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a b s t r a c t

CO2 emission allowances are traded nowadays over the counter (OTC) and on exchanges

across the European Union (EU). It thus becomes increasingly important for traders of

these emission certificates to have a valid CO2 spot price model to value potential

derivatives. In addition, CO2-emitting companies require an adequate CO2 spot price

model in order to better assess their production costs and support emissions-related

investment decisions. However, sufficient price history is still lacking for the European

Union emission trading scheme (EU ETS). We therefore present a tractable stochastic

equilibrium model reflecting stylized features of the EU ETS and analyze the resulting

CO2 spot price dynamics. Our main findings are that CO2 prices do not have to follow

any seasonal patterns, discounted prices should possess the martingale property,

and an adequate CO2 price process should exhibit a time- and price-dependent

volatility structure. A brief empirical examination regarding market efficiency comple-

ments our analysis.

& 2008 Elsevier Inc. All rights reserved.

1. Introduction

The European Union (EU) has adopted an European Union-wide emission trading scheme (EU ETS) in order to reduce
CO2 emissions by companies from the energy and other carbon-intensive industries. Since the introduction of the EU ETS in
2005, CO2 emission certificates are now available as a new financial instrument. The emission certificates allow for the
emission of one ton of CO2 each and are called European Union Allowances (EUAs). Not only are regulated companies, but
every private or institutional investor is allowed to buy or sell such certificates.1 As in all other financial or commodity
markets both regulated companies and investors therefore face risks when trading these new instruments and will require
appropriate risk management tools. As a result more complex derivative instruments based on EUAs may develop when the
market matures. At the moment futures and forwards on EUAs are fairly standard and traded both over the counter (OTC)
and on exchanges. Also the first option contracts have been traded.2

For risk management applications it is necessary to know the price dynamics of CO2 emission certificates. A valid spot
price model facilitates proper valuation of derivative instruments with EUAs as the underlying instruments, improves the
assessment of production costs incorporating CO2 costs since the introduction of the EU ETS, or supports emissions-related
investment decisions. However, the EU ETS is a young market and other emission markets differ significantly in their
regulatory framework, especially regarding banking and borrowing regulations. The relevant spot price history is thus still
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short and moreover may be distorted by potential one-time effects due to the market’s immature state. As an example, the
EUA price dropped dramatically in the end of April 2006, when market participants learned the first time about the real
overall market position after the national emission reports became known.3 Thus, it is difficult to deduce essential
properties of a potential CO2 price process from currently available historical data. Therefore we follow a different path and
build a theoretical model that incorporates in a stylized way the most important properties of the EU ETS. This enables us
to deduce the main properties that should be accounted for when explicitly modeling a CO2 spot price process. In
particular, we ask whether a CO2 spot price process should exhibit seasonal components, has upper or lower price bounds,
shows mean reversion, or is rather comparable to a random walk. We are also interested in the volatility structure of such a
CO2 process.

We use a finite horizon, continuous-time, stochastic framework to model the EU ETS. As a result we obtain properties of
the spot price dynamics that should hold in an efficient market environment. Thus, rather than explaining the current price
level and the movements caused by the immature market status, we aim to derive general properties that are of relevance
in a market phase, when companies have gained a sufficient knowledge base in order to properly asses critical market
parameters like emission levels. Moreover, we will discuss potential imperfections in the market and conduct an empirical
analysis giving some indications regarding market efficiency.

The general behavior of prices in emission trading schemes has already attracted considerable interest in the literature
[21].4 However, most literature focuses on environmental and policy issues; less attention has been paid to dynamic price
behavior of emission certificates under uncertainty. Central to most studies is the assumption that prices of emission
certificates must always be equal to marginal abatement costs in market equilibrium. Higher prices would induce
companies with lower abatement costs to profit on the price difference by abating more CO2 than they would need to
comply with regulations, and to then sell the spare certificates for the higher certificate price.

A first strand of literature analyzes prices of emission certificates in the context of equilibrium modeling. [16] provides a
general treatment of emission trading in a deterministic model. It analyzes the case of joint-cost minimizing companies in
a continuous-time, finite horizon setting, where banking and borrowing5 is allowed. Using optimal control theory it shows
that the discounted marginal cost of abatement must be constant over time. As the price of certificates must equal the
marginal cost of abatement in equilibrium it follows that certificate prices must grow with riskless interest rates.
Comparable results are obtained by [6] in a discrete-time deterministic setting.

Ref. [18] extends the work of [16] by assuming expected total-cost minimizing companies. It analyzes the banking
behavior of regulated emitters and implicitly the behavior of spot prices in a stochastic, continuous-time, infinite horizon
model but does not explicitly consider the resulting dynamic spot price behavior. Due to its assumption of borrowing
restrictions, the expected price path can rise with rates between zero and the discount rate. A different approach is taken by
[14], which analyzes the spot price behavior in a two-period model with CO2-regulated companies and speculators under
uncertainty. Banking is allowed while borrowing is prohibited. Interestingly, due to its analysis, under this scenario the spot
price may both rise and fall with increasing volatility, depending on the ratio between regulated emitters and speculators.

More recently, an increasing number of empirical studies on historical prices of emission certificates build a second
strand of literature. [13] analyzes time series from the sulfur dioxide emission market in the USA. This market differs in
regulations from the EU ETS but still is a classic emission trading market and already accumulated about 10 years of price
data. [13, p. 63] finds empirically ‘‘[y] that there appear to be quite different model structures across environmental and
most other asset classes’’. In a recent empirical analysis of the EU ETS, [7] finds that spot prices do not show mean
reversion. This result is consistent with our theoretical findings. Two further empirical analyzes of CO2 spot prices known
to us are [2,15].

We contribute to this literature by extending existing emission trading models to include the most important features of
the largest existing emission trading scheme, the EU ETS, and then derive a theoretical spot price process in a continuous-
time, stochastic framework.6 Features accounted for explicitly are penalty costs, banking and borrowing, the trading period
break, and increasing marginal abatement costs. We then show the effects of the stochastic environment on CO2 prices and
banking behavior and therefore strengthen the basis to choose a valid spot price process for CO2. Our results are not only
valid for the EU ETS but in general give insights into the dynamics of finite time horizon emission trading systems.

