Joining the CCS Club!

The economics of CO , pipeline projects *

Olivier MASSOL  P¢* Stéphane TCHUNG-MING *®  Albert BANAL-ESTANOL °©f

PRELIMINARY VERSION — PLEASE DO NOT QUOTE

December 6, 2014
Abstract

The large-scale diffusion of Carbon Capture, transpnd Storage (CCS) imposes the
construction of a sizeable GQpipeline infrastructure. This paper examines the
economics of a CPOpipeline project and analyzes the conditions fowidespread
adoption of CCS by a group of emitters that carcéxenected to that infrastructure. It
details a modeling framework aimed at assessingbtbhak-even value for joint CCS
adoption, that is the critical value in the chafge CO, emissions that is required for
each of the emitters to decide to implement captapabilities. This model can be used
to analyze how the tariff structure and the reguiattonstraints imposed on the €0
pipeline operator modify the overall cost of £&batement via CCS. This framework is
applied to the case of a real European @eline project. We find that the obligation to
use cross-subsidy-free pipeline tariffs has a mingract on the minimum CQprice
required to adopt the CCS. In contrast, the ohbgatio charge non-discriminatory prices
can either impede the adoption of CCS or signitigaraises that price. Besides, we
compared two alternative regulatory frameworks@@S pipelines: a common European
organization as opposed to a collection of natisagulations. The results indicate that
the institutional scope of that regulation hasmaitéd impact on the adoption of CCS
compared to the detailed design of the tariff $tmecimposed to pipeline operators.

Keywords: OR in Environment and Climate Change;0arCapture and Storage; GQipeline;
Club theory; Regulation; Cross-subsidy-free tariffs

* We wish to express our gratitude to Derek BunmdeChéze, Jeremy Eckhause, Steven Gabriel, Mathia
Laffont and Jacques Percebois for insightful comtshem earlier versions of this paper. In additime, thank
conference participants at the EEM12 (Florence2p@hd at INFORMS (Phoenix, 2012) for useful distmiss.
The views expressed herein are strictly those efailthors and are not to be construed as repnegehtise of
IFP Energies Nouvelles.

a IFP Energies Nouvelles, 1-4 av. de Bois Préd2952 Rueil-Malmaison, France.

b Center for Economics and Management, IFP Sch@8k232 av. Napoléon Bonaparte, F-92852 Rueil-Malami§rance.
¢ Department of Economics, City University Londbiorthampton Square, London EC1V OHB, UK.

d CREDEN, Université de Montpellier I, Avenue Raymdhagrand, F-34960 Montpellier, France.

e Department of Economics and Business, UniveRaatpeu Fabra, Ramon Trias Fargas 25-27, 08005 Baac&pain.

f Public-Private Sector Research Center, IESE BusiSehool, Av. Pearson 21, 08034 Barcelona, Spain.

* Corresponding author. Tel.: +33 1 47 52 68 26; fe83 1 47 52 70 66.
E-mail addressolivier.massol@ifpen.fr




1. Introduction

The current dominance of hydrocarbon fuels in tloba primary energy mix is likely to persist in
the foreseeable future, suggesting that therebeilho sharp decline in carbon dioxide gE@missions
(IEA, 2011). Against this daunting background, ggat Carbon Capture transport and Storage (ECS)
represents a technically conceivable option toateolarge volumes of Gdrom the atmosphere. A
widespread deployment of this abatement technologyarge industrial C® point sources could
reconcile the current world’s dependence upon hgathtmons with the large and rapid reduction of
anthropogenic COemissions required to prevent the effects of dlelmming (Pacala and Socolow,
2004). However, the large scale deployment of C&®d an enduring economic challenge: as CCS
scales up from local, small-scale demonstratiofepts, it becomes contingent upon the construcaifon
a costly CQ pipeline infrastructure with national or contingrécope (Herzog, 2011).

The purpose of this paper is to contribute to thiegéoning analysis of the economics and
regulatory issues of CG(pipeline projects. We consider the case ofetkaihilo creation of a sizeable
CO, pipeline system, aimed at gathering the emissiogamsis produced by a given collection of
independent industrial plants and transporting theia storage site. We address two related question
First, how far would the price of G@missions have to rise for the CCS technologyetadopted by
that collection of emitters? Second, to what extenthe tariff and/or the regulatory structure iregd
on the CQ pipeline operator modify thisreak-even valuéor joint CCS adoption?

Over the past decade, a large body of literatuse éraerged on CCSDespite the amount of
literature, however, little research has considehedspatial nature of this abatement technology, (i
the fact that sources can be remotely located figgologic sequestration sites imposing the
construction of dedicated G@ansport systems). This relative lack of consitlen can probably be
explained by the engineering cost studies thatcallyi highlight the inexpensive nature of €O
transportation relative to the other componentstted CCS chain (i.e., capture and storage).
Nevertheless, CCS experts repeatedly emphasizeintpertance of carbon transportation issues
(Flannery, 2011). According to Herzog (2011), astketwo barriers hamper the construction of a
sizeable transportation infrastructure. The fissthe lack of clarity in the regulatory regimesdahe
tariff policies) governing C®pipelines. The second is the “chicken and egglprobfaced by CQ
pipeline project developers: on the one hand,ribisworth building a pipeline system without dicéil
mass of capture plants to feed Qo it, but on the other hand, emitters are wilikko invest into a
costly capture equipment without being certain th@Q pipeline will be constructed.

1 CCS is a generic name for the combination of tecgies applied in three successive stages: (1) &ipguce which consists
of a separation of C&from the emissions stream generated by the ulssif fuels at industrial plants, (2) the transgaiion
of the captured C@via a dedicated infrastructure to a storage looati and (3) the long-term storage of the GO@thin a
suitable geological formation in a manner that eesuits long-term isolation from the atmosphereG@ 2005).

2 A tentative and non-exhaustive clustering of thoesgributions includes: (i) the applications optdown dynamic models to
contrast the relative performances of policy instents and to check their influence on the adopdb&CS (e.g., Gerlagh
and van der Zwaan, 2006); (ii) the detailed bottomamalyses on the future prospects for CCS (e.g., KerdKasim, 2008;

Lohwasser and Madlener, 2012); (iii) the investmamalyses applying the real-option approach to ealCS projects (e.g.,
Heydari et al., 2012); (iv) the contributions aimatidetermining an optimal R&D policy for the CC8hwrology (Baker and

Solak, 2011; Eckhause and Herold, 2014).



The contributions of this paper are twofold. Fivgg provide a modeling framework that analyzes
the coordination issue at hand with the help ofpevative game-theory techniques. The theoretical
basis of our approach stems from a club theorypgets/e (Buchanan, 1965) and follows the early
works of Littlechild (1975) and Sharkey (1982). Acdingly, the CQ emitter’s decision to install or to
not install capture equipment can be viewed a®theome of a voluntary application to a “CCS club”
aimed at aggregating the emissions captured imengndustrial cluster to generate economies desca
in the construction and subsequent operation obiat jCO, transportation infrastructure. More
specifically, our aim is to test the condition Botarge voluntary adoption of CCS as a function(idf:
the CQ transportation technology, (ii) the nature of theffs regulation imposed on the pipeline
operator, and (iii) the price of GGemissions (which can be set through a tax or aacdpirade
system).

Second, we consider an application of the propfrsedework to the case of the construction of a
trunkline system collecting the G@aptured by 14 industrial facilities located irrthavest France and
Belgium, and transporting it to the NetherlafdSur findings confirm that spatial pricing issues
significantly narrow the choice of constructingipgtine tariff structure: any kind of uniform pogta
stamp tariff impedes the adoption of CCS, wheresgygphical price discrimination is more effective.
In the latter case, poorly defined tariffs sigrafitly raise the minimum Cprice required to adopt the
CCS. Our findings also reveal that CCS adoptioeaisier to achieve in case of a smaller project that
solely considers the 12 largest emitters. Our migdramework can also be used to compare two
alternative organizations for the regulation of Qpelines: a regulation designed at the EU-level @
collection of national-based regulations. Our firg$i indicate that an integrated European regulégion
preferable to ease the deployment of that carbaioval technology. Yet, the choice of the institnab
scope of the pipeline regulation (national vs. Pean) seems quantitatively less important for the
adoption of CCS than the detailed decisions relatede tariff structure imposed to pipeline opersit

Our framework should prove useful in evaluating tost effectiveness of Gabatement via
CCS. A series of widely quoted studies have attethpd estimate the cost effectiveness of carbon
abatement by means of CCS technologies (IPCC, 2@0Kjnsey, 2008; MIT, 2007). Apart from the
accounting controversies pointed lijlegen and Reichelstein (2011), all these studipiajly make
reference to average cost concepts. However, atingeonly approaches neglect the coordination
iIssues associated with the joint adoption of CC& lgyoup of heterogeneous emitters. Because of this
omission, average cost figures can underestimaerahl break-even value. The empirical results
reported in this paper document the magnitude isfuhderestimation and indicate that the difference
can be substantial and varying with the emitteetefogeneity and the tariff system used by the CO
pipeline operator.

The paper is organized as follows: Section 2 jestifour approach. Section 3 presents a
cooperative game theoretic model of the adoptiomipéline transport of CO In Section 4, this

® To be precise, this project assumes the constmucif a trunkline system aimed at collecting the, €&ptured by 14 small to
large-size industrial facilities located in both Havre (France) and Antwerp (Belgium), and transpuaytit to the Rotterdam
area (Netherlands), where it can be stored in degleiéfields in the North Sea. This sizeable promtld represent one of
the first attempts to build a transnational €fipeline system in Continental Europe.



framework is used to derive a methodology evalgative break-even value for joint CCS adoption.
Then, Section 5 details an application of this roddtogy to the case of a real European project.
Finally, the last section offers a summary and sooreluding remarks. For the sake of clarity, ladl t
mathematical proofs are presented in Appendix A.

2. CO, pipeline systems as a club good

In this section, we justify our approach by detgjlithe economics of a pipeline-based ,CO
transportation service. In a first subsection, wghlight the presence of very marked economies of
scale. Then, a second subsection reviews the rewahtls proposed to determine the deployment of a
CO, pipeline system and argues that the decision testoact a CCS infrastructure resembles the
decision to create a “club”. Lastly, a third sulisBtdiscusses the cooperative game theory techgiqu
needed to analyze club goods.

2.1 Economies of scale in CO , pipeline systems

Recently, a series of engineering analyses have c@m®ducted to model the economics of simple
point-to-point pipeline systems capable of tranBpgra given steady flow rate of G@cross a given
distance (e.g., McCoy and Rubin, 2008; McCoy, 2008gse studies detail an exhaustive, engineering-
based, representation of the QOgipeline technolodgyand put that representation to work to determine
the cost-minimizing design of a given g@ipeline infrastructure (the pipeline diameteg #ize of the
compression equipment installed along the pipeline)

From a conceptual perspective, these studies b&tanreg analogy with the engineering economic
methodology used in the natural gas industry. Asaanatural gas pipelines are concerned, a mrolifi
literature, stemmed from Chenery’'s (1949) seminahtribution, has combined engineering and
economics to guide both investment and operatideeisions. Using that analog§.one may describe
the CQ pipeline technology as an engineering productiorction that has two inputs: (i) energy (to
power the pumping equipment) and (ii) capital (tstall a pipeline and the pumping equipment), which
can be combined in varying proportions to transpogiven future flow of C@® In the long-run, the
CGO, planner’s problem amounts to finding the cost-miging combination of inputs compatible with
this engineering production function.

Using these engineering models, a number of stuthee examined how the cost of a simple
point-to-point CQ pipeline varies with the output level. These csistulations consistently indicate

4 A comprehensive presentation of these engineedngiderations is beyond the scope of this papees@ studies typically
includes: (i) a flow equation that describes thetfdnal loss of energy through the pipe (i.e. thespure drop) as a function
of the fluid's properties (e.g., flow-rate, pressutemperature) and engineering parameters (etge, gipeline length, its
diameter, an empirically determined friction coeffint); (ii) the mechanical constraints related ttee pipeline’'s maximum
operating pressure; and (ii) the equation governting power required to pump the €O

® For example: (i) the analytical studies conductetsimple point-to-point natural gas infrastructaréAndré and Bonnans,
2011; Massol, 2011), and (ii) the numerous applars of mathematical programming to model meshedar&s (e.g., De
Wolf and Smeers, 1996; André et al., 2009).

