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Abstract

This paper analyzes tradable green certificate markets, where producers
investing in new renewable capacity receive certificates based on their pro-
duction. These are sold to electricity retailers, who are required to buy
certificates in an amount proportional to their total sales. To assess the
performance of such a scheme, we develop a stochastic model based on
dynamic programming. The goal is to use the structure and rules of this
designed market, together with historical data so far, to model and an-
alyze price dynamics, with a view to policy analysis and future market
development. Considering the case of the Swedish–Norwegian electricity
certificate market, the main findings include: (i) under the current mar-
ket structure, prices are expected to start at today’s level, while decreasing
steadily towards zero when approaching the planned end of the market;
(ii) the prices are highly sensitive to changes in electricity consumption
and generation; So far, the market has shown ample ability to promote
cost-efficient investment in renewable electricity production.
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1. Introduction

In recent decades, several energy policies for promoting renewable energy
sources have been developed. The tradable green certificate (TGC) market
in Sweden and Norway is an example of a market-based energy policy.
In contrast to a pure subsidy policy, such as the feed-in-tariffs (FIT) used
in several European countries, a TGC market is a quantity-based system
relying on market forces to determine the certificate price, whereas the
feed-in system is a price-based system with greater involvement from the
government. The TGC market can be viewed as a subsidy on green en-
ergy production and a tax on energy consumption under the restriction of
budget neutrality [2]. Producers of renewable electricity receive subsidies
through certificates for their production, while consumers of electricity are
taxed through the addition of the certificate cost to the bill from their elec-
tricity retailer. However, the introduction of TGC quotas reduces whole-
sale electricity prices because of an increased supply of electricity with a
low short-term marginal cost. Thus, the tax burden is fully or partly redi-
rected to the producers of conventional electricity [3].

Both TGC markets and emission trading markets are “...intrinsically sus-
ceptible to unstable prices that can potentially swing rapidly from nearly
zero to the penalty level, despite relatively small changes in the under-
lying supply and demand forces” [1, p. 14]. Understanding the price
dynamics is of major importance for stakeholders. Green investors must
form certificate price expectations. Retailers need to form price expecta-
tions when considering the timing of the certificate purchases needed to
meet their obligations. Furthermore, the regulators must understand the
dynamics of this price formation in order to design markets that function
well and yield the desired effects. Earlier works on equilibrium price for-
mation in similar markets for emission allowances include Montgomery
[5] and Rubin [6], the latter providing an analysis of the intertemporal ef-
fects of banking and borrowing between time-steps. Carmona et al. [7]
suggest that the conditional probability for a deficit of allowance credits,
times the penalty, characterizes the equilibrium price. In an early work
on TGC markets, Morthorst [8] suggests that the certificate price should
equal the cost of renewable generation less the electricity price. Coulon
et al. [1] and Wolfgang et al. [9] describe stochastic models for TGC mar-
kets. While both assume an equilibrium in prices in accordance with the
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condition suggested in [7], Wolfgang et al. [9] argue that this should not
be seen as contradictory to the price equilibrium suggested by Morthorst
[8]. Other works analyzing TGC markets include fundamental equilib-
rium models [3], system dynamic approaches [10], optimal stopping [12],
and econometric studies [13].

Addressing the uncertainty in TGC markets should be of the utmost im-
portance to market regulators, both regarding market and policy risk [14].
The value of flexibility increases with uncertainty; thus, technologies with
high variable costs and low fixed costs become more attractive as uncer-
tainty rises [16]. Kildegaard [17] finds evidence for this shift toward the
low fixed-cost alternative in case studies for TGC markets in Britain, Swe-
den, and Texas. Furthermore, he argues that there is an asymmetric risk of
overinvestment, resulting in collapsing certificate prices and thus capital
losses. Either this will prevent the investor from building new capacity or
the investor will require a significant risk premium as compensation. Haas
et al. [18] find that their intrinsic stability appears to be a key element in
the success of FIT systems. Furthermore, they find that TGC systems are
less effective with respect to deployment of less mature RES-E. This view
is supported by Bergek and Jacobsson [19]. Agnolucci [20] argues that
long-term contracts offered to producers yield more certainty for green in-
vestors and thus decrease the price of certificates. Van der Linden et al.
[21] discuss cases where retailers are obliged to offer such long-term con-
tracts, resulting in a gradual convergence of the TGC market toward a FIT
regime. Amundsen et al. [22] find that banking reduces price volatility
significantly and also lowers average prices.

