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A B S T R A C T

Many industrial countries run a ‘‘business model’’ that is based on oligopolistic export industries which
strongly depend on energy imports. This paper uses an analytically tractable general equilibrium model of
international trade with successive oligopolies and storage to analyze optimum trade and industrial policies for
such countries. There can be over-investment in storage for strategic reasons. Despite double marginalization,
there is a non-zero optimum level of market concentration for the domestic industry. The optimum import
tariff is most likely positive. Subsidies to storage and reduced use of long term contracts usually raise domestic
welfare.
1. Introduction

That many countries depend on imported energy is a natural con-
sequence of the geographical distribution of raw materials. More re-
markably, a subset of these countries specialize in the production of
energy-intensive manufacturing exports. ‘‘Germany’s business model’’
(Fuest, 2022) is a clear case in point, as became apparent with the
drying up of energy imports from Russia after the invasion of Ukraine
(see, e.g., Burda, 2022; Fuest, 2022, 2023). Fig. 1 illustrates that other
countries run a similar ‘‘business model’’. The diagram plots energy self-
sufficiency against the percentage share of manufactures exports (as a
proxy for energy-intensive exports) in total merchandise exports for the
twenty-five countries with the highest value of the latter variable in
2019 (dismissing countries with merchandise exports worth less than
one billion US dollars; country codes in Appendix B). The sizes of the
circles indicate the volumes of merchandise trade.1 The figure shows
that several, predominantly European and East Asian, countries spe-
cialize in energy-intensive exports in spite of lack of domestic resources.
Germany’s energy self-sufficiency (35.4 percent) is somewhat below the

∗ Corresponding author.
E-mail addresses: lutz.arnold@ur.de (L.G. Arnold), volker.arnold@fernuni-hagen.de (V. Arnold).

1 The data on exports are from the World Bank Open Data website https://data.worldbank.org/indicator/TX.VAL.MANF.ZS.UN (accessed 22 December 2023),
the data on energy self-sufficiency from the United Nations Energy Statistics Pocketbook 2022 https://unstats.un.org/unsd/energystats/pubs/documents/2022pb-
web.pdf (accessed 22 December 2023).

2 Paraphrasing Burda’s (2022) observation that ‘‘the ‘German model’ is . . . steeped in chemicals, metallurgy, and pharmaceuticals, all particularly energy- or
gas-intensive sectors. . . . natural gas is essential for the heating of households as well as a raw material for the chemical and pharmaceutical industries’’.

unweighted mean among these countries (43.0 percent). The values for
the two next-biggest EU economies are 53.8 percent (France) and 23.1
percent (Italy). Values below 20 percent are reported for major East
Asian economies (11.9 percent for Japan, 17.8 percent for South Korea,
0.0 percent for Hong Kong).

This paper analyzes the effects of competition, storage, trade policy,
and industrial policy in an analytically tractable general equilibrium
model of international trade comprised of a resource-abundant country
and an industrial country that depends on energy imports. We consider
two variants of the model. In the ECG (‘‘energy as a consumption
good’’) model, imported energy is distributed to consumers by domestic
wholesalers. In the ERMI (‘‘energy as a raw material for industries’’)
model, imported energy is an input in the production of manufacturing
exports.2 In both model variants trade in energy gives rise to successive
oligopolies. This reflects the observations that energy production in
resource-abundant countries is dominated by large, often state-owned,
companies (see Talus, 2014), that wholesale energy markets are often
characterized by imperfect competition, especially in Europe (see Talus,
2014), and that export markets for industrial goods are also often
vailable online 20 March 2024
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Fig. 1. Energy self-sufficiency of the twenty-five countries with the highest share of manufactures exports in total merchandise exports.
highly concentrated.3 Accordingly, at the core of our model is the
successive oligopolies model pioneered by Greenhut and Ohta (1979)
and Salinger (1988), and others.

Our model contributes to five different strands of literature, viz.,
successive oligopolies in energy markets, strategic storage, storage
and welfare, trade policy with imperfect competition, and long term
contracting in energy markets. It provides a coherent framework that
reaffirms several existing results and adds new ones.
Successive oligopolies in energy markets: Boots et al. (2004), Holz et al.
(2008), and Abada et al. (2013), among others, use numerical models
with successive oligopolies to analyze European energy markets. Holz
et al. (2008) emphasize the welfare gains, due to weaker double
marginalization, of enforcing competition. Boots et al. (2004) add that,
as concentration is higher in the upstream market, pro-competitive
policies are more effective there than in the downstream segment.
The ECG variant of our model confirms that there are welfare gains
from pro-competitive policies for the resource-poor industrial country.
A country has more to gain, however, from a decrease in market
concentration abroad than at home even if concentration is lower
abroad than at home, because the reduction in double marginalization
does not come at the expense of lower domestic profit income. In
the ERMI variant of our model, for each of the two countries there
is a finite optimum number of domestic oligopolists. That is, despite
stronger double marginalization, a certain degree of concentration of
the domestic industry is beneficial to domestic welfare.
Strategic storage: Building on earlier work by Arvan (1985), Durand-
Viel (2007) incorporates storage into the successive oligopolies model
in a partial equilibrium setting with one producer at the first stage and
two producers at the second stage. Assuming that stored energy cannot
be resold in spot markets, she demonstrates the possible existence
of asymmetric equilibria, in which only one of the ex ante identical
second-stage duopolists engages in storage. This is the paper most
closely related to ours: our results on equilibrium prices yield Durand-
Viel’s (2007) results for symmetric equilibria as special cases with
an upstream monopoly and a downstream duopoly. Other industrial
organization papers on storage in energy markets with imperfect com-
petition include Saloner (1987), Pal (1991), and Chaton et al. (2008).

3 Import dependence and market structure are similar in markets for non-
energy commodities such as cobalt, boron, silicon, graphite, magnesium,
lithium, niobium, rare earths, or titanium. For the sake of concreteness, we
call the traded commodity energy throughout.
2

In the model of Saloner (1987) and Pal (1991) output is produced at
two dates and sold at a single date in their model. Production is possibly
positive at the earlier date, even though marginal cost is higher than at
the latter date. Baranes et al. (2014) show that gas companies may store
more gas than they intend to sell to consumers for strategic reasons. Our
model gives rise to a notion of over-investment in storage that is similar
to Pal’s (1991): storage can be positive even though the current price
exceeds the discounted expected future price, i.e., the net present value
of storage (excluding cost) is negative holding prices constant. Negative
income generated by energy arbitrage (including cost) occurs for a wide
range of parameterizations of the model.
Storage and welfare: Sioshansi (2010, 2014) and Schill and Kemfert
(2011), among others, analyze the welfare effects of access to storage
facilities. Storage yields welfare gains in perfectly competitive markets,
but may cause welfare losses in imperfectly competitive environments.
Our model shows that perfect competition abroad is sufficient for
welfare gains due to storage at home. Firms’ and consumers’ interests
are aligned in this case, and the optimum subsidy to storage is zero.
With imperfect competition in energy production, domestic utility can
be lower with storage than without storage. Usually, however, the
optimum subsidy to storage is positive.
Trade policy in vertically related markets: A branch of the literature on
trade policy in imperfectly competitive markets, initiated by Spencer
and Jones (1991), focuses on vertically related markets. There exist
market structures in which positive import tariffs on imported interme-
diate inputs (such as energy) ‘‘backfire’’: in Ishikawa and Lee (1997),
for instance, a positive tariff on an intermediate good can induce entry
of foreign firms in the domestic final goods market, thereby potentially
reducing domestic profits. Our model with a foreign upstream oligopoly
and a domestic downstream oligopoly adds a novel case to this branch
of the literature. We show that, as in models with perfect competition,
the optimum tariff the industrial country levies on its energy imports
is usually positive. A sufficient condition is that market concentration
is higher abroad than at home.
Long term contracts in energy markets: A policy-oriented branch of the
literature discusses the relative benefits of long term contracts versus
spot trade in energy markets (e.g., Talus, 2014; Abada et al., 2019).
Long term contracts reduce the riskiness of investments in production
facilities and the risk of price hikes for users. While our model does
not incorporate capacity choices by energy producers, it sheds light on
how the use of long term contracts affects competition between energy
producers and users: in an equilibrium with storage, long term contracts
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eliminate the strategic impact of storage on future prices and lead to
higher import prices and lower domestic utility.

The paper is organized as follows. Section 2 presents the model.
Sections 3 and 4 characterize equilibrium and its welfare properties.
Sections 5–8 analyze trade policy, competition policy, subsidies to stor-
age, and long term contracts. Section 9 concludes. Proofs are collected
in Appendix A. A list of all symbols used is in Appendix B.

2. Model

The world economy is made up of two countries, home and foreign.
Energy is produced in the foreign country and imported by the home
country. The model allows for two alternative interpretations. Under
the first interpretation the home country produces an industrial good
using imported energy as an intermediate input. We call this the
ERMI (‘‘energy as a raw material for industries’’) model. Alternatively,
domestic wholesalers distribute imported energy to consumers. We call
this model the ECG (‘‘energy as a consumption good’’) model. Under
either interpretation, there are successive oligopolies: there are finite
numbers of energy producers and of domestic firms (i.e., industrial
goods producers or energy wholesalers), which compete in quantities.
There are two dates, 𝑡 = 1, 2, and both demand and supply shocks
at date 2. The energy price is high, in expectation, at date 2. One
interpretation is seasonal fluctuations (with date 1 as spring/summer
and date 2 as fall/winter). An alternative interpretation, in particular
with regard to long-term contracts, is a world with a long-term upward
trend in energy prices. Domestic producers can store imported energy
from date 1 to date 2, at a cost. Energy, goods, and financial capital
are traded internationally.

The economy is populated by 𝐼 (>0) domestic and 𝐼 ′ (>0) foreign
onsumers, indexed 𝑖. Labor is the only primary factor of production.
ach consumer, at home and abroad, inelastically supplies one unit of
abor at each date in her country of residence. Energy is produced in
he foreign country, at constant marginal cost 𝑐𝑡 (𝑡 = 1, 2) in terms of
abor. There are energy supply shocks: 𝑐2 (>0) is a random variable
ith mean 𝑐2. Date-1 marginal cost 𝑐1 (>0) is a constant. In the ERMI
odel, there are two goods. One good, called the consumption good,

s produced using labor only in both countries. The amount of labor
equired for one unit of output is unity in the home country and 1∕𝜔
>1) abroad. The other good, called the industrial good, can only be
roduced in the home country, using labor and energy. The production
echnology is fixed coefficients (as, e.g., in Salinger, 1988, p. 347): one
nit of energy and 𝑎𝑡 units of labor yield one unit of the industrial
ood at date 𝑡 (= 1, 2). 𝑎2 (≥0) is random with mean 𝑎̄2. 𝑎1 (≥0) is
constant. In the ECG model, domestic firms are wholesalers, which

istribute energy to domestic consumers (cf., e.g., Greenhut and Ohta,
979). Ignoring labor input in wholesaling, one can set 𝑎𝑡 = 0 (𝑡 = 1, 2)
n this case.

Let 𝑦𝑖𝑡 denote the quantity of the consumption good 𝑖 consumes at 𝑡,
nd let 𝑒𝑖𝑡 denote her consumption of the industrial good (in the ERMI
odel) or energy (in the ECG model). Her date-𝑡 utility

𝑖𝑡 = 𝑦𝑖𝑡 + 𝜃𝑖
(

𝛼𝑡𝑒𝑖𝑡 −
1
2
𝑒2𝑖𝑡
)

s quasi-linear. Linearity of utility in a good that is produced using
abor only is the crucial assumption that allows for analytical welfare
esults, a property commonly exploited in international economics
see Feenstra, 2016, Ch. 8). 𝜃𝑖 = 1 for domestic consumers. 𝛼𝑡 (>0)
etermines their marginal utility of the industrial good (in the ERMI
odel) or of energy (in the ECG model) at 𝑡. There are demand shocks:
2 is a random variable with positive support and mean 𝛼̄2. 𝛼1 is a
onstant. For foreign consumers, 𝜃𝑖 is in {0, 1}, where 𝜃𝑖 = 0 in the
CG model, as 𝜃𝑖 > 0 would mean that the foreign country exports
nergy only to repurchase it at a markup from domestic wholesalers.
’s intertemporal utility is 𝑢𝑖1+𝛽𝑢𝑖2, where 𝛽 (>0) is her discount factor.

Market structure is as in the literature on successive oligopolies,
3

nitiated by Greenhut and Ohta (1979). There are 𝐾 (≥1) foreign energy
producers, indexed 𝑘 = 1,… , 𝐾, owned by the foreign consumers (with
uniform ownership shares). Similarly, there are 𝐽 (≥1) domestic pro-
ducers of the industrial good (in the ERMI model) or energy wholesalers
(in the ECG model), indexed 𝑗 = 1,… , 𝐽 , owned by domestic consumers
(with uniform ownership shares).

Following Arvan (1985) and Durand-Viel (2007), domestic firm 𝑗
can store energy between dates 1 and 2. Storing 𝑠𝑗 (≥0) units of energy
costs 𝜂𝑠𝛾𝑗∕𝛾 units of labor and 𝛿𝑠𝛾𝑗∕𝛾 units of energy, where 𝜂 ≥ 0 and 𝛿 ≥
0, with one inequality strict, and 𝛾 ∈ {1, 2}. 𝛾 = 1 is the conventional
case of constant marginal cost of storage, whereas 𝛾 = 2 implies increas-
ing marginal cost of storage. Allowing for strict convexity of the cost of
storage is necessary in order to ensure existence of equilibrium when
the energy market is perfectly competitive (i.e., 𝐾 → ∞).4 Contrary to
Arvan (1985) and Durand-Viel (2007), domestic producers can resell
stored energy to competitors in the date-2 spot market, which rules
out asymmetric equilibria in which only one of the ex ante identical
second-stage duopolists engages in storage.

3. Equilibrium

At both dates, let the consumption good be the numeraire. The
markets for labor and the consumption good are perfectly competitive.
As a result, the wage rate is unity at home and 𝜔 (<1) abroad at both
dates. There is a perfectly competitive market for a safe asset, which is
in zero net supply. The safe interest rate is denoted 𝑟. The subsequent
formulas are interpreted using the ERMI version of the model. They
apply without any modification to the ECG model.

There is spot trade in energy and industrial goods. The import price
of energy and the price of the industrial good at date 𝑡 are denoted
𝑞𝑡 and 𝑝𝑡, respectively (𝑡 = 1, 2). Let 𝜋𝑗𝑡 and 𝜓𝑘𝑡 denote industrial
goods producer 𝑗’s and energy producer 𝑘’s date-𝑡 profit, respectively.
Producers choose their outputs so as to maximize the expected present
value of their profits (i.e., 𝜋𝑗1 + E𝜋𝑗2∕(1 + 𝑟) and 𝜓𝑘1 + E𝜓𝑘2∕(1 + 𝑟),
respectively). At each date 𝑡, industrial goods producers take the import
price 𝑞𝑡 resulting from energy producers’ output choices as given (cf.,
e.g., Salinger, 1988).5

To set the stage for the analysis of trade policy in Section 5, we
incorporate exogenous specific tariffs 𝜏𝑡 on domestic energy imports at
date 𝑡 (𝑡 = 1, 2). A negative tariff is an import subsidy. Throughout, we
assume

𝛼1 > 𝜔𝑐1 + 𝑎1 + 𝜏1, 𝛼̄2 > 𝜔𝑐2 + 𝑎̄2 + 𝜏2, (1)

which ensures that firms have incentives to sell positive amounts of the
industrial good. The revenue generated by the tariffs is distributed via
lump-sum payments to domestic consumers (the cost of a negative tariff
is covered by a lump-sum tax).

Equilibrium is found recursively: agents take into account the im-
pact of their date-1 actions on their date-2 objectives.