® There exists some technological differences betwaenal gas and C@pipelines systems as methane is typically piped in
gaseous state whereas £ piped in supercritical state (McCoy and Rubifp2). Nevertheless, these differences are not
sufficient to denounce the validity of this analogy



that the technology at hand exhibits very marketeasing returns to scale over a large range gubut

in the long run (IPCC, 2005; McCoy and Rubin, 2088;Coy, 2009). The presence of decreasing
marginal cost has important implications for thelustrial organization of the GQransportation
industry. In principle, each of the potential usefsaa given CQ pipeline system could independently
build an infrastructure for itself, but the cumealdtcost of these individual infrastructures woudd b
prohibitive compared to those of a common pipegstem. Hence, economies of scale represent an
incentive for the aggregation of the emitters’ s@ortation demands and the construction of a unique
pipeline infrastructure.

2.2 The need for a club theoretic approach

In recent years, there has been an upsurge iregtter the application of optimization techniques
to determine the cost-minimizing design of an ingd CCS infrastructure network (Bakken and von
Streng Velken, 2008; Middleton and Bielicki, 200@emp and Kasim, 2010; Klokk et al., 2010;
Mendelevitch et al., 2010; Kuby et al., 2011; Skécet al., 2014).While very much needed for
indicative regional planning purposes (e.g. to nigathe source-to-sink allocation), these optihmza
models implicitly posit an idealized industrial argzation: a unique decision maker is supposed to
have total control of the whole CCS chain. Howetteg, validity of such a central planning approach i
controversial because, in reality, several indepahdtakeholders are likely to be involved in the
creation of a CCS infrastructure (e.g., the ensftére CQ pipeline operatory.This fact can hardly be
overlooked: according to the policy discussion erzdg (2011, p.600), an inappropriate coordination
of these individual decisions can impede the massaployment of CCSIn this paper, we investigate
these coordination issues.

Timing considerations matter in the pipeline indpsOn a given C@pipeline project, there is an
incentive to organize the aggregation of the ensittdermandsx ante i.e. during the planning phase.
The size of a pipeline system is mainly determibgdhe diameter of the pipe, a parameter that danno
be modifiedex posti.e., once the infrastructure is installed). Bessof this irreversibility, angx post
expansion in the demand for transportation requlresaddition of extra pumping equipment, a move
that would either be blocked by technological cdegitions (e.g. the allowable maximum stress of the
pipe) or result in an excessive cost (comparedchtsd of an optimally designed pipeline with an
adapted capacity). Hence, the g@nsportation service is a good charactereegdosty either partial
rivalry or some excludability of benefit8.

" These contributions are directly related to themgtions research literature on the optimal desidra pipeline network, a
well-known problem with numerous applications in thergy industries (e.g., Rothfarb et al., 1970; Bdaaan and Salzborn,
1979; Brimberg et al., 2003; Babonneau et al., 20412dré et al., 2013).

8 This statement is also shared by Mendelevitch4P®ho recently examined CCS deployment using a lscgke market
equilibrium model formulated as a mixed-complemetytgroblem. However, in contrast to ours, this Bs#&s assumes the
presence of constant return to scale in the, @ipeline industry (and thus neglects the role efréasing marginal cost).

® Herzog (2011, p. 600) attributes the lack of dgplent of C@ pipeline systems to what he casually depicts ashécken
and egg” problem: on the one hand, a transportatiofrastructure is required to foster the deployineh carbon capture
equipments in a given area but, on the other hanckjtical flow of captured C@is needed to justify the construction of the
infrastructure.

10'We refer to Sandler and Tschirhart (1980) for anpoehensive presentation of these notions.



The conjunction of this feature together with tliegence of marked economies of scale indicate
that the CQ transportation service resembles a “club goodh@& and Tschirhart, 1980). Thus, the
construction of a CCS infrastructure amounts tolaepthe creation of a club of CCS adopters
(Buchanan, 1965). In particular, the very marketdirres to scale call for an optimum club size that
consists of all the potential adopters. Howeveg, ¢heation of such club is not granted: it willuks
from the voluntarily adhesion of the G@mitters. A poorly defined institutional structuwan create an
incentive for a subset of emitters to prefer eitibedisband or to create a smaller club.

2.3 Club goods and cooperative game theory techniqgu  es

Club goods are usually analyzed making use of cabpe game techniques (Sandler and
Tschirhart, 1980). As opposed to non-cooperatigeperative game theory does not build negotiation
and enforcement procedures explicitly into the nhoaled describes only the outcomes that result when
the players come together in different combinatidte@n-cooperative results depend very strongly on
the precise form of the procedures, on the ordenaking offers and counter-offers and so on. This
may be appropriate in voting situations in whickegise rules of parliamentary order prevail. But
problems of negotiation are in many cases, andinlsarr setup, less clear; it is difficult to piown
just what the procedures are. More fundamentdily,procedures may not be really all that releviant;
is the possibilities for coalition forming, promigj and threatening that are decisive, rather thaoses
turn it is to speak (Aumann, 1989).

A cooperative game consists of the following tweneénts: (i) a set of players, and (i) a
“characteristic function” specifying the value deshby different subsets of the players in the gdme
A group of players who commit themselves to congetioer is called a “coalition.” What the members
of the coalition get, after all the bribes, sidg/mpants, and quids pro quo have cleared, is calted a
“allocation”. The main solution concept of a coggere game is the core. The core of a cooperative
game consists of all undominated allocations. heptvords, the core consists of all allocationshwit
the property that no subgroup within the coalittam do better by deserting the coalition.

In the sequel, we shall consider two types of coatpge game and therefore two types of
allocations. In the first, we analyze the case gf@up of emitters that can own and share a common
pipeline system, and thus form a “vertically inttgd” club. The club is assumed to gather the
individual net benefits of the infrastructure aedistribute them among its members. In the secmad,
examine the case of an infrastructure owned by rategendent pipeline operator selling £O
transportation services to the emitters. Beforeidileg its construction, a pipeline operator has to
design and sign an enforceable long-term contrébt @ach emitter that specifies the amount thalt wil
be charged to that emitter for the transportatenvise. In the theoretical literature, the resgtgame
is considered as a “cost-sharing game” (Young, 1985

11 By contrast, non-cooperative games must spedffatiowing four elements: the players of the gathe,information and
actions available to each player at each decisiomp and the payoffs for each outcome.



3. A cooperative game-theory approach to CO , infrastructure
pricing
In this section, we present our framework and oamnanalytical results. In the first subsection,
we present the assumptions and clarify the notatiothe second, we detail the conditions requiced
CCS adoption in the case of a group of emittersdha own and share a common pipeline system, and
thus form a “vertically integrated” club. Third, wexamine CCS adoption in the case of an
infrastructure owned by an independent pipelineraipe. In a final subsection, we show that the

conditions required for the creation of a vertigdlitegrated club of emitters are equivalent tostho
required for the deployment of G@ipeline infrastructure owned by an independeetrator.

3.1 Assumptions and notation

To begin with, we detail the assumptions and glghg notation.

a— Main setup
This paper examines the economics of a, @{peline project aimed at transporting the ,CO
captured at a number of industrial facilities arahsporting it to a storage site. We het denote the
finite set of emitters that could potentially bennected to that C{pipeline system (stilIN is a subset
of the total set of emitters in the economy in does. The objective of the paper consists in
determining the minimum set of conditions that eagbat a pipeline infrastructure connecting adisth

emitters is constructed. Hereafter, the emitterthis set are indexed by subscriptand we let|N|

denote the cardinality of this set asddenote a subset of .

The project is located in a large economy whereranronmental regulation is aimed at reducing
CO, emissions by putting a price on these emissidttsefea carbon tax or a cap-and-trade system). We
let p., denote the prevailing price for the emission o don of CQ. We assume that, though

important in volume, the emissions of the emitiersN represent only tiny shares of the economy’s
emissions so that the impact of the emitters’ deesson the carbon pricp., can be neglected.

Each emitter faces a binary decision that concesrether or not it adopts the CCS technology.
We let o denote the price of the storage service providedrbindependent storage operafafor
each emitteri, we letQ denote the annual quantity of €@at can potentially be captured, agd

denote the levelized unit cost of the site-spectarbon capture unit. As a result, the amount

(pcoz - X —J)Q represents the willingness to pay for a,@ipeline service for each emitter

12 This assumption is satisfied even in the cashefarge scale European CCS project examined iridBedt In this project,
the emitters that can potentially be connectedheoftipeline system together control less than (®%e total amount of CO
emission allowances in the EU cap-and-trade sysfesra result, their decisions to adopt CCS are uhlike greatly modify
the prevailing carbon price. Conceivably, the intians between the emitters' decisions and thegimeg supply and
demand conditions on the G@narket could become significant in case of a Varge CCS project. To model these
interactions, further developments would be needeg. to introduce a complete market equilibrium eididr the CQ
market). Such developments are clearly beyonddbpesof the present paper. Nevertheless, we beletettis approach is
general enough to examine a very large number @b@sed CCS projects.

13 The parameter may also be interpreted as a levelized unit costarge.



b — The pipeline technology
Let C be a finite real-valued function on the subsets\JOfHere,C(S) denotes the stand-alone,
long-run cost of a pipeline system gauged to trarighe CQ emitted by the subset. In the empirical
section, the2" values taken by the functios will correspond to the numerical outcomes of an
engineering process modélWe assume tha€(0)=0 and C(S)z0 for any non-emptys in N.
Following the discussion in Section 2.1, we assuha the cost functiorc is sub-additive: i.e.,
C(sOT)=< q §+ ¢ J for any coalitionsS, TO N, with Sn T=0." This assumption suggests that,

for a given set of emitters, the construction gbanmon CQ pipeline system lowers the transportation
cost compared to a situation where the transportatervice is provided by several pipeline systems.

3.2 The case of a vertically integrated club

In this subsection, we think of emitters as potntiembers of a club aimed at constructing and
operating a common pipeline infrastructure, i.eeatically integrated club. The club is assumed to
gather the individual net benefits and redistritbiam among its members. We proceed as follows. We
first define the total net benefits that could Heained, collectively, by any group of emittegs
creating their “restricted” club. Then, we expldhe conditions required for a club gathering a# th
emitters inN to build the largest possible infrastructure, agipeline infrastructure connecting all the
IN| emitters. Lastly, we examine the conditions foceintive-compatible sharing of the benefits

generated by that largest infrastructure, i.e.dtbat ensure that no subgroup within the grantitcoa
can do better by deserting the coalition.

a — The collective net benefits of any club: amigbn

Consider any given group of emittegs with SO N and S# 0 . We assume that they can form a
restricted club aimed at operating a shared CC@gtricture. The club’s objective is to install and
operate the infrastructure that maximizes the diffee between the total benefits obtained by the
members and the cost of the infrastructure. Coabéyy the non-adoption of CCS by some emitters in
that groupS may be needed to obtain the maximum net benéfds dollection can provide to that
group S. Side payments among the club members may besayds reach an agreement.

Formally, a pipeline project aimed at serving th@teers in any subgrou®, with RO S, would

generate a net benefit equal to the difference émW\EiDR( Peo, ~ X —J)Q , the willingness to pay for

1 As there is no global information available abdhe shape of that cost function beyond thé@é local evaluations, it
should be clear that we cannot use the arsenal efulisesults obtained in the analytical literatudedicated to continuous
multiproduct cost functions (e.g., Baumol, 1977ai®hy, 1982).

15 Testing the global sub-additivity of that costdiion is computationally demanding as a total (i@l(‘N‘)(Zj - 2)

i

In

conditions, where( ) is the number of j-combinations from a given &t have to be considered. From an empirical

i
perspective, checking the sub-additive nature diarete cost function can be challenging (e.ghwwitmoderate size 4N|

=20 facilities, nearly 3.5 billion conditions musé verified). Yet, for small enough problems suckha one considered in the
next section, an exhaustive enumeration of alleleesnditions remains computationally feasible.



a CQ pipeline service of the connected emitters, &), the pipeline cost. Hence, the maximum net

benefits which can be received by the emitterbiendlub S, denoted byv, is obtained by considering
all the possible configurations of CCS infrastruetuthat can be formed with these emitters (iletha
possible subgroupR with RO S):

V(S Ro,) = Max {Z[( Re ~Xi-9) Q|- Bt}, 0SO N. 1)

ROS  (iOR
Of course it can be that the maximum takes place Rt S, and therefore
V(S' RQ):ZMS[( Ro, _Xi_a) Q]_ C( $

We assume that if no GOis captured then no costs are incurred, which metat

v(S Ro, )20 for all s. By construction,v is monotonic since the conditior(S, po, )< Y S )

systematically holds for any pair of subsefs S, in N with SO0 S.

b — The construction of the largest possible inftasure

We now explore the condition required by the largesssible clubN to construct the largest
possible infrastructure, i.e. a pipeline systemegimat transporting the emissions captured by all th
emitters.

