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Phasing out the U.S. Federal Helium Reserve:

Policy insights from a world helium model

Abstract

This paper develops a detailed partial equilibrimmadel of the global helium market to
study the effects of the recently decided rapidsphaut of the U.S. Federal Helium
Reserve (FHR), a vast strategic stockpile accumdlauring the 1960s. The model
incorporates a detailed representation of thatdtiguand treats both helium producers
and the FHR as players in a dynamic non-coopergi@ee. The goal of each player is
assumed to be the maximization of discounted prefibject to technical and resource
constraints. We consider two alternative policieseal at organizing the phase out of the
FHR: the currently implemented one and a lessgarihone whereby the FHR would be
allowed to operate as a profit-maximizing agentirdyran extended period of time.
Evidences gained from a series of market simulatimdicate that, compared to the
current policy, a less stringent policy mandateteyatically increases the financial
return to the U.S. federal budget, always enharoggonmental outcomes as it lowers
helium venting into the atmosphere, and also autgnginbal welfare in three out of the

four scenarios considered in the paper.

Keywaords: Helium economics; Strategic reserve; Resoconservation; Imperfect competition;
Partial equilibrium modeling.
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1. Introduction

The worldwide consumption of helium, a noble gaat tbombines a number of remarkable
properties, is growing rapidly. This natural element is use@inumber of advanced technologies (e.g.,
leak detection, chromatography, welding under inertditions) and is a nearly non-substitutable inpu
in a disparate set of activities including fibettioptechnology, electronic manufacturing (e.g.,
semiconductors, flat panels), rocket launchingpfioge the fuel tanks), and cryogenics. Helium so al
critically needed to cool magnetic resonance img@gWRI) scanners, a now essential diagnostic tool
for the medical community. During the years 20072 @hat historically stable market experienced a
series of noticeable supply shortages and unushally prices. Given the critical importance of that
commodity for our modern societies, helium suddeaherged as a source of political concern (NRC,
2010; Nuttall et al., 2012a; Glowacki et al., 20E3)d the future availability of helium resources
subsequently became the topic of a burgeoningtitee authored by science and technology experts.
The present paper provides a complementary pergped it details an economic analysis of the world
helium market and examines the rationale of a gadsernment policy: the 2013 Helium Stewardship

Act (HSA).

Helium is an exhaustible finite resource. Thougluheis naturally present in the atmosphere, its
concentration is so low that the cost of separatifigpm the air is prohibitive. Commercial heliuis
thus obtained as an optional by-product of a seegustible resource: natural gas. Helium can be
separated from the gas streams extracted fromigedéimumber of helium-rich natural gas deposits. If
not separated, the helium in fuel gas is typicalsted as it dissipates in the atmosphere whegabe

is burned without significantly increasing the aspberic concentration of helium.

1 Helium has the lowest boiling point of any substaris the second-best gaseous conductor of heaglestticity, and is the

second lightest element.
2“The price of helium, Inflated,” The Economist, 13, 2007.

3 For example, Cai et al. (2010) report a joint resgmeffort by scientists and industrial expertsGambridge (UK) that
culminated in the development of a detailed systgnamics model of the world helium industry. Anotxample is the

analysis in Mohr and Ward (2014) which has its médthogical roots in the geoscience literature.



To conserve helium resources, a vast strategik@itec— the Federal Helium Reserve (FHR) —
was accumulated by the U.S. government as pahteotountry’s cold war efforts during the 1960s. It
was then expected that the revenues obtained fnensdles of the stored helium during the 1970s
would permit a recovery of the cost of the FHR I98Q (Epple and Lave, 1982). However, that plan
failed and the U.S. government had to wait unt@@ ®efore being able to start reselling its reserve
(NRC, 2000). In 2013, the U.S. Treasury debt acdated through the helium program was finally
paid back, yet nearly a third of the original stoitk still remained. As a result, that long-awaitkbt
repayment convinced the U.S. Congress to pas0thig 2SA instructing the federal government to: (i)
rapidly deplete the remaining inventory — the Auposes the sale of a flow of helium, equal to the
amount the FHR can produce, each year — and (iyesquently cease its commercial operations.

Accordingly, the federal government’s commerciadi@ions are expected to cease in 2022.

The purpose of this paper is to examine the ecarwmof this rapid phase out of the FHR.
Deciding how much helium to extract from the rendanof the Federal Reserve requires answering
more general questions about the allocation ofiheliesources over time, the potential future demand
by helium-dependent technologies, the potential sewces that may become available in the future,
and the nature of the strategic interactions anfigm producers. To the best of our knowledgehsuc
a methodologically sound analysis was not conduitagliide the provisions in the 2013 Act. The two
main informal arguments that motivated the 2013 &t be summarized as follows. First, because of
the progressive depletion of the underground reserthe annual production capacity of the FHR is
expected to gradually fall in the coming yearsrebg providing an opportunity for a smooth phase ou
of the FHR. Second, new sources of helium, botaifgor and domestic, will shortly become available,
thereby limiting the need for FHR supplies in treanfuture. Nevertheless, it is not certain that th
proposed extraction trajectory maximizes the predecounted value of the profits from federal sale
nor that this is a socially desirable policy. As flederal sales represented approximately 30 peofen
the global helium supplies in 2013 (USGS, 2015)e onay wonder whether the rapid resource
extraction pattern stipulated in the 2013 Act coattificially generate low prices, thereby blurritige

functioning of the helium market and distorting flvens’ decisions.



To investigate the extraction trajectory that sddug considered by the U.S. federal government,
we propose a computerized dynamic model of therriateonal wholesale helium market aimed at
evaluating helium production and investment stiagedr his deterministic, discrete-time, finite-fzmm
oligopoly model is formulated as an open-loop, Nasih-cooperative dynamic game that is solved
numerically. Using this model, a series of simaas under markedly different scenarios are conducte
to determine the optimal resource extraction pastéor the FHR and quantify their economic impact
on both the world helium market and the U.S. fedeemasury. Overall, we believe that this multi-
period model is a valuable tool for public decisiaakers, professionals, and scholars interestéukin

politically sensitive issues observed in the helgautor.

Our analysis highlights that the rapid resourceaetion path falls short of the policy objective to
maximize the “returns to the American taxpayergiplementing a slower extraction pattern has the
potential to bring about sizeable gains to the Urgasury. Depending on the scenario, we found that
the present discounted value of its future streamebrevenues would rise by between +25.5 percent
and +61.0 percent. Another important finding ig $wech an augmentation is not necessarily obtaahed
the expense of the consumer surplus and is wedfainencing in three out of the four scenarios
examined in this paper. Lastly, we observe thatdipel phase out of the FHR occasions a net wdiste o

helium which is estimated to be on the order of.82233.2 MMcf.

From a methodological perspective, the rich litematon dynamic-games (e.g., Dasgupta and
Heal, 1979; Dockner et al., 2000; Long, 2011) tgjhic focuses on parsimonious continuous-time
models that are analytically tractable. In the entpaper, we examine the market equilibrium of a
detailed model for which an analytical solutioviidually out of reach but, following Mathiesen @3
and Rutherford (1995), a numerical one can be wbtaby reformulating the market equilibrium
problem as an instance of a mixed complementanioblpm (MCP)! In recent years, a growing
literature has applied that methodology to invedtga variety of issues including: the impact @&

regulation on power investment and electricity @si¢Fan et al., 2010; Lise et al., 2010); the &ffet

4 An MCP is a square system of nonlinear inequalities represent the economic equilibrium througrozmarginal profit
and market balance conditions determining equilibti quantities and prices (Cottle et al., 1992; Gabet al., 2012a;

Murphy et al., 2016).



renewable energy penetration in Europe for gaims firade and carbon dioxide emissions in the power
sector (Abrell and Rausch, 2016) or the strategi@ior of producers in either power (Bushnell,200
Pineau et al., 2011), natural gas (Gabriel et2805; Egging et al., 2008; Holz et al., 2008; Galbet

al., 2012b; Abada et al., 2013), oil (Huppmann &twdz, 2012) or coal industries (Haftendorn and
Holz, 2010; Truby and Paulus, 2012; Triby, 2013)isTpaper represents the very first application of

that method to model the helium industry.

At an empirical level, this paper contributes te@ tbmall, and very much needed, literature
attempting to shed a light on helium economicsshibuld be noted that there is a dearth of recent
economic analyses of the world helium market. Tkistieg economics literature on that inert gas is
limited to the U.S. market and predominantly ddiask to the 1980s when the U.S. dominated the
world helium market . At that time, the discussatefly revolved around the issue of the ratiorfate
U.S. governmental stockpiles. In one of the verst farticles analyzing the economics of helium, IEpp
and Lave (1980) present an early numerical modehefU.S. helium industry. Drawing upon the
operations research literature, they formulate ahemaatical programming problem aimed at
determining the optimal rate of helium productior &torage (private and public) over time that woul
maximize the discounted social welfare. In this glpthe rate of natural gas production is assuroed t
be exogenous. The model is solved numerically uadsgries of alternative scenarios, combining two
possible demand projections and three possibleegdiu the discount rate. The results do not pevid

any justification for government intervention irethelium industry.

Other related works, though more loosely connetitedurs from a methodological perspective,
are the empirical studies in Liu (1983) and Uri§891987). In these articles, a structural economet
model of the helium market is specified and estidab either build supply and demand projections
(Liu, 1983; Uri, 1987) or empirically confirm thalemand and industry supply respond to normal
market forces (Uri, 1986). The case of helium etiom has also motivated a handful of contributions
in the theoretical literature on natural resoureesnomics. For example, the analytical model in
Pindyck (1982) considers the joint extraction obtfinite exhaustible resources forming a composite
ore and examines how the price trajectory of easlource depends on its demand, and the demands

and storage costs of the other resource. Theeaus®s a continuous time formulation and shows that



the competitive market will extract, produce, atwtes at socially optimal rates if firms are riskatral

and the average cost of storage is constant. Tegltseprovide little economic justification for
government programs aimed at stockpiling heliumthar extensions of that analytical framework are
given in Hughey (1989) where the role of helium dedhin the market equilibria for both natural gas
and helium is investigated, and in Hughey (1991)ctvtassesses the economics of three subsidy

policies that could be implemented in the heliuctce

The paper is organized as follows. In the nextieectve clarify the background. The third section
presents the framework of our analysis and dettadsonceptual structure of a computerized model of
the global helium market. Section 4 contains owunuation results and the last section offers a
summary and some concluding remarks. For the sdkelapity, Appendix A summarizes the
nomenclature and Appendix B presents the calibrasfidhe demand function. The cost and geological

parameters used in our market simulations arelddtai Appendix C.

2. Background and motivation

This section briefly reviews the history of the Us&ategic helium reserve and the recent trends
observed in the global helium market with the anclarify both the background and the motivation of

our analysis.

2.1 The build-up of the Federal Helium Reserve

From 1917 to 1961, the U.S. government had a mdrstiggoosition in the global production of
helium, and government agencies and their contiagtere its primary consumers. In the early 1960s,
a conjunction of factors—including the depletiontbé government's helium-rich deposits and the
perceived strategic importance of helium for botfedse and space exploration—convinced Congress
to authorize an ambitious conservation policy: theation of a strategic stockpile of helium at an
underground reservoir at the Cliffside gas fieldmamarillo, Texas. Under this Helium Program, the
U.S. Bureau of Mines was instructed to: (i) inviesta helium pipeline infrastructure connecting the

helium-rich gas deposits in Kansas, Oklahoma, a3 to that storage site; and (ii) buy almosthal



helium that these natural gas producers could pedunder negotiated long-term contracts, thereby

encouraging them to invest in helium separatiorabdities.

On the premise that helium demand would rise expitaly, the aim of the program was to store
volumes in the 1960s that would be needed in ti®4.9Sales of the stored helium in the 1970s weere t
take place at a price calculated to recover théscioeurred by the federal government by 1980.
However, in the early 1970s, it became evident toater-than-expected demand levels would
materialize during this decade. In 1973, the Udveghment ceased accumulating helium and canceled
the purchase agreements. The sudden suspensitiessf purchases caused a considerable resource
waste as private helium separation plants were Imafldtd and an annual volume of 2.2 billion cubic
feet (Bcf) of unsold helium resources were agaimeae into the atmosphere (Sears, 2012). To conserve
helium, in 1975 the U.S. Bureau of Mines decidealtow those private companies with separation
plants connected to the federal gathering systerstace privately-owned helium in the Cliffside
reservoir. Since then, this storage service har bffered at cost and has enabled diminished helium
venting in the U.S. One should note that even taliyis still the unique facility in the world,laWing

private storage of helium.

