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Abstract

This study examines carbon spot and futures price relationships
and the dynamics of the carbon term structure in the European Union
Emission Trading Scheme (ETS) between 2005-2012. Using spot and
futures prices, we calculate an implied cost of carry. Using sequential
futures prices, we calculate the implied forward cost of carry. Under
the rules of the ETS, the cost of carry is - with some exceptions -
just the opportunity cost of money, so that the term structure of the
cost of carry should exactly equal the term structure interest rates.
However, we show that spot carbon allowances were originally expen-
sive relative to futures, but since late 2008 the situation reversed and
spot carbon allowances have been persistently cheap relative to futures
prices. That is, the return to holding a carbon allowance together with
a short futures position was originally less than the interest rate, but
since late 2008 has been much greater than the interest rate. The
same result holds throughout the term structure: shorter maturity fu-
tures are cheap relative to longer maturity futures. This relationship is
puzzling and deserves attention. It may reveal important facts about
market expectations for the evolution of EU-ETS rules related to the
banking of allowances across years. We fit the term structure of car-
bon prices to a popular model of the term structure of interest rates,
and find a very different structure. Again our term structure analysis
points to the theory not holding.



1 Introduction
In January 2005 the European Union (EU) formally introduced the Emis-
sions Trading Scheme (ETS), a multi-country cap and trade system for
emissions of carbon dioxide (CO2). Under the system a fixed quantity of
allowances for emissions are issued each year. Companies covered by the
system must submit allowances to match their emissions. The allowances
are initially distributed either directly to targeted companies, or sold in auc-
tions. Allowances then trade freely in the secondary market. The system’s
Phase 1 (Pilot Phase) covered the years 2005 to 2007, while Phase 2 (Ky-
oto Phase) covered the years 2008 to 2012.1 The system is now in Phase
3 covering the years 2013 to 2020. In Phase 1, companies were allowed to
bank allowances from one year to the next, but all Phase 1 allowances ex-
pired at the end of the Phase. In Phase 2 companies were allowed to bank
allowances for use in later years, and this banking can continue into Phase
3 and, potentially indefinitely.2

It is the banking provision of the ETS that is central to our analysis.
The only obvious cost of banking an allowance is the opportunity cost of
money. Other commodities have costs of storage, but the cost of holding
an allowance is nil; just the overhead involved in managing the electronic
account. Other commodities have convenience yield associated with holding
the physical good, which reflects the avoided cost of stock-outs or related
benefits to the production process. It is hard to imagine a comparable
source of convenience yield holding for a carbon allowance. Allowances are
submitted annually by the 30th April, after the full inventory of the previous
year’s emissions is completed and reported by the 31st March. The company
has plenty of time to source additional allowances that may be needed.
Therefore, a casual analysis of the rules of the EU ETS would suggest that

1See Bredin and Muckley (2011) for an evaluation of market behaviour in Phase 1 and
early Phase 2.

2A number of important changes has also been implemented for Phase 3. The most
significant was the introduction of a single EU wide cap which declines linearly each year by
1.74% (from 2013). Besides Phase 3 being the longest in duration relative to the previous
two phases, it also formally introduces the path to complete allowance auctions. While
industrials will have their free allocation phased out over time, electricity utilities will move
to auctioning immediately in Phase 3. Both power station operators and combined heat
and power plant operators will not be allocated allowances for free and so will be required
to purchase allowances either via auction or on the secondary market. Additional benefits
of auctions is the additional revenue to national governments, as opposed to revenue being
retained by the polluting installations under the system of grandfathering. In 2013 over
40% of all allowances will be auctioned, with the ETS legislation setting a goal of complete
phase out of free allocations by 2027.
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the term structure of carbon prices should be an exact duplicate of the term
structure of interest rates, see Parsons et al. (2009). The data, however,
contradict this theory.

Spot carbon allowances were originally expensive relative to futures, but
since late 2008 the situation reversed and spot carbon allowances have been
persistently cheap relative to futures prices. That is, the return to holding
a carbon allowance together with a short futures position was originally
less than the interest rate, but since late 2008 has been much greater than
the interest rate. This relationship holds all along the futures curve, with
shorter maturity futures being cheap relative to longer maturity futures.
The magnitudes are quite large. This relationship is puzzling and deserves
attention. It may reveal important facts about market expectations for the
evolution of EU ETS rules related to the banking of allowances across years.

There is a large empirical literature on the EU-ETS. Much of it fo-
cuses on the determinants of the level of the carbon price and on important
events that precipitated major price changes. A number of studies have
examined the relationship between spot and futures prices. These include
Benz and Trück (2009), Borak et al. (2006), Uhrig-Homburg and Wag-
ner (2009), Joyeux and Milunovich (2010), Chevallier (2010), Madalena and
Pinho (2011) and Trück et al. (2012). The studies differ in how they treat
the rupture in the relationship between the spot price in 2006-2007 and fu-
tures prices for delivery in 2008 and later. This rupture was a consequence
of the seam between the two trading periods, where banking of allowances
across years was not allowed. In some of these studies this rupture is the
focus of the analysis, while in others it is included as part of the time se-
ries of the relationship between spot and futures. Our concern is the term
structure when banking is allowed i.e., within Period 1 and from Period 2
onward. Consequently, we do not examine the term structure across this
seam. Along this line, Uhrig-Homburg and Wagner (2009) document that
carbon spot prices were expensive early in the first phase, although for the
balance of the period they find long-run relationships consistent with the
cost of carry model. Uhrig-Homburg and Wagner (2009), show that these
results are even cleaner when looking at futures prices of different maturity.