2. The model

The regulator has segmented the EU ETS into two trading periods. The first trading period ranges from 2005 to 2007, the
second from 2008 to 2012. As EUAs may be transferred between these two periods only limitedly, there exist essentially
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3 The price decline can be seen in Fig. 5, news information about the emission reports has been published, e.g., by Point Carbon.
4 Under http://www.colby.edu/personal/t/thtieten/trade.html an extensive bibliography from Tom Tietenberg on tradable permits may be found.
5 Banking means saving certificates for future years, while borrowing describes the act of using future certificates for compliance in the present. In

many emission trading schemes at least, banking is allowed as it is common sense that under uncertainty banking and borrowing reduce price volatility.

See, e.g., [11].
6 A recent model developed in parallel to ours is [9]. Similar to us, they model an emission market in a stochastic, finite horizon framework (although

cast in discrete time). A key difference is the treatment of abatement costs. While we model marginal abatement costs as a deterministic function

increasing in abatement volume their abatement costs are stochastic but do not depend on abatement volumes.
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two different markets. Moreover, the allocation rules of EUAs for the second trading period are still not finalized by many
countries as of year end 2006. Our interest therefore is on the price behavior within a certain trading period.7

CO2-regulated companies participating in the EU ETS may either abate CO2, buy or sell EUAs in the market, or decide to
pay a penalty for not complying. Each company will try to find its cost-optimal solution. As our focus is not on the trading
behavior of market participants, in order to get a tractable model we take a social central planner to minimize total costs
over the relevant time horizon.8 However, we will show that the solution of the central planner is also the market
equilibrium solution.

The emission trading model is now presented in the framework of stochastic optimal control. It is then possible to
derive a partial differential equation (PDE) that fully characterizes the solution.

2.1. Description of model

Assuming risk-neutral market participants, the central planner minimizes total expected cost over time horizon T.
CO2-regulated companies have a total initial endowment e0 of EUAs at the beginning of the trading period and continuously
emit CO2 at the rate of yt over the length of the trading period. At every time instant the central planner decides whether to
costly abate some of the CO2 emissions or not. At the end of the trading period, actual accumulated emissions and penalty
costs are determined. We assume that the emission rate yt follows a stochastic process of the form

dyt ¼ mðt; ytÞdt þ sðt; ytÞdWt . (2.1)

The emission rate yt exhibits a deterministic drift m(t, yt) and a volatility of s(t, yt), while dWt is the increment of a standard
Wiener process. Reasons for stochastic emissions are amongst others fluctuating fuel prices, which potentially lead to a
change in the merit order of power production, weather changes, economic growth, etc. The Brownian motion assumption
is intended to capture these uncertainties in a simplified way. Given the emission rate yt we first deduce the development
of total expected emissions xt over the trading period [0, T]:

xt ¼ �

Z t

0
us dsþ Et

Z T

0
ys ds

� �
, (2.2)

where Et[.] denotes the expectation operator conditional on the information set Ft available up to time t, and ut denotes the
optimal rate of abatement, which is actively chosen by the central planner; xt is a controlled stochastic process, which
describes the expectation of the cumulative emissions over the whole trading period at time t, taking into account both
known emissions and abatement actions in the past up to time t as well as expected future emissions from t onward.
According to this formulation, xT describes the realized emissions at the end of the trading period and thus determines
potential penalty costs. Without abatement action, total expected emissions are

x0 ¼ E0

Z T

0
ys ds

� �
, (2.3)

for the whole trading period under consideration. A potential deterministic trend or seasonal pattern in yt is thus already
accounted for in x0. It follows for total expected emissions xt that

dxt ¼ �ut dt þ GðtÞdWt , (2.4)

G(t) denotes the volatility of the uncontrolled stochastic part of the process xt and is determined by drift m(t, yt) and
volatility s(t, yt) of the underlying emission rate yt. A derivation of G(t) for three stochastic processes (white noise,
arithmetic Brownian motion, and Ornstein–Uhlenbeck) is contained in an appendix that is available through JEEM’s on-line
archive of supplementary material, which can be accessed at /http://www.aere.org/journal/index.htmlS. In order to get an
idea of a realistic form for the emission rate yt, a first assumption could be that the CO2 emission rate correlates strongly
with power demand.9 The stochastic component of such power demand is often modeled as an AR [1]—process in the
literature [3]. In continuous-time this would correspond to the Ornstein–Uhlenbeck process for yt.

Formally, the central planner now maximizes total profit. This is equivalent to minimizing costs but allows us to use the
same definitions when adding risk aversion and maximizing expected utility later:

Max
futgt2 0;T½ �

E0

R T
0 e�rtCðt;utÞdt þ e�rT PðxT Þ

h i
, (2.5a)
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7 At the moment only France and Poland allow limited banking from the first to the second trading period in their National Allocation Plans. A reason

is that countries banking too many EUAs from the trial to the Kyoto commitment period risk failing the Kyoto goals as EUAs from the trial period may not

be used to comply with the 2008–2012 Kyoto goals. Germany, being the largest CO2 emitter in the EU, does not allow banking into the second trading

period.
8 This equivalence has been established in a deterministic setting [6,16]; [18] uses the same assumption for its stochastic model in continuous time

with infinite horizon.
9 The energy sector holds by far the largest fraction of EU emission allowances. While nuclear power plants serve to cover the base-load, regenerative

forms of power production cannot be used arbitrarily to follow power demand. That said, any unforeseen changes in power demand will be covered by

carbon-emitting power plants, e.g., gas- or coal-fired plants.
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where

Cðt;utÞ ¼ �
1

2
cu2

t , (2.5b)

PðxT Þ ¼ Min 0; pðe0 � xT Þ
� �

. (2.5c)

Constant interest rates are denoted by r. The objective function (2.5a) consists of two parts. C(t, ut) describes abatement
costs per unit of time, where c is the constant cost coefficient of abatement. The underlying assumption is that the industry
in the EU ETS has approximately linearly increasing aggregated marginal abatement costs. This reflects the assumption that
companies first use their cheapest abatement opportunities when reducing emissions. The more they have to abate the
more expensive the remaining abatement opportunities will be. In the end, differing marginal abatement costs are the
main reason for the introduction of the EU ETS. If all companies would have the same marginal abatement costs
independent of abatement volumes then a trading system is not necessary in order to achieve a least-cost solution on a
macroeconomic level. For an example of an aggregated marginal abatement cost curve for the EU see, e.g., [23, p. 22ff].
A constant cost coefficient in this setting means that the abatement technology does not change during the considered
time frame. As the first and second trading period have a length of only 3 and 5 years, respectively, this seems to be a
reasonable assumption. P(xT) describes penalty costs at the end of the trading period, meaning that for the difference
between initial endowment e0 and total realized emissions xT the penalty costs p per EUA have to be paid.10 The penalty
cost coefficient p describes all costs a company faces when it fails to comply, not just the penalty payment itself. It includes
the potential cost of having to deliver lacking certificates at a later point.

