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Abstract

Mitigating climate change by carbon capture and storage (CCS) will
require vast infrastructure investments. These investments include pipeline
networks for transporting carbon dioxide (CO2) from industrial sites (’sources’)
to the storage sites (’sinks’). This paper considers the decentralised forma-
tion of trunk-line networks when geological storage space is exhaustible.
The social optimum and monopolistic outcome for a sink-source pair, and
optimal taxes/subsidies on stored carbon and pipeline investment, are
characterised. The case of two sources, two sinks is then considered. The
sinks seek to profit from the geological resources—underground storage
capacity—climate policy has granted them. Investment in pipelines can
be excessive, as sink owners enter to appropriate their share of the surplus;
or insufficient, if a storage site manages to monopolise the storage market.
Competition leads to redundant investment, but may delay construction
sufficiently to be desirable in the absence of regulation.
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1 Introduction

Carbon capture and storage (CCS) is a technology intended to mitigate climate
change. CCS involves the capture of carbon dioxide (CO2) from large point
sources: typically coal- or gas-fired power plants or industrial installations. Once
captured, the pollutant is transported to an appropriate location and stored.
Storage is conventionally considered to occur in suitable geological formations:
depleted oil and gas reservoirs, or saline aquifers1,2.

Underground CO2 injections are taking place today in enhanced oil recovery
operations. To have a substantial impact on climate change, aggregate injection
rates have to be increased by roughly two orders of magnitude. Economy-scale
CCS implies major investments: plants to separate CO2 from a flue gas stream
and to compress it, transport infrastructure (pipelines and/or marine trans-
port facilities) to transport the pollutant to the injection site, and the injection
plants. These investments are very costly. As an example, an often-quoted
number is $1m per kilometer of transport pipeline (the focus of this paper).
While operating costs, especially those related to capture3, will dominate over-
all system-wide costs, poorly planned infrastructure can leverage these higher.
The incentives to utilise existing infrastructure, after costs have been sunk, raises
the importance of making sensible investments above what a simple comparison
of investment versus lifetime operating costs would indicate.

The main innovation of this paper is to consider the development of pipeline-
based CCS transport infrastructure when (a) the network formation is de-
centralised, i.e. left to individual economic actors, instead of being centrally
planned; and (b) when storage capacity is exhaustible. Both aspects are novel
when applied to the study of optimal CCS infrastructure. To study these ques-
tions, the paper develops contributions to the theory of exhaustible resources
with market power. I consider the endogenous timing of investments required to
open a deposit, and develop a model of multimarket duopoly for an exhaustible
resource.

Optimal CO2 pipeline networks have recently been studied by several au-
thors (Middleton and Bielicki (2009), Morbee et al. (2010)). These studies
consider minimisation of overall system-wide costs required to meet exogenous
goals; such as sequestering a given amount of carbon per year, or to compliance
with a carbon tax . This assumes the existence of a regulator with the incentives
and legal powers to mandate the construction of the cost-minimising network.
Such central planning may not be feasible. There may not exist the political
will or desire to regulate the industry (this could well be the case in the United
States). Alternatively, a regulator with sovereignty over the various actors might
not exist; say, were CO2 pipelines to cross international borders. With multiple

1Storage in the deep ocean has also been suggested, but this remains outside the remit
of the present paper. See Lontzek and Rickels (2008) for an economic analysis of ocean
sequestration.

2IPCC (2005) remains the ’bible’ on carbon capture and storage.
3Once insurance costs are taken into account, the share of transport costs may rise well

above the purely engineering-based cost estimates.
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self-interested decisionmakers, game-theoretic methods are required.
At the heart of the climate change problem lies a market failure—the ab-

sence of markets for the public bad of climate change. Hence, in the decen-
tralised problem, appropriate incentives (e.g. carbon taxes or a cap-and-trade
scheme) are required for the agents to undertake CCS at all. The problem of
optimal climate policy is considered, in a CCS context and with exhaustible fos-
sil fuel and storage resources, by Ayong Le Kama et al. (2009). I take climate
policy as exogenous, assuming that the region studied is small and cannot, by
itself, substantially affect the path of atmospheric CO2 concentrations . This
is consistent with the assumed CCS cost structure. At a global scale, ’lumpy’
investment costs (which this paper focuses on) will be smoothed out.

The assumption of exogenous climate policy implies that there exists a reg-
ulator with the desire to implement such incentives, and the power to enforce
them. There is an asymmetry in my assumptions on the possibilities of regu-
lation between the two policy areas (climate policy and CCS policy). I claim
that this asymmetry is plausible4. I assume full compliance with the climate
policy, and will not consider whether the agents (perhaps representing sovereign
states) might like to withdraw from such a policy regime.

The ultimate storage capacity of geological reservoirs remains an open ques-
tion, but may potentially be limited. Exhaustibility of storage space has been
overlooked by previous studies of pipeline networks. There is a difference be-
tween storage being limited by increasing injection costs (economic exhaustibil-
ity), versus by absolute exhaustibility of safe storage capacity. I will, in the
present study, ignore injection costs and thus only consider absolute exhaustibil-
ity (with effective inexhaustibility incorporated as a special case). Exhaustibility
turns the network formation problem into an inherently dynamic one, in which
the time dimension cannot be ignored.

Non-renewable storage space has been explored in some contexts. Ayong
Le Kama et al. (2009) consider optimal taxes on exhaustible fossil fuels and
CO2 storage. Lafforgue et al. (2008) study the timing of CCS when multiple
storage sinks exist, with climate policy imposing a ceiling on atmospheric CO2
concentrations.

1.1 Outline of the paper

In this paper, I study the formation of extremely simple pipeline networks.
Such small networks are best interpreted as describing large-scale infrastructure
networks and interaction between large, sovereign agents; such as competition
between Scotland and Norway over the provision of carbon sequestration services
to northwestern European nations5. In such a setting, the source and sink nodes

4For example, there may exist sufficient political pressure to get an overall climate policy
regime implemented, but not enough to implement detailed regulation on how it should be
complied with (for which the regulator would also require better information). Climate policy
also turns subsurface storage sites into valuable assets, and there could be organised lobbying
against the regulator interfering with the management of such assets.

5Recent newspaper articles have indicated both parties, with their existing North Sea
assets, are eager to be at the forefront of the CCS industry:
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represent industrial clusters and appropriate geological basins, and the links
between the nodes represent trunk lines in the network. The model will assume
the absence of price discrimination. This may be a reasonable assumption on a
large-scale network, especially if trading is possible, with negligible costs, within
the industrial cluster. It may not hold as well for a network between individual
firms or plants, for which binding long-term contracts are feasible.