4 For natural gas, it follows from the gas laws of thermodynamics that the
arginal cost in terms of energy used rises with the amount of gas stored.
ccording to the ideal gas law, the energy needed to compress 𝑛 moles of
gas from volume 𝑉 to 𝑉 ′ (<𝑉 ) at constant temperature is proportional to
log(𝑉 ′∕𝑉 ). Let 𝑉 be the given volume of the caverns operated by producer 𝑗
nd 𝑉 ′ = 𝑠𝑗 the volume of the uncompressed gas she stores. As 𝑛 is proportional
o 𝑠𝑗 , the energy needed for compression is proportional to 𝑠𝑗 log(𝑠𝑗∕𝑉 ). As

𝑑
𝑑𝑠𝑗

[

𝑠𝑗 log
( 𝑠𝑗
𝑉

)]

= 1 + log
( 𝑠𝑗
𝑉

)

,

the marginal cost of storage in terms of energy is an increasing function of
the amount of storage. Under current techniques, only small amounts of the
energy released when the gas re-expands after storage can be used.

5 Ignoring storage, the subsequent results on oligopoly prices are the special
case of Salinger (1988, Section III), with no integrated firms. Setting 𝐼+𝜃𝐼 ′ = 1,
𝑐1 = 𝑐2 = 𝑎1 = 𝑎2 = 0, 𝛽 = 1, 𝐾 = 1, 𝐽 = 2, 𝛾 = 1, and 𝛿 = 0 yields Durand-Viel’s

(2007) results for the case of symmetric equilibria.
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Date 2:
At date 2, consumer 𝑖 chooses 𝑒𝑖2 so as to maximize 𝑢𝑖2. Her demand

s 𝑒𝑖2 = 𝛼2 − 𝑝2 if 𝜃𝑖 = 1 and 𝑒𝑖2 = 0 if 𝜃𝑖 = 0 (see Appendix A.1). Let
𝐸𝑖𝑡 =

∑

𝑖 𝑒𝑖𝑡 (𝑡 = 1, 2), and let 𝜃 = 1 if 𝜃𝑖 = 1 and 𝜃 = 0 if 𝜃𝑖 = 0 for
oreign consumers. Then the inverse market demand for the industrial
ood is

2 = 𝛼2 −
𝐸2

𝐼 + 𝜃𝐼 ′
. (2)

Given the fixed coefficients technology, total energy input in the pro-
duction of the industrial good is also 𝐸2.

Industrial goods producer 𝑗 chooses her output 𝑥𝑗2 so as to maximize
profit 𝜋𝑗2, given the amount stored at the preceding date 𝑠𝑗 , the energy
price 𝑞2, and the demand function (2). We assume 𝑠𝑗 ≤ 𝑥𝑗2 for all
realizations of the shocks, so that domestic firms buy a positive amount
of energy in the date-2 spot market. The necessary condition for profit
maximization then gives 𝑝2 as a weighted mean of unit cost 𝑞2 + 𝑎2 + 𝜏2
and the demand shock 𝛼2:

𝑝2 =
𝐽 (𝑞2 + 𝑎2 + 𝜏2) + 𝛼2

𝐽 + 1
(3)

see Appendix A.2).
Energy producers 𝑘 maximize 𝜓𝑘2. This gives the date-2 energy

rice 𝑞2 as a decreasing function of the quantities of energy stored by
omestic firms 𝑠𝑗 :

2 =
𝐾𝜔𝑐2 + 𝛼2 − (𝑎2 + 𝜏2) −

𝐽+1
(𝐼+𝜃𝐼 ′)𝐽

∑𝐽
𝑗=1 𝑠𝑗

𝐾 + 1
(4)

(see Appendix A.3). Assuming symmetry (i.e., 𝑠𝑗 = 𝑠), the condition
𝑠𝑗 ≤ 𝑥𝑗2 holds exactly if

≤ 𝐼 + 𝜃𝐼 ′
𝐽 + 1

[𝛼2 − (𝜔𝑐2 + 𝑎2 + 𝜏2)] (5)

(see Appendix A.3). It holds for all realizations of 𝛼2, 𝑐2, and 𝑎2 if it
holds for the lower bound of the support of 𝛼2−(𝜔𝑐2+𝑎2). For instance,
let 𝛼2 − (𝜔𝑐2 + 𝑎2) be equal to 𝛼̄2 − (𝜔𝑐2 + 𝑎̄2) − 𝜎 and 𝛼̄2 − (𝜔𝑐2 + 𝑎̄2) + 𝜎
with probability one-half each, where 𝜎2 = var(𝛼2 − (𝜔𝑐2 + 𝑎2)). Then
(5) is satisfied with certainty if

𝑠 ≤ 𝐼 + 𝜃𝐼 ′
𝐽 + 1

[𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2) − 𝜎]. (6)

As

𝑞2 ≥ E𝑞2 −
𝜎

𝐾 + 1
+ 𝜔(𝑐2 − 𝑐2)

in this binary example, 𝑞2 is positive with probability one if E𝑞2 >
𝜎∕(𝐾 + 1) and the lower bound of the support of 𝑐2 is sufficiently close
to 𝑐2.
Date 1:

At date 1, consumers choose consumption and savings so as to
maximize 𝑢𝑖1+𝛽E𝑢𝑖2. Optimum savings implies that the market discount
factor is equal to consumers’ subjective discount factor: 1∕(1 + 𝑟) = 𝛽.
Analogously to (2), total energy demand obeys 𝑝1 = 𝛼1 − 𝐸1∕(𝐼 + 𝜃𝐼 ′)
see Appendices A.4 and A.6).

Industrial goods producers choose sales 𝑥𝑗1 and storage 𝑠𝑗 so as to
aximize 𝜋𝑗1+𝛽E𝜋𝑗2, given the energy price 𝑞1 and consumers’ demand.
nalogously to (3),

1 =
𝐽 (𝑞1 + 𝑎1 + 𝜏1) + 𝛼1

𝐽 + 1
(7)

see Appendices A.5 and A.7). The condition for optimum storage 𝑠𝑗 is

𝛽
⎡

⎢

⎢

⎣

𝐾𝜔𝑐2 + 𝛼̄2 − (𝑎̄2 + 𝜏2) −
𝐽+1

(𝐼+𝜃𝐼 ′)𝐽
∑𝐽
𝑗′=1 𝑠𝑗′

𝐾 + 1
+ 𝜏2

⎤

⎥

⎥

⎦

−(𝑞1 + 𝜏1) −
[

𝜂 + 𝛿(𝑞1 + 𝜏1)
]

𝑠𝛾−1𝑗 − 𝛽 𝐽 + 1
(𝐼 + 𝜃𝐼 ′)𝐽 (𝐾 + 1)

𝑠𝑗 (8)

𝛽 2
𝐽 (𝐾 + 1)2

{

𝐾
𝐽 + 1

[𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)] +
1

(𝐼 + 𝜃𝐼 ′)𝐽

𝐽
∑

𝑠𝑗′

}

≤ 0.
4

𝑗′=1
with equality if 𝑠𝑗 > 0 (see Appendix A.7). The left-hand side of (8) is
the marginal profit of storage. The first three terms are the difference
between the marginal revenue and the marginal cost of storage holding
prices constant : the first term is the present value of a unit of energy
stored 𝛽(E𝑞2+𝜏2) (cf. (4)), the second term is the price paid for each unit
of energy stored, and the third term is the marginal wage and energy
cost of storage. The other two terms on the left-hand side capture
the strategic effects of storage. From (4), the decrease in date-2 energy
demand due to additional storage reduces 𝑞2 and E𝑞2. Thus, as pointed
out by Durand-Viel (2007) and Baranes et al. (2014, p. 20), ‘‘storage
allows suppliers . . . to counter upstream producer market power’’. The
decrease in E𝑞2 has a two-fold impact on the marginal value of storage.
For one thing, it reduces the present value of each unit of energy stored
𝛽(E𝑞2 + 𝜏2). This negative effect is captured by the fourth term. For
another, it raises expected date-2 profit net of the benefits of storage
(i.e., E𝜋𝑗2 − (E𝑞2 + 𝜏2)𝑠𝑗), as energy becomes cheaper. This is captured
y the fifth term on the left-hand side. As one would expect, these
trategic effects vanish as foreign energy production becomes perfectly
ompetitive (i.e., as 𝐾 → ∞ and 𝑞2 → 𝜔𝑐2).

The negative coefficient on ∑𝐽
𝑗′=1 𝑠𝑗′ in the first term is larger in

bsolute value than the coefficient on ∑𝐽
𝑗′=1 𝑠𝑗′ in the fifth term: 𝐽 +1 ≥

> 2∕[𝐽 (𝐾+1)]. Since, irrespective of whether 𝛾 equals 1 or 2, 𝑠𝑗 enters
he other terms with a negative coefficient, marginal profit is strictly
ecreasing in 𝑠𝑗 . Hence, optimum storage 𝑠𝑗 is uniquely determined
nd positive or zero, depending on whether the intercept is positive or
ot. As 𝑗’s marginal profit is decreasing in 𝑠𝑗′ for 𝑗′ ≠ 𝑗, the producers’
torage activities are strategic substitutes, and a joint reduction in 𝑠𝑗 by
ll 𝑗 raises profit.

We solve for a symmetric equilibrium in which all firms 𝑗 choose
he same amount of storage 𝑠𝑗 = 𝑠 (𝑗 = 1,… , 𝐽 ), so that (8) can be
ewritten as

=

⎧

⎪

⎨

⎪

⎩

max
{

𝜆−𝜂−(1+𝛿)(𝑞1+𝜏1)
𝜇−𝜂 , 0

}

, for 𝛾 = 1

max
{

𝜆−(𝑞1+𝜏1)
𝜇+𝛿(𝑞1+𝜏1)

, 0
}

, for 𝛾 = 2
, (9)

where

𝜆 ≡ 𝛽
[

𝐾𝜔𝑐2 + 𝛼̄2 − (𝑎̄2 + 𝜏2)
𝐾 + 1

+ 𝜏2

]

+ 2𝛽 𝐾
𝐽 (𝐽 + 1)(𝐾 + 1)2

× [𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)] > 0

and

𝜇 ≡ 𝜂 − 2𝛽 1
(𝐼 + 𝜃𝐼 ′)𝐽 (𝐾 + 1)2

+ 𝛽
(𝐽 + 1)2

(𝐼 + 𝜃𝐼 ′)𝐽 (𝐾 + 1)
> 𝜂

re constants (see Appendix A.7). 𝜇 > 𝜂 follows from (𝐽 +1)2(𝐾+1) > 2.
n increase in the date-1 import price reduces storage whenever 𝑠 > 0:

> 𝑑𝑠
𝑑𝑞1

=

⎧

⎪

⎨

⎪

⎩

− 1+𝛿
𝜇−𝜂 , for 𝛾 = 1

− 𝜇+𝛿𝜆
[𝜇+𝛿(𝑞1+𝜏1)]2

for 𝛾 = 2
. (10)

he function, given by (9), that relates 𝑠 to 𝑞1 has a kink at the value
0
1 at which 𝑠 drops to zero. Accordingly, 𝑑𝑠∕𝑑𝑞1 jumps upwards at 𝑞01 ,
rom the negative value given by the right-hand side of (10) (evaluated
t 𝑞01 for 𝛾 = 2) to zero.

Energy producers choose their date-1 outputs 𝑧𝑘1 so as to maximize
𝑘1+𝛽E𝜓𝑘2, given the industrial goods sector’s reaction functions. Using
ymmetry, the necessary condition for profit maximization 𝜕(𝜓𝑘1 +
E𝜓𝑘2)∕𝜕𝑧𝑘1 = 0 can be written as

1 = 𝜔𝑐1 +
1
𝐾

{

𝜄[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)] +
(

𝑠 + 𝛿 𝑠
𝛾

𝛾

)}

𝜄 −
(

1 + 𝛿𝑠𝛾−1
) 𝑑𝑠
𝑑𝑞1

−

2𝛽
(𝐾+1)2

[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2) −
1
𝜄 𝑠
]

𝑑𝑠
𝑑𝑞1

𝜄 −
(

1 + 𝛿𝑠𝛾−1
) 𝑑𝑠 , (11)

𝑑𝑞1
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Fig. 2. Concavity of energy producers’ profit function.

here 𝜄 ≡ (𝐼 +𝜃𝐼 ′)∕(𝐽 +1) (see Appendix A.8). Due to the discontinuity
n 𝑑𝑠∕𝑑𝑞1, an additional assumption is required in order to make sure
hat 𝜓𝑘1 + 𝛽E𝜓𝑘2 is a concave function of 𝑧𝑘1, so that the necessary

optimality condition yields a profit maximum (see Fig. 2). To see this,
suppose all energy producers 𝑘′ choose the same output 𝑧𝑘′1. The
market clearing price 𝑞1 solves

𝐾𝑧𝑘′1 = 𝐽𝜄[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)] + 𝐽
(

𝑠 + 𝛿 𝑠
𝛾

𝛾

)

.

The two terms on the right-hand side are the date-1 energy demands
for immediate use and for storage, respectively. Suppose 𝑠 > 0. Let a
ingle firm 𝑘 reduce its output to the level 𝑧0𝑘1 defined by
0
𝑘1 + (𝐾 − 1)𝑧𝑘′1 = 𝐽𝜄[𝛼1 − (𝑞01 + 𝑎1 + 𝜏1)].

he right-hand side is energy demand at price 𝑞01 , which yields 𝑠 = 0. So
0
𝑘1 is the firm-𝑘 output that leads to 𝑠 = 0, holding competitors’ supplies
onstant. As 𝑘’s output falls below 𝑧0𝑘1, 𝑞1 rises above 𝑞01 . As shown
bove, this leads to an upwards jump in 𝑑𝑠∕𝑑𝑞1 (from negative to zero),
hich also causes a jump in 𝑘’s marginal profit 𝜕(𝜓𝑘1 + 𝛽E𝜓𝑘2)∕𝜕𝑧𝑘1. If

he size of this jump is positive and sufficiently large, then 𝑘’s profit
an be higher at an output level below 𝑧0𝑘1 than at 𝑧𝑘′1. This can be
uled out by assuming that either 𝑧0𝑘1 ≤ 0 or

0 < 𝑧0𝑘1 ≤ 2𝛽 𝐽 𝜄
(𝐾 + 1)2

[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)
]

(12)

(see Appendix A.9). In the former case, marginal profit is continuous for
all 𝑧𝑘1 ≥ 0. Condition (12) implies that marginal profit jumps upwards
as 𝑧𝑘1 falls below 𝑧0𝑘1 otherwise (i.e., profit is concave at 𝑧0𝑘1).
Equilibrium:

We are now in a position to collect the equations and inequality con-
ditions that determine equilibrium quantities and prices. Substituting
for 𝑑𝑠∕𝑑𝑞1 from (10) into (11) yields an equation in 𝑠 and 𝑞1 alone. This
equation and (9) jointly determine the equilibrium values of 𝑠 and 𝑞1.
The equilibrium values of the other endogenous quantities and prices
can be obtained from (2)–(7) (𝑝1 from (7), 𝑞2 from (4), etc.). It is easily
checked that the markets for loans, goods, and labor clear and trade is
balanced at both dates if asset holdings are zero for all 𝑖 and the home
country exports 𝐽𝑞1(𝑥𝑗1 + 𝑠+ 𝛿𝑠𝛾∕𝛾) − 𝐼 ′𝑝1𝜃𝑒𝑖1 units of the consumption
good at date 1 and 𝐽𝑞2(𝑥𝑗2 − 𝑠) − 𝐼 ′𝑝2𝜃𝑒𝑖2 at date 2 in exchange for its
energy imports (see Appendix A.10).