For that largest infrastructure project to be radity selected by the clubl, it has to provide the
members with a total net benefit that is largerntiihat obtained with any of the alternative
infrastructure configurations that connects a subfemitters. Formally, it means that the totat ne

benefity" [ (e, ~Xi~0)Q |- C(R must be maximized wheR is equal toN, or equivalently, that
the equalityv(N, po, )=, [( Reo, ~Xi=0) Q]— o N holds. Following Sharkey (1982, p. 62), this

condition is equivalent to:

>[(Peo,~xi=0)Q] = C(N)- (N 3, OSO N. )

i0s
This condition states that the total benefit of aopgroup of club membeis must be at least as
large as the incremental cost of serving thesetemit

Rewriting, condition (2) holds if and only if, thpevailing carbon pricep.,, verifies p., 2 pe,,

where p,, is the following threshold level:

> xQ+C(N)-C(N\ §
= Max{-= +o. (3)

SON ZQI

i0s

pco2 :

So, any carbon pricg., lower than this threshold level impedes the caowsion of the largest

possible infrastructure. In the rest of this subeagwe assume that the prevailing carbon prigcéige
the conditionp,, 2 Poo, -



¢ — Club adoption: the emitter’s decisions

So far, we have focused on the total net bendditgitand coalition can provide. But we have not
yet investigated whether the creation of such@elstrclub is a rational decision by each of the il
members. So, this section focuses on the emiitadigidual decisions to join the largest club.

We examine the repatrtition of the total ben@r(iN, g:oz) among the emitters. We let the vector

y=(y1,...,¥M ) denote the payoffs allocated to each of the emittBy construction, this vector is

expected to allocate the club’s total net benefitd members, i.e.:

Yy =v(N R ). 4)

iON

For the sake of stability, this payoff should praveach possible subgroup of emitters to prefer
the creation of a restricted club (and thus sedeata the grand coalition). Hence, this vector must
provide each subgroup of emitters with a total plagiat is at least greater than the total bertbfit
would be obtained with a stand-alone attitude. s payoff vector has to verify the following
condition:

Svizv(s p,). 0SO N. ®)

i0s

A payoff vector that verifies this condition is ddb be coalitionally rational. Remark that, if tha
condition is verified, the emitters’ individual paf§s are non-negative.

In the game theoretic jargon, a payoff vector treatfies both conditions (4) and (5) is said to be
in the core of the cooperative garfi,v), where N is the set of players and is the characteristic
function, i.e. the set:

e ::{yDRN;Zyizv( N Ro,) and,0SO NY y= { Sd&g)}- (6)
iON i0s
A non-empty corer o, indicates that it is possible to share the clabtal net benefit in a manner

that insures the voluntary participation of th¢| emitters because none of them would have an
incentive to opt out or prefer an alternative oigation. Recall that, because the carbon pricdigeri

Peo, 2 Pco, » the club’s net benefit to be apportioned is maz&u when all the emitters are connected to

a common pipeline infrastructure. Thus, any payeftor in the core would insure the spontaneous
adoption of CCS by all the emitters in.*® This suggests a definition for the club’s feasisé

18 As a side remark, we can note that, from a prautéi's perspective, checking whether a proposed fpagator is in the
core oo, is computationally cumbersome. Two alternative agatonal tactics can be employed. The first orguiees to:

(i) to pre-compute the values of the functien for each of the possible subcoalitiol s N (which is computationally
demanding as the pre-computations requires, fehgassible subcoalitiols [I N, to determine a maximum over a discrete

set that has2® elements), and (ii) using these values to verifether the allocation equation (4) and 88 - 2 linear
inequality constraints (5) are jointly verified. @tsecond strategy uses an equivalent definitiothefconstraints (5). Using
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Definition 1: The vertically integrated club’s felbke set is defined by all the payoff vectors of
net benefitsy that ensure the voluntary participation of all tidividual emitters in the

grand coalition. Formally, the vertical integratetub’s feasible set is given bypcoz .

3.3 The case of an independent pipeline operator

We now focus on an alternative organization whée gipeline infrastructure is owned by an
independent firm that sells a @@ansportation service to the emitters. Pipeliperators can construct
and operate pipeline infrastructures aimed at sgrémitters. Before deciding its construction, a
pipeline operator has to design and sign an erdibteelong-term contract with each emitter that
specifies the amount that will be charged to thaiitter for the transportation service. In this
subsection, we examine the conditions requiredhfair construction to be decided.

a — The conditions imposed by free entry in theelie industry

The technology used in G@ipelines is reputed to be not proprietary. Seyrdahare potentially
several pipeline firms that may have access teénee technology and thus the same sub-additive cost
function C defined in the preceding section. These rivals patentially serve any subgroup of
emitters. As a result, we assume entry to be frekd pipeline industry.

Following the theoretical literature on contestailgrkets, in case of an industry where entry is set
free, a firm has to take into consideration thespe entry of a potential rival when decidingptscing
policy. The sustainability of an industrial strueiibased on a unique operator serving all the ersits

achieved if and only if this operator charges anee vectorr =(r1,...,r‘N‘)', wherer, is the amount

charged to emitter, that insures that: (i) this operator is finangiaiable, and (ii) a potential entrant
cannot find any financially viable opportunity terge any markets with SO N. Formally, these
conditions are:

S =C(N), (7

iON

dr<C(s), OSO N. (8)

ios
These two conditions jointly indicate that:

>'r=C(N). (9)

iON

Thus, even in the absence of a regulatory profistraint imposed on the pipeline operator, these
conditions jointly demand the pipeline operatoratibpt a revenue vector that exactly recovers the
total cost (Sharkey, 1982). Note that the cond#i¢d) and (9) are the conditions for subsidy-free

definition (1), these constraints can be replacgdtte following equivalent) vy, 2 Zm[( Peo, X, —0’) Q] -C(R,
0sSO N, ORO S. With this second approach, there is no need tsqgempute the values of but the number of linear
inequality constraints becomes very large (since ﬂLlN‘ — 2 constraints (5) are replaced by thege‘j'ﬂl(“;") 2' linear

inequality constraints).
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revenues proposed by Faulhaber (1975) that ensated set of customers pays more for service than
their stand-alone cost (i.e., the cost to exclugiserve that group of customers).

In the game-theoretic jargon, any revenue vegtothat verifies these constraints is a cost

allocation that belongs to the core of the coopezatost gamgN, C), i.e., the set:

/\:={rDRN:Zri =C(N) and,0SO N 1= ¢ 3}- (10)
iON i0s
Therefore, sustainability issues impose the pipeloperator to propose a cross-subsidy free
revenue vector. Thus, a non-empty 8eis an important condition for the feasibility afch a pipeline
project. Hereafter, we assume that the condifionO is verified. From an empirical perspective, the
non-emptiness of this set can be checked usinlinger program LP-B detailed in Appendix B.

b — The conditions required for CCS adoption

We now examine the emitters’ decision to adoptpieposed CCS project. Recall that for any
emitteri, the amoun( Peo, ~ Xi —cr)Q, represents its willingness to pay for a {pipeline service and,
thus, the amoun@pcoz X —o—)Q, - r is its individual net benefit. Because of indivadwationality, the

pipeline operator must provide a non-negative reefit to each individual emitter, i.e.:
(pcoz_)(i_a)Q._WZO, OidN . (11)

As entry is free in the COpipeline industry, a rival could potentially prg@oan alternative
project aimed at solely connecting the emittera given subcoalitiors O N. This rival would charge a

revenue vector® and incur a cos€(S). Hence, for the largest infrastructure projedbégpreferred, it

has to provide each possible subcoalition withtebeeefit larger than the one obtained with thalisv

project?’
é(pcoz —xi—a)q—qzé[(% -X-0)Q-F|, 0SO N. (12)

As the rival must be financially viable, its revervector must verify ) _°>C(S). As entry is
free in the pipeline industry, the rival also hascharge a revenue vector that does not provide any
financially viable opportunity to another potentaitrant: zmsrjs sC(S). Thus, for any subcoalition
SO N, the rival’s revenue vector has to veriEiDsrjS =C(S). Using this remark, the condition (12)

can be rewritten as:

Z(pcoz_Xi_a)Qu_ri2;[(9302_%_0')Q:|_C($1 USt N. (13)

i0s

17 Otherwise, the rival would potentially be able t@ae a revenue vectoi capable to provide each emittéf]S with a
larger net benefit and thus to convince all thet&ars in that subgroup to opt for the alternativejpct.
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¢ — The construction of the largest possible inftesure

To summarize, the construction of the grand infrestire is subject to two types of conditions.
First, according to the theory of contestable miarkée promoter of the pipeline project has tagha
sustainable revenue vector: ird] A (cf. the conditions (8) and (9)). Second, the pi@ebperator must
charge a revenue vectorsuch that the emitters’ individual benefits pragdhem with an incentive to
accept the operator’'s proposition (cf. the condgigll) and (13)). At first sight, these two tymds
conditions jointly impose numerous constraints loa $election of a revenue vectdiHowever, the
conditions (8) and (13) are redundant which suggést following parsimonious definition of the
pipeline operator’s feasible set:

Definition 2: The pipeline operator’'s feasible $&tdefined by all the revenue vectarghat
are both sustainable and provide a non-negativebesikefit to any individual emitters in the

grand coalition. Formally, we ley _ :r+ ((pcoz -X,-0)Q - ri) o SO thaty_ (r) is the

vector of the emitter’s individual net benefits@sated with the revenue vectorcharged by
the pipeline operator. The pipeline operator's fbds set is AnlIP where
POy

P ::{r ORM y,., (r)z 0} is the set of revenue vectors that verify condifitl).

As the prevailing carbon price intervenes in thaleation of the individual net benefits, one may
wonder whether the proposed pipeline project caadsepted for any carbon price level. The following
proposition addresses this issue.

Proposition 1: For any carbon price level such that, < p., , where p.,, is the threshold

level defined in (3), a financially viable pipelioperator cannot decide the construction of

the pipeline infrastructure aimed at serving albth\l| emitters. For such carbon price

levels, the feasible setn IPDCOZ is systematically empty.

According to this proposition, a carbon price letleat verifies p,, > p;, is necessary (but
possibly not sufficient) for the pipeline projecte decided. Note that the threshold price leyg|

that was derived in the benchmark case of a véticgegrated club also affects feasibility whdmet
pipeline infrastructure is owned by an indepengdptline operator.

3.4 Equivalence between the two cases

In the preceding subsections, we detailed the tiondirequired for the construction of the largest
infrastructure in the case of a vertically integthtlub of CCS emitters and in those of an independ
pipeline operator. We now clarify the relation tleadists between the benefit-sharing problem of a
vertically integrated club and the tariff settingplem of an independent GQipeline operator.

8 The set/\ is defined by one equation aéﬂ\" — 2 linear inequality constraints. The conditions (Bhd (13) jointly impose

a total of| N| +2M =2 linear inequality constraints.
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Recall that, in the case of an independent pipediperator, Yo, (r) denotes the vector of the

emitter’s individual net benefits associated whb tevenue vectar charged by the pipeline operator.
Similarly, in case of a vertically integrated clutds possible to associate any payoff vecjoallocated

by the «club with an associated pipeline revenue tovec Mo (y) where

r :y|—>((|oCOZ —)(i—U)Q.‘ Y.)

Pcox

- There is a relation between the conditions imgasea pipeline

i=1,..JN
operator that wishes to charge a sustainable reveaator and those required for the creation of a
stable vertically integrated club of CCS emitters:

Proposition 2 (Sharkey, 1982): If the prevailingiwan price verifiegp., = p.,, , then for any
allocation y in the club’s feasible set, the associated reveraetor L (y) is sustainable.
Formally, if yor,. and pg,, 2 Pog, » thenrpcoz (y)OA.

Proposition 2 indicates that selecting a crossidylfsee tariff (i.e., a revenue vectorin A the
core of the cost game) is a necessary conditiazbtain a vector of individual benefitg capable to

trigger the formation of a vertically integrated £Club. However, that condition is not a sufficient
one. So, we now propose a complementary conditi@chieve a necessary and sufficient condition.