2.2 The long-awaited repayment of the helium-related federal debt

During the 1970s and 1980s, the helium market éspeed an enduring oversupply situation and
private firms were selling helium at a lower priban the posted price for governmental helium. This
posted price was administratively determined onbtss of the historical cost of the helium program
As there was no demand for federal helium at thiepthe federal inventory remained unchanged
(Epple and Lave, 1982). Over the years, the growosgl of the helium-related federal debt recuryentl
questioned the economic rationale of governmerdgrwention in that industry. In his presidential
address to the American Economic Association, K@opmans deplored that economic reasoning
played no role in the decision to build the stratelgelium reserve: it was motivated solely by
arguments over future demand projections antigigathe effective deployment of radically new

technologies without assessing the costs and lieéfihat policy (Koopmans, 1979).



During the late 1980s, a growing global consumptéielium was observed and helium prices
gradually increased to approach parity with thegubgrice of the U.S. Bureau of Mines (Sears, 2012)
This situation opened a policy debate on how tammgty clear the federal helium inventory. In 1995,
the responsibility for operating the helium progravas transferred to the U.S. Bureau of Land

Management (BLM).

In 1996, the Congress passed the Helium Privatizaict that instructed the BLM to privatize its
helium-purifying facilities, sell the helium reserin the Cliffside reservoir by 2015 and organilze t
cessation of the FHR operations by no later tharb2The main policy objective pursued in the 1996
Act was to organize the repayment of the $1.4dilldebt accumulated by the helium program. The
provisions in the 1996 Act were thus aimed at enguthat the revenues derived from these sales
would be sufficient to repay the federal governmimtits helium-related spending, including the
historical purchasing cost, the investment costhis supporting infrastructure, and the interests Th
was done using a minimum price formula based owftsl cost figures that stipulated, for each year

the minimum price above which federally-owned halicould be sold.

2.3 An optimal phase out of the Federal Helium Reserve?

By October 2013, the debt had surprisingly beed péiahead of schedule and yet a third of the
original federal stockpile (i.e., approximately 8®cf) still remained. As the provisions in the 699
Act did not envisage the continued operation ofttbBum program after the repayment of the federal
debt (U.S. Government Accountability Office, 2013is sooner-than-expected reimbursement
generated anxiety among market participants as $eaned it could end with a brutal shutdown of the
FHR, causing an immediate shortage of heliufine Congress thus enacted the ‘Helium Stewardship
Act’ of 2013 that allocates a volume of 3 Bcf tauke noncommercial uses (e.g., national securgg,us
federally-funded scientific research) and secuhes dontinued commercial operation of the reserve
until the remaining volume of federally-owned hatiun the reserve attains that 3 Bcf threshold. The

BLM'’s commercial operations (i.e., the federal biglisales and the provision of private storage servi

® “Helium, inflation warning,” The Economist, Septbar 28, 2013.



to helium producers connected to the BLM’s heliuipepne infrastructure) are compelled to cease

afterwards.

From a practical perspective, the 2013 legislaiiminoduces a radical change in the pricing
mechanism used for disposing of the federal helaades as it instructs the BLM to implement an
auction mechanism. The move toward a market-orieptéicing mechanism for the federal sales of
helium represents a policy response to the pregdslitM’s pricing policy that was judged inadequate
and may have delayed the industry’s efforts to lgvalternative helium sources (NRC, 20i®).the
present paper, we do not explicitly model the BLiMtzon but rather consider that the federal helism

sold at the market clearing price in the world tn@imarket.

The 2013 Act also instructs the BLM to offer fotesin each year a quantity of helium set at the
maximum total production capacity of the Federdlitte System. The technical staff at the BLM thus
conducted a series of detailed reservoir engingesituidies to identify the maximum production
capacity that could be attained by the FHR in egedr. Figure 1 summarizes the outcome of these
engineering studies and presents the 2014-2029pitethat gives the maximum amount of helium
that can be extracted in each year from the FHR fagction of the remaining reserve that yearhit t
“as-fast-as-technically-possible” extraction trageg is effectively implemented by the BLM, therdlw
be annual sales of diminishing volumes until 20R.,(over nine years), at which point the 3 Bcf

threshold triggering the cessation of the BLM’s coencial activities will be attained.

Figure 1. The time-path of the FHR’s planned prodution trajectory

[ PLEASE INSERT FIGURE 1 HERE ]

Given the relative sizes of the FHR and the wodtium market, one may wonder whether this
rapid extraction trajectory could have a negatmeact on helium prices. Surprisingly, to the bdst o

our knowledge, economic considerations played rle o the determination of that extraction

® One of the unintended consequences of the 199&ascthat the BLM's posted price gradually becameasket benchmark
for the global price of helium in the contractsreggl by private industrial gas companies. During 262013, there was a
global shortage of helium but the posted priceedfefal helium remained close to the minimum pritatdished in the 1996

Act and was thus predominantly based on histogoatl figures with little or no consideration for thetual value of helium.



trajectory which was solely derived from technotagiconcerns. The purpose of the present analysis i
thus to examine the economic rationale for sudpardepletion strategy for the FHR. In particulae,
aim at comparing the market outcomes obtained utiieer2013 Act with those obtained with a
hypothetical policy that allows the BLM to condecimmercial operations during an enlarged period of

either 13, 18 or 23 years.

2.4 A changing world helium scene

The global helium market has recently undergonerias of fundamental changes and taking them

into account is critical when attempting to analifze impacts of the proposed closure of the FHR.

First, from a global perspective, helium supply loag) been dominated by the U.S. st new
sources are developing elsewhere. Between 20082848, the U.S. share of worldwide helium
extraction capacity declined from 75.5 percent@d percent (IHS, 2014). The other helium-producing
nations are: Poland (1.6% of the 2013 global capadrussia (2.6%), Algeria (11.9%), Qatar (15.5%),
China (0.1%), and Australia (2.2%). Further capaeitpansions are scheduled to start up in the @pmin
five years in Algeria and Qatar. In addition, Rassi endowed with substantial helium reserves én th
remote, undeveloped gas fields in East Siberiacat also soon emerge as a major producer in the
world helium market. The state company Gazpronuisenitly developing these fields to export natural
gas to China and has also unveiled ambitious plansstall large-scale helium separation facilities
there. Helium production could commence after 2840, if fully developed, that project could make
Russia the world's largest helium producer. Newaess, it is believed that this project will hawebe
phased because of both the size of the projecttl@dack of infrastructure in this remote area
(Gasworld, 2016). The exact timing and magnitudéhef phased development are still unknown but,

given its size, this Russian project is likely /A an important impact on future helium prices.

Second, within the U.S., the industry structurealiso expected to radically change as helium
production will severely decline owing to the aecating net depletion of the natural gas fields in
Texas, Oklahoma, and Kansas, and the associatditied@t extraction capacity. New projects are
currently being developed in other areas not caedeto the BLM pipeline infrastructures (e.g., in

Wyoming, Colorado) but production at these newssitdl not be sufficient to compensate that decline

10



Because of the coming depletion of the private cguin the mid-continent region and the planned
termination of federal sales, the country is expetb become a net importer in the near future (NRC

2010).

Lastly, the global helium industry exhibits a comitated market structure as supply depends on a
small number of separation plants worldwide. Thoogmpetition exists in the U.S. industry, this ¢ n
the case in other countries where all the locahtplare controlled by the national oil company .(e.g
Algeria, Qatar, Russia). The degree of industryceatration is thus expected to increase as global
helium production shifts outside the U.S. The thexgest players together controlled 42.9 percént o
the global helium separation capacity in 2013 afdoantrol up to 47.5 percent in 2018 (IHS, 2014).
This cumulative share could possibly increase top6&ent after 2020 if the Russian project is
developed at full capacity. Therefore, any pagglilibrium model of the world helium market should

capture the oligopolistic nature of that industry.

3. Model

In this section, we first present an overview of ouwodeling framework. Then, we present a
detailed description of the market participants #meir associated optimization problems. Lastly, a

final subsection discusses the solution strategy.

3.1 Overview

The present analysis is based on the World Heliumdd¥ (WHM), a detailed partial equilibrium
model that applies principles from game theory apdimization to simulate the global helium
marketplace. The WHM is formulated as a determimisliscrete-time, finite-horizon oligopoly model
that explicitly takes into account the imperfeatympetitive structure of the world helium industity.
portrays the strategic interactions between twanmgies of suppliers: the U.S. federal government —
represented by the BLM — that operates the fedetlim reserve, and the private firms separating
helium from natural gas. To account for the hetenggpus nature of the constraints and decisions
problems observed in the private sector, the prigactor is further disaggregated using a typotifgy

three mutually exclusive groups of firms: (i) theisting companies processing helium from

11



neighboring gas fields where future production @dnimcrease, (i) the U.S. firms with plants
connected to the BLM's storage system, and (ii@ tinms that can invest in new helium processing

equipment.

In the WHM, all individual suppliers are depictesl @rofit-maximizers under certain constraints,
with a distinctive revenue and cost structure fache supplier type. Consistent with the industrial
organization observed in the helium markets, theM\&$sumes that some of these agents can behave a
la Cournot and exert market power (by withholdingpies to force up prices for larger profits)
whereas the others are price-takers. The behawtbstaategy sets of these agents are further eetil
the next subsection. The market equilibrium modéhethe WHM emerges from the joint solution of
the separate optimization problems faced by theplamrs taken together with market-clearing

conditions.

3.2 Formulation of the World Helium Model ’
We consider a discrete time model with periodg0,1,...T,} that have a standard duration of one
year and aim at modeling the decisions to be takeyearstOT:={1,...T,} whereT, is the time
horizon. We also lef1,...T,,,} denote the first periods during which the BLM i®waed to conduct

commercial operations (i.e., these operations ceasthe end of the year,, , with T, <T,).

Hereafter, we assume that the time horizgris large.

We let J denote the set of all the suppliers. This setdsothposed into mutually exclusive

subsets) :={ BLM} 0 J O J,0 J, where the subsets, J, and J, respectively denote: the subgroup of

the private companies processing helium from naighly gas fields where future production cannot

increase, the U.S. firms with plants connectech®BLM’s storage system, and the private suppliers
that are capable of expanding their future anntadyction of helium. We quj denote the quantity of

helium supplied by agenit in yeart .

" Please note that, to ease readability, a nomenmasummarizing the notation is detailed preseirietippendix A.

12



In the remainder of this subsection, we explicithjte out the market-clearing conditions and the
optimization problem for each individual market t@pant, including the objective function and

constraints. We use the following convention: iftlve optimization problem of an agept a variable

has an asterisk, this indicates that this varigbkxogenous to the agent’s problem but endogetwous
the market model. For example, a price-taking agexively views the price variable as fixed even

though the full market model equilibrates pricetpate supply with demand.

a — The demand side

The world demand is modeled using a linear demamdtion. We assume thal, the total

quantity of helium demanded in year for all uses (e.g., cryogenics; pressurizing amndging;

controlled atmospheres; welding cover gas; leakdien; breathing mixtures) is a strictly decregsin

function of the helium pricep, , an increasing function of the lagged consumptiand is
parameterized by an exogenous teymrepresenting the aggregate real income:
d =ay -yp+Ad,, CtoT, d, given. (2)

where the income coefficient , the price coefficienty and the lagged coefficient are empirically-

determined parameters (with>0, y>0 and0<A<1).