We distinguish between equilibria with storage (i.e., with 𝑠 > 0)
and equilibria without storage (i.e., with 𝑠 = 0). Equilibria without
storage are much easier to characterize analytically: as storage is the
only important link between the two dates, an equilibrium without
storage is simply a sequence of two ‘‘static’’ equilibria (recalling that,
as just noted, zero asset holdings are compatible with equilibrium). In
order to isolate the effects of storage, we sometimes compare equilibria
5

with and without storage. To do so, we consider two economies which
differ only with respect to the input requirements in storage 𝜂 and/or
. In one economy, the input requirements are sufficiently low so
hat an equilibrium with storage obtains, whereas the cost of storage
s prohibitive in the other economy (as, e.g., 𝜂 → ∞), so that an
quilibrium without storage emerges.

Equilibrium has to satisfy several consistency requirements. First
f all, all prices have to be strictly positive. For an equilibrium with
torage, we have to check two further consistency requirements. For
ne thing, storage must not exceed date-2 sales (i.e., 𝑠 satisfies (5)).
or another, energy producers’ profit has to be a concave function of
heir output (i.e., 𝑧0𝑘1 is non-positive or satisfies (12)).
losed-form solutions:

An equilibrium without storage allows for closed form solutions for
he endogenous variables. From (4) and (11) with 𝑠 = 0 and 𝑑𝑠∕𝑑𝑞1 = 0,

𝑡 =
𝐾𝜔𝑐𝑡 + 𝛼𝑡 − (𝑎𝑡 + 𝜏𝑡)

𝐾 + 1
(13)

𝑡 = 1, 2). The other equilibrium prices and quantities are obtained by
ecursive substitution.

A second special case that allows for closed-form solutions is perfect
ompetition in foreign energy production (which waives the successive
ligopolies structure of the model). There is no feedback from storage
o the energy prices then: 𝑞𝑡 → 𝜔𝑐𝑡 for 𝐾 → ∞ (𝑡 = 1, 2). With constant

marginal cost of storage (i.e., for 𝛾 = 1), an equilibrium with storage
does not exist: in the condition for optimum storage (8), the final two
terms drop out, and the sum of the first three terms (marginal profit
holding prices constant) is independent of 𝑠𝑗 (and, hence, generally
different from zero). For 𝛾 = 2, one obtains 𝜆 → 𝛽(𝜔𝑐2 + 𝜏2), 𝜇 → 𝜂,
and, from (9),

𝑠 =
𝛽(𝜔𝑐2 + 𝜏2) − (𝜔𝑐1 + 𝜏1)

𝜂 + 𝛿(𝜔𝑐1 + 𝜏1)
. (14)

Storage as a negative-NPV activity:
Several industrial organization partial equilibrium analyses inves-

tigate the incentives for strategic over-investment in storage. For in-
stance, Pal (1991) shows that firms have an incentive to produce early
rather than when unit cost is minimum, in order to deter competitors.
In Baranes et al. (2014, p. 22), there can be ‘‘strategic storage’’ in
that 𝑠𝑗 > 𝑥𝑗2 (in our notation), which requires that there is another
market in which excess the supply can be sold. Our model gives rise
to a related notion of over-investment in storage: firms may engage in
storage activity even though it is a negative net present value (NPV)
activity holding prices constant.

To see this, let 𝛾 = 2. Starting from an equilibrium with 𝑠 > 0, let
model parameter change so that storage goes to zero. Recall that the

um of the first two terms in (8) is 𝛽
(

E𝑞2 + 𝜏2
)

−
(

𝑞1 + 𝜏1
)

. From the
act that the third and fourth effects vanish as 𝑠 → 0, while the fifth
erm is positive and bounded away from zero, we obtain:

roposition 1. For 𝛾 = 2, 𝛽(E𝑞2 + 𝜏2) − (𝑞1 + 𝜏1) < 0 at an equilibrium
with 𝑠 positive but sufficiently small.

Recall that the fifth term in (8) captures one of the two strategic
effects of storage: an increase in 𝑠𝑗 reduces the expected energy price
E𝑞2, thereby raising expected date-2 profit net of the benefits of storage.
This strategic effect makes it profitable for industrial goods producers to
store small amounts of energy even if the current energy price exceeds
the discounted expected date-2 price.6 The strategic substitutes prop-
erty of storage means that industrial goods producers would benefit
from cutting their investments in storage in lockstep.

6 For 𝛾 = 1, the third (marginal cost) term in (8) is negative and indepen-
ent of 𝑠𝑗 . So the NPV of storage for given prices can be positive or negative

at 𝑠 = 0.



Energy Economics 133 (2024) 107458L.G. Arnold and V. Arnold
Fig. 3. Net present value (NPV) of storage as a function of the number of foreign
oligopolists (𝐾).

Example 1. Consider the following ERMI example, with a domestic
monopolist, ten foreign oligopolists, no tariffs, and 𝛼2−(𝜔𝑐2+𝑎2) binary.

𝐼 𝐼 ′ 𝜔 𝐽 𝛼1 𝛼̄2 𝜃 𝛽 𝑎1 𝑎̄2 𝑐1 𝑐2 𝜎2 𝜂 𝛿 𝛾 𝜏1 𝜏2
5 10 0.5 1 3.5 3.5 1 1 2 2 2 2 0.1 0.05 0 2 0 0

Let 𝐾 ∈ {1, 2, 3, 4}. There exist 𝑞1 (>0), 𝑠 (>0), and 𝑑𝑠∕𝑑𝑞1 (<0)
that satisfy (9)–(11). Storage 𝑠 ranges between 0.7117 (for 𝐾 = 1) and
1.0576 (for 𝐾 = 4). E𝑞2 falls from 1.2026 to 1.0718 as 𝐾 rises from
1 to 4, so 𝑞2 > 0 with certainty if the lower bound of the support of
𝑐2 is sufficiently large. As for the two consistency requirements for an
equilibrium with storage, condition (6) is satisfied, as the right-hand
side is equal to 1.3783. For 𝐾 = 1, condition (12) reads 0 < 0.9375 ≤
1.8750. For 𝐾 = 2, 𝐾 = 3, and 𝐾 = 4, 𝑧0𝑘1 is negative (−0.1088, −0.5677,
−0.7762, resp.). The NPV of storage holding prices constant 𝛽E𝑞2− 𝑞1 is
−0.0657, −0.0334, −0.0149, and −0.0046, respectively (see Fig. 3).

4. Welfare

This section calculates the levels of utility obtained by consumers
in equilibrium and decomposes these total utilities into separate parts,
viz., labor income, profit income, income from energy arbitrage, tar-
iff revenue, and consumer surplus. We prove gains from trade for
consumers in both countries and show that, in spite of the benefits
of energy arbitrage, storage potentially reduces domestic consumers’
equilibrium utility.
Equilibrium utilities:

The equilibrium values of E[(𝛼2 − 𝑝2)2] and E𝑞2 can be written as

𝛹 (𝑠) ≡
( 𝐽
𝐽 + 1

𝐾
𝐾 + 1

)2
{

[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2) +
𝐽 + 1

(𝐼 + 𝜃𝐼 ′)𝐾
𝑠
]2

+ 𝜎2
}

and

𝛷(𝑠) ≡
𝐾𝜔𝑐2 + 𝛼̄2 − (𝑎̄2 + 𝜏2) −

𝐽+1
𝐼+𝜃𝐼 ′ 𝑠

𝐾 + 1
,

respectively (see Appendices A.4 and A.5). Using these definitions, the
level of utility achieved by a domestic consumer in equilibrium (also
called domestic welfare in what follows) is

𝑢𝑖1 + 𝛽E𝑢𝑖2 = 1 + 𝛽 +
(

𝐼 + 𝜃𝐼 ′
𝐼𝐽

+ 1
2

){

( 𝐽
𝐽 + 1

)2
[

𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)
]2

+ 𝛽𝛹 (𝑠)
}

6

+ 𝐽
𝐼

{

[

𝛽𝛷(𝑠) − 𝑞1
]

𝑠 − (𝜂 + 𝛿𝑞1)
𝑠𝛾

𝛾

}

(15)

+
(𝐼 + 𝜃𝐼 ′)𝐽
𝐼(𝐽 + 1)

(

𝜏1
[

𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)
]

+ 𝛽𝜏2
{

𝛼̄2 −
[

𝛷(𝑠) + 𝑎̄2 + 𝜏2
]})

,

where 𝑞1 and 𝑠 are the equilibrium values determined by (9)–(11) (see
Appendix A.11). Due to quasi-linearity of the utility function, total
utility can be decomposed as follows.
Labor income: 1 + 𝛽 is the present value of labor income.
Profit income: (𝐼 + 𝜃𝐼 ′)∕(𝐼𝐽 ) times the first term in braces on the right-
hand side of (15) is the present value of profit income net of the benefits
and costs of storage (the two terms in braces correspond to date-1 and
date-2 net profits, respectively).
Consumer surplus: 1∕2 times the first term in braces in (15) is the present
value of the utility gain resulting from diverting the optimum amount
of income to the industrial good (the two terms in braces correspond
to date 1 and date 2, respectively).
Income from energy arbitrage: The second term in braces in (15) is
the contribution of energy arbitrage to the expected present value of
industrial goods producers’ profits (i.e., the difference between 𝛽(E𝑞2 −
𝑞1)𝑠 and storage cost).
Tariff revenue: The final term in (15) is the present value of tariff
revenue per capita.

The present value of labor income is fixed unless 𝛽 changes. The
portions of changes in total utility that can be attributed to the latter
four effects are called the profit income, consumer surplus, arbitrage in-
come, and tariff revenue effects, respectively, of a parameter change. The
profit income and consumer surplus effects go in the same direction for
any parameter change that leaves (𝐼 + 𝜃𝐼 ′)∕(𝐼𝐽 ) unaffected. Arbitrage
income turns out to be negative for many parameterizations of the
model (see the examples below). This is because storage does not
maximize arbitrage income but is also used strategically to influence
the price of energy (see the discussion of optimality condition (8)). This
result is related to the stronger result in Proposition 1, which states that
the payoff to arbitrage can be negative excluding cost.

A foreign consumer’s equilibrium utility (also called foreign wel-
fare) is

𝑢𝑖1 + 𝛽E𝑢𝑖2 = (1 + 𝛽)𝜔 + 𝐽
𝐼 ′

(𝑞1 − 𝜔𝑐1)
{

𝐼 + 𝜃𝐼 ′
𝐽 + 1

[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)]

+
(

𝑠 + 𝛿 𝑠
𝛾

𝛾

)}

+ 𝛽
(𝐼 + 𝜃𝐼 ′)𝐽𝐾
𝐼 ′(𝐽 + 1)

{

[

𝛷(𝒔) − 𝜔𝑐2
]2 + 1

(𝐾 + 1)2
𝜎2

}

(16)

+ 𝜃
2

{

( 𝐽
𝐽 + 1

)2
[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)]2 + 𝛽𝛹 (𝒔)

}

(see Appendix A.12). The first term is labor income, the sum of the
second and third terms is the present value of per capita profits in
energy production, and the final term is consumer surplus.
Gains from trade:

Evidently, there are gains from trade for both countries:

Proposition 2. Let 𝜏𝑡 ≥ 0 (𝑡 = 1, 2) and 𝜃 = 1 or 𝐾 finite. Then 𝑢𝑖1+𝛽E𝑢𝑖2
is strictly greater than in autarky for all consumers.

In the absence of international trade, output of the industrial good
is zero, as only the home country has the ability to produce it, but
lacks the required energy inputs. As a consequence, domestic and
foreign consumers’ equilibrium utilities are given by labor income
alone. Positive consumer surplus implies gains from trade for domestic
consumers. In the ERMI model with trade in the industrial good (i.e., for
𝜃 = 1), foreign consumers likewise get positive consumer surplus
and, therefore, positive gains from trade. In the ECG model (where
𝜃 = 0), their gains from trade are strictly positive if energy production
is imperfectly competitive (i.e., 𝐾 is finite), so that profit income is
strictly positive.
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The assertion of Proposition 2 is in line with the well known result
that, moving from autarky to trade with or without tariffs, there are
gains from trade if tariff revenue is positive (see Feenstra, 2016, p. 199).
Closed-form solutions:

The closed-form solutions for equilibrium prices and quantities can
be used to calculate closed-form solutions for consumers’ equilibrium
utilities in the two special cases considered in Section 3, viz., no storage
or perfect competition in energy production.

Define 𝜔𝑖 = 1 for domestic consumers 𝑖 and 𝜔𝑖 = 𝜔 for foreign
onsumers 𝑖. Further, define

𝑖 = (1 + 𝛽)𝜔𝑖 + 𝜉𝑖
{

[

𝛼1 − (𝜔𝑐1 + 𝑎1 + 𝜏1)
]2

+𝛽
[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)
]2 + 𝛽𝜎2

}

, (17)

here

𝑖 =

⎧

⎪

⎨

⎪

⎩

(

𝐼+𝜃𝐼 ′
𝐼𝐽 + 1

2

)(

𝐽
𝐽+1

𝐾
𝐾+1

)2
, for 𝑖 domestic

[

(𝐼+𝜃𝐼 ′)(𝐽+1)
𝐼 ′𝐽𝐾 + 𝜃

2

] (

𝐽
𝐽+1

𝐾
𝐾+1

)2
, for 𝑖 foreign

, (18)

and

𝛬 =
(𝐼 + 𝜃𝐼 ′)𝐽𝐾

𝐼(𝐽 + 1)(𝐾 + 1)
{

𝜏1
[

𝛼1 − (𝜔𝑐1 + 𝑎1 + 𝜏1)
]

+𝛽𝜏2
[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)
]}

. (19)

Then, the expressions for utility in an equilibrium without storage (15)
and (16) simplify to

𝑢𝑖1 + 𝛽E𝑢𝑖2 =
{

𝛶𝑖 + 𝛬, for 𝑖 domestic
𝛶𝑖, for 𝑖 foreign (20)

(see Appendix A.13). 𝛶𝑖 is the sum of labor income, profit income, and
consumer surplus, and 𝛬 is tariff revenue.

With perfect competition in energy production (for 𝐾 → ∞), the
utilities in an equilibrium with storage are given by

𝑢𝑖1 + 𝛽E𝑢𝑖2 =

{

𝛶𝑖 + 𝛬 + 𝐽
2𝐼

[𝛽(𝜔𝑐2+𝜏2)−(𝜔𝑐1+𝜏1)]2
𝜂+𝛿(𝜔𝑐1+𝜏1)

, for 𝑖 domestic
𝛶𝑖, for 𝑖 foreign

, (21)

here 𝜉𝑖 is the limit of (18) as 𝐾 → ∞ here and the final term in the
irst line on the right-hand side is income from energy arbitrage (see
ppendix A.14).
elfare effects of storage:
The main function of storage is to allow smooth consumption with-

ut large variations in marginal cost and price. The economic benefits
f this energy arbitrage are obvious. Accordingly, access to storage
enerally raises welfare in competitive environments. It has been rec-
gnized, however, that the welfare effects of storage are ambiguous in
mperfectly competitive environments (see, e.g., Sioshansi, 2010, 2014;
chill and Kemfert, 2011).

We proceed to show that in our model, independent of market
oncentration at home, perfect competition abroad is sufficient for
elfare gains due to storage for domestic consumers, while the welfare
ffects are ambiguous when energy producers are oligopolists:

roposition 3. 𝑢𝑖1 + 𝛽E𝑢𝑖2 is higher for domestic consumers 𝑖 at an
quilibrium with storage than at an equilibrium without storage for 𝐾 → ∞.
or 𝐾 finite, there exist parameters such that 𝑢𝑖1+𝛽E𝑢𝑖2 is lower for domestic
onsumers 𝑖 at an equilibrium with storage than at an equilibrium without
torage.

