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1. Introduction
1.1. Motivation

Hotelling’s (1931) theory of exhaustible-resource depletion is a building block for understanding
intertemporal allocation of a finite resource stock. The theory is used in myriad of applications which,
without exceptions known to us, assume implicitly or explicitly that the commodity stock is sold in
the spot market only, thereby ruling out forward trading despite the fact that it is observed in many
commodity markets and markets for exhaustible-stocks in particular. Forward trading is typically
associated to the desire of some groups of agents to hedge risks but it can also arise in oligopoly settings
without uncertainty. For the case of reproducible commodities, Allaz and Vila (1993) have already
shown that when forward positions are publicly observable, and hence can be used as a commitment
device, the mere opportunity of trading forward contracts forces firms to compete both in the spot and
forward markets, creating a prisoner’s dilemma for firms in that they voluntarily sell forward contracts
(i.e., take short positions) and end up producing more and thus behaving more competitively than in
the absence of the forward market.! In this paper we are interested in understanding whether and
how this pro-competitive effect of forward contracting can also arise in an oligopolistic exhaustible-
resource market.?

Our point of departure is that in exhaustible-resource markets the pro-competitive implications
of forward contracting, as explained by Allaz and Vila (1993), cannot arise from the expansion of
output as in such markets firms face an intertemporal capacity constraint coming from their finite
stocks. One may then conjecture that for exhaustible resources forward contracting leaves oligopoly
rents intact (e.g., Lewis and Schmalensee, 1980; Ulph and Ulph, 1989).3 This conjecture is not correct,
however. We find that, despite the resource constraint, contracting enhances competition, and that
the mechanism delivering the pressure is different from that in Allaz and Vila (1993). Also, in the
resource context, the equilibrium contracting and degree of competition will depend on the resource
endowments as we will show. Are these insights relevant for resource commodity markets? Our main
result that “speculating” with contract transactions leads to lower prices, even in the presence of a
resource constraint, adds to the heated debate on whether contract trading in commodity markets,
many of which are energy related, should be regulated.* In particular, our results provide evidence for
mitigating one fear often associated with contracting, namely, that the limited supply together with
contracting could enhance market manipulation; in contrast, in our setting, the contract market arises
endogenously to precisely limit the market power of the sellers. Thus, while the resource scarcity will
influence the equilibrium contracting, the scarcity itself will not prevent its pro-competitive effect
from arising. Whether the scarcity is an issue - it may not be in the typical non-renewable resource
markets one has in mind such as minerals, oil, and gas (see, e.g., Krautkraemer, 1998) - there are
energy-related markets and industries where the two basic assumptions of the Hotelling model, i.e.,
homogeneity and finiteness of the resource, seem to hold.

One notable example where both of the Hotelling assumptions do hold is the market for SO, permits
created under the US Acid Rain Program (Ellerman and Montero, 2007). An important feature of the
SO, program was the tightening of future emission limits accompanied by firms’ possibility to store
today’s unused permits for use in later periods. In anticipation of the tighter limit, it was in the firms’

T That a firm’s forward position is observed by rivals is not only present in the theoretical literature that has followed Allaz
and Vila (1993) but also in the more applied analysis of oligopolistic markets (e.g., Bushnell et al., 2008; Sweeting, 2007; Wolak,
2007), including the (exhaustible) nitrate market (Brown, 1963).

2 Phlips and Harstad (1990) already mentioned that forward contracting can have an important effect on oligopolistic
exhaustible-resource markets but they did not explain whether and to what extent firms will sign forwards in equilibrium.

3 Both Lewis and Schmalensee (1980) and Ulph and Ulph (1989) suggest that the existence of futures markets validates the
use of “path strategies”, or more generally, allows firms to commit to production plans.

4 Inthe US, the Dodd Frank Wall Street Reform and Consumer Protection Act 2010 changed the regulatory environment of the
financial industry, including a potential cap the number of contracts a trader can have in oil, natural gas and other commodities.
The following citation captures the representative concern: “If orange juice gets too pricey (perhaps because of a speculative
bubble), we can easily switch to apple juice. The same does not hold with oil.”, Joseph P. Kennedy II, New York Times OpEd,
April 10, 2012.
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own interest to store permits from early permit allocations and build up a stock of permits to be then
gradually consumed, in a relatively short period of time of 10 years or so, until reaching the long-run
emissions limit.> This build-up and gradual consumption of a stock of permits gives rise to a dynamic
market that shares the basic properties of the exhaustible-resource market Hotelling (1931) had in
mind. But there are two additional properties that make this market interesting for the purposes of this
paper: the presence of strategic players (Liski and Montero, 2011) and of abundant forward trading
activity (Ellerman et al., 2000, pp. 172-190).5 These same features - tighter future limits, storage of
permits, forward trading and large agents- are likely to be present in other pollution markets, most
notably, in an eventual global market for carbon dioxide emissions with countries as players (Liski
and Montero, 2011).7

Another relevant market where forward contracting, resource constraints, and potentially strategic
producers coexist are electricity wholesale markets with hydro-power producers. Good examples are
the Nord Pool (Kauppi and Liski, 2008) and the power markets in Spain (Fabra and Toro, 2005; Fabra and
de Frutos, 2012) and New Zealand (Wolak, 2009), among others. In the Nord Pool, for example, about
50 per cent of average consumption is produced by hydroelectricity whose storage from Summer to
Winter leads to Hotelling-type price dynamics within the hydrological year (Kauppi and Liski, 2008).8
Oligopolistic market structure is an issue in all of these markets, as well as suppliers’ activity in the
contract market.

1.2. Literature

As in Allaz and Vila (1993), we find that forward contracting can also introduce competitive pres-
sure, but, as we show below, the mechanism delivering this pressure cannot be directly seen from their
model. As in their model, our subgame-perfect equilibrium (SPE) strategies have a Markov structure in
that they depend only on the current state of the market, which in our case corresponds to remaining
stocks and existing forward positions. We show that when firms’ initial stocks are of equal size the
symmetric SPE results in a delivery path that converges to the perfectly competitive path as firms
interactions become infinitely frequent (which is the same as saying as spot markets are preceded by
a large number of forward openings). Qualitatively, this outcome is not different than Allaz and Vila’s
(1993) when we let their (single) spot market be preceded by an infinitely large number of forward
openings. However, when firms have resource stocks of different sizes, they can credibly contain part
of the competitive pressure of forward contracting. It is a unique feature of the resource model that
equilibrium contracting and the degree of competition depends on resource endowments.

To illustrate the logic of how forward contracting introduces competition in the symmetric case
consider first a stock so small that the one-period demand absorbs the stock without any storage. For-
ward contracting then plays no strategic role because the overall supply is in any case to be consumed
in one period. Take now a larger stock so that consumption takes place over two periods. Contracting
preceding spot sales now plays a role: it induces firms to race for a higher capacity share in the first
period, the more profitable of the two periods. In effect, forward contracting moves supplies towards
the present, leading to a more efficient allocation of the capacity. In the limit, when a given overall
stock is sold arbitrarily frequently, firms have a large number of forward openings to race for the more

5 As documented by Ellerman and Montero (2007), during the first five years of the U.S. Acid Rain Program constituting Phase
1 (1995-1999) only 26.4 million of the 38.1 million permits (i.e., allowances) distributed were used to cover sulfur dioxide
emissions. The remaining 11.7 million allowances were saved and have been gradually consumed during Phase II (2000 and
beyond).

6 The four largest power utilities received on agregate 43% of the permits allocated during the first phase of SO, program. These
large players happen to be on the buyer-side of the market which, according to Liski and Montero (2011), reduces substaintially
their ability to exercise market power due to a durable-good monopoly problem.

7 According to Intercontinental Exchange (http://www.theice.com), a global operator of future exchanges, there is steady
increase in trading activity for CO, derivatives (including forwards, futures and options) not only in the EU-ETS market but
already in the California market that has 2013 as the first year of compliance with emission limits.

8 Trade at the Nord Pool’s financial markets, including forwards and contract-for-differences for electricity and forwards
for CO, allowances, has also increased steadily. More details can be found in http://www.nasdagomxcommodities.com/
digitalAssets/69/69445_tradenordpoolfinancialmarket.pdf


http://www.theice.com
http://www.nasdaqomxcommodities.com/digitalAssets/69/69445_tradenordpoolfinancialmarket.pdf
http://www.nasdaqomxcommodities.com/digitalAssets/69/69445_tradenordpoolfinancialmarket.pdf
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profitable spot markets. The race ends when all spot markets are equally profitable, i.e., when the
allocation is perfectly competitive, as in Hotelling (1931).°

The above logic changes when stocks are asymmetric. The smaller firm can now credibly use the
forward market to increase its presence in the earlier (more profitable) markets because it knows
the large firm will find it optimal to reallocate part of its stock to later markets in an effort to soften
competition. In fact, in the two-period model, a sufficiently small firm can commit to fully exhaust in
the first period by contracting its entire stock. If so, the larger firm has no contracting incentives. In
this case, the small firm strictly benefits from the forward market in that it allows it to implement its
most profitable, i.e., Stackelberg, outcome.'? Qualitatively, the equilibrium implies that the small firm
free-rides on the large firm’s market power and exits the market first, as in Salant (1976).!!

Our research relates to three strands of literature. First, our work is closely related to the basic
exhaustible-resource theory under oligopolistic market structure. This literature has focused on devel-
oping less restrictive production strategies for firms (from “path” to “decision rule” strategies)'? and
also on including more realistic extraction cost structure (towards stock-dependent costs).'> None of
the papers in this literature explicitly consider the effect of forward trading on the equilibrium path.
However, it is interesting that the resource-depletion path suggested by the two-period model is qual-
itatively similar to that in Salant (1976) where the overall sales period is also divided into two distinct
phases. In Salant’s model, there is a large supplier and fringe of competitive suppliers. All suppliers
are active in the competitive phase, which is followed by a monopoly phase where only the large firm
is active. Forward contracting among asymmetric firms leads to a qualitatively similar equilibrium
pattern, although the mechanism is very different as well as the degree of competition arising from a
given division of stocks.