Joyeux and Milunovich (2010) take the analysis a step further and for-
mally test whether the coefficient values in the cointegrating equation for
spot and futures prices are consistent with the cost of carry model during the
first phase. Using a joint hypothesis test the authors reject the null that the
coefficient on the EUA spot price and the interest rate in the cost of carry
futures price relationship simultaneously equal one. Trück et al. (2012) look
at data extending into the beginning of the second phase and document that
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the relationship switched by mid- 2009, when their data ends, so that spot
prices had by then become cheap relative to futures prices. They explore
using a two-factor term structure model to capture the dynamics of the con-
venience yield and its relationship to the spot price. We extend these results
out through 2012, the remainder of the second period and show that carbon
spot prices remained cheap as do shorter maturity futures relative to longer
maturity futures.

We explore the use of the term structure model proposed by Nelson
and Siegel (1987). The model is widely used by central banks to model
interest rates, see Bank of International Settlements (2005) and European
Central Bank (2008). One of the model’s advantages is the reduction in
the dimensionality of the data, see Diebold and Li (2006). In our case,
there is little reduction in dimensionality. However, the model takes the raw
time series data, which are defined by a constantly changing maturity and
transforms it into a time series of parameters which are consistent through
time. Both our term structure analysis and our individual contract analysis
results, consistently point towards towards evidence counter to theory.

2 Spot and Futures Price Relations

The theory of storage defines an arbitrage relationship between the current
spot price and the current futures price for a commodity (see Brennan, 1958).
Assume an investor purchases a commodity at the current spot price, St,
planning to hold it over a window of time, τ , to period T = t + τ . The
investor pays the current cost of storage for window of time, τ , Kt(τ) earns
the current convenience yield for window of time τ , Ψt(τ), and anticipates
receiving the spot price at T , ST (see Pindyck, 2001). The payoff on this
investment is:

ST −Kt(τ) + Ψt(τ)− St (1)

Since this payoff varies with the commodity spot price at T , ST , it is
risky. Assume now that the investor also sells short one futures contract
for the commodity maturing at T , agreeing to pay the difference between
the futures price today, Ft(τ) and the price at maturity, FT (0) = ST . The
payoff on this investment is:

−(FT (0)− Ft(τ)) = Ft(τ)− ST (2)

This payoff also varies with the commodity spot price at T , with an
exposure exactly opposite to the first payoff. The combined payoff is:
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Ft(τ)− St −Kt(τ) + Ψt(τ) (3)

This is a riskless payoff. By arbitrage this riskless payoff should equal
the payoff to investing the cost of the commodity in a riskless bond with
maturity τ , Yt(τ):

Ft(τ)− St −Kt(τ) + Ψt(τ) = Yt(τ) (4)

While most physical commodities have substantial costs of storage, the
cost of storing EUAs is essentially zero. Therefore, we proceed with Kt(τ) =
0. Expressing the interest rate and the convenience yield as continuously
compounded spot rates, yt(τ) and ψt(τ), and rearranging, we can restate
this equality as:

Ft(τ) = Stexp((yt(τ)− ψt(τ))τ) (5)

Since EUAs can be banked from one period to the next, an argument
can be made that the convenience yield should be zero, ψt(τ) = 0. In that
case, the futures price equals the spot price grown at the spot interest rate:

Ft(τ) = Stexp(yt(τ)τ) = Zt(τ, St, yt(τ)) (6)

We call Zt the cost of carry futures price. An alternative way to look at
the same relationship is to calculate the implied continuously compounded
spot convenience yield:

ψt(τ) = yt(τ)−
1

T − t
ln

(
Ft(τ)

St

)
(7)

If the observed futures price is above the cost of carry price, then the
implied convenience yield is negative and we say that the futures contract
is expensive and the spot is cheap. If the futures price is below the cost of
carry price, then the implied convenience yield is positive and we say that
the futures contract is cheap and the spot is expensive.

There are a number of data problems that arise in working with spot and
futures prices. Several flow from the fact that the spot market is institution-
ally separate from the futures market. Consequently, reported prices may
not be exactly comparable, e.g. they may be for trades at different times,
may impound different minimum price increments and may reflect the differ-
ent liquidity in the two markets. This adds noise to the spot-futures price
relationship that may confound efforts to accurately measure the implied
convenience yield.
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One way to work around this problem is to shift away from the spot
market and examine the relationships among futures prices with different
maturities, Ft(τ1) and Ft(τ2). An arbitrage argument similar to the one that
establishes the spot-futures cost of carry formula can be applied to successive
futures prices. In this case, instead of working with the spot interest rate,
yt(τ), we are working with the forward interest rate, ηt(τ1, τ2 − τ1) and
instead of working with the spot convenience yield, ψt(τ), we are working
with the forward convenience yield, φt(τ1, τ2 − τ1):

Ft(τ2) = Ft(τ1)exp ((ηt(τ1, τ2 − τ1)− φt(τ1, τ2 − τ1))(τ2 − τ1)) (8)

If we assume that the forward convenience yield is zero, then we have:

Ft(τ2) = Ft(τ1)exp (ηt(τ1, τ2 − τ1)(τ2 − τ1)) = ζt(τ1, τ2 − τ1, Ft,T1, ηt(τ1, τ2 − τ1))
(9)

where ζt is the cost of carry futures price for the later maturity contract.
The implied convenience yield formula is:

φt(τ1, τ2 − τ1) = ηt(τ1, τ2 − τ1)−
1

τ2 − τ1
ln

(
Ft(τ2)

Ft(τ1)

)
(10)

If the observed futures price for the later maturity contract is above the
cost of carry price, then the implied forward convenience yield is negative
and we say that the later maturity futures contract is expensive and the
shorter maturity contract is cheap. If the observed futures price for the
later maturity contract is below the cost of carry price, then the implied for-
ward convenience yield is positive and we say that the later maturity futures
contract is cheap and the shorter maturity contract is expensive. Examin-
ing forward rates can provide more detailed information on the convenience
yield. Spot rates are a complicated average of forward rates, so the im-
plied convenience yield from spot rates is an average of the implied forward
convenience yields. Looking at the separate elements can be informative.

