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Interventions foan Artemignin-Based Malaria Medicin8upply Chain

Artemisinin combination therapy, the most effective malaria treatment,tesdaanufactured from an
agriculturally derived starting materiattemisia annua. Artemisinin the main ingredient in malaria

medicinesis.extracted from Artemisia leaves and used in the production of medicinedtngrmalaria.

The artemisininemarkdtaswitnessed high volatility in the supply and price of artemisinin extract. A
large fractiomsefamalaria medicines for endemic countries in sub Sakfireais financed by the Global
Fund toFight AIDS, TB, andMalaria and the US President’s Malaria Initiative. These agencies together
with theWorld"Health Organization, UNITAIDthe United Kingdom Department for International
Developmentnd the Bill and Melinda Gates Foundation are exploring ways to increase the level of
artemisinin.proeduction, reduce volatility of artemisinin prices, angrawve overall access to malaria

medicines for the populain.

We developasmodel of the supply chain, calibrate the model using field data, and investigatpdlot
of various intervention®ur model shows thatitiativesaimedat improving average yield, creating a
supportpriceforagricultural artemisininand a largeandcarefully managed supply of sesynthetic
artemisininshave the greatest potential for improving supply and reducing pricéitya&trtemisinin-

based malaria’medicine.

Keywords: malaria; health care; supply and demand uncertainty.
Received: November 2014; accepted March 2016 byaEdiAnderson after one revision.

1. Introduction

The World Health Organization (WHO) repstthat theravereabout 219 million cases of malaiia
2012leading to at least 660,000 deaths (WHO 2012).vEse majority of these deaths, msponding to
90%, occurinsulsaharan Africa, and a large fraction of them are children under five, pregnant women,
and malneurished people. Malaria continues to be one of the most deadly diseasgdpcattimediate
attention from gevernments, pharmaceutical companies and aid organizations.

Due to significant levels of resistance against the widebd drugs such akloroquine and
sulfadoxine pyrimethamine (SPRWHO has been recommending artemisinin combinatiaaplye( ACT)

as firstline treatment for uncomplicated P. falciparum malaria since April 2002 (WH®@) 2Z0dday,
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eighty four countries and territories in Africa utilize ACT as its fiirs¢ treatment of the disease. Unlike
previously used drugs to treat miah such as chloroquine and SP, ACTs are manufactured from a
starting material derived from a plaArtemisia annua; one of the artemisinin derivatives (artemether,
artesunate, or dihydroartemisinin) is combimeth another antimalarial compound sucHwuamefantrine,
amodiaquine, or piperaquime order toobtainACT. There are eleven companies approved by WHO to
manufacture ACTSs.

Who pays for malaria treatment? Given that a large fraction of people who get maladaaftord
to pay for the cost of treatment using ACT (which is approximately $2 per adultérepamd there are
no health insurance systemieatments are often provided free by their governments in governament
clinics. However, most malariandemic countries are leimcome countes and have to rely on
international donor support to purchase malaria treatments for their populdt@majority of ACTs are
financed by‘international agencies, most notably the Global Fund to Fight ABD&nd@ Malaria and the
US President’s Malarimitiative. Some patients seek treatment in the private sector and pay for malaria
medicines out of pocket.

Our work responds to the needs of multilateral agencies and philanthropic organibati@me t
considering and pursuing interventions that affeetavailability and price of ACTand its main
ingredient artemisininThese organizations would like to know where to invest their time and effort in

order toereate;the highest positive impact in treating malaria.
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We next describe thartemisininsuppl chain, and begin our discussion with supply uncertainty in
the cultivation and harvesting process. Artemisia grows primarily in Chinayavietand East Africa due
to the specific climatic conditions required for its cultivation. China anth®lie produce over 80% of
the global supply of Artemisia with the balance produced in East Africa (Shretta and 2043y Most
Artemisia‘is grown by small farmers in plot sizes that average less than one hectare. lioakefghb
months for'the Artemisia plant to reach full growth. Upon harvest, dried fsigetaaves are collected
and sent for chemical extraction to obtain artemisinin. The per hectare yiltbnfisia leaves varies
considerably from one farm plot to another, and also from year to year duefédl rclimate, and other
environmental factors. In addition, the artemisinin content in the leaves vansiderably with
artemisinin.content as low as 0.1% and as high as 1.2% observed in the past. Somep=ritsatethe
variety of seeds‘used @also the timing of harvesting and bagging leaves relative to their flowering.
Uncertaintyin the yield of Artemisia leaves per hectare of cultivation and tieentainty in the
kilograms of artemisinin extracted per kilogram of dried leaves togeth#ilrda to a high level of yield
uncertainty for artemisinin; and collectively, they constitute supply unogrtiai theartemisininsupply
chain.

Using Coartem®, thédCT from Novartis Spar and Delacey (2008) and Spar (2008) demonstrate that
the lack ofsupply creates significant price increases. Kindermans et al. (2007) show that tgopl &
Artemisiasexhibit:significant fluctuations from year to year. As demonstrathidermans et al. (2007),
Schoofs (2008);7as well as in our Figure 1, sufiplstuationscontribute taprice fluctuations for the
main ingredientpartemisinin, for ACT. Low supply of artemisinin in 2005 catneedulk price to go up
to $1,100/kg, and excess supply decreased the bulk prasadav ass170/kg in 2007.

Farmersigrow Artemisia if they have reasonable expectations that they will be ablehie de#d
leaves at asprofitable price after the harvest. In making this decision they compareethelptained for
Artemisia leaves with prices for other cash crops they can grow such as paddhdrazmn Thus, the
outside option plays a crucial role in the farmers’ decisions regarding whethiemtdgemisia or an
alternative crop. In sum, farmers’ behavior can create further supply and pricatituts for the end
product.
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Figure 1: Spot pricegf artemisinin. Source: Prices up to 2012 are as reported at the Artemisinin
Conferencesin Hanoi in November 2011. Prices for 2012, 2013 and 2014 are 12 month average of
monthly mediansprices as estimated bilidm Davidsoninstitute (WDI)from data on egort and import

of artemisinin

In addition to supply uncertainty, another challenge in the artemisinin supplyi€ki@imand
uncertainty.Fhe challenges in predicting the demand for AGVe been highlighted by Kindermans et
al. (2007) and Shretta and Yadav (20Rretta and Yadav (2012) report that Kenya experienced the
worst drought in 60 years and when the rains returned it resulted in malarsatatand widespread
demand for malaria medicine. In addition to the natural disasters such as the ongainS{eketee and
Campbell (2010) an8PS(2012) report that one of the factors contributing to an increased level of
uncertainty is.the lack of diagnostic testing and lack of proper record keeping for diagioseasment.
Because the informatiaegarding the needs are not transmitting back to the upstream in the malaria
medicine.supply.€hain, both studies claim that the demand for ACT is extremedultttii predict, and
therefore, demand uncertainty must be incorporated into the analysesaotetmisininsupply chain.

Demand:for’ACTs is also influenced by price fluctuations. Despite the provisioeeahedicines in
governmendun clinics, many patients continue to seek treatment in private sector clinicshdpsgand
pharmaciesdue to gater convenience and higher availabilitghen the price of the drug is more than a
patient’s willingness to pay, they purchase malaria medicines that are substaridefficacious (Arrow
et al. 2004). The overall demand for ACT is thus sensitived@tice at which the manufacturers sell the

product.In recognition of this access channel, a pilot project to subsidize the cost of Al@Tgrivate
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sector was implemented in 2009 (Adeyi and Atun 2010). Howihisrproject was only carried out for a
limited time and in select countrighe price in the private sector remains to be a key barrier for patients.

The uncertainties in supply and demand have created a cycle of ups and downs in the price of
artemisinin and mismatches between the Artemisia cultivated and its need. A key ehfaltangtching
supply and demand is the long letiide (between 14 to 18 mths) between the planting of Artemisia
and the completion of the final manufacture of the ACTs (Shretta and Yadav 2012). Itooetkrce the
uncertainty associated with artemisinin prices, larger manufacturers of é&@age in forward contracts
with extractors for a portion of their volume. These forward contracts specify agoicquantity of
artemisinin they. will purchase at a future point in time. Smaller manufactleéms that demand
uncertainties, lack of capital, and inability to enforce contracts limit them érmyaging in forward
contracts withartemisininextractors. Rather, they purchase most of their artemisinin supplies gom th
spot marketand continue to operate under price uncertainty. Without forward tHitr@@rtemisia
growersand extractorbave to plan their supply based on an uncertain market demand (in addition to
yield uncertainty) which is almost two years into the future.

While such ups and downs are observed in many markets with demand and supply uncertainty, the
malari-medicine;market serves a larger social and public health goal where increases in consumption
create a benefit externality. Because fluctuations in the artemisinin price antén&inty in supply and
demand;oefirtemisininimpact both the price and availability of ACTs for end patients, organizations such
as the Bill and Melinda Gates Foundation, UNITAIDinton Health Access InitiativéCHAI), Global
Fund to fight-AlIDBS, TB and Malarjand the UK Department for International Development have started
focusing on this issue. In particular, these organizations explore if certairmewsinterventions can
improve outcomes in terms of availability and price.

One interventiorthat has been attemptéxtused on stabilizing prices through voluntprice
agreementdn=July 2008, the Clinton Foundation entered into an agreement with several Chihese a
Indian manufacturers that would set price ceilings and help stabilize ACT pricesf§S2008).Another
intervention focused on increasing the usage o¥dod contractsn 2009 UNITAID funded an initiative
called Assured Artemisinin Supply Services (A2S2) based on a tripartite financtey (A2S2 2012).
Under this model, extractors who had existing contracts with Vgk#Qualified ACT manufacturers
received loanbased prdinancing. The idea was that freltading the financing would help increase
supply and create “fair prices” on the market and would incentivize those ACT manuf&ethioedo not
currently engage'in forward contracts to start doing saveéver, neither intervention has successfully
stabilized prices (UNITAID 2011, Shretta and Yadav 2012). These somewhat acterventionfiave

targetedhe commonly observed symptoms and their immediate causes without addressingrtiimgnde
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root causs of artemisinin price and supply volatility. Concerns about artemisinin pricesgaad
supply being insufficient were again raised in 2011 (RBM/UNITAID/WHO 2011).

