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ABSTRACT

In this paper we present an equilibrium model showdity spot &) and future ;) prices,
with finite elasticity of arbitrage services and ngenience yields. By explicitly
incorporating and modeling endogenously the coreres@ yield, our theoretical model is
able to capture the existence of backwardationomtango in the long-run spot-future
equilibrium relationship, & - &F). When the slope of the cointegrating vectgi,>7
(B2<1)the market is under long run backwardation (cordgnlg is the first time in which
the theoretical possibility of finding a cointegnat vector different from the standard
B.=1is formally considered.

Independent of the value @, this paper shows thathe equilibrium model admits an
Error Correction Representation, where the lineamlgnation of §) and )
characterizing the price discovery process, cogeMith the permanent component of the
Gonzalo-Granger (1995) Permanent-Transitory decasitipn. This linear combination
depends on the elasticity of arbitrage servicesiardetermined by the relative liquidity
traded in the spot and future markets. Such outcaoteonly provides a theoretical
justification for this Permanent-Transitory decomsifion; but it offers a simple way of
detecting which of the two prices is dominant ia grice discovery process.

All the results are testable, as it can be seéhnearapplication to spot and future non-ferrous
metals prices (Al, Cu, Ni, Pb, Zn) traded in thenlon Metal Exchange (LME). Most
markets are in backwardation and future prices“@fermation dominant” in the most
liquid future markets (Al, Cu, Ni, Zn).

JEL classification: C32, C51, G13, G14.
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1. Introduction
Future markets contribute in two important waysh®e organization of economic activity:
(i) they facilitate price discovery; (ii) they offeneans of transferring risk or hedging. In
this paper we focus on the first contribution. Briiscovery refers to the use of future
prices for pricing cash market transactions (Wagkib948; Wiese, 1978; and Lake 1978).
In general, price discovery is the process of urdog an asset’'s full information or
permanent value. The unobservable permanent pftects the fundamental value of the
stock or commaodity. It is distinct from the obsdrleaprice, which can be decomposed into
its fundamental value and its transitory effectse Tatter consists of price movements due
to factors such as bid-ask bounce, temporary ondlealances or inventory adjustments.
Whether the spot or the futures market is the ceoteprice discovery in commodity
markets has for a long time been discussed in itemture. Stein (1961) showed that
futures and spot prices for a given commodity ateminined simultaneously. Garbade and
Silver (1983) (GS thereafter) develop a model afuianeous price dynamics in which
they establish that price discovery takes place thre market with highest number of
participants. Their empirical application concluddsat “about 75 percent of new
information is incorporated first in the future g@s.” More recently, the price discovery
research has focused on microstructure models andethods to measure it. This line of
literature applies two methodologies (see Lehmai22 special issue of Journal of
Financial Markets), the Gonzalo-Granger (1995) Rewent-Transitory decomposition (PT
thereafter) and Information Shares of Hasbroucl@%) 9IS thereafter). Our paper suggests
a practical econometric approach to characterizk rmpasure the phenomenon of price
discovery by demonstrating the existence of a perfimk between an extended GS
theoretical model and the PT decomposition.
Extending and building on GS, we develop an eqguilib model of commodity spot and
future prices where the elasticity of arbitrageve®s, contrary to the standard assumption
of being infinite, is considered to be finite, atite existence of convenience yields is
endogenously modeled. A finite elasticity is a maogalistic assumption that reflects the

existence of factors such as basis risks, storamgs,c convenience yields, etc. A



convenience Yyield is natural for goods, like artlamd, that offer exogenous rental or
service flows over time. It is observed in commiedit such as agricultural products,
industrial metals and energy, which are consumeal sihgle point in time. Convenience
yields and subsequent price backwardations havactdtl considerable attention in the
literature (see Routledge et al. 2000). A backw@wda(contango) exists when prices
decline (increase) with time-to-delivery, so thpotsprices are greater (lower) than future
prices. We explicitly incorporate and model endagesty convenience yields in our
framework, in order to capture the existence okbacdation and contango in the long-run
equilibrium relationship between spot and futuregs. In our model, this is reflected on a
cointegrating vecton(l, -5,), different from the standag@,=1. Whenf,>1 (<1)the market

is under long run backwardation (contango). As gtoduct of this modeling we find a
theoretical justification for a cointegrating vectzetween log-variables different from the
standard 1, -1). To the best of our knowledge this is the fiiste this has been formally
considered.

Independent of the value ¢, this paper shows thathe proposed equilibrium model
implies cointegration and therefore admits an E€orrection Representation (see Engle
and Granger, 1987). The permanent component d?Th@ecomposition coincides with the
linear combination ofS and F; that, according to GS, characterizes the priceodisry
process in commodity markets. This linear combaratdepends on the elasticity of
arbitrage services and is determined by the liguittaded in the spot and in the future
market. This result not only offers a theoreticdtification for this PT decomposition; but
it provides a simple way of detecting which of tiweo prices is dominant in the price
discovery process. Information on price discovexyimportant because spot and future
markets are widely used by firms engaged in thelytion, marketing and processing of
commodities. Consumption and production decisioegedd on the price signals from
these markets.