Despite the clear need for a better understanding of the price dynamics
in a TGC market, there is a limited amount of research addressing the
price volatility and stabilization mechanisms of such markets. This pa-
per contributes to a better understanding of the dynamics in such mar-
kets, through a case study on the Swedish–Norwegian electricity certifi-
cate market. A flexible way of analyzing this TGC market is proposed,
based on stochastic dynamic programming. The model extends the work
of Coulon et al. [1] on the New Jersey SREC market, by adding the penalty
fee as a state variable and including relationships between green invest-
ments, the electricity market, and the cost of such investments. Further-
more, it incorporates all the important features present in a TGC market,
such as a price-dependent endogenous green investment rate, an exoge-
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nous quota requirement, a penalty level, and stochastic production of eli-
gible electricity. By providing a better understanding of the formation of
price expectations, the investment rationale, and the role of uncertainty,
this paper contributes to the ongoing debate on the design of energy poli-
cies. The proposed approach can also be a supplementary tool for traders,
investors, retailers, and regulators.

This paper is organized as follows. Section 2 provides an overview of the
dynamics in the market. Section 3 proposes a method for specifying the
investors’ expectations of electricity prices. Section 4 introduces the elec-
tricity certificate model. Section 5 explains the calibration of the model
along with the results from the base case. Section 6 provides an analysis
of the market for different supply and demand scenarios, different invest-
ment rationales, and suggested policy changes. Section 7 concludes.

2. Market Dynamics

This section discusses how price expectations are formed, the effects of a
price dependent penalty, and how investment decisions are made in this
market. In the Swedish–Norwegian electricity certificate market, the reg-
ulators specify a target regarding new annual renewable generation. The
regulators decide which projects fulfill the requirements for receiving cer-
tificates, thus establishing market supply. Qualified producers receive cer-
tificates based on their actual monthly eligible production. New power
plants have to be in operation by the end of 2020 to receive certificates.
Certificates are then received monthly for a period of 15 years from the
time when operations start. Producers are allowed to bank their certifi-
cates and may time their certificate sales to maximize profits; i.e., either
by selling immediately or by waiting for higher expected prices. Demand
is established by imposing a requirement on each individual retailer as
a proportion of the actual amount of electricity sold to customers. If a re-
tailer does not fulfill this requirement by holding enough certificates at the
compliance dates, he is fined a penalty fee. The penalty fee is calculated
as 1.5 times the average price over the 12 months prior to the compliance
date. At the compliance date, March 31 every year, the required number of
certificates are handed in and canceled. Certificates are traded in the spot
and futures market, both over-the-counter and on the Nasdaq OMX.
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2.1. Price Expectations

The formation of certificate price expectations in the market is of major im-
portance. Demand for certificates is based on consumers’ total consump-
tion of electricity. This consumption is exposed to annual variation; thus,
the annual demand for certificates is not easily predictable. The supply
of certificates depends on actual generation of electricity, which for most
renewable sources is affected by weather conditions. It is found to vary
between years in addition to having a seasonal variance. For Denmark, it
is estimated that the maximum variation in annual wind power genera-
tion is approx. ±20%, with a standard deviation of approx. 10% [22]. As
the short-term marginal cost of wind energy is close to zero, the produc-
tion decision is based on weather conditions rather than electricity prices.
Thus, volatility in the supply of certificates is expected. The following two
conditions for explaining rational formation of price expectations are sug-
gested.

