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Abstract
This paper examines the deployment of a naturapigmedine in a developing region where the
rate-of-return (RoR) regulation has been implengtdeattract investment. We assume that the
pipeline firm considers the proven demand emandtiogn a few large industrial sites but
ignores the eventual rise of other domestic-oriéniges. We first assess the magnitude of the
overcapitalization generatexk anteat the planning stage by the application of Rogulation
(i.e., the Averch-Johnson effect). We then analymeex-postsituation when the enlarged
domestic demand materializes. We prove that tlosvalble rate of return can be set to ob&in
ante the degree of overcapitalization neededpostto serve the enlarged demand in a cost-
efficient manner. We finally discuss whether RoRyulation can fulfill two public policy
objectives: optimally building ahead of proven dechand protecting society from monopoly

prices.
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1. Introduction

In developing nations, the discovery of large ratgias deposits is commonly depicted as a bonanza.
However, translating that resource wealth into fmweental achievements perceptible to the greater
population is a challenging task with possibly datigy consequences, as a failure can trigger rebiona
tensions or even jeopardize the country’s politgtability (Caselli and Tesei, 2016). While purguitis
guest for inclusive development patterns, goverringanners are often tempted to leverage on such
resource endowments to deliver measurable bentefithe population: an improved electrification rate
supported by gas-fueled thermal power generatidre(tas, 2012), the production of fertilizers (eugea,
ammonia) to improve food security (Parikh et al0®), and the substitution of the low-quality arehlth-
detrimental fuels used by households (Cesur eR@l7). To become effective, this strategy necatesitthe
construction of a capital-intensive pipeline infrasture and, because of the scarcity of domestjital,
needs to attract foreign direct investment (FDt ia durable, specific asset.

In least developed countries (LDCs), two specifinaerns rapidly come into play when examining such
projects. First, attracting foreign investors idrigky task when the proposed infrastructure is eanat
supplying natural gas into a region where commeetsiargy consumption has hitherto remained limifie.
overcome this, development agencies recurrentlpeate the need to “build an anchor load” (e.g., BBV
2007; World Bank, 2010; ICF, 2012) by strategicdtlgating a small group of creditworthy industrigs
users at the outlet of the proposed pipeline. pected that this load will be sufficient to gé&y the
investment decision and that, in the aftermathhef opening of the pipeline, a supplementary demand
emanating from local users will naturally emergewsdver, this approach implicitly presumes that the
installed pipeline capacity will be sufficient tergse the enlarged demand which, in turn, suppdsas t
investors agree to “build ahead of demand” by ilistasome extra capacity that may remain supetifufor
a number of years after the opening of the inftastire. Second, the energy delivery must remauraddble
S0 as to maximize the development benefits. Givem matural monopolistic essence of a pipeline
infrastructure, there is a need to mitigate theatd pipeline operator's ability to exert marketveo by

implementing an adapted form of regulation. Agath$d background, a question of some policy relegan



for developing nations is therefore: can the twbligupolicy objectives of attracting an adequateoant of
investment and protecting society from monopoliptices be jointly attained?

In this paper, we investigate this question foorarf of regulation commonly implemented in develgpin
nations: the rate-of-return (RoR) regulation. Tima&thod is one of the simplest form of regulatiaraliows
the regulated company to cover its operating amdtalacosts and to earn a return on capital. ltdg@re
generally identified with the regulation applieditwestor-owned utilities in the US. Its shortcogsnare
extensively discussed in the literature (see, kamgple, Laffont and Tirole, 1993). An importantesff that
was first highlighted in Averch and Johnson (196@)cerns the tendency of regulated firms to endgiage
excessive amounts of durable capital accumulatre can thus wonder whether that overcapitalization
which is recurrently presented as a limitationha literature — could represent a blessing in fleeific case
of a gas pipeline project located in a developiogntry.

The purpose of this paper is to methodically exanilre economics of the “anchor load” strategy in a
developing country where RoR regulation has begiemented. More precisely, we investigate whether i
is possible to leverage on the overcapitalizatiehdvior of the regulated firm to obtaéx ante(i.e., at the
planning stage) the adapted degree of capitalliate that will be neededx posti.e., after the opening of
the infrastructure) to serve the envisioned ladganand in a cost-efficient manner.

Our point of departure is in the literature on Regulation (Klevorick, 1971; Callen et al., 1976%sing
an engineering-based representation of the gatimgpgechnology, we first show that the allowakdger of
return is a control variable for the degree exftante overcapitalization decided by the regulated firm.
Building upon this remark, we then characterizetibkavior of that operator in the case of a lasgepost
demand. In particular, we derive the conditions tfog regulated firm to serve that enlarged demand i
cost-efficient manner. This leads us to analytjcallove that the allowable rate of return can beetuto
influence the investors’ planning decisions socasltain the provision of an optimal infrastructesepost
Lastly, we examine the impacts of that strategyhennet social welfare.

Though our approach is motivated by the case efbpipeline project in Mozambique, we believe that
our analysis is not specific to that case and cgelterally inform the infrastructure developmenatsigies

pursued in other developing nations.



The paper is organized as follows: Section 2 regithve main features of a pipeline development ptoje
examined in Mozambique with the aim to both claiifie motivation for our analysis and justify our
assumptions. Section 3 presents our modeling framevn section 4, we examine whether RoR regutatio
can jointly satisfy the two public policy objectef building ahead of demand and limiting the reark

power exerted by the monopoly. Finally, the lastisa offers a summary and some concluding remarks.

2. Background: A Mozambican pipeline project

In this section, we use the case of a real prajediiozambique to review the main specificities
governing the provision of natural gas infrastruesuin developing countries. After a brief presgataof
that context, we discuss the limitations of therliture supporting the policy recommendation tddbtkie
infrastructure ahead of proven demand. Finally, pvesent the regulatory framework governing the

provision of these infrastructures.

2.1 The Mozambican natural gas scene

Emergence of a gas-fired economy

In Mozambique, a series of recent natural gas d&des in the Rovuma basin radically changed the
country’s resource endowmerand their monetization through liquefied naturals (LNG) exports is
expected to make the country a large energy exp@fahumane and Mulder, 2016) and to move the
economy away from a low-development trap (Melind Ziong, 2013; IMF, 2016). Yet, LNG exports alone
cannot solve all the country’s development problesishey promise few permanent jobs and genettée i
forward and backward linkages a la Hirschman (19&#) the rest of the economy. To improve the well-
being of the population, the government has algealed its ambitions to leverage on its subsoillihelay
allocating a share of its royalty gas to the nationarket to promote both industrialization and dleenestic

use of natural gas (ICF, 2012; Ministério da Plaaifdo E Desenvolvimento, 2014).

! According to the 2014 Oil & Gas Journal annual sy, Mozambique's proved natural gas reserves atmiouh00 trillion cubic
feet (Tcf) — compared to 4.5 Tcf the previous yeand are now the third largest in Africa (Xu anellB2013).



The first aspect of the Mozambican plan consistatwhcting FDI into the so-called “mega-projects”:
small number of large-scale, export-oriented, geset industries that process natural gas intdifers,
petrochemicals or direct reduced iron. These ptejere expected to generate forward and backward
linkage$ and to moderate the variance of the country’s exqeeenues by diversifying commodity price risk
away from gas (Massol and Banal-Estafiol, 2014).

The second aspect of that plan emphasizes: ($upply of natural gas to domestic-oriented uses,(e.
local businesses, cement manufacturers, househtddgromote job-creation; (i) the substitution of
expensive and imported oil products (ICF, 2012} @ii) the development of gas-fired thermal getierain

the Northern provinces to support the governmegiéstrification plans (ICF, 2012).

Overcoming the country’s pipeline deficit

Geography rapidly comes into play when assessimdetsibility of that plan. The Rovuma gas fields a
located offshore in rural and scarcely populatestridts. This remote location imposes the constraabf a
pipeline system to connect the fields to the coimimain population centers (see Figure 1).

However, implementing a pipeline infrastructuraislassic instance of a “chicken and egg” problgm.
is not worth building an expensive pipeline systaithout a critical mass of consumers capable of
supporting the construction of the infrastructund,avithout the pipeline, the potential demand fregers is
unlikely to materialize. In Mozambique, the problem trickier because the domestic-oriented, gas-
consuming sectors have to be developed from a lesvyexisting base (IEA, 2014) which makes them
unlikely to attain that critical size in the foreséle future. To overcome this problem, developmtarners
envision leveraging on the FDI-financed mega-pigjet facilitate the deployment of this pipeline
infrastructure (ICF, 2012; IEA, 2014). Rather thallowing their constructions in Palma (Figure Datt
approach consists of strategically locating thenthia deep-port city of Nacala that provides a large
development potential. The city is the marine taahiof an agricultural production area which is leoto
approximately 10 million people: the Nacala Devetemt Corridor that reaches westward from Nacala to

landlocked Malawi (Figure 1). Locating the megajpcts there would provide the “anchor” load neetied

2 For example, a fertilizer industry is expectedfdster the modernization of the country’s agrictafusector which is currently
dominated by subsistence farming with a scant @fertilizers (Franza, 2013).



justify the construction of a pipeline system alathg northern coastline from Palma to Nacala (ICF,
2012)** In recognition of this, the government is activelying to promote FDI in Nacala and has created a

special economic zone aimed at providing fiscatimives and guarantees to foreign investors.