All the results produced in the paper can easilyelséed as may be seen directly from our
application to London Metal Exchange (LME) data. \Afe interested in these metal
markets because they have highly developed futméacts. Applying our model to LME
spot and future data we obtain: (i) All marketshatihe exception of copper are backwarded

in equilibrium. This is reflected in a cointegratddpe greater than one, and (ii) The future



price is information dominant for all metals witHiquid future markets: Aluminium (Al),
Copper (Cu), Nickel (Ni) and Zinc (Zn). The spoicpris information dominant for Lead
(Pb), the least liquid LME contract.

The paper is organized as follows. Section 2 dessrihe equilibrium model with finite
elasticity of supply of arbitrage services incogiorg the dynamics of endogenous
convenience Yyields. It demonstrates that the moa@mits an Error Correction
Representation, and derives the contribution of ghet and future prices to the price
discovery process. In addition, it shows that thetrim used to measure price discovery,
coincides with the linear combination defining tpermanent component in the PT
decomposition. Section 3 discusses the theorebeakground of the two techniques
available to measure price discovery, the HasbreukX and the PT of Gonzalo-Granger.
Section 4 presents empirical estimates of the mdeeéloped in section 2 for five LME
traded metals, it tests for cointegration and fex presence of long run backwardation
(5>1) , and estimates the participation of the spot famare prices in the price discovery
process, testing the hypothesis of the future pbegng the sole contributor to price
discovery. A by-product of this empirical sectianthe construction of time series of the
unobserved convenience vyields of all the commaditigection 5 concludes. Graphs are
collected in the appendix.

2. Theoretical Framework: A Model for Price Discovery in Futures and Spot
Markets

The goal of this section is to characterize theadyics of spot and future commaodity prices
in an equilibrium non arbitrage model, with finiedasticity of arbitrage services and
existence of endogenous convenience yields. Ouysisduilds and extends on GS setting
up a perfect link with the Gonzalo-Granger PT degosition. Following GS and for
explanatory purposes we distinguish between twesad) infinite and (2) finite elastic

supply of arbitrage services.



2.1. Equilibrium Priceswith Infinitely Elastic Supply of Arbitrage Services
Let S be the natural logarithm of the spot market pata commodity in periotiand letF
be the natural log of the contemporaneous pridetafe contract for that commodity after
a time intervalT;= T-t. In order to find the non-arbitrage equilibriumnddion the
following set of standard assumptions apply in Hastion:

* (a.1) No taxes or transaction costs

* (a.2) No limitations on borrowing

* (a.3) No cost other than financing a (short or )dingures position

* (a.4) No limitations on short sale of the commodhityhe spot market

* (a.5) Interest rates are determined by the progess +1 (0) whereT is the mean

of ryand 1(0) is an stationary process with mean zecbfiite positive variancé.
* (a.6) The differencdS =S; —S.1 is 1(0).
If riis the continuously compounded interest rate agplecto the interval fromto T, by
the above assumptions (a.1-a.4), non-arbitragdilequm conditions imply
F,=S +IT,. (1)
For simplicity and without loss of generality fdret rest of the paper it will be assumed
T,=1. From (a.5) and (a.6), equation (1) implies t§aand F; are cointegrated with the

standard cointegrating relati¢h, -1)® This constitutes the standard case in the litezatu

2.2. Equilibrium Prices with Finitely Elastic Supply of Arbitrage Services Under the

Presence of ConvenienceYided

There are a number of cases in which the elast€irbitrage services is not infinite in the
real world. Factors such as the existence of hasks convenience yields, storage cost,
constraints on warehouse space, and the shortvaifalaility of capital, may restrict the

supply of arbitrage services by making arbitragegeactions risky. From all these factors,

! Note that this assumption is consistent with tierest rate being deterministic. This is a common
assumption for pricing vanilla derivatives see HAD06). Even when pricing more complicated payaifa
two factor set up, with stochastic underlying condityoprice and interest rates, the parametersailerated
in such a way that they can match vanilla prices.

2 Brener and Kroner (1995) consideto be ari(1) process (random walk plus transitory component) and
therefore they argue against cointegration betv@&andF; Under this assumption should be explicitly
incorporated into the long-run relationship betw&endF, in order to get a cointegrating relationship.



in this paper we focus on the existence of convex@eyields by explicitly incorporating
them into our model. Users of consumption commeslithay feel that ownership of the
physical commodity provides benefits that are rmiaimed by holders of future contracts.
This makes them reluctant to sell the commodity bog future contracts resulting in
positive convenience yields and price backwardatidimere is a large amount of literature
showing that commodity prices are often backwardeok example Litzenberger and
Rabinowitz (1995) document that nine-month futwiegs are bellow the one-month prices
77 of the time for crude oil. Bessembinder et aB95) do not explicitly address the
phenomenon of backwardation but show that, whesnanwodity becomes scarce, there is a
proportionally larger increase in the convenienieddy and they associate this finding with
the existence of spot price mean reversion.