I first consider optimal investment between just a single storage site, selling
exhaustible storage capacity, and an industrial cluster. The key result is that the
monopolist will not, in general, invest at a socially optimal date. In particular, if
demand for carbon storage is increasing sufficiently quickly, the monopolist may
invest excessively early. This occurs in order to extend the period over which
sales of the capacity can be spread, thus giving the monopolist market power.
I characterise tax instruments (on investment and CO2 capture or transport)
which correct this inefficiency and allow a regulator to satisfy distributional
objectives.

I then consider duopolistic dynamic competition between two storage sites
and two industrial clusters. A rich set of possible equilibria arises even in a
simple model. Depending on the urgency of the climate problem, and the avail-
able storage capacity, inefficiencies may arise because of underinvestment (with
desirable storage capacity kept offline as one sink monopolises the market); or
of overinvestment (as excessive pipeline infrastructure is constructed by sinks
worried they will miss out on their share of the CCS pie). Direct competition
between sinks entails socially redundant investment, but curtails market power
and may hence nevertheless be desirable.

The paper is divided into two halves. Section 2 introduces a simple model of
set-up costs with exhaustible resources, focusing on monopolistic extraction and
investment timing. Section 3 applies the model to CCS, taking storage capacity
as the resource, and expands the basic model to study duopolistic competition
with set-up costs. Section 4 summarises the findings. The final section considers
future research directions and concludes.

Scotland-based companies and the government at Holyrood hope proximity to
the rapidly-depleting oil and gas fields of the North Sea will put the country
at the forefront of a potentially lucrative new industry storing carbon dioxide.
(...) The development of CCS in Scotland including power stations and storage
networks has the potential to support 10,000 jobs. (Financial Times, 16th Aug
2010)

[Norwegian] Statoil has dedicated a group of geologists to mapping the undersea
region with the aim of one day providing carbon storage for power plants and
manufacturers across Europe. We want to build a business at Statoil as a carbon
dioxide storage provider, says Kristofer Hetland, a Statoil executive. (Financial
Times, 2nd Sep 2010)
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2 Exhaustible resources and set-up costs

Opening a deposit of an exhaustible resource may require set-up costs; say, to
pay for the required infrastructure. The interaction between such costs and mar-
ket power has received surprisingly little attention. Stiglitz (1976) showed that,
faced with isoelastic demand and a given period of extraction, a monopolistic
resource owner is unable to use market power to her advantage. An attempt to
hike up prices in one period will require more of the resource to be sold in other
periods, depressing prices, for the resource stock to be fully used up. Hartwick
et al. (1986) show that this result breaks down when set-up costs are introduced:
a monopolist who owns two deposits plans to open the second deposit too late,
delaying the infrastructure investment.

Fischer and Laxminarayan (2005) derive results which are closest to the one
in this paper. They consider a sequence of deposits, one of which is in already
in use. As a special case investigate when the final deposit should be opened.
The monopolist is faced with a choice between hiking up prices, thus stretching
out the period of extraction from the penultimate deposit, or depressing prices
and opening the terminal deposit sooner. In the case of isoelastic demand,
the latter effect outweighs the former and the monopolist will always invest
excessively early.

I will below present a similar result, but in a subtly different context. I
will consider the case in which there is only one deposit, which is not in use
at the outset. The analogy to the above trade-off considered by Fischer and
Laxminarayan (2005) is between extending the period of extraction, generating
market power, and having to incur the set-up costs earlier. For ease of exposi-
tion, I will focus on the special case of time-varying linear demand and a finite
and given terminal date. This choice is motivated by the application to CCS
capacity sales. I will briefly comment on the isoelastic and infinite horizon cases
as well.

2.1 Single exhaustible deposit and set-up costs

Suppose that, at any moment t ∈ [0, T ], demand for an exhaustible resource is
linear:6

p(q, t) = p(t)− ξq

with corresponding consumer’s surplus CS(q) = pq − ξ
2q

2. Let the choke price
p(t) grow at some rate γ ∈ R until the given terminal date T , following which
it is zero forever. The decisionmaker (either the social planner or a monopolist)
initially has a fixed stock of the resource S(0), which can be extracted cost-
lessly. Before extraction begins, a fixed investment cost I has to be paid. The
decisionmaker discounts the future at rate ρ.

6The results up to the characterisation of the optimal investment date (equation (5)) in
fact hold for any downward-sloping demand curve.
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2.1.1 Social planner

The social planner maximises the discounted stream of consumer’s surplus, less
investment costs:

max
q(t),t∗

∫ T

t∗
e−ρt (CS (q(t))) dt− e−ρt

∗
I

subject to Ṡ = −q, S ≥ 0; q(t) = 0,∀t < t∗. With linear demand, consumer’s
surplus is given by

CS(q(t), t∗) = p(t)q(t)− ξ

2
q(t)2

The problem is solved in two stages: by first optimising given investment
date t∗; second, by choosing the investment date t∗ which maximises profits.
The plan has to yield a positive net surplus for the investment to be undertaken
at all.

Given t∗, the Hamiltonian for this problem is

H = p(t)q(t)− ξ

2
q(t)2 − λS(t)q(t)

and an optimal path has to satisfy the necessary conditions

λ(t) = p(t)− ξq(t)
λ(t) = λ(t∗)eρ(t−t

∗)

λ(T )S(T ) = 0

(1)

with λ(t) denoting the scarcity rent of the resource. The interpretation of the
above conditions is straightforward. The first states that the marginal benefit
of selling the resource has to, at all times, equal the scarcity cost of not being
able to sell the same unit at some other moment. The second implies that the
present value of the scarcity rent is constant, so that profits cannot be increased
by rescheduling extraction. The final condition just requires that either the
resource be fully used by up by the terminal date; or, if otherwise, that the
resource is not scarce to begin with, so that demand will be fully satisfied at all
times following t∗.

I will, for now, focus on situations in which the scarcity bites, i.e. λ(t) > 0,
∀t.7 Denoting the final date on which extraction takes place by T̃ ≤ T , this
implies ∫ T̃

t∗
q(s) ds = S(0) (2)

It should be noted that, differentiating this with respect to the investment date
t, one obtains

q(t∗) =

∫ T̃

t∗

∂q(s)

∂t
dt+ q(T̃ )

∂T̃

∂t∗
(3)

7This is later relaxed in the case of duopolistic competition.
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This just implies that a small delay in investment date requires the amount
extracted in the initial period to be reallocated along the extraction schedule,
with the final date of extraction potentially adjusted. Clearly any delay in
investment can only be optimal is γ > 0. If demand is not increasing, the social
planner can do no better by delaying (and will do worse if the terminal date
bites).