Consider first the case of perfect competition abroad. As shown
bove, domestic consumers’ utility is given by (20) in an equilibrium
ithout storage and by (21) in an equilibrium with storage. As 𝛶𝑖
nd 𝛬 are independent of the parameters that characterize the stor-
ge technology, the domestic welfare gain due to storage is equal
o arbitrage income (the final term on the right-hand side of (21)).
7

oreign consumers’ equilibrium utility 𝛶𝑖 is unaffected by storage, so l
hat domestic welfare gains do not come at the expense of foreign
onsumers.

Next, consider the case of imperfect competition among foreign
nergy producers. An example of a welfare loss for domestic consumers
ith a straightforward interpretation in terms of the model’s mechanics

s based on the fact that energy producers’ profit function 𝜓𝑘1 + 𝛽E𝜓𝑘2
is kinked at the output level 𝑧0𝑘1 above which 𝑠 turns positive if 𝑧0𝑘1 > 0
see Fig. 2). Condition (12) ensures that the profit function is concave,
.e., marginal profit jumps downwards at 𝑧0𝑘1. Hence, energy producers’
ave stronger incentives to raise date-1 output at an equilibrium with-
ut storage (and 𝑧𝑘1 < 𝑧0𝑘1) than at an equilibrium with a small positive
mount of storage (and 𝑧𝑘1 > 𝑧0𝑘1). This pro-competitive effect poten-
ially makes an equilibrium without storage more attractive to domestic
onsumers than an equilibrium with a small positive amount of storage.
he following example proves that appropriate model parameters exist.

xample 2.

𝐼 𝐼 ′ 𝜔 𝐽 𝐾 𝛼1 𝛼̄2 𝜃 𝛽 𝑎1 𝑎̄2 𝑐1 𝑐2 𝜎2 𝛿 𝛾 𝜏1 𝜏2
50 50 0.5 2 2 2.5 5 1 0.95 1 2 1.5 3 0.1 0 1 0 0

There are 𝑞1 (>0), 𝑠 (>0), and 𝑑𝑠∕𝑑𝑞1 (<0) that satisfy (9)–(11) for
up to 0.9654. Let 𝑎2−(𝜔𝑐2+𝑎2) be binary. Then 𝑞2 > 0 with certainty

f the lower bound of the support of 𝑐2 is large enough, and consistency
ondition (6) is satisfied for 𝜂 > 0.4385. 𝑧0𝑘1 rises from −59.0498 to
5.3278 as 𝜂 rises from 0.4385 to 0.9654, and the expression on the
ar right-hand side of (12) is 21.1111, so the condition is also satisfied
nd an equilibrium with storage exists for 𝜂 in between 0.4385 and
.9654.

Fig. 4 illustrates domestic consumers’ equilibrium utility and its
omponents for the admissible range of values of 𝜂. Domestic utility is
ore than one-fifth higher with than without storage for 𝜂 at the lower

ound of this interval. Interestingly, as 𝜂 rises, arbitrage income turns
egative at 𝜂 = 0.5839 and remains so for 𝜂 up to the upper bound of the
nterval of admissible values. This illustrates that the value of energy
rbitrage (including cost) can be negative in equilibrium, even though
he NPV of storage (excluding cost) holding prices constant is positive
as it is for all admissible 𝜂 in the present example).

As 𝜂 reaches the level that leads to zero storage (i.e., 0.9654), as
xplained above, foreign energy producers’ profit function flattens out
see Fig. 2), so domestic profit income and consumer surplus jump
pwards. Since arbitrage income is a continuous function of 𝜂, it
ollows that there is an open interval of non-zero length of 𝜂 values
here: (0.9271, 0.9654)) that lead to lower equilibrium utility with than
ithout storage.

. Tariffs

Following the seminal contribution of Spencer and Jones (1991),
branch of the literature on trade policy in imperfectly competitive
arkets investigates the case of vertically related markets. This section

dds a novel case to this branch of the literature by analyzing optimum
mport tariffs in our successive oligopolies model.7 We show that in
n equilibrium without storage, the home country’s optimum tariff
s positive if market concentration is higher abroad than at home.
umerical analysis confirms that the optimum tariff is also usually
ositive in an equilibrium with storage.8

7 An interesting question addressed by Spencer and Jones (1991) and sub-
equent authors is whether foreign intermediate goods producers (e.g., energy
roducers) have incentives to price domestic final goods producers out of the
arket. Given that the foreign country is unable to produce the industrial

ood, such vertical foreclosure cannot happen in our model.
8 Alternatively, following Brander and Spencer (1985) and part of the
iterature on vertically related markets, one could analyze export subsidies as
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Fig. 4. Domestic utility and its components with and without storage as a function of the labor requirements for storage (𝜂).
Equilibrium without storage:

Consider first equilibria without storage. From (20), a domestic
consumer’s utility is 𝛶𝑖 + 𝛬, where 𝛶𝑖 the sum of labor income, profit
income, and consumer surplus, and 𝛬 is tariff revenue per capita. It
is a strictly concave function of 𝜏1 and 𝜏2 (see Appendix A.15). So the
optimum tariff 𝜏𝑡 is positive exactly if the partial derivative of 𝛶𝑖 + 𝛬
with respect to 𝜏𝑡 is positive at 𝜏𝑡 = 0.

From (13), 𝜕𝑞𝑡∕𝜕𝜏𝑡 = −1∕(𝐾 +1) < 0. That is, as a large country, the
home country can improve its terms of trade by raising import tariffs
(cf. Feenstra, 2016, pp. 221 f.). The improvement in its terms of trade
notwithstanding, an increase in 𝜏𝑡 reduces the sum of profit income
and consumer surplus: from (1) and (17), 𝜕𝛶𝑖∕𝜕𝜏𝑡 < 0 (𝑡 = 1, 2). On
the other hand, the tariff revenue effect is positive (i.e., 𝜕𝛬∕𝜕𝜏𝑡 > 0)
for 𝜏𝑡 positive but small enough. The following result states that the
tariff revenue effects dominates the profit income and consumer surplus
effects for small tariff rates, so that the optimum tariff is positive, if
domestic market concentration is not too low:

the instrument of trade policy. Tariffs are the more common trade policy in-
strument because of the obstacles to implementing welfare-improving subsidies
in practice (see Feenstra, 2016, pp. 292 f., 296 f.).
8

Proposition 4. At an equilibrium without storage, for domestic consumers
𝑖, 𝜕(𝑢𝑖1 + 𝛽E𝑢𝑖2)∕𝜕𝜏𝑡 > 0 at 𝜏𝑡 = 0 for 𝑡 = 1, 2 exactly if

𝐽 + 1 >
(

1 − 𝜃𝐼 ′

𝐼 + 𝜃𝐼 ′
𝐽
)

𝐾.

For foreign consumers 𝑖, 𝜕(𝑢𝑖1 + 𝛽E𝑢𝑖2)∕𝜕𝜏𝑡 < 0 for 𝑡 = 1, 2.

The proof is in Appendix A.15. The second part says that foreign
consumers suffer from the tariff imposed on their exports.9

Let 𝜃 = 1. The condition of the proposition is satisfied if the number
of domestic firms satisfies 𝐽 > 1 + 𝐼∕𝐼 ′ (which implies that the right-
hand side is negative). This is in line with standard trade theory: the
optimum import tariff is positive for a large country under perfect
competition (see Feenstra, 2016, pp. 222) and, hence, for sufficiently
intensive competition (i.e., 𝐽 sufficiently large). A second sufficient
condition is 𝐽 +1 > 𝐾, i.e., market concentration is higher abroad than
at home. Boots et al. (2004) argue that this is typical of energy markets,

9 We also checked the outcome of strategic trade policy (i.e., non-
cooperative import tariffs in both countries) at an equilibrium without storage.
With perfect competition, the foreign country chooses a zero import tariff on
the industrial good and the domestic tariff is determined as in Proposition 4
in a Nash equilibrium of the tariff setting game. With imperfect competition,
the domestic tariff is positive and most likely (for instance, with successive
duopolies) even greater, while the foreign tariff tends to be negative.
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where many countries’ energy imports stem from a small number of
state-controlled foreign firms. The condition 𝐽 + 1 > 𝐾 is satisfied

henever 𝐾 = 1. This is in line with the well known result that with
inear demand and cost functions, the optimal specific tariff on the sales
f a foreign monopolist selling into the domestic market is positive (see
rander and Spencer, 1984; Feenstra, 2016, pp. 224 ff.). The condition

n Proposition 4 is violated, and the optimum import tariff is negative,
f the number of domestic firms 𝐽 is sufficiently small. The reason why
an be seen from Eqs. (17)–(19). As 𝐽 becomes small, firm profits and,
ence, the negative profit income effect grow large in absolute value (𝜉𝑖
nd |𝜕𝛶𝑖∕𝜕𝜏1| grow large). At the same time the positive tariff revenue
ffect (𝜕𝛬∕𝜕𝜏𝑡) becomes small. So the revenue generated by a small
ositive tariff does not compensate for the losses in profit income and
onsumer surplus.
quilibrium with storage:

By continuity, if the condition in Proposition 4 is satisfied, the
ptimum import tariff is positive at an equilibrium with a positive but
mall amount of storage. Numerical analysis shows that the sign of the
ptimum import tariff remains positive for a wide range of parameters.
s the following example illustrates, it is not possible, however, to rule
ut a switch in the optimum import tariff from positive to negative
heoretically.

xample 3.

𝐼 𝐼 ′ 𝜔 𝐽 𝐾 𝛼1 𝛼̄2 𝜃 𝛽 𝑎1 𝑎̄2 𝑐1 𝑐2 𝜎2 𝜂 𝛿 𝛾 𝜏2
50 100 0.5 3 3 3 18 1 0.95 1 2 1.5 3 0.1 0.01 0 1 0

In an equilibrium without storage (i.e., for 𝜂 prohibitively high),
he derivative of domestic utility with respect to the date-1 tariff is
(𝑢𝑖1 + 𝛽E𝑢𝑖2)∕𝜕𝜏1 = 0.9229 at 𝜏1 = 0, so the optimum import tariff 𝜏1
s positive (the jointly sufficient conditions 𝜃 = 1 and 𝐽 > 1 + 𝐼∕𝐼 ′ are
atisfied). It is equal to 𝜏1 = 0.3804 or 39.3 percent of the import price
1. High demand at date 2 (𝛼̄2 = 6𝛼1) implies grossly different prices
ithout storage (e.g., 𝑞1 = 1.0625 and E𝑞2 = 5.1250 for 𝜏1 = 0).

The combination of a steep price increase over time and cheap
storage (𝜂 = 0.01) gives rise to intensive energy arbitrage (storage
equals 167.5878 times energy used in production at date 1 for 𝜏1 = 0
at an equilibrium with storage). This brings the energy prices closer
together (𝑞1 = 1.9348 and E𝑞2 = 2.3913 for 𝜏1 = 0). The derivative of
domestic utility with respect to the date-1 tariff 𝜕(𝑢𝑖1 + 𝛽E𝑢𝑖2)∕𝜕𝜏1 at
1 = 0 changes to −0.1683, the optimum tariff 𝜏1 becomes negative,

viz., −0.0131 or −0.6 percent of 𝑞1.

6. Competition

This section addresses the much discussed question of how the
intensities of competition in energy production, energy distribution,
and energy-intensive manufacturing affect consumer welfare (see, e.g.,
Boots et al., 2004; Holz et al., 2008). The ECG model confirms the con-
ventional wisdom that a decrease in the number of domestic
oligopolists reduces domestic welfare due to stronger double marginal-
ization. In contrast to existing studies, higher market concentration
is not generally more harmful if it occurs in the market with higher
concentration initially. In the ERMI model, a country’s welfare is a
hump-shaped (rather than a monotonically increasing) function of the
number of resident firms, so from the viewpoint of each country, there
is a finite optimum number of resident firms.
Market concentration and welfare:

As before, we derive analytical results for equilibria without storage
and check numerically whether they carry over to equilibria with
storage. For the sake of simplicity, here and in what follows, ignore
tariffs: 𝜏𝑡 = 0 (𝑡 = 1, 2). This implies 𝛬 = 0, so that, from (20),
𝑢𝑖1 + 𝛽E𝑢𝑖2 = 𝛶𝑖 for all 𝑖 at an equilibrium without storage. From
(17), changes in the numbers of oligopolists 𝐽 and 𝐾 affect 𝛶𝑖 only
via 𝜉𝑖. For domestic consumers, from (18), as one would expect, an

2

9

increase in 𝐽 decreases profit income (since 𝑑[𝐽∕(𝐽 + 1) ]∕𝑑𝐽 = −(𝐽 −
1)∕(𝐽 + 1)3 < 0 for 𝐽 > 1) but increases consumer surplus (since
𝑑{[𝐽∕(𝐽 + 1)]2}∕𝑑𝐽 > 0). For foreign consumers, it raises both profit
income and, if 𝜃 = 1, consumer surplus. Conversely, an increase
in 𝐾 reduces foreign consumers’ profit income and raises consumer
surplus in both countries. Thus, a country benefits from lower market
concentration among resident firms if the positive consumer surplus
effect is stronger than the negative profit income effect. The following
proposition provides necessary and sufficient conditions:

Proposition 5. At an equilibrium without storage, 𝑢𝑖1 + 𝛽E𝑢𝑖2 increases
as 𝐽 rises for domestic consumers 𝑖 exactly if10

1 − 𝜃𝐼 ′

𝐼 + 𝜃𝐼 ′
𝐽 > 0. (22)

𝑢𝑖1 + 𝛽E𝑢𝑖2 increases as 𝐾 rises for foreign consumers 𝑖 exactly if

1 −
(

1 − 𝜃𝐼 ′

𝐼 + 𝜃𝐼 ′
𝐽

𝐽 + 1

)

𝐾 > 0. (23)

The proof is in Appendix A.16. The remainder of this section pro-
vides an in detail interpretation and discussion of the conditions of the
proposition for the ECG model and for the ERMI model.
Energy as a consumption good:

A decrease in domestic market concentration is detrimental to firm
profits made in the domestic market as well as abroad. In the ECG
model, domestic energy wholesalers have no foreign sales, so profits
made abroad drop out. As a result, the negative impact of more intense
competition on profit income is dominated by the positive impact
on consumer surplus, and domestic utility goes up (formally, condi-
tion (22) is satisfied for 𝜃 = 0). Our model thus lends support to the
conventional view that ‘‘[E]nforcing competition in the . . . downstream
market would lead to lower prices and higher quantities by avoiding
the welfare-reducing effects of double marginalization’’ (Holz et al.,
2008, p. 766; see also Greenhut and Ohta, 1979; Salinger, 1988). This
contrasts with the more skeptical view held by Talus (2014, p. 33),
that due to market power in the upstream market, ‘‘the potential for
a competitive downstream market must be questioned’’. The interests
of foreign consumers are in line with those of domestic consumers, as
their consumer surplus goes up.

Differentiating (18) totally for 𝑖 domestic and setting 𝜃 = 0 gives

𝑑𝜉𝑖 =
𝐽

(𝐽 + 1)2
( 𝐾
𝐾 + 1

)2 [

− 𝐽 − 1
𝐽 (𝐽 + 1)

𝑑𝐽 + 2
𝐾(𝐾 + 1)

𝑑𝐾
]

+
( 𝐽
𝐽 + 1

𝐾
𝐾 + 1

)2 [ 1
𝐽 (𝐽 + 1)

𝑑𝐽 + 1
𝐾(𝐾 + 1)

𝑑𝐾
]

. (24)

This expression can be used to compare the welfare effects of changes
in market concentration at home versus abroad. The first term on the
right-hand side is the profit income effect of changes in the numbers of
oligopolists, the second term is the consumer surplus effect. Evidently,
the consumer surplus effect is larger for 𝑑𝐽 = 𝑑𝐽 ′ and 𝑑𝐾 = 0 than for
𝐽 = 0 and 𝑑𝐾 = 𝑑𝐽 ′ exactly if 𝐽 < 𝐾. This is reminiscent of Boots
t al.’s (2004, p. 73) finding that a decrease in the number of firms in
he market with fewer competitors causes stronger additional distor-
ions than the corresponding decrease in the more competitive market.
aking into account the profit income effect potentially changes the
icture, however: while a decrease in 𝐾 reduces domestic profit, the
rofit income effect of a decrease in 𝐽 (the former term in the first
erm in square brackets) is positive. As a result, domestic consumers
ay suffer less from increasing market concentration at home, even

hough the number of oligopolists is already lower than abroad. To see
his, set 𝐽 = 𝐾 − 1 in (24) to obtain

𝜉𝑖 =
𝐽

(𝐽 + 1)2
𝐾

(𝐾 + 1)2
( 1
𝐾 − 1

𝑑𝐽 + 𝑑𝐾
)

.