Figure 1. Map of Mozambique’s northern pipeline defoyment
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2.2 Building a pipeline ahead of demand?

The literature on natural gas pipeline provides imieresting insights that have important implioat

for the planning of such investments. First, theht®logy of a natural gas pipeline exhibits proremth

increasing return to scale in the long run (Kal888, vol. Il, p. 153). Second, investment in a reltgas

% Indeed, before installing immobile gas-processisgets in Nacala, the promoters of mega projegisaly sign binding long-term
supply contracts aimed at organizing the deliverg predefined volume of natural gas to their plant

4 In addition to fostering domestic-oriented usestia Nacala region, this pipeline could also unlaclseries of future pipeline
deployment phases. The Palma-to-Nacala route cbeldntegrated within a longer pipeline system reaghfirst the cities of

Quelimane and Beira and ultimately the capital Mipand the South African market (ICF, 2012). Itidoalso be integrated within
a broader transnational pipeline infrastructure $uas the one examined in Demierre et al. (2015).



pipeline conveys some irreversibilitgx ante during the planning phase, investors can usecampination

of pipe diameter and compressor horsepower, as é&nghe corresponding engineering constraints are
observed. However, once installed, the diametea pipeline — and thus the capital stock that hasbe
immobilized — can no longer be modified withouttiming prohibitive cost3.Because of this irreversibility,
anyex postrise in output must be accommodated by adjustmert®e compression horsepower. Because of
the joint presence of irreversibility and pronouhezonomies of scale, the literature shows thahencase

of an output level that can rise in the futurds itational to “build ahead of demand” and inséeadloptimum
degree of overcapacity (in the form of a largerepire diameter than the one installed in case af igure
increment in output) to minimize the present vadfi¢he infrastructure’s total cost (Chenery, 1982nne,
1961; Massol, 2011).

Yet, the application of that strategy in a devabgpcountry deserves a pragmatic examination. Recall
that the capital needs of the pipeline operatorehtav be financed by its cash flow stream. Given the
embryonic state of the domestic-oriented sectdrgsan be difficult to convince foreign investors to
immobilize an oversized amount of capital stock thershoots the predictable demand levels emanatin
from the mega-projects and thus generate an extsa that may be difficult to recoup. This remark
highlights an important limitation of the standditdrature supporting the recommendation to “builead
of demand”: it implicitly posits that the infrastture’s output levels are price inelastic. As thice
sensitivity of the demand can hardly be neglecteddveloping regions, the standard literature balet
extended to incorporate both the pricing behaviothe pipeline operator and the demand responses to

price.

2.3 Regulatory framework

In light of both the scarcity of domestic capitaldathe poor performance of state-owned enterpitses
developing countries (Parker and Kirkpatrick, 2Qa6g participation of an FDI-financed private seds
needed to provide the energy infrastructure. Howehe natural gas pipeline sector has “natural apoty”

features because its long-run cost function icttrisubadditive (Perrotton and Massol, 2018). Aatt

5 The pipe diameter is reputed to give an indexefsize of the infrastructure (Chenery, 1952).



characteristic can lead to a variety of economidgomance problems (i.e., excessive prices, praoiict
inefficiencies), some form of economic regulatismecessary.

In a comprehensive review, Joskow (1999) examinas bffective regulatory institutions can be
established in a developing nation. He stresseghbaegulatory framework should be adapted te fato
account the presence of weak institutions and #uok lof regulatory and antitrust expertize. He also
highlights that, in the case of a nascent infrastme sector, it is preferable to implement simplies
procedures. Mozambique followed these recommenuatand opted for a simple and proven form of
regulation for its natural gas pipeline sector: Ro#gulation® That form of regulation sees costs as
exogenous and observable and forms prices on #is bhobserved costs and a predetermined apptepria
rate of return on the investments. By constructibis, well suited to attract foreign investmentiggrovides
investors with a reasonable opportunity to recamgestment and operating costs as well as a ratarn
capital.

The shortcomings of RoR regulation are extensid#$gussed in the literature, though, and were first
presented in Averch and Johnson (1962). The maervations against this approach are that it doés n
provide incentives for cost savings and efficiemoprovements, and that it rewards an excessivestment
in fixed assets. This so-called Averch-Johnsonceftells for a condemnation of the tendency of laigal
firms to engage in excessive amounts of durabligatarcumulation to expand the volume of theirfisd

For the Mozambican project, this effect could payositive role, though. The discussion above sstgge
that while governmental planners could wish to emage some degree of “building ahead of proven
demand” to cost-efficiently supply the future flomsgas consumed in Mozambique, they may have & har
time convincing the pipeline’s foreign investorsgramobilize the extra amount of capital neededetve an
embryonic domestic market whose future take-offais from being granted. Interestingly, the Averch-
Johnson effect suggests that a myopic (or conseeyairofit-maximizing operator subject to RoR r&gion

(i.e., a firm that totally ignores the evolutiontbe domestic-oriented uses and bases its decisaaly on

& This form of regulation has been extensively usedegulate privately owned pipeline infrastructsrin the US and is also
implemented for natural gas pipelines in a neigfgicountry: South Africa.

" A possible remedy for this effect can consishefadoption of a regulatory control over the inphbice (Laffont and Tirole 1993).
Yet, that control can be difficult to organize hetcontext of a developing nation where the regwjadgency can face a shortage of
skilled personnel.



the natural gas demand from the FDI-financed megggts) can rationally decide some degree of
overcapitalization. In the next section, we wilushshow that under certain conditions plannersdoul
leverage on the behavior of the regulated firm rtduce the installation of an appropriate degree of

overcapacity.

3. Model

In this section, we prove that it is possible t@ptdthe parameters of rate-of-return regulatiorato
potential demand growth so as to encourage builalivegad of demand and foster efficient pipeline atoamn.
We first introduce the notation and clarify our @sgtions. We then successively examine: (i) ékeante
situation to identify the investment planning déwis taken by a regulated operator, and (ii) tlvab'$
reaction to arex-postdemand growth. Lastly, having shown that it isgildle to induceex antean efficient
degree of building ahead of demand by adjustingtlegved rate of return, we examine the implicaion

For the sake of conciseness, all the mathematioafpare presented in Appendix A.

3.1 Assumptions and notations

Institutional organization

We assume, as in Mozambique, that the regulatatyirestitutional framework governing the natural gas
pipeline sector has the three following charadiess First, the natural gas pipeline (i.e., thedstieam
sector) is treated as a vertically separated efntity the rest of the supply chain. The pipelimenfdoes not
own the natural gas it transports and simply presid point-to-point transportation service. Secahd,
pipeline firm’s profitability is restricted by thapplication of the RoR regulation. Third, the regidn
institutes a transparent open-access regime thigestihe pipeline firm to charge a non-discrimimgitprice

per unit transported.

Technology
A simple point-to-point pipeline system consistsacfompressor station injecting a pressurized tbw

natural gasQ into a pipeline to transport it across a giventatise. Using an engineering approach,



Perrotton and Massol (2018) recently proved thattéthnology of that infrastructure can be appraxéad

by a single production equation of the Cobb-Douglps:
Q' =KE", (1)
where E is the amount of energy consumed by the infragtrado power the compressdf, is the capital

stock employedy = 8/11 is the capital exponent parameter, and9/11 is the inverse of the degree to which

output is homogeneous in capital and energy A4, the technology exhibits increasing returns tdesca

From that production function, one can defig¢Q, K):l’W the variable input requirements
function that gives the amount of energy needeniatosport the outpu€) on a pipeline infrastructure that
has a given fixed amount of capital inpt. We let EQ(Q, K) (respectively, EK(Q, K)) denote the
derivative of the input requirement function witlispect to the output (respectively, the capitat)aiée.
With our technology parameters, (Q K) >0 and E (Q K) <O0.

Costs

We let e denote the market price of the energy input artde market price of capital faced by the firm.
Following Perrotton and Massol (2018), the long;roast-minimizing amount of capital stock needed to

transport the flowQ is:

1-a

K(Q):[r(;‘“)]woﬁ, o

and the long-run, total cost function@ Q) = rK(Q)+eE( QK Q) which after simplification gives:

axl-a

c(Q=——— & 3

a“(1-a)™

This presentation naturally leads to the followitedinition.