From the necessary conditions, following investment the optimal extraction
path is given by

q(t) = ξ−1
(
peγ(t−t

∗) − λ(t∗)eρ(t−t
∗)
)

(4)

with q(t) ≥ 0 required. For a given investment date t∗, the optimal extraction
path can be obtained from (2) and (4). The path is continuous; if extraction
ever falls to zero, it will stop forever. Hence, paths such that the time horizon
does not bind (T̃ < T ) are characterised by q(T̃ ) = 0. This implies that the
second term in (3) drops out, as either the quantity is zero, or the terminal date
cannot be adjusted.

Optimal date of investment is obtained by differentiating profits, given op-
timal extraction, with respect to t∗:

dπ(t∗, q(t))

dt∗
=

∫ T̃

t∗
e−ρt

∂CS(t, q(t))

∂q(t)

∂q(t)

∂t∗
dt+ e−ρT̃CS(T̃ , q(T̃ ))

dT̃

dt∗

− e−ρt
∗
CS(t∗, q(t∗)) + ρe−ρt

∗
I = 0

By using (3), the fact that the first derivative of consumer’s surplus yields
∂CS(t,q(t))

∂q(t) = λ(t), and the fact that either q(T̃ ) = 0 or dT̃
dt∗ = 0, this gives the

first-order condition for investment:

q(t∗)

(
CS(t∗, q(t∗))

q(t∗)
− λ(t∗)

)
≥ ρI (5)

with strict inequality implying t∗ = 0. The second-order condition becomes,
after some manipulation,

ξ

∫ T̃

t∗
e−ρ(t−t

∗)

(
∂q(t)

∂t∗

)2

dt ≥ −ρλ(t∗)q(t∗)

which is clearly always satisfied.
The first-order condition (5) is very similar to the result obtained by Fischer

and Laxminarayan (2005) in a slightly different setting. The right-hand side is
the benefit obtained by a short delay in investment: the avoided opportunity
cost of the investment outlay. The left-hand side is the cost of delaying. The
small amount of resource not extracted during this delay has to be reallocated
along the planned extraction schedule. The per-unit return is just the marginal
surplus λ(t); or, discounted back to t∗, λ(t∗). Had these units been extracted

in the initial period, they would have earned the average surplus CS(q(t∗))
q(t∗) .

Of course, the foregone average surplus exceeds the marginal surplus, and so
delaying has a cost.
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For the linear demand curve, the optimal investment date is characterised
by

q(t∗) =

√
2ρI

ξ
(6)

Thus, the ’day-one’ extraction rate, assuming an interior solution for the invest-
ment date, does not depend on the level or rate of increase of the choke price of
demand.

For brevity’s sake, I will focus on the case in which resource depletion con-
tinues until the terminal date: T̃ = T . With two unknowns, tS and λS(tS), the
social planner’s optimum is uniquely described by

p(tS)
eγ(T−tS) − 1

γ
− λS(t)

eρ(T−tS) − 1

ρ
= ξS(0) (7a)

p(tS)− λS(tS) =
√

2ξIρ (7b)

where the first equation again is the resource constraint, and the second the
first-order condition for investment.

2.2 Monopolistic extraction

A monopolist maximises the stream of discounted revenues, less the investment
cost:

max
q(t),t∗

∫ T

t∗
e−ρt (p(q(t), t)q(t)) dt− e−ρt

∗
I

subject to the same conditions as the social planner. The solution method
proceeds exactly as above; I will only state the differences here. The FOC for
maximising the Hamiltonian becomes

λ(t) = p(t)− 2ξq(t)

so that the optimal extraction path is

q(t) = (2ξ)−1
(
p(t∗)eγ(t−t

∗) − λ(t∗)eρ(t−t
∗)
)

(8)

The first-order condition for investment becomes

q(t∗) (p(q(t∗))− λ(t∗)) ≥ ρI (9)

where the intuition is as before: the cost of delaying investment is the need to
extract at a higher rate following investment. For a monopolist, this depresses
prices on the inframarginal units at all future dates. The monopolist also has a
constant ’day one’ extraction rate, lower than the social planner’s:

q(t∗) =

√
ρI

ξ
(10)
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For extraction continuing until the terminal date, the monopolist’s optimal
solution is implicitly given by

p(tS)
eγ(T−tM) − 1

γ
− λM (t)

eρ(T−tM) − 1

ρ
= 2ξS(0) (11a)

p(tM )− λM (tM ) = 2
√
ξIρ (11b)

Note that the entire plan in conditional on the monopolist actually achiev-
ing positive profits following it. Otherwise the monopolist will simply remain
inactive and make zero profits.

2.2.1 Comparison of monopolistic and optimal outcomes

If the choke price rises at the discount rate ρ, the elasticity of demand is constant
along the optimal path (although clearly not, in general, for the demand curve)
for both social planner and monopolist. Hence, for the same investment date,
both will follow the same extraction schedule:

Proposition 1. For γ = ρ,
q̇i
qi

= ρ,∀t > ti

for i ∈ {S,M}. For t∗S = t∗M = t∗, qS(t) = qM (t),∀t > t∗.

Proof. Immediate from (4) and (8), and from combining these with the resource
constraint (2).

As long as the choke price grows at some rate sufficiently close to ρ, the
monopolist will invest earlier than socially optimal:

Proposition 2. ∃ε > 0: for γ ∈ (ρ− ε, ρ], t∗M < t∗S .

Proof. For γ = ρ, obtained by explicitly solving (7) and (11). As the systems
defining the two equilibria are continuous, this will also hold for some γ < ρ.

Remark 1. The above result does not hold for the case of (time-varying) isoe-
lastic demand, whether over a finite or infinite horizon. In these cases, the
monopolist always invests later than the social planner. Proof of this is simple
and omitted for brevity.

For linear demand but a non-binding (or infinite) time horizon, the monopo-
list will spread out extraction over a longer time interval, but may invest either
earlier or later than the social planner.8

Under the given demand curve, as long as demand increases sufficiently
quickly, the monopolist will find it profitable to invest excessively early. The
motivation for this is to increase the length of the period over which the resource
is extracted, in order to push up the resource price. If there is a terminal date

8A formal characterisation of the outcome is work in progress.
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Figure 1: Surplus, revenue streams. The extraction rates starts to increase from
initial value A = q(t∗A). An optimal plan just exhausts the stock by time T .
Earlier investment decreases the initial extraction rate to D = q(t∗D) < q(t∗A).
(left) Linear demand, with γ = ρ. Total present value surplus (OABp) increases
(to ODEp) as investment is brought forward, for each unit sold. Furthermore,
the monopolist captures a higher share of this: OABC

OABp < ODEF
ODEp . (right) With

isoelastic demand, the monopolists share of total surplus is unaffected by q:
OABC∫ A
O
p(q)

= ODEF∫ D
O
p(q)

.

which is binding for the social planner, the monopolist can only extend the
extraction interval by investing too early.

