB, σ)− σKFB

1−G
(
θ2(KFB, σ)

)
= θ2(KFB, σ)−

∫ θ̄
θ2(KFB ,σ)

(
θ − θ2(KFB, σ)

)
g(θ)dθ

1−G
(
θ2(KFB, σ)

)
=

∫ θ
θ2(KFB ,σ)

2θ2g (θ) dθ∫ θ
θ2(KFB ,σ)

g (θ) dθ
−

∫ θ
θ(K

FB ,σ)
θg (θ) dθ∫ θ

θ2(KFB ,σ)
g (θ) dθ

=

∫ θ
θ2(KFB ,σ)

(
2θ2(KFB, σ)− θ

)
g (θ) dθ∫ θ

θ2(KFB ,σ)
g (θ) dθ

.

A sufficient condition for having ∂µFB

∂σ
> 0 is θ2(KFB, σ) > θ

2
> θ̄+θ

2
= E(θ), which

is always true. Therefore, equilibrium capacity investment is larger the more efficient

storage technologies are.
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Second-Best At the production stage, the problem of the social planner is to solve

problem

max
qB(θ),qS(θ)

W =

∫ θ̄

θ

vθg(θ)dθ −
∫ θ̄

θ

[
[qD(θ)]2

2α
+

[θ − qS(θ) + qB(θ)− qD(θ)]2

2 (1− α)

]
g(θ)dθ,

subject to constraints (1) and (19). The structure of the functional optimization problem

is identical to the one in the Proof of Lemma 1. In particular, we deal with a convex

optimization problem for which the KKT conditions that we list below are necessary and

sufficient. The KKT conditions are:

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λ = 0,∀θ ≥ θ2

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λ < 0,∀θ < θ2

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λσ + µ = 0,∀θ ≤ θ1

θ − qS(θ) + qB(θ)− qD(θ)

1− α
− λσ + µ > 0,∀θ > θ1

σE[qB(θ)] = E[qS(θ)] = σK.

with θ1 ≤ θ2 and the complementary slackness conditions identical to those of the FB

problem. Note that these conditions are necessary and sufficient, due the concavity of

the objective functional and the linearity of the constraints.

Using the best response of the dominant firm, we have:(
θ − qS(θ) + qB(θ)

) 1

1− α2
= λ,∀θ > θ2,

and: (
θ − qS(θ) + qB(θ)

) 1

1− α2
= λσ − µ,∀θ < θ1.

By continuity:

qS(θ2) = 0⇒ θ2 = λ(1− α2)⇒ qSBS (θ) = θ − θ2,∀θ > θ2

qB(θ1) = 0⇒ θ1 = (λσ − µ)(1− α2)⇒ qSBB (θ) = θ1 − θ, ∀θ < θ1.

We have two possible cases, depending on the value of the exogenous parameter K.

When K is binding (µ > 0) and θ2− θ1 = (1− α2)
[
µ+ λ(1− σ)

]
> 0. Note that λ = θ2.

Therefore, we now have:

µ =
σθ2 − θ1

1− α2
·
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As in the previous case, note that θ1(K) and θ2(K) are implicitly given by:∫ θ1

θ

(
θ1 − θ

)
g(θ)dθ = K∫ θ̄

θ2

(
θ − θ2

)
g(θ)dθ = σK.

This implies that σ does not affect the location of θ1 for a given K, while ∂θ2/∂σ < 0.

Therefore, we have that storing and releasing decisions are the same as in the first best

for given storage capacity.

When K is not binding, so that µ = 0, it is straightforward to establish that θFB1 =

θFB2 .

Now we turn to characterizing the investment decision. The problem of the con-

strained social planner is to choose K to maximize total welfare, conditional on optimal

behavior of all agents at the production stage. As in previous cases, relying on the

envelope theorem,

dW

dK
=
∂W

∂K
+

∫ θ̄

θ

∂W

∂qD (θ)

∂qSBD (θ)

∂K
g(θ)dθ.