1. The time t certificate price pC
t should be such that the marginal plant

is profitable; i.e., the price should equal the difference between the
levelized cost of energy (LCoE) of the marginal plant, Lm

t , and the
electricity price, pE

t .
pC

t = Lm
t − pE

t (1)

2. The time t certificate price should equal the discounted value of the
expected penalty, π, times the probability of having to pay this penalty;
i.e., the probability of a shortage in the certificate balance, b. Here φ
is an appropriate discounting factor, and 1{b=0} a function equal to
one if the certificate balance becomes zero.

pC
t = φEt[π]Et[1{b=0}] (2)

The first condition follows from the expected profitability of an investment
in a TGC market [8], where decisions to invest in renewable electricity ca-
pacity are made on the basis of both expected electricity and certificate
prices. We assume that investments are made when the price of certifi-
cates is higher than the LCoE of the plant, less the price of electricity. Con-
sequently, the renewable plants with the lowest LCoE will be built first,
being profitable at a lower certificate price. If the expected prices increase,
so does the number of profitable investments. However, expected prices
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should at all times be such that the expected marginal plant is profitable.
Higher prices than this level indicate that the market is not perfectly com-
petitive, as the price is higher than the long-run marginal cost. One should
note that investors might hold a real option mindset, putting a high value
on the flexibility achieved by delaying an investment; hence, the required
certificate price for making an investment might be higher than the price
suggested by (1) [23, 24].

The requirement imposed on the retailers is set such that the investments
will add up to the target capacity. Thus, if the market works as planned,
combined with perfect foresight of the LCoE of the different investment
opportunities, the price level at the end of the investment period is pre-
dictable. It is worth mentioning that new investments may cause de-
creasing electricity prices; thus, a higher certificate price is required for
the marginal plant to be profitable. Realistically, the LCoE curve is not
known in detail by all players in the market, thus creating slightly dif-
ferent price expectations and more volatile prices. On the other hand, if
new investments are less (more) than targeted at the end of the invest-
ment period there will be a deficit (surplus) of certificates in the market,
and the price of certificates will start rising (falling). Then the regulators
are likely to implement changes in market design; e.g., by extending the in-
vestment period or reducing the requirement on retailers. Such regulatory
changes may cause increased volatility and thus an increased required rate
of return [13]. An increased required rate of return results in an increased
LCoE; thus, a higher certificate price will be needed for the marginal plant
to be profitable.

The second condition follows from the expected payoff of a certificate [1].
When new certificates are issued, electricity producers are faced with the
decision of whether to sell their certificates immediately or to bank their
certificates and wait for higher prices. Producers will sell their certificates
at the current price, unless the present value of an expected future price ex-
ceeds the current price. When the present value of a future price is higher,
producers will bank their certificates until the willingness to pay among
retailers increases to a level at which producers are willing to sell. Hence, a
player acting to maximize profit is likely to sell/bank his certificates such
that the market reaches an equilibrium where the players are indifferent
between selling today and selling tomorrow. Along the lines of Carmona
et al. [7], the retailers’ willingness to pay is assumed to be equal to the net
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present value of the penalty that they expect to be imposed if obligations
are not met, times the probability of not being able to meet these obliga-
tions; i.e., the probability of a shortage of certificates in the market. Pre-
dicting these penalty fees is difficult, as they are based on prices observed
over the year preceding a given compliance date. Following from this,
in a period immediately after a compliance date, no information is avail-
able for calculating the penalty fee of the next compliance date. As this
compliance date approaches, more information becomes available. The
probability of a shortage of certificates is based on the current balance of
certificates, the issuance of new certificates, and the requirement imposed
on retailers. A lower balance increases expected prices, while a lower re-
quirement level decreases expected prices. As stated in Section 1, both the
requirement and the issuance are subject to unpredictable variation on an
annual basis. Combined with the unpredictable penalty level, this may,
as for the first price condition, cause different price expectations and thus
more volatile prices.

To achieve market equilibrium, both of the above conditions should be
met at the same time. For modeling purposes, an interesting question is
whether fulfilling one of the conditions automatically leads to the fulfill-
ment of the other. For a market in equilibrium, one would expect this to be
the case. While this has not been shown empirically, it is natural to assume
that the suppliers of certificates ensure the fulfillment of the first condition,
and the demand side ensures the fulfillment of the second condition [9].