3 Examination of the Implied Carbon Convenience
Yield

The EU-ETS initially covered emissions from approximately 11,500 instal-
lations accounting for approximately 45% of the CO2 emissions in 25 states
of the European Union, see Ellerman et al. (2010). In Phase 1, allowances
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for approximately 2.18 billion tonnes of CO2 annually were distributed. In
Phase 2, allowances for approximately 2.03 billion tonnes of CO2 annually
were distributed. This is comparable to a cap declining at 1.8% per year over
the 8 years to 2012. The geographic coverage of the system has expanded
to 31 states. The system has also been extended to additional industries.
The total number of stationary installations covered was 13,500 at the end
of 2013. The system also now includes some greenhouse gases besides CO2.

3

These expansions have included adjustments to the number of annual al-
lowances being distributed. In Phase 3, which began in 2013, the cap will
be reduced by 37 million tonnes of CO2 each year until 2025, a rate of ap-
proximately 1.74% annually. A concise review of the evolution of the system
can be found in Ellerman et al. (2014).

Between 2008 and 2012, companies in the EU-ETS accumulated a bank
of allowances valid for approximately 1.8 billion tonnes of CO2 (e), according
to Ellerman et al. (2014). This is equal to approximately 17% of emissions
over the same period. A survey by Neuhoff et al. (2012) suggests that the
majority of the bank is held by the power sector with another significant
portion held by the industry sector.

3.1 Data

Our data includes daily closing prices on EU allowance (EUA) spot and
futures contracts. Our sample of data runs from 24th June 2005 to the 31st

December 2012. Both spot and futures contract prices are denominated in
Euro per tonne of CO2 equivalent. Our spot price data is taken form the
BlueNext exchange which had 72% of the spot trading volume-see Chevallier
(2009).4 Unfortunately, spot trading suffered a number of interruptions. For
example, during the period 4-9 June 2009 BlueNext trading was suspended
due to a VAT fraud. Then, between 19 January 2011 and 4 February 2011,
a temporary suspension of the Community Independent Transaction Log
(CITL) transactions led to the suspension of trading on BlueNext and other
EUA spot exchanges. On 20th January 2011 it was revealed that EUAs to
the value of 7 million euro had been stolen from an account in the Czech

3Under the ETS an allowance provides permission to emit into the atmosphere, one
tonne of carbon dioxide (CO2) equivalent (e) over a specified trading period. CO2 e
would include CO2 from power and heat generation, energy intensive industry sectors
including for example oil refineries and steel plants, civil aviation, nitrous oxide (N2O)
from production of nitric, adipic, glyoxal and glyoxlic acids and perfluorocarbons (PFCs)
from aluminium production. See EC (2013).

4BlueNext was established in December 2007 when NYSE Euronext and Caisse des
Depots purchased the carbon market from PowerNext.
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Republic, the European Commission suspended EUA spot trading to combat
further fraudulent activities.5 Finally, on 5th December 2012, BlueNext
closed. Therefore from 11 May 2012 onwards we adopt the spot price from
the EEX.6

The EUA futures data is from the European Climate Exchange (ECX)
in London which is listed on the ICE Futures Europe’s trading platform
(Intercontinental Exchange).7 A EUA futures contract is an agreement to
deliver a specified quantity of allowances at a specified future date. The
units of trading is one lot of 1,000 CO2 EU Allowances, with each EUA
being an entitlement to emit one tonne of carbon dioxide equivalent gas.
The expiration is the last Monday of the following contract months; March,
June, September and December. Given the considerably larger volume on
December expiring contracts (over 90% of all volumes), we focus exclusively
on December expiring contracts; December 2005 through to December 2016.
Our sample of data therefore includes EU ETS Phase 1, 2 (Kyoto) and 3
contracts.8 The complete price series for both the EUA spot and futures
prices for both Phase 1 and Phase 2 sample of data are reported in Figure
1. The figure for Phase 1, highlights the collapse in the price following the
official announcement indicating over supply in May 2006. Prices peaked
during the summer of 2008, but declined dramatically since then. Following
a short rebound in early 2009, there has been a sustained period of stabiliza-
tion until mid 2011. For the remainder of 2011 the price fell considerably,

5A critical issue in relation to the fraudulent activities is that EUA spot contracts,
unlike EUA futures contracts, are not considered a financial asset. The implication is that
EUA spot transactions are not protected by an EU financial regulator and are subject to
VAT.

6In addition to the breaks in trading, the spot price price was subject to a number
of structural breaks. For example on the 25 April 2006, there was an unofficial release
of the 2005 emissions data by some of the EU member states, namely the Netherlands,
Czech Republic, France, and Spain. The unofficial announcement indicated considerable
long positions and led to a considerable price fall. EU ETS spot prices had reached a high
of 30.50 euro prior to April 2006. Following the official release by the EU commission
on the 15th May 2006, showing a larger than expected surplus in the market (confirmed
verified emissions were 4% lower than yearly allocations), the spot price fell to 15.63 euro
on the 17th May 2006 (see Ellerman and Buchner, 2007). Given that banking EUA’s
was prohibited between phases, the price eventually converged to close to zero at the end
of Phase 1. Ellerman and Joskow (2008) indicate that the April 2007 release of verified
emissions for 2006 had no effect on EUA prices.

7EUA futures also trade on the European Energy Exchange (Leipzig), however, the
vast majority of EUA futures trading takes place on the ECX and it is considered to be
more liquid than the EEX.