A third intervention, that is ongoing, targeted the development of -glaoikbased sowce for
artemisinin With financial support from the Bill & Melinda Gates Foundation, a reseamipgt the
University of CaliforniaBerkeley and Institute for One World Health has developed asenthietic
source of artemisinin that may help stabilize price of artemisinin (Hale et al. 2007). While
commercialscale manufacturing of sersynthetic artemisinin from this projectjisst beginning Paddon
and Keasling 2014, Reuters 2014), it is unlikely to resolve all the problems in thesoediumterm
becauséhe initial capacity will only be a small fraction of the total artemisinin suggdyne argue that a
larger supply of sensyntheticartemisinin could disrupt an already volatile market as agricultural
productiongnay decrease more than the increase inssertfietic (Van Noordan 2010, Peplow 2013).

In this paper, we develop a model of the supply chain that captures the effects of sustagact
available farm space, farmer’s saiferest, volatility in crop yield, volatility in demand, and the
introduction of sembeynthetic artemisinin on such measures as the level and volatility of mediciee pri
and supply. We calibrate the paranmgtand functions of our model using data from the field and we
investigate the impact of various interventions. Some of these interventions areamsideration by the
global agencies and others are new areas of focus that are exposed through dsir @nalysin
conclusiens:aresthat initiatives aimed at improving average yield, creating a spig@for agricultural
artemisinin, andia larger but carefully managed supply of-sgnthetic artemisinin have the greatest

potential forsimproving supplgnd reducing price volatility of artemisinbased malaria medicine.

2. Relatedulziter ature

Shretta and Yadav (2012) provide a comprehensive summary of the challenges in thanertsmisly
chain, describing the interactions between price fluctuatioagémisinin, demand uncertainty in ACT
treatments, Dalrymple (2012) provides a historical account of the developmentasfdattemisinin
based malaria medicines and also provides an introduction to the vast array ofditevailable on
artemisinin.Taylor and Xiao (2014) examiritee merits osubsidizingretail purchasess. retail sales in
malaria medicinglistribution channels, and report that donors should focus on purchase subsidies rather
than salesubsidies

Both supply and demand uncertaihgve found wide examination in the operations and supply chain
literature. Supply uncertainty, in the form of yield uncertainty, hasived extensive consideration in the
context of production planning problems. Yano and Lee (1995) provide a compvehensew of
studies that feature yield uncertainBajaram and Karmarkar (2002), Galbreth and Blackburn (2006),
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and Gupta and Cooper (2005) examine yield uncertainty in process industries diodnivang (2008)
and Noparumpa et aR@15) examine ceproduction andricing flexibilitiesunder yield uncertainty.

Yield uncertainty is a widely recognized concern in agricultural supply chains. gioale$2001)
examine the opportunity to diversify production through the use of alternate growing seasohgldrid
seed cori'experiencing yield uncertainty in both growing regions. Burer et al. (2009) bidemork by
incorporating supply chain coordination decisions. Blackburn and Scudder (2009) exwenisk of
producing and distributing fresh produce. Udihgolive oil industry, Kazaz (2004) introduceld-
dependenticost and revenue structure with one main supplier who experiences yielthtynapda
contingency.supplier whose price increases with lower yield. Kazaz and Websterg20d/lthe
negative implications of ignoring the impact of supfigk on leasing, purchasingnd pricing decisions.

Li and Zheng (2006) and Tang and Yin (2007) study joint pricing and quantity decisions under supply
uncertainty."Kazaz and Webst@0(5) examine joint pricing and leasing decisions under supply and
demar risk, andishow how characteristically supply risk leads to different results thanddeskan the
presence of a single source. The setting with one reliable contingency supplierirseebiant omlin

(2009), and the setting with multiple supplierdmmlin andWang (2005), Dada et al. (2006), and
Federgruen and Yang (2008). Huh aradl 2013)studythe impact of rainfall uncertainty on irrigation

and crop choice decision#/hile this literature extensively focuses on maximizing firm profits, ourmpape
differs fromsthese publications by investigating the influence of yield unegrtai public concerns.

Our paper makes two main contributions to the supply chain literature. Frsiamine a novel
problem‘andsdevelop a uniqgue model that (1) extémel$iterature on uncertain yield and uncertain
demand, and (2) deviates from the common performance measure-tEvinprofit or utility. We
analyze a publipolicy problem for which multiple measures are important (e.g., social we$fapplier
welfare, manufacturer welfare). We develop and refine our model through an extensivatilatmg
process, including interactions with those who are actively working in this area aAUINITHAI, and
the Gates Foundation. Our model contains features that other researchers addrdgsipglioub
guestions may build upon

Secondpur papeextends the literatutgy examining the impact of interventions to improve supply
chain performancerhere a key raw material has yield uncertainty and the end product demand is
uncertain. To the:best of our knowledgeerventionsn theartemisininsupply chain have not been
explicitly analyzed beforesuch analysesiatter not only to the rich contesnsideredn this paper but
more generally to other products siashmedicinal plants. Vaccines and other such products also have
uncertain yield and uncertain demaaddmay benefit froma similar analysis to understand what supply

chain interventions enhance social welfare the most
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3. Mod€

3.1 Overview

We begin witha highlevel description of our artemisinin supply chain model. There are two ievibis
model Level 2 corresponds to farmers (hereinafter referred to as suppliers) and levekpamas to the
ACT manufacturers. While farmers and extractors are separate entities, the relevamsiasio
adequately captured by treating artemisinin suppliers as a single unit.

Suppliers.decide whether psoduceArtemisiaor the best alternatiie Artemisia The amount of
farm space dedicated fotemisiais positively influenced by the expected value of the artemisimin
priceand dae to'supplier risk aversion,negatively influence by its variance. The volatility of thgpot
priceis influenced by the degree of volatility in the harvest yield and in the size ofitket®rice is
assured for unitsiunder forward contrdadie forward contract price is aligned with the expestaut
price

Artemisinin not under contract is soldtime open market, and as such, the spot price reflects the
market clearingsprice. Accordingly, there is a negative relationship between thenfaai@wing
capacity dedicated to Artemisia and the expected spot price (e.g., the higher thetlseppiyer the spot
price). Figure 2iillustrates decisions, processes, and relationships in ouofbeeartemisinin supply

chain.
Level 2 Growing Seazon Lavel 1 ACT Market
Supplier= I.-"-'----S-],'I:I.ﬂ':l.EtI'n—:--H\.l Manufactorers
b supply A TT— .-"E'_ _I i
¢ toofcapacity | Produce % of capacity  ——— ACT sapply——s( cupply & N
for altematrve artem;mm? for a-ﬁfmﬂlﬂ-'ﬂ:rf" Random “"\_I — B \\“.h d;n.d ;;
s, vield A T -
b 1 Tl
-~ *\\ _,.-"'f.- -, ,,»-’f’- ., N
/ \ ,. / \ ,. / o \ Mhiarket clearing price
|' L;;:l} 'l |' LEJG]E \ .| vanance of 'I*,_ Forward contacts
altemative | |  artemisinin ] al't&m.i;iniu * | (at expected prics) |-

ey NG,

Figure 2: Schematic of our model of the artemisinin supply chain.

3.2 Equilibrium Condition
Letq denotesthe amount of farm space dedicatgataducingartemisinin in an upcoming growing
season. The randomarketclearingprice ofartemisininafter a season’s harvestftemisia(and prior

to the next harvest¥ P(g) with moments denoteaks

p(a)=E[P(a)]
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op(a)=V[P(a)]-
We abstract away the manufacturgteduction cost and profit margin, B¢q) is also the random price
of ACT. In the next sectiarwe introduce two models that define how the probability distributid?(qf
is affected by various parameters.

Letsdenete,.the quantity aemisyntheticartemisinin introduced to the mark&mi-synthetic
artemisininiis not subject to yield uncertairbescribing the expected yield from each unit of farm space
with u,, therandem organic artemisinin yieldexpressed as

Q= qu2Z> 1)
whereZ, is(apositiverandom variable with cdb,, meanl, and variancenz2 . The termgu is the

expected amount of artemisinin from farmupgnits of farm space. Combinirfd) with the amount of
semisynthetic artemisinin producti®dyieldsthe overallrandomartemisinin supplg,Z, +s. The
mean artemisinin, supply g, + s.

As notedin Section 1some manufacturers offer forward contrdabtt specify a price and quantity of
artemisinin they will purchase at a future point in titied someextractors establish forward price
contracts with farmergrior to the growing seasan order to obtain sufficient supplyhesdorward
contracts specify the price for tl@mer’'sharvested crof.et o denote the fraction of farm space

dedicatedst@reducingartemisinin that is under forward contract. The forward contract price is set to
match the expected spot priggq) .

Let cdenote the amount of farm spam&ned byall suppliersvho could produceartemisinin.The
owners ofc units of farm space have alternativeptoducingartemisinin.Let U, denote the utility of the
best alternative associated with a randomly selected unit of farm 3jecedf ofU,, is pp(u) andits
mean isuy.

We model the utility per unit of space dedicated to producing artemidiaimepresentative supplter
as theproduct of two terms: (1) expected yield per unit of farm space, and (2) thepailitinit of

artemisininywhich is governed by a meaariance utility function, i.e.,
u. =2, %(p(q) - yo2 ().
The parameter>0 is a measure of risk aversion, i.e., the higher the valyelod higher the risk

aversionif =0, then suppliers are risk neuthdle see that utility is increasing in average yielg) @nd

! A representative supplier has utility that is edoahe average utility,, among the population of suppliers. To
simplify notation, we use random varialigto capture all of the randomness associated with the diffeirence
utilities from the best alternative and artemisirkinor example, lettingJg = 14, + &g andU, = u, + &, denote the
respective utilities from a randomly selected unit of faracepvherde[ sg] = E[&5] = 0, we defindJ, = p + g5 — &,
and thus the fraction of suppliers who prefer to produce aitémis P[Ug < Uy] = P[Up < Ug] = on(Uy).
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average price(q)), and is decreasing in price varianeg (q)) with the rate of decrease controlled by

risk-aversion parametep)( Note that the utility of producing artemisinin associated with a unit of space
under contract ig;, p(q) (i.e., bythe terms of théorward conract, there is no variance in the price).