Convenience yield as defined by Brenan and Schwa@25) is “the flow of services that
accrues to an owner of the physical commodity lmittem an owner of a contract for future
delivery of the commaodity”. Accordingly backwardatiis equal to the present value of the
marginal convenience yield of the commodity inventoA futures price that does not
exceed the spot price by enough to cover “carrgiogt” (interest plus warehousing cost)
implies that storers get some other return froneimery. For example a convenience yield
can arise when holding inventory of an input lowerst output cost and replacing
inventory involves lumpy cost. Alternatively, tingelays, lumpy replenishment cost, or
high cost of short term changes in output can teaalconvenience yield on inventory held
to meet customer demand for spot delivery.

Unlike Brennan and Schwartz (1985) as well as Gitmad Schwartz (1990) who model
convenience yield as an exogenous “dividend”, iis thaper convenience vyield is
determined endogenously as a functionrSoand F;. In particular, following the line of
Routledge et al. (2000) and Bessembinder et aB5Ll%e model the convenience yield

processy; as a weighted difference between spot and futticep
Y =S )R +1(0), ¥ 0@ 1),i=1,2 )

Under the presence of convenience yields equilibiguation (1) becomes

% The work of Bessembinder et al. (1995) belong$editerature (see also Schwartz, 1997) that nsostet
prices to be mean reverting proce¢8)(in our notation). In our paper this possibilityrised out by
assumption a.6, which is strongly empirically suped. Instead, our model produces mean reversigartts
the long run spot-future equilibrium relationship.



Fo=S+(n-Y). (3)
Substituting (2) into (3) and taking into accouat) the following long run equilibrium is
obtained

S =LFR+L+1(0), (4)

with a cointegrating vectod (-4, -£) where

ﬁzzl_yz andB,=——. ®)
1-n 1-5n

It is important to notice the different values tifatcan take and the consequences in each
case:

1) B>1 if and only if 4> )5. In this case we are under long run backwarddtpi; in
the long run).

2) B=1 if an only if 4= 5. In this case we do not observe neither backwianlator
contango.

3) <1 if and only if i< )s. In this case we are under long run contargH; in the
long run).

In addition, the following remarks must be highhgh:

a) The parameterg and)s are not identified from the equilibrium equatia¥) (nless
ris known. In practice, the termwill also include storage cost®nce a range of
plausible values is assigned to this term, it faightforward from (5) to obtain a
sequence of y;, and y,values, and therefore to calculate the convenigmnelel
following (2). This is done in the empirical sectid-D for values ofr that range
from 7% to 10% (15-month rate plus warehousing)cost

b) Convenience yields are stationary whgs1l. When g, Z1 it contains a small
random walk component. The size depends on therdifte £, -1).

c) Backwardation (contango) is on average associatéd positive (negative)

convenience yields.

* Note that assumption a.3 states that there igher cost than financing a (short or long) futysesition.
When the underlying asset is a storable commolisytakes into account warehousing cost as wefitasest
cost. Given that storage cost are small for norofer metals these are accounted by the parameteour
model.



To the best of our knowledge this is the firstamste in which the theoretical possibility of
having a cointegrating vector different fraih, -1) for a pair of log variables is formally
considered. The finding of non unit cointegratiregtor has been interpreted empirically in
terms of a failure of the unbiasedness hypothese for example Brenner and Kroner,
1995). However it has never been modelled in ardteal framework that allows for
endogenous convenience yields and backwardatiaticeships.
To describe the interaction between cash and fupuiees we must first specify the
behavior of agents in the marketplace. ThereNgrparticipants in the spot market aNg
participants in futures market. LEf; be the endowment of th8 participant immediately
prior to periodt and R; the reservation price at which that participantiling to hold the
endowmentg;; .Then the demand schedule of tﬂeparticipant in the cash market in period
tis

E.-A(S-R). A0 i=1..N (6)
whereA is the elasticity of demand, assumed to be theedamall participants. Note that
due to the dynamic structure to be imposed to éservation priceRR;, the relevant results
in our theoretical framework are robust to a mgemeral structure of the elasticity of
demand, such a#=A + a;, whereg; is an independent random variable, wkijg)=0 and
V(a)= oi<eo.
The aggregate cash market demand schedule ofeayditrs in period t is

H((B,F +B)-S), H>O0, (7)

whereH is the elasticity of spot market demand by arb&rag. As previously discussed, it
is finite when the arbitrage transactions of buyinghe spot market and selling in the
futures market or vice versa are not risk less.