Proposition 3: If the prevailing carbon price vee$ p., = p, , then:

® If the allocationy is in the vertically integrated club’s feasible,se0r , _, then the
cop

associated revenue vectopcroz (y) is in the pipeline operator’s feasible setn IP
Pcop

(i) If a pipeline operator charges a revenue vectomn the feasible sepz,n 1P, then
PCO,
the associated aIIocatiorymz (r) is in the vertically integrated club’s feasiblet,se

yar

Pco, )

This proposition indicates that there is a onefie-@orrespondence between the tariff setting
problem faced by the promoter of an independent @@eline project and the benefit-sharing problem
faced by a vertically integrated club. It proveattthe revenue vector charged by the pipeline ¢gera
must provide emitters with a share of the net henéfat verifies all the conditions required fbet
creation of a stable club of CCS emitters.

From a computational perspective, this one-to-ooerespondence also provides a useful
simplification. Recall that in case of a verticalihtegrated club, checking whether a proposed payof
vector y is in the corer, ~ can be computationally demanding (cf. Footnote H&wever, using

Proposition 3, it is necessary and sufficient tostder the associated revenue vemgc%r(y) and check

whether it verifies the following conditions: (Ae linear equation (9), (ii) thg" -2 linear inequality

constraints (8), and (ii) thiN| linear inequality constraints (11). Hence, thisgusition offers a sharp
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reduction in the number of conditions to be vedfig the sequel, we make use of these simpliboati
to examine the role played by the prevailing carpoce on CCS adoption.

In the sequel, our analysis proceeds focusing ysalal the case of an independent pipeline
operator. Nevertheless, it is important to keepmind that, using the one-to-one mapping function
Yoo (r), the tariff setting problem faced by a pipelinegtor can systematically be reformulated and

re-interpreted as a club formation problem.

4. Evaluating the break-even value for joint CCS ad  option

In this section, we address an important questidrat is the critical value in the charge for £O
emissions that would allow the adoption of CCS medbgies? To answer it, we define the break-even
value for joint CCS adoption and propose a lineargmmming approach aimed at evaluating this
critical value. We then consider two extensionghef model. The first extension focuses on the céise
a pipeline operator that is compelled to use argemously predetermined, non-discriminatory, tariff
structure. The second one examines the case ahsnt@tional pipeline infrastructure that is supsedi
by a collection of national regulators.

4.1 The break-even value for joint CCS adoption: de finition and evaluation

In the preceding section, we have shown that thglogiment of the largest infrastructure
connecting all the emitters is systematically imgubd the prevailing carbon price is strictly lowtean
the threshold leveb., . However, it is possible to obtain that deploymeith any carbon price larger

than this threshold?

To answer this question, we can observe that tieaging carbon price does not intervene in the
definition of a sustainable revenue vector (i.e.the definition of A the core of the cooperative cost
game). In contrast, for any sustainable revenutvec the associated emitters’ individual net benefits

(pcoz -Xi —o—)Q, -y are monotonically increasing in the prevailingbwar price. These two remarks

together suggest that: if the pipeline operateasible set n |sz is reputed to be non-empty for a

given carbon price, so is the case with any caftrize level larger than this value. For the pipelin
operator, it is thus crucial to determine the lawedue in the charge for G@missions that allows the
pipeline operator to charge a revenue vector thaustainable and such that every emitters obgains
non-negative net benefit.

Definition 3: We Ietp*coz be the break-even value for joint CCS adoptioat ik the minimum
value of the prevailing carbon price that is combplat with the construction of the projected

infrastructure, i.e.,pc,, = Min{ Poo, OR:AN P # D} :
Pco,

From a computational perspective, this break-evaev for joint CCS adoptiorp*coz can be

evaluated using the following linear programmingtgem:
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LP1: Min  peg, (14)

I Pco,

st > =C(N), (15)
2.1 <C(s), 0sO N\{O, N, (16)
(pCoz —)(i—J)QI—rizO, Oi0ON . (a7)

In that linear program, the constraints (15) an@) (dlompel the pipeline operator to charge a
sustainable revenue vector and the condition (&pyesents the emitters’ individual participation
constraints. The following proposition insures thaolution to LP1 exists.

Proposition 4: There is at least one solution tolLiPand only if A 20 . Moreover, if

A # 0, the optimal value of the objective function isque and equal tqo*coz the break-

even value for joint CCS adoption. In additionaif: O , the break-even value for joint

CCS adoption verifiep., 2 pg, -

This proposition confirms that a carbon price leygl, , with p., > p., , is necessary but may

not be sufficient to obtain the deployment of aefiige infrastructure connecting all thie| emitters as

a carbon price level larger than the break-evemevdbr joint CCS adoption is required for that
infrastructure to be decided. So, to summarize fabnempirical perspective, any attempt to solve LP1
results in one of the three following outcomes:

= Case #1. a solution is found ar'pioz, the obtained break-even value for joint CCS adopt

verifies p.,, = pg, -

= Case #2: a solution is found ar'pioz, the obtained break-even value for joint CCS adopt
verifies pe, > p, - IN that case, the threshold price levgl, is not sufficient to trigger the
construction of the largest CCS infrastructure.

= Case #3: there is no solution to LP1. Thns; O which means that the pipeline operator cannot
recover its costs without generating cross-subsiidias a la Faulhaber (1975) among customers.

4.2 Non-discriminatory pipeline tariffs: do they mo dify the break-even value?

So far, we have supposed that the pipeline opersiet free to charge any revenue vector in its
feasible set. This analysis implicitly assumes thatpipeline operator can charge discriminatorijfsa
However, such a perfect discrimination hardly loodalistic. For example, the pricing scheme used by
European infrastructure firms is usually subjecapproval by a regulator that does not directlectkl
the individual prices but typically instructs th@evator to use a non-discriminatory tariff policy.
Therefore, we now consider the situation where fhgeline firm is compelled to use non-
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discriminatory tariff structures and examine whetlilee existence of this exogenous regulatory
constraint modifies the break-even value for jJ@QS adoption.

In this subsection, we successively examine twegsypf non-discriminatory tariff structures: (i)
the case of a multipart linear tariff; and (ii) tbe@se where the pipeline operator is compelledfer a
menu of tariffs using the so-called second degméee @liscrimination principles. In each case, we
address the following questions. First, is the peepl tariff structure compatible with the condisdar
the deployment of the largest €@ipeline infrastructure? Second, in case of atpesanswer to the
previous question, does this tariff structure mpttie break-even value for joint CCS adoption?

a — The case of a multipart linear tariff structure

We analyze the case of a possibly multipart, n@crdninatory, linear tariff whereby the pipeline

operator is allowed to use a serieskgfwith ks|N|, observable emitter-specific features (e.g., the
volume of CQ emissionsQ,, the peak flow of emissions). Let the vecigr= (44@ ) denote the

value of these parameters for emitterand the vector of decision variables (t,,...t,) denote the
tariffs charged by the pipeline operator. Accordinghis tariff structure, the amount charged bg th

pipeline operator to emitter is thj . For example, a simple linear pricing would copasd to
k=1, ¢ =Q, andt, = p the price per unit.

We now detail a modified version of the linear parg LP1 to examine how the proposed tariff
structure modifies the break-even value for joi@tSCadoption:

LP2: M;Cn Peo, (18)
s.t. %[Z@HJ:C(N), (19)
é[%@tj]sc(s), 0sO N\, N, (20)
(pcq—xi—a)q—zk:@gzo, OiON . (21)

j=1
In the linear program LP2, the constraints (19) &) jointly impose the sustainability of the
revenue vector charged by the pipeline operatoe. dtitters’ individual participation constraintear

modeled using the condition (21). Compared to LtA&, decision variables=(r1,...,r‘N‘)l are simply
replaced by the prices variables (tl,...,tk)' together with the tariff structure.

From an empirical perspective, any attempt to sahis problem results in one of the three
following outcomes. In Case #1, a solution is foamdl corresponds to a minimum allowance price

P, that verifies pc, = P, - In that case, the use of this tariff structure ha impact on the feasibility

of the CCS project as its break-even value is nodifired. In Case #2, a solution is found and
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corresponds to a minimum allowance priq;éoz that verifies péoz > p*cq. In that case, the tariff
structure imposed on the pipeline operator impékdexreation of the largest CCS infrastructure when
the prevailing carbon price is in the intervéb*coz, p*;;q). Lastly, in Case #3, there is no solutions to

LP2, which means that the feasible set associaitbd W2 is empty. As there is no maximum bound on
the carbon price in LP2, a sufficiently large valoke p., can insure that none of the emitters’

individual participation constraints in (21) is ding. Thus, the empty nature of the feasible set
indicates the impossibility to jointly verify theoditions (19) and (20) which means that the pigeli
operator cannot implement this tariff structure amatover its costs without generating cross-
subsidizations among custométs.

b — The case of a menu of multi-part linear tariffs

We now consider a second type of tariffs that poads to a so-called second degree price
discrimination scheme. The pipeline operator is pelhed to design a menu ah different multipart
linear tariffs. Knowing that menu, emitters arerttessumed to choose the tariff that minimizes their
CGO, transportation cost given their emission features.

Formally, for each tariffi with 10{1,...m} , the pipeline operator is allowed to use an emitte
specific vectorg = (4444) of quantitative features and determines a totd peirameters: the vector

tl

(ti,...,t'k)l of unit prices. For example, if the operator iswakd to propose a menu of two-part tariffs
that are based on a fixed charge plus a variabiee,pthen, k=2, t, =f are the fixed price
componentst, = p are the variable price components, and the emiitfeatures areg =(1,Q) . To

avoid indeterminacy, we impose the following resion: mks| N|. For simplicity, we usé as a short

notation for the collection of these price vectors.

In that case, each emitter is assumed to ratiorsdhgct the tariff that minimizes its GO
transportation cost. This choice in turn determitesrevenue charged by the pipeline operator. ,Thus
we are dealing with a bilevel optimization problé@racken and McGill, 1973; Bard, 1998; Colson et
al., 2007) where the upper level problem is anatotu LP2 (determining the tariff levels and the
minimum value of the prevailing carbon price theg aompatible with the conditions required for the
deployment and adoption of the proposed infraatredt and the lower-level problem corresponds to
the emitters’ individual decisions.

Regarding the lower-level, every emitter takes pheposed menu of tariff§ as given and
rationally selects the tariff that minimizes its £@ansportation cost. From the pipeline operator’s
perspective, it means that the maximum amountwdmeer, that can be obtained from an emitteis

19 As entry is assumed to be free in the,@eline industry, imposing the use of this pricischeme would create the
conditions for a profitable entry for a pipeline ropetitor serving a subset of emitters, and thudficiglly generate a
suboptimal organization of the G@ipeline industry (i.e. an organization where sevdirms coexists whereas a single-firm
organization would have been less costly).
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equal to Minm{ly“.m}{ZTﬂ@t;} and is thus lower than the collection of amou{@?ﬂqﬂjt;}m{lw“m}

invoiced with the various proposed tariffs. Formathat emitter's choice can be modeled using the
following linear program:

LP3(t): Max (22)

fi

st =Y, 0 O{L, ..} . (23)

Regarding the upper-level, we are looking for theimum selling price of an emission allowance
and the associated tariff design that insures egniive-compatible allocation of the total net fgne

BLP4:  Min  p (24)
t, Pco,

s.t. > r=C(N), (25)
> <C(s), 0sO N\{O, N, (26)
(pcoZ‘Xi‘U)Q.‘EZO, OiON, (27)

Mrax I,
| - i ON . (28)

st <> gt Oo{ 1.m} |
j=1

In this bilevel optimization problem, the objectiieto determine the critical value in the charge
for CO, emissions that is required for: (i) allowing thpadine operator to charge a sustainable revenue
vector (cf. the conditions (25) and (26)), (ii) ung the participation of all the emitters (cfeth
conditions (27)), and (iii) taking into considematithe emitters’ choice with respect to the propose
menu of tariffs (cf. the lower level problems (28))

From a computational perspective, a reformulat®ongeded to solve this two-level optimization
problem. In Appendix C, we apply the reformulatigpmoposed in Fortuny-Amat and McCarl (1981) to
construct the equivalent problem MILP-C which imixed-integer linear programming problem.