Let Upg'denote the random utility of the best alternative associated with a unit of face spder
forward contract, We defind,, asUy conditioned on the utility of the best alternative being less than the
utility of artemisinin,under contract, i.e., the utilities associated witts wfispace under contract are

representative of the population (conditioned on a preference for artienagar the best alternative).

Accordingly, the"edf oty =U, |U, < 11,p(q) is

Poo (W =P[U,, <u]=P[U, <u|U, < 1,p(q)] :% forallu< u,p(q). 2)

We are now ready tialentify a condition for the value gfin equilibrium.For a giveng, the amount
of farm spaceot under contract th& dedicated tgroducingartemisinin is
q—ad. 3)
And, for a givem, the amount of farm space not under contract with utility of the best alternative

more than the utility oproducingartemisinin is

Co% (ua) =000, (Ua) =Py (ﬂz(p(q) - 76; (q)))(c_/%(#qr)(q))} ?

(see(2))qi€., the total farm space with, < u, is reduced by amount of farm space wWith< u, that is
undercontract.Equilibrium can be foundby setting(3) equal to(4) and solving for.

F(a)== gy (P(d) - 03 (a))) =0 2 (5)

9 p(rp(a))

We note thatthe equilibrium condition given(&) has a simple interpretation when suppliers are risk

neutral, €7 ify="0, then(5) reduces to

d =cp,(2p(d)). (6)
The aboveexpression says that the farm space dedicated to producing artemisinin isoimefract
capacity withautility of the best alternative no more than the expected revenuet péifam space.

FigureSiillustrates the curves associated witluaiipns(3) and(4), and the associated equilibrium

point. Note that(3) is increasing irg. For any realization of supply and demand random variables, it

2 Note ifq <0, then no artemisinin is grown/produced, ay i ¢, then all capacity is dedicatedgmducing
artemisinin We assume parameters are such that these extreme solutions aredexclud
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follows from the marketlearing property that the spot price is decreasiny which implies that the

expected spot price is decreasingimne.,

ﬁ'(q) <0. )
If utility u, does not increase gsncreases, i.e.,

d -

d—q(uz(p(q)—wé(q))) <0, ®

then(4) is decreasing iq (i.e., the righthand side of4) is the product of twgositiveterms that are both

decreasing i), .and thus(8) is a sufficient condition for anique equilibrium

50

: ..‘?.::‘:\ Farm space with Uy = u.{q): coulu.(g))

Farm space not under contract with U, < u,(q):

0 Pp(Ua(q)) — e Peo(Us(q))

Farm space not under contract: It el S e
g(1- @, with = 0.25 l

10

; g Eguilibrium
guantity

30

Figure3: llustrationof equationg3) and(4), and the corresponding equilibrium quantity.

We emphasize that our model is static in the sense that it predicts the farm space dedicated t
producingartemisinin as the system settles into equilibrium. We do not capture the dyoabetsvior
in interim. Our model assumes that a supplier’s decision to enter the marksgtdsonethe mean and
variance ofsmarket price, that suppliers are not biased in their estimates of these meadtinas,
suppliers, inzequilibrium, do not move in and out of the market in response to random taatiations.
As a step towards an understanding of possible interventions in the complexmrdadystem, our goal
is to strike anbalana&f modeling the system with enough richness to capture the essence of how elements
interact to affect performance while avoiding excess complexity that may leadlembss in behavior
(e.g.,smallchangsin model settings generate large changes in restSection 5, we consider how
the inclusion of dynamics and decisioraking biases may affect our conclusions.

3.3 Two Models of Price-Dependent Demand
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TherandomACT market siz€e.g, number of malaria cases)

M=z
wherey; is the expected ACT market size afids apositiverandom variable with cdb,, mean 1 and
variancec’ . We assume that; is independent of the yield random variaBe This assumption is a

reasonable approximation of reality in our setting where more than 9B%fa€iparum malarireated
by ACTs occursdrsubSaharan Africand more than 80% of Artemisia growing regions are located in
Asia, e.gs:, asdrought in southeast Asia is largely independent of rainfall pattetiie(e® malaria) in
sub Saharan.Africa. In addition, weather patterns that affect the yield at harvest timaodcwarlier
than wherthe drug from the harvest becomes available to serve marke(inéeehcel by much more
recentweatherpattas).
We consider two priceependent demand models in our analyses:

M1:.d(p).= Mo (p)

M2; d(p).= bp™
e.g.,p1(p) istthe*fraction of the market willing to pay prig®r more. The model®flect two opposing
interpretationsrofithe rolef market sizeon demand:

M1{ The fraction of the market willing to purchase at pggce:(p), is independent of the market

sizeM.

M2=The total volume purchased at priciss independent of the market side
Model ML.is'motivated by a setting where the market is composed of many indivigeeas lvho
purchase ACT if willing/able to pay the market price. Model M2 is motivated byiagsethere the
market is composed of a few buyers (e.g., NGOs and international agencies) who spendtalfixed t
budgetb, on whatever supply is available. The result is an isoelastic demand function. kélyis|i
better fit n'regionsvhere most patients seek treatment in the private sé¢tois likely a better fit in
regionswheresmest patients setrtkatment in government or NG@n health clinicsgovernmerg or
NGOs have a.fixed budget for purchasing malaria medicines for a given year. Wenexasasures of
performancesunder each of these models individually. These nadldsisior more detailed
characterizations of behavior than what could be obtained from a more complex demdahcand such
characterizations are likely to span the behavior of a system with demand that is a ecofipdsiand
M2.

We now turn.our attention to the form of the random spot price funefgyrunder these two demand

models, beginning with M1. We consider the impact of a gigeport intervention. For this interventjon
one or morerganizations such as NGOs agree to pay a minimum prizg effectively assuring that the

marketclearing price will notlropbelowthe supporprice po. We assume thdhe willingnesso-pay
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functionpy(p) € [0, 1] is strictly decreasing in price over the range of possible price realizations. Thus,
we can inverjp; (p) to obtain expressions for the randorarketclearingprice and its momentge., set
supplyqu.Z, + sequal to demang; Z, p;, solve forp,, then inverfp;(p) while accounting for the

restrictions ofp; € [0, 1] andp > po),

ML P(g) =max{pf[ min{M 1}] ,po} (©)
lulzl
p(8)= E{max{pf{ min{% J}J pH 00
aé(q)zvlmax{pl‘l( min{% J}j ’pOH'

For M2, wesfellew a similar approach,

M2: P(q):max{—,p}
qu,Z,+s "0

— b
p(a)= E[max{m ,I%H (Y

b
oﬁ(q):V{max{—q/u > s ,pOH .
242

3.4 Performance M easur es
In this sectionwe introduce measures of performance relevant for manufacturer, society, amersuppl

The expectedrtemisinin volumén equilibriumis
I E[q*ﬂzzz] +S=q 1, +$
which is a measure of manufactusexelfare. As a indicatorof the availability of the drug for treatment,

m IS also"a'measure plblic health An alternative measure of public health is éxpectedraction of

total need that is satisfied, or fill rate,

ﬁ: E|:m|n{w,l}:|
mZ,
Recalfthally, =U, |U, < 1, p(q) and that the cdf dBwo is o5, (U) = p, (u)/ p, (1,P(0))-

Accordingly, the supplier surplus associated with units under contragit price ﬁ(q*) is
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1:9(d) . :9(d)
ad | (yzﬁ(q*)—t)pb—()dt—aq | #dt.

% py(1P(d')) % po(#0(d))
The cdf of the utility of the best alternative after units under contractrmvesl from the population is
aq p,(u
_ b 2 < [ * 12
() c—aq , u—ﬂzp(q ) (12
Py (U), uz,p(q)

(obtained bysdividing4) by the number of units remaining in the population after removing units under

contrac). Thus,the suppliersurplus associated with units not under contract is

(5()-ro( ) o sl ()1 ( )
al o (1) A =| C—————= , (1)t
(c OI) L Poo(t)dt=| pb(#zﬁ(Q)) L Py (t)
o P(df 0% () 0)
= (1- ) - ”f( o
—[o po( 1 (P(a)-r0%(a)))

(the first equality:follows fronf12); the second equality follows fro(B)). Summing the above
expressionghe total supplier surplus
ot p(d) si((a }-r02(d )

=0 a j ( ))dt+(1 a) j

S Pol i

l1-«o

E 2\ P )-rot(d _Ub i
If Uy is uniform on {i_, uy], for example, then

7T = q a(,uzr)(q*)—uL)z
2(ug—u, ) Pb(ﬂzp(q*))

+(1-a)

4. Analysis

This section presents analysis of the preceding model. The analysis proceeds alormptimg foll
sequence. We first investigate the impact of changes in parameter values on measu@snainoerf

analytically (directional impact). We then conduct numerical analysis using satadibmodel. We offer
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interpretations of our results and discuss limitations. Section 5 summarizeaithienplications of our
results for policy makers.
In order to help reinforce the connection between our model, its purpdstneareaiworld supply

chain, we provide a few examples of interventions with changes in relevant paramdéierf®ilowing

table.
Table 1:Examples of interventions to induce different types of change.
Example inter vention Change
Increaseavailability of highyield seed varieties Increase yield per unit of farm spacesT)
Increase supply‘of competing crops in regions not Reduced attractiveness of alternative cro
conducive o growind\rtemisia (oY)
Increase malaria prevention efforts Reduce market size 41)
Assure that price will not drop belowtlareshold Introduce gprice supportfgT)

Training/education/resources in regions that are

underutilizedsyet=conducive to growirgtemisia Increased available farm spacé
Increasenvestment irsemisyntheticproduction Increasedgemisyntheticsupply €7)
Increase spending on ACT Increased purchase budgei$)

Providelow*¢ost loans to farmers in the event of low yielReduce supplier risk aversion4)

Increase-availabilitpf diseasaesistant seed varieties | Reduced yield variabilityc>\)

Improve and increase documentation in diagnostic testing
and treatment Reduced market uncertainty,()

Provide loweostioans for wfront partial payment in

forward contracts Increasedisage of forward contracta?®)

4.1 Directional Effects of Increasing Parameter Valueson g and 7,

Table 2 contains comparatiggatic results foq and s, given thatsuppliers are risk neutrédeeSection
A3 in the appendix for derivations aptbofs).The complexity of the model inhibits similar results for
the measuregand 7., and for the case of riskverse suppliers.