The first term is a direct effect and it equals µSB. The second term is a strategic effect

which results from the impact of K on the dominant firm’s output decision. Focusing on

it,∫ θ̄

θ

∂W

∂qD (θ)

∂qSBD (θ)

∂K
g(θ)dθ = −

∫ θ̄

θ

[
∂qSBD (θ)

∂K

qSBD (θ)− α
(
θ − qSBS (θ) + qSBB (θ)

)
α (1− α)

]
g(θ)dθ

=
α

(1− α2)

∫ θ̄

θ

[
∂qSBD (θ)

∂K

(
θ − qSBS (θ) + qSBB (θ)

)]
g(θ)dθ,

where the second line follows from using the expression for qSBD (θ) .

Since

qB(θ) = max {θ1 (µ)− θ, 0} and qS(θ) = max {θ − θ2 (µ) , 0} ,

we can write,∫ θ̄

θ

∂W

∂qD (θ)

∂qSBD (θ)

∂K
g(θ)dθ =

α

(1− α2)

(∫ θ1

θ

∂qSBD (θ)

∂K
θ1g(θ)dθ +

∫ θ̄

θ2

∂qSBD (θ)

∂K
θ2g(θ)dθ

)
.

For θ ∈ (θ, θ1),

qSBD (θ) =
α

1 + α
θ1 ⇒

∂qSBD (θ)

∂K
=

α

1 + α

∂θ1

∂K
=

α

1 + α

1

G (θ1)
·
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And for θ ∈
(
θ2, θ̄

)
,

qSBD (θ) =
α

1 + α
θ2 ⇒

∂qSBD (θ)

∂K
=

α

1 + α

∂θ2

∂K
= − α

1 + α

σ

1−G (θ2)
·

Hence, the strategic effect is∫ θ̄

θ

∂W

∂qD (θ)

∂qSBD (θ)

∂K
g(θ)dθ = − α2

(1− α2) (1 + α)
(σθ2 − θ1) < 0.

Note that the strategic effect disappears if α = 0. Furthermore, it is negative, and its

absolute value is increasing in α.

Putting the direct and the strategic effects together, the second-best storage capacity

KSB is implicitly given by:

dW

dK
= 0⇔ 1 + α− α2

(1− α) (1 + α)2

[
σθ2(KSB, σ)− θ1(KSB)

]
= C ′(KSB).

Therefore, by identical arguments to those when σ = 1, we have that KSB > KFB.

Other cases Following the same steps for the market solutions (competitive, monop-

olist and vertically integrated firms), we have the following investment optimality condi-

tions:

C ′(KFB) = σθFB2 (KFB, σ)− θFB1 (KFB)

C ′(KSB) =
1 + α− α2

(1− α)(1 + α)2

[
σθSB2 (KSB, σ)− θSB1 (KSB)

]
C(KC)

KC
=
σθC2 (KC , σ)− θC1 (KC)

(1− α2)

C ′(KM) =
αKM

1− α2

[
1

G
(
θM1 (KM)

) +
σ

1−G
(
θM2 (KM , σ)

)]+
σθM2 (KM , σ)− θM1 (KM)

(1− α2)

C ′(KI) =
σθI2(KI , σ)− θI1(KI)

(1 + α)
·

with θi1(Ki) and θi2(Ki, σ) implicitly given by:∫ θ1(Ki)

θ

qiB
(
θi1(Ki)

)
g(θ)dθ = Ki

∫ θ̄

θ2(Ki,σ)

qiS
(
θi2(Ki, σ)

)
g(θ)dθ = σKi.

Ín all cases the round-trip efficiency only affects the location of the threshold θi2 and

the marginal benefit of storage capacity. Therefore, the ranking of investment levels
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is not affected by the round-trip efficiency, as changes in equilibrium investment levels

when σ < 1 are proportional to the investment levels when σ = 1. Moreover, the welfare

ranking across different market structures is also preserved, as the operation of storage

facilities remains qualitatively the same and, for given K, the only effect of σ is to change

the location of the threshold θi2.

Allowing for negative demand

Let’s assume that net demand can take negative values and, in particular, E(θ) < 0.

Hence, by symmetry of g(θ), it is feasible (for large K) to satisfy all positive net demand

values with electricity that has previously been stored in periods with negative net de-

mand. This implies that, at any possible optimal solution, qB(θ) > 0 if and only if θ < 0.