The reader may note that forwards and futures are not accounted for explicitly. The reason is simply that pure
derivatives like forwards are zero net supply assets, since they are bilateral contracts. Thus, on an aggregated level the
demand for these instruments is zero in equilibrium. This means that we do not have to consider forwards in our model
context. The central planner’s task now is to choose the cost-minimizing abatement strategy. Therefore maximizing the
objective function means choosing an optimal abatement policy ut dependent on time t and total expected emissions xt for
the trading period. This is a classical stochastic optimal control problem.11

In order to be able to derive a tractable solution of the optimization problem, the model stated above contains some
simplifications as opposed to the real EU ETS. First of all, in reality of course many abatement projects will need some lead
time in order to become effective, e.g., efficiency improvements for power plants. However, this assumption should not
influence the model dynamics dramatically as we model expected emissions over the trading period, which will be
influenced immediately after the decision to implement an abatement project has been made, regardless of its lead time.
A second simplification that could influence model dynamics is the very strict trading period break. In reality the EU ETS is
linked to the global Kyoto trading scheme. Emission certificates from this global trading scheme are allowed to be imported
into the EU ETS. As some of these global emission certificates can be banked into the second trading period, this offers a
way to circumvent the trading period break in the EU ETS. But this import of global emission certificates is limited by the
regulator; e.g., Germany plans to restrict the yearly import of these emission certificates to a maximum of 12% of allocation
in its national allocation plan for 2008–2012 [4]. Thus, the import of emission certificates may enhance the supply side of
EUAs but still there is an upper limit. A further point is that the emission rate yt in reality surely is influenced by many
factors like weather, economic growth, or gas/coal spreads. Moreover, the gas/coal spread may also influence abatement
costs as gas-based power plants emit less CO2 compared to coal-fired plants and a changing spread may change the merit
order of power production. In our model marginal abatement costs are modeled with a linear deterministic function and
the effects of changing gas/coal spreads are captured only implicitly by a changing emission rate yt. An interesting finding
of our analysis, though, will be that the central properties of the resulting spot price dynamics do not depend strongly on
the specific process for the emission rate.

2.2. Derivation of characteristic PDE

For the solution of the problem we follow [19, p. 339ff]. The principle of optimality for stochastic optimal control
requires that

Vðt; xtÞ ¼
Max

ut

E e�rtCðt;utÞdt þ Vðt þ dt; xt þ dxtÞ
� �

, (2.6)

ARTICLE IN PRESS

10 In the EU ETS, penalty costs may occur at the end of every year. However, the EU ETS allows a 1-year borrowing within a trading period. This means

that companies are allowed to use EUAs from the following year for compliance in the current year without having to buy the EUAs in the market. It is

thus implausible that they will have to pay penalties for a shortfall within a trading period. We therefore model penalties only at the end of a trading

period.
11 The problem looks quite similar to the well-known linear–quadratic–Gaussian (LQG) framework of optimal control. Indeed, if we could change the

asymmetric boundary condition (2.5c) into, e.g., a quadratic function, penalizing both positive and negative deviations from e0, we could apply the

certainty equivalence principle and solve the problem as if it were deterministic. However, this would disregard the important fact of asymmetric penalty

costs in the EU ETS and the result would not be applicable to the emission market. A short overview on LQG control may be found in [5].
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where V(t, xt) is the expected value of an optimal policy futgt2½t;T� given xt. Let V(t), V(x), and V(xx) denote the partial
derivatives of V(t, xt). Using Itô’s lemma and (2.4), we have

dV ¼ V ðtÞ dt þ V ðxÞ dxþ 1
2V ðxxÞ

ðdxÞ2, (2.7a)

E½dV � ¼ V ðtÞ dt � utV
ðxÞ dt þ 1

2ðGðtÞÞ
2V ðxxÞ dt. (2.7b)

Combining (2.7b) and (2.6) we arrive at the well-known Hamilton–Jacobi–Bellman equation12

0 ¼ Max
ut

½e�rtCðt;utÞ þ V ðtÞ � utV
ðxÞ
þ 1

2ðGðtÞÞ
2V ðxxÞ

� (2.8a)

with boundary condition

VðT; xT Þ ¼ e�rT PðxT Þ. (2.8b)

Maximizing the right-hand side of (2.8a) by taking its derivative with respect to ut and setting it to zero yields

ut ¼ �
1

c
ertV ðxÞ. (2.9)

By using (2.9) in (2.8a) we finally arrive at the characteristic PDE

V ðtÞ ¼ �
1

2
ðGðtÞÞ2V ðxxÞ

�
1

2c
ertðV ðxÞÞ2 (2.10)

with boundary condition (2.8b). This PDE characterizes V(t, xt), which then can be translated into the spot price function
S(t, xt) using the fact that the spot price equals the marginal abatement costs and (2.9):

Sðt; xtÞ ¼ cut ¼ �ertV ðxÞ. (2.11)

In the on-line appendix it is shown that this is also the market equilibrium solution. From the formulation of the
objective function (2.5) it is obvious that optimal abatement ut will always be non-negative because a negative ut would
decrease both C(t, ut) and P(xT). It follows according to (2.11) that spot prices must be non-negative as well.

2.3. Martingale property of solution

Before actually solving (2.10) a general property of the solution is shown. From (2.7b), we know that the expected
change of V(x) equals

E½dV ðxÞ� ¼ ðV ðxtÞ
� utV

ðxxÞ
þ 1

2ðGðtÞÞ
2V ðxxxÞ

Þdt. (2.12)

With (2.9) and assuming that V(t, xt) is twice differentiable this is equal to

E½dV ðxÞ� ¼ V ðtxÞ þ
1

c
ertV ðxxÞV ðxÞ þ

1

2
ðGðtÞÞ2V ðxxxÞ

� �
dt. (2.13)

We further notice that (2.10) after bringing all terms to the left-hand side of the equation and differentiating by x equals
the term in brackets on the right-hand side of (2.13). Thus the expected change of V(x) is zero. But looking at (2.11) this
means that the resulting discounted spot price S(t, xt) is a martingale. This result is independent of G(t) and thus
independent of the specification of the process chosen for the emission rate yt. The economic reason for this result is the
storability of CO2 spot certificates combined with the assumed risk neutrality of the market.