10



Definition: The capital-output combinatioffK,Q) is cost-efficient if the capital stock
equals the long-run, cost-minimizing amount of dE@tock needed to transport the flayy,

that is: K =K(Q).

Ex antedemand

At the planning stage (i.e., before the constructibthe infrastructure), we assume theantedemand
schedule for pipeline transportation services. Heisiand is the “anchor load” that emanates fromaige
users that are planning to install their gas-bgsedessing activities at the outlet of the pipelifiis ex-

anteinverse demand function is:
P(Q)=AQ", (4)
where A is a constant and the constafat is positive and denotes the absolute value optioe elasticity of

demand. We assume that<1 so that the total revenue obtained by an unreggl@ipeline operator

producing zero output is zero and tleat 1- 8 so that the demand schedule always intersecténginal

cost schedule from abofe.

For notational convenience, we follow Callen et @976) and introduce three parameters: (i)
y=B+e-1, (i) 5=ep/[ Al-¢)(1-a)], and (i) 7= B-(1-¢)(1-a).

The cases of a monopoly and of a social planner

To gain insight into the performance of the regdafirm, in Table 1 we summarize the market
outcomes obtained under two polar cases: (i) thétgnaximizing, unregulated monopoly (column ljida
(i) a welfare-maximizing social planner that makies the sum of the producers’ and consumers’ ssegl
(i.e., the net social welfare) while ensuring zeconomic profit for the pipeline activitycolumn 2). These

outcomes are subscripted wiklh and a respectively and are presented in Table 1. In bafies, production

is cost-efficient and uses the cost-minimizing aniaf capital stock, that i, =K(Q, ) and K, =K(Q,).

8For g = 9/11, these two restrictions indicate that the pricasticity of the demand is in the range (-5.5, -1.0)

® Recall that the first-best solution obtained under unconstrained welfare maximizer would not allitwe pipeline activity to
break-even. This organization thus resembles tberskbest solution examined in Boiteux (1956).

11



Note also that, for the social planner, substitutid the optimal decision§), and K, in the zero profit

condition P(Q) Q- rk-eH Q K =0 gives P(Q) Q- Q) =0 which means that the outp@, is set at a

level such that the price equals the long-run ayemst.

Table 1. The cases of a profit-maximizing, unreguted monopoly and
a welfare-maximizing social planner providing zergorofit to the firm

[Please insert Table 1 here]
Following Callen et al. (1976), we defing, the unregulated monopolist's rate of return orested

capital obtained by evaluating the accounting préf{Q, )Q, - e Q. k&) and dividing it by K,, the

profit-maximizing capital stock. After simplificath, the unregulated monopolist's rate of return is:

su =nr/[a(1-¢)].

3.2 The ex-ante behavior of the regulated firm

We now assume that the infrastructure is providg@ Imnonopolistic private operator that is subject t
ROR regulation and examine tb&-antesituation (i.e., at the planning stage, beforedmestruction of the
infrastructure). As that situation is similar teetbne examined in Klevorick (1971) and Callen e(X376),
we briefly review the results gained in these twdyecontributions.

The regulated monopoly is allowed to earn an exogsly-determined rate of returs on the invested

capital K. The RoR constraint stipulates that the monopadgsounting profit, defined as the difference
between the total revenUé(Q)Q and the cost of the variable inpeE( Q K), cannot exceed the allowed
return on invested capitalK. In the sequel, we assume thatis not greater than the rate of retugp
obtained by an unregulated monopolist (is, 5, holds) so that the RoR constraint is binding aad lse
written as the equality constraint:
P(QQ-eHQHK = sk (5)
The regulated monopoly’'s problem amounts to det@ngithe combination of capit&d and outputQ

that: (i) maximizes its profits (i.e., the diffe@nbetween the total reventEk(Q) Q and the sum of the total

12



cost of capitalrK plus eE(Q K) the total cost of energy), and (i) verifies theRR constraint. That

optimization program is presented in Table 2 — péane

Table 2. Theex-ante behavior of the regulated firm
[Please insert Table 2 here]

Klevorick (1971) provides a detailed examinatiorthadt optimization problem. He proves that thetfirs
order optimality conditions of the firm’s problemeasuch that the optimal pa@K*,Q*) must jointly verify
the RoR constraint (5) and the following condition:

(s-n)[P(QQ+AQ - e§(QR] =0 ®)
where EQ(Q, K) is the derivative of the input requirement funistigith respect to the output variable.

If s<r, the allowed RoR is lower than the market priceafital and the firm’s optimal decision is to
withdraw from the market. To eliminate this corsetution, we hereafter concentrate on the moreeasting

caser <s< s, whereby the allowed RoR is not lower than the cbsapital.

If s=r, the constraint (6) igle facto verified. The behavior of the regulated monopdy thus
indeterminate because any capital and output catibmthat verifies the rate-of-return constrabijt i.e.,
which vyields zero profit — can be considered by fine.’° To avoid that indeterminacy, we thereafter
prohibit settings equal to the market price of capital.

If r<s<s,, the condition (6) is equivalent ®'(Q) Q+ A Q- eE( Q K=0 which is the analogue for a
regulated monopoly of the standard condition fafipmaximization: the marginal revent®(Q) Q+ P Q
has to be equal to the regulated marginal eﬁg( Q K), which is the marginal cost to produce an addition

unit of output whenk is set at the level required to satisfy the RoRst@int (5). Callen et al. (1976)

101t s=r, each of the three following capital-output pairslgis zero economic profit and thus verifies the Roffstraint; (0, 0) ,

the pair( Ka,Qa) in Table 1 that maximizes the net social welfahilergiving zero profits to the firm, and the p{iK* ,Q*) in
Table 2 — panel 2.

13



analytically determine the unique capital and otJtmmbination(K*,Q*) that verifies both the condition

P'(Q Q@+ A Q- eE( Q K=0 and the RoR constraint. That solution is preseintdtble 2 — panel 2.

To examine the implications, Callen et al. (1976}adl: (i) the total cosC' incurred by the regulated
firm; (ii) the net social welfar&V ; (iii) the output ratioQ*/Qv, that measures the relative increase in output
effected by imposing a regulated rate of returraemunregulated monopoly; (iv) the capital ralsié/ K (Q)

that provides a relative measure of the capitatksemployed by the regulated fir{" with respect to

K(Q*) obtained using (2) the capital stock that wouldeh®deen installed by a cost-minimizing firm
producing the same output; and (v) the cost r&t’i;bc((j ) that compares the total cost incurred by the

regulated firmC' and the total cosC(Q*) that would have been incurred to serve the oufQutif

production had used a cost-minimizing combinatibmputs. For the sake of brevity, these valuesratids

are presented in Table 2 — panel 3 and we simpfytiorebelow the value of the capital raui@/K (Q* ):

K 1-a
r ]
N2 : (7)
K(Q) (s (1—£)aJ
The following lemma indicates that this ratio igensely related to the allowed rate of return.

Lemma 1: The capital ratio K*/K (Q) is a smooth and monotonically decreasing functibn
s/r, the ratio of the allowable rate of return to tbest of capital. Hence, there is a one-to-one

mapping betweelsD( r,sM], the range of admissible values for the allowet @&f return, and
. * * 1-a

[LIS'T K /K(Q )) =[1,(/7/[( 1-¢)a) ) , the range of feasible values for the overcapitiibn

ratio K'/K(Q').

For concision, we omit the straightforward proof tbfs lemma but rather emphasize its economic
implications. If the allowed rate of reture (with s>r) is lower than the rate of return obtained by an

unregulated monopoly (i.e.s<s,), the profit-maximizing regulated firm selects apital-output pair
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(K*,Q*) which is not cost-efficient because the valuehsf tapital ratio is greater than one. This is the

overcapitalization distortion pointed in Averch addhnson (1962). This lemma also indicates that the

allowed rate of returrs is a control variable for the magnitude of that¢@apitalization.

3.3 The ex-post behavior of the regulated firm

Having observed the allowed rate of retwmwith r <s < s, , the regulated firm has installed the capital
stock K* to transport the pipeline throughpgt. We now provide an original contribution to examite

ex-postsituation after the opening of the infrastructure.
Following the discussion in section 2, we assunsa #n expanded demand for gas transportation

services is observesk post' So, the pipeline operator now faces éepostinverse demand function:
P (Q=(1+1) AQ®, (8)
where A is a positive parameter reflecting that demandiegjn.