2.2. Market Instability

The price-dependent penalty has some interesting effects on price expec-
tations and thus prices, and may potentially cause large price increases
or decreases. This can be described as a system-inherent instability. An
increase in the certificate price will lead to an increase in the expected
penalty, which subsequently may cause prices to rise even further. Given
no intervention from market regulators, this may result in a spiral that
could potentially lead to prices climbing without bound or collapsing to-
ward zero, depending on the initial price movement. As will be discussed
below, there seem to be some stabilizing factors in the market, which en-
sures that spiraling prices do not occur.

For a TGC market in equilibrium, expected increases in demand should
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be offset by a corresponding increase in expected investment, hence sta-
bilizing the market price. However, following unexpected increases in
demand, the lead time of investments create a lag in the increase of gen-
eration capacity, causing a mismatch between supply and demand and re-
sulting in a higher price level for some time. The lead time of new capacity
will decide the duration of the period needed for the system to stabilize at
a new equilibrium level. In the long run, the market will meet an unex-
pected increase in certificate prices with an increased rate of investment in
renewable electricity capacity. This will cause the supply of certificates to
increase, which in turns causes falling price expectations and, ultimately,
lower prices. Bio power and dammed hydro could to some extent benefit
from these periods of higher prices by increasing production. The percent-
age share of such “stabilizing renewables” in the mix of eligible electricity
will decide the magnitude of the described instability.

The percentage share of stabilizing renewable energy sources is low in this
market, and investments made after 2020 are not eligible to receive certifi-
cates. Hence, other mechanisms are required to avoid the potential market
instability [25]. For example, the stabilizing of price expectations will work
as such a mechanism. If an initial price movement is not met with a corre-
spondingly large change in penalty expectations and a subsequent change
in price expectations, the market will not face upward or downward spi-
raling prices. Such stabilizing price expectations may stem from a belief
among traders that the regulators will act in extreme cases to stabilize the
system. This provides an interesting finding about price expectations, par-
ticularly that the price expectations are of major importance for observed
prices. If prices are expected to remain in a stable range, they most likely
will. If prices are expected to change, they may start spiraling upward or
downward. Thus, a stable market requires stable price expectations.

2.3. The Investment Decision and Expected Investments

Understanding the rationale behind the investment decision is of major
importance when modeling the electricity certificate market [26]. One es-
sential question is whether the regulators’ target capacity will be met or
whether the total investment will be either lower or higher than the target.
Failing to reach the target would again cause prices to rise or fall as de-
scribed in Section 2.1. Predicting the timing and the level of investment is
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essential for understanding the rationale behind the investment decision.
Three suggested investment rationales are:

1. A given number of investments will be made annually, regardless of
the prices and costs.

2. The investment decision is based solely on the certificate price, and
a positive feedback from increased prices on the investment level is
expected.

3. The investment decision is based on the profit equation for an eligi-
ble power plant operating in a TGC market.

The first rationale stems from an assumption that when prices are situ-
ated within an expected price range, sufficient profitable investment op-
portunities exist to reach the capacity target.1 Thus, all investors who be-
lieve their investment opportunities to be among the cheapest will make
their investments independent of price movements. In Norway specifi-
cally, there are investment opportunities in hydropower that are profitable
even if certificates become worthless [27]. Such investments may then be
made even if the investor knows this will cause overinvestment and thus a
collapse in certificate price. In the opposite case, when the profitability of
all investment opportunities depends on the certificate price, it is assumed
that investments will not be made if they will cause the total capacity to
exceed the target. Additionally, considering the significant lead times of
the different technologies, investment decisions must soon be made if the
new plants are to be considered eligible. As a result of this, a potential
theory could be that all the power plants needed to reach the policy target
of new capacity have already been planned. If this is the case, movements
in certificate price will be of little to no importance for new investments.

The second rationale suggests that there exist a number of profitable in-
vestment opportunities independent of the electricity price and cost struc-
ture, and that the number is increasing in increased certificate price.

The third rationale submits that investments will be made if the sum of
the electricity price and certificate price minus the LCoE of the invest-

1Information from a key producer in the Norwegian electricity market indicates that
their development of a new hydropower plant does not depend on prices but solely on
access to capital.
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ment opportunity is greater than zero. If the certificate price is formed
according to the first price formation condition presented in Section 2.1, a
plant is profitable in the long run if its LCoE is lower than the LCoE of the
marginal plant. Furthermore, stemming from this investment rationale,
the expected rate of investment will change directly with a change in the
expectation of a power plant’s marginal profit.