3. Analysis of solution

The PDE (2.10) fully describes the solution of the emission trading model introduced in the last section. For a special
case this PDE can be solved analytically, which significantly helps in understanding the relation between important
features of the emission trading scheme and the resulting spot price dynamics. Moreover, the analytically derived
properties of the spot price dynamics are supported for the more general case by our numerical results.

3.1. Analytic solution for special case

Let G(t) ¼ s be constant and r ¼ 0; this is equivalent to assuming that the emission rate yt follows a white noise process
with a volatility of s and a mean of x0/T.13 This of course is not very realistic but helps us to get a deeper understanding of

ARTICLE IN PRESS

12 To see this, subtract V(t, xt) from both sides of (2.6).
13 See the on-line appendix.
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the basic properties of solutions to our problem. The characteristic PDE now simplifies to

V ðtÞ ¼ �
1

2
s2V ðxxÞ

�
1

2c
ðV ðxÞÞ2. (3.1)

The semi-linear parabolic second order PDE (3.1) can then be transformed to the well-known linear heat equation via the
Cole–Hopf transformation.14 For the heat equation, analytic solutions can be constructed for quite arbitrary boundary
conditions on unbounded domains. After re-transformation we finally arrive at the solution V(t, xt). With (2.11) this
translates into the solution for the spot price:

Sðt; xtÞ ¼ �V ðxÞ ¼
p

1�
eð�pðpðT�tÞþ2cðe0�xtÞÞ=2c2s2Þð�2þ Erfcðe0 � xt=

ffiffiffi
2
p

s
ffiffiffiffiffiffiffiffiffiffiffi
T � t
p

ÞÞ

ErfcðpðT � tÞ þ cðe0 � xtÞ=
ffiffiffi
2
p

cs
ffiffiffiffiffiffiffiffiffiffiffi
T � t
p

Þ

, (3.2)

with Erfc ¼ 1� ð2=
ffiffiffiffi
p
p
Þ
R z

0 e�t2
dt being the complementary error function. To illustrate the results, Fig. 1 plots S(t, xt) as a

function of time t and total expected emissions xt. If not stated otherwise, parameters are chosen as in Table 1 for the rest of
the paper.

As expected intuitively the spot price S(t, xt) remains bounded in the interval (0, p) for all combinations of t and xt. On
the one hand the spot price may not rise above p because CO2-regulated companies would no longer increase abatement
but would rather pay the cheaper penalty. On the other hand the spot price never actually reaches zero. This behavior is
also known from option prices and indeed reflects the option value of emission certificates. As long as there is a positive
probability that realized emissions xT will be above initial EUA endowment e0 there is a positive probability of having to pay
penalty costs at the end of the trading period. Companies are thus always willing to abate emissions in order to mitigate
some of these expected penalty costs, resulting in a positive spot price.

When moving along the t-axis from the beginning of the trading period in t ¼ 0 toward its end in t ¼ T we observe an
increasing x-directional steepness in the region around initial endowment e0. The closer to the end of the trading period the
less time the market has in order to react to changes in xt. As a result the ability to smooth abatement actions across time
decreases. Finally, at t ¼ T the spot price surface exhibits a discontinuity at xT ¼ e0. Any uncertainty is resolved by then and
the spot price is either zero or equals the penalty costs p. A further observation is that the x-directional steepness of the
spot price surface approaches zero when departing from the region around initial endowment e0. This is equivalent to
saying that the volatility of the spot price decreases and finally virtually vanishes when coming closer to its price bounds.
We will explicitly analyze the volatility dynamics in Section 4.

What does the resulting spot price formula (3.2) mean for the abatement and banking behavior of the emission
market? Banking is the act of saving certificates for usage in a later year. To be able to do this CO2-regulated companies
must abate more emissions than would be required to cover the emissions of the current year. Therefore we define
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Fig. 1. Equilibrium spot price S(t, xt)—risk neutral special case. The figure shows the equilibrium spot price of emission certificates dependent on time t

and total expected emissions xt within a trading period, where the emission rate yt follows a white noise process and interest r ¼ 0. Initial endowment

e0 ¼ 6000, initial total expected emissions x0 ¼ 6240, and expected spot price level S(0, x0) ¼ 27.46 are indicated by dashed lines. Upper price bound is

p ¼ 70.

14 See the on-line appendix.
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banking/borrowing bt in our model context by

bt ¼ ut þ
e0

T
� yt . (3.3)

When abatement ut together with endowment e0/T of emission certificates per unit of time is above the emission rate yt

then the market banks the surplus of certificates for potential later usage. If the market does not abate enough to own
sufficient certificates for coverage of yt it borrows certificates from the future. In a deterministic world with a time-constant
marginal abatement cost curve the only reason for banking is a positive interest rate. With r ¼ 0 it follows that bt would
also be zero. This changes in a stochastic world. The market might abate more than required by regulation in order to be
prepared against possible future losses.

From (2.9) and knowing that the expected change of V(x) is zero it follows that in the case of r ¼ 0 the expected change of
abatement ut is zero too. Therefore we note

E0½bt� ¼ u0 þ
e0 � x0

T
. (3.4)

Using (2.11) and (3.2) and parameters from Table 1 results in the expected abatement u0 ¼ 114.4 per unit of time while
abatement in the deterministic case would be �(e0�x0)/T ¼ 80. Therefore expected banking E0[bt] throughout the trading
period is positive. Thus, in order to explain the effect of banking we need neither risk aversion nor positive interest rates or
time-dependent marginal abatement costs. Even risk-neutral market participants will abate more than required by
regulation as long as there is a positive probability for paying penalty costs at the end of the trading period.