8There is no restrictions (banking or borrowing) to EUA trading intra-phase throughout
our analysis and no banking restrictions inter-phase since the start of the Kyoto Phase.
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with a stabilization between 10 and 5 euros for the remainder of 2012.
Exchange trading volumes in EU emission allowances spot and futures

has increased from under 100 million tonnes in 2005 to over 4 billion tonnes
by 2012. Trade in allowances in the spot market has been significant, see
Table 1, with a peak of almost 20 million allowances traded on 2nd June 2009
on the BlueNext exchange.9 Since that date the volumes on the spot market
have fallen considerably. As can be seen from Table 2, the volume of EUA
futures contracts traded has grown significantly, with average daily volume
increasing from under 1,000 for Phase 1 contracts to over 15,000 for Phase 2
contracts. Unlike the case of spot, there is no evidence of any decline during
Phase 2. Table 3 and 4 report summary statistics of 60 day volatility. The
tables indicate a large spike in 2007, which was discussed above, but there
is general consistency in volatility for spot and futures throughout Phase 2.

The interest rate data is from the European Central Bank via Bloomberg.
We use the relevant continuously compounded risk free rates (3 month, 6
month, 9 month, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 year). Suitable spot rates,
given the particular time horizon, are extracted using the Nelson and Siegel
(1987) model.

3.2 Spot Futures Contract Relationships

As discussed in section 2 the cost of carry futures price should equal the
actual futures price in equilibrium and the implied yield (carbon yield )
should equal the treasury yield. The Johansen (1988) cointegration tests
will examine whether these relationships hold in the long-run.10 Taking logs
of equation (5);

ft(τ) = st + yt(τ)τ = zt(τ, st, yt(τ)) (11)

Equation (11) indicates a long-run relationship between the log of futures
prices and the log cost of carry futures price, i.e., that that the basis is

9The spike in spot trading on the BlueNext exchange for the year 2009 is very much
dominated by large (and volatile) trading activity between January and May 2009. This
was a period of high value added tax (VAT) fraud activity and culminated in the temporary
closure of the BlueNext exchange on the 8th and 9th June 2009. See Nield and Pereira
(2011) for a complete discussion of VAT fraud in the EU ETS.

10The Johansen (1988) cointegration test examines the relationship between the rank
of a matrix and its characteristic roots. It involves the performance of likelihood ratio
tests on the rank of the long-run information matrix, π. These statistical tests provide
an estimate of the number of characteristic roots that are different from zero. We also
examine the Johansen small correction test, Trace Bartlett statistic which is derived in
Johansen (2002).
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stationary. If this did not hold, arbitrage opportunities would exist. Table 5
reports the Johansen (1988) cointegration test statistics examining the log
of futures prices and the log cost of carry futures price.11 Consistent with
previous results in the literature there is evidence of cointegration between
actual futures prices and the cost of carry futures price for Phase 1 of the
EU ETS (see Uhrig-Homburg and Wagner, 2009).12 However, there is no
evidence of any cointegrating relationship for any contract trading during
Phase 2 sample of data.

We also examine whether a long-run stationary relationship exists be-
tween the treasury yield and the implied convenience yield, reported in Table
6. Again our results here are consistent with our price results and the Phase
1 results presented in the study by Uhrig-Homburg and Wagner (2009). A
considerably more detailed analysis is required to fully explain these theoret-
ically counter intuitive results. Figures 2 and 3 report the difference between
the implied convenience yield and the treasury yield for both Phase 1 and
Phase 2. For example ”DEC-05” is the implied convenience yield between
the December 2005 futures contract and the spot contract. Although there
is no immediate trend from the Phase 1 results, we do highlight the collapse
in prices (spot and Phase 1 futures) during this period.13

The Phase 2 results reported in Figure 3 offer a number of interesting
points of discussion and certainly concur with the cointegration results re-
ported previously. Firstly early in Phase 2 there is consistent evidence of
a positive convenience yield, up to late 2008.14 However, this turns to a
negative convenience yield for the remainder of Phase 2. This result is con-
sistent with the results reported in Trück et al. (2012) for a sample up to
July 2009.15 The negative convenience yield is persistent, although there is

11Two test statistics are reported. The second column reports the standard Johansen
(1988) Trace statistic, while the third column reports the small correction test, Trace
Bartlett statistic. See Johansen (2002) for a detailed derivation.

12Given that banking EUAs was prohibited between phases, the spot price eventually
converged to close to zero by mid-late 2007 at the end of Phase 1. As a result our sample
for December 2007 contract ends in the previous calender year. This is consistent with
Uhrig-Homburg and Wagner (2009).

13Our figures are consistent with the figures reported in Uhrig-Homburg and Wagner
(2009) and Trück et al. (2012), although both papers adopt a considerably smaller sample
of data. See discussion of recent studies above.

14If the futures price is below the cost of carry price, then the implied convenience yield
is positive and we say that the futures contract is cheap and the spot is expensive. If the
observed futures price is above the cost of carry price, then the implied convenience yield
is negative and we say that the futures contract is expensive and the spot is cheap.

15Besides the smaller sample of data that is adopted in Trück et al. (2012), the authors
examine the marginal convenience yield. Using our notation the marginal convenience
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generally a reversion to zero (or on occasions a positive convenience yield)
as we approach expiry for each of the individual futures contracts.16

The Phase 3 contracts trading during this period show a strongly nega-
tive convenience yield. However, as indicated in Table 2, there is less trading
activity for these contracts and a comparison may not be appropriate given
the Phase 3 changes discussed in the introduction.17 While the negative
convenience yield for Phase 3 futures continue to increase during the 2011
calendar year, the yields are tightly packed. This changes considerably dur-
ing the 2012 calendar year, with a decline in the yield, although considerable
variation now exists.