The assumed investment behavior is taken as a combination of the first
and third investment rationales; i.e., some investments are a function of
time only, while some investments occur if the sum of the expected certifi-
cate and electricity price exceeds the LCoE of the investment opportunity.
Time-dependent investments are included, as several power plants have
already been planned and found to be profitable within a reasonable price
range in the studied markets. Other investors are expected to delay their
investment decision until their project becomes profitable. These are ex-
pected to base their decision on their expectations of certificate and elec-
tricity prices. Modeling investments in this way is also expected to capture
the downward pressure on prices caused by new investments. The result
should be an adequate number of investments, such that the target of new
capacity is met, and prices neither climb nor collapse.

3. Electricity Price Simulation

Including a dependency between investments and electricity prices en-
tails a method of assessing and forecasting the investors’ long-term expec-
tations of future electricity prices. For this, a Schwartz–Smith two-factor
dynamics model [28] has been used:

ln(Xt) = χt + ξt. (3)

Here Xt is the electricity spot price, and χt and ξt are unobserved state
variables representing time t short-term deviations in log prices and time t
equilibrium levels for log prices, respectively. Short run deviations (χt) are
assumed to revert toward zero following an Ornstein–Uhlenbeck process:

dχt = −κχtdt + σχdzχ, (4)

while the equilibrium level (ξt) is assumed to follow a Brownian motion
process:

dξt = µξdt + σξdzξ . (5)
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Here κ is the mean reversion coefficient, σχ and σξ are the standard de-
viations, and dzχ and dzξ are correlated standard Brownian motions with
correlation E[dzχdzξ] = ρχξ . For the equilibrium level, the drift rate is µξ .

The unobserved state variables are estimated using a Kalman filter pro-
cess. In typical implementations of the Kalman filter procedure, missing
data problems are severe [29]. These known shortcomings have been over-
come using the approach of Benth et al. [30] for extracting smooth forward
curves from average-based commodity contracts with seasonal variation.
The method takes forward contracts with different maturities, observed in
the market, and creates smooth forward curves by fitting the contracts to
a seasonality function under a maximum smoothness criterion. For any
given time to expiry, the resulting forward curves can be interpreted as
the future price on a contract with daily settlement. These curves are then
used as inputs to the Kalman filter.

Furthermore, following from the output of the Schwartz–Smith two-factor
model, the long-term equilibrium level has been used as an input for the
electricity certificate model. This is motivated by the assumption that the
long-term prices are the ones that are relevant to investors making invest-
ment decisions. The expected long-term equilibrium level of the electricity
prices is given by Eq. (6), presented in Schwartz and Smith [28]. Here χ0
and ξ0 are initial values of short run deviation and equilibrium price, re-
spectively.

ln(E[Xt]) = E[ln(Xt)] +
1
2

Var[ln(Xt)]

= e−κtχ0 + ξ0 + µξ t

+
1
2

(
(1− e−2κt)

σ2
χ

2κ
+ σ2

ξ t + 2(1− e−κt)
ρχξσχσξ

κ

) (6)

4. Electricity Certificate Model

The electricity certificate model extends Coulon et al. [1] and their equa-
tions for modeling the New Jersey solar renewable electricity certificate
(SREC) market. Inputs to our model include electricity price dynamics, the
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quota requirement, parameters characterizing the growth of green electric-
ity generation capacity (typically found by regression analysis of historical
data) and information about the levelized cost of energy as a function of
accumulated capacity. The objective is to calculate equilibrium (policy)
values of the state variables in the stochastic dynamic program: certificate
prices, the number of banked certificates over time, expected penalty and
the growth of green capacity. The calculated policy allow simulation for-
ward in time, and by changing input parameters we can analyse e.g. the
price impact of changes to market rules.