The results in Table 2 generally align with intuition: (1) the increased use of tbcaatracts €) has
no impact (given suppliers are risk neutral), (2) the spend buggdt€sn’t play a role under M1, but
increases in the budget lead to increases in supply under M2, (3) an increase indarwitbpaotential
to produce artemisinirc) leads to increases in supply, (4) an increase in marketgigledds to

increases in supply under M1, (5) an increase in either markejs)zer (narket volatility ¢;) has no
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effect on supply under M2, (6) an increase in the attractiveness of the best alternatemitinan ()
leads to decreases in supply, and (7) an increase in the sppperp,) leads to an increase in supply.
Increases in the remaining parameters exhibit less intuitive effects. Let us bibginenmpact of an
increase in the coefficient of variatioharganic yield ¢»). Suppliers are riskeutral and thus are not
concernedrabout price volatility, so we may expect that changes in yield wolgifilihave no effect on
supply. We see this result under M1 when demand is linear. However, changes in yiginipadfect
supply when the demand function is nonlinear. The reason is that the equilibriumoroimditides an
expected value of a function of random variables (e.g(1&and(11)). If the function is nonlineags
is the caseof Md with a nonlinear demand function and M2, then upside deviations fromnteenea
either amplified.0r compressed relative to downside deviatidris.distortion from nonlinearity is what
drives the directional arrows in Table 2. A convex demand function, for exangdesrthat the increase
in price from a unit decrease in supply is greater than the decrease in price frommeregse in supply.
Consequently, an increase in yield uncertainty exerts an upward pressure on thel gxjmecterhich in
turn leads to_a higher equilibrium quantity. The behavior is reversed if the demand funstich that a
unit increase in supply causes a larger change in price than a unit decrease in syppli€idemand

function is concave).

Table 2: Directiohal effects of increases in different parameter values when suppliesk aeeitial:T =

increasing;} = decreasing; = no changeT\ = direction depends on other parameter values.

| Demand -
Increasein Changeinq Changein m;
model
M1
o _ _
M2
M1 _ -
b
M2 T T
M1
c ) 0
M2
M1 T T
Hi
M2 — -
lineard(p), ¥ lineard(p), ¥
01 M1
max{Z,} <2: corcaved(p), ¢ max{Z,} < 2: corcaved(p), ¥
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convexd(p), TV convexd(p), T4
M2 - -
M1 . linear or concave(p), T
S convexd(p), TV
M2 \’ N
M1 N T
e M2 T T
concaved(p), ¥ concaved(p), ¥
M1 lineard(p), — lineard(p), —
02
convexd(p), T convexd(p), T
M2 ) T
M1
Hy 2 2
M2
M1
Po v T T

The 'ehanges in supply in response to increiste coefficient of variation of market size; |
under M1 aressimilar, but not identical, to what we seesfoiThere is similarity because the directional
arrows are caused by nonlinearities. However, note that a linear demand function rietuesrfction
of the market willing to pay pricgis proportioral to supply but isnversely proportional to market size
(see (9)), i.e., if price is linear isupply, thenit is nonlinear in market size. In particular, tterease in
price from @ unitdecrease in market size (or need for the drug) is greater thamctkease in price from a
unitincrease.in_market size. This puts downward pressure on the expected price as market yincertaint
increases, and leads to a lower equilibrium quarititthe next section we will see that this structural
difference between the roles of random yield and market size contributes to meatiffegterhces in
sensitivities®*ehanges in these parameters.

While ansinerease in sersiynthetic artemisiningf generally leads to an increase in supply, it is
possible thatssupply could decrease if demand is sufficiently convex in prieeomiaexity of the
demand curve can leadacsteep drop in price in response to an increase insartiietic supply
resulting in a large exit of suppliers from the market and lower total s(gg®{igure8 for an example)
The main driver of the result is nonlinearitydiscussed above, anddarticubrly related to the

comparativestatic results fob,. There is no uncertainty in sesynthetic yield, and thus as the
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production of semsynthetic increases, the coefficient of variation of total yielie sum of organic and
semisynthetie—decreaes. If the demand function is convex, theaduction in the coefficient of
variation of total yield puts a downward pressure on supply (as shown in Table2 float can more
than offset the increase semisyntheticartemisinin

Lastly, while it isnot surprising that supply is increasing in average yijelll (t is noteworthy that
the amount of farm space dedicated to producing artemigjninan increase as well. This behavior is
assured undevl2, and depending on the demand function, can ageder M1.This is noteworthy
because the system is governed by a negative feedbacfstenpningfrom the inverse relationship
between supplysand pricthat, in general, works to mute the impact of interventitires.is held fixed
andu, increases, then organic supply will increase proportionally. The effect of an inereasmi
supply is amplified when it also leads to an increasg.ifihe result hints that. is a potentially
powerful lever, and wpresentan illustration of its power in the next section.
4.2 Numerical Analysis of Effects of Changesin Parameter Values
The comparativesstatics in the previous section are limited to the caseéuisél supplierdn this
section we use Aumerical methotts investigate the sensitivity of system performance to changes in
parametergdsing the limited available historical data as a guide, we develop a set of parameter values
and functions for our basmse model (see Table 3). Parameters, s, «a, 11, 12, andb are estimated
using histerical data related to these valtidge estimate the risk aversion parametera$.008? We
assume unifermly distributed willingnetspay and utility of the best alternative thebasis of the
principle of insufficiet reasorproposed by Pierreaplacein the 1700s (Luce and Raiffa 195if all that
is known about a random variable is that it can take on values over a finite range, ttestriogion
other tharuniform implies that something else is known. We thgesymmetric triangular distribution for
Z, andZ, in orderto capture a central tendency (that is not present in the uniform distribution) fadout t
mean of 1. Einally, we use historical data on price, annual supply, need, anddithsa guide, finding
values ofuy,0on,.C, and coefficients of linear functigm (p) that lead taequilibriumresults that are

generally-consistent with observessults

Table 3: Units, functions, random variables, and parameters in oucéssenodel.

Units:

% Data sources on historical prices and supply can be found in @2%$2) and in Figure 1. Other (nonpublic) data
on market size, yield, and usage of forward contracts aretallend provided by UNITAID and WDI as part of
multiple projects under the A2S2 initiative.

* A risk aversion parameter »= 0.008 is consistenvith a threshold value for participation in 50/50 gamble of
winning 0.5/ = $62,500 and losing 0.256# $31,125 KHoward 1988)e.g.,a supplier is willing to enter a 50/50
gamble of winning $68K andlosing $3K, but not a 50/50 gamblef winning $70K andosing $35K.
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Spaceunit = 1,000 hectaregH)

Artemisinin unit= 1,000 kgs(K)

Currency unit = $,000(D)

Functions and random variables;

p1(p) =2-0.003p

Zy, Z, ~symmetrictriangular
o1 — 0.1 K, Oy = 03 K/H

Uy, ~ uniform
Mp = 4,8)0 D, Op — 1,500 D

Parameters:

Potential farm space) =80 H

Semisynthetic supply ) =60 K

Forward contract %d) = 25%

Risk aversiong)== 0008

Mean demandy;) = 240K

Mean yield {,) = 10K/H

Purchase budgeb) = 75,000D

We use stochastic optimization with 10,000 trials per simulation via AnalytreiSelatform from

Frontline Systems to identify the equilibrium quantity. Tablists statistics from the basase model.

Table4: Statistics from the basmse model in equilibrium.

Demand M odel

M1 M2
Heeétaresproducingartemisininin 000s(q) 17 15
Average total supplin metric tonq ;) 235 212
Averagesemisyntheticproduction as fraction of tota 26% 28%
Average fill rate () 8% 85%
Average supplier surplis $000,000¢ ) $10 $8
Average total spend in $000,000s $73 $75
Average artemisinin price $per kg(p ) $345 $373
Standard deviation in artemisinin pricey() 46 90
Min and maxprice per kg(in 10,000 trials) $313, $505 | $232, $740

We compute the sensitivityf performancdo changes irach of the 11 parameters listed in Table 2.

With the exeeption of suppeprrice po, each parameter is varied betwed®%and +50% of its basease

value @ = 0.in. the basease) We find that the relative sensitivity performancdo changes in different

parameter values is reflected in the grouping of parameters in Tagdrmance is more sensitive to

changes inwparameters listed near the top of Table 1 and is less sensitive to changes inlistedeter

nearthe bottom of the table. We categorize the parameters into three-groigihs moderate, and low

sensitivity.

High average yield,), average utility of th best alternativer4), averagemarketsize (u;)

Moderate available farm space), semisynthetic supplyd), spend budgebj
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Low risk aversion ), yield variability (©»), demand variability4;), forward contrac ()
While the boundaries of these categories are subjective (due to multiple pedemmaasures and
nonlinearities)the parameters in each categerhibit some commonality that may help explain
observedlifferences in sensitivity. In particular, the higrategory can be viewed &sst-moment
parameters, the low category can be vieweskamd-moment parametersand the moderate category can
be viewed aguantity parameterdn other words, in the high category we have parameters that specify
the averages of random variables whereas in the low category we have parameters that arekgdsely lin
to volatilityt!Parameters; ando» are direcimeasures of volatility, whereas parametessad « control
the importancerof volatility in supplier decision making. Paramatagasures the degree to which
suppliers caresabout volatility in the market and parametentrols the fraction of suppliers that are
immune tomarketvolatility (via a forward contract). The moderate category contains the remaining
parameters thaire not closely linked to moments of the random varialilesdo not categorize the
supportprice parametemg) because its basmse value is 0 (i.e., no price suppantrently in effect).

In what fellows we present and discuss result®f@parameter within each category; figures
illustrating the sensitivity of performance measures to changes in othergparsuare available in an
online appendix:

Figures'4 —.6showthe sensitivity of total supplyz), fill rate (5), and supplier surplustf) to
changes'in.one parameter from each categéoyward contract percentagéow), semisynthetic supply
(moderate),.and average yield (highdr all of the sensitivity figuresye divider; and z, by constants

(635 and 85,500, respectively) so that all measures take on values between 0 and 1.

Sensitivity to changes in forward contract %
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Figure4: Sensitivity of total supply, fill rate, and suppl&rrplus to changes in the forward contract

percentaged).