From that definition, it is straightforward to dadi the linear inverse demand functions that gives,

in each yeart, the willingness-to-pay the pricg, as a function of both the present and lagged

consumption levelsp =R (d., d,).

b — The market clearing conditions

The market-clearing conditions tie the separataimeproducers’ optimization problems defined
hereafter to the simplified representation of tleendnd side. The market clearing condition at time

ensures balance between global supply and demafutdizgg demand and supply to equilibrate:

>q=d, OtOT. 2)

0o

13



c—The BLM

This agent controls the extraction operations cotatliat the FHR. We leg™" denote the non-
negative quantity extracted and sold to commerngsdrs by the BLM in each year. We use the
convention that the BLM’'s remaining reser¥® is measured at the end of yeari.e., once the

quantity ¢° has been extracted and sold). At the end of 29&8r (0), the BLM is endowed with the

initial reserveR, .

We assume that the BLM is allowed to conduct consiaéoperations during,,, years after
which its reserve level must be equalRdi.e., the 3 Bcf allocated to non-commercial ustgsulated in

the 2013 Act).

In this paper, we consider two alternative extrattiehaviors for the BLM. The first one follows
the rapid extraction path stipulated in the 2018 Wgereas the second one is derived from the soluti

of on an optimization problem.

The rapid extraction trajectory in the 2013 Act (B Model |)

Recall that the 2013 Act imposes a predeterminedrapid extraction trajectory: it instructs the
BLM to offer for sale in each year a quantity ofitmn set at the maximum total production capacity o
the federal helium system until the 3 Bcf resehreghold is attained. With that rapid extractiothpa

the desired reserve threshold is attained in ygae® Figure 1). So, we Sg&},, =9 years and consider

the following extraction trajectory:

BLM — Model I (T, =9)

M = Q™ Ot O{L,...Taw — 3, (BLM I-1)
M =R - R- zf?ﬂ) g fort=T,,, . (BLM I-2)
¢ =0, Ot O{ Tou +1.-.T ) (BLM 1-3)

where Q®" is the annual production ceiling of the federdlume system in year indicated in Figure

1. Equation (BLM I-1) compels the BLM to offer feale in each year a quantity of helium set at the
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maximum production capacity during the period 2@B21 (i.e., in years 1 to 8). In year 9, equation

(BLM 1-2) imposes the BLM to extract the residualagtity allocated to commercial operations (i.e.,

the difference between the total amount allocabetbimmercial operation(ﬁ —B) and the cumulated

volumes extracted during the previous years). Th& Bs then compelled to cease its supplies in

subsequent years (equation (BLM |-3)).

The case of a possibly slower extraction trajectsith Cournot behavior (BLM — Model I1)

As one can question the rationality of that imposastfast-as-technically-possible” extraction
trajectory, we explore the economics of an altévegbolicy prescription that would allow the BLM to
operate over a possibly longer horizonTgf, years, withT,,, =9. Under that alternative mandate, the
BLM is no longer compelled to adopt the fastestraotion path and can consider possibly slower
trajectories. One has thus to clarify: (i) how teological considerations at the Cliffside resarvoi

restrict the player’s decisions and (ii) the bebawif that player.

Regarding the former, the trajectory in Figure fgasts that, in each year the production

ceiling at the Cliffside reservoir can be approxiethby an empirically-determined linear function of
R_, the reserve available when yaabegins:/7R_, + 1 wheres and ¢ are two positive parametés.

We thus proceed, assuming that in each yeflre quantity extracted by the BLM cannot exceed th

value determined by that linear function.

Regarding the latter, the policy objectives mergibiin the 2013 Act explicitly stipulate that the
BLM'’s sales must be conducted so asrmakimize the total financial return to the taxpdyg@telium
Stewardship Act, 2013) which suggests that the Btavi be modeled as a profit-maximizing agent.
Furthermore, even if the BLM’s market share inititernational market is compelled to diminish ie th

future because of the depletion of its reserveBibi® is likely to remain a significant player dugrihe

® The assumption of a linear relation between theuahproduction capacity of an underground resenamid the remaining

reserve at the beginning of the year is frequerglgined in models of the oil industry (e.g., Gnifind Teece, 1982).

15



early years of the planning horizon. Therefore,assume that this agent is able to behave a la Gburn

and thus to assess how the agents’ extractionidesiare modifying equilibrium prices.

We thus consider the following optimization problem

BLM — Model Il (T, =9)

TBLM

S Mow =2 o [P (o™ + ™ o+ g™ )= G | 6 (BLM I1-1)
<

st. ™M <R, +u, Ot O{L, ... Toru} (BLM 11-2)

R=R,-¢", OtO{L,...T,} » R given, (BLM 1I-3)

R.. =R, (BLM 11-4)

¢ 20 Ot O{L, ... Tor} - (BLM II-5)

BLM*

where g,,,, is the discount factorg, is used as a short notation for the aggregate tiqyiani

helium supplied by the rivalsZ, ,, is the unit extraction cosg is the reserve in year The objective

function (BLM 1I-1) is the discounted sum of the BIs annual profits, which are the result of
revenues from sales minus production costs. Camgistith the Cournot framework, the aggregate
quantity g ®"" is exogenous to the BLM'’s optimization problemeTdeological constraint (BLM |-
2) stipulates that, in each year, the quantityastéd cannot be larger than the production ceiling.
Equation (BLM 11-3) is the reserve accounting idgnthat keeps track of the BLM reserves. The
constraint (BLM [1-4) imposes the remaining reseavéhe end of the BLM’s commercial operations to

attain the targeted reserve threshold.

d — The helium separators

We now examine the behavior of the private firmattheparate helium from the natural gas
extracted at neighboring fields. These market gigents are modeled as profit-maximizing agents. In
each yeat, they do not directly control the flow of the heti-rich gas extracted from the underground
reservoirs but they do decide the quantities ofuhelseparated from that flow and sold in the global

marketplace.

16



We successively present the optimization problesnseéch of the three distinct types of private

helium suppliers.

The existing separators with non-increasing futeium-processing capacities

We first consider the subgrouf O J that gathers all the helium producers who protedisim
from neighboring natural gas fields where therd ba no further increase in annual production i th
future. Accordingly, we IetH_t" denote the maximum quantity of helium that canel&acted by
producerj in yeart. This quantity is determined by two factors: tleduwne of natural gas supplied to

j’'s separation plant, and the helium concentratiorthiat feed gas. As none of these factors are

controlled by j , we assume that the trajectorylﬁTI is exogenously determinédVe also assume that

the installed capacity at each of these helium regipa plants is sufficient to procesgtj thereby

eliminating the need for further capacity expansibthese plants.

The sizes of the plants in that category are hg&reous as they include some very big players
such as the current world’s largest helium produrctfacility (Exxon’s LaBarge Shute Creek in
Wyoming) and smaller ones (e.g., the helium planthie Keyes field in Oklahoma and at Odolan6w in
Poland). While it seems natural to posit that tlgepbayers are likely to behave a la Cournot anddao
conceivably exert market power, that assumptionasdittle sense for the smaller ones that are more
likely to behave as price-taking agents. Hencegtlie a producer-specific behavior for each agent i

that subgroup. The agents and their individual tieis will be clarified in the application section.

The producer maximizes profits resulting from sgjlhelium net of the costs. In algebraic terms,

the problem is to solve the following optimizatiprogram:

Max M=% A[(1-g)n +oR (¢ +q" . du+ di)- ¢ @ (3-1)

taT

st g <HJ, otoT, (3-2)

® Hence, we follow Epple and Lave (1980) and asshatehelium-specific issues (e.g., prices, supmynand) play no role in

the upstream decisions taken by the natural gadymers who supply the helium separation units.
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q =0, OtoT. (3-3)

where S, is the players’ discount factdt,q " is the aggregate quantity of helium supplied by th
rivals, and C} is the unit cost incurred to purchase and refingde helium from the natural gas

producers. The objective function<1) represents the discounted sum of the produeerisial profits

which are the revenues from helium sales net ottis¢s. In that function, the producer-specificaloyn

parameterd; indicates whether that agent has a perfect cotiygetiehavior ¢, =0) or a Cournot

oligopolistic behavior §; =1). In the former case, the player naively consitleesprice variableg, to
be exogenous to his optimization problem whereahenatter case the player explicitly consideses th
inverse demand functiong (.) in the objective function. The constraints-@) state that helium sales

at timet cannot exceed the maximum available quanfa_'ﬁy at that date. If the solution of that program

is such that, in a given year the constraint (J1-2) is not binding, the assedi:}xlackH_tj—qtj >0 can

be interpreted as a waste, as that quantity ofitmeils not separated and will end up being ventetién

atmosphere when the fuel gas is burned.

The U.S. separators connected to the BLM infrastingc

The subgroupl, O J includes the private producers in Kansas, Oklah@nd Texas that process

helium from the natural gas streams extracted ftben Reichel, Hugoton, Panoma, and Panhandle
fields. Natural gas production at these fieldstises plateauing or already steadily declining heseaof
forthcoming geological depletion. Compared to thedpcers inJ, the agents inJ, are physically
connected to the federal pipeline infrastructudeeyi can thus stockpile helium for later sale ushey

private helium storage service offered at cost iy BLM.* The provision of this private storage

service will cease once the BLM’'s commercial operet have been terminated.

10 As the players in our model do not operate inghme region and under the same economic conditibnskes sense to

suppose that they can discount their profits ugiagsibly different rates.

1 Because of the specific structure retained fos¢hstorage contracts, the BLM is compelled to usest-reflective pricing

policy for this service and thus cannot stratedicake the provision of that service to maximigewn profits (NRC, 2000).
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Neglecting capacity constraints on the injectiod aithdrawal operations at the storage site, the

behavior of a producer in, can be modeled using the following optimizatioolpem:

Max 0 =36 [(1-0)n +a R (¢ + " dur gl - ¢h- Ri- £ - 99 g

i
G o

st h<H, otoT, (3-2)
q +il =H +w, oo, (3-3)
V=V, -w, OtOT, v, given, (I—4)
v =0, Ot2T,,,, (3-5)
o =0, =0, V=0, i/>0, W >0, OtOT. (J—6)

where C;, C!' and S are the unit cost parameters associated with geoaperations and the non-

negative decision variables arqi. the annual saled) the annual quantity of helium separated from
the stream of natural gag) the total volume of helium stored at the end efybar (the initial storage

v} is given),i! (respectivelyw ) the annual quantity of helium injected into (resfively withdrawn
from) the storage site. The objective functiop-1) is the discounted sum of the producer’s annual

profits, which are the result of revenues from saténus the sum o€5h’ the total cost to purchase
crude helium from the natural gas producers arideéf, C;i the total cost of the injection operations
conducted at the storage si@,w the total cost to extract and purify the heliuntrasted from the
storage site, an® V the storage cost. Again, the binary paraméieindicates whether that producer
has a perfect competitive behaviax, < 0) or a Cournot oligopolistic behaviod(=1). The constraints
(J—2) state that production of helium from naturas g& timet cannot exceed the annual production

ceiling H_tJ The equation (33) is a balance identity that states that, in aesr, the sum of the sales

plus the quantity injected into the storage is étughe sum of the quantity obtained from natwas

separation plus the quantity withdrawn from therage site. The equation.{dl) is an accounting
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identity that keeps track of the storage volumee Thnstraint (-5) imposes the termination of the

storage operations at the end of the BLM's timeZuor.

The separators with possibly new helium-processapacities

The subgroupl, O J gathers the firms that are capable of investinfytther expand their future
helium production. The list includes all the exigtiplants where capacity expansion investmentdean
considered to increase output beyond current Igeads, in Algeria, Qatar) and the greenfield petge
aimed at constructing a new helium plant near wpsédphelium-rich deposits (e.g., in Siberia,
Wyoming).

Each producerj in J, is modeled as a profit-maximizing agent who haddoide in each year

its annual sales ank' the physical investment (in flow unit) in produeticapacity. In each year its

output can neither exceed the total installed dapag,, at the end of the preceding year nor the

maximum available quantity of helium containedhe extracted gasi_tj. We also assume: (i) that an
investment k! decided in year: becomes productive at the end of that year, aipdtHat the

depreciation rate of the total installed capadtpegligible.