Although similar to the situation in [1], the Swedish-Norwegian market
has the notable difference of the penalty being dependent on the electric-
ity price average over the preceding year, rather than being fixed. This
characteristic requires the introduction of an additional state variable, the
penalty π. Additionally, the model has been extended to include a de-
pendency between investments, the LCoE, and electricity prices, as well
as the possibility of infinite certificate banking, present in the Swedish–
Norwegian market. All parameters are estimated to reflect historical val-
ues from the Swedish market over the period 2004–2011.

4.1. Mathematical Formulation

pC
t = max

v∈{t,t+1,...,T}
e−r(v−t)E[πt]Et[1{bv=0}] (7a)

pC
t = e−r∆tE(pC

t+1) when t /∈N (7b)

The certificate price is modeled in accordance with the second price con-
dition presented in Section 2.1. Eq. (7a) states that at any time t, the value
of the certificate pC

t is the maximum of the discounted expected future
penalty fees that it can be used to avoid, discounted at the rate r times
the probability of having to pay this penalty. Eq. (7b)—i.e., the Martingale
condition—follows implicitly from (7a) and states that, except at compli-
ance dates, the current price is the discounted expected future price. N

notes the set of compliance dates.

bt =

{
max(0, bt−1 +

∫ t
t−1 gudu− Rt) t ∈N

bt−1 +
∫ t

t−1 gudu t /∈N
(8)
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Eq. (8) is a standard inventory equation and represents the accumulated
number of certificates in the market at any given time. At any time step t,
the currently banked balance bt is a function of the previous balance bt−1

and the accumulated issuance since the previous time step,
∫ t

t−1 gudu. If
the current time step is part of the set of compliance dates, the equation
accounts for a reduction in the number of certificates in the market, equal
to the requirement Rt. Negative balance is not allowed, hence the max
statement.

gt = ĝt(pC
t , pE

t , Lm
t ) exp (a1 sin(4πt) + a2 cos(4πt)+

a3 sin(2πt) + a4 cos(2πt) + ε
g
t )

(9)

The seasonality and annual variation in eligible electricity generation, and
hence certificate issuance, gt, is represented in Eq. (9) by a seasonality
function and a stochastic process. The state variable ĝt represents the el-
igible annual capacity as function of the certificate price, the electricity
price, and the LCoE. This is motivated by the assumption that investors
are likely to invest more while prices are high. Seasonal changes are spec-
ified with the sine and cosine functions, while a noise term, ε

g
t , is added

to reflect the uncertainty in generation. The issuance equation describes
monthly supply of certificates.

ln(ĝt+∆t)− ln(ĝt)
∆t

= a5 + a6(max(0, (pE
t + σξdzξ)

+p̄C
t − Lm

t ))− Ct, for a5 ∈ R, a6 > 0
(10)

As discussed in Section 2.3, the first and third rationale are used as back-
ground for modeling new investments. Eq. (10) accounts for the monthly
change in eligible generation capacity. The parameter a6 accounts for the
logical effect that producers are likely to invest more as the marginal prof-
its associated with the investment rises. Here p̄C

t is a ”feedback” price
function on investment, increasing with higher historical certificate prices.
Parameter a5 represents the growth of generation not related to marginal
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profit as an independent term describing the drift in investments over
time. A noise term σξdzξ representing the uncertainty in the equilibrium
level is added to the forecast electricity price. Ct represents the monthly
phase-out of certificates, occurring when a power plant has received cer-
tificates for 15 years.

E[πt] = 1.5

×

∑i=t
i=1+max{1,N|{N<t}}

pC
i

t−max{1,N|{N<t}}
t− 1 /∈N

( pC
t

2 + πt−1
2 ) t− 1 ∈N

(11)

Equation (11) specifies that the expected penalty is a function of all infor-
mation known in a given month; i.e., the expected penalty equals 1.5 times
the average certificate prices since the last compliance date, in accordance
with market rules. With an exception for the month directly following a
compliance date, where the expected penalty is calculated as 1.5 times the
average of the current price and the actual observed penalty from the pre-
vious year. This stems from the assumption that agents believe that the
prices will remain in a stable range throughout the period, and thus only
use the currently available prices to form expectations of the penalty.

p̄C
t = pC

t (12)

To avoid the inclusion of another state variable for the investment decision
and preserve computational tractability, we assume that the investment
decision is only based on the current price, as the current price captures
all future price expectations. Hence, there is an immediate price feedback
on eligible generation capacity. This is obtained using Eq. (12). The as-
sumption is justified by Coulon et al. [1], who find that the lead-time of
capacity has a modest impact on price forecasts.