The cash market will clear at the valuespthat solves

Ng Ng

in,tZZ{Ei,t_A(S_ RI)}+ H((,BZ '[:+133)_ S) (8)
i=1 i=1

The future market will clear at the valueFafsuch that

N Ng

E; {E - AR - R)}- H((B, F+B)- S). ©)

=1 =1



Solving equations (8) and (9) f& andF; as a function of the mean reservation price of

Ny
spot market participant%:,&l\ls‘l ZR] and the mean reservation price for future market

i=1

N
participants{F{c =NF_1ZRJ, we obtain
=N

- (ANF +HIBZ)NSRIS+HNFIBZRtF +HNFIBS
(H +ANg)N +HNB,

£ _HNGR® +(H + ANNR" ~HN,

t (H+ANN. +HNB, (10)

S

To derive the dynamic price relationships, the nhadequation (10) must be characterized
with a description of the evolution of reservatfmices. We assume that immediately after
the market clearing periaell thei™ spot market participant was willing to hold amo#nt
at a priceS.;. Following GS, this implies tha®.; was his reservation price after that
clearing. We assume that this reservation pricegesatoR; according to the equation

R,=S.,+Vv,+w,, i=1..,Ng,

Riy=Fa+v,+w,,, j=1.,N,

cov(v,,w,) =0, [,

coviw ., w,, ) =0, i # g, (11)

where the vecto(vt, W, vv”) is vector white noise with finite variance.

The price chang® -S.; reflects the arrival of new information betweerripe t-1 and
periodt which changes the price at which fffeparticipant is willing to hold the quantity
Ei: of the commodity. This price change has a compoonentmon to all participantssf
and a component idiosyncratic to tifeparticipant (), The equations in (11) imply that

the mean reservation price in each market in penad be

R% =S, +Vv,+wW, i=1..,Ng,

Rfy=F_.+v +w° i = N (12)
t t-1 Vt Wl! J 11"'1 E



s {ARRENE =

where
Select)
ut Vt +Wt
M :1[NS(@H +AN) B HN ) | (15)
d HN (H+ ANY N,
and
d=(H+AN;) Nz + 5, HN; . (16)

GS perform their analysis of price discovery inexpression equivalent to (13). When
=1, GS conclude that the price discovery functioneshe}s on the number of participants

in each market. In particular from (13) they proptise ratio

Ne (17)
Ns+ Ne

as a measure of the importance of the future maekative to the spot market in the price
discovery process. Price discovery is thereforenatfon of the size of a market. Our
analysis is taken further. Model (13) is written @sVector Error Correction Model
(VECM) by subtractindS.1, F.;)” from both sides,

e o0 =

with

10



(19)
Rearranging terms

- Sa
ASY_H[TN) u?
(AFJ_F£ N, J(l b A i {UFJ'

(20)

Applying the PT decomposition (described in the tnegction) in this VECM, the

permanent component will be the linear combinatibf, andF; formed by the orthogonal

vector (properly scaled) of the adjustment maffi¥-, Ng). In other words the permanent
component is

Ne+N. ' Ng+N,

F,. (21)
This is our price discovery metric, which coincideith the one proposed by GS. Note that
our measure does not depend neithefo(and thus on the existence of backwardation or
contango) nor on the finite value of the elas®stA andH (>0). These elasticities do not
affect the long-run equilibrium relationship, ontlge adjustment process and the error
structure. For modelling purposes is important adige that the long run equilibrium is
determined by expressions (2) and (3), and itegdést of the VECM (adjustment processes
and error structure) that is affected by the défermarket assumptions on elasticities,
participants, etc.
Two extreme cases with respétare worthwhile discussing (at least mathematigally
i) H=0. In this case there is no cointegration and ttm¥BCM representation. Spot
and future prices will follow independent randomlksa futures contracts will be
poor substitutes of spot market positions and priceone market will have no
implications for prices in the other market. Thisngnates both the risk transfer and
the price discovery functions of future markets.
i) H = oo. It can be shown that in this case the matrix Mxpression (13) has reduced
rank and is such thd&l, -5)M =0. Therefore the long run equilibrium relationship

(4), S= B F + B3, becomes an exact relationship. Future contraesin this

11



situation perfect substitutes for spot market pmsst and prices will be “discovered”
in both markets simultaneously. In a sense, itlmisaid that this analytical model
is not prepared fod = « because it produces a VECM with an error term wih-

full rank covariance matrix.

3. Two different Metrics for Price Discovery: the IS of Hasbrouck and the PT of
Gonzalo and Granger

Currently there are two popular common factor rostthat are used to investigate the
mechanics of price discovery: the IS of Hasbro(®®95) and the PT of Gonzalo and
Granger (1995) (see Lehman, 2002; special issuprime discovery by the Journal of
Financial Markets). Both approaches start frometstemation of the following VECM:

AX, =af' X, + Zk: FAX, . +u, (22)

i=1

with X, =(§,F)" and u; a vector white noise witl(u,) = 0,Var(u,) = Q>0. To keep the
exposition simple we do not introduce deterministanponents in model (22).
The IS measure is a calculation that attributessthece of variation in the random walk
component to the innovations in the various markéts do that, Hasbrouck transforms
equation (22) into a vector moving average (VMA)

AX, = W(L)u,, (23)

and its integrated form
t
X, =W u +¥* (L), (24)
i=1

whereW(L) andW*(L) are matrix polynomials in the lag operatorBy assuming thaf
=(1, -1), it is implied that all the rows d¥(1) are identical and the long-run impact of a
disturbance on each of the prices are the samgng & denote the common row vector in

Y(1) andl be a column unit vector, the price levels may bigten as
t
X, = w(Zuijl +W* (L)u,. (25)
i=1

The last step on the calculation of the IS consistseliminating the contemporaneous

correlation inu. This is achieved by constructing a new set afrsrr

12



u, =Qs, (26)
with Q the lower triangular matrix such th&=QQ .