Second, there is a recent literature on organization of trade in dynamic oligopolistic competition
under capacity constraints (e.g., Dudey, 1992; Anton et al., 2012). These papers focus on dynamic price
competition and also on the efficiency losses and changes in division of surplus caused by strategic
buyers. We depart from this literature by assuming non-strategic but forward looking buyers, and we
consider quantity competition in two dimensions (spot and forward markets). Our result that the firm
with smaller capacity sells first and at higher prices sounds similar to Dudey’s (1992) but is, in fact,
quite different. In our case the large firm is active throughout the equilibrium and makes larger profits
overall; the small firm is only free-riding on the large firm’s market power, much the same way the
fringe is free-riding on the large firm’s market power in Salant (1976).

Third, there is a literature on forward trading starting with Allaz and Vila (1993) who analyze a
static Cournot market for a reproducible good. Mahenc and Salanié (2004) show that price competi-
tion can reverse the effect of forward trading on competition. Liski and Montero (2006), on the other
hand, develop a repeated interaction model of forward and spot transactions showing that forward
contracting can expand the scope for collusive behavior in part because the threat of falling into the
non-cooperative outcome becomes more effective. Given the result of this paper that contracting
can add substantial (non-cooperative) competitive pressure, it is obvious that the same pro-collusion
argument applies in the resource context whenever the model is specified to allow for non-stationary
strategies. There is also a recent empirical literature looking at the strategic effect of forward contract-

9 The use of forward contracting in the race for appropriating a larger share of the oligopoly rents resembles somehow the use
of private storage in the race for appropriating a larger share of the common and exhaustible resource of Gaudet et al. (2002).

10 Note that adding more contracting opportunities before the spot openings does not change the outcome in this two period
example.

11 Salant (1976) considers a game in which a large supplier and a fringe of competitive suppliers choose simultaneously their
entire production path at time zero. He shows that there will be two distinctive phases in equilibrium: a “competitive” phase
with both type of players serving the market followed by a monopoly phase in which only the large supplier serves the market.

12 Loury (1986), Polasky (1992), and Lewis and Schmalensee (1980) use path strategies; Salo and Tahvonen (2001), for example,
use decision-rule strategies. For a more recent survey on the Hotelling model and its extensions, see Gaudet (2007).

13 Salo and Tahvonen (2001) solve their model with stock-dependent costs, so that the overall amount of the resource used is
endogenously determined in equilibrium. In this sense, the resource is only economically exhausted. In our model, the resource
is physically exhausted as the cost of using it is independent of the stock level. We leave it open for future research how replacing
physical capacity with economic capacity would alter the contracting incentives.
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ing on the performance of some oligopolistic markets, in particular, electricity markets (e.g., Fabra and
Toro, 2005; Wolak, 2007; Sweeting, 2007; Bushnell et al., 2008; Fabra and de Frutos, 2012).

The rest of the paper is organized as follows. In the next section we present the two-period
model and construct a simple example to explain why forward contracting endogenously arises in
a oligopolistic exhaustible-resource setting. In Section 3 we first compute the pure-spot SPE and then
move to the SPE with forward trading for the case in which firms’ initial stocks are equal. In Section 4
we extend the model in two directions. We first allow the spot markets of the two-period model be
preceded by a large number of forward openings, not just one. This extension captures well what hap-
pens in a more general model where there is an endogenously large number of spot markets and the
spot markets near exhaustion are preceded by a large number of forward openings (see our working
paper for a formal treatment of this more general case). And second, we allow for firms’ initial stocks
to differ. We conclude in Section 5 with an explanation of how the results of the paper are affected, if at
all, when we relax some of the assumptions, namely, constant extraction cost and public observability
of stocks and of forward positions.

2. A two-period model

We develop a two-period model to explore the implications of forward contracting for the equilib-
rium of a depletable-stock oligopoly. As formally shown in our working paper, the two-period model
captures reasonably well the dynamics we see in a more general model with an endogenous number
of periods.

2.1. Notation and assumptions

Consider two (risk-neutral) firms (i and j), each holding a stock of a perfectly storable homogenous
good, denoted by s’i and s’1 respectively, to be sold in two periods (t=1, 2). The size of the stocks are
publicinformation at all times. There are no production (or extraction) costs other than the opportunity
cost of not being able to sell tomorrow what is sold today. These are valid assumptions for the examples
that motivate our paper; nevertheless, we discuss the implications of relaxing these assumptions in
the concluding section. Firms discount future profits at the common discount factor § < 1.

Firms attend the spot market in both periods t=1, 2 by simultaneously choosing quantities qi and

q’;. For tractability, we assume that the spot price at t, which is denoted by pj, is given by the linear

inverse demand function pi(qi + q’t) =a- (q{ + q’t), where a is the (choke) price at which consumers
(and firms) can buy a substitute good from a perfectly elastic supply.

Firms are also free to simultaneously buy or sell forward contracts that call for delivery of the good at
any of the spot markets that follow. We treat these forward contracts as pure financial commitments,
so rather than physically delivering or acquiring the good at the spot market firms can close their
forward positions at the spot price p* € [0, a].

For each period we assume a two-stage structure: the forward market precedes the spot market
where physical deliveries take place and contract positions are closed. In a forward market, firms can
take positions for any future spot market, including the present period spot market (in this two period
model no spot markets will open after t=2). Forward contracts by firmi at t=1 for the first and second
spot markets are denoted by f{ ., and f{ . Tespectively. Similarly, forward contracts at t =2 for period-

2 spot market is denoted by fzi - We adopt the convention that fi>0 when firm i is selling forward

contracts (i.e., taking a short position) and f <0 when is buying forwards (i.e., taking a long position).
In this complete-information setting, we further assume that forward positions are observable and
enforceable.!” Note that while position f] , is an obligation that can be only closed at the spot market

14 This form of contracting is commonly known as a two-way contract for difference; see, for example, Green (1999). Note
that like in Allaz and Vila (1993) and Mahenc and Salanié (2004) our results do not change if we restrict forward contracts to
physical commitments and where firms could, if necessary, cover their short obligations with the substitute good.

15 The assumptions for the contract market are the same as in Allaz and Vila (1993), Mahenc and Salanié (2004), and Liski and
Montero (2006).
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1, the forward position for t=2 can be modified at the forward market in 2 by taking an additional
(long or short) positionfzi’z; thus, the aggregate position for period 2 would be equal to F} :fli,2 +f2i’2.
Finally, the forward clearing price (i.e., striking or delivery price) at t when taking a position for t > t
is denoted by p';’t.

2.2. Why firms trade forwards? A simple example

Abstract from forward contracting for a moment and suppose the stocks of the two firms are equal
and
a1-¢8) . i s al2-8-82%)
5— < si=9 = s<——F
so we can be sure the total stock s is depleted in exactly two periods. Infact, when s>a(1 — §), price-
taking firms prefer to deplete the stock in two periods rather than in one because the price of doing the
latter, a — s, is smaller than the discounted price of moving a marginal unit of the stock to the second

period, 8a. On the other hand, when a monopolist owns s<a(2 — § — §2)/2, it rather depletes its stock
in two periods than in three because the (discounted) marginal revenue of doing the former,

MR = a—2q; = MR, = 8(a — 2q3)

where q; +q; =s,'6 is larger than the discounted marginal revenue from moving a marginal unit of the
stock to a third period, §2a.

Now that we know the oligopoly solution will entail depletion in exactly two periods, we can safely
present the first-order conditions that must be satisfied in a duopoly equilibrium

MR} = a - 2q, — ¢\ = SMR, = 8(a - 24}, — ¢) (1)

where ql + q2 =s/2 and for both i and j. If j is playing q’1 in period 1, which automatically determines
q’2 =5/2 - q’l, firm i's best response is to play according to (1), which is

S 2a(1— 51
ditd) = 2030 g @

and ¢5(q;) = s/2 — ¢} (¢,). Eq. (2) exhibits intertemporal strategic complementarity in that firm i will
move production from the first to the second period if firm j decides to increase its period-1 deliveries
and vice versa.

This strategic complementarity plays a crucial role in understanding the emergence of a forward
market. To see that, we first solve (1) for the equilibrium quantities to obtain

i 2a(1—38)+308s
q1]:¥

6(1+4) (3)

and q’2 =5/2— q’1 for both j and i, which yield the equilibrium spot prices
. a(l1+58)—38s

P TR01s) ®
and
s a(5+9)—
RN (R )

16 Note that solving the two equations obtains

a(1—98)+28s
2(1+9)

qi =
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Given that the first period is the most profitable of the two, i.e.,

Py - oy =5(1-8)>0, (6)
a natural question that arises is whether there is anything a firm, say j, can do to commit a larger
fraction of its stock to the first period (and a smaller to the second). Using the best-response function
(2), we now compute j's optimal delivery path if it could commit to it before i starts production. Such
path would solve

mapi(d} +41(a) )} + 05365~y ~ai(a}) (5-4) (7)

1

where q"1 (q’l) is given by (2). It is not difficult to see that the solution of (7) is bigger than the quantity
in (3); and the reason is precisely the price inequality in (6). Following a Stackelberg logic, firm j would
like to move first to increase its period 1 delivery and take advantage of the higher price.