3.3 Consecutive Futures Contract Relationships

We now examine the extent of the implied forward convenience yields on
consecutive futures contracts. The results are reporting in Figure 4 and 5.
In Figure 4 and 5 the term ”DEC-0908” is the 1 year forward convenience
yield between the December 2008 and 2009 EUA futures contracts. The
results are generally consistent with the spot comparison, although there
are some exceptions. The Phase 1 results highlight the dramatic fall in
price of the December 2007 contract and give the impression of a positive
forward convenience yield on the December 2006 contract, although this is
more of a December 2007 contract story as it reflects the excess allowances
in the market and the no-banking rule between Phase 1 and 2. The Phase
2 results again indicate evidence of a positive forward convenience yield on
the short dated futures contracts early in the phase, but this turns to a
persistently negative forward convenience yield from October 2008 onwards.
The extent of the negative convenience yield for the December 2013-2012
(”DEC-1312”) is particularly large when compared to the Phase 2 and Phase
3 comparisons.18

yield is defined as γ(τ) = Stexp(yt(τ)τ)− Ft(τ).
16Our results do indicate evidence of an arbitrage opportunity. A suitable strategy would

be to borrow at the risk free rate, buy the underlying spot and simultaneously enter into
a short futures contract (cash and carry arbitrage). From our informal conversations with
market participants this trade was very popular in the market among utilities, banks and
industry.

17There is also some what of a twist in the term structure in early 2011, with the
discount on the nearby contract (December 2011) having a considerably larger discount
than the further ahead contracts. This scenario reverts to the ’norm’ in April 2011.

18As indicated earlier it is not appropriate to compare contracts from 2 different phases.
This is particularly the case between Phase 1 and 2, although less of an issue between
Phase 2 and 3.
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4 A Term Structure Model

The forward convenience yields shown in Figures 4 and 5 are difficult to
analyze as a whole. Each yield reported is for a year’s time, but the hori-
zon covered is changing with time. For example, in December 2008, the
convenience yield defined by the December 2009 and December 2010 con-
tracts is a one-year forward rate starting approximately one year from the
current date. In June 2009, the convenience yield defined by the same two
contracts is a one-year forward rate, but now starting only six months from
the current date. In November 2009 it is a one-year forward rate starting
one month from the current date. As we approach the maturity date for
the December 2009 contract, the one-year forward rate gradually becomes
the one-year spot rate. So, as we observe the implied forward convenience
yields through time, the successive observations lie at different points along
the forward curve.

In order to create a standardized presentation of the implied forward
curve, we employ a model of the term structure. The Nelson and Siegel
(1987) model has been successfully applied to the term structure of interest
rates, and so we experiment with applying it to the term structure of carbon
convenience yields. Our implementation of the Nelson-Siegel model follows
Diebold and Li (2006). On any given date, t, the convenience yield at
maturity τ is written as a combination of three factors, β1t, β2t and β3t:

yt(τ) = β1t + β2t

(
1−e−λtτ

λtτ

)
+ β3t

(
1−e−λtτ

λtτ
− e−λtτ

)
(12)

where the loading on each factor depends on the maturity, τ , and a
parameter λt. The loading on the first factor, β1t, is always 1. The loading on
the second factor, β2t, starts at 1 for maturity τ = 0, and decays quickly and
monitonically, approaching 0 as the maturity goes to infinity. The loading
on the third factor, β3t, starts at 0 for maturity τ = 0, then first increases
before peaking and then decaying quickly and monitonically, approaching
0 as the maturity goes to infinity. The rate of decay on the loadings for
factors β2t and β3t are determined by the parameter λ.19 The maturity
structure of the loadings are plotted in Figure 6. Corresponding to the
maturity structure, the first factor is known as the long-term factor, the
second as the short-term factor and the third as the medium term factor.
For interest rates, Diebold and Li (2006) illustrate that the time series of
the fitted long-term factor matches the ten-year yield, the fitted short-term
factor matches the spread between the ten-year and the three-month yield,

19A detailed description is provided in Diebold and Li (2006).

11



and the medium term factor matches twice the two-year yield minus the
sum of the three-month and the ten-year yield. Correspondingly, the first
factor is also said to capture the level of the yield curve, the second factor
the slope of the yield curve and the third factor the curvature.

In comparison to Trück et al. (2012) our factor weights are held constant,
although not too dissimilar to the factor weights reported by Trück et al.
(2012). In addition while Trück et al. (2012) apply their factor analysis
to the price series, our analysis examines yields.20 However, although our
model examines the case of yields, there is an important distinction between
our methodology and previous models from the term structure of interest
rates literature. In the standard application, see Diebold and Li (2006), the
holding periods (τ) remain constant throughout. In our analysis the holding
period τ , as discussed earlier in this section, is not constant, but changes
(falls) as we approach expiry for each contract. Although the quotation
of the yield has been standardized, such that all carbon yields are on a
continuously compounded basis, the window of time (holding period, τ)
cannot be standardized. However, the beta’s that we report are standardized
and so can be interpreted and compared with the beta’s reported from the
term structure of interest rate literature. We use both the spot and the
futures data to fit the term structure curve. Figures 7, 8 and 9 report the
time series of fitted factors, β1t, β2t and β3t. Clearly the fitted parameters
are dramatically more volatile than is the case for the term structure of
interest rates. One striking feature is the gradual shift of the fitted values
for β3t from negative to positive.

5 Conclusion

The term structure of carbon spot and futures prices has behaved quite
differently from what one might have expected from the received theory.
The EU-ETS allows allowances to be banked from one year to the next,
at no penalty, with the important exception of the seam between Phase 1
and Phase 2 at year-end 2007. The cost of storing allowances is miniscule,
and there is no obvious benefit to holding a supply of physical allowances as
there is for physical commodities. Therefore, the main difference between
a spot and future carbon allowance is the opportunity cost of money paid

20Our analysis applies the Nelson and Siegel (1987) model to carbon yields when ex-
amining the spot-futures relationship. However, when examining consecutive futures con-
tracts, forward rates are derived and the Nelson and Siegel (1987) model is adjusted to
take account of the use of forward rates. See appendix for a complete derivation.
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for the spot allowance. That is, the term structure of carbon prices should
primarily reflect the term structure of interest rates. However, the data
indicates otherwise.