As in the case of LP2, any attempt to solve thisviel optimization problem results in one of the

three following outcomes. In Case #1, a solutiofoishd and verifiespzOZ = p*cq which indicates that

the pricing scheme has no impact on the feasihilitthe CCS project. In Case #2, a solution is tbun
and verifies pZO2 > p*cq which means that the tariffs structure imposedhenpipeline operator impedes
the creation of the largest CCS infrastructure whles prevailing carbon price is in the interval

[p;;oz, p*;q) . Lastly in Case #3, there is no solution whichcates that the tariffs structure imposed on

the pipeline operator is not compatible with thenditions required for the construction of the
infrastructure (i.e., charging a cross-subsidy-fregenue vector and providing every emitter with a
non-negative individual net benefit).
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4.3 The case of transnational CO , pipelines

In Europe, a number of the projected {iipeline infrastructures will have a transnationature
(e.g., Mendelevitch, 2014). So, there is a possibibr these infrastructures to be supervised by a
collection of national regulatory authorities. Ongay wonder whether a state-based regulatory
organization could have an impact on the break-eature for joint CCS adoption?

To address this question, we consider the casetr@nanational pipeline infrastructure installed
across two states labeledl and B. The set of emitters connected to that pipeline e decomposed
as follows: N:=N,O N, where N, (respectively N;) is the subset of emitters in countri

(respectively B) and N, n N, =0 because each emitter is associated with a uniquatry. To

simplify, we assume that the G@missions captured i\ are piped toB where the infrastructure
transports all the emissions captured in both e@smtUsing the notatioc, (.) andC, (.) denote the

pipeline total cost function in countrA (respectively B). The total cost incurred in countnj
(respectivelyB) is C,(N,) (respectivelyC, (N)).

We assume that there are two national regulatots that each of them has an exclusive
competence to regulate the pricing structure usedhb pipeline operator in its jurisdiction. Each
regulator: (i) imposes the pipeline operator tontan a distinct accounting system on its jurisditt
(i) demands that the revenues obtained in itsg@liction recover exactly the total cost incurred ioet
territory; and (iii) imposes the pipeline operatorcharge cross-subsidy-free revenues a la Faulhabe
(1975). Thus, in each jurisdiction, the pipelinesgior is let free to charge possibly discriminator
prices provided that the amount charged to any rsuipgof emitters does not exceed the stand alone

cost to serve solely that group of customers. Wer fe denote the revenue vector charged by the
pipeline operator to the emitters that are usimgitifirastructure located in countw; and r® denote

the revenue vector charged to those that are ubagnfrastructure located in count®. Thus, the

total amount that is charged to an emittés equal: tor” +r.® if iON,, and tor® if iON,.

Using these assumptions, we propose a modifiedoverf the linear program LP1 to examine
how the existence of a state-based regulatory argon modifies the break-even value for joint CCS

adoption:
LP5: Min  pg, (29)
1% peo,

st > r*=C,(N,), (30)
> rh<C,(9), 0sO N, {0, N}, (31)

i0s
r® =Cgz(N), (32)
drP<Cy(9), 0sO N{O, N, (33)

i0s
(pcoZ_Xi_U)Qu_(EA"";B)ZO’ OiON,, (34)



(pcoz -)(i-U)Q.-riBzO, Oi ONg . (35)

In LP5, the conditions (30) and (31) compel theepie operator to charge a revenue vector
that belongs to the core of the cooperative costegéN,,C,). These two conditions model the

restrictions imposed by the first regulator thatiacts the pipeline operator to charge a crossidyb
free revenue vector that recovers the total castried in countryA . Similarly, the conditions (32) and

(33) jointly insure that the revenue vectdr is in the core of the cooperative cost gafNeC;, ) . These

conditions impose the pipeline operator to chargeoss-subsidy-free revenue vector in courry
The condition (34) represents the individual pgrttion constraints of the emitters in countdy. it
insures that, for each of these emitters, the dutinecamounts charged by the pipeline operatoashe
jurisdiction does not exceed that emitter’'s willnegs to pay for a G(pipeline service. The condition
(35) represents the individual participation coastis of the emitters in country .

We let pso"™ denote the solution of the linear program LP5 Wticthe break-even value for

joint CCS adoption in case of an institutional anigation based on two independent regulators #tat |
the pipeline operator determines a cross-subside fariff structure. From a regulatory policy

National

perspective, it is interesting to compare this eab;oz , with p*coz the break-even value for joint

CCS adoption obtained in case of a transnatiomgilaéor. Recall tha’;fCOZ can be computed using LP1

with the definitionC(S):= G (Sn N)+ G( ¥. As any solution to LP5 can be associated witle@tor

* National

in the feasible set of LP? the following relation holdspe, - 2 p;q.

So, any attempt to solve LP5 results in one otlthee following outcomes. In Case #1, a solution

* National

is found and verifiesp., - = p;oz which indicates that the use of a state-basedatmy organization

has no impact on the feasibility of the CCS projdot Case #2, a solution is found and verifies

* National

Peg, > p;oz which means that the use of a state-based regulatganization impedes the creation

of the largest CCS infrastructure when the prengiltarbon price is in the intervaﬂ Pco, p*égj“""a').

Lastly in Case #3, there is no solution which iatks that the tariffs structure imposed on thelipipe
operator is not compatible with the conditions iegpli for the construction of the infrastructures (i.
charging a cross-subsidy-free revenue vector amaviging every emitter with a non-negative
individual net benefit).

The program LP5 can also be used in a series ehsixins. In LP5, the pipeline operator can
charge possibly discriminatory prices. As in thegading subsection, this program can also be atlapte
to deal with the case where the pipeline operat@ompelled to use a predetermined pricing stractur

AA AB A~
20 A brief proof of this statement is follows. If fieasible set associated with LP5 is non-empty (andr ,pcoz) verifies the

A A ~ A~ AA  AB | N ~B
conditions (30)-(35), then the vect()r, Pco, ) , Wherer is the revenue vector such thiat=r; +ri if iDA,andri =r;

otherwise, verifies the conditions (15)-(17).
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in each jurisdiction. This extension can be us&duéxamine the compatibility of two given national
tariff structures. This extension is based on aifremtversion of the linear program LP5 where the
decision variables” andr® are replaced by the proposed price variables ltegetith the associated

tariff structure. For the sake of brevity, we shadit detail further these modifications which are
analogous to the ones used in the constructiorP@fftom LP1.

5. Case study

In this section, we detail an application of owanftework to analyze the economics of a European
project that involves the construction of a traismal CQ, pipeline system.

5.1 A Northwestern European CO , pipeline project

a - Background
We consider the construction of a potential highspure Cotrunkline system aimed at gathering
the CQ emissions originating from two large industrialsiers — Le Havre (France) and Antwerp
(Belgium) — and transporting them to the Rottergasa (Netherlands) where the C¢ould be stored
offshore in depleted oil fields.We assume that this pipeline infrastructure wél ¢onstructed and
operated by an independent operator. In Europgy enteputed to be free in the g@ipeline industry.

Using both the French and Belgian National AllomatPlans for C@emission allowances, a total
of 14 large to small industrial facilities (e.ggat power plant, refineries, petrochemical plamzye
been identified as possible CCS adopters in thesectusters. These industrial emitters are listed i
Table 1. For the sake of simplicity, the subsetalbfthe Belgian (respectively French) emitters is
denotedB (respectivelyF ).

These 14 plants jointly emit 19.7 MtG/@ear. According to the figures in Table 1, thesean
uneven distribution of the annual emission volumgshe five largest emitters (Antwerp #1, Le Havre
#1, #11, #2 and Antwerp #2) jointly generate 88%heke total emissions whereas the share of the two
smallest emitters (Le Havre #8, and #12) looks igidgie. The case of these very small emitters
deserves a discussion. Recently, some concernsemaaed regarding the efficiency of an Emission
Trading Scheme (ETS) based on a “blanket coveralgat includes all the industrial emitters of
greenhouse gases in an econdffs a result, the EU Commission has taken somes dtepard a
“partial coverage” scheme whereby emitters thahaloattain a threshold level of 25,000 tQ&&r year
are exempted from the ETS. Formally, we g}, denote the set that gathers all the 14 emittersase

of a “partial coverage” scheme, the two smallest emstare eliminated from the list of potential CCS

adopters and we |8, o, :={iD N,y:Q= 2500(} denote this subcoalition of emitters with an ahnua

21 The context of this case study has been inspiyetid COCATE project funded by the European Commig¥®iResearch
(reference: 7th Framework Program, Energy.2009.5.2T®wards an infrastructure for CO2 transport andorstge.
Collaborative Project — GA No. 241381, kftp://cordis.europa.eu/project/rcn/93104_en.hforla presentation).

22 For example, the benefit—cost analysis conducteBdiz et al. (2010) indicated that a “partial coage” solely focused on
the largest emitters could generate substantialsd@ost savings.
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emission level greater than the threshold levelthis case study, we are going to systematically
contrast the results obtained with the two possibfitions of the grand coalition , either the whole

group N := N,, or the subseN = N,,5.c,, 0 Ny,.

The quarterly emission figures detailed Table Jlicat that there are marked differences in the
within-year patterns of emissions. Some faciligest a steady flow of C{Qduring the whole year (e.g.,
Antwerp #1 & #2) whereas others have significarthimiyear variations (e.g., Le Havre #1). These
within-year variations in CQemissions are of importance as the emission laatbf influences the
gauging of a pipeline system. Because of data ahilifly issues, the analysis concentrates on the

between-quarter variability in the daily G@ow rates. Hereafter, we denotg the within-year peak

daily flow emitted by the industrial facility.

Table 1. The annual volumes of C@emitted by the industrial facilities

Annual o Annual unit cost
Facility Emissions Quarterly emissions for CO, Capture
(as a % of the annual emissions)
Q X

Label Type of industry (tCO,/year) | Quarter 1 | Quarter 2 | Quarter 3 | Quarter 4 | (€/tCO, per year)
Le Havre #1 Coal power plant 3733346 39.8% 12.7% 12.7% 34.8% 38.9
Le Havre #2 QOil refinery 3020379 24.7% 24.9% 25.2% 25.2% 48.7
Le Havre #3 Ammonia & Urea plant 147 664 24.7% 24.9% 25.2% 25.2% 31.3
Le Havre #4 Petrochemical plant 1147 694 24.8% 24.9% 25.1% 25.2% 51.9
Le Havre #5 Cement factory 832 822 19.2% 28.3% 28.6% 24.0% 514
Le Havre #6 Glassworks 73 863 24.7% 24.9% 25.2% 25.2% 39.3
Le Havre #7 Ethanol Plant 70 364 24.7% 24.9% 25.2% 25.2% 50.1
Le Havre #8 |Compressor test platform 2076 49.5% 0.0% 0.0% 50.5% 53.6
Le Havre #9 Petrochemical plant 38 317 24.7% 24.9% 25.2% 25.2% 48.4
Le Havre #10 Petrochemical plant 34 555 24.7% 24.9% 25.2% 25.2% 50.6
Le Havre #11 |Refinery & Petrochemicals| 3 503 728 24.7% 24.9% 25.2% 25.2% 47.3
Le Havre #12 Specialty Chemicals 7734 24.7% 24.9% 25.2% 25.2% 47.0
Antwerp #1  [Refinery & Petrochemicals| 5261 052 24.7% 24.9% 25.2% 25.2% 44.5
Antwerp #2 QOil refinery 1820291 24.7% 24.9% 25.2% 25.2% 48.2

Note: The use of generic labels has been imposéelay confidentiality provisions. The annual erass data are based on
the 2010 figures listed in the Belgian and Frencttidhal Allocation Plans for C&emission allowances. The quarterly
shares have been obtained from industry-specifiineering studies. The annual unit costs for capaund collection are in
2010 euros.

b — Cost data

In this paper, we use the data detailed in Tabferlthe site-specific, annual unit cost of the
capture equipments and the gathering lines comuetkie industrial facilities to the GQrunkline
system (collection). The annual unit cost for ofishCQ storage in the North Sea is assumed to be
equal to 8 €/tCQper year. This figure is based on the estimatasrted in IPCC (2005).
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Regarding C@ pipeline transportation, a detailed engineeringnemic model based on McCoy
(2009) has been put to work to determine the optocoenbination of parameters (pipeline diameter,
operating pressures, etc.) that minimizes the driotad cost to install and operate an adaptedlipipe
system for each possible coalition of emittershia largest coalitiorN,, .>® The CQ trunkline at hand
can be decomposed into two subsystems: a firstipgosystem connects Le Havre to Antwerp and a
second pipeline system connects Antwerp to theeRtdtn area. Thus, for any coalition of CCS

adopterss with SO N,,, the annual long-run total cos{(S) to build and operate an adapted pipeline
infrastructure is:C(S)=G (S A+ G .. ( ¥ where C. ,(Sn F) is the cost to transport the
volume ziﬂsﬁFQ, of CQ, from Le Havre to Antwerp an@, _,, (S) is the cost to transport the volumes

ZiDSQI from Antwerp to Rotterdam.