In a pure-spot world, and where firms move simultaneously, there is nothing a firm can do to
credibly communicate to its rival that it will allocate a larger share of its stock to period 1, that is,
larger than the quantity in (3). But, what if a firm, say i, decides at the beginning of period 1 offers to
take a financial short position of size f{.1 = f> 0? Suppose the position trades with price p/, so that
the firm’s total profit is '

P+ 0 P+ 03 (5 - h)

where the position is closed after the realization of the spot price pj. Under perfect information, we
havep/ = pj sothat no direct profit or loss follows from the contract position; however, when choosing
qi1, the firm is effectively maximizing

P -+ om0 (5 - ab)

because amount f has already been sold. To see why offering f can be profitable for i, suppose fis very
small so prices (4) and (5) virtually do not change. Since i has already allocated a fraction f of its stock
to the first period, it must now decide how to allocate its remaining stock, s/2 — f, between the two
periods at the prevailing prices (4) and (5). Using the equilibrium expression in (3), but replacing s by
s—2f, we obtain that i has increased its delivery for period 1 in f/(1+§) and decrease its delivery for
period 2 in the exact same amount, which, according to (6) entails a profit gain of

af(1-9)
A=370)

for fvery small. Clearly, selling some forwards is a profitable strategy for i whenj is not selling forwards,
which shows why in equilibrium we cannot have both firms not selling forwards. How would firms, in
equilibrium, choose their forward positionsfl"’1 {!1 > 0 if allowed to do so at the beginning for period
1? Below, we set up the forward-contracting game and show that in subgame-perfect equilibrium
(SPE) symmetric firms contract (see (17) below)

. . a
fia=f,=50-9)
which leads to a more front-loaded delivery of the resource stock (see (18) below),
i 1 2 1
1 — — —
q; = a9 <5a(1 8) + 285) ,

relative to that would be without contracts, i.e., (3). The mere opportunity of trading forward has
created a prisoner’s dilemma for the two firms bringing them closer to competitive pricing (they still
take positions below the competitive mark a(1 — §)/2). Forward trading makes both firms worse off
relative to the case in which they stay away from the forward market. If firm j does not trade any
forwards, then firm i has all the incentives to make forward sales (i.e.,fi1 > 0) as a way to allocate a
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larger fraction of its total stock sﬁ to the first period, which is the most profitable of the two (recall that
p3 > op3). In the reproducible commodity (Cournot) game, forward trading allows a firm to capture
Stackelberg profits — given that the other firm has not sold any forwards - by credibly committing in
advance to the Stackelberg production. In our depletable-stock game, forward trading allows a firm
to capture Stackelberg profits by committing a larger fraction of its overall stock to the first period.!”

Two lessons follow from this example. First, firms choose contracts to reallocate a given resource
endowment in a more competitive manner. Thus, although there is no overall expansion of produc-
tion, contracts are still pro-competitive. In fact, when contracting opportunities prior to the physical
deliveries are increased without limit, the equilibrium outcome becomes perfectly competitive, as
we will illustrate below. Second, in this context, the contract market arises endogenously due to the
imperfect competition. While Allaz and Vila (1993) outline the microstructure for the forward market
that justifies these conclusions, it may be useful to explain why the mere existence of oligopoly rents
gives rise to the contract market. Consider a pure-spot Cournot oligopolist who is approached by a
third-party with a proposal of a bilateral delivery contract to be signed before the spot market. If the
contract is observable and enforceable, it is a credible commitment to serve part of the demand (the
third party can deliver the contracted amount to the spot market), so only some residual demand is left
for the spot competition. Since the contract creates rents by increasing the profits of the oligopolist,
the third party and the oligopolist can always find an agreement that profits both at the expense of
the remaining oligopolists.'® This way there will be entry to the “commitment market” until these
rents are dissipated. If each entrant can provide unlimited commitment, it takes only two speculators
to arbitrate away the rents in the contract market.

3. Equilibrium solution

To understand the effect of forward contracting on the equilibrium path it is useful to start with
the case in which firms can only trade in the spot markets. We do that first and only then consider the
SPE when firms are also allowed to take forward positions.

3.1. Pure-spot trading

A strategy for player i in a pure-spot game specifies an output for period 1, qi1 < 52, and an output
for period 2, g}, that is a function of the remaining stocks in period 2, s}, and s, where s}, = si —g?.
The SPE strategies are to be found by backward induction. ‘

) At t=2 and given stocks s, >0 and s, >0, firm i's best response to an output ¢,>0 by firm j is given
\

Ri(q),) = min{s}, argmaxp(qh + ¢, )q,} (8)
d

which leads to the (unique) equilibrium strategy

a . ..a i a
3 if 5123§.‘:1nds’22§

S 4 . . a i

gy(sh,sh) =< s if s’2<§ands’220 (9)
Ré(s"z) if sézgands’é<g

17 Obviously, if we change the mode of competition in the spot market from quantity to price competition, as Mahenc and
Salanié (2004) do for the reproducible good, our pro-competitive result is reversed and for the same reason: under price
competition firms have incentives to underinvest in forwards, that is, to go long. For a discussion of how and why the results
are reversed depending the mode of competition see Liski and Montero (2006).

18 In the language of Segal (1999), forward contracting involves an externality because parties at the contracting stage do not
take into account the dissipation of oligopoly rents that affect all suppliers with each contract.
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a CR)
\
2a
3
(C.H)
a(l-9)
2
a(1-9)
3 (c,Cc) 2si+s{ =a(1-6) (H,C) \ (R,C)
1 | 5|
a(1-9) a(1-9) 2a a
3 2 3

Fig. 1. Spot trading equilibrium as a function of initial stocks.

for both i and j. These equilibrium strategies are simply Cournot strategies with capacity constraints
that result in output pairs within the inner envelope of the best-response functions.

Consider now decisions in the first period. Depending on the size of the initial stocks, s"1 and s’1
we can have extreme cases in which firms never get to produce in period 2 or that their first period
decisions do not affect what they produce in period 2. As shown in Fig. 1, the former occurs when
stocks lie in region (C,C), that is, when both firms are sufficiently capacity constrained by their initial
stocks that they sell everything in period 1. The equilibrium condition for this to happen is that the
marginal revenue (MR) of selling an extra unit in period 1 is equal to or greater than the marginal
revenue of selling that unit in period 2 at price g, i.e., MR"1 =a- ng - s’] >da for both i and j. The latter
case, on the other hand, occurs when stocks are in the region (R,R), that is, when stocks are so large
that firms behave as if they where selling a zero-cost reproducible good. The equilibrium condition
for this is that marginal revenues equal zero in both periods and for both firms. It is clear that this
happens when firms produce the Cournot output in each period, which requires s’ , s’1 >2a/3.

Fig. 1 also depicts cases of initial stocks within these two extreme. When stocks are in region
(H,C), for instance, we have that firm j is capacity constrained and sells everything in period 1 (i.e.,
MR’1 zBMR’z) whereas firm i operates in a Hotelling world of scarcity rents, that is, according to
Hotelling’s equilibrium condition for an exhaustible resource (i.e., zSazMRi1 = SMRiZEO). Anticipating
(9), for j to exhaust its stock in period 1 and i to exhaust his in period 2 requires, respectively

a-2s, —qi=8a-qb) (10)

saza—2q) — | = 8(a—2¢5)=0 (11)

where qu = s"1 - q"1. These equilibrium inequalities define the range of initial stocks that make region
(H,C). It is obvious from (10) that j does not want to move any of its production to period 2. It is less
obvious why could not we have an equilibrium in which j is forced to move part of its production
to period 2 so both firms end-up producing in both periods. Such an equilibrium would require i
to produce in period 1 beyond what is dictated by the equality in (11) resulting in MR"1 < 8MR;; a
violation of the Hotelling equilibrium condition. Hence, when stocks are in region (H,C) the unique
period-1 equilibrium strategies are given by g = [a(1 — §) + 28s} —,1/2(1+8) and ¢} = 5.

The remaining regions of Fig. 1 are obtained in the same fashion. In region (H,H), both i and j's pro-
duction paths satisfy MR} = SMR}, where MR} = a — 2} — g}, which gives g} = [a(1 - §) + 38s}1/3(1 +
8)and ¢, = si — q! for both i and j; in (RH) firm i's production path satisfies MR} = MR, = 0 while j's
satisfies (11) which leads to ¢} = [2a(1 + 28) — 385)1/6(1 + &) and ¢} = [a(1 — 8) + 385)1/3(1 + 8); and
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in (R,C) firm i’s path satisfies MR"1 = MR, = 0 while j's satisfies (10) which gives qil =(a- s’1 )/2 and
¢ =5,

Finally, note that from inequality (10) we can immediately see that p§ > &p. Unlike in a perfectly
competitive exhaustible-resource market, here prices grow at a rate strictly lower than the interest
rate (marginal revenues grow at the interest rate). In other words, oligopoly pricing depart from
competitive pricing by shifting production from the present to the future.

3.2. Forward trading

We now allow firms to engage in forward trading in addition to spot trading. To facilitate the
exposition we consider first the case in which firms have stocks of equal size s’i = s’1 > 0, and leave
the asymmetric case for the next section. A strategy for player i in this richer game specifies (i) a vector
of forward quantities or positions for period 1, f; = (fli’1 ,fli’z), (ii) an output for period 1 as a function

of f"l and Fl (iii) a forward position for period 2,f2i ,» as a function off"l, Fl and remaining stocks sg and
s’é, where s, = s} — g} >0, and (iv) an output for period 2, g}, as a function of F, = fi , +fi Fé and the

remaining stocks sg and 3’2.

As in the pure-spot game, the SPE is highly dependent on firms’ initial stocks. If stocks are very
small, for example, we will see that forward contracting plays no strategic role since everything is
produced in the first period. If, on the other hand, stocks are extremely large, we are back to Allaz
and Vila's (1993) analysis of forward contracting for reproducible goods (and where a fraction of the
stock remains on the ground). Note that this result is particular to the two-period model because we
are (artificially) restricting the number of spot market openings. In the general model the number of
periods in which firms serve the spot market is endogenously determined, so no stock remains in the
ground.