Two important features have to be noted. First,rédgulatory authority cannot renege on the allowed

rate of returns with r <s < s, that was set prior to the construction of the lxfge Second, investment in a

pipeline has an irreversible nature: once instalted diameter of a pipeline can no longer be niedif
without incurring prohibitive costs. So, the cap#tock employed by the firm is fixed and maintaireg the
ex-antevalue K*. Hence, anyex-postchange in output is accommodated solely by adjeistsin the
variable input: energy.

The firm must verify thex-postrate-of-return constraint:
(1+1)P(Q)Q-eH Q K) = sK. ©)
As A >0, the output leveQ choserex antedoes not verify thex-postrate-of-return constraint. (Inserting

Q in (9) and using thex-anterate-of-return constraint (5) yields the equatRm(Q*)Q* =0 which cannot

hold becausd) is positive). So, the regulated firm has to adjtssbutput levelex post To overcome that

1 For example, small users (e.g., small and medinterprises) that were overlooked at the planniragstmay substitute expensive
heating oil for natural gas once it becomes avd#alihe possibility of such an ex-post expansiothefpipeline output after the
opening of the infrastructure is frequently disaé policy analyses (e.g., Sovacool, 2009).

15



problem, the following proposition indicates thia firm can either consider a contraction of itgpatidown

to the levelQ_ or an expansion up tQ .

Proposition 1: If A >0, there exists exactly two output leve@®; and Q_, such that the ex-

postrate-of-return constrain(9) is verified. These two output levels ve@ <Q < (je

Figure 2. Theex-post behavior of the regulated firm with I <S<§,

A (1+1)P(Q) Q- e Q K)

sk o~
’ < P(QQ-eH QK)

e ¢ Q@ Q

An illustration is presented in Figure 2. It shotlie value of the regulatory constraisi’, which is

constant as the capital stoeKk is fixed, and two curves in green. The solid cugresents how the firm’s

accounting profiex ante- i.e., P(Q) Q- eE( Q K), the difference between the total revenue minadatal

variable cost — varies with the firm’s output levEhe developments above have shown @ats the unique
output such that thex-anteaccounting profit equals the allowed valsi¢” . The dotted curve illustrates the
ex-postcase. It represents tlex-postaccounting profit(1+ 1) P(Q) Q- eE( Q K). In that case, two output
levels verify theex-postRoR constrainf9).

As the ex-postbehavior of the regulated firm is indeterminateisi instructive to confront the two
candidate solutions with the context presenteckatien 2. In a developing country, the supply ietathips

between the gas producers and the large indust&k (i.e., the “mega projects”) are typically ganed by

specific long-term bilateral contracts. These cacts are signedx ante(i.e., before the construction of the
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infrastructure¥ and traditionally include minimum “take-or-pay” lafations that: (i) compel the industrial
user to purchase at least the contracted quastity, (i) commit the producer to supplying at letsit

guantity. Because of these contractual arrangemant®ntraction of the transported flow of natugak
below the output leveY is unlikely. Against this backdrop, an expansidrihe pipeline output up to the
level Q_ represents the preferred optidn.

In general, it is not possible to determine a deEem expression forQ; as a function of the
technology and demand parameters. Neverthelesilibving corollary clarifies how the output Ier;

varies with theex-postdemand expansion coefficient.

Corollary 1. The outpth; (respectively,Q;) is monotonically increasing (respectively,

decreasing) with the demand parameter

It should be noted that Corollary 1 and Propositlojointly provide a characterization of the output
level Q; as the unique output level that both verifies éxepostrate-of-return constraint (9) and is

monotonically increasing with the demand parameter

3.4 Installing ex ante an appropriate degree of overcapitalization

So far, our analysis has highlighted two resulisstFsection 3.2 confirms the tendency of the latga
firm to engage in excessive amounts of capital medation at the planning stage. Second, sectiost38vs
that, once the infrastructure is in place, the migteation of a larger demand imposes the regdléiten to

expand its output beyond the planned level. Sonowe have to examine whether tleat-postoutput could

12 For a multinational gas-processing firm, the démisto locate a mega project in a given country kémments of a relationship-
specific asset. Once investment in that gas-praoggsant is sunk, there exists appropriable spita quasi rents a la Klein et al.
(1978). If transactions between that firm and tres guppliers are governed by "simple” short-termntracts, asset-specific
investments and uncertainty imply high transactawsts that can jeopardize the feasibility of thansaction and thus the
installation of the plant. In such situations, adl #ertical integration is not credible, transaati costs can be reduced by signing
long-term contracts ex ante (Williamson, 1983). SEheontracts include requirement clauses, liquatatiamages, arbitration,
pricing, and other provisions.

13 Of course, in the case of a very largk, one could question the feasibility of the outgMpansion without taking into
consideration the technical constraints that govére mechanical stability of a pressurized pipeliet, a series of discussions with
technical experts have convinced us that the infleeof these technical considerations can be odhitte the range ofA
considered in the present analysis.
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be large enough to “absorb” the larger-than-neetedunt of capital stock immobilizeek ante In other
words, we have to explore whether, in the casendh#ial demand underestimation by the regulaied,f
the ex-anteovercapitalization could provide an opportunityoiatimally install the amount of capital stock
needed to transport tlex-postoutput in a cost-efficient manner.

To examine this, we first focus on te&-postsituation and derive a closed-form expressiontlier
capital-output combination that is cost-efficiemidaverifies theex-postrate-of-return constraint. Then, we

clarify the conditions under which the regulatedfwould installex antethat desired level of capital stock.

The cost-efficient, capital-output combination thatifies theex-postrate-of-return constraint

We consider a cost-efficient, capital-output conation (K_,,Q..) that also verifies thex-postrate-of-
return constraint:
(1+4)P(Q.) Q.= eH Q. K) = sK,, (10
where s is the given allowed rate of return withc s< s, .

As (K..Q.) is cost-efficient, one can use (2) and replacectipital stockk,, by K(Q,). Subtracting

the total cost of capitallK (Q,) on both sides of that equation and remarking that total cost

'K (Q..)+E(Q.. K(Q.)) equals the long-run total cost of transporting thew Q,, that is,
C(Q.) = rK(Q..) + E( Q.. K(Q,)) . we obtain:
(1+/]) P(ch) Qe C( ch) :( S I) K( ch (11)

Substituting equations (2), (3), and (4) into (Abd solving that single-variable equation yields th

output levelQ,, such that the capital-output combinatifk(Q,,).Q,,) is cost-efficient and verifies thex

ce

postrate-of-return constraint:

Yy

1+1)A “(1-a) "
Q.- gf_)(zj (1_aj | )
(r—lja+1 r €
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Using equation (2), the amount of capital stock thanimizes the long-run cost of transporting that
output isK,, =K (Q,,) , that is:
Bly

o) [T

r

Two remarks can be formulated on the cost-efficreapital-output combinatiorﬁKce,ch). First, by

construction, that combination verifies tee-postRoR constraint (10). So, when the regulated &xrante

installs an amount of capital stoek equal toK__, the discussion in section 3.3. shows that thpuiuéevel

Q.. represents one of the two candidate solutionscratbe considerezk-postby the regulated firm. In the
sequel, we are going to clarify wheth@r, corresponds to either the expansion or the camtracase. For
the moment, we simply keep in mind th@j, has an interesting feature: it is a candidatet®oluhat has a
closed-form expression.

Second, it should be noted that the cost-efficEapital stockK_ in (13) is parameterized by the
allowed rate of returns. Recall that, following Lemma 1, we have alreaded thatk™ the optimal
amount of capital stock decided by the regulated éx antes also parameterized by/. One may thus wish

to explore whether that rate could be set at such a level that the regulated rfationally decides to install

ex antethe amount of capital stock” that equals<_, .

Obtainingex antethe installation of the cost-efficient amount apdal stock

We now explore the condition for the regulated ftorrationally decide to immobilize the capital&ko

K" that equals the cost-efficient levi§], =K (Q,) presented in (13).

Using equation (2), we can write the following etipra K (Q..) =(QCJQ)ﬂ K(Q). Introducing the
output levelQ,, chosen by an unregulated monopoly facing the sevélemand function (4), that equation

suggests that the conditidd =K_, is logically equivalent to:
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. « B
K* X(Q XQMJ -1, (14)
K(Q) lQu Q.

In this condition, one careadily identify the two ratios introduced in Callet al. (1976) and reviewed
in section 3.2: the output rati@*/Qw in Table 2 (equation VI) and the capital rat'{é/K(Q*) in Table 2
(equation VII). The ratioQ,, /Q.. is easy to evaluate using the value of the ouguél of the unregulated
monopolistQ,, indicated in Table 1 (equation 1V) and that@f detailed in (12). Substituting these results

into equation (14) and simplifying, the conditicor fa firm facing a rate of returs and a given demand
expansion factord to install ex-antean amount of capital equal to tlee-postcost-efficient amount of

capital becomes:

R

The following proposition clarifies the conditiofes that equation to hold.