The market-share of the innovation variance attable tog is computed as

IS, :% i=1,2 , 27)

2
1

where[W Q] is thej" element of the row matriQ.

Some limitations of the IS approach should bedoftérst, it lacks of uniqueness. There is
not a unique way of eliminating the contemporanemrselation of the errau; (there are
many square roots of the covariance ma)xEven if the Cholesky square root is chosen,
there are two possibilities that produce differarformation share results. Hasbrouck
(1995) bounds this indeterminacy for a given maykeformation share by calculating an
upper bound (placing that market’s price firsthe ¥ECM) and a lower bound (placing
that market last). These bounds can be very fait &@wan each other (see Huang, 2002).
Second, it depends on the cointegrating vectoctitre. It is not clear how to proceed in
(27) whenf=(1, -£) with S different from one. Third, the IS methodology seets
difficulties for testing. As Hasbrouck (1995) conmteg asymptotic standard errors for the
information shares are not easy to calculate. Rpitrtemains unclear whether there exists
an economic theory behind the concept of IS.

Harris (1997) and Hatrris et al. (2002) were thstfanes to use the PT measure of Gonzalo-
Granger for price discovery purposes. This PT deumsition imposes the permanent
component\W,) to be a linear combination of the original vareylX;. This implies that
the transitory component has to be formed also loyear combination oX; (in fact by the

cointegrating relationshifZ= £ X,). The linear combination assumption together with

definition of a PT decomposition fully identify tipgrmanent component as

W, =a,X,, (28)
and the PT decomposition ¥f becomes
X, =Aa X + AB X, (29)
= a-’ _1,
Where Ai ﬁ[l( O ﬁD) (30)
A=a(fa)’,

13



with ag a=0 (31)
By B=0.
This permanent component is the driving factori@ long run oiX;. The information that
does not affect\; will not have a permanent effect & It is in this sense th&t has been
considered, in one part of the literature, as thear combination that determines the
importance of each of the markets (spot and fujureshe price discovery process. For
these purposes the PT approach may have sevei@htages over the IS approach. First,
the linear combination defining is unique (up to a scalar multiplication) andsiteiasily
estimated by Least Squares from the VECM. Secornaypothesis testing of a given
market contribution in the price discovery is simpind follows a chi-square distribution.
And third, the simple economic model developedeantisn 2 provides a solid theoretical
ground for the use of this PT permanent compongrd ameasure of how determinant is
each price in the price discovery process. Theees#duations in which thee IS and PT
approaches provide the same or similar results iBhiliscussed by Ballie et. al (2002). A
comparison of both approaches can also be founthmand Zivot (2007). There are two
minor drawbacks of this PT decomposition that acethwhile noting. First, in order for
(29) to exist we need to guarantee the existenddeofnverse matrices involved in (30)
(see proposition 3 in Gonzalo and Granger, 19981 second, the permanent component
W may not be a random walk. It will be a random watken the VECM (22) does not

contain any lags oflX; or in general whemr /T, =0(i = 1,..., k)

A. Empirical Price Discovery in Non-Ferrous Metal Markets

The data include daily observations from the Lontitetal Exchange (LME) on spot and
15-month forward prices for Al, Cu, Pb, Ni, and BArices are available from January 1989
to October 2006. The data source is Ecowin. Qutatare denominated in dollars and
reflect spot ask settlement prices and 15-montivdod ask prices. The LME is not only a
forward market but also the centre for physicalt $pamle in metals. The LME data has the
advantage that there are simultaneous spot anéfdrrices, for fixed forward maturities,
every business day. We look at quoted forward prieégh time to maturity fixed to 15

months. These are reference future prices for eglivn the third Wednesday available

14



within fifteen months delivery. Although the threeonth contract is the most liquid,
reports from traders suggest that there are cuyréenv factors which play differently
between 3 months and spoigures 1-5 the appendix, depict spot settlemsktpaices,
15-month forward ask prices, and spot-15-month Wwac#fation for the five metals
considered. A common feature of the graphs shoasttie degree of backwardation is
highly correlated with prices, suggesting that hitgmand periods lead to backwardation
structures. The data is thus consistent with thekwbRoutledge et al. (2000) which shows
that forward curves are upward sloping in the l@mndnd state and slope downward in the
high demand state.

Our empirical analysis is based on the VECM (20)settion 2.2. Lags of the vector

(AS, AF,)" are added until the error term is a vector whitése. Econometric details of

the estimation and inference of (20) can be foundohansen (1996), and Juselius (2006),
and the procedure to estimateand to test hypotheses on it are in Gonzalo andidggra
(1995). Results are presented in Tables 1-4, fatigwa sequential number of steps
corresponding to those that we propose for the capianalysis and measuring of price
discovery.