Each producerj in J, is thus assumed to solve the following optimizatoogram:

Max =35/ [[(1-0)r +5R (g +q" dir ai)- Gl a- ¢k (3-1)
s.it. K) =K/, +kK, tOT, K/ given, (J-2)
' <Ky, bedT, (J-3)

4 <H oeaT, (J-4)

g =0, k' =0, CtOT. (J5-5)
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where C* is the unit cost of a capacity increment. The dlipje function is the discounted sum of the
producer’s annual profit$. Again, the binary paramete¥, indicates whether that producer adopts a
perfect competitive behavioo( = 0) or a Cournot oligopolistic behaviod(=1). The constraint (3-2)

is a state equation that describes the evolutighetotal installed capacity. In each yeathe annual
output is bounded by the capacity constraigt3))and (ii) the exogenous annual production O@imt'

(cf., constraint (-4)).

3.3 Solution strategy

We consider an open-loop information structure addpt the Nash equilibrium as the solution
concept. In an open-loop equilibria, the playendbimation sets contain the current calendar date a
initial values of the state variables and eachgaldnas to choose its control actions as a funafdime

only (Salant, 1982; Dockner et al., 2000). The ulyiteg problem thus amounts to solving a one-stage
game. By definition, the vector* =(xl*,...,>§' >§) is an open-loop Nash equilibrium of the WHM if

no market participant has an incentive to unildtemreviate from his equilibrium actions, given his

opponents’ actions, i.e.:

M () 2 (X% % %), Ox 0Q), Gj0J, (3)
where x; denotes the vector of the decision variables afygnl j specified in his respective
optimization problem, and; represents the set of his feasible actions the.,player’s feasible set

which is defined by the constraints in his optinti@a program).

Because of the size of the WHM, the derivation wfamalytic solution would be burdensome.
Instead, the following numerical procedure can lbasdered for solving this Nash equilibrium
problem. In the WHM, each market participant hasstdve a convex mathematical programming

problem since each player’'s objective is to maxémids profit given a set of constraints (such as

2 The planning horizorl,, is chosen to be large enough (i.e., about 40 yaarapproximate the infinite-horizon problem. As

our analysis concentrates on the firgf ,, years (withTg,, in the range 9-25 years), the objective functibithis agent

does not include a salvage value at the end oplduening horizon.
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production or capacity constraints) and the endogsractions of the other market participants. For
each market participant, the Karush-Kuhn-Tucker TKKKonditions are necessary and sufficient for an
optimal solution of the player’'s specific maximimpat problem and thus constitute the player’s first-
order equilibrium condition§. The essence of the numerical approach is to finéquilibrium that
simultaneously satisfies each market participalt8I' conditions for profit-maximization together
with the demand equations (1) and the market-cigazonditions (2). As shown in Haurie et al. (2012)
and Gabriel et al. (2012a), these conditions tagettefine an instance of a mixed linear
complementarity problef, a particular class of mathematical programmingbfenms for which
efficient solution algorithms exist. In the applica discussed in section 4, the complementarity
problem associated with the WHM has been implenmiente GAMS and solved with the
complementarity solver PATH (Dirkse and Ferris, 39%erris and Munson, 2000) to find Nash

equilibria under various assumptions.

4. Application

4.1 Data and counterfactual scenarios

a — Data and empirical specification

The model described above is parameterized to geptahe international helium market and be

consistent with observed data.

13 For the sake of brevity, the straightforward butiteis derivations of the players’ individual KKT cdtfmhs are omitted in

this manuscript.

1 Technically, a mixed linear complementarity prablés defined by a series of parameters structurgd four matrixes

(M, OR™, M,,OR™", M, OR"™ and M, OR™") and two vectors @, OJR" and g, JR") and aims at finding
two vectors z OR" and z, JR™ such that the following four conditions hold: (@, + M,z + M,,z,20; (i)

g,+M,z+ M_z=0; (i) z=0 and (iv) le (q +M,z+ M, 22) =0 whereT is the transpose operator. This

class of problem has extensively been studiedemhthematical programming literature and we reteCottle et al. (1992)

for a comprehensive presentation of this probleésnpioperties and the specific algorithmic proceshithat can solve it.
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We first clarify the planning horizon retained ihet analysis. We aim at comparing several
solutions: the one obtained when the BLM is congakto use the rapid depletion trajectory (i.e., the
BLM Model 1) and the ones whereby that agent ievedld to conduct commercial operations during an

extended period of,,, years. HereT,,, is in the range 9-25 years and the selection eftiteT, ,,

will be further discussed below. For the moment, sivaply note that, because of the presence of an
adjustment lag in the helium demand function, taisge imposes a planning horizon that at least
encompasses the enlarged period of 26 years thhatv$othe implementation of the 2013 Act. In this
paper, the model is systematically solved overrgdo time horizon. As with all finite time horizon
formulations, players in the WHM could avoid invegtin incremental production capacity near the
end of the modeling time frame because the remgidiration could possibly be too short to recoup
that cost. This behavior may lead to the predicbbmnacceptably low outputs (and thus high prices)
near the end of the planning horizon. To overcohig problem, we solve the model over a 37-year

horizon that starts at the end of 2013 (year O)eam$ in 2050 (year ).

Prices and costs are in constant 2014 dollarsh&dest of our knowledge, there are no recent
econometric studies of the demand for helium tleat lbe tapped for parameter estimates. Thus, we
estimated a linear demand equation. This empinoadlel posits that global helium consumption is
explained by the aggregate real GDP in high anceuppiddle-income economies, the real price of
helium, and the lagged consumption. Data sourcssinaptions, and estimation results are detailed and
commented on in Appendix B. To conduct market sitiahs, an exogenous future trajectory of that
real GDP is needed. In this paper, we assume hbduture real income will follow a constant rafe o

growth path. The posited growth rates are presdrgeghfter.

On the supply side, Table 1 enumerates, for egudh @f player discussed in the preceding section,
the individual agents considered in the presentyaisaand clarifies their posited strategic behavio
This list has been derived from the descriptivelys®s detailed in IHS (2014) and in a professional
journal (Gasworld, 2015, 2016). In this paper,tld players that are capable of producing more than

200 million cubic feet (MMcf) per year are suppogedbehave a la Cournot while the others are
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modeled as price-taking agentsThe specific cost and geological parameters useédch player are

detailed in Appendix C.

We assume that all the private players located&B€D countries consider a real discount rate of 6
percent and that the rate used by players operiatingn-OECD regions is 10 perceéht real discount

rate of 3 percent is used for the U.S. BLM.

Table 1. Players

[ PLEASE INSERT TABLE 1 HERE ]

b — Counterfactual scenarios

We investigate the possible future of the worldiumal industry through a series of four
counterfactual scenarios that are structured atarmmgdimensions. First, we consider two alternative
demand trajectories by changing the value of tia ireome parameters in the demand equation (1).

These two cases are chosen to reflect a possilesfexogenous increase in demand:

® the “base-case” trajectory is aimed at exploring ttonsequences of an autonomous
annual rate of growth of 2.5 percent for the reabime trajectory, which is the average

rate observed between 1973 and 2013 in these esemom

(i) the “Slow Growth” trajectory assumes that the totdl GDP of the high and upper

middle-income economies will grow at an annual cdt&.5 percent.

A second dimension of the analysis explores the obfuture Russian supplies. At present, Russia
operates a unique separation unit in Orenburg lhata relatively modest nameplate capacity (230

MMcf per year) but it is likely that Russia couldegtly increase its output over the next two desade

15 Global consumption attained 6,309.3 MMcf in 2048ufce: USGS). The market share of a player endevitiada capacity
that does not exceed 200 MMcf per year thus reptedeat most 3.2% of the world market that yeathk present analysis,

we assume that these small players cannot exertanpower.

16 For the players located in OECD countries, the dist rate is based on the data assembled by Prdbafnodaran on the

cost of capital incurred by publicly listed compesifttp://www.stern.nyu.edu/~adamodarAs the firms operating in non-

OECD countries are not publicly listed (e.g., Somalr, Qatar Petroleum), the posited real discourieria the one used by

Massol and Banal-Estafiol (2014) in their analydishe gas processing projects located in nhon-OECinties.
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The country’s ambition is to build a large heliurang in Eastern Siberia that could commence
operations during the year 2021. If fully develop#tk capacity of that project could attain 2,380
MMcf per year, which would make it the world’s lagg source of helium. Nevertheless, this project
will be phased and market analysts believe thadutd experience delays because of its remoteitotat

(Gasworld, 2015, 2016; Anderson, 2017). The preseatysis thus considers two cases that reflect

possible alternative trajectories for the countgrsduction ceiling in constraints#):

® the “Ambitious Russian” (AR) trajectory assumesefsuccessive phases, each providing
an incremental processing capacity of 476 MMcfyesar. The first phase is scheduled to
commence operations in mid-2021 and the four suks#gpnes will follow in mid-2025,

mid-2029, mid-2033, and mid-2037.

(i) The “Delayed Russian” (DR) trajectory also considdive phases with capacity
increments of the same magnitude but the datekeofaist four phases are postponed to

mid-2027, mid-2033, mid-2039, and mid-2045 respedyi

For each of these four scenarios, we successiviiye ghe two variants of the oligopolistic
equilibrium defined by the two alternative behasigosited for the U.S. BLM (cf., models | and Il in

section 3.2).

¢ — The duration of the less stringent mandate

In Model 1l, the BLM is allowed to operate duringhamber of yearg, ,, chosen in the range 9-

25 years. Though we have solved the WHM for eaclhe$e possible years, the discussion below

concentrates on three noteworthy casks; = 13, 18 or 23 years. These three cases epitorhize t

market outcomes obtained with BLM Model Il. Indeedt found that an extended mandate of 13 years
maximizes the average net present value of the BLS/'s future profits obtained under the four
scenarios and could thus represent the best ofiffoa privately-managed BLM. With an extended
mandate of 23 years, the average global socialaveelbbtained under the four scenarios (measured

over the first 26 years and discounted using aatweinl rate of 3 percent) attains its highest ealu
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which suggests that the choitg,, = 23 years could be interpreted as a socially delgrchoice. The

caseT,,,, = 18 years is aimed at detailing an intermedidteaon between the two polar cases.

4.2 Results and discussion

We shall now compare the solutions for the two idssnandates for the U.S. BLM: either the
current one under which the U.S. BLM is imposedcéase its commercial operations as soon as
technically possible (i.e., in 2022) or the legingent one that would allow the U.S. BLM to freely
operate as a Cournot player during an extendeogsenf either 13, 18 or 23 years. Our analysi$ firs
focuses on the impacts on the U.S. BLM, then examthe market outcomes, and finally investigates

the social consequences.

a — The depletion of the Federal Helium Reserve

To begin with, it is instructive to compare, forchascenario, the BLM'’s optimal extraction
trajectories obtained using each mandate. Thes$es paé shown graphically in Figure 2. Observe that
whatever the scenario under scrutiny, the depldtijactories of the Federal Reserve obtained thith
less stringent mandates BLM Il are substantialbvslr than the “as-fast-as-technically-possible’hpat
currently imposed on the U.S. BLMhe remaining reserve at the end of year 2022 gefahan the 3
Bcf threshold and on the order of respectively 5.6,-6.3-8.7 and 6.6—10.0 Bcf when the BLM is
allowed to operate as a profit-maximizing ageniruan extended period of respectively 13, 18 &hd 2
years.This finding confirms that the rapid extractiodipp BLM | is not maximizing the total financial
return to the U.S. federal budget, thereby germegain opportunity cost. The profits gained by th8.U

BLM under the various scenarios will be furthermi@ed in the sequel.

Figure 2. The BLM’s remaining reserve at the end othe year (in MMcf)

[ PLEASE INSERT FIGURE 2 HERE ]

b — The market outcomes

We shall now examine how the adoption of a lesaggnt mandate modifies the market outcomes

and the other players’ decisions.
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Global helium consumption

Future global consumption trajectories for the fmandates under each of the four scenarios are
shown graphically in Figure 3. As can be expectedgss rapid extraction trajectory at the Federal
Helium Reserve reduces the total world consumptiohelium during the early years and increases it
after 2022. Overall, the “as-fast-as-technicallggible” policy (i.e., the one derived from BLM Mdde
I, shown by the dashed lines in blue) artificiafymulates booming consumption figures during the
early years followed by a period of relative stagma after 2022. In contrast, the less stringent
mandates based on BLM Model Il generate smootldyvgrg consumption trajectories (particularly if

the BLM is allowed to operate during a long peridatither 18 or 23 years).