Consider the case γ = ρ. Constant elasticity of demand along the optimal
path means that the monopolist does not ’frontload’ or ’backload’ extraction,
relative to the social planner. The social planner’s investment date is the point
at which the cost to the planner of deferring investment (delaying getting the
surplus, plus any decreases in the current value surplus) just equals the benefit
(delaying payment of the set-up costs).

Investing at this point cannot be optimal for the monopolist. The benefit
of delay is the same for the monopolist as for the planner, but the monopolist
captures only a fraction of the surplus; the two cannot balance out. Bringing in-
vestment forward increases total discounted surplus from the capture operations
rises; this surplus is given by

CS =

∫ T

t∗
e−ρt

(
pq − ξ

2
q2
)

dt =

(
p(0)− e−ρt

∗ ξ

2
q(t∗)

)
S(0)

where the quantity term has to be smaller, the earlier extraction begins. Also,
the share of the total surplus going to the monopolist increases (Figure XX).
The monopolist will optimally invest earlier.

If the time horizon is non-binding, the monopolist will still seek to extend
the extraction interval, in order to raise her share of the surplus. However, now
some of this increase can be absorbed by delaying the termination of extraction.
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The effect on the investment date is ambiguous.
The case of isoelastic demand, infinite horizon shines yet more light on the

mechanisms in action. Suppose that the demand is increasing at the rate γ ∈
(0, ρ)9. In this case, following investment (at whatever dates), both the social
planner and the monopolist will follow the exact same extraction schedule. The
social planner would reap a given amount of discounted surplus; the monopolist
would get a given, constant fraction of this. The size of the total surplus grows at
a constant rate, with respect to the date of investment. Now, the costs of waiting
are always lower for the monopolist, and growing over time; the monopolist will
delay investment.

For lower gamma, the above intuition is complicated by the fact that demand
is no longer isoelastic along the optimal paths, and so the monopolist will load
extraction, over time, differently compared to the social planner.10

3 Investment in CCS infrastructure

I will now sketch out an application of the above model to CCS with exhaustible
storage space. Consider an industrial cluster emitting CO2 (’Source’) and a site
suitable for geological storage of the pollutant (’Sink’). These nodes are spatially
separated by a distance normalised to one. An exogenous climate policy governs
both nodes, mandating a carbon tax p(t) per unit of carbon emitted11. This
policy is optimal, in the sense that the carbon tax corresponds to the social cost
of carbon emissions, allowing direct comparisons of social welfare versus private
profits: attention can then be focused on the efficiency of the CCS process itself.

Emissions will continue for T years, after which there is an overnight transi-
tion to clean energy. Until this time horizon, provided a pipeline link connects
the Source to the Sink and storage capacity remains unused, carbon emissions
can instead be captured, transported and buried underground12. Buried emis-
sions do not cause climate change, hence avoiding the marginal impacts to social
welfare. The carbon tax is not paid for stored emissions. However, capture costs
are incurred. Provided the carbon price is higher than the marginal capture
costs, capturing and storing carbon is (weakly) welfare-improving (assuming
the existence of the pipeline).

The Source is a representative polluter, in reality composed of a large num-
bers of small actors, all faced with different capture cost curves. The aggregate
capture cost curve C (q (t)) is strictly convex: C ′ > 0, C ′′ > 0, C(0) = 0, C ′(0) ≥
0. Transport and injection costs are assumed to be negligible . This yields the
linear demand curve assumed earlier.

9In the case of γ = ρ, any plan would be dominated by one in which investment was
delayed and extraction spread out infinitesimally thin.

10Further analytical work on characterising the solution as γ varies is ongoing.
11The assumption of exogenous policy implies that the system under study is sufficiently

small to not affect the optimal tax level. Due to the global public bad nature of CO2, this is
a reasonable simplification even for regional-scale CCS systems.

12I abstract from questions of pipeline and reservoir leakage.
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The sink initially has a fixed stock of storage space S(0). Pipeline investment
is undertaken at cost, per unit distance, of I. This cost does not depend on
capacity—a simplification, but a reasonable one as pipeline construction costs
tend to flatten out at very large, trunk-line capacities (IPCC (2005), p.191).
Hence, once constructed, a pipeline has no capacity constraints. The pipeline
is built at date t∗.

The carbon price rises at the rate γ. The case γ = ρ implies that the
cumulative amount of carbon emitted is capped, as suggested, for example, by
Allen et al. (2009). Stated in this way, the model has exactly the form in section
2.1 and thus satisfies the propositions above; in particular, provided the time
horizon of the clean energy transition is sufficiently distant, and the carbon price
growing sufficiently quickly, the monopolist will invest excessively early.

Remark 2. The result tM < tS follows through even if we assume inverse
demand to be of the form p = p = ξqθ−1, θ > 1; this implies capture costs that
are isoelastic, and ’superlinear’.

3.1 Optimal policy with commitment

As an aside, I will consider the ability of the regulator to achieve the socially
optimal outcome by committing to taxes on carbon and pipeline investment. A
time-varying tax on captured carbon, τC(t), has to motivate an efficient capture
flow path following investment. A unit tax on investment, τI , can be used to
ensure that the pipeline is constructed at an optimal date.

The inverse demand curve faced by the monopolist becomes p(t) = p(t) −
τC(t)− ξq(t), and the cost of investment inclusive of taxes is I + τI . Following
investment at any date, the socially optimal Hotelling Rule can be written, for
an arbitrary γ,

q̇ − ρq =
γ − ρ
ξ

p (12)

For the carbon tax path, the Hotelling Rule the monopolist follows is given by

q̇ − ρq =
(γ − ρ)p+ ρτC − ˙τC

2ξ
(13)

I can now state the conditions on optimal taxes and investment.