To show how the equilibrium transits from one extreme to the other, it helps to start by considering
initial stocks large enough that firms serve both spot markets in equilibrium and that firms are only
allowed to sell/buy forwards for the first spot market, i.e.,fl"’2 =f2",2 = 0 for both i and j (we will see
shortly that in some relevant cases this restriction in the number of forward openings is innocuous
for the equilibrium). Working backwards and given stocks s"2 > 0 and 3’2 > 0, firm i’s best response
to an output ¢,>0 by firm j is given by (8). Invoking symmetry (i.e., s, = s}),!° period-2 equilibrium
quantities reduce to

db(sh, s,) = min {slzg} (12)

which is the standard Cournot outcome with capacity constraints.
Consider now decisions in the first spot market. Givenf{ 1 andf{ 1, firm i’s best response to output

qﬁ is given by

Ry S0 ] ) = argmax(Wi = pi()gs + (P 5 — P3Oy +8p5(- ab(sh. )]

9

where W{ is firm i's payoff at the spot market in period 1 and qiz(s;, s"z) is given by (12). Term (pq 1-
pi(- ))f{ 1 Is the open contract position that is to be closed immediately after the spot price is realized.
We will see that in equilibrium the closing value of this position is zero; nevertheless, firm i has
an incentive to influence the value of the position in the spot market as the spot price is yet to be
determined. We rearrange the payoff as

Wi =p3 (X =) +0p3( )50 )+ Py afi 4 "

19 Throughout this section and to save space, we will only focus on symmetric stocks and positions because it is the relevant
case for computing the equilibrium path.
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where s2 = s’ ql Since the last term in (13) enters as a constant,2? the relevant spot sale for firm i’s

profits is not total production q'l but ql —f1 ;- Firm i’s best response to q’1 satisfies the intertemporal
optimization principle that discounted marginal revenues should be equalized across periods, that is,

a-2q, —q, +fi ; = 8a-2q5 - q,)=0 (14)

where q2 < 5’1 - q
Solving (14) for i and j, we obtain the period-1 equilibrium output

a+2fi i, a(1-8)+36si +2ff | —fl

3 : 3(1+9) =0 (15)

q,(f1,1fi 1) = min

The first term in the bracket is the relevant equilibrium quantity when, in equilibrium, q"l + q; < s"l
(i.e., MR’i = (SMRi2 = 0). This is the reproducible-good case where the effect of forward contracting is

well documented in Allaz and Vila (1993). Whenever firms hold short positions, f1i,1’ f 11> 0, they
care less about the price effect of an increase in production and therefore end up producing above the
Cournot total output.?!

The more relevant case for our analysis, however, is when in equilibrium qi] + qg = s’i for both i and
j(ie, MR"1 = BMRE > 0). When the stock is fully exhausted, the period-1 equilibrium output is given
by the second term in (15). Despite a firm'’s total production is limited by its stock, the second term
in (15) shows that forward positions can still have an effect on spot competition in this exhaustible-
resource setting by moving production across periods (if firms hold no forward positions, i.e.,fl"’1 =

f{,] = 0, we obtain the oligopoly solution for region (H,H) in Fig. 1). When firms hold short positions,

f{,1 , f{’1 > 0, the spot market becomes more competitive in that firms are credibly committing more
production to period 1 (and less to period 2). This can be seen from condition (14): contracts increase
firms’ marginal revenues making them to behave more aggressively in the spot market at 1. In fact,
iffl"’l =f{’1 =a(l1-4§)/2, the perfectly competitive solution is implemented.?? Conversely, if firms

take long positions, 1.e.,fl 1 < 0, the spot market becomes less competitive; and whenf1 1 _f{ 1=

—a(1 — 8)/4, the monopoly solutlon is implemented.?3
Obviously, in equilibrium firms do not trade any arbitrary amount of forwards. In deciding how
many contracts to buy/sell, firm i's evaluates the following payoff at the forward stage in period 14

V{ = W{(fli,l’ {,1)

where Wi (fl 1 ) are the spot (subgame-perfect) profits. There are no payments at the forward

stage, only ertmg of contracts. Rearranging terms, firm i’s overall profits as a function off1 ; and fl 1
can be written as

Vi= ) =PIy + P L )+ psabsh (L 1o ), S A )

where p = pi(q;(f] ;, {71 )+ q";(fl"’1 ,f{!l )) for t=1, 2. As in Allaz and Vila (1993), the arbitrage payoff
(pq 11— D )fl" ; is zero. Speculators and/or consumers share the same information as producers and

20 Note that if forward contracts were defined as physical obligations, the term p§ 1f1i ; would not appear in (13) because it
constitutes a revenue the firm pockets at the forward stage. Under financial obligations, forward positions are closed at the spot
stage, which explains why pq 1f1 , enters in (13). Nevertheless, it enters as a constant, so it makes no difference for firms’ spot
decisions, and thereby, for their (strategic) forward decisions.

21 Note that if for some reason firms’ forward positions are long enough that a + 2f1 1 —f{ 1 <0, firms will produce nothing
in period 1 and close their positions at the choke price a (this also applies to the second termin (15)).

22 The competitive allocations when exhaustion takes two periods are q; =[a(1-8) +2851]/2(1 +6) and q; = s1 — q;. Note
that because of scarcity rents, firms do not need to be fully contracted to implement the competitive solution.

2 The monopoly allocations are qJ' = [a(1 — 8) + 4851]/4(1 + 8) and g} = s, — qT.

24 Note that under physical commitments, the term pqnf]in would enter in i’s payoff.
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therefore compete for forwards until p’;l = pj, where pj is the expected period-1 spot price that is a
function of forward quantities f{ ;and f{ 1 .25 Thus, firms are left with the contract-coverage dependent
Cournot profit from the two periods, p$ g + 8p5qb.

Continuing with the case in which g} (fl"_l,f{_l) +q5(f! 1,f{ ) =si, firm i's best response to j's
forward position is

Gyl ) =30-8)-4f, (16)

which leads to the equilibrium forward sales
a

fa=f,=50-9), (17)
period-1 equilibrium output
G- (ﬁau —3)+3asf) (18)
173(1+68)\5 1

and period-2 equilibrium output q2 = 5’2 = s' qi

Note that the (symmetric) equilibrium characterlzed above is unique; any other equilibrium, if
it existed, would require one firm, say i, serving only in period 1 and the other firm, j, serving in
both periods. The latter can certainly happen for asymmetric forward positions; for example, if fl"’l =

a(1-4)/4 and f{ 1 = 0. But these forward positions do not constitute an equilibrium since j’s best
response to f]i 1 is not 0 but Gfi 1([’1".1) > 0. This “revision” lowers the spot price in period 1, which,
in turn, makes i revise its forward position downward and j revise his upward until both positions
converge to the equilibrium positions in (17) and with both firms serving in both periods.”®

We can now extend our discussion to the case where firms can also take forward positions f; , (later
we will also allow for positions fli ,)- Working backwards and given stocks s"2 = s"z > 0 and positions
f2f 5= fé 5, consider the spot subgame at t=2. Firm i’s best response to an output q’2 >0by firmjis given
by ’

Ry(qh. fi 5. f) ) = argmaxWi = [pSqb + (P, , — PS)fi 5] <5}
)

where Wé' is firm i’s payoff in the spot market at 2. Solving, we obtain the period-2 equilibrium output

S . .a+2f22 22
45(fi 5. f3 ) = min s’z,f >0. (19)

Unlike in period 1, it is evident from (19) that forward contracting may do nothing to period-2 spot
competition if the remaining stocks sé and s]2 are small enough.

Lemma 1. Ifsg = s"2 < a/3, firms hold any positions for period 2 (including no positions) that ensure
exhaustion in period 2 (i.e., ¢b(fi . f5 ;) = s}, for both i and j).

The proofis simple. Take s"2 = s’é = a/3 and suppose firmj sells no forwards for period 2 (i.e.,fé ,=0)
and ask what would be i’s optimal amount of contracting. It is evident that it is the amount that allows

25 Note that even if firms and expeculators conjecture for some reason firms will end up producing less than their (short)
forward positions, i.e., ¢} + ¢, <f{, +f] ;. the forward market does not clear at the choke price a but at the spot price p* =
a-q - q’1 (unless ¢} = q’1 =0).

26 The reason why the contracting stage does not introduce the multiplicity of equilibria introduced by the first-period pro-
duction stage of Saloner (1987) is because firm i’s period-1 output is decreasing inf{_l, so j has incentives to sell some forwards
even if it believes i has contracted enough to implement its Stackelberg outcome. In other words, forward contracting provides
partial commitment unlike irreversible production.
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i to implement its Stackelberg outcome. But ifs“2 = a/3 the best i can do is to produce q"2 =a/3 and let
Jj produce likewise; in other words, implement the Cournot outcome (and more so if sg = 3’2 < a/3).
Taking a long position, however, can be detrimental for i if it ends up selling less than sg, that is,
if a+2f} , —f3 , < 3sh. Thus, in equilibrium firms 'hold any forward position (including no position)
consistent with the equilibrium outcome q,(fi ,, f ,) = sb.

The situation changes when s; = s’é > a/3 because now firms have Stackelberg incentives to take
short positions.

Lemma 2. Ifsé = 5’2 > 2a/5, firms hold short positionsfz"’2 =fi2 = a/5 and sell only a fraction of their
remaining stocks in period 2 (i.e., qiz(fzi,z’fg,z) =2a/5 < s, for both i and j).