Proposition 2: For any demand expansion coefficientsuch thato<A <A where the upper

A
— Bl1-—
bound isA E{(l—l)a:l {17'1 -1, there exists a unique allowed rate of retunin the open

interval (r,sM) such that the regulated firm rationally decidedristall ex ante the amount of
capital stockk” compatible with the cost-efficient capital-outmambination (K (Q,,).Q..)

that verifies the ex-post regulatory constrainé.(ithe amount of capital stoek that verifies

the condition (15)). Moreover, the allowed raterefurn s, is monotonically decreasing with

the demand parameter .

So, if theex-postdemand expansion coefficient is lower than the upper bount, and if the regulator

sets the allowed rate of return at the lesg] the regulated firm’s best response to that it ex ante

install the capital stock" =K (Q,,). Proposition 1 indicates thax postthe regulated firm must adjust its

output to verify theex-postrate-of-return constraint (9) by either raisingoitQ; or lowering it toQ: . By
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construction, the cost-efficient output lev@|, verifies thatex-postconstraint and is thus equal to one of

these two candidate leve@®, andQ; .

Corollary 2: For any A such thato< A <A and s such thats= s, the output leveR,, in (12)

is monotonically increasing with the demand paramet .

Recall that (cf., the characterization derived frBmoposition 1 and Corollary 102; is the unique

output level that verifies thex-postrate-of-return constraint and is monotonicallyreasing with the

demand parameted . This corollary thus confirms thap, involves an expansion beyond tke-ante

output levelQ  and thus thex-postoutput levelQ verifies Q. = Q..
To summarize, we have just shown that if élxgpostdemand expansion coefficient is lower than the

upper bound valuel, there exists a unique allowed rate of retefnwith r<s, <s, such that: (i) the
regulated firmex-anterationally installs the capital stock” =K(Q,) to supply the outpug’, and (ii) ex
post ,the regulated firm reacts to the expanded demanithdrgasing its output beyond the outmit to

attain the levelQ, such that theex-postcapital-output combinatior(K*,Q;) is cost efficient, that is,

(KQ)=(K(Qu): Qu -

4. Discussion

4.1 Implications for a natural gas pipeline project

We now adopt a numerical perspective to examinéntipdications of setting the allowed rate of retain

the level s, for the pipeline technology studied in Perrottard eMassol (2018), that is¢ =8/11 and

B =9/11. For various conceivable values of the demandeelasticityl/s listed in Table 3 (column I), we

consider a series of values of tive-postdemand expansion parameterin the ranged< A <A where the

n
— Bl 1-
upper bound value s E|:(1—,?‘:)0’:| {175} -1 (see Table 3 — column II). For each of these wlue first
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numerically evaluate the ratig, /r of the allowed rate of return to the market poéeapital such that the

ex-postexpanded output is produced in a cost-efficienhmea (i.e., this ratio solves the equation (15} T

ratio s, /r is presented in column 111

To explore the implications, we then tabulate tvadlections of performance ratios that respectively
examine theex-anteandex-postsituations. The first collection is drawn from (@al et al. (1976) and the
second is specific to this paper. For concisionirthlosed-form expressions are detailed in Appeidilt
should be noted that whatever the ratio under isgtut has a closed-form expression that is iresatriwith
the market priceg andr of the inputs used by the regulated fif.

The first collection is presented in Table 3 — cohs IV to VIl and focuses on thex-antesituation. The
output ratio Q*/QVI in column IV compares the output of the regulafieth and that of an unregulated
monopoly. The overcapitalization rati&*/K(Q*) in column V compares the amount of capital stock
installed by the regulated firm to the amount needeserve the same output at a minimum long-rist. co

The cost ratioC*/C(Q*) documents the extra cost generated by that ovéataation (column VI). In

column VII, we report the net social welfare ra(w* - W, )/(V\g— W, ) wherew,, (respectivelyw,) is the

net social welfare obtained if thex-ante demand is served by an unregulated private monopoly

(respectively, by a welfare-maximizing social planmproviding zero profit to the firm). This ratitnus
compares the gain in net social welfa(rw* —V\4,,) resulting from the application of the rate-of-metu
regulation on a private monopoly with the gain &t social welfargw, - W, ) that would be obtained by a

social planner applying the average cost-pricirig imua previously monopolistically-controlled irsty.

The second collection of indicators in columns Ml X focuses on thex postsituation, once the
expanded demand materializes. The output expami'ance/Q* in column VIII assesses the magnitude of

the change observed in the firm's output by commathe firm's ex-postand ex-anteoutput levels. In

4 These ratios are entirely determined by the teldgical parameters@ and 3, the ratio SA/I’, the demand price elasticity

]/E and the ex-post demand expansion paramdter
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column IX, we examine the price implications andam the price ratiop, (ch)/ P(Q*) that relates thex-

postprice level P, (Qe)observed when the firm produces the outQut to theex-anteprice level P(Q*).

Lastly, one may wish to explore the social perfarogaof the regulated sector once the expanded deman

materializes. So, we report in column X the rgftie! -W; ) /(W' - W) whereW. is the net social welfare

attainedex postandW,\j (respectively,VV;) is the net social welfare obtained if tie postdemand is served

by an unregulated private monopoly (respectively,absocial planner applying the average-cost-pgicin

rule).

Table 3. Rate of return, output, cost, price and wiére gain ratios for alternative demand elasticites
and demand expansion parameters

[Please insert Table 3 here]

The ex-anteratios in Table 3 indicate that, in the case t#rge demand expansion coefficiehtthat is
close to 4, the allowable rate of returs, has to be set at a low level (i.e., close to th& of capitalr) to

obtain a sufficiently large degree of overcapitiian (cf. column V). Of course, this overcapitation ex
anteimposes an extra cost that can be substantiakfdamn VI). Yet, it should be noted that the outpfit
the regulated firm is considerably larger than thfatin unregulated monopoly. Thus, despite the étver
Johnson distortion, the gain in net social welfabgained by imposing the RoR regulation to an wnlisggd
monopoly is larger than 70% of the theoretical g&iat could be obtained by changing the unregulated

monopolist into a social planner applying the agereost-pricing rule.

Regarding theex-postratios, we note that the occurrence of a largem-taticipated demandx post
(i.e., A1>0) forces the regulated firm to substantially expasdoutput. With our elasticity and demand
expansion parameters, the pipeline output augnignisore than 30% (see column VIII). This expansgon
large enough to systematically yield to a pricelidecex post(see column IX). It is also interesting to
contrast theex-postsocial welfare ratios in column X with tlex-antevalues in column VIIl. By absorbing
the overcapitalization, thex-postrise of the pipeline output substantially improtes social performance of

the regulated sector.
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Two other important observations can also be drfsem Table 3. First, in the case of a small expamsi
coefficient A, the ambition to optimally build ahead of demaedommends setting the regulated rate of

returns, to a level significantly higher than the marketerof capitalr . Indeed, if4 is close to zero, there
is a limited need to overcapitaliea anteand the regulated rate of retusn is set close to the rate of return
obtained by an unregulated private monopsg|y (because an unregulated monopaéyfactouses a cost-

efficient combination of inputs). In that case,ngsithe RoR regulation to build ahead of demand @oul
obviously have a detrimental effect on the netaosklfare, particularly on thex-anteconsumers (i.e., the
mega-projects) critically needed to finance thestattion of the infrastructure. This last remack@es the
policy discussion in Joskow (1999) who pointed that the public policy objectives assigned to the
regulator (e.g., maximizing the net social welfdexoring the use of a cost-efficient combinatidrinputs)

can be conflicting goals and a regulator would Hawverioritize them.

Second, such a conflict is less pronounced in #s® ©f a larger demand expansion coefficient. Recal

that the magnitudes of thex-posteffects (i.e., the output increase, the priceidecland the gains in net

social welfare) are larger if is large and close to the upper bound valudn that case, the regulated rate
of return is set close to the market price of capital and thr-postbehavior of the regulated firm becomes
equivalent to the theoretical benchmark of a sqgiahner applying the average cost-pricing ruleaniria
regulatory policy perspective, this situation alfows to “kill two birds with one stone” because the
traditional goal assigned to the regulation (eeigmenting the net social welfare by limiting therion of
market power by the monopolist operator) is pelfealigned with the development planning objective

build the infrastructure ahead of demand to mininife long-run infrastructure cost.