Figure 3. Annual helium consumption (in MMcf)

[ PLEASE INSERT FIGURE 3 HERE ]

During the years 2014-2022, the cumulated consumgdtgures are in the range 67.9-68.9 Bcf
when the BLM follows the “as-fast-as-technicallysgible” extraction path and in the range 65.9-67.0
Bcf when an extended BLM mandate of 13 years isl@mpnted. One can note that the difference
between the two models (i.e., 1.9-2.0 Bcf) is semathan the difference in the BLM’s remaining
reserves at the end of year 2022. This finding sstggthat the adoption of a different mandate Her t

BLM modifies the supply decisions of the other proers. This issue will be further examined below.

Market price

We now examine the future equilibrium prices inlaoper thousand cubic feet ($/McF). The
paths depicted in Figure 4 convey a series of éstarg findings. First, as can be expected, the
trajectories obtained when the BLM is allowed t@m@ie as a Cournot player (BLM Model II) exhibit
higher prices during the initial years and loweesmduring the years 2022-2025uring the years
2014-2019, the average market price obtained uhédBLM Model Il is the range of $153.2 to $180.4
per Mcf which is larger than the $138.6-$145.7rivdkobtained when the BLM follows the “as-fast-
as-technically-possible” extraction path. During ffears 2022-2025, this is the opposite: depenating

the scenario, the average equilibrium price is betw$231.1 and $298.6 per Mcf under the BLM
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Model | and on the order of $196.5 to $240.8 perf Mben that agent behaves a la Courfdtis
outcome is consistent with the inter-temporal grofaximizing behavior of a Cournot player who

prefers to reduce its output during the initial nget® obtain higher prices.

Second, one can note that, under a less stringantdate of either 18 years or 23 years, the
magnitude of the price shocks that follow the tevation of the BLM’'s commercial operations is
attenuated. Lastly, observe that whatever the ntangaen to the U.S. BLM, and whatever the
scenario under scrutiny, the helium market pricectvivas equal to 200$/Mcf in 2013 (year 0) declines
over the next year and then slowly rises. Unsurgig, that decline is more pronounced when the
BLM is compelled to adopt the rapid depletion pduht extraction decisions at the BLM only partially
explain the observed price decline because itss abserved (though with a lower magnitude) when
the BLM behaves a la Cournot and supplies drasticatiuced volumes in the early years. In facs thi
price pattern is a characteristic result of incogtiog an adjustment lag in the helium demand fonct
Recall that in 2013 there was a global shortagéedium, but there was only a minor impact on
consumption figures by the then-prevailing highidral price. Because of the adjustment lag, the 2014
market equilibrium not only reflects the contempgraupply-demand situation but also those of the
preceding years. Beyond that technical remarls, ititieresting to note that this pattern is alsosstant
with the current industrial reality: since 2014, rket analysts in professional publications have
recurrently portrayed an “oversupply” situation drale reported lower helium selling prices than the

ones observed before 2014.

Figure 4. Equilibrium prices (in $/Mcf)

[ PLEASE INSERT FIGURE 4 HERE ]

Behavior of the other producers

We now examine how the BLM'’s rapid extraction tcajey (i.e., BLM Model |) is impacting the
rivals’ decisions. Three interesting series of iingd can be derived from the detailed examinatibn o

the individual players’ supply policies.

17 cf., the descriptive analyses on the state of éiietn market published in Gasworld (2015, 2016).
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First, we examine the supply behavior of the exgstprivate separators in group. Table 2
indicates that for Utah 1 and Wyoming 1 the madagiilibrium is such that the constraints-@) are
not binding in the early years. Recall that obseg\va positive slack—|_t"—q§ >0 reveals that the player

at hand does not capture as much helium as tedlyrpeessible during that year and thus represents a
net waste as the quantities of helium not sepanattde vented in the atmosphere when the gas is
burned'® The figures in Table 2 reveal that, whatever ttenario under scrutiny, the obligation to use
a rapid extraction trajectory at the U.S. BLM (iBlodel 1) systematically generates a larger waste
helium compared to the ones obtained under an @éxtemandate (BLM Model Il)Under the BLM
Model I, the total waste of helium is between 64&n@ 660.8 MMcf. The adoption of a less stringent
mandate of respectively 13, 18 or 23 years lowkeas tange to 320.0-538.0, 163.4—320.0 or 106.8—
320.0 MMcf respectivelyOpting for that latter mandate (and preferably véttong duration) is thus

preferable to conserve the resource.

Table 2. Annual helium venting by the firms in grop J, (in MMcf)

[ PLEASE INSERT TABLE 2 HERE ]

18 The rationale for that venting is specific to eaxftthese two players. For Utah 1, the market prickserved in the early
years are strictly lower than the player’s unit c555.0 $/Mcf) which explains why this price-takirgeat finds it rational to
cease helium separation on these occasions. Fomivigpl, prices are always larger than the unit q@<.8 $/Mcf) but this

player behaves a la Cournot and can thus exert etgshwer. Hence, he considers a marginal revenuetitmthat varies

with its own supplies. In year 1, the marginal rewens the sum of three terms: (, (qlJ + q[j*, do) the price of the

. . . . .. JaF?L i Sj* -1, . . . L

marginal unit supplied in year 1, (i} F(q1 +q . do) =— q the marginal impact the sale of a marginal unit in
G y

year 1 has on the price obtained that year timdse ttotal quantity supplied that year, and (iii)

. oP, ) I . A
,BJ- o a—ﬁ(q; +q',q+q ) = ﬁj — @ the discounted marginal impact the sale of a nragunit in year 1 will have on
G y

the price obtained in year 2 times the total qugntfiat will be supplied by that player in year 2m8lifying, the marginal

revenue function of that player in year 1 MR/ = (ayl +1d,-2qd - §” + B4 Q)/y In the slow growth scenarios, the
other players’ decisionql_j* are such that there systematically exists a phpasitive supply decisiol:qlj and qzj for that

player such that the equatioMR/ = 42.8 holds withq) < H) and g} = HJ .
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Second, it is instructive to examine the privateragje decisions taken by the U.S. separators

connected to the BLM infrastructure (i.e., subgrayy). An inspection of Figure 5 shows that there are

marked differences in the private inventory leveiserved during the initial years, depending on the
BLM behavior. Note that, whatever the scenariordlare rapidly declining inventory levels when the
BLM behaves a la Cournot. In contrast, the U.Svgte inventory levels are increased during the firs
three years when the BLM implements the rapid ekiva trajectory (cf., the dashed lines in blug).

the end of year 2015, that private inventory aftdirB Bcf under the base-case scenario and 1.5 Bcf
under the “slow growth” demand scenaiithe BLM’s rapid extraction path (and the depregmgeks it
generates during the initial years) thus create$itable storage opportunities for private sepasato
This pattern is consistent with recent industridtdence: the private inventory levels reported by t
USGS (2015) have slightly increased since the implaation of the 2013 Act. From an aggregate
perspective, note that the behavior of the pris#garators attenuates the price decline causekeby t
BLM’s rapid extraction path during the first fiveegrs. Nevertheless, one may question the social
efficiency of that policy as the cost of the ingenporal arbitrage operations conducted by private
separators is likely to be larger than that of Bhé because of a combination of higher discountsat

and higher storage cost (recall that the BLM'sdtifn costs are sunk).

Figure 5. Volume of storage owned by private produgrs at the end of the year (MMcf)

[ PLEASE INSERT FIGURE 5 HERE ]

Third, we also inspect the investment decisionenay the separators in subgrodp Figure 6

(respectively Figure 7) reports the cumulated cigypaclditions decided in Canada (respectively Qatar

under the various mandates. As a benchmark, tigase$ also report the cumulated capacity additions
that would have been needed to process the exogigretermined flow of helium-i_tj (that curve is
labeled production ceilingf.We do not report the investment decisions of theroplayers inJ, as we

found that modifying the BLM’s mandate has no imtpat their investment decisions.

19 Attimet , this curve is simply obtained by plotti@K ., — K! where CK/ := maX{H_tJ ,CK[j_l} with CK/} = K/.
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Figure 6. Canada’s cumulated investments in new sapation equipment (MMcf per year)

[ PLEASE INSERT FIGURE 6 HERE ]

Figure 7. Qatar’s cumulated investments in new sepation equipment (MMcf per year)

[ PLEASE INSERT FIGURE 7 HERE ]

An inspection of these two figures conveys theofwlhg observations. From Figure 6, we observe
that, under the BLM | mandate, the depressed dquifn prices observed during the early years
generate low marginal gains during these yearswaadck it rational for Canada — a price taking agent
to delay the installation of helium separation daties® Qatar’s investment behavior is more subtle
as it accounts for that agent’s ability to exertrkea power. Under the base-case demand trajectory,
Qatar’s behavior is similar to that of Canada: nigihe years 2016-2020, the rapid extraction pséu u
in BLM 1 results in a slower adoption of helium seation capabilities than the one observed with an
extended BLM mandate of either 18 or 23 years. Utige slow-growth demand trajectory, the large
volume extracted by the BLM in the years 2013-261kes it rational for Qatar to exert market power
by: (i) supplying less than its production capacétyd (ii) delaying its investments into new separa
capacities. After 2018, the BLM’s output becomesibrander the rapid path BLM | but not with an
extended mandate BLM Il which explains why, durihg years 2018-2025, Qatar’'s capacity expansion
is more rapid under BLM | than the one observedeu®LM Il. Altogether, these findings indicate that
the BLM’s obligation to follow the “as-fast as-tetbally-possible” trajectory BLM | blurs the

investment decisions in Canada and in Qatar dihiegears 2014-2022.

¢ — Profits, surpluses, and welfare

The net present values of the social welfare aadsthipluses obtained by the market participants
over the first 26 years are summarized in Tabl€hgse values have been obtained using a social real

discount rate of 3 percent.

20 The first-order (i.e., the KKT) conditions for optility of these agents’ decision problems indic#i@t tin each year, if a
positive capacity expansion is decided, its lewad to be such that the marginal cost of installthgt capacity equals the
present value of the marginal gains derived froriuine processing (i.e., the difference between thegmal revenue and the

marginal separation) in all the future years duringpich the capacity constraintx3) is binding.
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Table 3. The total discounted surplus obtained byansumers and producers (million $2014)

[ PLEASE INSERT TABLE 3 HERE ]

It is instructive to examine the net present valokethe U.S. BLM’s future profits. These figures
confirm that the performance of the rapid extratpath currently imposed on the U.S. BLM falls ghor
of “the maximization of the financial return to théS. taxpayers,” a crucial policy objective yet
explicitly stated in the 2013 Actinder the current policy mandate (BLM 1), the netgent value of the
future U.S. Treasury net revenues attains $835IBomiunder the base-case demand trajectory and
$780.2 million under the slow demand growth scendfithe BLM was allowed to behave a la Cournot
over a 13-year span (respectively a 23-year sphnj, net present value would be between +50.2

percent and +61.0 percent larger (respectively betw25.5 percent and +56.4 percent larger).

From a net social welfare perspective, note thateurour each of the two base-case demand
scenarios, opting for a less stringent mandate (Bl)Mystematically augments the global welfarae
total discounted welfare gains are between 836d0155178.6 million 2014%$, corresponding to an 0.59-
1.16 percent increase€his is also true, albeit with a lower magnitudecase of a lower future demand
with a delayed deployment in Russia.that case, the welfare gains are on the ordef2d6-275.7
million 2014$ which represents a modest increade @3-0.22 percentn the last scenario (i.e., “slow
growth — rapid Russia”), the situation is less cleat the magnitude of the welfare changes remains
small. So, opting for an extended mandate augntkatglobal welfare in three out of the four scevsri

and is nearly welfare neutral in the fourth scemari

The less stringent mandate Model 1l systematicgiglds an augmentation of the total surplus
jointly obtained by the BLM and the U.S. producdtss also important to highlight that, under the
base-case demand, the consumer surplus obtainedh&iBLM Model Il is systematically larger than
that obtained with the rapid extraction path. Thagin total discounted consumer surplus are biwe
531.2 and 1,355.5 million 2014$ and represent &-0.24 percent increase. A similar gain is also
observed but with a smaller magnitude under thew'sjrowth — delayed Russia” scenario when the
BLM operates during 18 or 23 years. So, the gaiproducers’ surplus is not necessarily obtained at

the expense of the consumers’ surplus. This igheeraounterintuitive result as one might expeat th
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allowing the BLM to behave as a profit-maximizingeat could cause a tradeoff between the

consumers' and the producers' surpluses.