The proof, including the uniqueness of equilibrium, is in Allaz and Vila (1993). When stocks are
sufficiently large the exhaustion restriction is no longer binding, so firms operate as if they were selling
a reproducible good.

The most interesting case for our analysis is the one in which remaining stocks are neither too small
nor too large such that firms operate in a Hotelling world where forward contracting does matter.

Lemma 3. Ifa/3 <si = 3’2 < 2a/5, firms hold short positions for period 2 that ensure exhaustion in
period 2 (i.e., fi ,>3s}, —a > 0 and q\(fi ,f} ,) = s, for both i and j).

The minimum amount of contracting 3s"2 — a is readily obtained from (19). The intuition is as fol-
lows. If for some reason j takes a short position below 33’ —a, firmi’s best response, in a effort to come

closer to its period-2 Stackelberg outcome (i.e., produce s‘ and let j produce R (sl )< s’ ), is to increase
its forward position above 352 — a enough to ensure its exhaustlon while forcmg jto leave part of its
stock on the ground. But this is clearly suboptimal for j. Here again firms face a prisoner’s dilemma.
It would be better for them to sell no contracts and produce a/3 < sé in period 2, but firms have no
means to stay away from the forward market.

Now that we understand the Stackelberg rationale for forward contracting in a market where the
total supply (i.e., stock) is fixed, we can extend our discussion to cover the case where firms can also
take forward positions for period 2 in period 1 (i.e. f1 , Dositions) and where initial stocks can be of
any size (we retain the symmetry of the problem). Since forward contracting affects spot competition
either by shifting production across periods, when the exhaustion restriction is binding, or by adding
more production, when part of the stock is left on the ground, it will also alter the thresholds that
define the regions where firms operate in equilibrium, namely, (C,C), (H,H) or (R,R). See Fig. 1. It is
useful to structure the discussion that follows around the computation of these two thresholds.

In computing the first threshold, the one that separates region (C,C) from (H,H), we start by finding
the size of the initial stocks below which forward contracting plays no strategic role in equilibrium.

Lemma4. Ifsi1 = 3]1 < a(l - '8)/37ﬁrms hold any positions (including no positions) that ensure exhaustion
in period 1 (ie., g (f] 1,f{ N 2,f{ ,) =i for both i and j).

The logic here follows that of Lemma 1. If j signs no forwards, there is nothing i can do to displace
part of j’s production to period 2 since MR’1 =a-— 23’l - s'1 > §a. And since everything is sold in period
1, there is no strategic role for forward contracting for period 2.

But as soon as s"l (and s’1 ) goes above a(1 — §)/3, there are Stackelberg motives to sell forwards.

Lemma5. Ifa(1-§)/3 < s’ = sj < 2a(1 -8)/5 =sH, firms hold shortposttlonsforperlod 1 enough to
ensure exhaustion in period 1 (l.e.,flqlz?»s'] —a(1- 8) > 0 and ql(fm, 11)= s1 for both i and j) and no
positions for period 2 (i.e.,f{ ,=0)

Analogous to Lemma 3, the minimum amount of contracting 35"] —a(1 — §)isreadily obtained from

the second term in (15). Again, when stocks are relatively small both firms end up taking forward
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positions that allocate all the stocks to period 1, so there is no strategic reason to take a forward
position for period 2.

Lemma 5 also indicates that sf” =2a(1 - 4)/5 - the threshold that separates region (C,C) from
(H,H) - is higher than in Fig. 1, a(1 — 8)/3, because of the competitive pressure introduced by forward
trading that forces firms to sell more in period 1. Thus, if stocks are above sf"’, firms will necessarily
serve both periods in equilibrium; and if they are very large, firms will operate as if they were selling
a reproducible good.

Lemma 6. Ifs"l = s’1 > 29a/35 = SQ’R,ﬁrms hold short positions for period 1 (i.e.,fliJ =a/5 for bpth iand
j) and for period 2 (i.e.,f{y2 =f3,= a/7 for both i and j) and sell a fraction of their stocks (i.e., ¢} = 2a/5
and g, = 3a/7, where ¢\ + ¢}, = sk < s ).

Again, the proof follows from Allaz and Vila (1993), as the overall capacity does not constrain sales.
The threshold sfR that separates region (H,H) from (R,R) is also higher than in Fig. 1 for the same
competitive reasons. When stocks are above s’{’R, the two spot markets become disconnected from
each other in equilibrium. The spot market in period 2 is the more competitive of the two because it is
proceeded by two forward openings and firms take short positions in both.2” Note that in the general
model, where there is an unlimited number of spot openings, spot markets are always intertemporally
connected because firms have always the opportunity to attend the next spot market and obtain §a.

We are now ready to complete our characterization of the equilibrium when stocks are in region
(H,H), which is the most relevant case for our analysis because it illustrates the basic workings of the
general model.

Proposition 1. Ifs{H < s = s’1 < siR, the SPE outcome for both i and j is given by

()fi, - o, =H} = 2(1 - 5),

iy i 5 . 4a

(”)f]lﬁzim |:5'1 - ?:| )

UV 3 [ a(11-8)
(m)f2”2 +f11,2 EF521+8 {511 - 15 } ,

(iv) ¢’ is given by (18), and (v) ¢, = s, = s} — ¢} > 0.
Proof. see Appendix.

Note that item (i) states that the equilibrium joint position of contracts, as captured byfl"!l - Sf{yz,
for the two periods is just equal to that in (17) where we assumed that contracts for the second spot
market do not exist. This is already indicative of the fact that the equilibrium outcome in terms of
delivered quantities will be the same irrespective of whether contracts are written for both periods,
or only for one. However, in reality there are no exogenous restrictions on contracting, and then the
second period contracts must satisfy items (ii) and (iii) that put limits on the second period contracts.
The intuition behind parts (ii) and (iii) is that firms will not take a position in period 1 that they will
not be able to credibly (i.e., sequentially rationally) undo in period 2.

Proposition 1 shows a multiplicity of equilibria in the amount of forward contracting (but not in
the resource consumption) that naturally raises a concern regarding the difficulty this may impose
for computing equilibrium strategies in games with a large number of market openings, like in the
general model that we discuss below. Fortunately, such multiplicity vanishes as we move to the more
relevant cases. As already seen in Lemma 6, it does when the exhaustion restriction is not binding.
But more importantly for our analysis, the multiplicity also disappears when the stock at the period
of exhaustion is sufficiently small that is typically the case when the number of periods needed for

27 Note also that because p > dp;, firms and/or consumers have no incentives to store today’s production for tomorrow’s use.
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the stock exhaustion is endogenous. Indeed, Lemma 1 shows that if si < a/3,%8 forwards positions for
period 2 become strategically irrelevant (i.e., we can just let f] 9 _f2 , = 0 without any equilibrium
consequences). And if they do, there is a unique equilibrium solution, as explained above.

4. Towards a more general formulation

Proposition 1 shows why and how forward trading can have pro-competitive effects in a
exhaustible-resource market. There are nevertheless additional considerations to be made. While
helpful in explaining the basic mechanism, the extensive form of the two-period model is in principle
incomplete because firms should be able to choose how long the market interaction lasts in equilib-
rium. In a more general setting, with an endogenously large number of periods and where deliveries
and future contract positions are chosen on a period-by-period basis depending on current physical
stocks and existing forward positions inherited from the past (the formal set up of the general model is
in Appendix), firm i may respond to firmj’s heavy contracting in period t by avoiding its own contract-
ing at t and allocating more capacity to a less contracted period t + 1 instead.2 Despite this limitation,
we show in our working paper that the main conclusions of the two-period model carry through,
although with considerable additional complexity, to a more general setting. We explain below why
this is so but with a more tractable extension of the two-period model that consists of adding forward
openings preceding the two spot markets. The second consideration we address below is the role that
asymmetries in firms’ initial stocks may have in the pro-competitive effect of forward contracting.

4.1. Additional forward markets

Imagine now that the initial stocks si = s’] are not exactly firms’ initial stocks but rather their
remaining stocks after several periods of production and consumption. In that case, one can view
our two-period game as the last two periods of a much longer horizon game. But if that is so, one
could reasonably argue that our equilibrium solution may not be valid because the spot market at t=1
would no longer be preceded by one forward opening (the one at t=1) but by as many as the number
of periods of production/consumption that have gone by before t=1.

Allaz and Vila (1993) also tackle this problem, but without the link between spot markets created
by the resource constraint. They find that competition in the spot market intensifies with the number
of forward openings that precede the opening of the spot market. The reason is that firms face the same
prisoner’s dilemma in each of the forward trading periods; hence, they end up contracting in each of
the forward openings. As the number of forward openings tend to infinity, firms reach the spot market
fully contracted and prices approach marginal costs. Forward trading has thus completely eliminated
the otherwise existing Cournot profits.

Back to our two-period model, suppose then that before t=1 there is an additional period, denoted
by t=0, where firms can trade forward contracts that call for delivery in any of the two spot markets.
From Proposition 1 we know that we can focus exclusively on forward contracts that call for delivery in
the spot market at t =1, which we denote by fé,1~30 Since i can sign additional contracts at the forward

market in t=1, the firm’s aggregate position at t=1 for the spot market at t=1will be Fi = fi | +fi .

Given f0 ; and f(]) firm i's payoff function at the forward subgame at t=1 can be conveniently
written as (recall that there are no arbitrage profits)

Vi =p3(q) + @) | +P3(dh + dXdk — i)+ 8ps(ah + ) )dh

28 Or, alternatively, if s* < a(11 — 8)/15 (see part (ii) of Proposition 1). Note also that 4a/5>a(11 — §)/15.

29 This difference in extensive form is also an important difference relative to the Allaz and Vila (1993) model where firms are
trapped to face the prisoners’ dilemma in a particular spot market.