Sensitivity to changes in synthetic production
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Figure5:Sensitivity of total supply, fill rate, and supplier surplus to changes insgrthetic production
(). Thesfigure also includes semsynthetic production as a fraction of the togs(+ q)).
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Figure6: Sensitivity of total supply, fill rate, @hsupplier surplus to changes in expected yield per hectare

(#2)-

Recall that a tripartite financing model was introduced in 2009, in part to encoursgpsetuse of
forward contracts and thereby increase supply. results in Figurd indicate thaincreased use of
forward contracts have minimal impact on supply and other measures. To assessdimess of this
observation, we increased the risk aversion parameter by an order of magnitude<®08 toy =
0.08), andwe findlittle differencein sensitivity. Greater sensitivity can arise in an alternative calibration
with highervariation in utility ) and risk avelien (), but these higher values are not reasonable in the
current marketfor artemisinin.

Figure 7 augments Figure 3 to iltcete how the basease equilibrium shifts in response to the
extreme of no forward contracta € 0). Both figures 3 and @re created using the basssemodel under
M1 (the behavior is similar under M2)Ve see that a reduction frasm= 0.25 toe = O creates an upward
shift in equatier(3) that puts pressure to decrease equilibrium, and creates an upward(ghifiat puts
pressure taiincrease equilibrium. The result of these offsetting pressures is a newb@ad of
equilibriumsquantities forx [0, 0.25]. In contrasi3) is unaffected by changessror ., and we find
similar or largershifts if4) ass or i, change, leading to larger changes in equilibridmdiscussed in
Section 4. Inincreases in average yielg) positively affect the supplier’s utility per unit of farm space as
well as supplyHowever increases in sersiynthetic supplys) positively affect supply only. This

difference helps explain the differences in observed sensitivities to charsgegdin,.

5
", Farm space with Us = u,(g): caulva{g))

Farm space not under contract with Uy, = u,(g):

% Co(Ulq)) — e PaolUalq)) ), with or=0.25

20 ‘ ..
Farm space : q ™.,

Farm space not under contract:

g(1 - aj, with &=0.25

10

. q Equilibrium guantities
at =0, &=0.25
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Figure7: lllustration of equation§3) and(4), and the corresponding equilibrium quasstfora = 0 and

a=0.25

Recall from Table 2 that it is possible for total supply to be decreasing irsgathitic production

when demand is convex in price, as is the case with demand model M2.5-8pangs that supply is

increasingin sersynthetic production. However, while we suspect this to be the dominant behavior in

realworld settirgs, it does not take much of a change in the-base model to yield a decreasing supply

function. FigureB8 is based on two changes to the bease model: suppliers are risk neutral and yield

uncertainty.s increased by ottard (i.e.,yis decreased from 0.008 to 0 asyis increased from 0.3 to

0.4).
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245

Sensitivity to changes in synthetic production
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Figure8: Sensitivity of total supply to changes in sesypnthetic productionsf with risk neutral suppliers

(»= 0) and higher yield uncertaintyg{ = 0.4)under demand model M2

4.3 Effectsof Changesin Parameter Valueson Price Volatility

Price volatility influences a supplier’'s decision on whether or not to produce ariemésd in this

sense, the effeets of price volatility are captured in the summary performance segsated above.

That said, the impact of interventions on price volatility is a measure of interesbwnitsght among

policy makers#As one may expect, the sensitivity of price volatility toggwim parameters is consistent

with the sensitivity of othreperformance measureés., parameters that exhibit low (high) sensitivity with

respect to supply, fill rate, and supplier surplus tend to exhibit low (high) séwpsitith respect to price

volatility.
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We present selected price volatility sensitiviggultsbelow In order b highlight how relative price
volatility changes as parameters change, we report the price coefficient of varidtiers{@dard
deviation+ mean).

Figure9 illustrates that changes in demand uncertainty have little effect on price glatilereas
reductionsiin yield uncertainty translate into noticeable reductions in mi@glity. The reason for the
difference,In part, is due to the greater degfggetd uncertainty than demand uncertainty in the base
case model (e.gg» = 301 = 0.3, so a 50% increasedn is comparable to a 17% increasesi), though
a difference,in sensitivity remains whepn= o1 = 0.1. As discussed in Section 4.1, therestactural
difference inttheyprice functiof®) that explains this resuiftthefraction of the market willing to pay price
p is proportienal‘to supply but iaverselyproportional to market size. This nonlineasdsts to soften the
effects of changing volatility in market size on the volatility of price.

While we find the supply, fill rate, and surplus measures to be relatively ingensithanges i
and oy, there is an important lesson for policy makers if interventions to inagaid o, are being
considereds@ursanalysis points to greater impact from changeghano; for two reasons. The first
reason is thesstructural difference explained above. A second reason is that changesénno effect
of on performance under M2; the sensitivity of performance to changessrurther diminished by the

extent that reality reflects M2 over M1.

Sensitivity to changes in demand & yield uncertainty (M1}
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Figure9;Sensitivity of price coefficient of vaiion to changes in demand uncertairty) @nd yield
uncertainty &>). The sensitivity to yield uncertainty is illustrated at the h=s® valuer, = 0.3, and at
o> = 0.1= o;. Sensitivity results are not reported for demand model M2 because demand uncertainty doe

not affect the system
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FigureslOandl11lillustrate the sensitivity of price volatility to changes é@mésynthetic production
and to thesupportprice Thesdigures alsaeport the average price in order to expose the relationship
between average price and its relative volatility. We rescale average price by diyidia@o0.

(Average price is virtually unchanges @ ando; are varied, stheaverage price curves anectuded

from Figure9.)

Sensitivity to changes in synthetic production
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Figure1Q: Sensitivity of average pricéliyided by $2,000) and price coefficient of variation to changes in

semisyntheticproduction §).
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One advantage of increasing sespnthetic production with its deterministic yield is that it translates
into lower supply uncertainty, and as a consequence, lower piatdityo We see this effect in Figure
10. A 50% increase in sergiynthetic production reduces price volatility by 20% for both M1 and M2.
The figure also illustrates the downward pressure on price fromssarthietic production. A 50%
increase 'in sersynthetic production reduces average price by about 5%, slightly less for M1 anly slight
more for M2.

Similar'to an increase in seisynthetic production, the introduction of a supgmite has a direct
effect on price volatility (i.e., by restricting thewinward range of price). Figurd illustrates this effect.
The supporprice doesn’t affect the system until it reaches about $300 (i.e., the price rapsybdiow
$300), and price volatility nearly disappears once the suppice reaches $440.

4.4 Limitations

There are limitations in our model that should be taken into account when interpretieguis. Our

model is static, ignoring dynamics that arise from an intervention that caesgstem to move towards

a new equilibrium. Thus, interventis that are found to be especially impactful in our model may have a
negative side effect of inducing a greater degree of dynamic instability in teensymth in terms of the
magnitude of supphkgemand imbalance in response to the intervention artihbdo settle into a new
equilibrium. We come back to this point in the next section

As arrelatedspoint, our model considers a shpgleaod problem where excess inventory from one
year is not used/sold in the following years. The over three yeatighelf artemisinin allows holding
inventory fromrone year and using it in the following years. While suppliers do rexsaeity have the
capital to invest in holding inventory, ACT manufacturers do hold inventorjhddeconducted
numerical teststof model that includesandomleftover inventory from the prior period, and we find no
differences’in our, sensitivity conclusions. This is not unexpected in light of owerimatresults in
Section 4.2'where we find that the system is insensitive to changelsitility measuresThis muted
behavior is influenced by the static nature of our model, i.e., that suppliers dovetmand out of the
market in response to random market fluctuations and instead decide what to proddics basenean
and variance of market price. The system will be neoraticthan our model predicts if there are many
suppliers who mave in and out of the market based on current conditirs. isa dearth ofnformation
on the extent to,which suppliers move in and out ofriheket, and thus represents a potential area for
futureinvestigation

Ourmodel assumes full and symmetric information between suppliers, manufaauocers
purchasers/financierSuppliersdo not underor overreact to market signals. In practice, suppliaey

have poor knowledge of market demand compared to the financiers and purchasers (LE20O&X a
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Forecasting helps in resolving this information asymmetry more thanimgdbe intrinsic demand
uncertainty.

Finally, the attactiveness of an intervention is based on histimipact and cost, including ease and
speed of implementation. There are likely many possible approachefifencingthe value okach
parameterin‘our model, each with its own cost and implementation challenges.nitfieatien and
cost assessment of alternative approaches to affect different types of desired<clengethose with

specialized expertise, anddstside the scapof this paper.

5. Summarysof Implicationsfor Policy Makers

Although a'number of results developed in the previous section are valuable in deyalbpiter
understanding of the market, we discuss the impact of the interventions that hewbeghrmplemented
in this market in the past or are being actively considered by policy makers.pldin éx greater detalil
the most significant and the most surprising results.

Increasing forward contracting has mar ginal impact. As noted abovehte A2S2 initiatve was
created in 2009 to increase artemisinin supply to meet the projected ACT demand. A2#2&¢on a
tripartite finaneing model where extractors who had existing contracts with-yreiqualified ACT
manufacturers,received financing at subsidized rates. The underlying premise wHserihgtlower
interest capital' would incentivize more forward contradth farmersand increase artemisinin supply.
An independentreview estimated the impact to be 35% below expectations, though thatesnhable
to identify specific reasons for the shortfall (UNITAID 2011). The program Inas sieen terminated.
While our results are consistent with that outcome, we caution that our analysisdasstate the impact
of forward €ontracts. In particular, the beneficial impact of increased forwandctmitas well as
improvements in other secomtoment parameteend a support pricare likely to be greater than
predicted by our model if there are@any suppliers who move in and out of the market based on current
conditions

Reducing demand uncertainty has marginal impact. The model shows that attempts to decrease
market uncertainty through better disease forecasting also have limited impaatstandably, when the
overall budget for purchasing malaria mediciisefixed and known to all actors in the system, reductions
in demand uneertainty do not impact the market outcomes. More interestirggiywben the overall
budget is'het fixed and the total quantity purchased depends upon the price offered, reididtimasnd
uncertainty through better epidemiological forecasting result in only smadkises in overall supply.
This result, which is similar to impact of forward contracts noted alieaereflection of the more
general phenomenon observed in numerical results of our calibrated eopdibrium is relatively

insensitive to changes in measures that relate to volatility.
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Increasing the production of semi-synthetic artemisinin has moder ate impact, and the
transition period requires car eful management of the two sour ces of supply. A greater production of
semisynthetic artemisinin increases overall supply, increases fill rate and decreaseslatilig. vbhis
is notable because of tdebate surrounding the value of this intervention (Van Noordan 2010, Peplow
2013. On'the surface, one might view increasiegisyntheticas a very significant and positive tool to
improve overall supply and decrease price volatility. However, we see that a 50% incessase in
syntheticproduction translates into approximately an 8% increase in supply and a 5% incrdbsaeén f
(for both demand models). In addition, supplier surplus drops by about 15%. We also sbservisk
that overall artemisin supply could decrease (see Fig8xeThis results from theemisyntheticsupply
not being able to oftt the decrease in agricultural artemisinin production as suppliers exit the.market
However, beyond a certain threshold volume of sgyntheticproduction overall output increases as
semisyntheticinereasesThis highlights that, while sersiynthetic may increase overall supply
unconditionally as its capacity nedhngtotal demand, in the interim it is important to manage the two
sources of symy carefully in order to avoid decreases in overall supply. In addition, increasiig se
synthetic production has its own challenges. For example, the use efygghsgtic in an ACT production
process requires;that the producer go through an-typéappoval process that takes time and money.
In addition, there'is resistance to purchasing ssmihetic by some ACT manufacturers because the
semisynthetiesproducer is also a competitor in the ACT market.