Proposition 3. For a given date of investment t∗, the tax path τC(t) required
to motivate efficient CCS operations must satisfy

˙τC − ρτC = (ρ− γ)p (14)

Optimal investment timing is guaranteed by setting

τI = I
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Proof. τC(t) obtained by simply equating statements (12) and (13). The optimal
day-one extraction rate is given by (6). To achieve this, the regulator must set
τI so that

qM (t∗) =

√
ρ(I + τI)

ξ
=

√
2ρI

ξ
= qS(t∗)

Under commitment, investment shold be unequivocally taxed—even in the
case of tM > tS . The particular unit tax above applies to the specified linear
cost function. More broadly, a strictly positive unit tax applies for any cost
function which implies marginal costs that rise sufficiently fast with q, so that
q2C ′′ − qC ′ + C > 0.

The first-order differential equation (14) fixes τC(t) only up to some additive
term: what matters for scheduling CCS operations efficiently is not the level of
the taxes/subsidies, but the rate of change. The level of the storage tax can
be selected to achieve some desired distributional outcome; for example, for the
policy to be profit-neutral for the Sink, or to alternatively tax away profits.13

3.2 A single sink with two sources

Suppose now that there exists a second (’far’) source, a distance d < 1 away
from the first (’near’) source. The two sources are exactly identical except for
their spatial locations. A second pipeline section can be built, at time t∗∗,
between the two sources, with the Sink thereafter sequestering emissions from
both sources. The problem is a natural extension of the respective problems in
section 2. The social optimum obtains from

max
t∗,t∗∗,q1(t),q2(t)

∫ T

0

e−ρt
∑
j∈1,2

CSj (qj(t)) dt− e−ρt
∗
I − e−ρt

∗∗
dI (15)

with quantities captured at the near and far source by q1 and q2, respectively.
The Sink’s problem in the monopolistic case is analogous.

These problems are solved exactly as before. When the entire network is
in place, capture quantities are equalised between the two sources (to equalise
marginal costs). Allocating a given flow evenly between two sources keeps the
(convex) capture costs low. Thus a higher surplus is captured. Secondly, the
difference between the average and marginal consumer’s surplus—i.e. the cost
of delaying investment—falls as capture intensity falls. This implies invest-
ment can be postponed profitably. In the optimum, the full pipeline network is
constructed simultaneously. These properties are summarised in the following
propositions:

13If the government cannot commit to the post-investment tax schedule, a hold-up problem
will arise. This may be sufficient reason to actually warrant subsidies to pipeline investment.
Further work will explore this possibility in the context of a closed-loop equilibrium to the
taxation game.
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Proposition 4. Given the Sink connects to both sources, optimal investment
and sequestration plans imply that t∗ = t∗∗. For t ≥ t∗, q1(t) = q2(t). The
optimal investment conditions are as in Propositions given by conditions (5)
and (9). Investment is undertaken strictly later than in the one-source case.

Proof. When both sinks are connected, equal quantities must be sold to them
to equate the sequestration prices. Proceeding as in the corresponding one-sink
theorems, the investment condition for the social planner is

CS(q1(t∗))− q1(t∗)λ(t∗) ≥ ρI, CS(q2(t∗∗))− q2(t∗∗)λ(t∗∗) ≥ dρI

Clearly, whenever the first is satisfied, so is the second; hence, t∗∗ ≤ t∗. On
the other hand, the middle link is useless without the near link, and hence
t∗∗ ≥ t∗. The monopolistic case is dealt with analogously. The investment FOC
implies q1(t∗) = q2(t∗) = q(t∗)|one sink. Hence, the initial total capture quantity
is double that in the case of a single sink. Investment is delayed as the resource
constraint can be met with capture starting later.

3.3 Non-cooperative model of network formation

Having established optimal investment planning for a single sink, I now intro-
duce a second one, so that carbon storage is (potentially) duopolistic. The
sinks and sources are indexed by i and j, respectively, so that i, j ∈ {1, 2}. All
the nodes live on a line segment, with the sinks positioned at the ends (Figure
2a). The setup is symmetric, with the distance between either sink and its near
source normalised to one. The distance between the two sources is d < 1.

The sinks have the same initial stocks: S1(0) = S2(0). Quantities sold are
now, where necessary, indexed by the sink and the source; thus, Sink i may
choose to sell a quantity qi,j to Source j. The price is determined by the inverse
demand curve and the total quantity sold to Source j. Investment dates for
the pipeline sections to the near sources are denoted t∗i , while investment in the
middle link (by Sink i) is denoted by t∗∗i .

To simplify the calculations, I assume the carbon tax rises at the discount
rate (p̂ = ρ). This eliminates inefficiencies related to the capture schedule, so
that equilibrium prices and quantities satisfy q̂i,j = ρ, p̂i,j = ρ, ∀i, j14. In other
words, the sequestration prices will thus satisfy pj = p − ξqj = p(0)eρt and
qj(t) = qj(0)eρt. Abusing notation slightly, it is understood that the variables
p(0) and q(0) indicate the level of the price and quantity paths, but that actual
sales only occur following investment. Furthermore, for any t,∫ T

t

e−ρtqi,j(s)cj(s) ds = cj(0)

∫ T

t

qi,j(s) ds (16)

In other words, revenues from Sink i selling to Source j are given by the price
level times the cumulative quantity sold by i to j.

All agents are self-interested profit maximisers. I consider open-loop (com-
mitment) strategies. The order of play is:

14The hat denotes, as is conventional, a rate of change: X̂ ≡ dX
dt
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(a)

(b)

(c)

Figure 2: (a) The spatial structure of the problem. Hollow circles represent
sinks, solid circles CO2 sources. The middle section length is d < 1. (b) The
subnetworks outcome. (c) The backbone outcome.

1. Sinks 1 and 2 choose t∗1, t∗2 simultaneously.

2. Sink 1 chooses t∗1∗.

3. Both sinks choose sales quantity paths.

Leaving the quantity setting decision last has a more realistic feel: the sinks
are able to adapt their sales to investment decisions. The separation of the
investment decisions between the main links and the middle link is for numerical
tractability.15

The possible (interesting) outcomes of the game are classified according to
the resulting network structure:

1. Subnetworks Both sinks connect to their near source (Figure 2b).

2. Backbone One sink connects to both sources, while the other remains
isolated and inactive (Figure 2c).

3. Full network The entire network is connected, with one sink connecting
to both sources, and the other entering the network by connecting to its
near sink.

In the last case, a pipeline access regime must be specified. I assume that the
sink which constructs the middle link has full control over the pipeline section
and will never let its competitor use it. Hence, it has exclusive access to its

15Fully simultaneous open-loop strategies are under development.
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near source, while competing with the other sink over the far source. Given
this access regime, without loss of generality, I assume that Sink 1 is the one
which will own the middle section of the full network . I do not consider cases
in which both sinks to construct their own interconnectors16.