3.2. Sensitivity analysis

A short sensitivity analysis as summarized in Table 2 shows that the model has reasonable properties with regard to
changes in parameters. As expected, abatement u0, and thus the initial spot price S(0, x0) at t ¼ 0, increases with increasing
penalty cost p, initial total expected emissions x0, and abatement cost coefficient c, and falls with initial endowment
e0. Except for p it is trivial that there must be some limit for S(0, x0) with respect to changes in the underlying
parameters—the spot price may never exceed p. Maybe somewhat more surprisingly there is also an upper limit for S(0, x0)
with respect to increasing penalty costs p. The upper limit exists because when penalty costs rise too high, they are no
longer relevant for the abatement strategy. The strategy then simply would be to choose the best abatement policy where
certainly no penalty costs will have to be paid. This strategy will depend on all other parameters but no longer on p.
The direction of change for the spot price S(0, x0) with respect to increasing volatility s depends on the question, whether
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Table 1
Parameters chosen for plot of analytic solution to S(t, xt)

Parameter Valuea

Penalty p 70

Length of trading period T 3

Initial endowment with certificates e0 6000

Expected total emissions x0 6240

Marginal abatement costs c 0.24

Volatility of emission rate s 500=
ffiffiffi
T
p

a Parameters are chosen as to remind some stylized facts in the EU ETS. Penalty payment in the first period is EUR 40 plus the cost of delivering in

addition the missing certificate. The regulator allocated EUAs in the magnitude of about 6 billion tons of CO2 for the 3 years 2005–2007. With the chosen

model parameters and in a deterministic world companies would have to abate in total (x0–e0)/T ¼ 80 units per year. With marginal abatement costs c

this would result in a spot price of EUR 80c ¼ 19.2, which is in the magnitude of real EUA prices that have been roughly in the range of EUR 10–30 for the

year 2006. The volatility was chosen to induce a price volatility of about 50%, which corresponds with the observed price volatility of EUA allowances.

Table 2
Sensitivity and upper limit of spot price S(0, c)

Changing parameter Direction of spot price change

(with respect to positive parameter changes)

Limita

Penalty p m f(e0, x0, c, s, T)

Initial endowment with certificates e0 k p

Expected total emissions x0 m p

Marginal abatement costs c m f(p, e0, x0, s, T)op

Volatility of emission rate s u 0.5p

a f(parameters) denotes that the upper limit exists and is a function of the mentioned parameters (emission rate yt following a white noise process).
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the spot price is below or above 0.5p. This limit is approached from both sides. Intuitively an increasing volatility of the
emission rate should also increase the initial spot price. However, imagine the initial spot price is above 0.5p and already
close to the upper price bound. In this case an increasing volatility s of the emission rate increases the probability that the
final spot price S(T, xT) will be zero and thus the initial spot price S(0, x0) decreases.

3.3. Numerical solution for general case

If either G(t) is non-constant or r40 the characteristic PDE has time-dependent coefficients and we can solve it only
numerically. In order to show that the properties of the special case may be conceived as representative for the general case
we now solve an example for a more general case, where we use both a non-constant G(t) and a positive interest rate. In our
numerical illustration we use a large interest rate of r ¼ 0.1 in order to really show the effect of interest. Moreover, the
emission rate yt now follows an arithmetic Brownian motion instead of a white noise process. As derived in the on-line
appendix, this translates into G(t) ¼ s(T�t) for the controlled process xt. All other parameters remain unchanged. This leads
to the characteristic semi-linear PDE with time-dependent coefficients:

V ðtÞ ¼ �
1

2
ðsðT � tÞÞ2V ðxxÞ

�
1

2c
ertðV ðxÞÞ2. (3.5)

The PDE is then solved numerically.15 As we illustrate in the on-line appendix some minor differences occur but the
qualitative behavior of the spot price dynamics remains the same.

Summarizing the results so far, regardless of the form of the process for the emission rate yt the resulting spot price
process S(t, xt) for emission certificates is a martingale after discounting, is bounded in the price interval (0, e�r(T�t)p), and is
not affected by potential deterministic components in yt.

4. Volatility of resulting spot prices

As already indicated in the previous section the volatility of the resulting spot price S(t, xt) is not constant but depends
both on t and xt. This dependence is analyzed in more detail in the following.

4.1. Volatility surface

Knowing that total expected emissions xt follow

dxt ¼ �ut dt þ GðtÞdWt , (4.1)
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Fig. 2. Local volatility sS—risk neutral special case. This plot presents the local volatility sS for the resulting spot price process S(t, xt) dependent on time

and spot price level, where the emission rate yt follows a white noise process. The expected spot price level S(0, x0) ¼ 27.46 for x0 ¼ 6240 is indicated by

the dashed line. The upper price bound is p ¼ 70. The plot is cut at sS ¼ 40 because sS reaches infinity at t ¼ T.

15 The PDE is solved with the numerical method of lines by discretizing first in x-direction using finite differences and then solving the resulting

system of ordinary differential equations.
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and that S(t, xt) is a function of t and xt, we can apply Itô’s lemma to arrive at

dS ¼ ð�utS
ðxÞ
þ SðtÞ þ 1

2ðGðtÞÞ
2SðxxÞ
Þdt þ GðtÞSðxÞ dWt . (4.2)

Obviously the volatility of S(t, xt) is not constant but rather depends both on t and xt. We therefore subsequently call
sS ¼ G(t)S(x) the local volatility of the resulting spot price process S(t, xt). Again, we start with the special case where
G(t) ¼ s and r ¼ 0. As shown before we may take the resulting properties from the special case as representative for more
general processes. Let X(t, S) be the inverse function of S(t, xt) with respect to xt at fixed time t. Fig. 2 presents sS, dependent
on time t and spot price S(t, xt), where X(t, S) is used to determine from the spot price the corresponding total expected
emissions xt needed for calculation of sS.16

When discussing the value of the spot price S(t, xt) in Fig. 1, we already had an anticipation of how the volatility surface
should look like. Fig. 2 now verifies this anticipation vividly. Toward both ends of the possible price interval (0, p) the local
volatility approaches zero. The maximum in S-direction is in the middle of the spot price interval. In t-direction, when
coming closer to the end of the trading period, the local volatility increases and finally reaches infinity at t ¼ T.17

A potential buyer or seller of an option contract on CO2 emission allowances usually will employ some underlying spot
price process in order to value the contract. If this process fails to reproduce an increasing volatility structure it may
significantly misprice the contract, especially if the maturity date of the contract is close to the end of a trading period.

4.2. Sensitivity analysis

A short sensitivity analysis for the local volatility at time t ¼ 0 is presented in Table 3. We do not include e0 and x0 here,
as we already know from the previous section that the local volatility sS approaches zero when xt is far away from e0,
regardless of the direction (compare Fig. 1 at t ¼ 0). The local volatility sS increases with positive changes in the parameters
penalty cost p, abatement cost coefficient c, and emission rate volatility s. Interestingly, the local volatility sS is bounded
even with respect to the volatility parameter s of the underlying process for the emission rate yt. This somewhat surprising
result has an intuitive explanation: regardless of s the spot price S(t, xt) may not leave its price bound between zero and p.
Therefore sS should be bounded, too.