Increasing agricultural yield has significant impact. The overall supply of artemisinin increases
with increasessinsaverage yield due to pasitiveeffects— the output per hectare planted increases but
additionally the farmer’s utility for producing artemisinin increasdbe®interventions are one
dimensionabinsthe sense of exerting a single force on the syEtensupply chain has a negative
feedback lgop that dampens the sensitivity of performance to interventions. Forexamplositive
effect of increased output per hectare is mitigated bpdgative relationship between supply and price,
i.e., supply up— price down— reduced supplier interest supply down. Howevethe increased
productivity increases both output and farmer utility that, compared to otBarentionsdiminishes the
strength of the negative feedback loop in the systeigure6 shows that the impact of yield
improvements is/less under M2 than M1. Thisésause the fixed total spendder M2leads to larger
reductions in priee with improved efficiency.

Changes in planting methods, and other agricultural practices can lead to some impt®iueme
yield. Radical improvements can only come from the use of higkkling varieties oArtemisia Such
hightyielding seed varieties may alsadeto slight reductions in yieldncertainty but a large part of the
yield uncertainty depends on rainfall and weather in the growing regions. Yeaexegtsive rainfall

tend to have lower yields.
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While increasing yield is an impactful intervention, there are challenges andTtigks. has been
work on the development of new higreld seed varieties that show promise (Dalrymple 2012).
However, reports from agencies promoting the seed indicate some resistance to switbleisg seed
varieties in Asia, perhaps in part due to a land successful history with the strain of Artemisia that is
grown there. Increasing agricultusaéld requires extensive support from the governments of the main
growing region (China, Vietnam) and has high transaction costs associated with imjlgihen
addition, thereis some risk that a large increase in average yield could exacerbate atailitgt ¥As
noted earlier, our analysis is based on a static model that predicts equilifmiLohoes not account for
dynamics in.the,interim. While ineasing yield is impactful in our model, this very impact may lead to a
period of higherprice volatility, e.g., the promise of high yield induces reapglierso enter the
market, only to exit a short time later due to low prices.

A pricesupport has significant impact. The demand and supply of artemisinin is matched at a
certain price thatis determined by the market. In many agricultural markets iatketmrice is too low,
few farmers grow that crof®o in such cases governments often intervene in the market by offering a
minimumsupportprice, i.e., when the market price is lowtran the supportprice government purchases
from the farmers;at theupportpriceand sells in years when the price is high. A similar market
intervention can be used for increasing the supply of agricultural artemisinindaredhigeprice volatility.
As anexamplesunder M2, a budget increase of $25 million translates into a 20% increase inBsupply.
comparison, aupportpriceset at $360 requires aweragenvestment of $25 million and increases
supply by-30%Furthermore, price volatility (coefficient of variation) decreases by 60% eaber
budget increase of $25 million increasprice volatility (by 7%)Note, however, that the budget is in
terms of spendson artemisinin, which constitutes about 30% of the total ACT. #g&hdpend wold
have to increaseiby approximately $80 million to generate a 20% increase in supply.

While a price support shows potential for impact, there are barriers to implementédsimotably
is the determination of a support price that improves price stability whilg bagtainable (e.g., not so
high that it leads to excess supply with support price consistently higher than thematket price; not
so low thatthere is no meaningful effect). In addition, artemisinin is not a pureaghtynThere are
some differences in quality, which leads to a simple but crude single support phieeconexity of a
quality-dependent support price.

Other_high sensitivity interventions. Expanding the cultivation of Artemisia to viable regions where
the crop has traditionally not been considerediaitidtives that make competing crops less attractive to
farmers also yield positive outcomes. However, influencing the attractiveness,afaiinand other

competingcrops is a more difficult policy interventio®utcomes are also sensitive &cceass inthe
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overall incidence of malaria. Several initiaivier malaria control and eradication are already being

implemented ifmalariaendemic countries.

6. Conclusion

Using a parsimonious model to capture the effects of factors such as available farm apatagtarer
capacity, farmer’s incentive to plantt@misia, volatility in Artemisia yield, supply of seisynthetic
artemisinin, and demand uncertainty in the malaria medicine market, this papetessthe directional
impact of various supply chainterventions on overall supply, fill rgtand price wlatility in the market.
The models calibrated with field data to the extent available, and a sensitivity simty@nducted
based on this.information.

The analysis shows that analytical modeling can help illuminate impactfuléntems to mitigat
market shortcomings. In the absence of analytical modeling or other rigoroussarigssentions with
only marginal benefits may be selected. Tight budgets and resource constrpiirtesimplementing only
those interventions which have the highastential to stabilize the market and increase overall supply.
While this paper does not include the costs of implementing each intervention, and thus@ament
on the cost.effectiveness, it provides a strong basis for understanding the likaty firopy each
interventiony, We/find that a suppdptice for agricultural artemisinin, improved average yield, and a
larger and carefully managed supply of segmthetic artemisinin have the greatest potential for
improving the.supply of artemisininased malria medicine.

This"paper also highlights the application of modeling and analytical tools to addregg@elant
problems faced by developirapuntry governments. Further research should seek to understand the
dynamic behavior of the system in response to an intervention and the role of informatioretrty in
this supply/chain. In addition, future research may model extractors as a sepdsaie erter to assess

the impact of extractor strategic behavior such as price gouging or constrainibg supp
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Appendix
Al. Notation
q = unitsiof farm space dedicatedpmducingartemisinin
S = ‘units‘ofsemisyntheticartemisininsupply introduced to the market
Z, =(positivesupply random variabl&[Z,] = 1, 0»° = V[Z,]
D,(-) = cdf of Z,
o ="expected yield per unit of farm space
Q = random organiartemisininsupply;Q = qu.Z»
Up =random supplier utility from dedicating farm space to best alternatipetiucing

artemisinin;u, = E[Up], ou” = V[Uy]
pb(U) =cdf of Uy

P(q) = random artemisinin spot price (and ACT pricg)q) = E[P(q)],

ot (a)=V[P(a)]

This article is protected by copyright. All rights reserved


http://www.unitaid.eu/images/projects/malaria/110406_A2S2_Final_Report.pdf�
http://www.who.int/malaria/publications/world_malaria_report_2012/wmr2012_no_profiles.pdf�

1% = supplier risk aversion parametet: 0

Z, =positiveand normalized ACT market size random variaB[&@;] = 1, 012 = V[Z4]

Dq(") = cdf of Z;

)7 = expected value of the ACT market size

M =random size of the ACT market = 1,7,

a ="raction of farm space dedicatedp@ducingartemisinin under forward contract

C =whits-of farm space owned by all suppliers who cauitluceartemisinin

Po = artemisininsupportprice

q =/equilibrium units of farm space dedicatedgtoducingartemisinin

p1(p) =fraction of consumers willing to purcha&€T at pricep; p1'(p) < 0; applicable to demand
model M1,d(p) = Mp1(p)

b =:budget for the purchase of ACT; applicable to demand modeti{gpz= bp™*

m =expected artemisinin volume in equilibrium; = q*yz +s

p =fexpected availability of ACT as a percent of the total need (markét size

70 =supplier surplus

A2. Lemma 1A

Let g(x, y).andh(x) be continuous, differentiable functions, and{etndY beindependent random

variables with 'pdfs ¢x, ¢y. The following lemma is uskin derivations oEomparativestaticresults

Lemma TA=A=E| g(X,Y)h(X)]-E[g(X.Y)]E[h(X)] .

g Ox h’ A
=0 =0
>0 >0 >0 >0
>0 >0 <0 <0
>0 <0 >0 <0
>0 <0 <0 >0
<0 >0 >0 >0
<0 >0 <0 <0
<0 <0 >0 <0
<0 <0 <0 >0

O 0| N| O g | Wl N

Proof. A1-1: If g« = 0, theng(x, y) = a + k(y) for some functiork(y), and
E[g(X,Y)h(X)]=E[(a+k(Y))h(XH [E[a k(¥)E h(X])].
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Al-2:

E[o(X.¥)n(X)]=E[g(X.¥)][h(x)f ()d

f (x){—E[g(X’Y)] Jqﬁx (%).

E[g(X.Y)]

Note thatf(x)is"a valid pdf (i.e., nonnegative and integrates to 1). FgomO0, it follows that distribution

where

f(X) has firstorder stochastic dominance over distributigx), i.e.,

X =8

f(t)dtquﬁx (t)dt i)

and the inequality is strict for sorg€e.g., for any such thatpx(2) > 0 for somez > x). Fromh’ > 0 and
(13) it follows that
[h(O)f (9 ax> [h(x), (x)dx=E[h(X)]. 4

A1-3: The proof parallels the proof of A4, excepthesign ofh' is reversepwhich causethesign of
Ato be reversed:

Al-4: The proof parallels the proof of A, except thaglx < O causemequality(13) to bereversed,
which causeshesign ofA to be reversed.