It is also instructive to adopt a U.S. perspectileen examining the figures presented in Table 3.
By definition, only a share of the global consursarplus accrues to U.S. consumers. If one assumes
that the future U.S. share of the world helium congtion remains steady and equal to its 2014 level,
l.e., approximately 30 percent (USGS, 2015), arat the willingness-to-pay of U.S. consumers is
similar to those of foreign consumers, the follogvisbservations naturally emerge. First, with theeba
case demand projection, the U.S. consumers arensgstally better-off when the BLM operates as a
Cournot player and these gains more than outwédighrodest losses of surplus incurred by the U.S.
private producers under BLM mandates of either 13 ® years. Second, under the slow demand
growth scenario, allowing the BLM to operate duramg extended mandate always augments the U.S.
producers’ surplus but can be detrimental to naticonsumers (e.g., in the ambitious Russia sa@nari
That said, it is important to note that, whatever scenario under scrutiny, the less stringentcyoli
systematically improves the U.S. net social welfdgBined as the sums of the surpluses obtainetidy t
domestic consumers, the domestic producers antl Begovernment (through the BLM'’s surplus).
Overall, these results provide little or no supgortthe currently implemented policy BLM | as #érc
hardly represent a rational move for a self-cenggizernment concerned solely with the domestic

welfare.

5. Concluding remarks

Between 2010 and 2013, there was anxiety overdbquacy of helium resources for meeting our
modern societies’ apparently insatiable appetitegimods and services that can hardly be produced
without this substance. At that time, the U.S. Geng passed an Act aimed at organizing the rapid
depletion of the Federal Helium Reserve operatedhbyU.S. BLM. The fundamental public policy
issue examined in this paper is, thus, whetherrdgiti phase out of the Federal Reserve is ortis no

supported by both the current and future evolutibtine world helium market.
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To examine it, this paper presents a new partialliegum model of the global helium market
that captures the essential features of that inglustcluding: the inertia of global helium consutiop,
which is impacted by both current and past decssidhe strategic behavior of some of the market
participants; the role of both public and privaterage inventories; and the endogenous modeling of

capacity investments. The model has been calibeatddsolved for four different scenarios.

From the insights gained from market simulatiohs, &nswer to the public policy question above
would appear to be no. Several lines of argumehfaraa modification of the rapid phase out impdse
in the 2013 Act. First, the associated extractiathmloes not maximize the total financial returih®
U.S. federal budget, which contradicts one of tlodicg objectives stated in the 2013 Acdur
simulation results indicate that the net presehtevaf the future U.S. Treasury net revenues widch
between 780.2 and 835.3 million 2014$ under theeatirpolicy could rise to 976.7-1,344.8 million
2014% under a less stringent mand&econd, from a resource conservation perspectiae,policy,
and the low prices it generates during the earyrgiesystematically induces a net waste of helidia.
estimate that allowing the BLM to operate duringeatended period of time would yield a reduction of
U.S. helium venting that is on the order of 1223-2 MMcf. Third, from a social perspective, we also
found that a higher level of social welfare coutdazhieved in three out of the four scenarios exadi
in this paperLastly, a noteworthy finding must be highlightelowing the BLM to behave as a profit-
maximizing agent is not necessarily detrimentaltfi@r consumers as the consumer surplus augments in
three out of the four scenarios examined in thjgepavhen the BLM is allowed to operate during eithe

18 or 23 years.

Future possible research directions could inclugghér analysis of the spatial nature of the
helium industry. The analysis in this paper is base a simplified representation of the world heliu
market that ignores spatial considerations and tiegects the costly nature of intercontinentaiumel
transportation. The construction of a more detadad regionally disaggregated model of the world
helium market would represent an appealing extenditmwever, to the best of our knowledge, this
objective can hardly be attained at present becaluadack of regionally disaggregated time seades
both prices and consumption levels. Should thigtdition be slackened in the future, the development

of a spatially-extended version of the WHM woul@fudly inform international helium trade issues.
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Appendix A — Nomenclature

This appendix summarizes the notation used in dpeip

Sets

tOT  The set of all the time periods,...T,} considered in the WHM.
j0J  The set of all the suppliers.
BLM  The BLM as a supplie{ LM} O J).

J, The subset of all the private suppliers procesielmym from gas fields where future

production cannot increase, (0 J )

J, The subset of all the private U.S. suppliers widnts connected to the BLM's storage
system @, O J).

J, The subset of all the private suppliers that camshto expand their future annual

production of helium §, O J).

Control variables (defined faro{1,...T,})

qti The quantity of helium supplied by suppligrin periodt .

P, The price of helium in period.
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h/ The quantity of helium separated in periotby supplierj in J,.

i The quantity of helium injected in periadinto the storage by suppligrin J, .

W The quantity of helium withdrawn in periadfrom the storage site by supplig¢rin J, .

t

k] The incremental capacity decided in periddy supplierj in J,.

State variables (defined foi{o,...T,} )

d, The total quantity of helium demanded in period he initial valued, is given.

R The BLM'’s reserve measured at the end of petiodihe initial reserveR, is given.

A The total volume stored by a suppligrin J, at the end of period. The initial volume
v, is given.

K, The total capacity,; available to a supplief in J, at the end of period. The initial

capacityK/ is given

Parameters

Ta The time horizon.

Towm The period at the end of which the BLM must catsseommercial operations.

a The income coefficient in the demand equation.

Y, The real income in year.

y The slope coefficient in the demand equation.

A The lagged coefficient in the demand equation.

R The BLM'’s reserve allocated to non-commercial uses.

QR The BLM’s production ceiling in year as imposed in Figure 1.

A

The discount factor used by agent
Csv  The unit extraction cost incurred by the BLM.

1 The slope coefficient in the geological functiorsciébing the BLM’s production capacity

as a function of the BLM’s remaining reserve.

H The intercept coefficient in the geological funatidescribing the BLM’'s production

capacity as a function of the BLM’s remaining reser
J; The binary parameter indicating whether agg¢nhas a perfect competitive behavior (

9, =0) or a Cournot oligopolistic behaviod(=1).
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C? The unit cost incurred by to purchase and refine crude helium from the mhtgas

producers.
H, The maximum quantity of helium that can be extradtg producerj in yeart.
C; The unit storage cost of injection operations égents in the set, ).
c/ The unit storage cost of withdrawal operations égents in the set, ).
S The unit cost to hold one unit into the storage &gents in the set, ).

Appendix B — Calibration of the demand function

This appendix details the estimation of the emairidemand equation. We first present our

approach and the methodology. Then, we clarifyddte sources before presenting the estimates.

Methodology

This study assumes that the future levels of wbhdtlum consumption are determined using an
empirical model that is consistent with observestdrical patterns. ® facto, this approach solely
accounts for already existing commercial uses. @ag thus wonder whether the future demand for
helium could rise well above the levels predictgdtihis empirical model if confinement fusion or
superconducting transmission became commercialigdciive as discussed in Nuttall et al. (2012b).
Nevertheless, the demand projections associatddtimise prospective uses have a speculative nature
as little is known about their probabilities of beung commercial technologies and the associated
willingness-to-pay for helium. As our discussionpigmarily centered on the next two decades, we
believe that this empirical approach is sufficiémtgenerate credible demand projections over that

horizon.

We assume thatl, the global helium consumption at yehrcan be explained using two
explanatory variables. First, helium is a normabdjoSo, we expect to observe a negative relation
between helium consumption and its real prjge. Second, helium consumption is mainly observed in

countries that have attained a certain level ohrietogical sophistication and is thus likely to be
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positively driven by the level of economic develah Hence, we also includg , the real GDP (in

level), within our specification.

As industrial evidence suggests that a substasitale of helium is used in long-lived equipment
(e.g., in medical scanners, in electronic manufaw), a dynamic specification might be preferatole
take into consideration the dependence upon laggkas of the explanatory variables. Assuming a

Koyck partial adjustment model, we thus considerfthlowing linear specification:
d =gt+ay, -y.p+tA.d +g, (B.1)

where & is a random error term. According to this partadjustment specification, helium

consumption levels are explained as functions efekplanatory variables as well as the lagged value
of the lagged dependent variable. This latter \eiaepresents the inertia of economic behavidt as
allows helium consumption to change gradually diraee rather than immediately as each independent
variable changesThe following can also be said about the coefficients @, a, )y and A to be
estimated. Normally, we would expect the lagged-adjustmentffadent A to verify 0< A <1. In
addition, we would expect that the short-run etitstiof consumption with respect to income is puosit
(which suggests that the slope coefficiemt verifies @ >0), and that the short-run elasticity of

consumption with respect to price is negative (Whimposes that the associated slope coefficjent

verifies > 0).

Data

We use the successive editions of the USGS Min¥mdsbook to assemble annual time series for
both helium consumption in million cubic feet (MMcind the real helium price (in constant 2014
dollars per thousand cubic feet ($/Mcf) during peeiod 1995-2014. Regarding the later series, we us
the private industry’s price figures for gaseoubune reported in the successive editions of the 8SG
Minerals Yearbook as these figures are reputeépoesent the marginal value of helium in each year.

The real GDP (in trillion 2014 dollars) series the high and upper middle income countries (itesé
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where helium is consumed) have been downloaded tinenworld Bank database. Table B.1 provides

the mean, standard deviation, minimum, and maximalmes for all of these variables in levels.

Table B.1. Summary statistics

[ PLEASE INSERT TABLE B.1 HERE ]

Results

The estimation results are summarized in Table(Bahel 1). The signs and magnitudes of the
estimates are consistent with our expectationstlimitintercept coefficient is clearly not signifitan
Thus, we follow a general-to-specific procedure ngbg the regressors with the lowest absolute t-
statistics are successively eliminated and theicest models are then compared on the basis of the
Akaike information criterion to identify the one tithe lowest value. That procedure confirms that t
intercept coefficient should be eliminated. Thaneates obtained with the restricted specificatiom a
detailed in Table B.2 (Panel 2). The signs of trestgmates are consistent with our expectationdfzand

residuals exhibit no signs of serial correlatiore ¥Wus proceed using the restricted model.

Table B.2. Estimation results

[ PLEASE INSERT TABLE B.2 HERE ]

The coefficient of the lagged demand is positivd atatistically significant, which indicates that
helium demand slowly adjusts to changes in theamgibry variables. In 2014, helium consumption
amounted to 6,561.6 MMcf and the price was $200MiErwhich suggests that the short-run and long-
run price elasticities were -0.16 and -0.82 respelst These low values indicate that global helium

consumption is little price-sensitive at that prieeel.

The market simulations presented in this papebased on an exogenous trajectory for the future

real income that is posited to follow a constame @ growth path. Hence, for each yean T and
each market, the income parameter used in the demquation (1) is given by, = Y,,.(1+ g)"l,

whereY,,,, is the GDP at year 2014 (i.e., 71.809 trillionlddd), andg is the posited autonomous rate
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of growth. To initialize the demand trajectory, also need the global consumption observed in year O

i.e., d, = 6,309.3 MMcf (source: USGS).

Appendix C — Cost and geological parameters

This appendix details the cost and geological patars used in the market simulations for each

market participant.

a—The U.S. BLM

The BLM's initial helium reserveR, at the end of year 0 is 10,840.9 MMcf (source:.UBBM).
The unit extraction cosC,,,, is equal to $33.7 per Mcf. The BLM'’s geologicargaeters; and (4
that jointly determine the production ceiling fuioct at the Cliffside reservoir (cf., equations BLUM-
2 and BLM IIl — 2) have been estimated using thedpction and reserve series (in MMcf) publicly
announced by the US BLM (cf., Figure 1). The ordjnaast squares estimates are presented in Table
C.1 (Panel 1). These estimates are statisticafgifstant and this simple linear model provides an

excellent fit. We thus proceed using this empiricaldel.