5. Adding risk aversion

Even without accounting for risk aversion the model results in an emission market, which abates more than required by
regulation and thus can explain dynamic banking behavior. Next we will have a look at the potential effect of risk aversion
on CO2 prices. For this purpose we define the logarithmic utility function

utilðkÞ ¼
lnð1þ akÞ

a
(5.1)

where a describes the level of risk aversion and k stands for costs.18 We now further assume a representative agent in
the market for which this utility function is valid and may thus apply (5.1) to the objective function (2.5). Everything
else unchanged, the central planner now maximizes the expected utility of this representative agent. Again, we derive the
characteristic PDE along the lines of Sections 2 and 3 and solve numerically for the spot price S(t, xt). A note on the
derivation can be found in the on-line appendix.

Fig. 3 shows a plot of the resulting spot price at time t ¼ 2. Parameters are the same as before with a rather low risk
aversion coefficient of a ¼ 10�6. A higher risk aversion coefficient results in an even stronger effect. The crucial difference
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Table 3
Sensitivity and upper limit of local volatility sS at time t ¼ 0

Changing parameter Direction of local volatility change

(with respect to positive parameter changes)

Limita

Penalty p m f(e0, x0, c, s, T)

Marginal abatement costs c m f(e0, x0, p, s, T)

Volatility of emission rate s m f(p, T)

a f(parameters) denotes that the upper limit exists and is a function of the mentioned parameters (emission rate yt following a white noise process).

16 X(t, S) may be calculated only numerically even for the analytically solvable special case.
17 The reason for the local volatility to reach infinity is that S(x) reaches infinity at t ¼ T because of the minimum function in the boundary condition of

the characteristic PDE. The same qualitative patterns emerge both for arithmetic Brownian motion and the mean reverting Ornstein–Uhlenbeck process. A

short comparison of the three processes with respect to resulting local volatility can be found in the on-line appendix. For all three processes, local

volatility strictly increases with t, reaches infinity at t ¼ T, and approaches zero when coming closer to the price bounds.
18 We may use any utility function, including risk aversion, which allows for negative values of k. The qualitative form of the price increase beyond the

former upper spot price limit p in Fig. 3 would differ only slightly, depending on the form of the utility function chosen.
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compared with the risk-neutral case is that there is no longer an upper price limit. The new objective function penalizes
large deviations from the expected price path stronger than small deviations. Therefore the central planner now tries to
avoid large penalty costs at the end of the trading period even at the cost of accepting higher abatement costs compared to
the risk-neutral case. The same effect can be seen in the plot of the resulting local volatility sS with risk aversion in Fig. 4.
The picture still looks similar to the risk-neutral case but now there remains some, although low, volatility for spot prices
above the former upper risk-neutral price limit p. The level of this volatility depends on the level of risk aversion.

However, is it realistic that prices above penalty costs may exist? The crucial assumption here is that of a representative
risk-averse agent. Imagine there are some players in the market acting risk neutral. For them the existence of prices above
discounted penalty costs constitute an arbitrage opportunity. They will sell emission certificates immediately and accept to
pay the lower penalty later, thus driving prices down. In other words, as long as there exist risk-neutral market participants
without selling constraints there may not exist prices above penalty costs.

6. Market efficiency—empirical evidence

For our model discussion we assume an efficient market with competitive companies in order to get a tractable solution
for the CO2 spot price process. However, it is often conjectured in the market that the abuse of market power may cause
price distortions [10]. Utilities as well as some other industry parts do not compete in global markets but are rather local
players, meaning that they can fully pass on the cost of CO2 emission certificates to their customers. This can be verified as
example for power producers by a short correlation analysis, which for the correlation between CO2 spot prices and the
Phelix base-load power future 2007 contract results in a statistically significant correlation factor as high as 0.74.19 EUAs
are, with few exceptions, initially allocated to the market participants for free. Since power producers charge their
customers a price including emission costs they have an incentive to keep CO2 prices high.
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Fig. 4. Local volatility sS—risk aversion case. Local volatility sS dependent on spot price S(t, xt) at time t ¼ 2 for the risk aversion case, where the emission

rate yt follows a white noise process and interest rate r ¼ 0. The former risk neutral upper price bound is indicated by the dashed line. The risk aversion

coefficient is a ¼ 10�6.

19 The correlation analysis is done with CO2 spot prices and Phelix base-load power future prices with delivery for 2007, both quoted by the EEX. Test

period is from 10/03/2005 to 19/06/2006 with daily frequency.
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There is some empirical indication that this actually could be relevant in the market, at least in the beginning. Around
April 25th, 2006 first rumors about contents of the national emission reports for the first year of compliance by the EU
member states occurred.20 The official publication of these emission reports on May 15th verified the rumors. It became
apparent that the market was by far not as short as expected. Fig. 5 shows that prices dropped dramatically as a result. The
question is whether, e.g., power producers really did not know that the market was going to be longer than expected. They
account for the largest market share and should have known better their own position. But if so, why should they reveal
their potential knowledge, knowing that they profit from high CO2 prices? This effect of asymmetric information should
diminish when the market matures and market participants have a better basis to estimate the overall market position.21

Another question is whether power producers can actively influence prices. [20] estimate the possibility of market
power in permits trading in the EU electricity sector. They conclude from an empirical analysis that the largest CO2

emitters, which are not the largest power producers, do not have big enough market shares in order to execute market
power. The power sector is the largest CO2-emitting sector in the EU ETS and thus they assume all market participants to be
pure price takers. However, companies may still collude to manipulate the market. Because active collusion is prohibited in
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20 See, e.g., Carbon Market News from Point Carbon.
21 Of course, the price drop could also have occurred because nobody knew the overall market position.
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the EU by law this can only emerge as some form of tacit collusion. According to [10] an indication for tacit collusion could
be positive autocorrelations in CO2 returns, which one should analyze thoroughly. In an efficient market setting all
information available up to date should be incorporated in today’s prices. A history of CO2 returns exhibiting
autocorrelations might therefore indicate that prices only gradually react to new information.22 We analyze the hypothesis
of no autocorrelation in CO2 returns using daily CO2 spot and futures prices from Powernext and the ICE Futures Exchange/
European Carbon Exchange (ICE/ECX). We include futures prices to our analysis because the forward market for CO2 is far
more liquid than the spot market.23 Moreover, by calibrating a vector error correction model for spot and futures prices it
can be shown that the futures market clearly leads the price discovery process [22]. A reason for the futures market being
more liquid is the fact that when trading futures contracts no transactions are necessary on emission accounts as opposed
to spot trading. Transaction data from Bloomberg shows that Powernext exhibits the highest trading volume for spot
emission certificates compared to other exchanges while the same is true for the ICE/ECX with respect to futures trading.
Consistently we use the future maturing December 2006 as this is the most liquidly traded future available. In the
following we refer with st ¼ ln(St) to logarithmic prices, with Dst ¼ st�st�1 to returns and with (Dst)

2 to quadratic returns of
the time series St tested.