4.2 Conflicting regulatory objectives?

The discussion above suggests that there is a dommar which the two regulatory policy objectives o
protecting the society from monopoly prices andilthng ahead of demand” are congruent. Yet, an
important question still has to be addressed: fagel is that domain? To investigate it, we firgntify a
range of regulated rates of return that providega evel of net social welfarex anteand then clarify under

which conditions these rates allow us to serveettipostdemand in a cost-efficient manner.
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Theex-antesocial welfare

Callen et al. (1976) provide a closed-form expmssor the net social welfard/" obtained in the case
of a regulated monopolist serving te-antedemand schedule (see Table 2). It is a singlexlbifunction
of the regulated rate of retus which, under our assumption, is strictly concaMeey also examine how a
regulatory agency could set the allowed rate afrreso as to maximize the net social welfare githen
regulated firm’s reaction to that rate. They provkdt this socially desirable rate can be largantthe

market price of capital and is as follows:

2

n

a| p-(1-a)(1-¢)’|

In a recent note, Perrotton and Massol (2018) ermtialy remark that this socially desirable rate of

s®™ =maxy r, re. (16)

return is boundéd— it verifies S < [r/a — and they thus recommend setting the regulatedofareturn
below B/a =1.125 times the market price of capital faced by theefiie operator. As the social performance

of their policy recommendation still has to be exaéd, the following proposition provides a usefdgult.
Proposition 3: If the regulated rate of returis is set in the range <s< gr/a, the net social

welfareW () obtained ex antis not smaller that =min{W (1), W (B 7a)} .

To compare that lower bound with the ideal casa mfgulator implementing the socially desirable rat

of return ™, we adopt a numerical perspective. In Table 4evaduate, for various conceivable values of

the demand price elasticity parameter, two versarthe net social welfare gain ratio obtairedantethat

has been presented in section 4.1. The first oné/vfs(s"P‘)—V\(A)/(vy— W) and measures the social

performance of the regulated sector when the dpdil@sirable rate of returs™ is implemented. The

15 Recall that 0<a<fB<1. For any & in the assumed domain (1—,8,1), the gradient of

fie [,B—(1—0)(1—5)]2/[51(,8—(1—a)(1—g)2)} is positive, which indicates thaf is a smooth and monotonically

increasing function. For any in (1—,8,1) , we thus havef (E) <f (1) that is: f (8) <pla.
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second one W' -W,)/(W- W) and provides a lower bound for the rafie' (s)-W,)/(W- W)

obtained when the regulator arbitrarily sets the o returns in the range <s< Br/a .

Table 4. Welfare gain ratios for alternative demancelasticity parameters
[Please insert Table 4 here]

The results presented in Table 4 indicate thatttn® performance ratios are very close. Hence,

arbitrarily setting the regulated rate of returntlie ranger <s< Br/a provides a high level of net social

welfare ex anteand fulfills the public policy goal to prevent tegertion of market power in the pipeline

sector.

Preserving the net social welfare obtaiesdntewhile building ahead of demand

We shall now explore under which conditions theutaggd rate of returrs, , that allows us to serve the

ex-postdemand in a cost efficient manner, is also lowantthe thresholgr /a .
Recall that in section 3.4, Proposition 2 stateg there is a one-to-one mapping betweeneth@ost
demand expansion parametgr in the range0<A <A and the regulated rate of retusp in the range

r<s,<s". The following corollary builds on that result identify a range of values for the demand
expansion parameter such that the rate of returs) is not harmful for the net social welfare obtaireed

antewhile allowing the desired overcapitalization negdorex-postcost efficiency.

_ (1_5) ,7 n/B
Proposition 4: For any A such thatd <A <A whereA ET[,B—CHJ] W -1, there

B

exists a unique allowed rate of retusp in the interval(r,;r} such that the condition (15)

for the ex-ante installation of the capital stockeded to serve the ex-post demand in a cost-

efficient manner is verified.

Hence, if the demand expansion coefficignterifies A < A <A, the regulator can set the allowable rate

of return at a levek, that is not greater than the upper boysrida and thus jointly fulfill the two public

26



policy objectives of preserving a high level of getial welfareex anteand inducing the regulated firm to

build ahead of demand by installing the targetedwarhof extra-capital stock.

To gain insights into the width of the inter\{a_%ﬁ) for a natural gas pipeline, Table 5 reports tHaes
of the upper and lower bounds for a series of coabée values of the demand price elastidity . Table 5

also reports the output expansion ra@g/ Q that compares the firm'ex-postand ex-anteoutput levels

obtained under the two casgs A andA=4.

Table 5. The range of demand expansion (or outpuixpansion) such that it is possible to build ahead
of demand while preserving theex-ante net social welfare

[Please insert Table 5 here]
The values detailed in Table 5 indicate that therial [A,ﬁ) (and the associated range of output

expansion ratier/Q) is narrow. This finding reveals that the domaierowhich RoR regulation can be

used to optimally build ahead of demand while prgsg a high level of net social welfaex anteis quite
limited.*® These results also support an important policgmrenendation for the regulation of the natural gas
pipeline sector in a developing country: as RoRulegon is unlikely to “kill two birds with one ste,” it is

very important to decide which of the two publidipp objectives should be assigned a high priority.

5. Conclusions and policy Implications

Developing countries trying to develop natural gasources through pipeline infrastructure face a
number of challenges. On the one hand, they neiengiose a clear and manageable regulatory frametwork
the future pipeline operator, such as the long-edtenl rate-of-return regulation. But this framework

presents its own flaws, as it is suspected of geimgr over-investment through the Averch-Johnsdecef

16 For example, in Mozambique, the development saear ICF (2012) mention the ex-ante installatiaffour “mega-projects”

two power plants (one in Pemba and one in Nacadgrtilizer plant and a methanol processing onpresenting an aggregated
annual consumption of natural gas of25+15.6+18 = 52.6 Bcf. The ex-post scenarios eawishe possible additional installation
of one to three power plants plus possibly a ldi@as-to-Liquid” plant representing a rise of thegaline throughout that ranges
from +18% to +435%. That said, given the lumpy mataf these gas-based industrial projects, andréasonable values of the

demand elasticity, it is very unlikely that thecasated demand expansion parametgrswill verify A < A <A .
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On the other hand, they must provide an infragtinecat times where initial demand is almost inexiseind
prepare for future demand growth. While the irreilglity and increasing returns of pipeline investits,
derived from their engineering characteristics, isglMhem to build ahead of demand, this would Yikel

collide with the more conservative approach ofifpmeénvestors.

We show in this paper that economic analysis cdp toea certain extent to address these challenges
simultaneously. Using classical rate-of-return tatjon models, we examine the design choices of a
regulated firm based oex-anteconservative demand estimates, and extend thatlite by characterizing
its operating decisions once it reacts to a lafggm expectedx-postdemand. We then prove that a regulator
can choose the allowed rate-of-ret@n anteso as to induce the firm to build ahead of demdiis is a
crucial finding, as it guarantees an efficix®-postoperation and a reduction in the Averch-Johnson

distortions.

This strategy has several limitations, though.dh ©nly be applied for a demand growth under an
identified threshold and may impact the initial f&ed in the case of large allowed rates of ret\W. also
show using numerical data that the range of dergamaith ratios for whiclex-postwelfare can be improved
and initial adverse effects kept limited is so oarthat the regulators will likely have to priorié one goal

over the other in practice.

The analysis developed here provides importantIriagghts for development planners and regulators
involved with pipeline infrastructure projects ieviéloping countries. Given the significant investiseand
large economic potential at stake in such projetisan greatly contribute to addressing the calittary
challenges they face, as shown for the case dRtweima fields in Mozambique. It also demonstralbes t
these are infrastructure projects for which itrigctal to clearly prioritize policy goals to acheethe desired

outcomes.
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Appendix A — Mathematical proofs
Proof of Proposition 1: Ex post, the capital stock is fixed and equKls. The regulated firm’'s profit is
given by the single variable function :Q (1+1)P(Q) Q- 1K - e Q K) that is twice-differentiable,

strictly concave, and verifie$1(0)=-rK" and Jim N(Q)=-». We let M denote the unique profit-

— +oo

maximizing output. Here, the profit functiéh is monotonically increasing (respectively, dechegson the

left interval [O,M] (respectively, the right interva{IM,+oo)) and there is a one-to-one correspondence
between the left intervglo,M] (respectively, the right intervdlM,+ex)) and the image[r (0),n(m)]
(respectively, the intervdl-co, M (M)]).

Recall that we are looking for an output lev@l such that the ex-post rate-of-return constra@y is
verified. The conditiok9) is logically equivalent td1(Q) =(s-r) K.