30 Note that in the general model, where firms have always the opportunity to serve the next spot market and obtain a, the
stock of each firm at the period of exhaustion will necessarily fall below a(1 —§)/3, i.e., lay on the region (C,C) of Fig. 1. Thus,
the two-period analysis of Section 4 tells us that in the general model we can ignore forward sales to the very last spot market
served by the two firms and work backwards from the next to the last period.
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Using the envelope theorem, firm i’s reaction function reduces to (after rearranging terms)
4F} +F =a(1 - 8)+3f; 4

which leads to the forward equilibrium strategy
ia 4 . 1,
Fy = g(l -8)+ gfé,l - gf(jm (20)

Expression (20) says that firms’ overall contract coverage at the outset of the spot market is an increas-
ing function of earlier forward commitments. As explained before, the reason for this is that past

contracts, i.e., fé 1 fé.l > 0, increase firms’ marginal revenues making them to behave more aggres-
sively in all markets that follow, including both forward and spot markets. '
[t remains to see how much period-0 forwards firms trade in equilibrium. Given f(]) 1, firm i's payoff

from trading fJ , is

V=D i1 + Vi 1. 3.1) = 8Ip(d) + @))d} + p3(d) + )]
where V{ (fé' wfé 1) are the profits from the subgame that starts at the forward market in t=1, and
qi = qi(Fi, F{ ). Solving we find that in equilibrium

i i 2a
Fi :F{:7( —8) >

a

z(1-8)

In equilibrium firms cannot stay away from the new forward market (i.e., fé 1 :fé 1 =a(1-28)/7),
resulting in a more competitive outcome. It can be shown more generally that

Proposition 2. If the spot market at t=1 is preceded by N forward trading periods, the overall contract
coverage at the outset of that spot market is

i i aN

Fi=F = 1- 21
1=h=37551-9) (21)
The proofof the proposition is easily constructed from looking at the solution of the general model in

our working paper. More interestingly, Proposition 2 indicates that alarge N, limy__, . ,F(N) =a(1 - §)/2,
leads to perfectly competitive pricing (i.e., p§ = 8p5).%!

4.2. Stock asymmetries

We now look at the case in which initial stocks are of different sizes. Letting firm j be the smaller of
the two firms, we will study how the equilibrium in the two-period game changes as we let s’1 move

from 3’1 = 0 to the symmetric case s’l = 51'1, where si1 is some fixed value in the interval [a(1 - §)/2,
a(11 —§)/15]. Rather than looking at all possible asymmetries in Fig. 1, we restrict attention to values
of s"] that ensure no contracting for the second period but nevertheless capture the essence of the
asymmetric problem.

The case s’l = 0 is immediate. A monopolist (i.e., firm i) will never sign forward contracts because
this would only introduce more competition to the spot market (selling forwards has the same com-
petition effect as selling part of the stock to a fringe of competitive suppliers). Now, to understand how
stock asymmetries affect the equilibrium path when both firms hold some initial stock, it is useful to
recall what firms seek to implement through forward contracting: if one firm does not sell forwards,
the other can achieve Stackelberg profits by entering the forward market. Consider first the Stackel-

31 Note that unlike in Allaz and Vila (1993), in our depletable-stock market firms do not need be fully contracted at t=1 (i.e.,
Fi = g\) for reaching competitive pricing.
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berg outcome for the larger firm. Firm i's first-best is to implement q’l = s’1 and q’2 =0, i.e., itis optimal
for i to let j exhaust in period 1, if

|
s, < Za(1 —9). (22)

Thus, when j is small enough, i will let j to sell only to the more profitable first period, even if i could
commit part of its sales before j takes any action.32

Consider now firm j’s Stackelberg outcome. If allowed to move first, j would like to sell its entire
stock in the first period as long as

i1
s < ia(l - 8). (23)

It is intuitively clear that when we consider j’s own stock, j’s first-best (i.e., Stackelberg) threshold for
leaving stock for the less profitable second period is larger than in (22).

These inequalities imply that both firms prefer j's early exhaustion in period 1 when j is small
enough, i.e., (22) holds, and then there are no incentives to contract by either firm. However, j can
extend its commitment to sell early by using the forward market even when its stock exceeds the
level identified by (22).

Proposition 3. If

1 i 5-2v2
Za(l -8 < 5"l ==
firm j implements its Stackelberg (i.e., first-best) solution: There is a two-period equilibrium where i does

not contract at all (i.e.,fli 1 = 0) and j commits to sell only in period 1 by contractingf{ 1 according to

a(1-8)=s3T,

f{,lzfmin(sjl) = gs"l - %a(] —9)

Proof. See Appendix.>?> O

Proposition 3 says that j needs to contract at least fmin(sq ) to achieve its first-best. Note that con-

tracting incentives just disappear, i.e.,fmin(s"]) =0, when s]1 =a(1 — §)/4. Note also that if j contracts
nothing when its stock is above the threshold in (22), i could achieve its first-best by taking a short
position that would shift part of j's sales to period 2. But j can prevent this by making the spot market

in t=1 less profitable to i through its own contracting - minimum contracting fmin(s’l) is calculated

as a position that keeps i unwilling to sign contracts. Contracting more than fmin(s’1 ), e.g..f{,l =9, is
more than enough to keep i away from the forward market until (23) holds as an equality.

When j’s stock is above the Stackelberg threshold s?T in Proposition 3, i’s first-best is to make j to
deliver also in period 2, for example, by taking a short position for period 1. If i takes such position,
firm j contracts according to (16), i.e., Gjm(f{,]) > 0, which leads j to delivering in both periods. But if
j is expected to deliver in both periods, firm i’s best contracting response must also be given by (16).
Therefore, when both firms are active in both periods the only possible equilibrium is “symmetric” in
forward contracting with both firms taking position a(1 — §)/5 in the forward stage.>*

32 The proof is immediate and, therefore, ignored here. Setf{_1 = 0 and solve for i's best response in the forward market and
then use the chosen position to find the equilibrium deliveries. Alternatively, one can change the timing in the pure spot market
model to find the Stackelberg allocations.

33 Note that 537 = 0.434a(1 - §).

34 This multiplicity is specific to the two-period setting and is inconsequential more generally because even small asymmetries
in initial stocks will generate large asymmetries in the future as the smaller firm exhausts its stock (in our working paper we
formally show how this multiplicity dissapears in a three-period model where the smaller firm is active in the first two periods).
Furthermore, this multiplicity (note also that sz > sf“) complicates, at least in some regions, the redrawing of Fig. 1 when both
spot and forward trading are present.
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Note that this symmetric contracting equilibrium extends below the threshold sﬁT in Proposition 3.

In fact, for s’l € [2a(1 -8)/5, s?] both equilibria coexist — and possibly with one in mixed strategies —
but the asymmetric equilibrium Pareto dominates (i.e., better for both firms) the symmetric one, so it is
the most likely outcome of the game when's| < sT (when s, = s3T firm i is pay-off indifferent between
the two equilibrium outcomes; see the Appendix). Likewise, the asymmetric equilibrium extends
above s?T up to the threshold a(1 — §)/2 in (23); within this range there is no Pareto ranking of equilib-
ria, however. The smaller firm likes the asymmetric one while the larger firm likes the symmetric
one.

This two-period model illustrates how asymmetries can help firms to escape the competitive pres-
sure introduced by the forward market. In fact, the smaller firm can greatly benefit from the forward
market in that it may be able to implement its Stackelberg solution (unlike the larger firm which has
nothing to gain from the opening of the forward market). Another way to appreciate how such stock
asymmetries can suppress the pro-competitive effect of forward trading is to ask what would be the
equilibrium consequences of adding, as in the previous section, a forward market before the opening
of the spot markets, say, at ¢ =0. Unlike in the symmetric case, there would be no consequences when
s < s?:féﬁl >fmin(s)) andf(’;,l =f1"’1 =f{1] = 0. Note that the latter will not change with more forward

openings (i.e., N large). At the very first forward opening j will signfmin(sq ).

The most interesting case, however, is when s’1 € (siT, a(1 - 48)/2). We know from the discussion
above that in this case either equilibrium is possible. But as seen in the previous section, the addition
of forward openings makes the symmetric-contracting equilibrium more competitive which, in turn,
makes it less attractive to i (and also to j) relative to the asymmetric one. Therefore, the addition of
forward openings moves up the threshold “sz" in which both companies prefer to implement the
asymmetric equilibrium. And this threshold can go all the way to a(1 — §)/2 if N is large.

The two-period model also illustrates how forward contracting reinforces the fact that asymmetric
firms will generally exit the market at different times. It expands the stock threshold for which firm
j would exit the market after the first period from s’ < a(1 —§)/3 - the threshold under pure-spot

trading (see Fig. 1) - to s’l < sﬁT. This is because forward contracting makes the small firm to increase
its deliveries to earlier periods (to t=1 in this two-period model) while the large firm to do the same
to later periods (where the smaller firm is absent).3>

Finally, it is interesting to point out that the introduction of firms’ asymmetries in the resource
model has a different effect than in the reproducible-good model of Allaz and Vila (1993). Asymmetries
in the reproducible-good model come from considering firms of different marginal cost of production
with the “large” firm being the one with lower costs.>® As shown in Appendix, it is now the large firm
the one that can greatly benefit from the forward market. In fact, when the cost difference is large
enough the large firm can use the forward market to credibly implement its Stackelberg solution that
is to fully displace the small firm from the market.>’

5. Concluding remarks

We have found that forward contracting can have substantial implications for resource deple-
tion in a non-cooperative oligopolistic environment. In fact, we showed for symmetric firms that the
subgame-perfect equilibrium path approaches the perfectly competitive path as firms take an increas-
ing number of periods to deplete their stocks. We also showed, however, that when firms have initial

35 To see the latter consider any s’1 such that under pure-spot trading firm j would serve both periods but that with forward
trading would only serve period 1. Firm i's deliveries in period 1 under pure-spot-trading and with forward-trading are, respec-
tively, g} = [a(1 —8)+38s11/3(1 4+ 8) and ¢} = [a(1 — &) + 285} —51/2(1 + 8). Then, ¢} < g (and g}, > g)) iff | > a(1-8)/3,
which precisely indicates the range where j serves both periods in pure-spot equilibrium.