To put the analysis into perspective we compare the magnitude of potential autocorrelations also with other markets.
Thus the autocorrelation analysis is done for daily DAX returns and daily returns on US SO2 emission allowances, too. The
US SO2 market is an emission market in the same spirit as the EU ETS, existing for over a decade now.24 The US SO2 market
exhibits a similar situation compared to the EU ETS as fossil-fuel burning power plant owners get SO2 allowance revenue
neutral and may pass through SO2 prices to consumers. In order to get comparable results we used the same time period
length both for CO2, SO2, and DAX levels.25

Table 4 presents summary statistics on all time series tested for logarithmic prices and returns while Fig. 5 shows
historic prices and returns. Tables 5–8 present the results of the autocorrelation analysis. AC(k) denotes the autocorrelation
coefficient for lagk, while t(k) is the t-statistic testing for significance of the single k-lag autocorrelation coefficient. Unit
root tests are not presented here explicitly but they clearly show that CO2 spot and futures prices, SO2 prices, and DAX
levels are first-difference stationary processes.

Price levels st for all time series tested show the typical pattern for non-stationary series, with autocorrelation
coefficients coming from close to unity for k ¼ 1 and decreasing slowly with increasing k. CO2 spot returns Dst (Table 5)
show an autocorrelation coefficient of 0.23 for lagk ¼ 1, which is significant at the 1% level. Except for lags 10 and 11 all
other t-statistics are insignificant. This is a rather high correlation coefficient compared to the other time series tested
(Tables 6–8). However, the CO2 futures market is the more relevant market to test for autocorrelations as it is more liquid
and leads the price discovery process over the spot market. Indeed, Table 6 shows that the autocorrelation coefficient for
the first lag is now only 0.10 and the t-statistic is significant only at the 10%-level. However, there are some more significant
statistics for higher lags starting at k ¼ 3. The picture for SO2 looks similar. Both magnitudes and significances of
autocorrelation coefficients in SO2 returns are comparable to the CO2 market. Looking at DAX returns we see that
the autocorrelation coefficients are smaller and insignificant. However, a look at the first lag autocorrelation coefficient in
Table 8 reveals that with a value of �0.08 and a t-statistic of �1.53 it is close to being significant at the 10%-level even for
the very mature DAX market. The results for quadratic returns (Dst)

2 clearly suggest volatility clustering in CO2 spot and
futures returns. But when looking at both SO2 and DAX returns it can be seen that this is typical for returns in financial
markets, at least on a daily basis. Looking at Fig. 5 this volatility clustering can be observed also visually when looking at
the return series for CO2, SO2, and the DAX.

ARTICLE IN PRESS

Table 4
Summary statistics for log-prices and returns for CO2, SO2, and the DAX

CO2 spot (Powernext)

24/06/05–15/12/06

CO2 future 2006 (ICE/ECX)

24/06/05–15/12/06

SO2 (Platts)

02/02/04–29/07/05

DAX (XETRA)

24/06/05–15/12/06

st Dst st Dst st Dst st Dst

Mean 2.91 �0.00348 2.92 �0.00342 6.28 0.00304 8.62 0.00096

Variance 0.125 0.00225 0.127 0.00238 0.151 0.00056 0.009 0.00009

Skewness �0.978 �1.887 �0.953 0.793 �0.633 0.308 �0.247 �0.402

Kurtosis 3.36 29.10 3.36 38.13 2.00 12.40 2.05 3.79

Observations 367 366 380 379 374 373 382 381

Data source: CO2 spot and forward prices are EUA prices from Powernext and the ICE/ECX, SO2 prices are kindly provided by Platts, and DAX levels are

from XETRA. st ¼ ln(St) refers to logarithmic prices and Dst ¼ st�st�1 to returns of the according time series St with daily frequency.

22 Of course autocorrelations in returns do not contradict market efficiency in the presence of time variation in expected returns.
23 Volumes for CO2 spot and futures transactions are available on Bloomberg.
24 See [12] for details. It argues on the basis of analysis of supply and demand in the SO2 market ‘‘that a relative efficient private market developed in a

few years time’’.
25 For SO2 we have time series data only up to July 2005; therefore the SO2 time period starts earlier, accordingly.
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Table 5
Autocorrelations, daily CO2 spot prices (Powernext), 24/06/05–15/12/06

Lagk st Dst (Dst)
2

AC(k) t(k) AC(k) t(k) AC(k) t(k)

1 0.98 90.68*** 0.23 4.48*** 0.35 7.23***

2 0.95 59.70***
�0.03 �0.55 0.21 4.14***

3 0.93 47.08*** 0.07 1.31 0.09 1.68*

4 0.90 39.57*** 0.03 0.53 0.18 3.57***

5 0.87 34.47***
�0.05 �0.99 0.18 3.57***

6 0.85 30.82*** 0.02 0.40 0.11 2.18**

7 0.82 27.85*** 0.06 1.07 0.09 1.69*

8 0.80 25.24***
�0.04 �0.75 0.08 1.58

9 0.77 23.05***
�0.04 �0.70 0.25 4.93***

10 0.74 21.27***
�0.20 �3.93*** 0.34 6.99***

11 0.72 19.97***
�0.10 �1.86* 0.14 2.73***

12 0.70 18.97***
�0.03 �0.65 0.01 0.17

*, **, *** Stand for rejection of the null hypothesis of no autocorrelation at the 0%, 5%, and 10% level, respectively. The table present results of an

autocorrelation analysis, where st ¼ ln(St) refers to logarithmic prices, Dst ¼ st�st�1 to returns, and (Dst)
2 to quadratic returns of the time series St tested.

AC(k) denotes the autocorrelation coefficient for lagk, while t(k) is the t-statistic testing for significance of the single k-lag autocorrelation coefficient.