Hence, the marginal costs of the electricity that is stored is zero, as it is produced out

of renewable energy that would otherwise be lost. It follows that, for given capacity K,

the problem of the social planner at the production stage is simply to choose when and

how much electricity to discharge in periods with positive net demand (note that it does

not matter when energy is stored, as long as θ + qB(θ) ≤ 0 and the capacity constraint

is satisfied).36

max
qS(θ)

W
(
qS(θ)

)
=

∫ θ̄

θ

vθg(θ)dθ −
∫ θ̄

0

[θ − qS(θ)]2

2
g(θ)dθ,

subject to constraints (1) and (2).

The KKT conditions are:

θ − qS(θ)− µ = 0, ∀θ ≥ θ2 (74)

θ − qS(θ)− µ < 0, ∀θ < θ2

E[qS(θ)] = K. (75)

We conjecture that there exists θ2 ∈ [0, θ̄] such that:{
qS(θ) = 0 if θ ≤ θ2

qS(θ) > 0 if θ > θ2.
.

From condition (74):

qS(θ) = θ − µ,∀θ > θ2.

36The intermediate case with θ < 0 but E(θ) > 0 would yield very similar results, being similar to

the baseline model when the investment cost is low (and therefore the storage capacity) and to the one

presented in this section when the investment cost is high.
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By continuity:

qS(θ2) = 0⇒ θ2 = µ > 0⇒ qFB
′

S (θ) = θ − θ2,∀θ > θ2.

We have two possible cases depending on the value of the exogenous parameter K.

When K <
∫ θ̄

0
θg(θ)dθ, then K is binding and θ2 = µ > 0, with θ2 implicitly given by:

∫ θ̄

θ2

(
θ − θ2

)
g(θ)dθ = K. (76)

When K is not binding, θ2 = µ = 0.

Now we turn to the problem of the social planner at the investment stage, which can

be written as

max
K∈[0,K]

{
W
(
qFB

′

S (θ,K), K
)
− C(K)

}
,

where K =
∫ θ̄

0
θg(θ)dθ. Using the envelope theorem, the unique interior solution KFB′

is given by

µFB
′
(KFB′

)− C ′(KFB′
) = θ2(KFB′

)− C ′(KFB′
) = 0, (77)

with θ2(KFB′
) implicitly given by:

∫ θ̄

θ2(KFB′ )

(
θ − θ2(KFB′

)
)
g(θ)dθ = KFB′

.

Therefore, the optimal investment level is given by min
{
K,KFB′}

.

Committing to storage decisions: Stackelberg social planner

We now consider a different timing for the model. As before, at the investment stage,

a (constrained) social planner invests in storage capacity. However, in contrast to the

previous model, at the production stage, the planer now takes storage decisions before

the dominant firm takes its production or pricing decisions. Therefore, the planner acts

as a Stackelberg leader.

We proceed by backward induction. Recall that for given qB(θ) and qS(θ), the best

responses of dominant and fringe producers are given by:

qD(θ) =
α

1 + α

(
θ − qS(θ) + qB(θ)

)
qF (θ) =

1

1 + α

(
θ − qS(θ) + qB(θ)

)
,
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In turn, taking these best responses as given, the social planner makes storage deci-

sions {qS(θ), qB(θ)} to maximize total welfare:

max
qB(θ),qS(θ)

W = vE[θ]−
∫ θ̄

θ

[
q2
D(θ)

2α
+

q2
F (θ)

2(1− α)

]
g(θ)dθ

= vE[θ]−
∫ θ̄

θ

[
α2
(
θ − qS(θ) + qB(θ)

)2

2α(1 + α)2
+

(
θ − qS(θ) + qB(θ)

)2

2(1− α)(1 + α)2

]
g(θ)dθ

= vE[θ]−
∫ θ̄

θ

1 + α− α2

2(1− α2)(1 + α)

(
θ − qS(θ) + qB(θ)

)2
g(θ)dθ,

subject to constraints (1) and (2). The structure of the functional optimization problem

is identical to the one in the Proof of Lemma 1. In particular, we deal with a convex

optimization problem for which the KKT conditions that we list below are necessary and

sufficient.