3.4 Multimarket competition and exhaustibility

Suppose the full network emerges. At time t̃ = max (t∗∗1 , t
∗
2), the sinks start

competing for the sequestration services flow sold to Source 2, in a dynamic
version of Cournot competition. I will refer to the competitive period as the
continuation game. In an equilibrium (assuming one exists), for t ≥ t̃, Sink
1 will choose to sell a cumulative quantity S̃1,2 of storage space to Source 2;

similarly, Sink 2 will sell a cumulative quantity S̃2,2.
Any open-loop equilibrium has to feature a constant present value net price

for the marginal Source 2 unit; otherwise, either sink would have an incentive to
rearrange extraction to sell additional units when the net price was high. This
net price will imply a capture flow path q2 = q1,2 + q2,2, such that cumulative

sales equal S̃1,2 + S̃2,2.
Sink 1 must also be indifferent between selling the marginal cumulative unit

to Source 1, as opposed to Source 2. The impact of the price fall associated with
shifting sales to Source 2 is partially absorbed by Sink 2, while the corresponding
benefit of the price increase at Source 1 is wholly appropriated by Sink 1. Hence
Sink 1 has an incentive to make sell less to the near source, and meet its resource
constraint by selling more to the far source.

The above considerations completely specify the outcome of the continuation
game, as a function of the stocks at S1(t̃), S2(t̃), and the date t̃. Competition
may be preceded by a stage in which one or both sinks sell storage space individ-
ually. For either Sink, the stages are connected by the transversality condition
of the first stage:

λi(t̃) =
∂Π̃i

∂Si(t̃)
(17)

as well as continuity of the state variables S1 and S2 at t̃ (Kemp and Long
(1977)).17

The continuation game is solved in Appendix A, and results in six possible
regimes. If Sink 1 has very low stocks at t = t̃, it will not bother competing, but
will rather just sell its stocks to Source 1. If both Sinks have moderate stocks,
they will compete against each other. If either sink has very high stocks, it may
not sell its entire capacity by the end of the game at t = T . Figure 3 illustrates

16An assumption to be relaxed in further work.
17This would not necessarily hold if either stock were to find it optimal to exhaust the

entire stock by time t̃. This cannot be the case, though. Sink 1 will always want to retain
some capacity until the terminal date; it can always sell it to Source 1, at a price just below
the choke price. Were Sink 2 to exhaust the entire stock by t̃, it would have a profitable
deviation of delaying investment by a marginal unit and outcompeting Source 1 just before
the terminal date.

15



these regimes as a function of the storage capacity stocks at the beginning of
the continuation game:

1. Both stocks scarce, Sink 1 sells to both sources.

2. Both stocks scarce. Sink 1 has low stocks and only sells to Source 1.

3. Sink 1 has scarce stocks, Sink 2 plentiful; Sink 1 has low stocks and only
sells to Source 1.

4. Sink 1 has scarce stocks, Sink 2 plentiful; Sink 1 sells to both sources.

5. Sink 1 has plentiful stocks, Sink 2 scarce; Sink 1 sells to both sources.

6. No scarcity of storage capacity; Sink 1 sells to both sources..

Closed form solutions for continuation profits can be used to solve for the optimal
investment dates in all regimes—except 4. This complication prevents a full
analytical solution from being obtained. I instead turn to numerical methods
to determine equilibria of outcomes potentially involving direct competition
between the sinks.

Figures 4-6 shows both sinks’ profits from the continuation game, and the
capture costs at Source 2. The sinks’ profits increase with their own stocks
and decrease with the other sink’s stocks, with the exception of plateaus where
either both sinks’ stocks become plentiful (λi = 0 for i = 1 and/or i = 2), or
where Sink 2’s stocks become plentiful and Sink 1 has low enough stocks not to
bother with competition.

3.5 Equilibrium outcomes

The subnetworks outcome results if:

• Both sinks find it profitable to construct their individual subnetworks com-
ponent;

• Neither has an incentive to enter into direct competition, given the other
sink’s timing.

As the problem for an individual source-sink pair has already been solved, I need
but check whether either sink would want to invest in the middle link, given
that the other sink’s investment timing. If this is the case, the subnetworks
equilibrium does not exist.

The backbone outcome results if:

• Sink i finds it profitable to construct the entire backbone;

• Sink i’s profits from playing backbone exceed profits from it playing sub-
networks;

• Given the belief that Sink i will construct the backbone, Sink −i will stay
inactive;
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Figure 3: The various regimes of the continuation game.

Figure 4: Continuation game profits for Sink 1, as a function of the resource
stocks at the beginning of direct competition.
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Figure 5: Continuation game profits for Sink 2, as a function of the resource
stocks at the beginning of direct competition.

Figure 6: The level of the sequestration cost charged for Source 2 emissions in
the continuation game, as a function of the resource stocks at the beginning of
direct competition.

18



Last, I consider stable equilibria in which direct competition in fact occurs.
The problem consists of two stages. The first stage is the period in which the
network is not fully connected, with one or both sinks possibly connected to
their near sources (or both sources, for Sink 1). At t̃, the network becomes fully
connected and Cournot competition begins.

The continuation game profits determine optimal dates if investment. For
given dates of investment, optimal investment for the pipeline section which
initiates direct competition is characterised by

∂Π̃i

(
t̃, S1

(
t̃
)
, S2(t̃)

)
∂t̃

+ ρe−ρt̃DiI = 0

where i indexes the Sink which makes this investment, and D1 = d, D2 = 1.
The payoffs may involve an initial period of sales, followed by the profits from
the continuation game, less investment costs. The continuity of λi also implies
price offer paths are continuous at t = t̃. (17) and the requirement that the
resource stock be continuous at t̃ can be used to determine λi (and hence qi(0)),
taking into account the possibility that the resource might not be scarce.

The regime shifts in the continuation game introduce discontinuities to the
derivatives of the continuation payoffs, with respect to the resource stocks. This
implies that profit functions, with respect to investment timing choices, are not
smooth. A grid search algorithm is used to obtain good guesses of equilibrium
strategies. Where possible, equilibria are pinned down using a quasi-Newton
algorithm; otherwise, the grid search is refined further to determine the equilib-
rium point.

4 Results

Numerical results are obtained under an arbitrary parameterisation. A rich
set of equilibrium outcomes arises (Figure 7). The backbone is an equilibrium
outcome

Subnetworks is only an equilibrium at very low capacities. In the chosen
parameterisation, the middle link is very short (d = .1), and so delaying in-
vestment and entering into full competition, later, becomes profitable. This, of
course, breaks the subnetworks equilibrium down.