4.2. Implementation

The solution algorithm proceeds as follows.
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1. A 3-D grid of values for bt, ĝt and πt is chosen. For bt and ĝt, the
lower bounds are zero, and the upper bounds are a little above the
largest requirement. For πt, the lower bound is zero, and the up-
per bound is a little above the highest expected penalty. Time is
discretized in monthly steps, matching the frequency of historical
generation data.

2. The dynamic program is initialized, evaluating the certificate payoff
at the end of the market’s life, t = T, at every grid point (bt, ĝt, πt). At
this point, all information is known, and hence the program yields
digital boundary price cubes.
(a) At grid points where there is a shortage of certificates, investors

are willing to pay the penalty, pC
T = πT, for one certificate.

(b) At grid points where there is a surplus of certificates, investors
are willing to pay pC

T = 0 for one certificate.
3. From the boundary cube at t = T, the dynamic program steps back-

ward to t = (T − 1). Here it solves eqs. (7)–(12) and finds a price
at every grid point using price information from the price cube at
t = T. The same procedure is then followed recursively for every
time step.2

The algorithm provides a price cube at every single time step. Starting
from the currently observed eligible capacity ĝ0, accumulated certificates
in the market b0, penalty level π0, and time t0, the state transition equa-
tions (7)–(12) are used to obtain the certificate price, pC

t , the eligible capac-
ity ĝt, the accumulated certificates in the market bt, and the penalty level
πt for every time step throughout the period. The price cubes show what
the price would be at each time step, given a state (bt, ĝt, πt). An exam-
ple of the content of these cubes is shown in Figure 1, plotting the prices
obtained for a chosen πt over the grid bt, ĝt for December 2020, the last
time step for capacity to be eligible in the Swedish–Norwegian market.3

As seen in Figure 1, the certificate price is upward restricted by the ex-

2Solved with the FORTRAN subroutine nag roots withdraw sys func easy (c05nb) from
the NAG Toolbox for MATLAB [31], using the Powell hybrid method.

3For the given resolution level, the runtime of this procedure is approximately one
hour on an Intel(R) Core(TM) i7-3770 CPU, multithreading at 3.4 GHz on all four avail-
able cores. Parallel processing and FORTRAN subroutines have been introduced to keep
the model computationally tractable.
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pected penalty cost in the highest plateau. This extreme is obtained with
the combination of low banking and low capacity, as expected. The price
is downward restricted by zero for the opposite. When the level of bank-
ing is higher than some threshold, a second plateau is present under low
capacity. Further, for the certificate price not taking the value of one of the
extremes, capacity and/or banking level must fall within a specific region
for each time step.

[Figure 1 about here]

5. Model Calibration and Base Case Results

5.1. Model Input Estimation

The Schwartz–Smith procedure described in Section 3 yields the results
shown in Figure 2. The figure shows estimated prices, observed prices,
and equilibrium prices. Eq. (6) and parameters obtained by the Schwartz–
Smith procedure, shown in Table 1, are used to calculate the long-term
equilibrium level shown in Figure 3. This is used as a proxy for investor
expectations of the electricity price.

[Figure 2 about here]

[Table 1 about here]

[Figure 3 about here]
The input data for compliance requirements Rt and the LCoE curve are
based on numbers from the Norwegian Water Resources and Energy Di-
rectorate (NVE) and the Swedish Energy Agency [32, 33, 34].4 The annual
requirement is calculated based on their forecasts of electricity consump-
tion, multiplied by the requirement quotas. Furthermore, all known in-
vestment opportunities are sorted based on their estimated LCoE. It is as-
sumed that the least expensive investments are made first. Thus, in every
month a certain number of investments are made. The least expensive in-
vestment opportunities in the next month will then have similar or higher