We first focus on the right intervéM,+oo) and are going to prove that the image inter(/ado,rl (M )]
contains the value (s-r)K'. Notice that the output level Q verifies (5) and that
N(Q)=4P(Q)Q +(s- ) K.AsA>0 and Q >0, we obtainr (Q) > (s-r) K" . Using the definition of a
maximum:n(M)=n(Q’). So,M(M)>(s-r)K" which proves that the open interigd,(M)) contains
(s-r)K'. Hence, there exists a unique output le@l in (M,+w) such thatn(Q.)=(s-r)K and the

condition(9) holds.

Then, we examine the left intenf@M]. As s>r, we have(s—r)K' >0 and thus(s-r)K >11(0) . As
we have already shown th&t(M) >(s-r) K", we can now affirm that the open interyal (0),n(m)) also
contains(s-r) K. So, there also exists a unigue output le®¢lin (0,M) such thatn (Q;) =(s-r)K and

the constrain(9) is verified.

We have just shown that there exists two solutpsand Q, that verify Q. < M < Q,. Now, recall

that the pairQ and k" verifies(6). As s> r, the firm’s ex-post marginal profit evaluated @t thus verifies
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n'(Q)=4[P(Q)q + P(Q)] which is positive becausei >0; P(Q)Q +P(Q)=eE( Q K) (cf,
equation (6)) andE,(Q K)>0. As rl'(Q*)>o, the marginal profit function is locally monotoalty

increasing. Because of the strict concavity ofghafit function, it means tha® <M and thusQ" < Q;.

Recall that we have shown above tlﬁe(tQ*) >(s-r)K . As the profit function is monotonically increasin

on the interval[0,M], the conditionQ; <Q also holds. So, the two solutions veilfy<Q < Q.. Q.E.D.

Proof of Corollary 1: Recalling thatQ; (respectively,Q;) verifies the ex-post regulatory constra{@)
which is logically equivalent t¢i+1)P(Q)Q-eE Q K)=( s ) K, the implicit function theorem can be
invoked to  assess the sign  of dQ/dA (respectively, dQ,/dA).  As:
9[(1+1)P(Q)Q-eH Q K)~( s } KJ/a/l evaluated atQ = Q, (respectively,Q = Q;) equals P(Q) Q.
(respectively, P(Q) Q) which is positive, and|(1+4)P(Q) Q- ef Q K)-( s } K]/a C evaluated at
Q= Q; (respectively,Q = Q;) equals the ex-post marginal proflfl‘(Q;) (respectively,l'l‘(Q;))

introduced in the preceding proof which is negatjkespectively positive), the implicit function dinem

reveals thatdQ, /dA >0 (respectivelydQ. /dA <0). Q.E.D.

Proof of Proposition 2:Recall that the conditioik” = K_, is equivalent to:

et

We letx0(1,5,/r) denote the ratios/r and let f : x> [(x-1)a +1] x”?. We are going to prove that
this smooth univariate function is a monotonicallgcreasing one. We le¥w: X+ ,6’[( X—l)a+1} X.

Remarking that v(x)>0 and f(x)>0 for any x>1, it is clear that the sign of

v(x) f(x) = —/7[( x—1)a+1] + Ba x is identical to that off '(x) the gradient off w.r.t. x evaluated at

f(x)
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f(x

f(x)

(1-£)a>0 and (1-a)>0, the expression1-a)[(1-€)ax-7] which is a linear function of the

~—

= (1—a)[(1— g)ax—n] . As

x . Recalling that7 = 8-(1-¢)(1-a) and rearranging, we obtain( x)

variable x has a positive slope coefficient and is thus a otamcally increasing function. So,

V(X)fl(x)<v(%j% for any xO(Ls,/r). As SM/r:[,B/(l—E)—(l-O’)]/O’, we have

f r
v(i)M=O which proves that'(x)<0 for any xO(Ls,/r). We have just shown that the
smooth univariate functionf is monotonically decreasing which indicates thla¢ tsmooth univariate

function h: s [(1—5)/,8][/7/(a(1—5))}w f( ¢ r)-1is also monotonically decreasing. Henteijs a one-to-

one mapping from the open intervéls,) to the image interval(h(s,), h(r)) where h(s,)=0 and

h(r) :{(1_';”}; {1_75}—1 that is A .

As the functiorh is invertible, we letg: A+ h™ (1) denote its inverse. By constructian,is also a one-
to-one mapping from the open inter\(al,ﬁ) to the interval(r,s, ) and the value of its derivative for any
/\D(O,E) is g (1)=¥/h(9 where s is the unique return ir(r,s“") such thas=g(4) (cf., the inverse
function theorem). As the sign lo{s) equals the one of (s/r) and it has been shown above that the latter

is negative for an)sD( r,§v') , we thus havey (1) <0 which indicates tha is a monotonically decreasing

function of the demand parametér Q.E.D.

Proof of Corollary 2: We assume that is set at the leve, mentioned in Proposition 2. Inserting firsf

in the closed-form expression of the output le®@gl detailed in equation (12) and then remarking that
a 1-a . . .
A(a/r) ((l—a)/e) >0, that A = 0 and thats, > r , the sign of the gradient @j,, with respect to the

demand parameten is:
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Si r(dej:si 1 1dy 1 A2
g a g A (A.2)

Recall thaty is positive (as by assumptian>1- ), that s, = r and that Proposition 2 indicates that
(dS/]/ d/1) <0. So, (dch/ d)l) >0 and the cost-efficient output lev®|, is monotonically increasing with

the demand parametet . Q.E.D.

Proof of Proposition 3:If the regulator sets the rate of return at a legel r, the net social welfare is given
by the smooth univariate functiow" : SH%[Q( s)]l_g— K($- ef ' )s 'K )$, where Q () and

K" (s) are the regulated firm’s optimal decisions. Ing&gtthe value ofK" in Table 2 (see equation IIl) into

E(Q‘ (9, K( s)), the total cost of the energy input gs[Q* (s)}“. Using the RoR constraint (5), the total

capital costrK’ (s) is: LS[P(Q(S)) Q(9-ef QY k W )3 =LS( A%j[ "®)$ . Simplifying, we have the

smooth univariate functiontV' (s = . -

%[ﬂ_(l_a)(l_g)z —qu[ o] 3]1_5 where Q' (s) is detailed in Table

. o dw
2 (see equation Il). The gradient ®f w.r.t. s is: E(s):—[

p-af -(-a)(a-e) ] [0 (3]
which is positive if s< f(e)r, equal to zero if s=f(¢)r and negative if s> f(e)r, where
fiem /72/[0'(,8—(1—0')(1— 5)2)} is smooth. Given our assumptions, the gradient a$ positive for any

in (1-3,1). So, f is a one-to-one mapping betweenl (1-3,1) and f (¢)0(f (1-B),f(1). Recall that
O0<a<pB<1 and thus f (1)=B/a>1 and f(1—ﬁ):b/[l_;+1ﬂ< 1. So, there exists a unique in
Q,

(1- B.1) such thatf (5) =1. Two cases have to be discussed depending onevllkeéhelasticity parameter

¢ verifiesl-f<e<& or & <e<l.
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Case 1:¢0(1- 4,6 | and thus f (¢)<1. For any sO(r,Br/a), the conditions> f(¢)r is thus verified.
Thus, the gradient ofv" w.r.t. s is negative andV" is a monotonically decreasing function on the riva

sO(r,Br/a). So,W (9> W (B 7a) and thusW (g >Min{ W ( ), W(2 fa)} holds.

Case 2:£0(¢',1) and thusl< f ()< f (1) where f (1)=B/a . Thus, for anys(r, f(¢)r) (respectively,
sD( f(e) r,,Br/a)), the functionw” is smooth and monotonically increasing (respebttiveecreasing) and
the condition W'(g>W (1) (respectively, W (s)>W(Bya)) holds. So, the condition

W (9>Min{ W ( ), W(B fa)} holds. Q.E.D.

Proof of Proposition 4: We simply have to highlight that is the value of the demand expansion parameter

obtained by substituting, = Br/a into equation (15). As it has been assumed {Bata >0, the rate
s, =fr/a is in the interval(r,sM). Thus, using the one-to-one mapping highlightedh@ Proof of
Proposition 2, we claim: (i) that setting, = 8r/a is the unique allowed rate of return such that the

equation (15) is verified when =2, and (ii) that A belongs to the interano,E). As Proposition 2 also

indicates thats, is monotonically decreasing with, we can conclude that for any in the interval[ﬁ,ﬁ),

there exists a rate of returs, the interval(r,gr} such that the condition (15) is verified. Q.E.D.