Full network equilibria exist everywhere, except at very low carbon prices.
At low capacities, scarcity holds for both sinks (FN1). As capacities increase
and carbon prices fall, stocks become plentiful; initially for Sink 2 (FN4), and
eventually for Sink 1 too (FN6). Naturally investment takes place earlier, the
higher is storage capacity. For low capacities (FN1, low FN4), Sink 2 invests
first, with Sink 1 entering later, selling its capacity to both sources over a shorter
period of time. However, there is a discontinuous reversal (inside FN4, with a
region of two full competition equilibria) as capacity increases. At very high
capacities, Sink 1 invests very early; with Sink 2 entering only towards the end
of the period. Sink 1 finds early investment worthwhile, as it can get rid of its
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capacity; Sink 2, on the other hand, is forced to delay investment and sell a
limited volume altogether.

At moderate-to-high capacities and low carbon prices, backbone equilibria
are the only stable equilibria. Investment is only worthwhile a very low carbon
prices if the sink can utilise the long pipeline section for reaching both sources.
As prices increase, entry becomes profitable.

Multiple stable equilibria exist at the marginal regions; for example, there
is an overlapping region where both BB and FN4 are stable. Equally, at fairly
low capacities and moderate prices, BB, SUB and FN1 can all be stable.18

I also want to consider which of the various outcomes would be seen to be
’second-best’ optimal (Figure ??). Were the social planner unable to dictate
the late first-best investment timings, which network configuration would she
prefer to arise?

The results indicate that subnetworks is the desirable under a large range
of (S, p)-combinations. The social planner would rather see as much capacity
as possible come online, especially is the carbon price is high. However, note
that these outcomes are not feasible equilibrium outcomes except at very low
capacities. Instead, often the full network emerges instead, with (from a social
point of view) redundant investment.

At low carbon prices, the backbone is desirable as well as a stable equilib-
rium. However, at very low capacities the social planner would prefer to have
extra capacity brought online (subnetworks). Here, investment is insufficient
from a social perspective.

The full network, too, is a desirable outcome across with high capacities,
moderate carbon prices. The reason for this is that under full network, market
power is diminished by competition between sinks. This means that the sinks
have less incentive to stretch out the interval of extraction, i.e. they invest later
than they would under the other two configuration. Social welfare is actually
increased by the possibility of investment into the redundant middle link.

5 Conclusions and further work

Poor infrastructure investments may drive up the total, lifetime, system-wide
costs of large-scale CCS. Studies to date have considered CO2 pipelines from a
social planner’s perspective, seeking to minimise CCS system costs. However,
these studies assume the existence of a regulator with the powers to mandate or
incentivise the construction of the optimal network. These studies also ignore
the possible exhaustibility of geological storage capacity.

I have studied the interaction between set-up costs and market power in a
market for an exhaustible resource. A well-known result is that, facing isoelastic
demand, a monopolist is unable to use market power. Wanting to sell the entire
resource stock, profits cannot be increased by reordering extraction over time.
This changes when the monopolist gets to choose the date on which resource
extraction begins, and when demand is such that the monopolist is able to affect

18Analytical results exist for some of the regime boundaries. Further work is ongoing.
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Figure 7: Equilibrium outcomes as a function of the resource stock and car-
bon price. The unmarked squares indicate multiple equilibria (generally the
neighbouring regimes).

Figure 8: Welfare-maximising second-best equilibria.
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the share of overall surplus she captures by her extraction choices. A monopolist
can then create market power by extending the period over which she extracts
the resource. I have shown this effect to hold for linear demand rising sufficiently
quickly, but the feature will hold for other types of ’similar’ demand functions.

I have applied the above model to CCS pipeline investment for the case
of a single sink, single source. As a result, a monopolist can in fact invest
excessively early into CCS infrastructure. If the regulator can commit to a
tax on investment and a subsequent tax/subsidy path on carbon storage, these
inefficiencies can be eliminated and a desired distributional outcome achieved.

I have then presented a relatively simple model of duopolistic CO2 storage,
with self-interested, optimising agents seeking to maximise the value of the geo-
logical assets climate policy has endowed them with—exhaustible underground
storage space. Work on this model is ongoing.

Preliminary numerical results suggest that a rich set of equilibrium outcomes.
Only in particular cases is the second-best outcome—the equilibrium outcome a
social planner would prefer, were he not able to dictate investment—guaranteed
to occur.

Inefficiencies, in this second-best sense, result from:

• Underinvestment: the inability of sinks to appropriate the entire surplus
due to CCS (by contracting individually with the small firms aggregated
into representative sources) can lead to too little investment. This may
result in CCS not taking place, even though it would improve overall
welfare.

• Underinvestment due to profit-seeking: At fairly low capacities and carbon
prices, a sink may seek excess profits by monopolising CCS provision. In
this case, capital expenditure is lower, but at the social cost of desirable
storage capacity not being brought online.

• Overinvestment due to profit-seeking: when storage capacities are moder-
ate and prices are fairly high, it is socially preferable bring in all available
CCS capacity. The sinks have an incentive to enter into their counterpart’s
market. This investment is undesirable from a social point of view.

Full network equilibria entail excess investment—the middle interconnector
is redundant from a social perspective—but the effects of competition may be
beneficial, in that they limit market power and hence may delay investment.
This is socially desirable; investment costs are only incurred later, while the
resulting rapid capture rate is not undesirable from a social planner’s point of
view.

A centrally planned CO2 pipeline network may look very different from
decentralised investment driven by a price on carbon emissions. However, de-
centralised investment may well be a reality where regulation is not desired, or
a sovereign regulator cannot be established.

The interesting question is whether a budget-constrained regulator could mo-
tivate a better outcome by subsidising, constructing, or committing to construct,
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a short network section. Thus the regulator could use such ’seed’ connectors to
tilt self-interested agents’ incentives in a socially beneficial direction. Such seed
investment would effectively leverage the network externalities to motivate an
optimal network. This question remains work in progress.

An interesting question would be how the above mechanisms might play out
in a network with more agents. This problem would be essentially impossi-
ble to solve, even numerically, for more than a handful of agents. Unorthodox
methods, and the assumption of imperfectly optimising behaviour, would be re-
quired. Despite running against the grain of mainstream economics, the question
remains extremely interesting and highly policy-relevant. Numerous CCS pilot
projects are being planned and deployed, and the effect of ’seed’ investments on
the ultimate CO2 pipeline network structure may be of urgent importance.