In Table 2, we consider a series of attention-grapboalitions of emitters and report, for each of
them, the total annual costs of the componentsnchdapted CCS infrastructure and the associated
average cost. According to this engineering proogssel, the annual total cost to install and omesat
adapted pipeline system capable of transportingCeemitted by the largest set of emittexs, is
€123.8 million which represents 10.5% of the taahual cost of the entire CCS chain (capture,
transport and storage). Because of its locatiom,ctialition B that gathers the two Belgian emitters
provides the lowest average total cost figure: BEMCQ, per year), of which 2.47 €/(tGQer year)
are related to the G@ipeline system. For the largest coaliting, , the average annual total cost of the
whole CCS chain is 59.86 €/(tG@er year), of which solely 6.29 €/(tG@er year) are related to the
CO, pipeline system. We can remark that the pipeliogt incurred when serving the grand coalition
N, is very close to the one obtained when servingré®tricted coalitionN, ., 0 N, Which

suggests that the incremental cost associated théthconnection of the two smallest emitters to a
pipeline infrastructure aimed at serving,..,, remains limited.

Table 2. The stand-alone cost of the CCS infrastriigre for some remarkable coalitions

Annual Total Cost Average Cost
Coaliti EAr.mL.JaI (M#€/year) of the entire
oalition (Mtrzlcs;y/or;zr) Capture Adapted pipeline system Geological CCS chain
e plants Cr s Con Storage €/(tCO, per year)

B 7.081 321.85 0.00 17.50 56.65 55.923
F 12.613 575.55 74.85 33.81 100.90 62.249
F 0N, oo 12.603 575.07 74.80 33.79 100.82 62.247
szskmq 19.684 896.93 74.78 48.96 157.47 59.853
N,, 19.694 897.40 74.85 48.98 157.55 59.856

Note: All cost figures are in 2010 euros.

3 The assumptions used in this engineering modedamemarized in an online companion to this manpscri
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¢ - The cost structure of the CO2 pipeline project

We have verified the sub-additive nature of theimegring-based pipeline cost functian by
numerically comparing, for any pair of coalitiomsthe grand coalitiorN,, , the cost to jointly serve

these two coalitions with the cost to serve thepassely. These exhaustive verifications confir@ th
presence of sub-additivify. Thus, according to the literature on contestatdekats, this C@pipeline
infrastructure is a natural monopoly (Baumol, 193farkey, 1982).

Using the linear program LP-B detailed in AppenBixwe have checked the non-emptinesg\of
the core of the cooperative cost-sharing gafheC). We have successively considered the two

alternative definitions of the grand coalition: the case of a “blanket coverage” based on thgesr
coalition (i.e., N:=N,,), and those of a “partial coverage” using therretstd coalition that only

includes the largest emitters (i.&,:= N,,qc 0 N,,). In each case, we found thatz 0 .*>*° Hence,

for both N, and N, .., , there exists at least one sustainable revenuervec

5.2 The break-even price for joint CCS adoption

We now proceed analyzing the conditions requiredHe construction of that infrastructure by an
independent pipeline operator that is let freedoidk its pricing policy. We successively consittes
possible definitions for the grand coalition: either the largest group of 14 industrial famktN,, , or

the restricted coalition that only includes theldi@est emittersN, .., . For each of these definitions,

we first evaluate the threshold prige, defined in (3) which is the minimum value of theymiling

carbon price required for the maximum amount dditoet benefits to be attained when all the ensitter
in the grand coalitiorN are connected to the CCS infrastructure. Thensaled the linear program

LP1 to obtain the break-even value for joint CCSpithn p*coz , the critical value in the charge for €O

emissions that is required for the adoption of @&fabilities by all the emitters i .

These results are reported in Table 3. In eithénitien of the grand coalition, we can notice that

the break-even value for joint CCS adoptipfgbz is identical to the threshold pricp., . Hence, in

either case, the core of the cooperative costishagameA is large enough to allow the pipeline
operator to find at least one revenue vectasuch the amount charged to each emittér does not

24 As a side remark, our numerical investigationdtsdicate that the cost-sharing cooperative garnband is not convex.

Recall that a convex cost game is characterizembyproperty:C(SD{ }) - C( 3 = C( 'ID{ }I) - C( ')' for all
S, TON,, andalliON,, with SOTO N, \{ } (shapley, 1971).

% The optimal value of the objective functienfor the grand coalition NAII (respectiverNEZSKtCOZ) is 572 (respectively

708) in 1 €.

%6 Obviously, if the conclusion of that preliminagst were/A\ = [, there is no need to pursue the analysis as thaticm of
a unique infrastructure aimed at serving all theitéens in the grand coalition cannot constitutewstinable solution. Hence,
there cannot exist any rationale for the creatidraalub gathering all these emitters.
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price is equal top., -

exceed( Peo, ~ X, —a)q i.e., its willingness to pay for Gpipeline service when the prevailing carbon

Table 3. The critical values in the charge for C@emissions

Grand Coalition

Condition 1:
voluntary adoption of CCS
by all members @

Condition 2:
break-even value for joint
CCS adoption ®)

All

N
Pco, pco2
€/(tCO, per year) €/(tCO, per year)
N, sco, 66.792 66.792
N 66.801 66.801

Note: All figures are in 2010 euros. (a) These ltesuere obtained using the definition (3). (b) Saeesults were obtained
using the linear program LP1.

A comparison of these values with the average wwaat of the CCS chain reported in Table 2
reveals important policy implications for the depient of CCS technologies. Indeed, most of the
accounting-based studies seek to evaluate thegevéstal cost of plausible CCS chains and implicitl
assume that it gives the break-even price requoddgger investment in CCS capabilities. Yet, our
finding indicates that this approach can signifttamnderestimate the price at which CCS will be
adopted by the grand coalition at stake. For examm@low a C@price of 66.8 €/t, there is no way to
obtain the adhesion of all emittersi), to the infrastructure project. The difference besgw that price

level and the average total cost of the whole CRESncis larger than 6.9 €/(tG@er year) and clearly
matters as it represents 110% of the averagedosalof the CQpipeline system.

Last but not least, a few words can be added oraliselute levels of these break-even prices.
These absolute thresholds, although relatively bmhpared to values of the carbon prices nowadays,
do not seem unattainable in the mid-run. For exantple IEA carbon price assumptions used in IEA
(2011), range from $45 to $120 (USD 2010) per tp2®35>

5.3 An analysis of some conceivable tariffs structu res imposed on the

pipeline operator

We now apply the framework detailed in Section 4nalyze a series of plausible tariffs structures
that could be imposed on the €f@ipeline operator. In this subsection, we firgégant two series of
conceivable tariffs before discussing their impaxtshe break-even value for joint CCS adoption.

Inspired by the natural gas analogue, the discasBicuses on two main classes of tariffs
structures. First, we present the so-called ‘p@stsagmp’ pricing systems that consists of detemmirai
uniform toll structure that is levied on all thgdation points to the pipeline system (Hewicker and
Kesting, 2009§° Yet, it compels charging the same rate irrespeativthe location of the CQemitters

27 The 450ppm voluntarist scenario in IEA (2011)dsainuch higher carbon values in 2035, at 120 USD2p&0ton.

28 |n the European natural gas industry, the impleragan of 'postage stamp' pipeline pricing systemssisally motivated by
their simplicity and their perceived fairness (cf.\thand Percebois (2004) for a presentation of'tfestage stamp' pricing
system implemented in Denmark, Spain, Finland, and&vwye
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and thus neglects spatial issues. So, we alsod®maisecond class of pricing systems that reflects
third-degree price discrimination based on location

a — ‘Postage stamp’ pricing systems

We introduce three types of ‘postage stamp’ tarffiflssimple linear tariff, (i) unique multi-part
tariffs, and (iii) a menu of multipart tariffs. THst two of them can be examined using the cotxep
detailed in subsection 4.2.a. The third one is thasea second-degree price discrimination scherde an
is thus examined using the approach detailed isestiton 4.2.b. For the sake of brevity, all thesdfs
are summarized in Table 4.

A unigue simple linear tariff

To begin with, we focus on the simplest case: glsipart unit price. We analyze two possible
pricing schemes. In the first one (Tariff #PS1k tkvenue charged to each emitter is obtained using
the transportation price per unit volume of Ctansportedt,. In the second one (Tariff #PS2),
emitters are required to pay for the maximum cdpdce., the peak flow rate of their emissions)eyi
a unit priceta per unit of capacity.

A unigue multipart linear tariff

As the ‘postage stamp’ tariff structures used fatural gas pipelines typically combine several
elements, we also consider three two-parts tafiffSariff #PS3, the revenue charged to each emitte
includes a fixed chargg and a volume-related term based on the unit prjcdariff #PS4 is similar
except that the volume-related component is replégyea capacity-related one using the unit capacity
price t; . Tariff #PS5 corresponds to another variation witeere are no fixed charges but the pipeline

operator is let free to charge a price per unitadfime transported and a price per unit of capacity

A menu of multipart tariffs

As it is conceivable to combine a ‘postage stanapifft structure with a second-degree price
discrimination scheme, we also analyze the caseenthe pipeline operator is allowed to create aumen
of two two-part tariffs. Such a menu could takeoimonsideration the fact that there are marked
differences in the transportation services requingthe different users.
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Table 4. ‘Postage stamp’ pricing systems

Pricing scheme Comment
Price t
£ Tariff variables:  © ) )
= a price per unit of volume
3 #PS1 Revenue L =Qt, OiON
§ charged: AN ’
(= .
ﬁ Price t
- Tariff variables: q ) ) )
£ a price per unit of capacity
A #PS2 Revenue  _ a t 0iON
charged: e ’
Pri
riee t; and t, a fixed charge
- Tariff variables:
& #PS3 R and a price per unit of
= evenue .
< r=t. +Qt_, OiON . volume
E charged: T+
_g Price t and t fixed ch
I Tariff variables: ! E atixed charge
© and a price per unit of
2 #PS4 Revenue - . )
= r =t. +qt-, OiON . capacit
g charged: ! P ral pacity
o -
2 P_r|ce t and t,
= Tariff variables: d a price per unit of capacity
> #PS5 CR:;/fgneude_ = ait; +Qt,, OiON. and price per unit of volume
Price — { and t}, ol of1, 3 a menu of two two-parts
Tariff variables: tariffs based on a fixed
v . .
£ #PS6 Revenue . | | . charge and a price per unit of
= r=Min t+ , OiON.
8 charged: ' 'E{“}{ f Q‘tQ} volume
Lo
.g P.r|ce t|f and t* ) 0l D{l, 2} a menu of two two-parts
£ Tariff variables: g tariffs based on a fixed
€ #PS7 . - . charge and a price per unit of
kS Rsvenude L= Min gy {tL +qitl?4} » OION. ® ca;acityp
charged: :
=]
c .
2 P_r|ce t and tg ) 0l D{l, 2} a menu of two two-parts
< Tariff variables: a tariffs based on a price per
#PS8 Revenue - - | ) unit of volume, and a price
charged: = Mg {q"a +Q§3} » DION-. per unit of capacity

b — Location-specific pricing systems

Location can be used as an objective attributanjglément a third-degree price discrimination.
So, we now assume that the pipeline operator dsvelll to charge possibly different tariffs depending

on the location of each emitters.