Table C.1. Estimation results

[ PLEASE INSERT TABLE C.1 HERE ]

b — The existing helium separators

Three types of parameters are required to simubeebehavior of the already existing helium

separators (i.e., the firms in groupsand J, ). First, the unit cost data® used in our simulations are

presented in Table C.2. By convention, these vainelside all the costs incurred to purchase crude
helium from the natural gas producers and refirie @btain commercial-grade helium. These unit cost
figures have been derived from cost engineerindissuthat consider a variety of factors including
helium concentration in the source gas, the plasgjzaration technology, its date of constructiom a

its location.

44



Table C.2. Cost data for the firms in groupsJ, and J, (in $/Mcf)

[ PLEASE INSERT TABLE C.2 HERE ]

Second, exogenous production trajector@ are needed for each of these players. These

trajectories are detailed in Table C.3.

Table C.3. Extraction trajectories H_[J for the firms in groups J, and J, (in MMcf)

[ PLEASE INSERT TABLE C.3 HERE ]

Lastly, we have to consider the storage-relatedmaters needed for the firms in group that
can store heliunRecall that the unit cost:= $60.4 per Mcf detailed in Table C.2 assumes tihat
crude helium is refined to obtain commercial-gradéum. As the concentration of the helium stored i
the underground reservoir is lower than that consiakrspecification, injecting commercial-grade
helium in the storage site would generate a wdsterefore, the producers in group typically inject
half-refined helium (i.e., helium that is enrichtedattain the specification needed for storageviiets
but not the commercial grade) in the storage Siterefore, consistent with the convention usedis t
paper, the unit injection cost; considered here is the sum of two componentsgative one which
gives the cost savings generated by less stringéining needs, and a positive one which is diyectl
related to the injection operations. As the magtgtof the former component is larger than thatef t

latter, the resulting unit cost| is negative and equal to -$9.54 per Mcf. We asstiraeC" the unit
cost to extract and purify the helium withdrawnnfréhe storage site is $13.7 per Mcf and tBatthe

unit storage cost is $5.91 per Mcf. At the end 012 the helium volume collectively stored by the
private firms at the Hugoton-Panhandle complex antexdito 1,440.0 MMcf (source: USGS). Because
of a lack of publicly available information on tremount individually stored by each firm, an
assumption is needed to apportion that total volukhere, we posit that each playgrin J, is
endowed with an initial volumey} reflecting the size of its processing plants tisa637.4 MMcf

(respectively 64.7, 449.4, and 388.5 MM(cf) for giayer Hugoton-Panhandle 1 (respectively Hugoton-

Panhandle 2, 3, 4).
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d — The new players

The cost data for the players in groap are detailed in Table C.4.

Table C.4. Cost data for the firms in groupJ, (in $/Mcf)

[ PLEASE INSERT TABLE C.4 HERE ]

Table C.5. details the time path of the exogenawsiyction trajectoriesl—|_[j posited for each

playerinJ,.

Table C.5. Extraction trajectories H_tJ for the firms in group J, (in MMcf)

[ PLEASE INSERT TABLE C.5 HERE ]

These trajectories are based on the following apsans. For Canada, Wyoming 2, South Africa
and Utah 2, the trajectories are derived from 1d814) and Gasworld (2015, 2016). The extraction
path for Colorado 2 is the one detailed in BrocR1@®. In Algeria, Iran and Qatar, the helium
concentration in the crude natural gas is low dmftiture availability of helium-rich gas is dirgct
connected to the future development of a Liquefiedural Gas (LNG) industry in these countries
(Reinoehl, 2012; IHS, 2014; Anderson, 20117550, for Algeria, we assume that the country’s uaiq
expansion possibility is in the equipment of theG.tain in Skikda. Consistent with the projections
presented in EIA (2016) and Cedigaz (2016), werassthat there will be no future expansion of the
country’s LNG processing capacity. For Qatar, weua®e that the capacity additions that can be
decided during the first decade are bounded bythadability of helium-rich tail gases emanatingrfr
existing LNG train (IHS, 2014). Beyond that horizéhe posited trajectory accounts for the country’s
ambition to expand by 30 percent its LNG processiapgabilities in the mid-2020s (Rogers, 2017).
Regarding Iran, we follow Cedigaz (2016) and thscdssion in IHS (2014) and assume that the

commencement of helium separation activities woll occur before the end of the 2020s.

2L The LNG manufacturing process involves a numbegasf purification stages. In the tail gases emampfiom these
operations, the helium concentration is: (i) greatiean that originally found in the LNG plant’s na&l gas feedstock, and
(i) large enough to support helium separation. kEenthe future availability of crude helium in teesountries directly

mirrors the future deployment of LNG processing taljiges.
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Table 1. Players

Type of player Player Posited Strategic Behavior
BLM U.S. BLM See Section 3.2
Australia Cournot
China Price-taking
Poland Price-taking
3 Colorado 1 Price-taking
! Kansas Price-taking
New Mexico Price-taking
Wyoming 1 Cournot
Utah 1 Price-taking
Hugoton-Panhandle 1 Cournot
3 Hugoton-Panhandle 2 Price-taking
2 Hugoton-Panhandle 3 Cournot
Hugoton-Panhandle 4 Cournot
Algeria Cournot
Canada Price-taking
Iran Cournot
Qatar Cournot
N Russia Cournot
South Africa Price-taking
Colorado 2 Cournot
Wyoming 2 Cournot
Utah 2 Price-taking




Table 2. Annual helium venting by the firms in groyp J, (in MMcf)

Base-case demand Slow growth scenario
Ambitious Delayed Ambitious Delayed
Russian Russian Russian Russian
Imposed trajectory (BLM Model )
Utah 1
Year 1 160.0 160.0 160.0 160.0
Year 2 160.0 160.0 160.0 160.0
Year 3 160.0 160.0 160.0 160.0
Year 4 160.0 160.0 160.0 160.0
Wyoming 1
Year 1 0.0 0.0 20.8 20.8
Total helium wasted 640.0 640.0 660.8 660.8
Cournot player (BLM Model Il — 13 years)
Utah 1
Year 1 160.0 160.0 160.0 160.0
Year 2 160.0 160.0 160.0 160.0
Year 3 0.0 0.0 146.7 95.8
Year 4 0.0 0.0 71.3 37.5
Total helium wasted 320.0 320.0 538.0 453.3
Cournot player (BLM Model Il — 18 years)
Utah 1
Year 1 160.0 160.0 160.0 160.0
Year 2 433 34 160.0 160.0
Total helium wasted 203.3 163.4 320.0 320.0
Cournot player (BLM Model Il — 23 years)
Utah 1
Year 1 160.0 106.8 160.0 160.0
Year 2 0.0 0.0 160.0 160.0
Total helium wasted 160.0 106.8 320.0 320.0

Note: A zero slack is observed in the other yeadda the other agents and has not been repontédesake of brevity.




Table 3. The total discounted surplus obtained byansumers and producers (million $2014)

BLM Il BLM Il BLM Il
Imposed 13 years 18 years 23 years
trajectory - - -
(BLM 1) Difference Difference Difference
Value  tneimy | VA withBm) Value with BLM |
ng:‘slt’:r 112,403.4 | 112,934.7 531.2 | 113,530.2 1,126.8 | 113,758.9 1,355.5
S | BLM'sSurplus 835.3 1,317.7 482.4 1,184.9 349.6 1,236.9 401.6
%]
(%]
> ’
€ | USProducers 9,250.8 9,223.2 276 | 92304 -20.4 9,284.2 33.4
3 Surplus
o .
= Foreign
£ Producers’ 18,577.5 | 18,427.4 1500 | 18,3783 -199.1 18,315.4 -262.0
2 < Surplus
©
§ Social Welfare | 141,067.0 | 141,903.0 836.0 | 142,323.9 1,256.9 | 142,595.4 1,528.5
Q
3 Consumer 106,161.6 | 106,739.0 577.3 | 107,385.3 1,223.7 |  107,479.1 1,317.5
@ Surplus
O
@ | BLM'sSurplus 835.3 1,344.8 509.5 1,239.0 403.7 1,306.7 471.4
)
%] 7
2 | USProducers 9,738.8 9,712.5 -26.3 9,716.2 225 9,777.3 385
— Surplus
% Foreign
E Producers’ 18,935.0 | 18,7785 1564 | 18,7263 -208.6 18,686.1 248.8
Surplus
Social Welfare | 135,670.7 | 136,574.8 904.1 | 137,066.8 1,396.2 | 137,249.2 1,578.6
C‘S’L‘f;:‘:r 106,766.7 | 106,245.4 -521.3 | 106,660.7 1060 | 106,528.9 237.8
S | BLMs Surplus 780.2 1,171.5 391.3 976.7 196.4 979.2 199.0
(%]
%]
] 7
€ | USProducers 6,796.2 6,866.5 703 |  6,860.3 64.1 6,877.9 81.7
E Surplus
(o] .
= Foreign
- £ Producers’ 11,596.8 | 11,506.7 900 | 11,4471 -149.6 11,447.1 -149.7
3 < Surplus
o
o Social Welfare | 125,939.9 | 125,790.1 -149.8 | 125,944.9 49| 1258331 -106.8
c
O
5 Consumer 102,990.0 | 102,712.7 -277.3 | 103,161.7 171.7 | 103,020.3 30.3
© Surplus
3
S | BLM'sSurplus 780.2 1,191.9 411.6 997.7 217.4 1,001.2 221.0
)
%] 7
2 | USProducers 7,121.6 7,174.4 52.8 7,166.0 44.5 7,186.2 64.7
- Surplus
% Foreign
E Producers’ 12,1467 | 12,032.2 1145 | 11,9887 -157.9 11,984.8 -161.9
Surplus
Social Welfare | 123,038.4 | 123,111.1 72.6 | 123,314.1 2757 | 123,192.5 154.1

Note: These figures are the net present valuesurezhsver the first 26 years using a social distoate of 3 percent. The

figures in bold in the columns BLM Model Il indieat value higher than the one obtained with the Bliidtlel .




Table B.1. Summary statistics

dt GDFt) Py
[MMcf] [10" 2014 USD]  [2014 USD/Mcf]
Mean 5,512.31 55.11 109.33
Median 5,627.86 53.18 82.63
Maximum 6,561.63 71.81 203.22
Minimum 3,753.11 42.35 59.68
Standard deviation 800.34 11.31 49.79
Skewness -0.859 0.299 0.699
Kurtosis 2.953 1.474 1.966




Table B.2. Estimation results

Constant G DFt) pt dt—l —
S.E. LM(2)
7 a y A

panel 1: d, 176.322 29.044 4.537 0.787"
0903 249526  2.631

(596.589)  (21.067) (4.212) (0.116)

panel 2: @, _ 33.435° 5514’ 0.795"
0908 242736  2.152

(14.531) (2.536) (0.110)

Note: OLS estimates. The variables are in levetsraot in logarithms. Standard errors of coefficiestimates are shown in

—2
parentheses. Asterisks indicate significance at0tbé level. R is the adjusted R-squared, S.E. is the standaad efr

regression and LM(2) is the Breusch-Godfrey LM-fest2" order autocorrelation.

Table C.1. Estimation results

R, Constant —
S.E. LM(2)
n H
g 0.1385" 22.634°
0.999 13.576 4.208
(0.0011) (6.025)

Note: OLS estimates. Standard errors of coefficgmtimates are shown in parentheses. Asterisksatedsignificance at the

—2
0.05 level. R is the adjusted R-squared, S.E. is the standavd @frregression and LM(2) is the Breusch-Godfréj-test

for 2" order autocorrelation.