Setting first 𝑑𝐾 = 0 and then 𝑑𝐽 = 0, we get:

10 More precisely, consumers are better-off with 𝐽2 than with 𝐽1 (<𝐽2) firms
if this inequality holds for all 𝐽 ∈ [𝐽 , 𝐽 ].
1 2
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Fig. 5. Utility as a function of the number of domestic oligopolists in the model variants with energy as a consumption good (ECG, left panel) and energy as a raw material for
industries (ERMI, right panel).
Proposition 6. Let 𝜃 = 0. If 𝐽 = 𝐾 − 1 > 1, then
𝜕𝜉𝑖
𝜕𝐽

<
𝜕𝜉𝑖
𝜕𝐾

for 𝑖 domestic at an equilibrium without storage.

Proposition 6 says that whenever the number of domestic whole-
salers falls short of the number of foreign energy producers by one, the
exit of a wholesaler has a less detrimental impact on domestic welfare
than the exit of an energy producer. For instance, domestic consumers
are better-off with a domestic monopolist and three foreign energy
producers than with successive duopolies.

Condition (23) of Proposition 5 is violated in the ECG model. That
is, foreign consumers benefit from more market power for energy
producers. This is because profit income rises, while consumer surplus
in unaffected, as foreign consumers do not consume energy.

Numerical analysis of the ECG model shows that the result that an
increase in the number of domestic oligopolists raises domestic welfare
carries over to equilibria with storage. We focus on the case 𝛾 = 1
in the numerical analysis, since convexity of the input requirements
for storage (i.e., 𝛾 = 2) would mean that a larger number of firms
can store a given quantity of energy (𝑆, say) using less inputs (viz.,
𝐽𝜂(𝑆∕𝐽 )2∕2 = 𝜂𝑆2∕(2𝐽 )).

Example 4.

𝐼 𝐼 ′ 𝜔 𝐾 𝛼1 𝛼̄2 𝜃 𝛽 𝑎1 𝑎̄2 𝑐1 𝑐2 𝜎2 𝜂 𝛿 𝛾
250 50 0.5 4 2.5 4 0 1 1 2 1.5 3 0 0.75 0 1

For 𝐽 ≥ 2, storage relative to the date-1 energy input in production
is between 26 percent and 30 percent. The left panel of Fig. 5 illus-
trates that, as in the case without storage, both domestic and foreign
consumers’ equilibrium utilities are increasing functions of the number
of domestic oligopolists.

To illustrate Proposition 6, let 𝐾 = 5 instead. Domestic utility for
𝐽 = 4 is 2.3381. As 𝐾 decreases by one, we are back in the example
above, and domestic utility drops to 2.3178. This falls short of domestic
utility with 𝐾 = 5 and 𝐽 = 3 (viz., 2.3293). That is, the increase
in market concentration in the already more concentrated domestic
market is less harmful to domestic consumers than the increase in
foreign market concentration.

Energy as a raw material for industries:
Next, consider the ERMI model. Let 𝜃 = 1, so that foreign consumers

buy domestically produced industrial goods, adding to industrial goods
producers’ profits. Compared to the ECG model, this aggravates the
10
negative impact of an increase the intensity of competition on profit in-
come. From Proposition 5, the negative profit income effect dominates
the positive consumer surplus effect, and more competition among
domestic firms reduces domestic welfare (condition (22) is violated)
if 𝐽 > 1+ 𝐼∕𝐼 ′ in this case. That is, domestic welfare is a hump-shaped
function of the number of domestic oligopolists, with its peak at 𝐽 =
1 + 𝐼∕𝐼 ′.11 If there are at least as many foreign as domestic consumers
(i.e., 𝐼∕𝐼 ′ ≤ 1), then, starting from a duopoly, each additional domestic
competitor reduces domestic welfare.12 Applied to the ERMI model
with international trade in the industrial good, Proposition 5 thus
implies that a positive amount of market power for its internationally
active firms contributes to achieving maximum welfare for domestic
consumers.

From condition (23) in Proposition 5, it follows that the effects
are similar for foreign consumers: equilibrium utility is a hump-shaped
function of the number of energy producers 𝐾.

Numerical analysis confirms that welfare is also a hump-shaped
function of the number of resident firms in an equilibrium of the ERMI
model with storage.

Example 4 (ctd). Replace 𝜃 = 0 with 𝜃 = 1 in Example 4. There is an
equilibrium with storage (equal to about 30 percent of date-1 energy
input) for any 𝐽 . As illustrated in the right panel of Fig. 5, domestic
utility as a function of the number of domestic oligopolists attains its
maximum at 𝐽 = 8.7491. The optimum (integer) number of domestic
oligopolists is 9.

7. Subsidizing storage

The drying up of energy imports from Russia after the invasion
of Ukraine has directed attention to storage capacities as a counter
measure. In Germany, for instance, former Gazprom Export LLC, now
SEFE (Securing Energy for Europe), a large storage operator, was
nationalized and re-capitalized in 2022.13 The present section uses our

11 Incidentally, this is the critical value for 𝐽 above which the optimum
import tariff cannot be negative (cf. Section 5).

12 The integer value of 𝐽 that maximizes domestic welfare is one or two
then. Monopoly is preferred to duopoly exactly if 𝐼∕𝐼 ′ < 2∕5. The function
that maps the (integer) number of domestic oligopolists to domestic welfare
is monotonically decreasing then.

13 See https://ec.europa.eu/commission/presscorner/detail/6%20en/ip_22_
6823 (accessed 22 December 2023).

https://ec.europa.eu/commission/presscorner/detail/6%20en/ip_22_6823
https://ec.europa.eu/commission/presscorner/detail/6%20en/ip_22_6823
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model to shed some light on the private versus social benefits of energy
storage. We show that firms’ and the public’s interest are aligned and
the optimum subsidy is zero if foreign energy production is perfectly
competitive. A positive subsidy tends to raise welfare with oligopolistic
energy production.
Equilibrium with subsidies to storage:

It is convenient to adapt the notation as follows. Let storing 𝑠𝑗 (≥0)
nits of energy cost 𝜂′𝑠𝛾𝑗∕𝛾 units of labor and 𝛿′𝑠𝛾𝑗∕𝛾 units of energy,
here, similarly as before, 𝜂′ ≥ 0 and 𝛿′ ≥ 0, with one inequality

trict, and 𝛾 ∈ {1, 2}. Let the domestic government subsidize the labor
nd energy costs of storage at rate 𝜙 (<1), so that domestic firms face

storage costs (𝜂 + 𝛿𝑞1)𝑠𝛾∕𝛾, where (𝜂, 𝛿) = (1 −𝜙)(𝜂′, 𝛿′). Budget balance
is achieved with a lump-sum tax on domestic consumers equal to

𝛺 = 𝐽
𝐼
𝜙(𝜂′ + 𝛿′𝑞1)

𝑠𝛾

𝛾
. (25)

he virtue of the redefinitions of the input coefficients in storage is
hat equilibrium prices and all equilibrium quantities except domestic
onsumers’ date-1 consumption and exports are determined following
he same steps as in Section 3. Domestic date-1 consumption is 𝑦𝑖1 is
educed by the lump-sum tax 𝛺, and the home country’s date-1 exports
f the consumption good are 𝐽𝑞1(𝑥𝑗1 + 𝑠𝑗 + 𝛿′𝑠𝛾𝑗∕𝛾) − 𝐼 ′𝑝1𝜃𝑒𝑖1. As a
onsequence, a domestic consumer’s total expected utility 𝑢𝑖1 + 𝛽E𝑢𝑖2
s obtained by subtracting 𝛺 from the right-hand side of (15). It is the
um of labor income, profit income, arbitrage income, and consumer
urplus minus the lump-sum tax. A foreign consumer’s total utility is
iven by (16).
erfect competition in energy production:

Consider the special case with perfect competition abroad (i.e., 𝐾 →
and 𝛾 = 2) to begin with. Consumers’ utilities are given by (21) with
subtracted on the right-hand side and 𝛬 = 0 for 𝑖 domestic. Using

1 = 𝜔𝑐1, (14), (𝜂, 𝛿) = (1 − 𝜙)(𝜂′, 𝛿′), and (25), domestic consumer 𝑖’s
utility can be expressed as

𝑢𝑖1 + 𝛽E𝑢𝑖2 = 𝛶𝑖 +
𝐽
2𝐼

𝜔2(𝛽𝑐2 − 𝑐1)2

𝜂′ + 𝛿′𝜔𝑐1

[

1
1 − 𝜙

−
𝜙

(1 − 𝜙)2

]

,

with 𝜉𝑖 given by the limit of (18) as 𝐾 → ∞. From the definition in
(17), 𝛶𝑖 is independent of 𝜂, of 𝛿, and, hence, of 𝜙. As 𝜙 = 0 maximizes
he term in brackets (the derivative is −2𝜙∕(1 − 𝜙)3), we have:

roposition 7. Let 𝐾 → ∞ and 𝛾 = 2. Then 𝜙 = 0 maximizes domestic
consumers’ equilibrium utility 𝑢𝑖1 + 𝛽E𝑢𝑖2.

Recall that 𝛶𝑖 is the sum of labor income, profit income, and
onsumer surplus. As the subsidy does not affect energy prices under
erfect competition, this sum is unaffected by the subsidy. As a con-
equence, the optimum subsidy weighs up additional arbitrage income
gainst the financing cost. That the optimum subsidy is zero is due to
he fact that firms’ goal to maximize their expected profits is in line
ith consumers’ interest in maximum expected income.
arket power in energy production:

When market power by foreign energy producers is re-introduced,
he sum of the profit income and consumer surplus effects no longer
anishes. Numerical analysis shows that the optimum subsidy tends to
e positive. The following example shows that this is the case even if
elfare is higher without than with storage in the absence of subsidies

i.e., if the conditions of Proposition 3 are satisfied).

xample 2 (ctd). Consider Example 2 introduced in Section 4. Set
= 0.9400 close to the value (viz., 0.9654) at which storage is zero

n the absence of subsidies. An equilibrium with storage exists for
> −0.0270. Without subsidization, domestic welfare is lower than

n an equilibrium without storage (see the left panel of Fig. 6). Yet,
ubsidizing storage raises welfare. For 𝜙 between 1.7 percent and 34.1
ercent, domestic welfare is higher than without storage and subsidies
the optimum subsidy is 17.9 percent). This is because of strong positive
rofit income and consumer surplus effects, which more than outweigh
11
the cost of financing the subsidy and negative arbitrage income (see the
right panel of Fig. 6).

The fact that the optimum subsidy on storage tends to be positive
means that public support for storage operators in times of energy
shortages does not necessarily distort private storage decisions in the
wrong direction.

It is not possible, however, to rule out that the optimum subsidy to
storage is negative, as the following example illustrates.

Example 5.

𝐼 𝐼 ′ 𝜔 𝐽 𝐾 𝛼1 𝛼̄2 𝜃 𝛽 𝑎1 𝑎̄2 𝑐1 𝑐2 𝜎2 𝜂′ 𝛿′ 𝛾
10 50 0.5 2 2 2.5 4 1 1 1 2 1.5 3 0 0.5 0 2

The optimum subsidy is −3.9 percent in this example. For 𝐾 = 1, it
drops to −8.5 percent.

8. Long term contracts

The choice between long term contracts and spot trade is a much
debated theme in energy economics. Traditionally, the focus is on
the impact of contracts on the riskiness of investments in production
facilities (see, e.g., Abada et al., 2019). Recently, the EU Commission
has begun to take measures aimed at curbing the use of long-term
contracts, in order to avoid possible interference of pre-specified gas
deliveries with greenhouse gas emissions targets.14 While our model
is silent on the impact of long term contracts both on the riskiness
of large scale investments in production facilities and on the pursuit
of environmental objectives, it sheds light on the role of long term
contracts for competition in energy markets: in the presence of storage,
long term contracts help importers of energy to reduce import prices
and yield higher domestic welfare. This is consistent with a skeptical
view of energy exporters on the switch to spot trade.15

Long term contracts:
A long term contract specifies the quantity and the price of energy

to be delivered at date 2 one date ahead. Accordingly, let 𝑞1 now denote
the date-1 spot price of energy and 𝑞2 the price for deliveries at date
2 determined at date 1. As before, energy producers move first: the
prices 𝑞1 and 𝑞2 resulting from their output choices are taken as given
by the domestic producers. For the sake of simplicity, let 𝛼2, 𝑎2, and 𝑐2
be non-random (so that 𝜎2 = 0), and set 𝛽 = 1, 𝛿 = 0, and 𝛾 = 2.

Consumers maximize 𝑢𝑖2 at date 2 and 𝑢𝑖1+𝑢𝑖2 at date 1. This yields
the same inverse market demand functions as in the model with spot
markets (viz., 𝑝𝑡 = 𝛼𝑡 − 𝐸𝑡∕(𝐼 + 𝜃𝐼 ′), 𝑡 = 1, 2) and 1∕(1 + 𝑟) = 1.

Industrial goods producer 𝑗 chooses 𝑥𝑗1, 𝑥𝑗2, and 𝑠𝑗 so as to maxi-
mize the present value of her profits 𝜋𝑗1 + 𝜋𝑗2, given the energy prices
𝑞1 and 𝑞2 and the date-1 and date-2 demand functions for industrial
goods. This yields

𝑝𝑡 =
𝐽 (𝑞𝑡 + 𝑎𝑡) + 𝛼𝑡

𝐽 + 1
(26)

(𝑡 = 1, 2) and

𝑠𝑗 =
𝑞2 − 𝑞1
𝜂

(27)

(see Appendix A.17). Storage depends only on the energy price differ-
ential and the input requirement for storage. Contrary to the case of
spot markets, storage cannot be used to strategically affect the date-2
energy price 𝑞2. The condition 𝑠𝑗 ≤ 𝑥𝑗2 reads

𝑠𝑗 ≤ 𝜄[𝛼2 − (𝑞2 + 𝑎2)].

14 See https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:
52021SC0455 (accessed 22 December 2023).

15 See https://www.ft.com/content/7f84c0ef-d81b-4d32-a5dc-75cca8e5453
2 (accessed 22 December 2023).
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Fig. 6. Domestic utility and income from energy arbitrage as a function of the subsidizing to storage (𝜙).
Energy producer 𝑘 chooses 𝑧𝑘1 and 𝑧𝑘2 so as to maximize 𝜓𝑘1+𝜓𝑘2 =
(𝑞1 − 𝜔𝑐1)𝑧𝑘1 + (𝑞2 − 𝜔𝑐2)𝑧𝑘2, taking into account the impact of 𝑧𝑘1 and
𝑧𝑘2 on 𝑞1 and 𝑞2 and, hence, 𝑠. The resulting energy prices are

𝑞1 =
(𝜄𝜂 + 2)𝐾𝜔𝑐1 + (𝜄𝜂 + 1)(𝛼1 − 𝑎1) + (𝛼2 − 𝑎2)

(𝜄𝜂 + 2)(𝐾 + 1)
(28)

and

𝑞2 =
(𝜄𝜂 + 2)𝐾𝜔𝑐2 + (𝛼1 − 𝑎1) + (𝜄𝜂 + 1)(𝛼2 − 𝑎2)

(𝜄𝜂 + 2)(𝐾 + 1)
(29)

(see Appendix A.18).
Equilibrium without storage:

Energy prices in an equilibrium without storage are given by the
limits of (28) and (29) as 𝜂 → ∞. These prices coincide with the
prices in a spot market equilibrium without storage, reported in (13).
Comparing (26) to (3) and (7) shows that 𝑝1 and 𝑝2 also take on the
same values in an equilibrium without storage, irrespective of whether
long term contracts are traded or there is spot trade. As consumers’
demand functions are identical, consumption is also the same with or
without long term contracts.