Compared to the non-discriminatory cases above, care expect that a third degree price
discrimination provides the pipeline operator wéth enlarged feasible set for its pricing policy. To
what extent can this relaxation facilitate CCS dim® To gain insight on that issue, one may compar
the solutions obtained with each of the ‘postagengt tariff structures above and those obtainedh wit
their location-specific analogue denoted Tariff #L® Tariff #LS8 (cf. Table 5). For the sake of
clarity, the location-dependent tariff parameteas superscripted witlB (respectivelyF ) for Belgian

(respectively French) emitters.
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Table 5. Location-specific pricing systems

Pricing scheme Comment
Price B LF
t,,t
variables: ( Q Q)
©o Tariff r :Q't(? 0i0B a price per unit of volume
= #LS1 Revenue i TR ’
*E charged: r :th 0Oi OF
g i iQ :
c .
= Price B LF
t,t
%_ variables: ( @ a )
£ i _
* Tariff r =q,t° OioB a price per unit of capacity
#LS2 Revenue R ’
charged: r :qltg ) OiOE .
Price B ,F B L F
. t,t and (t_,t
Tariff variables: ( o ) ( ¢ Q) a fixed charge
ari
— B B . . .
#LS3 Revenue r=t; +Qt>, 0ioB, and a price per unit of
@ i volume
E charged:  r =tf +Qt7, OiOF.
©
s
5 P'”tcaf . (tf‘,tf) and (t:‘t:)
£ Tariff variables: a fixed charge
v ari B . T.e ) . .
.g #LS4 Revenue r =t +qit:1 , 0ioB, and a price p.er unit of
= h o R capacity
g CHATEEE =ty +qt’, OiDF.
)
=] .
=3 Price B L F B F
S variables: (tq i ) and (tQ 'tQ)
Tariff - & 5 ) a price per unit of capacity
HLS5 Revenue L=9t +Qy, Oi0B, and price per unit of volume
charged:  y —qt’ +Qtf, DiOF.
Price B F1 LF2 B LFl LF2 a single two-parts tariff for
ot and (t_,t "t
variables: ( froto ) (Q Qe ) Belgian emitters and a menu
Tariff B s ) . of two two-parts tariffs based
#LS6 Revenue r=t +QL, LB, on a fixed charge and a price
charged: g Fl Fl . per unit of volume for French
£ 8 i =Minye {tf *Qk } » DIOF. emitters
o
s Price B LFl LF2 B LFl LF2 a single two-parts tariff for
t . tt, ) and (G, 07,1
s variables: 9 9 "a Belgian emitters and a menu
"_g Tariff —tBagt® ) « of two two-parts tariffs based
£ #LS7 Revenue L=t rat Hioe, on a fixed charge and a price
Y . .
o charged: o { FlL T H} . per unit of capacity for
g f=Ming gty DiOF. French emitters
E Price (t? tF1 tf‘z) and (tB P t”) a single two-parts tariff for
variables: a’’a Q'R e Belgian emitters and a menu
Tariff —att 40t ) * of two two-parts tariffs based
#L58 Revenue ' i QL, 0OIUB, on a price per unit of volume,
charged: — M T¢ 4Ot . and a price per unit of
f Mm'D{M} {q'tq QB} » DiOF. capacity for French emitters

Note: " As (i) there are only two emitters located in Bafg and (i) there are no seasonal variations girtemission
patterns, it is not possible to determine a unigpeau of two two-part tariffs for Belgian emittefhus, we assumed that a
unique tariff is implemented in Belgium.

¢ — Results

We have successively tested these tariffs strustusang the programs LP2 or MILP-C. In Table
6, we report the break-even value for joint CCSptida obtained when solving these programs for the
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grand coalition of emittersl,, (case I) and for the restricted coalitidh,,.., that solely includes the

largest emitters (case Il). Several observationsdbeamade from these results.

Table 6. The break-even value for joint CCS adoptio for two definitions of the grand coalition

‘Postage stamp’ pricing systems Location-specific pricing systems
Pe Pe
Pricing scheme 0 Pricing scheme 0
(€/(tCO, per year) (€/(tCO, per year)
Simple linear Tariff #PS1 @ Tariff #LS1 @
tariffs
(a) Tariff #PS2 %) Tariff #L52 @
Case | Unique Tariff #PS3 (%) Tariff #LS3 ()
the grand | Multipart Tariff #PS4 @ Tariff #154 78.042
linear tariffs
coalition (a) Tariff #PS5 @ Tariff #LS5 2
NAII . .
A menu of Tariff #PS6 %) Tariff #LS6 %)
multipart Tariff #PS7 z Tariff #157 78.042
tariffs
(b) Tariff #PS8 %) Tariff #L58 @
Simple linear Tariff #PS1 (%] Tariff #LS1 %}
tariffs
(a) Tariff #PS2 %) Tariff #LS2 67.436
Case ll
" Unique Tariff #PS3 %) Tariff #LS3 %)
e .
. multipart Tariff #PS4 o Tariff #154 67.436
restricted | linear tariffs
coalition (@) Tariff #PS5 % Tariff #LS5 67.436
Niosico, | A menu of Tariff #PS6 %) Tariff #.56 @
multipart Tariff #PS7 @ Tariff #157 67.436
tariffs
(b) Tariff #PS8 % Tariff #L58 67.436

Note: (a) These results were obtained using treati program LP2. (b) These results were obtaisedyuhe mixed integer

linear program MILP-C detailed in Appendix is used to indicate an empty solution set. Aufies are in 2010 euros.

First, spatial issues matter! Indeed, the impleatgort of a ‘postage stamp’ pricing system that
neglects the emitters’ difference in locations egsitically impedes the construction of the proposed
CGO, transportation infrastructure. Our investigati@mmhfirm that such a tariff system would clearly
penalize the Belgian emitters because they woulchbeged an amount larger than the stand-alone cost
to construct a dedicated pipeline system gaugethése two emitters.

Second, designing a non-discriminatory pipelingfftasompatible with the widest possible
adoption of CCS technologies is a difficult tasktcArding to the results obtained for the grand
coalition N,, (Case 1), very few tariffs (only the multipart ifés #LS4 and #LS7 based on a fixed
charge and a capacity-based component) verify tmelitons for a non-empty feasible set for the
programs LP2 or MILP-C. This finding suggests timposing a poorly-defined, non-discriminatory,
pricing scheme (e.g., a volume-based tariff) isliiko hamper the construction of a CCS chain capab
to capture the emissions of all these 14 plantscdntrast, the results obtained with the coalition
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N..sco, (Case ll) indicate that achieving a “partial cage” is less restrictive (as six tariffs out of

eight are compatible with a non-empty feasibld@ethe programs LP2 or MILP-C). Given the limited
environmental impact of the two smallest emittéinss finding questions the relevance of a “blanket
coverage” target for the promoters of that,@ipeline project.

Third, the obligation to use a non-discriminatonjcing scheme for the pipeline component is
non-neutral on the break-even value for joint C@8psion. No matter what definition is adopted for

the grand coalition (eitheN,, or N, ), the break-even value for joint CCS adoptipjgz reported

in Table 6 are systematically larger than the smoading valuep;oz obtained when the pipeline

operator is allowed to charge discriminatory tariftf. the values reported in Table 3). The diffies
(p*c*oz - ﬁcq) is directly attributable to the use of a given fscriminatory tariff and can be used to
provide guidance in the selection of a pricing sebeln the worst case (the multipart capacity-based
tariff #L.S4 with the largest possible coalitiow,, ), that difference attains 11.24 €/(tC@er year), that

is 1.8 times the average cost of the pipeline systethat configuration.

Lastly, it is interesting to compare the break-evatue for joint CCS adoptiorpzOZ obtained

when using a menu of two-part tariffs to those imlatd when a unique two-part tariff is implemented
(e.g., Tariff #L.S4 vs. Tariff #LS7). No matter wiagfinition is adopted for the grand coalition, the

obtained break-even valuepgoz are systematically identical. This indicates timposing such a

second-degree price discrimination schemes doeatrait ease the adoption of the CCS technology.
We are going to argue that this seemingly surggisasult is not that surprising! Indeed, the arialgé

the solutions of the mathematical programs MILPeGfms that the two optimum tariffs are identical.
Intuitively, this outcome suggests that the pipelmperator cannot offer some volume or capacity
related rebates to “large” users without chargirgeerevenue to the “small” users (recall that the
pipeline operator has to recover its costs). Istangly, these “small” users are typically thos¢hathe
lowest willingness to pay per (either volume orawfy) unit of CQ pipeline service and are thus the
ones with a binding participation constraint.

5.4 National vs. supranational regulation for this CO; pipeline infrastructure

The infrastructure at hand has a transnationalr@atuhich raises a policy issue: “Should the
regulation of that infrastructure be organizechatnational level or at the EU-level?”

To address this question, we follow the analystsitkel in subsection 4.3 and check whether or
not the extra-requirements imposed by nationalleggis have an influence on the break-even value fo
joint CCS adoption. So, we now suppose that theigtsetwo local (i.e., national) regulators andttha

each of them has an exclusive competence to regihlatpricing structure used by the pipeline operat
in its jurisdiction. In the first row of Table 7,enreport the break-even value*ggz""“"“a' obtained when
solving the linear program LP5 with each of the @lernative definitions of the grand coalitiow,,
and N

>25KtCO, *
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We have also considered the case of a pipelineatypethat is compelled to use a predetermined

** National

tariff structure in each jurisdiction. In the sedorow of Table 7, we reporpg, the break-even

values for joint CCS adoption assuming that the tegulators instruct the pipeline operator to use a
multipart linear tariff similar to #L.S4 (i.e. a tweart tariff based on a fixed term and a capacity
componenty?

Table 7. The break-even value for joint CCS adoptio measured in €/(tCQ per year) when two
national regulatory agencies are monitoring the pipline pricing schemes

Grand Coalition N
Pricing scheme
NA|| N225I<tco2
Break-even value for joint CCS adoption in case of discriminatory prices:
= National ~ (a) 76.051 66.792
Pco,
Break-even value for joint CCS adoption in case of multipart tariffs: p;gmio"a' (k)
. . B F B ,F
Price variables: (f , f ) and (ta ,tE| )
r=f°"+qt®, 0OiOB, 78.863 67.572
Revenue charged: _ _
r=(fo+ate)+(FF+qt)), oioF.
q q

Note: (a) These results were obtained using theali program LP5. (b) These results were obtairsénigua modified
version of the linear program LP5 where the pipelperator uses the described two-part tariff.cAtbon price figures are
in 2010 euros.

* National

From these results, several facts stand out. Fimstfocus onpg, the break-even value for

joint CCS adoption obtained when the pipeline ojeraan freely charge discriminatory tariffs. The

* National

difference betweemp: and p*COZ the break-even value for joint CCS adoption olediim case of a

unigue transnational regulator provides a diresessment of the impact of a national-based regylato

organization on the adoption of CCS. Compared ¢ovddues p*coz reported in Table 3, these results

indicate that the geographical scope of the reguldtas zero impact on CCS adoption for a pipeline
project aimed at gathering the emissions from #wmricted coalitionN = N, 5., . In contrast, the

break-even value of a pipeline project tailoredctpture the emissions from the largest coalition
N:= N,, is substantially increased in case of two natioegulators. For a CCS project developer, this

finding suggests that CCS adoption is harder téesehin a project aimed at connecting all the paesi
emitters to a common infrastructure than in arriadtiéve project solely focused on the largest arstt

Second, we focus on the situation where the twalatgrs impose the use of non-discriminatory

lational

tariffs and examine the break-even valqég . A comparing the results reported in Table 7 with

those in Table 6 (cf. Tariff LS#4) indicates thatallection of national regulations systematically
imposes a net increase in the break-even valugofot CCS adoption compared to a regulation

29 Remark that the distinction between ‘postage stamwiffs and location-specific ones is pointleseré because this
national-based institutional organization allowsiges to differ in each country. Thus, the pipeloperator is implicitly
allowed to charge location-specific prices.
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organized at the EU-level. Though, that net incze@snains modestp;™™™ - pc,, =0.82 €/tCQ in

case of a “blanket coverage”, and 0.14 €4@0case of a partial one). These modest increasggest
that, for a feasible location-specific pricing stiwre, implementing a national-based regulation maty
play a major role compared to the choice of thegoalition of emitters?

Third, a comparison of these results with thosaiokd in the preceding subsection confirms that,
ceteris paribusthe break-even values for joint CCS adoption aatexb for the pipeline project serving
the partial coalitionN, .., are systematically lower than those obtained seaz a project aimed at

serving all the emitters\,, . The magnitude of the extra economies of scalgiged by the inclusion

of the two smallest emitters that are iy, but not in N,,,., are not sufficient to compensate the

benefit-sharing issues generated by the inclusigheotwo smallest emitters. Though modest in cdise
a transnational regulator that does not imposeusieeof a particular pricing structure (the diffevenn

p*coz is less than +0.01 €tGQn Table 3), the difference in break-even valuas become substantial

** National

under certain regulatory arrangements (e.g. tHerdifice inp,™ reported in Table 7 is close to 11.3

€tCO, a magnitude larger than the average total codtefCQ pipeline). This finding has important
implications for the deployment of the CCS techggloGiven the existing regulatory and tariffs
uncertainties observed in the €@ipeline industry (Herzog, 2011), a pipeline pobjdeveloper that
cannot precisely anticipate the level of the futaegbon prices may rationally prefer to design its
infrastructure so as to solely serve the largestters (i.e. those in the smaller CCS clt,g,, )

because the associated break-even value would ke noloust to unexpected changes in the regulatory
organization.