Early in the history of the system, spot allowances were expensive rela-
tive to futures. That is, the futures price lay below the cost of carry price
defined by the spot price grown at the rate of interest. Then, in 2008, the re-
lationship reversed so that spot allowances became cheap relative to futures.
That is, the futures price lies above the cost of carry price defined by the
spot price grown at the rate of interest. Futures have remained expensive
ever since. The size of the premium is quite large, with futures prices often
embodying an implied convenience yield in the neighborhood of -4% and
-6% and sometimes higher. This implied negative convenience yield moves
around a significant amount.

This negative convenience yield is an important puzzle. There are two
possible explanations. The first is the limits to arbitrage. The theory that
predicts the futures price will equal the cost of carry price relies upon there
being a ready supply of capital available to arbitrage price discrepancies.
In fact, the market for carbon allowances is small. Participation requires
an investment in institutional knowledge. The value of allowances is deter-
mined by the regulatory framework as much as by the economic drivers of
emissions and abatement costs, and any investor would want to become fa-
miliar with the political context before making an investment. Although it
has turned out that the rules of the EU-ETS have remained relatively con-
sistent over the last number of years, there have been endless debates over
possible changes to the system, and an investor would need to stay abreast of
these debates. Also, the spot market has faced many institutional problems,
there have been shutdowns and dramatic changes in spot trading. Conse-
quently, carbon allowances are a niche market. While pre-2008 there had
been much talk about the great potential for the carbon market, in fact
global negotiations on controlling carbon emissions collapsed in the wake of
the global financial crisis. The crisis also directly affected the demand for
allowances in the EU and drove down the level of prices. Simultaneously,
many financial institutions that had opened carbon trading desks found this
new line of business yielding disappointing results just when the entire Euro-
pean financial sector came under great pressure. The negative convenience
yield, therefore, may reflect the scarcity of financial capital available to this
niche market, so that carbon futures prices can travel in wide bands before
being constrained by arbitrage.21

21Our informal conversations with market participants would appear to cast doubt on
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The second explanation is that these prices reflect something real about
the market’s view of the value of spot and futures positions. A negative
convenience yield implies that the holder of a spot allowance expects to pay
a price for holding the physical allowance. This would make sense if, for
example, the holder of a physical allowance worried about changes to the
rules of the system that (1) undermined the value of the physical allowance,
but (2) not the value of a futures contract. Notice that expectations about
the future level of the annual emissions cap would not qualify as such a worry
since that would affect the value of both the spot and the future-it would
shift the level of the term structure and not the slope of the term structure.
The type of worry that would shift the slope would be, for example, a new
regulation that taxed holders of physical allowances. Alternatively, a worry
that regulators might change the bankability of allowances could shift the
slope-for example, disallowing the use of allowance vintages past a certain
number of years. Although there have been lots of proposals floated in the
EU to change the system in one way or another, none of these have been of
the type that would obviously shift the slope of the yield curve. Nevertheless,
the term structure of spot and futures prices we observe are consistent with
this sort of fear.

this potential avenue. Since the onset of the financial crisis, the cash and carry arbitrage
in carbon has been very popular in the market among utilities, banks and industry.
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[28] Trück, S., Härdle, W., Weron, R., 2012, The Relationship Between Spot
and Futures CO2 Emission Allowance Prices in the EU ETS, mimeo.

[29] Uhrig-Homburg, M. and Wagner, M., 2009, Futures Price Dynamics of
CO2 Emission Allowances: An Empirical Analysis of the Trial Period,
Journal of Derivatives, 17, 2, 73-88.

17



Figure 1: EU ETS Spot and Futures Prices
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Figure 2: Phase 1 Carbon Spot Discount

19



Figure 3: Phase 2 Carbon Spot Discount
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Figure 4: Phase 1 Nearby Futures Carbon Discount
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Figure 5: Phase 2 Nearby Futures Carbon Discount
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Figure 6: Factor Loadings
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Figure 7: Phase 2 Nelson-Siegel Factors
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Figure 8: Phase 2 Nelson-Siegel Factors
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Figure 9: Phase 2 Nelson-Siegel Factors
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Table 1: Summary Statistics - EUA Spot Daily Volume
Year Mean Stan. Dev. Max Min

Phase 1
2005 33,814 28,569 160,000 0
2006 127,837 105,064 731,000 0
2007 97,782 139,978 1,127,000 0

Phase 2
2008 388,013 486,031 2,039,000 0
2009 4,279,910 3,648,393 19,846,000 0
2010 1,050,128 698,664 3,375,000 0
2011 176,152 163,839 1,137,000 0
2012 136,761 106,281 511,000 0

The spot data is from the BlueNext exchange and is available from 24 June 2005 to 10

May 2012. The table reports mean, standard deviation, maximum and minimum daily

volumes for EU Allowances. An EUA is an entitlement to emit one tonne of carbon

dioxide equivalent gas. All statistics cover each calender year of Phase 1 and Phase 2.

There are a number of breaks in the availability of spot data. See section 3.1 for details.