Appendix B — Ex-post performance ratios

In this appendix, we derive the closed-form exgdoessof the three ratios used in section 4 to asthes
ex-postperformance of the regulation (i.e., once the deimaxpansion materializes). These three ratios
respectively document the output expansion, theeprariation, and the impact on the net social avelf

Hereafter, it is assumed that the allowed ratetfrn is set at the leval] indicated in Proposition.2

Output expansion ratio
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We considerte output expansion rati@ce/ Q that compares the regulated firmes-postoutput levelQ,,
and theex-anteone Q to document the magnitude of the change in tme'$iproduction plan. To rapidly obtain
a closed-form expression for that ratio, we usefdiewing reformulation wheréhe output levelQ,, chosen by

an unregulated monopoly facing the-anteinverse demand (4) is introduced

Qe _ Qe Qu (B.1)

Q Q O
A closed-form expression of the rat(b*/QM has been presented above (cf., equation VI ineTahl

Using that expression, the value @f, in equation (12), those @,, presented in Table 1 (equation IV) and

simplifying, we can rewrite the output expansioticras follows:

Yy

(B.2)

Price ratio
We now examine the price ratig (ch)/ P(Q*) that provides a rapid comparison betweenetkgostprice

level P,(Q,) observed when the regulated firm produces theubu@p, and theex-anteprice level P(Q*).

Using the definitions of the inverse demand fumion equations (4) and (8), we obtain

ACH IR N
P(Q*) =(1 A)[Q*j (B.3)

where ch/Q* is the output expansion ratio in (B.2).

Net social welfare

To document the implications for the net social welfawe considethe ratio (Wcj —M)/(V\g* - V\d)

whereW/ is the net social welfare attainerl postand\W, (respectivelyW.) is the net social welfare that

would have been obtained if tlex-postdemand had been served by an unregulated private®poly
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(respectively, by a social planner applying therage-cost-pricing rule) that could freely decide tptimal
output-capital pair needed to serve éxepostdemand.

To begin with, we evaluate the net social welfavéls and W/ . Substituting theex-postinverse
demand function (8) in the optimization programtesfain Table 1 yields the optimal output lev@],
(respectively,Q) decided by the unregulated private monopoly @espely, the social planner):

Q :[%(?j (%jf (8.4)

oo ]

Moreover, with the constant elasticity demand saled8), the net social welfare associated with
units of output can be writtew” =[(1+1) A/(1-¢)] @ - ¢( Q where C(Q) is the total cost indicated in
equation (3).

As @ is the output such that price equals the average (:1+/1)A((X)H = C(@), the net social

welfare obtained under a social planner applyirgaterage-cost-pricing rule is:

W =P(Q) Q[e/(1-¢)]. (B.6)

Remarking thatQ; = /((1-¢)/8)Q; and using the reIatior(lM)A(Qﬁ)l_E =c(qQ), the net social
welfare obtained in the case of a monopoly is:
e B

W =P(q) Q. i(%fj ' -(%‘ij | ®.7)

Similarly, one can observe that tlex-postcost-efficient output of the regulated firm is aditly

proportional to the output chosen by the sociahpts applying the average cost-pricing rule as:
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fsed

Hence, one can also use the reIat(ibﬂA)A(Qj)lﬁg = C(@) to write the net social welfare obtained by

the regulated monopoly that increases its outpabfe with the augmented demand:

we=P(Q) Q. ﬁ{(sf—ljml}y —K%—ljc” l} " (B.9)

Using (B.9), (B.7), (B.6) and simplifying, one caeadily obtain a simple expression for the ratio

(W2 -w;)/(w' - wi) that depends solely on the technological paramétas., « and 3 ), the demand

price elasticity and the ratig, /r of the allowed rate of return to the market poteapital.
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Table 1. The cases of a profit-maximizing, unreguted monopoly and
a welfare-maximizing social planner providing zergorofit to the firm

The unregulated monopoly

The welfare-maximizing planner that provides zero-
profits to the firm

Optimization

wax M (Q)=H(Q @ -e Q §

(N

MaxW(Q) =] A do- k- e Q (1

st. P(QQ-rK-ef QK =0 )

Solution:

o - { A(lﬂ— £) (?) (1; aj T

(i) @

(V)

(V1)

(T

K, = [r(f—'fra)jw Q) (vl

Note: The objective function (1) is the firm's ptpf.e.: the difference between the total reverBs{ Q) Q and the sum of the

capital costrK and the energy costE( Q K) . The objective function (ll) is the net social fast defined as the sum of the

consumer :surplusjoQ P(q) dg- P( Q Q and the producer's surplusP(Q) Q-rkK- eE( Q }q . The constraint (Ill)

states that the firm is compelled to obtain zemneenic profit.




Table 2. Theex-ante behavior of the regulated firm

The regulated monopoly
Panel 1:
Optimization programif S< s, I\{I<%x I‘I(Q) = P(Q) Q-rK-e E( Q Ig
U]
st. P([QQ-eE QK = sK
K=0,Q=0.
Panel 2: Solutionif r < s < S,
_ el
Output Q = l: A;g_we} (m
Capital K =gtralagaa (1)
Panel 3: Implications
Cost C' =K +eE(Q, K )= "7 Q7" +§ o (Iv)
. . (9 1 o
Net Social Welfare W _.[o P(q) da- C—Tg F( Q) Q-TC (V)
Output ratio Q = [ r ] (V1)
Qi (s(i-g)a
e . K’
Overcapitalization ratio (v
oy sehe)
C (1—8)0' a 1-a
Cost ratio ———=(1-a) Ll O B (vin)
c(Q) ron s(1-¢)a

Note: If s = r , the pair (K* ,Q* ) is not the unique solution to the optimization peog (Klevorick, 1971)




Table 3. Rate of return, output, cost, price and wiére gain ratios for alternative demand elasticites
and demand expansion parameters

Column #
I I 1 v v Vi Vil Vil X X
Ex-ante ratios Ex-post ratios
1 ; s, Q K C w-w, | Q. P (ch) W2 - W)
2 r | QK@) ¢Q) w-w | @ PQ) w-w
1.001 0000 1,125.750 |  1.000 1.000 1.000 0.000 | 1.000 1.000 0.000
0.050 7.195 | 89.736 3.967 2.892 0.604 | 5388 0.195 0.824
0.100 3.660 | 163.778 4.770 3.474 0.669 | 6.750 0.163 0.908
0.150 2.455 | 233.631 5.319 3.871 0699 | 7.711 0.149 0.949
0.200 1.848 | 300.908 5.748 4.183 0716 | 8.478 0.142 0.971
0.300 1.236 | 430.329 6.414 4.666 0728 | 9.693 0.134 0.993
1=0371 1.000 | 21°:647 6.795 4.944 0.728 | 10.403 0.132 1.000
1.150 0.000 8.250 |  1.000 1.000 1.000 0.000 | 1.000 1.000 0.000
0.050 2355 |  3.764 1.408 1.133 0554 | 1519 0.730 0.724
0.100 1594 | 5.687 1.566 1221 0673 | 1730 0.683 0.885
0.150 1225 |  7.518 1.682 1292 0720 | 1.889 0.662 0.962
A =0.200 1.000 | 9314 1.778 1.352 0729 | 2021 0.651 1.000
1.300 0.000 4500 | 1.000 1.000 1.000 0.000 | 1.000 1.000 0.000
0.050 1632 | 3511 1.319 1.089 0616 | 1.402 0.810 0.783
0.100 1.163 | 5.338 1.446 1.154 0732 | 1570 0.778 0.951
1 =0.131 1.000 | 6.438 1.507 1.187 0750 | 1.651 0.769 1.000
1.500 0.000 3.000 | 1.000 1.000 1.000 0.000 | 1.000 1.000 0.000
0.050 1235 | 3.787 1.274 1.070 0707 | 1344 0.862 0.876
120082 1.000 | 5.196 1.349 1.104 0781 | 1.442 0.847 1.000
1.700 0.000 2357 | 1.000 1.000 1.000 0.000 | 1.000 1.000 0.000
0.050 1.033 | 4374 1.252 1.060 0797 | 1316 0.893 0.976
1 =0.055 1.000 | 4.638 1.263 1.065 0811 | 1331 0.891 1.000




Table 4. Welfare gain ratios for alternative demancelasticity parameters

o W (€)= W, W - W,

& r W, - W, W, - W,
1.001 1.124 0.729 0.728
1.150 1.035 0.729 0.727
1.300 1.000 0.750 0.738
1.500 1.000 0.781 0.748
1.700 1.000 0.811 0.749

Table 5. The range of demand expansion (or outpuixpansion) such that it is possible to build ahead
of demand while preserving theex-ante net social welfare

1 Y ch /1 QCE' j

- A A * — *

£ Q Q
1.001 0.330 0.371 10.002 10.403
1.150 0.170 0.200 1.943 2.021
1.300 0.106 0.131 1.587 1.651
1.500 0.063 0.082 1.387 1.442
1.700 0.039 0.055 1.280 1.331