Appendices

A Equilibrium of the continuation game

The continuation game begins at time t = t̃. Sink 1 can sell to both sources,
while Sink 2 only sells to Source 2. Sink 1’s problem is to solve

max
S̃1,1,S̃1,2

∫ T

t̃

e−ρt
∑

j∈{1,2}

q1,jcj dt

= c1(0)S̃1,1 + c2(0)S̃1,2

s.t. S̃1,1 + S̃1,2 ≤ S1(t̃), S̃1,1 ≥ 0, S̃1,2 ≥ 0

c1(0) = p(0)− ξρS̃1,1

eρT − eρt̃

c2(0) = p(0)−
ξρ
(
S̃1,2 + S̃2,2

)
eρT − eρt̃

(18)

where the cost functions flow straightforwardly by substituting the capture flow
functions q(t) = q(0)eρt into the resource constraints to determine q(0); and
substituting this into the inverse demand curves (with S̃2,2 taken as given.)

Conversely, Sink 2 solves the problem

max
S̃2,2

∫ T

t̃

e−ρtq2,2c2 dt

= c2(0)S̃2,2

s.t. 0 ≤ S̃2,2 ≤ S2(t̃)

c2(0) = p(0)−
ξρ
(
S̃1,2 + S̃2,2

)
eρT − eρt̃

(19)
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with S̃1,2 taken as given. The solution to the above game consists of six different
regimes, as summarised in Section ??. The Lagrangians for these problems are

L1 =p(0)
(
S̃1,1 + S̃1,2

)
− ξρ

eρT − eρt̃
(
S̃2
1,1 + S̃2

1,2 + S̃1,2S̃2,2

)
− λ̃1

(
S̃1,1 + S̃1,2 − S1(t̃)

)
L2 =p(0)S̃2,2 −

ξρ

eρT − eρt̃
(
S̃2
2,2 + S̃1,2S̃2,2

)
− λ̃2

(
S̃2,2 − S2(t̃)

)
First-order conditions are straightforward to obtain:

p(0)− ξρ

eρT − eρt̃
2S̃1,1 = λ̃1, p(0)− ξρ

eρT − eρt̃
(

2S̃1,2 + S̃2,2

)
= λ̃1

p(0)− ξρ

eρT − eρt̃
(

2S̃2,2 + S̃1,2

)
= λ̃2

and from these, we can obtain the various possible regimes.
Regime 1: S̃1,1 + S̃1,2 = S1(t̃), S̃2,2 = S2(t̃), S̃1,2 > 0.
Both sinks’ storage capacities are scarce, and

S̃1,1 =
1

2
S1(t̃) +

1

4
S2(t̃), S̃1,2 =

1

2
S1(t̃)− 1

4
S2(t̃)

S̃2,2 = S2(t̃)

The capacities have to be sufficiently close to each other so as to not preclude
Sink 1 entering into competition with Sink 2: S2(t̃) < 2S1(t̃). The requirement
of scarcity implies the Lagrange multipliers have to be positive, so that

S2(t̃) ≤ 2
eρT − eρt̃

ξρ
p(0)− 2S1(t̃) (20)

S2(t̃) ≤ 4

7

eρT − eρt̃

ξρ
p(0)− 2

7
S1(t̃) (21)

Regime 2: S̃1,1 = S1(t̃), S̃1,2 = 0, S̃2,2 = S2(t̃).
Both sinks’ storage capacities are scarce, so (20) must still hold. Sink 1’s

storage capacity is low: S2(t̃) > 2S1(t̃), and Sink 1 does not sell to Source 2.
Now, the requirement λ2 ≥ 0 becomes

S2(t̃) ≤ 1

2

eρT − eρt̃

ξρ
p(0) (22)

Regime 3: S̃1,1 = S1(t̃), S̃1,2 = 0, S̃2,2 < S2(t̃).
Sink 1’s capacity is scarce and small enough, relative to the cumulative

quantity sold by Sink 2 S̃2,2, for it not to enter into competition: S̃2,2 > 2S1(t̃).
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Now Sink 2 has plentiful emissions, so that (22) does not hold. Sink 2’s optimal
choice is to set marginal revenues equal to zero, resulting in cumulative sales of

S̃2,2 =

∫ T

t̃

p

2ξ
dt =

1

2

eρT − eρt̃

ξρ
p(0) (23)

Regime 4: S̃1,1 + S̃1,2 = S1,2, S̃2,2 < S2(t̃), S̃1,2 > 0.

Sink 1’s capacity is scarce but it will enter into competition: S̃2,2 ≤ 2S1(t̃).
Sink 2 has plentiful stocks and cumulative sales are given by (23). Sink 2’s
optimal choice is to set marginal revenues equal to zero, taking Sink 1’s action as
a given. Sink 1’s FOC’s hold as before. Thus we get the amounts of cumulative
sequestration:

S̃1,1 =
3

7
S1(t̃) +

1

7

eρT − eρt̃

ξρ
p(0)

S̃1,2 =
4

7
S1(t̃)− 1

7

eρT − eρt̃

ξρ
p(0)

S̃2,2 =
4

7

eρT − eρt̃

ξρ
p(0)− 2

7
S1(t̃)

For Sink 1 to enter into competition, yet to have scarce emissions, implies

1

4

eρT − eρt̃

ξρ
p(0) ≤ S1(t̃) ≤ 5

6

eρT − eρt̃

ξρ
p(0) (24)

Regime 5: S̃1,1 + S̃1,2 < S1,2, S̃2,2 = S2(t̃), S̃1,2 > 0.
Sink 1 has plentiful storage capacity, while Sink 2 does not. Sink 1 certainly

competes. Now

S̃1,1 =
1

2

eρT − eρt̃

ξρ
p(0)

S̃1,2 =
1

2

eρT − eρt̃

ξρ
p(0)− 1

2
S2(t̃)

Scarcity for Sink 2 requires

S̃2,2 ≤
1

3

eρT − eρt̃

ξρ
p(0) (25)

Regime 6: S̃1,1 + S̃1,2 < S1,2, S̃2,2 < S2(t̃), S̃1,2 > 0.
Now, there is not scarcity of storage capacity. Sink 1 sells monopolistically to

Source 1, while the two sinks compete in quantities for Source 2’s sequestration
needs:

S̃1,1 =
1

2

eρT − eρt̃

ξρ
p(0)

S̃1,2 = S̃2,2 =
1

3

eρT − eρt̃

ξρ
p(0)

Absence of scarcity implies that inequality (25), and the second inequality in
(24) are reversed.

The regions in
(
S1

(
t̃
)
, S2

(
t̃
))

-space are illustrated in Figure 3.
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