A. Univariate Unit Root Test

None of the Log-prices reject the null of a unbttol he results are available upon request.

B. Determination of the Rank of Cointegration
Before testing the rank of cointegration in the \WEGpecified in (20) two decisions are to

be taken: (i) selecting the number of Iags(ba, AFt)'necessary to obtain white noise

errors and, (ii) deciding how to model the deteistia elements in the VECM. For the
former we use an information criteria (the AIC)ddor the latter we restrict the constant
term to be inside the cointegrating relationship,tfee economic model in (20) suggests.
Results on the Trace test are presented in Tab¥itlcal values are taken from Juselius
(2006). As it is predicted by our model, in all kets apart from coppe& andF; are
clearly cointegrated. In the case of copper, we tfaireject cointegration at the 80%

confidence level.

® Spot and three month future price graphs can déged upon request. They demonstrate that theateo
effectively identical for all metals.
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Table 1: Trace Cointegration Rank Test

Al Cu Ni Pb Zn
Tracetest
r<ivsr=2(95% c.v=9.14) 1.02 1.85 0.57 0.84 5.23
23.51

r =0vsr=2(95% c.v=20.16) 27.73 15.64* 42.48 43.59

* Significant at the 20% significance level @)C.v=15.56).

C. Estimation of the VECM

Results from estimating the reduced rank VECM magecified in (20) are reported in
Table 2. The following two characteristics are thgpd: (i) all the cointegrating

relationships tend to have a slope greater than suggesting that there is long-run
backwardation. This is formally tested in the ngtep D; (ii) with the exception of lead, in
all equations future prices do not react signifiegy to the equilibrium error, suggesting

that future prices are the main contributors toceridiscovery. This hypothesis is

investigated in greater detail in step E.

Table 2: Estimation of the VECM (20)
Aluminium (Al)
- 0.010
AS, - (—-2.438) [2 ]+ K lags of AS., + OIS
AF, 0.001 o AF_ | |af
(0.312)
with 2z, =§ — 120F, + 148, and k(AIC)=17.
Copper (Cu)
- 0.002
S
{ASI} = [ (=087 1) 14 K lags of {Asﬂ +[O‘F
AF, 0.003 AR, a,
(1.541)
with 2z, =S - 101F, + 006, and k(AIC)=14.
Nickel (Ni)
- 0.009
S
[AS‘} =|(~2211) [2.,]+ k lags of {As‘l} + {OIF}
AF, 0.005 AFL ] Lo
(1.267)
with 2, =S - 119F, + 169, and k(AIC)=18.

|

16



Lead (Pb)
-0.001
S
[Ast} _|(-0-208) |1, 1, i jags of [ASH} .\ U‘F
AFt 0.013 AFt—l Ot
(3.793)
2, =§ - 119F, + 125, and k(AIC)=15.
Zinc (Zn)
-0.009
S
[Ast} _| (-2.709) [2..]+ k lags of [ASH} N U‘F
AFl 0.001 AFt—l Ot
(0.319)
withz, = § — 125F, + 1.78, and k(AIC)=16.
Note: t- statistics are given in parenthesis.

D. Hypothesis Testing on Beta
Results reported in Table 3 show that the standairttegrating vectorl( -1) is rejected in
all metal markets apart from copper in favour cbantegrating slope greater than one. This
shows that there is long run backwardation implyihgt spot prices have, on average,
exceeded 15-month prices over our sample period.

Table 3: Hypothesis Testing on the Cointegrating Vector and L ong Run Backwar dation

Al Cu Ni Pb Zn
Coint. Vecton(£1, -[%,-)
i 1.00 1.00 1.00 1.00 1.00
5 1.20 1.01 1.19 1.19 1.25
SE (%) (0.06 0.12 (0.09 (0.05 (0.07
s (constant term) -1.48 -0.06 -1.69 -1.25 -1.78
SE (%) (0.47) 0.89 0.39 (0.30 (0.50

Hypothesis testing

Ho:B2=1 vs H:B>1 (p-value) (0.001) (0.468) (0.000) (0.000) (0.000)
Long Run Backwardation yes no yes yes yes

Fama and French (1988) show that metal produciaes not adjust quickly to positive
demand shocks around business cycle peaks. Assequence, inventories fall and