The spike in spot trading for the year 2009, over 4 million EUAs, is driven by the VAT

fraud trading activity between January and May 2009. See Section 3 for a discussion.
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Table 2: Summary Statistics - EUA Futures Daily Volume
(in expiring year)

Futures Instrument Mean Stan. Dev. Max Min

Phase 1
December 2005 310 251 1,512 1
December 2006 897 657 5,487 153
December 2007 470 506 3,984 3

Phase 2
December 2008 5,558 2,359 17,672 519
December 2009 10,795 3,918 26,910 1,065
December 2010 11,796 5,432 34,317 1,664
December 2011 13,318 6,488 52,209 1,342
December 2012 15,361 6,075 52,581 2,073

Phase 3
December 2013 8,284 8,240 55,730 486
December 2014 2,220 1,636 9,215 72
December 2015 1,096 1,495 14,769 5
December 2016 374 655 4063 1

Our sample of data runs from 24 June 2005 to the 31 December 2012. The unit of trading

is one lot of 1,000 CO2 EU Allowances, with each EUA being an entitlement to emit one

tonne of carbon dioxide equivalent gas. The table reports mean, standard deviation,

maximum and minimum daily volumes for EUA Futures contracts. All statistics cover

the expiring years only, with the exception of Phase 3 contracts which are for 2012 only.
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Table 3: Summary Statistics - EUA Spot Daily Volatility
60 Day Volatility

Year Mean Max Min

Phase 1
2005 37.76% 59.75% 27.89%
2006 65.65% 156.94% 20.47%
2007 147.11% 268.45% 49.30%

Phase 2
2008 36.07% 50.62% 24.22%
2009 46.00% 74.00% 25.61%
2010 27.90% 38.60% 17.95%
2011 31.38% 68.98% 12.72%
2012 54.78% 79.28% 33.93%

Our sample of data runs from 24 June 2005 to the 31 December 2012. The unit of trading

is one lot of 1,000 CO2 EU Allowances, with each EUA being an entitlement to emit one

tonne of carbon dioxide equivalent gas. The table reports mean, maximum and minimum

60 day volatility for EUA Futures contracts. All statistics cover the expiring years only,

with the exception of Phase 3 contracts which are for 2012 only.
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Table 4: Summary Statistics - EUA Futures Daily Volatility
60 Day Volatility

Futures Instrument Mean Max Min

Phase 1
December 2005 45.85% 61.14% 26.30%
December 2006 69.43% 165.94% 20.96%
December 2007 150.64% 470.87% 50.57%

Phase 2
December 2008 33.08% 50.00% 21.85%
December 2009 46.21% 75.13% 26.58%
December 2010 28.52% 39.19% 18.32%
December 2011 30.73% 52.76% 14.92%
December 2012 53.34% 77.05% 34.84%

Phase 3
December 2013 52.64% 75.61% 34.47%
December 2014 51.71% 73.06% 34.59%
December 2015 50.99% 69.72% 34.43%
December 2016 49.06% 64.78% 33.31%

Our sample of data runs from 24 June 2005 to the 31 December 2012. The unit of trading

is one lot of 1,000 CO2 EU Allowances, with each EUA being an entitlement to emit one

tonne of carbon dioxide equivalent gas. The table reports mean, maximum and minimum

60 day volatility for EUA Futures contracts. All statistics cover the expiring years only,

with the exception of Phase 3 contracts which are for 2012 only.

30



Table 5: Cointegration - Actual and Cost of Carry Futures Price
Instrument Trace Test Trace Bartlett Test
F 05, TF 05 87.665* 85.020*

(0.000) (0.000)
F 06, TF 06 26.330* 25.528*

(0.042) (0.050)
F 07, TF 07 18.155 17.518

(0.341) (0.385)
F 08, TF 08 18.445 17.562

(0.321) (0.382)
F 09, TF 09 14.942 14.588

(0.586) (0.615)
F 10, TF 10 18.408 18.104

(0.324) (0.344)
F 11, TF 11 16.430 16.224

(0.467) (0.483)
F 12, TF 12 20.430 20.383

(0.208) (0.211)
F 13, TF 13 18.974 18.930

(0.288) (0.291)
F 14, TF 14 16.805 16.765

(0.438) (0.441)
F 15, TF 15 13.608 13.478

(0.693) (0.703)
F 16, TF 16 22.801 22.700

(0.115) (0.118)

The second column reports the Johansen (1988) Trace statistic. The third column reports

the small correction test, Trace Bartlett statistic. See Johansen (2002) for a detailed

derivation. P values are reported in parenthesis.
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Table 6: Cointegration - Carbon Yields and Treasury Yields
Instrument Trace Test Trace Bartlett Test
CY 05, TY 05 56.942* 56.496*

(0.000) (0.000)
CY 06, TY 06 30.016* 29.287*

(0.013) (0.016)
CY 07, TY 07 48.387* 47.936*

(0.000) (0.000)
CY 08, TY 08 16.099 13.304

(0.493) (0.717)
CY 09, TY 09 11.467 11.149

(0.844) (0.862)
CY 10, TY 10 12.990 12.133

(0.740) (0.801)
CY 11, TY 11 15.245 14.993

(0.561) (0.582)
CY 12, TY 12 23.076 22.100

(0.107) (0.138)
CY 13, TY 13 24.522 24.064

(0.071) (0.081)
CY 14, TY 14 20.809 20.464

(0.191) (0.207)
CY 15, TY 15 8.990 8.772

(0.954) (0.960)
CY 16, TY 16 22.489 22.384

(0.125) (0.128)

The second column reports the Johansen (1988) Trace statistic. The third column reports

the small correction test, Trace Bartlett statistic. See Johansen (2002) for a detailed

derivation. P values are reported in parenthesis.
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6 Appendix: Interest Rates vs. Carbon Rates

6.1 Interest Rates
Following the notation in Diebold and Li (2006), at calendar date t, the
price of a τ -period discount bond, i.e., paying $1 at calendar date t+ τ is
Pt(τ). We are used to thinking in terms of yields: the yield to maturity on
this bond, yt(τ), expressed as a continuously compounded rate, is defined
by:

Pt(τ) ≡ eyt(τ)τ (13)

so that

yt(τ) =
1

τ
ln(Pt(τ)) (14)

A less natural, but more useful way to describe the term structure of
interest rates is in terms of the instantaneous forward rate, ft(τ), which is
defined by:

Ft(τ) ≡ −P
′
t(τ)

Pt(τ)
(15)

The yield to maturity can be calculated from the instantaneous forward
rates as;

yt(τ) =
1

τ

∫ τ

0
ft(u)du (16)

This is an average of the instantaneous rates from calendar date t to
calendar date t+ τ . An alternative type of forward rate is defined over a
window of time, e.g., from calendar date T1 = t+ τ1 to date T2 = t+ τ2,
where k = T2 − T1 = τ2 − τ1 is the length of the window of time. Expressed
as a continuously compounded rate, this k-period forward rate is given by:

gt(τ1, τ2) =
1

τ2 − τ1

∫ τ2

τ1

ft(u)du (17)

This is an average of the instantaneous rates across that window of time.
Recognizing these multiple ways of representing the same term structure,
we can write,

Pt(τ) = e−
∫ τ
0 ft(u)du = e−gt(0,τ)τ = e−yt(τ)τ (18)
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6.2 Carbon Rates

A similar array of rates can be constructed from the term structure of
carbon futures prices. Let Ft(τ) be the futures price of a contract at
calendar date t with delivery τ -periods ahead. For the special case of τ , we
call this the spot price, St ≡ Ft(0) . Define the carbon yield, zt(τ),
expressed as a continuously compounded rate, by:

Ft(τ) ≡ Ste
zt(τ)τ (19)

so that,

zt(τ) =
1

τ
ln

(
Ft(τ)

st

)
(20)

The instantaneous forward rate for carbon, γt(τ), as;

γt(τ) ≡ −F
′
t(τ)

Ft(τ)
(21)

The yield to maturity can be calculated from the instantaneous forward
rates as;

zt(τ) =
1

τ

∫ τ

0
γt(u)du (22)

An alternative type of forward rate for carbon is defined over a window of
time, e.g., from calendar date T1 = t+ τ1 to date T2 = t+ τ2, where
k = T2 − T1 = τ2 − τ1 is the length of the window of time. Expressed as a
continuously compounded rate, this k-period forward rate is given by:

ηt(τ1, τ2) =
1

τ2 − τ1

∫ τ2

τ1

γt(u)du (23)

This is an average of the instantaneous rates across that window of time.
Recognizing these multiple ways of representing the same term structure,
we can write,

Ft(τ) = Ste
−

∫ τ
0 γt(u)du = Ste

−ηt(0,τ)τ = Ste
−zt(τ)τ (24)

Expanding upon this representation, we can also express the alternative
forward rate for carbon directly in terms of the prices of two futures
contracts:

ηt(τ1, τ2) =
1

τ2 − τ1
ln

(
Ft(τ2)

Ft(τ1)

)
(25)
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We can compare the yields and forward rates on carbon against the yields
and forward rates in the money market:

Spot Carbon Discount = zt(τ)− yt(τ)
Nearby Futures Carbon Discount = ηt(τ1, τ2)− gt(τ1, τ2)

(26)

6.3 Nelson and Siegel (1987) Parameter Estimation

Drawing on Diebold and Li (2006), we have the Nelson and Siegel (1987)
instantaneous forward rate curve;

ft(τ) = β1t + β2te
−λtτ + β3tλte

−λtτ (27)

and the corresponding yield curve,

yt(τ) = β1t + β2t

(
1−e−λtτ

λtτ

)
+ β3t

(
1−e−λtτ

λtτ
− e−λtτ

)
(28)

Using the definition of the average forward rate over a window of time as
the integral of the instantaneous forward rate over that window, and the
definition of the yield as the integral of the instantaneous forward rate over
a window starting at t, we can derive the Nelson and Siegel (1987)
expression for the average forward rate over a window of time,
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gt(τ1, τ2) = 1
τ2−τ1

∫ τ2
τ1
ft(u)du

= 1
τ2−τ1

(∫ τ2
0 ft(u)du−

∫ τ1
0 ft(u)du

)
= 1

τ2−τ1

(
τ2

1
τ2

∫ τ2
0 ft(u)du− τ1

1
τ1

∫ τ1
0 ft(u)du

)
= 1

τ2−τ1
(τ2yt(τ2)− τ1yt(τ1))

= τ2
τ2−τ1

yt(τ2)− τ1
τ2−τ1

yt(τ1)

= τ2
τ2−τ1

[
β1t + β2t

(
1−e−λtτ2

λtτ2

)
+ β3t

(
1−e−λtτ2

λtτ2
− e−λtτ2

)]
− τ1

τ2−τ1

[
β1t + β2t

(
1−e−λtτ1

λtτ1

)
+ β3t

(
1−e−λtτ1

λtτ1
− e−λtτ1

)]
= β1t + β2t

(
τ2

τ2−τ1

(
1−e−λtτ2

λtτ2

)
− τ1

τ2−τ1

(
1−e−λtτ1

λtτ1

))
+β3t

(
τ2

τ2−τ1

(
1−e−λtτ2

λtτ2
− e−λtτ2

)
− τ1

τ2−τ1

(
1−e−λtτ1

λtτ1
− e−λtτ1

))
(29)

The same relationship can be applied to the average forward carbon rates:

ηt(τ1, τ2) = βc1t + βc2t

(
τ2

τ2−τ1

(
1−e−λctτ2

λc
tτ2

)
− τ1

τ2−τ1

(
1−e−λctτ1

λc
tτ1

))
+β3t

(
τ2

τ2−τ1

(
1−e−λctτ2

λc
tτ2

− e−λc
tτ2

)
− τ1

τ2−τ1

(
1−e−λctτ1

λc
tτ1

− e−λc
tτ1

))
(30)

Then, taking λct as given, the parameters βc1t, β
c
2t and β

c
3t can be estimated

from carbon futures prices using OLS.
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