Proposition 8. Prices 𝑞𝑡 and 𝑝𝑡 (𝑡 = 1, 2), consumption, and welfare are
the same in an equilibrium without storage with long term contracts as in
an equilibrium without storage with spot markets.

The reason why the type of contract used is immaterial is that, as
noted in Section 3, an equilibrium without storage is simply a sequence
of two ‘‘static’’ equilibria. Irrespective of whether energy is sold using
long term contacts or spot trade, industrial goods producers take the
energy prices 𝑞𝑡 (𝑡 = 1, 2) as given at each date. So the sequence of
events and, hence, market participants’ actions and market outcomes
are identical.
Equilibrium with storage:

The use of long term contracts versus spot trade does make a
difference for equilibria with storage. With spot trade, storage allows
domestic producers to affect the date-2 energy price via their date-1
energy demand and thus ‘‘to counter upstream producer market power’’
(see Baranes et al., 2014, p. 20, and Section 3). Long term contracts shut
down this channel and thus lead to higher energy prices 𝑞1 and 𝑞2. This
is easy to see in the special case with 𝛼1−𝑎1 = 𝛼2−𝑎2. The energy prices
𝑞1 and 𝑞2 in an equilibrium with long term contracts given by (28) and
(29) coincide with the values reported in (13) for all 𝜂 in this case.
From (4) the date-2 spot market price 𝑞2 falls short of this value when
𝑠 > 0. Numerical analysis shows that the date-1 spot market price is
also quite generally (though not universally) lower than the equilibrium
price with long term contracts:
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Example 6.

𝐼 𝐼 ′ 𝜔 𝐽 𝐾 𝛼1 𝛼̄2 𝜃 𝛽 𝑎1 𝑎̄2 𝑐1 𝑐2 𝜎2 𝛿 𝛾
50 50 0.5 2 2 2.5 4 1 1 1 2 1.5 3 0 0 2

An equilibrium with long term contracts and storage exists, and
date-2 energy input does not fall short of storage for 𝜂 > 0.0450. As
can be seen from the left panel of Fig. 7, energy prices are higher with
long term contracts than with spot trade.

Welfare:
As one would expect, higher energy prices with long term contracts

and storage lead to lower domestic welfare than with spot trade.
The equilibrium utilities are calculated analogously as in the case

of spot markets. Domestic consumers 𝑖 get utility

𝑢𝑖1 + 𝑢𝑖2 = 2 +
(

𝐼 + 𝜃𝐼 ′
𝐼𝐽

+ 1
2

)

( 𝐽
𝐽 + 1

)2
{

[𝛼1 − (𝑞1 + 𝑎1)]2

+ [𝛼2 − (𝑞2 + 𝑎2)]2
}

+ 𝐽
𝐼

[

(𝑞2 − 𝑞1)𝑠 − 𝜂
𝑠2

2

]

, (30)

and foreign consumers achieve utility

𝑢𝑖1 + 𝑢𝑖2 = 2𝜔 + 𝐽
𝜂𝐼 ′

{

(𝑞1 − 𝜔𝑐1)[𝜄𝜂(𝛼1 − 𝑎1) − (𝜄𝜂 + 1)𝑞1 + 𝑞2]

+ (𝑞2 − 𝜔𝑐2)[𝜄𝜂(𝛼2 − 𝑎2) + 𝑞1 − (𝜄𝜂 + 1)𝑞2]
}

+
𝜃𝑖
2

( 𝐽
𝐽 + 1

)2
{

[𝛼̄1 − (𝑞1 + 𝑎1)]2 + [𝛼2 − (𝑞2 + 𝑎2)]2
}

, (31)

where 𝑠, 𝑞1, 𝑞2 are determined by (27)–(29) (see Appendix A.19).
For 𝜂 → ∞ and 𝑠 = 0, the utilities boil down to 𝛶𝑖, defined in

(17). This proves that long term contracts and spot trade lead to the
same levels of welfare in equilibria without storage (cf. Proposition 8).
Numerical analysis of equilibria with storage shows that, due to higher
energy prices, utility is usually lower with long term contracts than
with spot trade:

Example 6 (ctd). In Example 6, domestic utility is between 0.1 and
1.0 percent lower with long term contracts than with spot markets (see
the right panel of Fig. 7).

The fact that domestic utility is lower with long term contracts
means that the move away from this type of contracts does not im-
pose costs due to a worsening of domestic firms’ strategic position in
international competition on domestic consumers.
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Fig. 7. Energy prices (left panel) and domestic utility (right panel) with long term contracts and spot trade as functions of the labor requirements for storage (𝜂).
9. Conclusions

Energy imports allow resource poor countries to raise their material
wealth by specializing in and exporting energy-intensive manufacturing
goods. Numerous, in particular European and Eastern Asian, countries
adopt this ‘‘business model’’, ‘‘Germany’s business model’’ (Fuest, 2022)
being a prime example. This paper develops an analytically tractable
two-date two-country general equilibrium model that allows it to ana-
lyze trade and competition policies, and probably several other issues
as well, for such countries.

The model shows that there is potentially strategic over-investment
in storage, viz., positive storage despite negative NPV, negative arbi-
trage income, or lower domestic welfare with than without storage.
One avenue for future research is to introduce a longer time horizon
and grant a bigger role to risk (as, e.g., in Chaton et al., 2008; Cretì and
Villeneuve, 2009). This would allow an integrated analysis of long term
versus seasonal fluctuations and a more encompassing analysis of the
private versus social costs and benefits of storage. Including strategic
storage by energy producers (as in Sioshansi, 2014) might shed further
light on the welfare effects of competition in sequential markets.

Long term contracts tend to raise energy prices and reduce the
industrial country’s welfare in a simple version of the model without
risk. A framework with a longer time horizon, a bigger role for risk,
and investment in energy production capacities might also be useful in
analyzing the trade-offs and synergies between the different effects of
long term contracts versus spot trade.

The model shows that the energy dependent country does not have
incentives to support domestic export firms with a unilateral negative
import tariff. The static version of the model without storage is flexible
enough to allow an investigation of strategic trade policy, i.e., tariff
games between energy importers and exporters. Including a tariff on
industrial imports in the resource rich country tends to raise the opti-
mum domestic import tariff on energy. Further research is required in
order to check whether trade wars between importers and exporters of
energy can potentially have winners.

The welfare analysis of the model could be augmented to encom-
pass environmental effects, by assuming that energy production and
manufacturing lead to local or global externalities. This would have
repercussions on policy measures which are set non-cooperatively, such
as tariffs in strategic trade policy. Global externalities such as climate
change due to greenhouse gas emissions caused by energy production
13
raise the question of how negotiations between energy importers and
exporters over trade policies, industrial policies, and climate goals
interact.

Recent crises have unveiled the vulnerability of energy-dependent
manufacturing exporters to supply chain disruptions and price hikes. A
version of the model with political risks might shed further light on the
prospects of this ‘‘business model’’.
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Appendix A

A.1 Denote 𝑖’s wage as 𝑤𝑖, her share in the producers’ date-𝑡 profits as
𝜑𝑖𝑡, her share in the revenue from import tariffs as 𝜗𝑖2, and her date-1
savings as 𝑏𝑖. 𝑖 chooses 𝑒𝑖2 to maximize

𝑢𝑖2 = 𝑤𝑖 + 𝜑𝑖2 + 𝜗𝑖2 + (1 + 𝑟)𝑏𝑖 − 𝑝2𝑒𝑖2 + 𝜃𝑖
(

𝛼2𝑒𝑖2 −
1
2
𝑒2𝑖2

)

.

The necessary optimality condition immediately yields 𝑒𝑖2 = 𝛼2 − 𝑝2.

A.2 Producer 𝑗 chooses 𝑥𝑗2 so as to maximize

𝜋𝑗2 = [𝑝2 − (𝑎2 + 𝑞2 + 𝜏2)]𝑥𝑗2 + (𝑞2 + 𝜏2)𝑠𝑗 , (A.1)

taking 𝑞2 and 𝑠𝑗 (≤𝑥𝑗2) as given. From (2) and symmetry, 𝑥𝑗2 = 𝐸2∕𝐽 =
[(𝐼 + 𝜃𝐼 ′)∕𝐽 ](𝛼 − 𝑝 ). As 𝑑𝑝 ∕𝑑𝐸 = −1∕(𝐼 + 𝜃𝐼 ′) and 𝑑𝐸 ∕𝑑𝑥 = 1
2 2 2 2 2 𝑗2
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(from 𝐸2 =
∑𝐽
𝑗=1 𝑥𝑗2), the perceived price change due to an increase in

’s sales is
𝑑𝑝2
𝑑𝑥𝑗2

=
𝑑𝑝2
𝑑𝐸2

𝑑𝐸2
𝑑𝑥𝑗2

= − 1
𝐼 + 𝜃𝐼 ′

. (A.2)

So the necessary condition for profit maximization 𝑝2 = 𝑞2 + 𝑎2 + 𝜏2 −
(𝑑𝑝2∕𝑑𝑥𝑗2)𝑥𝑗2 can be written as (3).

A.3 Foreign producer 𝑘’s labor cost per unit of output is 𝜔𝑐2, and she
chooses output 𝑧𝑘2 so as to maximize 𝜓𝑘2 = (𝑞2 − 𝜔𝑐2)𝑧𝑘2. From
𝐾
∑

𝑘=1
𝑧𝑘2 =

𝐽
∑

𝑗=1
(𝑥𝑗2 − 𝑠𝑗 ) = 𝐸2 −

𝐽
∑

𝑗=1
𝑠𝑗 (A.3)

and the fact that the 𝑠𝑗 ’s are predetermined, 𝑑𝐸2∕𝑑𝑧𝑘2 = 1. Using (2)
and (3), it follows that the export price 𝑞2 reacts to changes in 𝑧𝑘2
according to
𝑑𝑞2
𝑑𝑧𝑘2

=
𝑑𝑞2
𝑑𝑝2

𝑑𝑝2
𝑑𝐸2

𝑑𝐸2
𝑑𝑧𝑘2

= − 𝐽 + 1
(𝐼 + 𝜃𝐼 ′)𝐽

. (A.4)

So the necessary condition for profit maximization 𝑞2 = 𝜔𝑐2−(𝑑𝑞2∕𝑑𝑧𝑘2)
𝑧𝑘2 can be written as

𝑞2 = 𝜔𝑐2 +
𝐽 + 1

(𝐼 + 𝜃𝐼 ′)𝐽
𝑧𝑘2.

sing (2), (3), and (A.3) to eliminate 𝑧𝑘2, we obtain (4). From (2), (3),
(4), and symmetry,

𝑥𝑗2 =
(𝐼 + 𝜃𝐼 ′)𝐾

(𝐽 + 1)(𝐾 + 1)
[

𝛼2 − (𝑎2 + 𝜏2 + 𝜔𝑐2)
]

+ 1
𝐾 + 1

𝑠.

ubstituting this into 𝑥𝑗2 ≤ 𝑠 and solving for 𝑠 yields (5).

.4 From (3) and (4),

2−𝑝2 =
𝐽

𝐽 + 1
𝐾

𝐾 + 1

[

𝛼2 − (𝜔𝑐2 + 𝑎2 + 𝜏2) +
𝐽 + 1

(𝐼 + 𝜃𝐼 ′)𝐽𝐾

𝐽
∑

𝑗=1
𝑠𝑗

]

. (A.5)

Using var(𝛼2 − 𝑝2) = E[(𝛼2 − 𝑝2)2] − [E(𝛼2 − 𝑝2)]2, it follows that

E[(𝛼2 − 𝑝2)2] =
( 𝐽
𝐽 + 1

)2 ( 𝐾
𝐾 + 1

)2
{

[𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)

+ 𝐽 + 1
(𝐼 + 𝜃𝐼 ′)𝐽𝐾

𝐽
∑

𝑗=1
𝑠𝑗

]2

+ 𝜎2
⎫

⎪

⎬

⎪

⎭

≡ 𝛹 (𝒔), (A.6)

where 𝒔 = (𝑠1,… , 𝑠𝐽 ).
Substituting 𝑖’s date-2 demand 𝑒𝑖2 = 𝜃(𝛼2 − 𝑝2) into her utility

function gives her date-2 utility:

𝑢𝑖2 = 𝑤𝑖 + 𝜑𝑖2 + 𝜗𝑖2 + (1 + 𝑟)𝑏𝑖 + 𝜃𝑖
1
2
(𝛼2 − 𝑝2)2.

Using (A.6), expected utility is

E𝑢𝑖2 = 𝑤𝑖 + E(𝜑𝑖2 + 𝜗𝑖2) + (1 + 𝑟)𝑏𝑖 + 𝜃𝑖
1
2
𝛹 (𝒔). (A.7)

A.5 Inserting 𝑥𝑗2 = [(𝐼+𝜃𝐼 ′)∕𝐽 ](𝛼2−𝑝2) (from (2)) and 𝑝2−(𝑎2+𝑞2+𝜏2) =
𝛼2−𝑝2)∕𝐽 (from (3)) into (A.1), producer 𝑗’date-2 profit can be written
s

𝑗2 =
𝐼 + 𝜃𝐼 ′

𝐽 2
(𝛼2 − 𝑝2)2 + (𝑞2 + 𝜏2)𝑠𝑗 .

So, from (4) and (A.6),

E𝜋𝑗2 =
𝐼 + 𝜃𝐼 ′

𝐽 2
𝛹 (𝒔) +

[

𝛷(𝒔) + 𝜏2
]

𝑠𝑗 , (A.8)

where

𝛷(𝒔) ≡
𝐾𝜔𝑐2 + 𝛼̄2 − (𝑎̄2 + 𝜏2) −

𝐽+1
(𝐼+𝜃𝐼 ′)𝐽

∑𝐽
𝑗′=1 𝑠𝑗′

= E𝑞 . (A.9)
14

𝐾 + 1 2
Using

𝑧𝑘2 =
1
𝐾

[

(𝐼 + 𝜃𝐼 ′)(𝛼2 − 𝑝2) −
𝐽
∑

𝑗=1
𝑠𝑗

]

from (A.3)) and (A.5), producer 𝑘’s date-2 profit can be written as

𝑘2 =
(𝐼 + 𝜃𝐼 ′)𝐽

(𝐽 + 1)(𝐾 + 1)2

[

𝛼2 − (𝜔𝑐2 + 𝑎2 + 𝜏2) −
𝐽 + 1

(𝐼 + 𝜃𝐼 ′)𝐽

𝐽
∑

𝑗=1
𝑠𝑗

]2

.

Using (A.9), her expected date-2 profit is

E𝜓𝑘2 =
(𝐼 + 𝜃𝐼 ′)𝐽
𝐽 + 1

{

[

𝛷(𝒔) − 𝜔𝑐2
]2 + 1

(𝐾 + 1)2
𝜎2

}

. (A.10)

.6 Consumer 𝑖’s date-1 utility is

𝑖1 = 𝑤𝑖 + 𝜑𝑖1 + 𝜗𝑖1 − 𝑏𝑖 − 𝑝1𝑒𝑖1 + 𝜃𝑖
(

𝛼1𝑒𝑖1 −
1
2
𝑒2𝑖1

)

. (A.11)

She chooses 𝑏𝑖 and 𝑒𝑖1 so as to maximize 𝑢𝑖1+𝛽E𝑢𝑖2, where E𝑢𝑖2 is given
by (A.7). The necessary conditions yield 1 = 𝛽(1+𝑟) and 𝑒𝑖1 = 𝜃𝑖(𝛼1−𝑝1).
Hence, 𝑝1 = 𝛼1 − 𝐸1∕(𝐼 + 𝜃𝐼 ′) and 𝑑𝑝1∕𝑑𝐸1 = −1∕(𝐼 + 𝜃𝐼 ′).