forward prices are bellow spot prices. We contehdt tin these situations price
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backwardations and convenience yields arise dtieethigh costs of short term changes in
output.
Inventory decisions are crucial for commoditiexdiese they influence the current and
future scarcity of the good, linking its currenbiisumption) and expected future (asset
values). However, this link is imperfect becauseentory is physically constrained to be
nonnegativelnventory can always be added to keep currentgpoes from being too low
relative to expected future spot prices. Increaserhge raises the good’s valuation since it
reduces the amount available for immediate usgpdt prices are expected to rise by more
that “carrying cost”, additional inventory is pueded. This increases current (and lower
future) spot prices. Conversely if prices are exge to fall (or rise by less than carrying
cost) then inventory will be sold. This decreasesdood’s current valuation by increasing
the amount available for immediate consumption. M@y once inventory is driven to
zero, its spot price is tied solely to the goodisirhediate consumption value”. This
situation, usually referred to as “stock out”, tk®athe link between the current
consumption and expected future asset values @fd gesulting in backwardations and
positive convenience yields.
The economic intuition behind the non existencéonf-run backwardation in the copper
market may be explained by the high use of recgdlmnthe industry. Copper is a valuable
metal and like gold and silver it is rarely throvaway. In 1997, 37% of copper
consumption came from recycled copper. We conteat recycling provides a second
source of supply in the industry and may be resp@ngor smoothing the convenience
yield effect.

D.1. Construction of Convenience Yields
One of the advantages of our model is the pogsilofi calculate a range of convenience
yields. From expression (5),
14 :1+%3 andy, =1-5, (1-y,), (32)

given B, # 0. The only unknown in (32) i§ . In practice this parameter is the average of

the interest rates and storage costs. For the zathlyample period the average LIBOR
yearly dollar rate is 4.9% which makes the 15 maath 6.13%. Non ferrous metal storage

costs are provided by the LME (see www. Ime.toflese are usually very low and in the
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order of 1% to 2%. In response to these figurehaee calculated convenience yields for
values between 6-8% of interest cost and 1-2% ofage cost. Therefore we have
considered a range of going from 7% to 10% and calculated the correspansequence

of values ofy, andy,. With these values the long-run convenience yield ;S -y, F is

obtained, converted into annual rates and plotteBigures 6-10. The only exception is

Copper because (32) can not be appligdi§ not significantly different from zero). In this
case the only useful information we have is tat 1, and thereforg/, = y,. To calculate

the corresponding range of convenience yields we lgiven values to these parameters
that go from .9 to 1.0. Figure 7 plots the graphieault. Figures 6-10 show two common

features that are worth noting: i) Conveniencedgelre positively related to backwardation
price relationships, and ii) convenience yields smarkably high in times of excess

demand and subsequent “stockouts”, notably the -1989 and the 2003-2006 sample
sub-periods both leading to a metal price boom.

E. Estimation of a; and Hypothesis Testing
Table 4 shows the contribution of spot and futuregs to the price discovery function. For
all metals with the exception of lead, future psigee the determinant factor in the price
discovery process. This conclusion is statisticalfyained by the non-rejection of the null
hypothesisa;= (0, 1). In the case of lead, the spot price is the detemn factor of price

discovery (the hypothesis; = (1, 0) is not rejected). We justify this result by stgtimat
lead is the least important LME traded future cacttrin terms of volumes traded (see
Figure 11 in the graphical appendiX).While for all commodities only one of the
hypotheses(, 1) or (1, 0 is non rejected, this is not the case for coppethe copper
market both the spot and future prices contributé wgual weight to the price discovery
process. As a result the hypothesis= (1, 1) cannot be rejectegh{value=0.79. We are
unable to offer a formal explanation for this résMVe can only state that cointegration
between spot and 15-month prices is clearly wedsercopper and that this may be

responsible for non rejection of the tested hypsgkeona

® Note that an appropriate comparison would requsréo provide data on spot volumes traded so that a
estimate of the ratio in (17) could be calculai®@ have been unable to get spot volume data, wimphes
that Figure 11 only provides some guidance oniveatolumes traded. Data source in Figure 11 aré&lfbt
the Jan1990- Dec 2003 sample and Ecowin for the@epDec2006 sample.
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Table 4: Proportion of Spot and Future Pricesin the Price Discovery Function (Op)
Estimation Al Cu Ni Pb Zn

ofTa 0.09 0.58 0.35 0.94 0.09
O 0.91 0.42 0.65 0.06 0.91
Hypothesis testin¢p-values)

Ho: a7 =(0,1) (0.759 (0.123 (0.209 (0.000 (0.749
Ho: 05'=(1,0) (0.015 (0.389 (0.029 (0.83) (0.00%
Note: agis the vector orthogonal to the adjustment veatan; a=0. For estimation ofipand inference on
it, see Gonzalo-Granger (1995).

The finding that future markets on average are rop®rtant than spot prices is consistent
with the literature on commodity markets. GS sugdkat “the cash markets in wheat,
corn, and orange juice are largely satellites efftitures markets for those commaodities,
with about 75% of new information incorporatedftfirs future prices and then flowing into
cash prices”. Yang et al. (2001) use VECM estimadgwovide strong evidence in support
of the theory that storable future commodity priGes at least equally important as
informational sources as the spot prices. Schroeawl Goodwin (1991) apply the
methodology developed by GS to examine the sharprice discovery role of the live hog
cash and futures markets to conclude that pricdesy generally originates in the futures
market with an average of roughly 65% of new infation being passed from the futures
to the cash prices. Oellerman et al. (1989) dete¥nthe price leadership relationship
among cash and futures prices for feeder cattleligactattle using the Granger causality
model and the GS model. They conclude that théedatiures markets serve as the center
of price discovery for feeder cattleiguerola-Ferretti and Gilbert (2005) use an ex¢éend
version of the Beveridge-Nelson (1981) decompasigad a latent variable approach to
examine the noise content, and therefore the irdtweness, of four aluminium prices.
They find that the start of aluminium futures tragliin 1978 resulted in greater price
transparency in the sense that the informationetanof transactions prices increased
Although the literature on price discovery hasdme extent quantified the price discovery
effects of futures trading, non of the cited stadean commodity price discovery has
formally tested whether the future price is theeswbntributor to price discovery. This is