6. Concluding remarks

The question of how to design an appropriate regnidramework for CQ pipeline systems is
one of the key design issues that regulators atidypmakers across the world will have to address t
clarify the conditions for the deployment of a kewgcale CCS industry. In this paper, we analyze the
role played by pipeline-related regulations on ¢ng@tter's decision to adopt the CCS technology and
thus share the common g@ipeline cost.

The challenge of this paper is to specify an adhptedeling framework that has its roots in the
cooperative game theoretic treatment of clubs. dselexamination of the conditions required for the
deployment of a COpipeline infrastructure by an independent pipebperator shows that they have a
direct interpretation in terms of club theoretiacepts. Our approach explicitly takes into consgitien
the main features of the CCS club: the heteroggéithe likely club members (caused by differences
in the emitter-specific capture costs, in theiralban, in the size of their annual emissions antheir

%0 Following a remark raised by a referee, we canigethat an institutional design based on two nadioregulators allows
the pipeline operator to charge different pricestire two countries. Hence, the pipeline operatofdis facto’ allowed to
charge location-specific prices in the two courgri&#hat's why, the comparisons conducted in thisssation are restricted to
the location-specific tariffs discussed in Subset.3.
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infra-annual patterns of emissions) and an engimgdrased model of the long-run cost to build and
operate a Copipeline. We believe that this model-based apgras@able to provide valuable guidance
for the professionals and scholars interested énitistitutional design of the regulation that wik
applied to the COpipeline industry. As this paper has a practécabition, a great attention has been
paid to address the practical issues faced imtipéementation of the proposed methodology.

A case study focusing on a Northwestern European fiifeline project provided us with an
opportunity to obtain a series of original finding#st, a preliminary cost-based analysis hasicoefl
that a CQ pipeline system constitutes a sustainable nataiopoly. Accordingly, one can rightly
expect the pipeline operator to adopt a pricingcgdhat insures that none of the possible subttoa$
of emitters has an incentive to drop out the graadlition and build an alternative infrastructure.
Second, a benefit-based perspective confirms tietthreshold carbon price required to obtain the
creation of a CCS club gathering all the emittérs.,(the price related to Sharkey’'s participation
condition) is significantly larger than the averagst of the entire CCS chain. Third, we have arely
a series of non-discriminatory pricing schemes tiaty conceivably be imposed on the pipeline
operator. Interestingly, our findings confirm ththe design of these pipeline access charges is non-
neutral on the adoption of the CCS technology. Example, the results reveal that the emitter’s
location must be taken into consideration in theigte of a pricing scheme and that a poorly designed
pricing scheme can either: significantly raise break-even value for joint CCS adoption, or even
impede the construction of a single pipeline irthiasture. Fourth, we have compared the outcomes
obtained in case of a pricing regulation organiaethe EU-level to those obtained with a collectién
national regulations. Our findings indicate tha #tope of the regulation does not significantlpait
the adoption of the CCS technology. Lastly, thessilts reveal that CCS adoption is always easier to
achieve when considering a restricted club of C@8pters that does not include the two smallest
emitters.

Although our discussion is centered on this specpgroject, it should be clear that the
methodology detailed hereafter could apply to otbéy pipeline projects as well. As in any modeling
effort, we made some simplifying assumptions. Thannone is related to the static nature of the
approach used to treat the coordination problejoining a common pipeline network. The design of a
dynamic framework where emitters would be alloweddin/exit the agreement depending on the
evolution of variable like the carbon price conggtan attractive agenda for future research.
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Appendix A
Proof of Proposition 1
Assume that there exists: (i) a carbon price lepg] with p., < p,, , and (i) a revenue vector

such thatr OAn IPm . For any emitteri, we lety, denote the emitter’s individual net benefit, i.e.
Y, ::(pcoz _Xi_U)Q_r-
As rOA, it verifies: ) 1 <C(S) for any SON and thus the inequality

DY zzm[( Reo, —)(i—a)Q]—C($ holds for anys0 N. As rOIP_ -, we havey 20 for any

emitteri and thus)_, v, 2>y foranyso N. AsrOA, the equality) 1, =C(N) is verified.

iON i

Hence, the sum of the emitters’ individual net fienes: >y =>" [( Peo, ~ Xi —a) Q]— C(N). So,

the following condition must hold:

>[(peo, ~xi=0)Q]-C( N)z%sl[( Ro-X-0)Q]-q§, OSON, (A.1)

i~
Following the discussion in Section 3.2., a carlpoice level p., with p., 2 Poo, is a necessary and
sufficient condition for that condition. Hence,dase of a carbon pricepCoz with Peo, <@, the set
An IPW is empty. Q.E.D.
Proof of Proposition 2 (Sharkey 1982)

For any allocation ylr, , we evaluate the associated revenue vector (y) and let
.= (peo, ~ X ~0)Q ~y be itsi " component. Ifydr, , then st[( Peo, X —0)Q — 1 ]2 V(S ro,)
for any sO N. Using (1) and rearranging, we obtainzmsri SC(S) for any sO N. Besides, as

Peo, 2 Peo, » the value of the largest coalition verifieN, po, ) =Y, [ ( R0 ~Xi=9) Q] A N.

Hence, for anyyOr, , we have both)d  r=C(N) and > r<C(S) for any SO N. So,

Pco, ! iON i ios i

-~ (y)OA. Q.E.D.

Proof of Proposition 3

The proof requires two independent steps.
STEP #1: Assume a giverill', . The associated revenue vectorpicg (y). By construction, if a
pipeline operator charges(y), every emitteil obtains a net benefit equal tg. As yor,., . we

have y, = v({}, po,) for every emitter . Sincev(S, g, )20 for all s, we obtainy, =0 which
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proves thatr  (y)OIP . Using Proposition 2, we know also that (y)OA and thus

r (y)OAn P_.

PCo, =

STEP #2: Assume a givemmA n IPW . The vector of the emitters’ individual net betsefissociated

h

with r is y  (r) where thei" component isy, =(py, —X-0)Q-1. As rOA, it verifies

Y =C(N). So, the sum of the components/of (r) is: 3., v =Y, [( Reo, ~ X —0) Q]— c(N).

As the prevailing carbon pricep,, is assumed to verify the conditiop,, > p., , we have

ZiDNyi =V( N, Qoz)'
As rOIP , the associated individual net benefits are nogatiee and thus the inequality
PcO,

styi zzmyI holds for any coalitionsT N and any subcoalitionRO S. As rOA, it verifies
Y.wf <C(R) for any subcoaliionRO N Hence, > _v=2Y (mo -X-0)Q-C(R for any
subcoalitionR O N. As a result, the conditio’ _y, 2 Zm( Reo, ~ X —a) Q- C( R is verified for any
coalition SO N and any subcoalitiorR 0 S. So, the conditior)” (v, 2v(S Ry, ), Wherev(S p, ) is
defined as in (1), is verified for any coaliti®d N. To summarize, the vectqgcoz (r) verifies both (4)

and (5). Soy_ (r)or Q.E.D.

Pco, *
Proof of Proposition 4

To begin with, assume th(art*, p*coz) is a solution to LP1. As™ jointly verifies the constraints (15) and

(16), we have” OA which proves than = 0 .

Now, we assume that 20 and have to show that the feasible set of LPloisempty. AsA 20 ,
there exists at least one revenue vectorsuch thatr OA. By definition, this vector verifies the
constraints (15) and (16). AsOA, the condition(8) are verified. So, the inequalitiefssc({i}) hold
for all the emittersi ON . These inequalities can be used to constructdt@niing lower bounds on the

emitters’ individual net benefits( Peo, ~ X —O')Q —Ari 2( Reo, —X; —0’) Q- C({ }) for any i. We now
consider p,, the carbon price level defined by, = Max {x +C({})/Q} +o. The vector(Bcoz,?)

is such that(f)coz -x —a)Q -t =0 for anyiON . So, the vecto(ﬁcoz,?) verifies the conditions (15),

(16) and (17) which proves that there is a hon-gnfigaisible set for the program LP1.

Now, we consider a vecttir'f)coz,F) in LP1's feasible set. As it verifies (17), th#idwing condition

holds:
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Z[(ch - X -U)Q}ZZr , OST N. (A2)

i0s i0s

r . Using (16), the

si

Remark that, using (15), the following equality dsol >, =Y 1=

following condition holds:

> 1 =C(N)-C(N\9, 0SO N. (A3)

ios !
As the conditions (A.2) and (A.3) are jointly viedf the condition (2) holds which suggests (cf.

subsection 3.2) that the carbon pricﬁgoz verifies ECOZ 2 ., Where p, is the threshold defined in

(3). Remark that this inequality does not dependhenfeasible vectoﬁ)coz,?). Hence, the objective

function (14) is bounded from below. This findingédther with the non-emptiness of the feasible set

indicates that there exists at least one optimdutem (r*,p*coz) to the program LP1 (cf., the

Fundamental Theorem of Linear Programming). By nigdin, p*COZ is the optimal value of the

objective function of linear program and is thusique. Moreover, we have shown that the optimal

value p*COZ is bounded from below and verifies:::Oz 2 P, - Q.E.D.

Appendix B

This appendix illustrates how a linear programnapgroach can be used to examine whether the
conditions for a non-empty core of the cooperative cost game are verified.

LP-B: Max & (B.1)
s.t. %:ri =C(N), (B.2)

%s:ri +£<C(9), 0sO N\{O, N, (B.3)

£20. (B.4)

The gain derived from cooperation by any non-tticisalitons SO N (S# 0, N) with respect to
a cost allocationr is measured by the exce{&'z(s)—ziDs r] In LP-B, the non-negative variablke

can be interpreted as the maximum possible valuth®flowest excess obtained by a non-trivial
coalition. A non-empty feasible set for the prograB is a necessary and sufficient condition fa t
existence of a non-empty core.

Appendix C

In this appendix, we detail a computationally tedt¢ reformulation of the two-level optimization

problem BLP4. To begin with, we focus on the loweel problemLP3 (t) for a given emitteri .
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Denoting o' :(a‘1 ..... aim) the vector of dual variables associated with tbestraints (23), the KKT

conditions for optimality correspond to the follagilinear complementarity constraints:

1->a =0 (C.2)
r —Zk:ﬂt: <0, a =0, a, [ri —i(djt: ] =0, O 0{1,...m} . (C.2)

Following Fortuny-Amat and McCarl (1981), the compkntarity conditions (C.2) can be

replaced by integer restrictions in the form ofjudistive constraints. We introducé: :(01' ..... o) ) a

m

vector of binary variables such that a valfle=1 indicates that the particular tariff (i.e. the price

vector t') minimizes the C@transportation cost of emitter, and M a constant with a value that is
large enough for the problem at h&hdJsing these variables, the complementarity coimssgC.2)

becomes:
k
-M(1-4)=r -> ¢t <0, 0 0{,...m} (C.3)
j=1
MJ 2a 20, O 0{1,...m} . (C.4)

Replacing the condition (28) by the constraintslJC(C.3) and (C.4) transforms the two-level
optimization program BLP4 into the mixed-integeelar program MILP-C:

MILP-C: Hl\:linmF Peo, (C.5)
s.t. %:ri =C(N), (C.6)
%S:ri <C(9), 0sO N\{O, N, (C.7)
(Peo, —Xxi-0)Q -1 20, OiON, (C.9)
Iia; -1, OiON (C.10)
-M(1-9')<r, —ﬁq‘t; <0, OiON, O 0f1,...m} (C.11)
=
MJ 2a 20, OiON, O 0{1,..m} . (C.12)

where, @ is the collection ofN| vectors of dual variables, andl is the collection ofN| vectors of

binary variables.

31 For example, in the present case, one can ratigrnaesume that the difference between the amaaintly an emitter for
its CO, transportation service (and thus the revenue chdrtp him) and the amount that he would have piaildat emitter
had chosen the worst tariffs offered by the pigeliperator will be smaller than, let say, two timbe overall cost of the

entire pipeline. Hence, the valld = 2><C( N) looks like a possible candidate.
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