Table C.2. Cost data for the firms in groupsJ, and J, (in $/Mcf)

Players in group J, Players in group J,
UT1
AU CN PL CO-1 KS NM WY-1 () HP-1 HP-2 HP-3 HP-4
Unit
costs 90.0 80.3 79.0 87.0 67.9 100.4 42.8 155.0 60.4 60.4 60.4 60.4
(0%
j

Note: AU: Australia; CN: China; PL: Poland; CO-Iol6rado 1; KS: Kansas; NM: New Mexico; WY-1: Wyorgid; UT-1:
Utah 1; HP-1 to HP-4: Hugoton-Panhandle 1 to 4 s€heost data are based on detailed cost-enginesttidigs available at
IFP Energies Nouvelles—a French public R&D centmused on geoscience and chemical engineering—awvel heen
double-checked by industry contacts. These valefésct a variety of factors including helium contration in the source
gas, the chemical composition of the feed gasséjparation technology, the plant’s design, antbiation.® The large cost
of that plant is explained by the costly nature¢hef feed gas used for that plant because it hie teansported to the plant

via tube trailers.




Table C.3. Extraction trajectoriesH_tj for the firms in groups J, and J, (in MMcf)

Players in group J, Players in group J,
AU CN PL Co-1 KS NM WY-1 UT1 HP-1 HP-2 HP-3 HP-4
(a) (b) (c) (c) (d) (c) (d) (d) (c) (c) (c) (c)
Year 1 150.0 10.6 137.0 55.2 36.5 1.3 | 1,450.0 | 160.0 469.5 56.6 392.7 339.8
Year 2 150.0 10.6 137.0 435 36.5 1.0 | 1,450.0 | 160.0 445.7 53.8 372.8 322.7
Year 3 150.0 10.6 137.0 34.3 36.5 0.8 | 1,450.0 | 160.0 404.5 48.8 338.3 292.8
Year 4 150.0 10.6 137.0 27.1 36.5 0.6 | 1,450.0 | 160.0 357.1 43.1 298.7 258.5
Year 5 150.0 10.6 137.0 21.3 36.5 0.5 | 1,450.0 | 160.0 3234 39 270.5 234.1
Year 6 150.0 10.6 123.3 16.5 36.5 0.4 | 1,450.0 | 160.0 287.8 34.7 240.7 208.3
Year 7 150.0 10.6 111.0 10.8 36.5 0.3 | 1,450.0 | 160.0 256 30.9 214.2 185.3
Year 8 150.0 10.6 99.9 8.4 36.5 0.2 | 1,450.0 | 160.0 226.2 27.3 189.2 163.7
Year 9 150.0 10.6 89.9 6.0 36.5 0.2 | 1,450.0 | 160.0 194.9 235 163 141
Year 10 120.0 10.6 80.9 4.8 36.5 0.1 | 1,450.0 | 160.0 174 21 145.5 125.9
Year 11 96.0 10.6 72.8 3.7 36.5 0.1 | 1,450.0 | 160.0 157.3 19 131.6 113.9
Year 12 76.8 10.6 65.5 2.5 36.5 0.0 | 1,450.0 | 160.0 137.6 16.6 115.1 99.6
Year 13 61.4 10.6 59.0 2.0 36.5 0.0 | 1,450.0 | 160.0 120.6 14.5 100.9 87.3
Year 14 49.2 10.6 53.1 1.5 36.5 0.0 | 1,450.0 | 160.0 110.4 133 92.4 79.9
Year 15 39.3 10.6 47.8 0.8 36.5 0.0 | 1,450.0 | 160.0 94.5 11.4 79.1 68.4
Year 16 315 10.6 43.0 0.7 36.5 0.0 | 1,450.0 | 160.0 85.8 10.3 71.7 62.1
Year 17 25.2 10.6 38.7 0.5 36.5 0.0 | 1,450.0 | 160.0 72.3 8.7 60.5 52.4
Year 18 20.1 10.6 34.8 0.4 36.5 0.0 | 1,450.0 | 160.0 63.4 7.7 53 45.9
Year 19 16.1 10.6 31.3 0.0 36.5 0.0 | 1,450.0 | 160.0 51.9 6.3 43.4 37.6
Year 20 12.9 10.6 28.2 0.0 36.5 0.0 | 1,450.0 | 160.0 46.4 5.6 38.8 33.6
Year 21 10.3 10.6 25.4 0.0 36.5 0.0 | 1,450.0 | 160.0 38.5 4.6 32.2 27.9
Year 22 8.2 10.6 22.8 0.0 36.5 0.0 | 1,450.0 | 160.0 313 3.8 26.2 22.7
Year 23 6.6 10.6 20.6 0.0 36.5 0.0 | 1,450.0 | 160.0 24.2 2.9 20.2 17.5
Year 24 53 10.6 18.5 0.0 36.5 0.0 | 1,450.0 | 160.0 18.8 2.3 15.8 13.6
Year 25 0.0 10.6 16.7 0.0 36.5 0.0 | 1,450.0 | 160.0 14.2 1.7 11.9 10.3
Year 26 0.0 10.6 15.0 0.0 36.5 0.0 | 1,450.0 | 160.0 10.9 1.3 9.1 7.9
Year 27 0.0 10.6 13.5 0.0 36.5 0.0 | 1,450.0 | 160.0 8.4 1 7.1 6.1
Year 28 0.0 10.6 12.1 0.0 36.5 0.0 | 1,450.0 | 160.0 6.5 0.8 5.4 4.7
Year 29 0.0 10.6 10.9 0.0 36.5 0.0 | 1,450.0 | 160.0 5 0.6 4.1 3.6
Year 30 0.0 10.6 9.8 0.0 36.5 0.0 | 1,450.0 | 160.0 3.8 0.5 3.2 2.7
Year 31 0.0 10.6 8.9 0.0 36.5 0.0 | 1,450.0 | 160.0 2.8 0.3 2.3 2
Year 32 0.0 10.6 8.0 0.0 36.5 0.0 | 1,450.0 | 160.0 2.1 0.3 1.8 1.5
Year 33 0.0 10.6 7.2 0.0 36.5 0.0 | 1,450.0 | 160.0 1.6 0.2 1.3 1.1
Year 34 0.0 10.6 6.5 0.0 36.5 0.0 | 1,450.0 | 160.0 1.1 0.1 0.9 0.8
Year 35 0.0 10.6 5.8 0.0 36.5 0.0 | 1,450.0 | 160.0 0.8 0.1 0.7 0.6
Year 36 0.0 10.6 5.2 0.0 36.5 0.0 | 1,450.0 | 160.0 0.6 0.1 0.5 0.5
Year 37 0.0 10.6 0.0 0.0 36.5 0.0 | 1,450.0 | 160.0 0.4 0 0.3 0.3

Notes: AU: Australia; CN: China; PL: Poland; CO&olorado 1; KS: Kansas; NM: New Mexico; WY-1: Wyangil; UT-

1: Utah 1; HP-1 to HP-4: Hugoton-Panhandle 1 tta} As the feed gas for the Australian plant cofma® an LNG plant,
this extraction path has been obtained from comiadeirformation related to the scheduled sales NfSLat that plant. (b)
This trajectory has been derived from IHS (201d)).These trajectories are derived from Mohr anddN2014, high growth
scenario). (d) This extraction path has been derfr@m the analyses published in Gasworld, a psibesl journal.




Table C.4. Cost data for the firms in groupJ, (in $/Mcf)

Algeria Canada Iran Qatar | Russia | South Africa | Colorado 2 | Wyoming 2 Utah 2
Unit operation cost Cf 55.0 157.9 72.0 72.0 69.0 40.0 77.0 42.8 75.0
Unit investment cost CJk 107.3 218.9 270.7 274.7 383.3 230.0 240.2 220.2 250.5

Notes: These data are based on detailed cost-engigestudies available at IFP Energies Nouvelleg=remch public R&D
center focused on geoscience and chemical engiigeeeind have been double-checked by industry cant@bese unit cost

data reflect a variety of factors including heliwancentration in the source gas, the chemical csitipo of the feed gas,

the plant’s possible design, and its location.




Table C.5. Extraction trajectoriesH_tj for the firms in group J, (in MMcf)

Algeria Canada Iran Qatar Russia Sogth Colorado Wyoming Utah
AR Path | DRPath | Africa 2 2 2
Initial capacity

Ké 870.0 0.0 0.0 1990.0 230.0 230.0 0.0 0.0 0.0 0.0
Year 1 870.0 0.0 0.0 1,990.0 230.0 230.0 0.0 0.0 0.0 0.0
Year 2 870.0 0.0 0.0 1,990.0 230.0 230.0 0.0 230.0 100.0 36.5
Year 3 870.0 0.0 0.0 1,990.0 230.0 230.0 0.0 230.0 200.0 36.5
Year 4 1,200.0 40.0 0.0 1,990.0 230.0 230.0 0.0 230.0 200.0 36.5
Year 5 1,200.0 40.0 0.0 2,203.0 230.0 230.0 50.0 230.0 200.0 36.5
Year 6 1,200.0 40.0 0.0 2,415.0 230.0 230.0 100.0 230.0 200.0 36.5
Year7 1,200.0 40.0 0.0 2,415.0 230.0 230.0 100.0 230.0 200.0 36.5
Year 8 1,200.0 40.0 0.0 2,415.0 468.0 468.0 100.0 230.0 200.0 36.5
Year 9 1,200.0 40.0 0.0 2,415.0 706.0 706.0 100.0 230.0 400.0 36.5
Year 10 1,200.0 40.0 0.0 2,415.0 706.0 706.0 100.0 230.0 400.0 36.5
Year 11 1,200.0 40.0 0.0 2,415.0 706.0 706.0 82.0 230.0 400.0 36.5
Year 12 1,200.0 40.0 0.0 2,415.0 944.0 706.0 69.0 201.0 400.0 36.5
Year 13 1,200.0 40.0 0.0 2,415.0 1,182.0 706.0 58.0 175.0 400.0 36.5
Year 14 1,200.0 40.0 0.0 2,564.0 1,182.0 944.0 49.0 153.0 400.0 36.5
Year 15 1,200.0 40.0 0.0 2,834.0 1,182.0 1,182.0 41.0 133.0 400.0 36.5
Year 16 1,200.0 40.0 0.0 3,103.0 1,420.0 1,182.0 34.0 116.0 400.0 36.5
Year 17 1,200.0 40.0 250.0 3,103.0 1,658.0 1,182.0 28.0 101.0 400.0 36.5
Year 18 1,200.0 40.0 500.0 3,103.0 1,658.0 1,182.0 23.0 88.0 400.0 36.5
Year 19 1,200.0 40.0 500.0 3,103.0 1,658.0 1,182.0 19.0 77.0 400.0 36.5
Year 20 1,200.0 40.0 500.0 3,103.0 1,896.0 1,420.0 16.0 67.0 400.0 36.5
Year 21 1,200.0 40.0 500.0 3,103.0 2,134.0 1,658.0 13.0 58.0 400.0 36.5
Year 22 1,200.0 40.0 750.0 3,103.0 2,134.0 1,658.0 11.0 50.0 400.0 36.5
Year 23 1,200.0 40.0 1,000.0 3,103.0 2,134.0 1,658.0 0.0 43.0 400.0 36.5
Year 24 1,200.0 40.0 1,000.0 3,103.0 2,372.0 1,658.0 0.0 0.0 400.0 36.5
Year 25 1,200.0 40.0 1,000.0 3,103.0 2,610.0 1,658.0 0.0 0.0 400.0 36.5
Year 26 1,200.0 40.0 1,000.0 3,103.0 2,610.0 1,896.0 0.0 0.0 400.0 36.5
Year 27 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,134.0 0.0 0.0 400.0 36.5
Year 28 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,134.0 0.0 0.0 400.0 36.5
Year 29 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,134.0 0.0 0.0 400.0 36.5
Year 30 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,134.0 0.0 0.0 400.0 36.5
Year 31 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,134.0 0.0 0.0 400.0 36.5
Year 32 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,372.0 0.0 0.0 400.0 36.5
Year 33 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,610.0 0.0 0.0 400.0 36.5
Year 34 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,610.0 0.0 0.0 400.0 36.5
Year 35 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,610.0 0.0 0.0 400.0 36.5
Year 36 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,610.0 0.0 0.0 400.0 36.5
Year 37 1,200.0 40.0 1,000.0 3,103.0 2,610.0 2,610.0 0.0 0.0 400.0 36.5

Note: The initial capacities are based on IHS (200 This table details two trajectories for theure Russian deployment:

either the rapid one assumed in the “Ambitious RunSgath or the slower one (i.e., the “Delayed §tais’ case).
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