.7 Producer 𝑗’s date-1 profit is

𝑗1 =
[

𝑝1 − (𝑎1 + 𝑞1 + 𝜏1)
]

𝑥𝑗1 − (𝑞1 + 𝜏1)𝑠𝑗 −
[

𝜂 + 𝛿(𝑞1 + 𝜏1)
]

𝑠𝛾𝑗
𝛾
. (A.12)

She chooses 𝑥𝑗1 and 𝑠𝑗 so as to maximize 𝜋𝑗1 + 𝛽E𝜋𝑗2. In doing so, she
akes into account the effects of 𝑠𝑗 on her expected date-2 profit E𝜋𝑗2,
iven by (A.8). Analogously to date 2, ∑𝐽

𝑗=1 𝑥𝑗1 = 𝐸1,

𝑑𝑝1
𝑑𝑥𝑗1

=
𝑑𝑝1
𝑑𝐸1

𝑑𝐸1
𝑑𝑥𝑗1

= − 1
𝐼 + 𝜃𝐼 ′

, (A.13)

and 𝑝1 = 𝑞1 + 𝑎1 + 𝜏1 + 𝑥𝑗1∕(𝐼 + 𝜃𝐼 ′), so that (7) holds. The condition
or optimum storage (8) follows from setting the derivative of 𝜋𝑗1 +
𝛽E𝜋𝑗2 with respect to 𝑠𝑗 equal to zero and rearranging terms. Imposing
symmetry (i.e., 𝑠𝑗 = 𝑠), (8) can be rewritten as

− (𝑞1 + 𝜏1) −
[

𝜇 + 𝛿(𝑞1 + 𝜏1)
]

𝑠 ≤ 0

for 𝛾 = 2 and

𝜆 − 𝜂 − (1 + 𝛿)(𝑞1 + 𝜏1) − (𝜇 − 𝜂)𝑠 ≤ 0

for 𝛾 = 1. This proves (9).

A.8 𝑘’s date-1 profit is 𝜓𝑘1 = (𝑞1 − 𝜔𝑐1)𝑧𝑘1. She chooses 𝑧𝑘1 so as to
aximize 𝜓𝑘1 + 𝛽E𝜓𝑘2 at date 1. In doing so, she takes into account

he impact of changes in the price 𝑞1 induced by changes in 𝑧𝑘1 on
holesalers’ storage decisions (see (9)) and, hence, on date-2 expected
rofit E𝜓𝑘2 (see (A.10)). Using symmetry (i.e., 𝑠𝑗 = 𝑠),

𝜕(𝜓𝑘1 + 𝛽E𝜓𝑘2)
𝜕𝑧𝑘1

= 𝑞1 − 𝜔𝑐1 +
{

𝑧𝑘1 − 2𝛽 𝐽
(𝐾 + 1)2

[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)

−1
𝜄
𝑠
] 𝑑𝑠
𝑑𝑞1

}

𝑑𝑞1
𝑑𝑧𝑘1

.

Using ∑𝐽
𝑗=1 𝑥𝑗1 = 𝐸1 = (𝐼 +𝜃𝐼 ′)(𝛼1−𝑝1), the pricing rule (7), symmetry,

nd ∑𝐾
𝑘=1 𝑧𝑘1 =

∑𝐽
𝑗=1(𝑥𝑗1 + 𝑠𝑗 + 𝛿𝑠

𝛾
𝑗∕𝛾), energy producers’ total sales can

e expressed as
𝐾
∑

𝑘=1
𝑧𝑘1 = 𝐽𝜄[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)] + 𝐽

(

𝑠 + 𝛿 𝑠
𝛾

𝛾

)

. (A.14)

So the price change induced by a change in a producer’s energy output
is
𝑑𝑞1
𝑑𝑧𝑘1

= − 1
𝐽𝜄 − 𝐽

(

1 + 𝛿𝑠𝛾−1
) 𝑑𝑠
𝑑𝑞1

. (A.15)

Changes in storage (𝑑𝑠∕𝑑𝑞1 < 0) dampen the impact of 𝑧𝑘1 on 𝑞1.
Using (A.14) and (A.15), the necessary optimality condition 𝜕(𝜓𝑘1 +
𝛽E𝜓 )∕𝜕𝑧 = 0 can be rewritten as (11).
𝑘2 𝑘1
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A.9 We proceed to show that (12) implies that 𝜕(𝜓𝑘1+𝛽E𝜓𝑘2)∕𝜕𝑧𝑘1 does
ot jump upwards at 𝑧0𝑘1 if 𝑧0𝑘1 > 0. Let all 𝑘 choose the uniform quan-

tity 𝑧𝑘1 such that the necessary optimality condition (11) is satisfied.
Suppose 𝑠 > 0 and 𝑧0𝑘1 ≥ 0. The left-hand and right-hand derivatives of
1 with respect to 𝑧𝑘1 at 𝑧0𝑘1 are

𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

−
= − 1

𝐽𝜄
(A.16)

and
𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

+
= − 1

𝐽𝜄 − 𝐽 𝑑𝑠
𝑑𝑞1

|

|

|

|

− , (A.17)

respectively, where

𝑑𝑠
𝑑𝑞1

|

|

|

|

−
=

{

− 1+𝛿
𝜇−𝜂 , for 𝛾 = 1

− 1
𝜇+𝛿𝜆 for 𝛾 = 2

s (10) evaluated at 𝑞01 . The left-hand and right-hand derivatives of the
rofit function at 𝑧0𝑘1 are

𝜕(𝜓𝑘1 + 𝛽E𝜓𝑘2)
𝜕𝑧𝑘1

|

|

|

|

−
= 𝑞01 − 𝜔𝑐1 + 𝑧

0
𝑘1

𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

−

and
𝜕(𝜓𝑘1 + 𝛽E𝜓𝑘2)

𝜕𝑧𝑘1

|

|

|

|

+
= 𝑞01 − 𝜔𝑐1 +

{

𝑧0𝑘1 − 2𝛽 𝐽
(𝐾 + 1)2

×
[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)
] 𝑑𝑠
𝑑𝑞1

|

|

|

|

−} 𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

+
,

respectively. So the derivative does not jump upwards at 𝑧0𝑘1 exactly if

𝑧0𝑘1

(

𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

+
−

𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

−)

− 2𝛽 𝐽
(𝐾 + 1)2

[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)
]

× 𝑑𝑠
𝑑𝑞1

|

|

|

|

− 𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

+
≤ 0.

rom (A.16) and (A.17), the first term in parentheses on the left-hand
ide is positive and

𝑑𝑠
𝑑𝑞1

|

|

|

|

−
𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

+

𝑑𝑞1
𝑑𝑧𝑘1

|

|

|

|

+
− 𝑑𝑞1

𝑑𝑧𝑘1

|

|

|

|

− = 𝜄.

o the inequality can be rewritten as (12).

.10 𝑏𝑖 = 0 means that supply and demand in the loan market both
qual zero. Domestic date-1 labor demand is

𝑎1𝑥𝑗1 + 𝐼
[

1 + 𝜑𝑖1 +
𝐽
𝐼
𝜏1

(

𝑥𝑗1 + 𝑠 + 𝛿
𝑠𝛾

𝛾

)

− 𝑝1𝑒𝑖1

]

+ 𝐽𝜂 𝑠
𝛾

𝛾
+ 𝐽𝑞1

(

𝑥𝑗1 + 𝑠 + 𝛿
𝑠𝛾

𝛾

)

− 𝐼 ′𝑝1𝜃𝑒𝑖1.

The first three terms are the labor inputs in the production of the
industrial good, domestic production of the consumption good (𝜑𝑖1 is
a domestic consumer’s profit income and the subsequent term inside
the square brackets is her proceeds from lump-sum distribution of the
proceeds of the date-1 import tariff 𝜗𝑖1), and storage, respectively. The
final two terms are labor in the production of exported consumption
goods. Using

𝐼𝜑𝑖1 = 𝐽𝜋𝑗1 = 𝐽
{

[

𝑝1 − (𝑞1 + 𝑎1 + 𝜏1)
]

𝑥𝑗1 − (𝑞1 + 𝜏1)𝑠 −
[

𝜂 + 𝛿(𝑞1 + 𝜏1)
] 𝑠𝛾

𝛾

}

(A.18)

(cf. (A.12)) and 𝐽𝑥𝑗1 = (𝐼 + 𝜃𝐼 ′)𝑒𝑖1, labor demand boils down to 𝐼 ,
.e., labor supply. Similarly, date-2 labor demand

𝑎 𝑥 + 𝐼
[

1 + 𝜑 + 𝐽 𝜏 (𝑥 − 𝑠) − 𝑝 𝑒
]

+ 𝐽𝑞 (𝑥 − 𝑠) − 𝐼 ′𝑝 𝜃𝑒
15

2 𝑗2 𝑖2 𝐼 2 𝑗2 2 𝑖2 2 𝑗2 2 𝑖2 R
equals 𝐼 . Foreign date-1 labor demand is

1
𝜔

{

𝜔𝐼 ′ +𝐾𝜓𝑘1 − 𝐼 ′𝑝1𝜃𝑒𝑖1 −
[

𝐽𝑞1

(

𝑥𝑗1 + 𝑠 + 𝛿
𝑠𝛾

𝛾

)

− 𝐼 ′𝑝1𝜃𝑒𝑖1

]}

+𝐾𝑐1𝑧𝑘1.

The first three terms in braces are foreign income spent on the con-
sumption good. Subtracting imports gives domestic production. Mul-
tiplying with 1∕𝜔 gives the labor input in the production of the con-
sumption good. The final term is labor in energy production. From
𝜓𝑘1 = (𝑞1 − 𝜔𝑐1)𝑧𝑘1 and 𝐽 (𝑥𝑗1 + 𝑠 + 𝛿𝑠𝛾∕𝛾) = 𝐾𝑧𝑘1, it follows that labor
emand equals labor supply 𝐼 ′. The same holds true for date-2 labor
emand
1
𝜔
{

𝜔𝐼 ′ +𝐾𝜓𝑘2 − 𝐼 ′𝑝2𝜃𝑒𝑖2 −
[

𝐽𝑞2(𝑥𝑗2 − 𝑠) − 𝐼 ′𝑝2𝜃𝑒𝑖2
]}

+𝐾𝑐2𝑧𝑘2.

.11 In a slight abuse of notation, rewrite 𝛹 (𝒔) as 𝛹 (𝑠) and 𝛷(𝒔) as
(𝑠) for an equilibrium with 𝒔 = (𝑠,… , 𝑠). From (A.7) and (A.11), a

domestic consumer’s equilibrium utility is

𝑢𝑖1 + 𝛽E𝑢𝑖2 = 1 + 𝜑𝑖1 + 𝜗𝑖1 − 𝑏𝑖 − 𝑝1𝑒𝑖1 + 𝛼1𝑒𝑖1 −
1
2
𝑒2𝑖1

+ 𝛽
[

1 + E(𝜑𝑖2 + 𝜗𝑖2) + (1 + 𝑟)𝑏𝑖 +
1
2
𝛹 (𝑠)

]

.

se 𝜗𝑖1 = 𝜏1(𝐽∕𝐼)(𝑥𝑗1 + 𝑠 + 𝛿𝑠𝛾∕𝛾), (A.18), 𝑥𝑗1 = (𝐼 + 𝜃𝐼 ′)𝑒𝑖1∕𝐽 =
𝐼 + 𝜃𝐼 ′)(𝛼1 − 𝑝1)∕𝐽 , and (7) to eliminate 𝜑𝑖1, 𝜗𝑖1, 𝑝1, and 𝑒𝑖1. Use (A.8),
𝜗𝑖2 = 𝜏2(𝐽∕𝐼)(𝑥𝑗2 − 𝑠), 𝑥𝑗2 = (𝐼 + 𝜃𝐼 ′)(𝛼2 − 𝑝2)∕𝐽 , and (A.5) to eliminate
𝜑𝑖2 and E𝜗𝑖2. Finally, use 1 + 𝑟 = 1∕𝛽 to obtain

𝑢𝑖1 + 𝛽E𝑢𝑖2 = 1 +
(𝐼 + 𝜃𝐼 ′)𝐽
𝐼(𝐽 + 1)2

[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)]2

− 𝐽
𝐼

{

(𝑞1 + 𝜏1)𝑠 + [𝜂 + 𝛿(𝑞1 + 𝜏1)]
𝑠𝛾

𝛾

}

+ 𝜏1
𝐽
𝐼

{

𝐼 + 𝜃𝐼 ′
𝐽 + 1

[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)] + 𝑠 + 𝛿
𝑠𝛾

𝛾

}

+ 1
2

( 𝐽
𝐽 + 1

)2
[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)]2

+ 𝛽 + 𝛽 𝐼 + 𝜃𝐼 ′
𝐼𝐽

𝛹 (𝑠) + 𝛽 𝐽
𝐼
[

𝛷(𝑠) + 𝜏2
]

𝑠

+ 𝛽𝜏2
𝐽
𝐼

{

(𝐼 + 𝜃𝐼 ′)𝐾
(𝐽 + 1)(𝐾 + 1)

[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)

+ 𝐽 + 1
(𝐼 + 𝜃𝐼 ′)𝐾

𝑠
]

− 𝑠
}

+ 𝛽 1
2
𝛹 (𝑠).

implifying terms yields (15).

.12 From (A.7) and (A.11), a foreign consumer’s equilibrium utility
s

𝑖1 + 𝛽E𝑢𝑖2 = 𝜔 + 𝜑𝑖1 − 𝑏𝑖 − 𝑝1𝑒𝑖1 + 𝜃𝑖
(

𝛼1𝑒𝑖1 −
1
2
𝑒2𝑖1

)

+ 𝛽
[

𝜔 + E𝜑𝑖2 + (1 + 𝑟)𝑏𝑖 +
𝜃𝑖
2
𝛹 (𝑠)

]

.

se 𝜑𝑖1 = 𝐾𝜓𝑘1∕𝐼 ′, 𝜓𝑘1 = (𝑞1 −𝜔𝑐1)𝑧𝑘1, (A.14), 𝑒𝑖1 = 𝜃(𝛼1 − 𝑝1), and (7)
o eliminate 𝜑𝑖1, 𝑝1, and 𝑒𝑖1. Use 𝜑𝑖2 = 𝐾𝜓𝑘2∕𝐼 ′ and (A.10) to eliminate
𝑖2. Finally, use 1 + 𝑟 = 1∕𝛽 to obtain

𝑖1 + 𝛽E𝑢𝑖2 = 𝜔 + 𝐽
𝐼 ′

(𝑞1 − 𝜔𝑐1)
{

𝐼 + 𝜃𝐼 ′
𝐽 + 1

[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)] + 𝑠 + 𝛿
𝑠𝛾

𝛾

}

+ 𝜃
2

( 𝐽
𝐽 + 1

)2
[𝛼1 − (𝑞1 + 𝑎1 + 𝜏1)]2

+ 𝛽𝜔 + 𝛽
(𝐼 + 𝜃𝐼 ′)𝐽𝐾
𝐼 ′(𝐽 + 1)

{

[𝛷(𝑠) − 𝜔𝑐2]2 +
1

(𝐾 + 1)2
𝜎2

}

+ 𝛽 𝜃
2
𝛹 (𝑠).

earranging terms yields (16).
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A.13 Substituting for 𝑞1 from (13) and from the definition of 𝛹 (𝑠) in
(A.6) into (15) yields (20) for 𝑖 domestic. The corresponding expression
for foreign consumers follows upon substituting 𝑞1 −𝜔𝑐1 = [𝛼1 − (𝜔𝑐1 +
𝑎1 + 𝜏1)]∕(𝐾 +1) and 𝛷(𝑠)−𝜔𝑐2 = [𝛼̄2 −(𝜔𝑐2 + 𝑎̄2 + 𝜏2)]∕(𝐾 +1) into (16).