36 A lower marginal cost in the reproducible-good model implies a larger market share in the pure-spot (Cournot) game.
Similarly, a larger stock in the resource model implies a lower opportunity cost of selling today instead of tomorrow.

37 Fabra and de Frutos (2012) also find that firms’ asymmetries affect the way forward contracting influence the degree of
competition in the spot market.
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stocks of different sizes, they can credibly contain part of the competitive pressure of forward con-
tracting. It is then a unique feature of the resource model that equilibrium contracting and the degree
of competition depends on resource endowments.

These results are most relevant for resource markets that not only exhibit an oligopolist structure
and forward trading activity but most importantly that effectively follow the Hotelling rule for the
pricing of exhaustible resources. Good examples are storable pollution permits (e.g., US SO, market)
and hydro-based power pools (e.g., Nord Pool). Furthermore, these markets posses characteristics that
for most part are consistent with the assumptions of our model, namely, constant (zero) extraction
cost and public observability of the stocks and of forward positions. Pollution permits are kept in
electronic accounts from which can be “extracted” at no cost (other than the opportunity cost of not
selling the good tomorrow); the same applies for water stored in hydro-power reservoirs. It is also
relatively easy to keep track of the evolution of the stocks in these markets, based on direct observation
or simple calculations. In the case of pollution permits, the information needed to compute permit
stocks - initial permit allocations, current permit holdings and past emissions - is all public since it is
essential for enforcement and compliance purposes. It is perhaps less evident that forward positions
are that easy to observe. If they are not, the strategic aspect of forward contracting is gone and with
that all the results of the paper. But the response to this is that it is always in the firms’ best interest
to make their forward positions fully public.

It is nevertheless interesting to ask what would happen to our results if we indeed relax the
zero-cost and observable-stock assumptions. There are already several papers looking at the issue
of increasing costs but in the pure-spot-trading context (e.g., Lewis and Schmalensee, 1980; Salo
and Tahvonen, 2001). Besides the additional technicalities of opening those models to forward con-
tracting, the basic message of our paper would remain intact. In an effort to capture a larger share
of the oligopoly rents (i.e., sell in the most profitable periods), firms will take forward positions in
equilibrium.>8 Relaxing the second assumption is more challenging, not only technically but also con-
ceptually. It may be that firms can now use forward contracts, provided they are observable, to credibly
signal the size of their stocks. It may also happen in this signaling game that some firms go long and
others short. Clearly, this is an area that deserves more research.

One may also ask about the implications of forward contracting on firms’ incentives to engage in
exploration activities that can enlarge their initial stocks. Since forward contracting introduces more
competition it is evident that these incentives should be reduced. Even in those “stock-asymmetric”
cases in which forward contracting may suppress competition, by allowing the small firm to commit
to sell first, it is still the case that forward contracting reduces the incentives for exploration. The
smaller find would not like to extend its initial stock if this induces the larger firm to also sell forwards
in equilibrium.

Finally, it is yet to be discussed whether and to what extend forward contracting could also affect
the possibility of collusion in this market. Recall that for a reproducible-commodity market, Liski and
Montero (2006) have already shown that forward trading increases the scope of collusion - indepen-
dently of the form of competition — by allowing firms to either construct harsher punishments or limit
the deviation profits. Whenever non-stationary and collusive strategies are feasible in a pure spot-
trading equilibrium in the resource context, then forward contracting should make it easier to sustain
them. In the resource model, collusive strategies can exist when the overall consumption horizon is
infinite, for example, due to (high) stock-dependent extraction costs or an infinite choke price - the
price at which demand falls to zero. But when the choke price is finite and there is a gap between this
price and the cost of extracting the last unit, as in our model, the consumption horizon is finite (both
under perfect competition and monopoly), stipulating additional modeling assumptions facilitating
the construction of collusive strategies.>?

38 An easy way for exploring such an extension is to build on Harstad and Liski (2013) who show that when there is economic
exhaustion due to stock-dependent extraction costs, firms see their current resource savings as strategic investments. The
contract market is an additional channel for strategic investments, and is likely to have similar pro-competitive effects as in the
current paper, although the equilibrium contracting pattern can differ.

39 One may borrow an insight from the durable-good monopoly literature and ask whether firms could sustain a collusive path
that only asymptotically approaches the choke price, very much in the spirit of Gul (1987). Such a collusive path is however
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Appendix A.
A.1. Proof of Proposition 1

We first prove (i) and (iv). Let us work backwards from the spot market at t=1. Given s';,fli ; and

f1, (for both i and j), if firms anticipate that in equilibrium s, s"2 > 0 and that these stocks will be
exhausted in period 2, then, at the period-1 spot market, they will choose quantities that equalize
marginal revenues, that is,

a-2q, — ¢, +fi, = 8a-2q, — g, +fl,). or
a—2q; _qil +U1i,1 8f1 ,) = 8a—2q} - q’z

where qg = q;(sg, s’é) = sg for both i and j. Therefore, the payoff-relevant variables in the forward
subgame are not the individual positions f] ; and f; , but the composite position H =f | —&f .
Note that because firms correctly anticipate exhaustion in period 2, forward positions fzi , Play no
role as to how firms deplete the stock in equilibrium. By the same backward induction arguments
laid out before (see Egs. (16) and (17)), we obtain that in equilibrium firms will choose f{ ; and f ,,
S0 as to satisfy Hi =a(1 - §)/5. On the other hand, given composite positions Hi and HQ, the period-
1 equilibrium output is given by the second term in (15) with f{ , replaced by Hi; and plugging
equilibrium positions Hg = H’i =a(1-6)/5 gives (18). It is relatively open for firms how much to
trade in the forward markets, as long as their composite position H} sati;ﬁes fll‘,1 - (Sf]”z =a(l-4§)/5.
For example, firms could fully contract their period-2 deliveries (i.e., f{ , = ¢,) and simultaneously
take short positions for period 1 equal tof1 ;=a(1-98)/5+ 8q2

Parts (ii) and (iii) of Proposition 1, however, put limits as to how much firms contract in equilibrium.
To derive these limits, let us now work backwards from the spot market at t=2. Given equilibrium

positions Hi and H] remaining stocks are
i 1 [ i 2a

sh= 1o [sh - S (1 _5)} (24)

forbothiandj. Thus, if firmi’s aggregate position for period 2 is F, = f{yz +f2"y2, the period-2 equilibrium
output is given by expression (19), after replacing fzi,z by F;. Hence, the exhaustion of symmetric
stocks at t=2 requires F§ +F 2652 — 2a. Replacing s“2 by its equilibrium value in (24) and maintaining
symmetry (i.e., F£ = Fé), we obtain part (iii) of the proposition. We now move onto the forward stage
at t=2. Given stocks s, = s’é and forward positions f{’z =f{’2, the equilibrium positions fz",z(f{,z,f{,z)
will depend on firms’ rational expectations as to whether exhaustion will occur at t=2 or not. If past

positions, i.e., f{ , and f{ ,» are such that exhaustion is not expected to occur, we can proceed as in
Lemma 6 to show that period-2 equilibrium positions, in such reproducible-good setting, are given by

i el g a 14, 1
le,z(ff,zyf{,z): 5 gff,z T 5 12

and, thereby, that equilibrium aggregate positions are given by Fi(fi 2,f{ D=f,+f,(fi Z,f{ ,) for
bothiandj.If, on the other hand, exhaustion is expected to occur, then, aggregate equilibrium positions
are given by Fé(fli 5 f 2) +F (f1 2 f{ 2)3655 — 2a. Based on these aggregate equilibrium responses for

harder to sustain here: in Gul (1987) the punishment path entails zero profits for firms (so it is always possible to fashion an
asymptotic collusive path where the present value from colluding is greater than the one-shot deviation profit), whereas here
the sellers receive a positive resource rent that may provide more surplus than the collusive plan, at least in the final part of
the collusive plan.
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varying values of f1i.2 and f{ ,» We can obtain the period-2 equilibrium output as a function of period-1
forward positions as follows

i i . . 2a 3. 2
@o(fl ] o) = min {sh. 4 2, - 2, b =0

Therefore, if at the opening of the forward market in period 1 firms anticipate that they will be exhaust-
ing at 2, then, their forward equilibrium positions must be such that 2a + 3f] , — Zf{’2255"2. Again,
replacing sg by its equilibrium value in (24) and maintaining symmetry (i.e., f1i,z =f{’2), we obtain
part (ii) of the proposition. The intuition behind part (ii) is that firms will not take a position in period
1 that will not be able to credibly (i.e., sequentially rationally) undo in period 2.

The proof of part (v) - that firms will exhaust in period 2 if si e (s{H,sHR] - is directly
obtained from the application of Lemmas 1 and 6. In regard to Lemma 6, note that if s’i = s’1 = s’l"R,
Proposition 1 predicts the following equilibrium outcome: (')f{ |- 8f1i , =a(1-38)/5,(ii) fli ,>a/7(1 +
8), (iii) Fi>2a/7(1 + 8) + ad/5(1 + ), (iv) ¢\, = 2a(1 — 8)/5(1 + &) +29a8/35(1 + &) and (v) g}, = sHF —
q}- There seems to be a discrepancy between the predictions of Proposition 1 and of Lemma 6 at
the border sﬁ’R. There is none, however, because right at the border, discounting plays no role in

the intertemporal allocation of output in equilibrium (i.e., MRQ = MR% = 0); hence, we have a corner
solution that for purposes of computing the equilibrium outcome calls for §=0.