The KKT conditions are:

1 + α− α2

(1− α2)(1 + α)

(
θ − qS(θ) + qB(θ)

)
− λ = 0,∀θ ≥ θ2 (78)

1 + α− α2

(1− α2)(1 + α)

(
θ − qS(θ) + qB(θ)

)
− λ < 0,∀θ < θ2

1 + α− α2

(1− α2)(1 + α)

(
θ − qS(θ) + qB(θ)

)
− λ+ µ = 0,∀θ ≤ θ1 (79)

1 + α− α2

(1− α2)(1 + α)

(
θ − qS(θ) + qB(θ)

)
− λ+ µ > 0,∀θ > θ1

E[qB(θ)] = E[qS(θ)] = K. (80)

with θ1 ≤ θ2 and the complementary slackness conditions identical to those of the FB

problem. Note that condition (80) already incorporates the fact that we must have λ > 0

at any optimal solution to the problem.

From condition (78), we have:(
θ − qS(θ) + qB(θ)

) 1 + α− α2

(1− α2)(1 + α)
= λ,∀θ > θ2,

and from condition (79):(
θ − qS(θ) + qB(θ)

) 1 + α− α2

(1− α2)(1 + α)
= λ− µ,∀θ < θ1.

By continuity:

qS(θ2) = 0⇒ θ2 = λ
(1− α2)(1 + α)

1 + α− α2
⇒ qSTS (θ) = θ − θ2,∀θ > θ2

qB(θ1) = 0⇒ θ1 = (λ− µ)
(1− α2)(1 + α)

1 + α− α2
⇒ qSTB (θ) = θ1 − θ, ∀θ < θ1,
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From condition (80):∫ θ1

θ

(θ1 − θ)g(θ)dθ =

∫ θ̄

θ2

(θ − θ2)g(θ)dθ. (81)

We have two possible cases depending on the value of the exogenous parameter K.

When K is binding, µ > 0 and θ2 − θ1 = µ (1−α2)(1+α)
1+α−α2 > 0. Define x = θ2 − θ1. By

symmetry of g(θ), equation (81) implies that θ2 and θ1 must be symmetric around the

mean, i.e.,

θ1 = E(θ)− x

2
⇒ θST1 = E(θ)− µST

2

(1− α2)(1 + α)

1 + α− α2
(82)

θ2 = E(θ) +
x

2
⇒ θST2 = E(θ) +

µST

2

(1− α2)(1 + α)

1 + α− α2
, (83)

with µST implicitly given by:∫ θ1(µST )

θ

(
θ1(µST )− θ

)
g(θ)dθ =

∫ θ̄

θ2(µST )

(
θ − θ2(µST )

)
g(θ)dθ = K. (84)

Note that when K is not binding, so that µ = 0, from equations (82) and (83) it is

straightforward to establish that θST1 = θST2 = E(θ).

Now we turn to the problem of choosing optimal K at the investment stage. The

problem of the social planner at the investment stage is to maximize total welfare (which

is a function of K alone) given the optimal operation of storage at the production stage.

Let V (K) be the value function after substituting the optimal solutions qSTS (θ,K)

and qSTB (θ,K) at the production stage. Thus, the problem of the social planner at the

investment stage is

max
K∈[0,K̃]

W
(
qSTS (θ,K), qSTB (θ,K), K

)
− C(K) = V (K)− C(K).

Note that the objective function
[
V (K) − C(K)

]
is a continuously differentiable

function. Moreover, [0, K̃] is closed, bounded and compact, so the solution set to the

problem is non-empty.

By the envelope theorem, we have that:

dV (K)

dK
= µST (K).

Therefore, the unique interior solution KST is given by:

∂W

∂K
= 0⇔ µST (K)− C ′(K) =

1 + α− α2

(1− α2)(1 + α)

[
θ2(KST )− θ1(KST )

]
− C ′(KST ) = 0,

(85)
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with θ1(KST ) and θ2(KST ) implicitly given by:

∫ θ1(KST )

θ

(
θ1(KST )− θ

)
g(θ)dθ =

∫ θ̄

θ2(KST )

(
θ − θ2(KST )

)
g(θ)dθ = KST .

Moreover, as in previous problems, the second order condition is satisfied.
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