A.14 From (A.6) and (A.9),

𝛹 (𝑠) →
( 𝐽
𝐽 + 1

)2 {
[

𝛼̄2 − (𝜔𝑐2 + 𝑎̄2 + 𝜏2)
]2 + 𝜎2

}

and 𝛷(𝑠) → 𝜔𝑐2. Inserting these limits and the expression for 𝑠 in (14)
nto (15) proves the validity of (21) for domestic consumers 𝑖. The
alidity of (21) for foreign consumers follows from

(𝑠) − 𝜔𝑐2 =
𝛼̄2 − (𝜔𝑐2 + 𝑎̄2) −

𝐽+1
𝐼+𝜃𝐼 ′ 𝑠

𝐾 + 1
→ 0.

.15 From the definitions of 𝛶𝑖 and 𝛬,

𝜕𝛶𝑖
𝜕𝜏1

= −2𝜉𝑖
[

𝛼1 − (𝜔𝑐1 + 𝑎1 + 𝜏1)
]

< 0 (A.19)

and

𝜕𝛬
𝜕𝜏1

=
(𝐼 + 𝜃𝐼 ′)𝐽𝐾

𝐼(𝐽 + 1)(𝐾 + 1)
[

𝛼1 − (𝜔𝑐1 + 𝑎1 + 2𝜏1)
]

.

Replacing 𝛼1 − (𝜔𝑐1 + 𝑎1) with 𝛼̄2 − (𝜔𝑐2 + 𝑎̄2) and 𝜏1 with 𝜏2 yields the
partial derivatives with respect to 𝜏2. For domestic consumers 𝑖, using
(18),

𝜕(𝑢𝑖1 + 𝛽E𝑢𝑖2)
𝜕𝜏1

=
𝜕𝛶𝑖
𝜕𝜏1

+ 𝜕𝛬
𝜕𝜏1

= −2
(

𝐼 + 𝜃𝐼 ′
𝐼𝐽

+ 1
2

)

( 𝐽
𝐽 + 1

𝐾
𝐾 + 1

)2

×
[

𝛼1 − (𝜔𝑐1 + 𝑎1 + 𝜏1)
]

+
(𝐼 + 𝜃𝐼 ′)𝐽𝐾

𝐼(𝐽 + 1)(𝐾 + 1)
[

𝛼1 − (𝜔𝑐1 + 𝑎1 + 2𝜏1)
]

.

eplacing 𝛼1 − (𝜔𝑐1 + 𝑎1) with 𝛼̄2 − (𝜔𝑐2 + 𝑎̄2) and 𝜏1 with 𝜏2 yields
he partial derivative with respect to 𝜏2. The partial derivatives 𝜕(𝑢𝑖1 +
𝛽E𝑢𝑖2)∕𝜕𝜏𝑡 are negative evaluated at 𝜏𝑡 = 0 (𝑡 = 1, 2) exactly if

−2
(

𝐼 + 𝜃𝐼 ′
𝐼𝐽

+ 1
2

)

( 𝐽
𝐽 + 1

𝐾
𝐾 + 1

)2
+

(𝐼 + 𝜃𝐼 ′)𝐽𝐾
𝐼(𝐽 + 1)(𝐾 + 1)

< 0.

Rearranging terms yields the condition in Proposition 4. For 𝑖, foreign,
𝜕(𝑢𝑖1 + 𝛽E𝑢𝑖2)∕𝜕𝜏𝑡 = 𝜕𝛶 ∕𝜕𝜏𝑡, which is negative due to (A.19).

Utility 𝑢𝑖1 + 𝛽E𝑢𝑖2 is strictly concave in 𝜏𝑡 (𝑡 = 1, 2) exactly if

2
(

𝐼 + 𝜃𝐼 ′
𝐼𝐽

+ 1
2

)

( 𝐽
𝐽 + 1

𝐾
𝐾 + 1

)2
− 2

(𝐼 + 𝜃𝐼 ′)𝐽𝐾
𝐼(𝐽 + 1)(𝐾 + 1)

< 0

or, rearranging terms,
[

2
𝐽 + 1

+ 𝐼𝐽
(𝐼 + 𝜃𝐼 ′)(𝐽 + 1)

]

𝐾
𝐾 + 1

< 2.

s the first fraction on the left-hand side is no greater than unity, while
he latter two are strictly less than unity, this inequality is satisfied.

.16 The validity of the first claim in Proposition 5 follows from

𝜕𝜉𝑖
𝜕𝐽

= 𝐼 + 𝜃𝐼 ′

𝐼(𝐽 + 1)3

(

1 − 𝜃𝐼 ′

𝐼 + 𝜃𝐼 ′
𝐽
)

( 𝐾
𝐾 + 1

)2

or domestic consumers 𝑖. The validity of the second claim follows from

𝜕𝜉𝑖
𝜕𝐾

=
(𝐼 + 𝜃𝐼 ′)(𝐽 + 1)
𝐼 ′𝐽 (𝐾 + 1)3

[

1 −
(

1 − 𝜃𝐼 ′

𝐼 + 𝜃𝐼 ′
𝐽

𝐽 + 1

)

𝐾
]

( 𝐽
𝐽 + 1

)2
16

for foreign consumers 𝑖. (
A.17 The price reactions to output changes are given by (A.2) and
(A.13). 𝑗 maximizes

𝜋𝑗1 + 𝜋𝑗2 = [𝑝1 − (𝑞1 + 𝑎1)]𝑥𝑗1 − 𝑞1𝑠𝑗 − 𝜂
𝑠2𝑗
2

+
[

𝑝2 − (𝑞2 + 𝑎2)
]

𝑥𝑗2 + 𝑞2𝑠𝑗 ,

iven 𝑞1, 𝑞2, (A.2), and (A.13). Imposing symmetry, the necessary
onditions for a profit maximizing choice of 𝑥𝑗1 and 𝑥𝑗2 can be written
s (26). Eq. (27) is the necessary condition for optimum choice of 𝑠𝑗 .

A.18 Using (27), the market clearing conditions for energy can be
written as

𝜂
𝐽

𝐾
∑

𝑘=1
𝑧𝑘1 = 𝜄𝜂(𝛼1 − 𝑎1) − (𝜄𝜂 + 1)𝑞1 + 𝑞2 (A.20)

𝜂
𝐽

𝐾
∑

𝑘=1
𝑧𝑘2 = 𝜄𝜂(𝛼2 − 𝑎2) + 𝑞1 − (𝜄𝜂 + 1)𝑞2. (A.21)

hese equations give the prices 𝑞1 and 𝑞2 resulting from outputs 𝑧𝑘1 and
𝑘2. Differentiating with respect to one producer’s outputs yields

𝜂
𝐽
𝑑𝑧𝑘1 = −(𝜄𝜂 + 1)𝑑𝑞1 + 𝑑𝑞2

𝜂
𝐽
𝑑𝑧𝑘2 = 𝑑𝑞1 − (𝜄𝜂 + 1)𝑑𝑞2.

etting 𝑑𝑧𝑘2 = 0, we obtain

𝑑𝑞1
𝑑𝑧𝑘1

= − 1
𝜄𝐽
𝜄𝜂 + 1
𝜄𝜂 + 2

,
𝑑𝑞2
𝑑𝑧𝑘1

= − 1
𝜄𝐽

1
𝜄𝜂 + 2

.

Setting 𝑑𝑧𝑘1 = 0, we obtain

𝑑𝑞1
𝑑𝑧𝑘2

= − 1
𝜄𝐽

1
𝜄𝜂 + 2

,
𝑑𝑞2
𝑑𝑧𝑘2

= − 1
𝜄𝐽
𝜄𝜂 + 1
𝜄𝜂 + 2

.

Plugging these derivatives into the necessary conditions for profit
maximization

𝜕(𝜓𝑘1 + 𝜓𝑘2)
𝜕𝑧𝑘1

= 𝑞1 − 𝜔𝑐1 +
𝑑𝑞1
𝑑𝑧𝑘1

𝑧𝑘1 +
𝑑𝑞2
𝑑𝑧𝑘1

𝑧𝑘2

𝜕(𝜓𝑘1 + 𝜓𝑘2)
𝜕𝑧𝑘2

= 𝑞2 − 𝜔𝑐2 +
𝑑𝑞1
𝑑𝑧𝑘2

𝑧𝑘1 +
𝑑𝑞2
𝑑𝑧𝑘2

𝑧𝑘2

and solving for 𝑞1 and 𝑞2 yields (28) and (29).

A.19 A domestic consumer 𝑖’s utility is

𝑢𝑖1 + 𝑢𝑖2 = 2 + 𝜑𝑖1 + 𝜑𝑖2 +
1
2
[

(𝛼1 − 𝑝1)2 + (𝛼2 − 𝑝2)2
]

.

sing 𝑥𝑗𝑡 = [(𝐼 + 𝜃𝐼 ′)∕𝐽 ](𝛼𝑡 − 𝑝𝑡) and 𝛼𝑡 − 𝑝𝑡 = [𝐽∕(𝐽 + 1)][𝛼𝑡 − (𝑞𝑡 + 𝑎𝑡)]
(for 𝑡 = 1, 2), equilibrium profits can be written as

𝜋𝑗1 =
𝐼 + 𝜃𝐼 ′

(𝐽 + 1)2
[𝛼1 − (𝑞1 + 𝑎1)]2 −

(

𝑞1𝑠 + 𝜂
𝑠2

2

)

and

𝜋𝑗2 =
𝐼 + 𝜃𝐼 ′

(𝐽 + 1)2
[𝛼2 − (𝑞2 + 𝑎2)]2 + 𝑞2𝑠.

q. (30) follows from 𝜑𝑖𝑡 = (𝐽∕𝐼)𝜋𝑗𝑡 (𝑡 = 1, 2).
A foreign consumer 𝑖’s utility is

𝑖1 + 𝑢𝑖2 = 2𝜔 + 𝜑𝑖1 + 𝜑𝑖2 +
𝜃𝑖
2
[

(𝛼1 − 𝑝1)2 + (𝛼2 − 𝑝2)2
]

.

q. (31) follows from 𝜑𝑖𝑡 = (𝐾∕𝐼 ′)𝜓𝑘𝑡, 𝜓𝑘𝑡 = (𝑞𝑡 − 𝜔𝑐𝑡)𝑧𝑘𝑡 (for 𝑡 = 1, 2),
A.20), (A.21), and (26).
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Appendix B. List of symbols

Symbol Meaning
𝑡 Date (∈ {1, 2})
𝐼 Number of domestic consumers
𝐼 ′ Number of foreign consumers
𝑖 Index for individual consumers
𝑐𝑡 Labor requirement per unit of energy produced at 𝑡 (𝑐2

is random)
𝑐2 Mean of 𝑐2
𝜔 Reciprocal of the labor requirement per unit of the

consumption good produced abroad
𝑎𝑡 Labor requirement per unit produced of the industrial

good (𝑎2 random)
𝑎̄2 Mean of 𝑎2
𝑦𝑖𝑡 𝑖’s consumption of the consumption good at 𝑡
𝑒𝑖𝑡 𝑖’s consumption of the industrial good (ERMI model) or

energy (ECG model) at 𝑡
𝑢𝑖𝑡 𝑖’s instantaneous utility at 𝑡 (= 𝑦𝑖𝑡 + 𝜃𝑖(𝛼𝑡𝑒𝑖𝑡 − 𝑒2𝑖𝑡∕2))
𝜃𝑖 Weight of the sub-utility obtained from the industrial

good or energy (=1 for domestic consumers, =0 in the
ECG model and ∈ {0, 1} for foreign consumers)

𝛼𝑡 Marginal utility of the first unit of the industrial good
or of energy (𝛼2 random)

𝛼̄2 Mean of 𝛼2
𝛽 Subjective discount factor
𝐾 Number of foreign energy producers
𝑘 (also 𝑘′) index for foreign energy producers
𝐽 Number of domestic industrial goods producers or

energy wholesalers
𝑗 (also 𝑗′) index for domestic industrial goods producers

or wholesalers
𝑠𝑗 Energy stored by 𝑗 at date 1
𝛾 Indicator of linear (=1) or quadratic (=2) storage costs
𝜂 Factor of proportionality for labor requirement in

storage (𝜂𝑠𝛾𝑗∕𝛾)
𝛿 Factor of proportionality for energy requirement in

storage (𝛿𝑠𝛾𝑗∕𝛾)
𝑟 (safe) interest rate
𝑞𝑡 Date-𝑡 spot price of imported energy
𝑝𝑡 Date-𝑡 spot price of the industrial good
𝜋𝑗𝑡 Industrial good producer 𝑗’s date-𝑡 profit
𝜓𝑘𝑡 Energy producer 𝑘’s date-𝑡 profit
E Expectations operator
𝜏𝑡 (specific) date-𝑡 domestic import tariff on energy
𝜃 Indicator of whether foreign consumers consume the

industrial good (=1) or not (=0)
𝐸𝑡 Total date-𝑡 energy demand
𝑥𝑗𝑡 Industrial good producer 𝑗’s date-𝑡 output
𝑧𝑘𝑡 Energy producer 𝑘’s date-𝑡 output
𝑠 Storage per firm 𝑗 if all choose the same amount 𝑠𝑗 (=𝑠)
𝜎2 Variance of 𝛼2 − (𝜔𝑐2 + 𝑎2)
𝜆 Constant defined after Eq. (9)
𝜇 Constant defined after Eq. (9)
𝑞01 Value at which the function that relates 𝑠 to 𝑞1 is

kinked
𝜄 Constant defined after Eq. (11) (≡ (𝐼 + 𝜃𝐼 ′)∕(𝐽 + 1))
𝑧0𝑘1 Energy producer 𝑘’s date-1 output that leads to zero

storage
𝛹 (𝑠) Function defined at the beginning of Section 4

(equilibrium value of E[(𝛼2 − 𝑝2)2])
𝛷(𝑠) Function defined at the beginning of Section 4

(equilibrium value of E𝑞2)
17
𝛶𝑖 Constant defined in (17), utility of a foreign consumer 𝑖
in an equilibrium without storage

𝜉𝑖 Constant defined in (18)
𝛬 Constant defined in (19), additional utility of a

domestic consumer 𝑖 in an equilibrium without storage
𝜂′ Factor of proportionality for labor requirement in

storage (𝜂′𝑠𝛾𝑗∕𝛾) with subsidies to storage (in Section 7)
𝛿’ Factor of proportionality for energy requirement in

storage (𝛿′𝑠𝛾𝑗∕𝛾) with subsidies to storage (in Section 7)
𝛺 Constant defined in (25), lump-sum tax that yields a

balanced budget
𝑞2 In Section 8: price, specified in a long term contract, of

one unit of energy delivered at date 2

Country codes in Fig. 1:
BWA (Botswana), ISR (Israel), CHN (China), HKG (Hong Kong),

CZE (Czech Republic), KHM (Cambodia), SVK (Slovakia), IRL (Ireland),
KOR (South Korea), HUN (Hungary), JPN (Japan), DEU (Germany),
VNM (Viet Nam), SVN (Slovenia), MKD (North Macedonia), LUX (Lux-
embourg), ROU (Romania), ITA (Italy), TUN (Tunisia), PHL (Philip-
pines), AUT (Austria, FRA (France), MEX (Mexico), POL (Poland), TUR
(Turkey)
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