A.2. A more general formulation

We present here the more general model we solve in our working paper. Therearet=1,...,N<oco
periods; each with a forward market opening followed by a spot market opening. At the forward stage
in t, firms 51mu1taneously decide the (additional) forward positions they will take for each and every
future spot market, i.e., (f[ t,ft t11s - - - f¢ ) for both i and j. Likewise, at the spot market in ¢ firms
simultaneously decide thelr (non-negative) deliveries qi and q’[

The history of the game after t—1 periods (i.e., at the beginning of period t) is denoted by h;
and composed by the initial stocks, s"1 and 5’1 and the sequence of forward positions and deliveries,
(f. £, ....f . f_and(q).q\, ....q._,,q. ;) respectively. Given these sequences, remaining stocks
at the end of t — 1 are equal to sf = s'i - f:] q;; for both i and j, and aggregate forward holdings for
future spot markets are equal to FL] = (F{(t -1), Fg“( -1),..., F,"V(t — 1)) for both i and j, where
F;'I(t) = Z;{ﬂf; , Is the aggregate position that firm i holds at t for the spot market that opens at h > t.
Thus, for example, Fi(t) = Fi(t — 1) +f,.

A forward-sale strategy for firm i is a collection of functions

f =) ... fN())

where function ﬂ(ht) specifies firm i’s (additional) forward positions as a function of the history h;. A
forward-strategy profile is denoted by f=(f', f/).
A spot-sale strategy for firm i, on the other hand, is a collection of functions

q' =g ()., ay(-)

where function gi = gi(h;) specifies firm i’s output as a function of the history at the opening of the
spot market in t, h; = (h, ﬂ F) A spot-sale strategy proﬁle is denoted by q=(q, ¢). Thus, a strategy
profile (f, q) together with the initial history h1 = (s] , s’ = 0) generate an outcome path that

characterizes the development of the stocks, s
for both i andj.

WSt = s’ qt,and ofthe contract coverages, Fi = Fi_1 +f
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Given some strategy profile (f, q) and history h}, firm i’s payoff at the spot stage in t is

t
Wi, £,) = pi)aE+ D Pl fi e = PRI + 8V (e, £ @)
k=1

where V{ , (h.1, f, q) is the continuation payoff at the forward stage in t+1 and h.,q = (h;, g}, q}). At
the spot stage, firms not only attend the spot market but also close their forward positions at the spot
price pj. But as explained in the two-period model, forward contracts for period t are traded at the
expected spot price at t; hence, in equilibrium p'l: . = pj for all k (agents correctly anticipate the effect
of forward positions on future spot prices, or more precisely, on firms’ deliveries). In addition, since
forward markets are only used to write contracts (i.e., to take positions), firm i’s payoff at the forward
stage in t is simply

Vti(hta f7 q) = th( /tv f5 q)

The strategy profile (f, q) constitutes a subgame-perfect equilibrium (SPE) if for any t and history
he

fi(he) = argmaxV{(he, (£, £), q) (25)
£

and for any t and history h;

gi(hy) = argmaxWi(hi, f, (q', @) (26)
q;

where f' = (..., fi, f,1(-), ... fiy(-)) and @' = (.., g}, G, ; (), ..., @4 (-))-*° Using backward induction
we can construct the SPE strategies, which was already done in Section 2 for the case N=2. There, we
also showed that the pay-off relevant history at the beginning of period t=1, 2 was just the current
state that consisted of remaining stocks, s{ and s’t and existing aggregate positions, FL] and FL] ,sowe
could safely write hy = (s{, s’t Fi_1 s FL] ). We can then extend the analysis to show that the same holds
for any N> 2.1 However, in the working paper we restrict attention to the symmetric case, which we
can solve explicitly.

A.3. Proof of Proposition 3

We derive fmin(sjl) as follows. First, we find the Stackelberg (i.e., first-best) payoff and deliveries
for i (the larger firm), given that j is holding some contractsf{ 1- This defines the most i can achieve in
the original game. Second, we find the contracting level f{ ; that induces j, “the follower”, to produce
only in the first period. This will define fmm(sil ). Given this level of contracting by j, i can implement
its first-best in the original game by taking no position and letting j to sell only to period 1. Third, we
will derive the Stackelberg threshold s3T, under which this characterization holds.

Consider the first-best choice of ¢} . Given ¢\ and f] ,, j's best-response satisfies (recall that s' < sH,
which guarantees exhaustion in period 2)

a-2¢, — g\ +f] ;= 8a— (s, —gi) - (5, —d}) - 85| — ),

40 Note our abuse of notation: the argmax operator in (25) returns a vector of positions not a single argument.

41 The two-period game serves in turn to define the continuation payoff for a game with three periods. Proceeding in this
manner for any N>2 we can establish the structure of the equilibrium strategies, as done in Appendix for the symmetric
equilibrium. Note the similarity of this procedure to that in Kahn (1986).
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which leads to

di(dh 1) = (a1 — 8)+ 265, +f1 | — (1 +8)] +5sg)ﬁ.

On the other hand and givenf.{ 1, firm 7’s first-best payoff is

max(p$(}. (@}, D)} +0p5(sh - 4} s - @@ A s - g

%
Solving
. s . . 1
q {!])z (a(1—8)+26s) — {’1)M’
and evaluating the follower’s best-response gives
.. . . . 1
q’l(qll(f{J),f{J ) = (a(l - 8) +485‘ll + 3f{’1)m~

Contracting fmin(s’i) is defined by
q]1 (q11 (fmin)s fmin) = 3’1 .

Finally, the Stackelberg threshold s37 is found as follows. If the second term in (15) results in q’l < s’l
given (symmetric) contractingf{ 1 :f{ ; = a(1 —8)/5, then, both firms could be active in equilibrium
in period 2. This defines a lower threshold, i.e., s’1 > 2a(1 - §)/5, for the symmetric contracting equi-
librium to be valid. The proof follows that of Lemma 5. A second equilibrium is also possible when
s’l > 2a(1 - §)/5. First, note that sin;e (23) holds, j's best—responsg tofl"’1 =0 isfmm(s’l ). On the other
hand, firm i’s best-response tofmm(sq )is incleeclf]"’1 = 0 provided s’1 is not too large (we omit the exact
number here). Firm i strictly “prefers” this latter equilibrium if it leads to a payoff larger than that

under the symmetric contracting equilibrium. Comparing i’s payoffs, we find this to be case if (to save
space we do not report the payoff expressions)

J < %a(] —8)=s5T = 0.434a(1 - 8).

A4. Allaz and Vila for asymmetric firms

Consider two firms (i and j) producing a reproducible commodity with marginal costs, respectively,
¢; and ¢; with ¢; <¢j. Firm i is the “large firm” in the sense that it has a larger market share in the pure-
spot (Cournot) game. Firms attend the spot market by simultaneously choosing quantities g' and ¢'.
The spot price pS is given by the linear inverse demand function p5(q' +¢/)=a — (q' + ¢/), with

G-cG=A<a-—g

so that both firms produce in pure-spot equilibrium. Before the opening of the spot market firms
are also free to simultaneously take forward positions for the spot market that follows. Forward
transactions are denoted by f and £ and the forward price by p/.

At the opening of the spot market, and given f and f, firm i solves

rrz?xWi =p()q —cq + @ -p O

Using both first-order conditions, we find that the subgame-perfect spot quantities are given by

a-2ci+c+2fi—f
3

q(f.f) = (27)
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)= a_zcj+‘:3i+2fj_fi

Anticipating the equilibrium outcome (27)-(28), at the forward stage firm i solves (arbitrage profits
vanish, i.e., p/=p)

maxVi(g 1), 9GP = P ) - a7 )

(28)

with p/=pS=pS(qi(f, f)+ ¢ (f, F)). Applying the envelope theorem leads to
op/ 9q' ;O I ap* o¢
o T ag o +pf+aq,8fl(q -f-p°=
which reduces to
C2¢i Yoieri fiy
3 300 )=
Replacing qi(f, ), we obtain the (equilibrium) forward positions
5 =3¢ +2¢

fe2

ffz a—3cj+2ci'
5

For fi and f/ to be equilibrium positions we require gi(fi, f/) > 0 and ¢/(f!, /) > 0. Since the restriction
for j is more demanding, we actually require

¢ = %[a—3cj+2q] >0
or

a— Cj (29)
2

A<

Note that f/ < 0 is the same as ¢/(f, fi) < 0, so we cannot have an equilibrium where j goes long in an
effort to increase prices.

Let us now look at firm i’s Stackelberg outcome in the absence of forward trading. It is easy to show
that it is Stackelberg optimal for i to leave j outside the market if A >(a~—¢;)/2. In such a case, i will
produce ¢q'=a— ¢; leading to an equilibrium price equal to ;. Therefore, when firms are sufficiently
different, i.e., condition (29) does not hold, the opening of the forward market allows the large firm to
implement its Stackelberg solution with a price a bit below ¢; and leaving firm j outside the market.
More precisely, whenever a — ¢; > A > (a—¢;)/2, firm i implements its Stackelberg outcome by selling
fi=fmin to just keep j away from the spot market (if A=(a— ¢;j)[2 then fiin :fi and if A=a—¢; then
fmin =0) with final quantities equal to

qi(fi :fminvfj =0)=a- Gj

qj(fi :fmin’fj = 0) =0

Unlike in the exhaustible-resource case, here it is the large firm the one that strictly benefits from the
opening of the forward market.
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