easily done with our approach.
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F. Construction of the Corresponding PT Decomposition
The proposed PT decomposition constitutes a nattal(see Table 5) of summarizing the

empirical results.

Table5: Gonzalo-Granger Permanent-Transitory Decomposition

Aluminium (Al)
S 1177 0.901
= W, + Z,
F, 0.983 -0.083
with
W, = 0.0885 +0.912F,
Z =S -1197F.
Copper (Cu)
S 1.004 0.409
=| 0005 " * Z
F 0.995 -0.585
with
W, =0.5825 + 0.418F,
Z =S —-1010F,.
Nickel (Ni)
S 1117 0.613
=| 00ag "V * Z
F, 0.938 -0.325
with
W, = 0.3455 + 0.654F,
Z, =S -119%F.
Lead (Pb)

S 1.010 0.055
= W+ Z,
F 0.849 -0.794
with
W, =0.9375 + 0.062F,
Z, =S -1190F,.
Zinc (Zn)

S 1.223 0.893
= W, + Z,
F, 0.978 -0.086
with
W, = 0.0895 +0.911F,
Z, =S -1257F,.

Note: See last part of Section 3 for a brief sumynef how to construct this P-T decomposition atisq
interpretation.
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This decomposition is an “observable” factor moaigh two components: i) the permanent
componentW; is the driving factor in the long-run of; and is formed by the linear
combination of§ andF; that characterizes the price discovery proceskjipthe transitory
componentZ; formed by the stationary linear combination®fandF; that captures the
price movements due to the bid-ask bounces. Thendtion that does not affed will
not have a permanent effect ¥n In this way we can define a transitory shock atack

to S or F; that keepd\V; constant.

5. Conclusions, Implications and Extensions

The process of price discovery is crucial for artipants in commodity markets. The
present paper models and measures this procesddndag the work of GS to consider
the existence of convenience yields in spot-futpriee equilibrium relationships. Our
modeling of convenience vyields with I(1) prices able to capture the presence of
backwardation or contango long-run structuresuchsa way that it becomes reflected on
the cointegrating vectail, -8, with S#1.When £,>1(<1) the market is under long-run
backwardation (contango). This is the first impottaontribution in this paper. As a by-
product, we find a theoretical justification foicaintegrating vector between log-variables
different from the standard (-1). To the best of our knowledge this is the firstd this
has been formally considered. Secondly, we aretalidbtain time series of the unobserved
convenience yield. This becomes crucial when thed gb the research is a detail causal
analysis of this variable. Thirdlywe show that under very general conditions, incigdi
finite elasticity of supply of arbitrage, the moa@elmits an Error Correction Representation.
Under this framework, the linear combination &f and F; characterizing the price
discovery process coincides with the permanent commpt of the Gonzalo-Granger PT
decomposition. And fourthly, we propose empiridaategy based on five simple steps to
test for long-run backwardation, and estimate asd the importance of each price (spot
and future) in the price discovery process. Appted ME spot and future prices for five
metals (Al, Cu, Ni, Pb, Zn), our technique suggd¢hktt, with the exception of Cu, all

markets are in long-run backwardation. More impaia in most instances, for those
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markets with highly liquid futures trading, the poaderance of price discovery takes place
in the futures market. Our result is consistenthwhe literature on commodity price
discovery and has the following implications:

* The advent of centralized futures trading has lvesponsible for the creation of a
publicly known, uniform reference price reflectitige true underlying value of the
commodity.

» Future prices are used by market participants t&em@oduction, storage and
processing decisions thus helping to rationalizénag allocation of productive
resources (Stein 1985, Peck 1985).

Extensions to consider different regimes according whether the market is in
backwardation or in contango and their impact itite VECM and PT decomposition,
following the econometrics approach of Gonzalo &marakis (2006) are under current

investigation by the authors.
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Figure 5: Zinc spot ask settlement Prices, 15-month forward pirces and backwardation
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Figure6: Range of annual Aluminum convenienceyieldsin %
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Figure 7: Range of annual Copper convenienceyieldsin %
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Figure 6: Range of annual Nickel convenienceyieldsin %
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Figure 9: Range of annual L ead convenienceyieldsin %
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Figure 10: Range of annual Zinc convenienceyieldsin %
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Figure 11: Average yearly LME Futur es Trading Volumes-Non Ferrous Metals
January 1990- December 2006
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