Table 6
Autocorrelations, daily CO2 futures prices (ICE/ECX), 24/06/05–15/12/06

Lagk st Dst (Dst)
2

AC(k) t(k) AC(k) t(k) AC(k) t(k)

1 0.98 92.56*** 0.10 1.92* 0.40 8.43***

2 0.95 62.50***
�0.06 �1.26 0.08 1.64

3 0.93 50.03*** 0.14 2.80*** 0.03 0.63

4 0.91 41.96*** 0.13 2.45** 0.03 0.65

5 0.88 36.24*** 0.02 0.37 0.07 1.27

6 0.85 32.03***
�0.19 �3.68*** 0.11 2.19**

7 0.83 29.19*** 0.03 0.63 0.08 1.57

8 0.81 26.64*** 0.12 2.43** 0.04 0.72

9 0.78 24.22***
�0.09 �1.71* 0.05 1.02

10 0.75 22.35***
�0.04 �0.78 0.05 1.04

11 0.73 20.80***
�0.09 �1.79** 0.17 3.36***

12 0.71 19.62***
�0.01 �0.15 0.23 4.53***

*, **, *** Stand for rejection of the null hypothesis of no autocorrelation at the 0%, 5%, and 10% level, respectively. For explanation of table contents see

Table 5.

Table 7
Autocorrelations, daily SO2 prices (Platts), 02/02/04–29/07/05

Lagk st Dst (Dst)
2

AC(k) t(k) AC(k) t(k) AC(k) t(k)

1 0.99 153.50*** 0.08 1.49 0.19 3.75***

2 0.98 105.01***
�0.00 �0.01 0.22 4.37***

3 0.98 85.33*** 0.01 0.16 �0.01 �0.21

4 0.97 73.31*** 0.22 4.28*** 0.11 2.04**

5 0.96 64.15*** 0.10 1.92* 0.07 1.28

6 0.95 57.34***
�0.05 �1.03 0.10 1.95*

7 0.94 52.25***
�0.06 �1.07 0.06 1.12

8 0.93 48.26***
�0.02 �0.41 �0.04 �0.68

9 0.92 44.95*** 0.01 0.12 0.12 2.30**

10 0.91 42.22***
�0.02 �0.43 0.02 0.29

11 0.90 39.93***
�0.09 �1.73** 0.30 5.96***

12 0.89 37.95***
�0.11 �2.07** 0.10 1.96*

*, **, *** Stand for rejection of the null hypothesis of no autocorrelation at the 0%, 5%, and 10% level, respectively. For explanation of table contents see

Table 5.
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Our results are consistent with the findings of [1], which finds that the US SO2 emission market is informationally
efficient, based on a monthly data basis. We find autocorrelations in market returns for CO2 are not much different from the
well-functioning US SO2 market. As the EU ETS is still a very young market, the already rather low autocorrelations in CO2

returns are encouraging and indicate that the market is developing well. Of course this does not exclude the possibility that
CO2 prices will be distorted by collusionary behavior of power producers in the future but it does also not give empirical
support to this conjecture.

7. Conclusion

Our aim has been to study the dynamic price behavior of CO2 emission certificates within a theoretical model that
reflects the stylized facts of the EU ETS. We thus derived the characteristic PDE describing the spot price process and solved
it analytically for a special case. Starting from fairly realistic assumptions about the features of the emission trading scheme
these results may serve as a good starting point to choose a valid process in order to model CO2 spot prices for a potential
derivatives valuation.

Recently the EU ETS demonstrated impressively that the modeling of total expected emissions is a very realistic way of
thinking about spot prices. When participating countries in the EU ETS started to publish their 2005 emission reports in the
end of April 2006, it became apparent that many countries’ emissions are far below expectations. In our model this would
correspond to a large negative change in xt and thus immediately translate to a negative change in the spot price S(t, xt).
Indeed, in the EU ETS the spot price of EUAs revealed a structural break and dropped by about 50% within 3 business days
and the market does not seem to expect it to revert back to old levels.26 This might suggest thinking about jumps in xt,
e.g., when expectations are updated discontinuously around compliance dates. Hence the resulting spot prices would
exhibit jumps, too. But it may also mean that the EU emission market is still in a very immature state, and expectation
building is not yet working very well. In such a situation it may well be that some large market players use their potentially
superior knowledge in order to profit on higher than justified CO2 prices. To improve the expectation building it would be
advantageous to move from yearly intervals for the publication of emission reports to at least quarterly published reports.
However, after publication of the first emission reports the market participants now have a much better estimate of
emission levels in the EU ETS and such huge price jumps should not occur again. Regardless of these initial problems the EU
ETS may have, an analysis of autocorrelations in CO2 returns suggests that from an empirical point of view the CO2 market
seems to be relatively efficient compared to other environmental or financial markets already.

The characteristic PDE is solvable only analytically for a special case and a numerical calibration seems rather complex
for practical applications. Moreover, reliable daily observations for expected emissions are not available in the market. Thus
we suggest explicitly modeling the spot price process based on the properties resulting from our model. This spot price
process can then be calibrated to market data and be used to price potential CO2 derivatives or serve as an additional
component in a power price model in a matured emission market.

Aside from pure financial implications regarding a potential CO2 spot price process, the emission trading model also has
an important policy implication regarding the break between the two trading periods in the EU ETS. As shown, it expects a
very steep volatility increase when coming toward the end of the trading period. It would therefore be advantageous for the
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Table 8
Autocorrelations, daily DAX levels (XETRA), 24/06/05–15/12/06

Lagk st Dst (Dst)
2

AC(k) t(k) AC(k) t(k) AC(k) t(k)

1 0.98 109.66***
�0.08 �1.53 0.10 1.98**

2 0.97 77.18*** 0.04 0.79 0.10 2.00**

3 0.95 62.56*** 0.02 0.47 0.32 6.62***

4 0.94 53.84***
�0.06 �1.24 0.11 2.09**

5 0.93 47.97***
�0.04 �0.69 0.11 2.13**

6 0.91 43.80*** 0.02 0.33 0.23 4.51***

7 0.90 40.4***
�0.06 �1.15 0.13 2.53**

8 0.89 37.72***
�0.06 �1.08 0.02 0.33

9 0.88 35.52***
�0.03 �0.54 0.15 3.04***

10 0.86 33.56***
�0.03 �0.68 0.19 3.70***

11 0.85 32.04***
�0.00 �0.03 0.01 0.29

12 0.84 30.69*** 0.00 0.07 0.11 2.23**

*, **, *** Stand for rejection of the null hypothesis of no autocorrelation at the 0%, 5%, and 10% level, respectively. For explanation of table contents see

Table 5.

26 See, e.g., European Climate Exchange, http://www.europeanclimateexchange.com.
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further development of trading in the CO2 emission market when the regulator thinks on alternatives and enables a
smoother transition between trading periods.
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