Al-5: The,proof parallels the proof of Al except thesign ofh'’ is reversed, which causes tign of
Ain Al-4 to'be reversed.

Al-6through At9: Let §=—-gand g, =-g,. From

A ==(Ef=g(X.,Y)h(X)]-E[-g(X.Y)]E[h(X)])
4 (E[8(X.Y)h(X)]-E[§(X.Y)]E[N(X)))

it follows that'the'sige of Ain A1-6 and A%7 areobtained from A4 and A5 (for which ¢, =—g, <
0) but with'the sigareversedSimilarly, the sigrs of Ain A1-8 andA1-9 areobtained fromA1-2 and Ak
3 but with the signs reversed
A3. Derivation of Resultsin Table 2

For given parametsre {a, b, ¢, 111, 01, S, 112, 02, i}

—F,(d,y)

F. (q* , y)

(obtained by taking the total derivative of both sidethefequilibrium conditiodF(q’, y) = 0 with respect

q'(y)=

toy and solving folq"'(y)). Note that
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F_)'(Q) <0
o I(U) >0
From the preceding inequalities, it follows that
Re(a3)% 0,
and thus the sign of '(y)is determined by the sign eny(q* , y).

Defining'F(:)7in accordance with the rigkeutral equilibrium conditio(6),

M1gF (6, y)=d —cp,| 4,E| max pll(min{w ]}J Po
i hZ,

. . b
M2: E ,Y)=0 —cC E| —||.
(q Y) q Lo (ﬂz Gz, + S}]

Note that theéruncation functions, max{-} and min{., -}, affect the sensitivity of

i _ . Z,+s
Po {,UzE max{pl 1( mm{M ,J}J apo}:U (5
i hZ,
to changes in\parameter values relative to
= (g uZ, +s
Po| sE| Py I(MJ} , 16)
L mZ,

but not the direction of change. Thus, to simplifg presentation of analysis, we predominantly (16}

in place of(15). We usethe form given in(15) only when the truncation functions play a role in the

results.
A3.1 Demand Moddel M1

A3.1.1Increasing,
Fa(tiwa)=0 = q '()=0, ,'(a)=0

A3.1.2 Increasing c

Fc(q*,C)=—pb [y2E|:pll (MZZ_FSJ:D <0=¢q '(C)>O’ 771I(C)>0
Mty

A3.1.3Increasing u

- a9z, +s
apl—l(q /’1222+Sj 8E|:p1 l(q /JZZZ J:’
Mz ot e *
> Ofor any realization4,, z,) = >0=F, (q ,,ul) <0
Oty Oty
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*

= q '(t4)>0, ,'(14)>0

A3.1.3Increasing oy

. L9 mZ,+s 0 a9 wZ,+s
F , =—_¢C ' E 1 q /u2 2 E 1 22
m(q O'l) 7 (fuz {/71 [ wZ, H]aalﬂz {Pl ( uZ, H

We writeZ4in terms of a standardized random variapWth pdf ¢, as follows:Z; =1+ o,&” where

E[¢] =0, V[{] =1, and¢ > -1/, (to assurgositiveZ,).

If p,*"(%)=:0 (linear demand), thep, *'(x) =—awith a> 0 (ais the slope op;™), and

iEl:pl—l(q*ﬂzzz+S]:|: a(q s, +5) EK 1 Tg}'
do, Z, Hy l+og

Letting g(x) =( 3
1+

0,

E[(1+101§J2§]< Eﬂu;g]z]'z[g]:o v

' a(qu,+s 2
iE pll(q /’IZZZ+SJ — (q Ha )E [ 1 J é/ O,
9o, mZ, Hy 1+og

which impliesF, (q',0,)> 0, g"'(5,)< 0, andz,"(,)< 0.

2
j andh(x) = x, we haveg > 0,gx < 0, andh’ > 0. Thus, from Lemma A%,

and

Assumeithat.the right endpoint of the suppoZ 0£1+ o,¢ is not more than 2, i.e., the realized
market sizg'is assured to be no moentth00% more than the mean:
max{T¥ o {} < 2. 19

Note that

iE{pll[q*/uzzz + S]:| - E (pllu[q*/uzzﬂ' S](q* HL o+ SJJ —-¢ .
oo, wZ, 1z Hy (1+ 014/)

Letg(x,y) =p1‘1'( 9 4Y+S j(q #2y+S] andh(x) =_—X2. Note thatl+ o,x > 0 for any
1 (1+ o,X) i (1+0.X)

realizationx of ¢ (due topositiveZ,;) and

o x-1

h'(x) = i 01X)3 <0 (due to(18))
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and the inequality is strict for amyjinside the support of. Therefore, ifpl’l"(x)< 0 (concave demand),

* % 2
theng < 0, g« =pl_1"( 9 HY+S J[q HaY+ SJ % > | > 0,andh’ < 0. Thus, from Lemma AZ,
1 (1+0X) 1y (1+ o,x)

E pllu(q*ﬂzzz‘*'sj[q*ﬂzzz"'sj =3 1< E_pl1-(q*ﬂzzz+sj(q*ﬂzzz+sj}x
L, Hy (1+ Ulé,) L Z, Hy
E_i
(1+0¢)

<0 (due to(17) and p,*'(x) < 0),

which impliesF, (q",,)> 0, q"(0,)< 0, andr, ()< 0.
If pl’l"(x)> 0 (convex demand), thehe sign ofF, (q* ,o-l)can be positive or negative depending

on parameters. To gain some sensetmaleterminants of the sign, we Bk, y) =

pl_l'( 9 £YES g ﬂ2y+82 andh(x) =—x, for whichg < 0 andh’ < 0. Note that
1”1(1"' Glx) !’1(1+ O-lx)

* * 2
Ge=pil q i#y+s (q /Uzy""sj —0, _
~ \m(1+ox) 1y (1+0,x)"
2,0_1' q*/uzy"'s [q*ﬂzy"'sj o,
"l ox) y (1+0,x)’
— o] QLY +S || duy+s o q s,y +s
= <pppt 2 2 1 |l1- 05| JHYTS
A [/11(1"' alX)J(yl(h alx)J[(lJr alx)sJ( (M( 1+ alX)D
_upl_l"(u)
plil'(u)

elasticity offunction p,™(u)). For example,fie > 0.5 for all realizations of andZ,, theng, < 0, and by
Lemma A9,

“14 q*,uzzz*'s q*,uzzz"'s ~1a dﬂzzz+s dﬂzzz+s
Ep, > |(— E| p, > [|E[-¢]=0,
[p ( lulzl ](ﬂl(l-i-o'l(:) J( é/):l> [’0 [ :ulzl J[ﬂl(]ﬁ-ﬁlg) j:l [ é/]

and F, (q*,al)< 0,q '(0,)> 0, andz, '(,)> 0. Similarly, if £< 0.5 for all realizations of andZ,, then

whereg(u) = is a measure of the degree of convegity, * (more formally £u) is the

g« < 0, which impliesF, (q',0,)> 0, " '(0,)< 0, andz, (o)< O.

A3.14Increasings
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Note that

pll[q (2, + SJ aE{ pll[q ol SH
Mz N ey
5 < Ofor any realization4;, z,) of (Z4, Z,) = p
S S

= F,(q.s)>0= q'(s)<0.

. : ., -F,(q'.s)
Now consider the sign of 4s)=% 59 (s) 1 u,| ——|.

: , (9 wZ,+s fquzZ,+s) 1
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If p, " (%)="0 (linear demand), thety Lemma 1A1,
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Therefore,

~F,(d,s)
F.(d.s)/ 1

, g wzZ,+s [ duZ,+s 1
Coy N2E|:p1 l(q a2 j} ,L12E|:—,011 (q Hato jj|E{ }
v ML, MLy
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- +cp, ﬂzE{Pl{q Kete ﬂ qu{—pll[qﬂz ; HE{ }
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If p*"(x)< 0 (concave demand), them,*"(x) < 0 andby Lemma A12

=1-

>0.
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e
[( ' th,y iy (¢ 2) ' Z, iy ’
(i.e.,a9(x,y) =[—p11'[wj[in andh(x) = u,x in the notation of Lemma Alyhich implies

Hy HY

-F,(q'.s)
F. (7)1,

, 2z, +s fduZ,+s) 1
Coy ﬂzE{pll(q Hae ﬂ qu{—pll(qﬂz : ][ H
_3 mZ, iz, MLy
1 , (g uwZ,+s (quzZ,+s)\ Z
—+Cpy ,qu|:p11(q/u2 2 j} ﬂ2E|:_p11(qlu2 - J[ - J}
Hy mZ, MLy “Ly
, L9 uZ,+s gz, +s) 1
728 /qu|:p1 1[(3] ot j} ,qu{—pll (q Ho2 ]( j}
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—+cp, ﬂzE{pll(q Hate ﬂ #ZE{—pll(qﬂz 3 )( H
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If pl’l"(x)> 0\(convex demand), then inequalify9) is reversed, i.e.,

AE E{_plll(q #ZZZ-{—SJ[ 1 j:|_E|:_plll[q ﬂ222+8]( ZZ J:|i>0’
e, Uz ULy ULy) |1y

and th'7;,"(s) > 0 andz;'(s) < 0 are possible.

>1-

From the fact that;'(s) > O for linear demand, it is clear that there exist convex demand functions for
which 7;'(s) > 0 occurs (e.g., introduce a slight degree of convexity to a linear demand functian). As
simple exampl®f z;'(s) < 0, suppose; = 1, 01 = 0,1 = o = 1,s=s; = 1,Z; is uniform on [0.5,

1.5], and otherparameters and functions are such that the equilibrium quanfity & Thenthe

expected price in equilibrium is

P=E pl-l(MJ :E{ 1 }zE{ 1 :|z0_18
Z, il +S 5Z,+1

and at this price, fractiowb(r)l) of farm space is dedicated to producing artemisinin leadiagctial

supplyof ma(s;) =cp, (P.) 4o + S,= O1 2 + 1 = 5 + 1 = 6Now suppose that=s, = 3. Letg, =q; — (s

—s,)/ o = 3, which yields the same expected total supply, G + S, = 01 12 + S = 6. However, the

expected price at this quantity is
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If cop(p2) < Q2 = 3,then more suppliers will exit the market leading to equilibrium quaggity g, = 3,
and a reduction in total supply, i.e.,

02 taekiSp < Q1 412 + Sy if and only if py(p2) < 0.6, () -
In other waordsyif-the slope @k,(-) in the neighborhood of, is sufficiently steep, then total supplysat
= 3 is less than total supply sat= 1; otherwise total supply increases.

A3.1.5Increasing u»
Note that

\ . 0 9wz, +s)|_ 0 /.
F ; 0 and 0 —u,E| p*t 272 = , 0
yz(q ;uz)< andq (/uz) > P 2/Jz |:pl [ 1z, ]} o, Hy p(q ﬂ2)>

iﬂ;ﬁ(q’lﬂz)=ﬁ(q*,;12)[1——_”2@‘2(cf’/lz)J

Ol T’(GI*JJZ)

~1,0,, (0 ott, )

— = is the yieldelasticity of expected price, which is positive, i.e.,
p(a’i)

where

0 1( q H,2,+
Pi
O, mz

]< 0 for any realizationz(, z,) of (Z1, Z>).

Thus, the sign of '(yz) depends on whether the yiadthsticity of expected price is more or less than 1.

P, (q* ’/12)

_( - ) > 1 (e.g., averagequilibriumprice isrelatively sensitive to increases in
pLa . 4,

We require

average yield)yfoq to be decreasing in,, which we suspect toe unusual in practice. Howeven,

general, bothy '(u,) < 0 andq '(u,)> 0 are possible

Note thatz, '(1,)=q (l—L*(NZ)] , and thus
q

_;uzq* '(,uz )
—q*

7, '(1g)>0 = <1

Wherew is theyield-elasticity of the equilibrium quantity. Note that

_,Uzq* I(/uz) - ’uzFﬂz (q* "uz)
o qF, (d,u)
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b[ i { ' thZ,y ' uZ, q
i+cpb' uZE{pl—l[WH NZE{—Pfl'[q ﬂzzz+8j[ zZ, H
e mZ, uZ, uZ,
: A A2, [ Guz,+s) Z
Coy, :qu{pl 1[%J:| :qu|:_p11 (q Hat2 j[ 2 J:|
thty iz, MLy
i+Cpb' yzE{pll[qﬂzzerSH ﬂZE{_pll-Lq ,U222+Sj[ Z, ﬂ
e mZ, yIva Uz,

<1

<

= '(/42) >0.

A3.1.6 Increasing o>

We writeZziintterms of its standardized random variable, i.e.,
Z,=1+65¢

whereE[¢] =0, V[¢] = 1, and{ > -1/ o, (to assure positivé,). Accordingly,

F,. {aes) = cp, 'Luﬁ{pﬁ[% (1+o,)+ S]D qu{—pll'{Q*ﬂz(1+ oL)+ S](q*ﬂzg H

mhZ, mhZ, v

If p,*"(x)="0(linear demand), therp, *'(x)=a> 0 and

E{_pll.(q*uz (1+ Gz§)+SJ(q*uzéﬂ _ g ua E[zijEm 0.

e, yrva Hq

which implieseg(c,)=7,'(c,)=0.

If p,*"(X)>0 (convex demand), therp,"(x) < 0 andby Lemma 1A4,

Eﬁ_pll{q% (1;1;12;) ; sm;i B( g)} ) E{_pll.[q* " (1;124) ; Smg H £[¢] -0,
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(i.e.,g(x y) Z—pll'(q (Lt o) + SJ[Q ,Uzj andh(x) = xin the notation of Lemma Alyhich implies
my Yy

F, (q*,02)< 0, q'(c,)>0andz,'(c,)>0.
The samesapproach may be used to conclude that a concave demand functiorqinﬁpﬁés 0 and

m,'(0,)< 0.

A3.1.7 Increasing: 4y

Assume that), is a nonnegative random variable that is based on either of the following two models:
Up & 1o RZy,, whereE[Z,] = 0, V[Zy] = o1’
Ub = ,szbs WhereE[Zb] =1, V[Zb] = sz.

We make this assumption so that we can isolate the effect of changingvhileakeeping a measure of

variation fixed=For example, By, = 1, + Zy, thenV[Uy] = V[Z,] = ow’ remains fixed ag, increases fl

Up = upZs, thensthe coefficient of variation &f, is [ ou)/ 1 = ob, Which remains fixed asy increases.

For the above two models b#,,

op, (U -
pb—()zip[ﬂbmbzbg]:ﬂp{zbs“ /‘b}o
Oty Oty Oty Op
Opp (U
M:ip[ﬂbzbgu]:ip{zbgi}<o_
Othy Oty Oty Hy
Therefore;

. 0 9wz, +s
F , = C— E|p | —222 = 0,
s (q /Ub) o o (ﬂz |:p1 ( 2 J:B

which impliesq '(1,)< 0 andz,"(44,)<O.

A3.1.8 Increasingpo

ol ol 4]

it is clear thatp(q) is nondecreasing ipo, and thus

From

F(§"Pe)=d —cp, (1,P(a))
is nonincreasing ipo, Which impliesq '(p,)> 0 andz,'(p,)> 0.

A3.2 Demand Model M2

A3.2.1Increasing a
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. (¢20)=0 = 4 (@)=0, 5(a) 0

A3.2.2Increasing b

. b 1 .
F b)= | WE| —— E 0 '(b)>0, z,'(b)>0
b(q, ) Cop [#2 {q*ﬂZZZﬂLSDﬂZ {ﬁ = q '(b)>0, 7,'(b)>

A3.2.3Increasingc

. b .
= sC)= E| —— 0 ' 0, r,' 0
 (dc) pb[uz [qﬂZZZ+SB = 6(0)>0, 5/(0)>

A3.2.4 Increasing 1 and oy
F does not depend on market parameters, anddh{is,) =0, z,'(14)=0, q '(¢,)=0, 7,'(c,)=0.

A3.25Increasing s

Note that
8 b o 8 b .
—| —=———— | < Ofor any realizationz, of Z,. Thus,—E| =————|<0andq '(s)<0.
oS\ Oz + S 0s | g uZ,+s

However,71"(8)">"0 andr,'(s) < 0 are possibléOne example of positive and negative slopes, (d) can
be found in Section A3.1.4 wherdire 1, and another example is illustratedrigure8.

A3.2.6 Increasing u,

>0

0 ,u2E|: i b :|=E b(q*ﬂzz*z"'s)_bﬁ:zq*zz —E|— bs i
Opty q 1,2, +S (01,2, +5) (0,2, +5)

=€, (d.1) <0=q"(1) >0

= ()= — 1| -q (1,) | > 0.

A3.2.7 Increasing, o,

We writeZ,in terms of its standardized random variable, i.e.,
Zyp=dator{

whereE[¢] =0,V[] = 1, and{ > -1/ o, (to assure positivé,). Accordingly,

* | b bq*,uzg
E 100 | = b 2E * ZE 2
#(@02)=co (ﬂ L ﬂ2(1+azé)+SDﬂ (0 (14 0¢) +5)

E bq*,uzé’
(q*,u2 (1+ ng) + S)

- < bq*yzE[(q* w1+ o)+ s)_2 g’} E[¢]=0 (due to Lemma A%)
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= q* '(0'2) >0=> ﬂl'(02)> 0.

A3.2.7 Increasing u
As in Section A3.1.7, assume thd} is a nonnegative random variable that is based on either of the
following two models:

Up =t Z, whereE[Zp] = 0, V[Zy] = o1’

Up =Zs, WhereE[Z,] = 1, V[Zp] = o>

Then
opy(u -
M=ip[yb+abzk)3u]:i|3{zbs“ ”b}o
Opt, O, Oty Op
opfu
Pol )=iP[,ube£u]=iP{sti}<O.
Ot Ot Oty Hy
Therefore,

. 0 b
F )= c— E| —— 0,
* (q 'Ub) Ott, pb[ |:q M2y + SB

which impliesg(, )< 0 andz,"(44,) < 0.
A3.2.8 Increasing po

From

Ba)= E{max{ﬁ pH ,

it is clear thatp(q) is nondecreasing ipo, and thus
F(d" po)=d —cp,(1,P(a))
is nonincreasing.ipo, Which impliesq '(p,)> 0 andz,'(p,)= 0.
Online Appendix
Interventionsfor an Artemisinin-Based Malaria M edicine Supply Chain

This appendix contains sensitiviiguresfor parameters that are not included in the paper.

This article is protected by copyright. All rights reserved



10

nse

08

0.7

0B

05

04

0.3

0z

04

Do

Sensitivity to changes in demand uncertainty

B b ke TP i) S SR LR T T R f,sh e SIS T TP
& & & P b F & &R 2 D I
QT 065)0' O DQ'} o D& Q(ggj(}' 0'} Q'} D"\' Dr} (}'} Df'\" Qr} (}‘) D'} Q'} D"\'

Supply-M1 —3—Fllrate- M1 —a— Surplus-M1

FigureAl: Sensitivity of total supply, fill rate, and supplier surplus to changes in demandaimgyert

(o01). Results are not reported for demand model M2 because demand uncertainty doed tiwt affec

1.0
05
08
0.7
06
0.5
0.4
0.3
0.2
O

0.0

FigureA2: Sensi

This article is pr

system.

Sensitivity to changes in yield uncertainty

Fa¥
.,__@--i?;-v~ﬁ--é——é——%u&——%——%ﬁ——&~-<>-~<;--—e—-<»-<>-—<>——e—-é>—-<>

015 0.18 0.21 0.24 0.27 0.30 0.33 0.36 039 04z 0.45

Supply-M1 —g— Fillrate- M1 —a— Surplus - M1

————— Supply -M2 --B-- Fllrate- M2 - -&-- Surplus - M2

tivity of total supply, fill rate, and supplier surplus to changes in yieldtamtg (o).

otected by copyright. All rights reserved



Sensitivity to changes in risk aversion
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Sensitivity to changes in budget
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not reported for demand model M1 because the budget does not affect the system.
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Sensitivity to changes in potential farm space
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Sensitivity to changes in expected market size
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Sensitivity to changes in average utility of best

alternative
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Sensitivity to changes in support-price
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FigureA8: Sensitivity of total supply, fill rate, and supplier surplus to changes in the sygjper{,).
The averagestotal spend ranges for $73m ¢base value) to $105m for M1 and $75m to $175m for M2
as thesupporiprice ranges from $240 to $440.
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