4NVE and the Swedish Energy Agency are the regulators of this certificate market.
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LCoEs than those in the current month. Repeating this procedure for every
month yields a time-dependent LCoE curve.5 Cost reductions from tech-
nology development are omitted, as the investment period only lasts until
2020. The timing of the phase-out of power plants has been calculated
based on data from all 4557 currently eligible power plants, and expected
annual investments. The discount rate for the price equation is set to 9.5%,
reflecting the required rates of return at which the retail sellers in the Scan-
dinavian electricity market operate.6 The discount rate assumed in the cal-
culation of the LCoE for investment opportunities in Norway and Sweden
has been set to 4% and 8% by the NVE and the Swedish Energy Agency,
respectively. Furthermore, the stochastic generation function is calibrated
from historical data on issuance of certificates and prices, available from
Ref. [35].

ln(gt) = a0 + a1sin(4πt) + a2cos(4πt) + a3sin(2πt)+

a4cos(2πt) + a5t + a6(max(0, pE
t + p̄C

t − Lm
t )) + ε

g
t

(13)

Eq. (13) combines (9), (10), and (12) to allow parameter fitting, where a0
is an intercept term. The regression of certificate generation yields the
coefficients shown in Table 2. The bootstrapped confidence intervals of
these coefficients are shown in Table 3. As the regression is nonlinear,
the goodness of fit is assessed based on the coefficient standard errors,
the coefficient confidence intervals, and a visualization of the regression
shown in Figure 4. Testing and concluding whether the relationship be-
tween marginal profit and generation—i.e., a6—is significantly different
from zero is difficult. It is, however, likely that the coefficient is positive,
because some level of profit feedback is expected.

[Table 2 about here]

[Table 3 about here]

[Figure 4 about here]

5The LCoE for the relevant period spans from e 30/MWh to e 46/MWh.
6Source: Bjørn Erik Heiberg, Pareto (a financial advisory firm).
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The Q-Q-plot of the residuals shown in Figure 5 indicates that the error
terms are close to normally distributed, although there are some outliers in
the lower left and the upper right corner. It is also noted that the residuals
do not show any patterns of autocorrelation. The characteristics of the
error term, shown in Table 4, are identified. The residuals demonstrate
minor excess kurtosis and negative skewness, but a normal distribution
can still be used to simulate noise. Thus, the renewable generation noise
term ε

g
t in Eq. (9) is modeled as normal, with zero mean and standard

deviation 0.08. For the electricity price stochastic term, σξdzξ , the standard
deviation σξ is obtained from the calibration of the Schwartz–Smith long
term factor ξ.

[Figure 5 about here]

[Table 4 about here]

5.2. Model Output for Base Case Scenario

This section presents the base case for the simulation of the certificate mar-
ket. The model is run for the input described in Section 5.1 from April 2015
until the last compliance date in March 2035. The requirement quota ad-
justment, suggested by the regulators in the last progress review7 [34], is
included. Figure 6 presents the resulting certificate prices, balance of cer-
tificates, eligible investments, and normal annual production of electricity
from eligible power plants.

[Figure 6 about here]
Figure 6a shows stable but declining prices. The red line represents the
average of 100 model realizations represented by the blue lines. Toward
the end of the period, a large difference between scenarios is observed.
When the market approaches its planned end in 2035, the modeled prices
decline rapidly toward zero, as there is an expected surplus of certificates
throughout the market’s lifetime. As time passes, the probability of sce-
narios resulting in a future deficit of certificates decreases. Similar results
are found by Wolfgang et al. [9].

7Progress reviews are scheduled every four years to decide on regulatory adjustments
to the market parameters.
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Figure 6b plots the accumulated investment in eligible capacity, as forecast
by the model, against time. A stable increase in investments is seen until
the end of the qualification period in 2020. The parameters estimated in
Section 5.1 show the time-dependent term to be substantially larger than
the profit feedback term. Thus, the time-dependent term accounts for a
large proportion of the expected investments, resulting in a low level of
uncertainty in the number of investments. Different scenarios for the in-
vestment relation will be further analyzed in Section 6. As seen from the
figure, the model expects the policy target of 26.4 TWh of additional ca-
pacity from renewable energy sources to be met.

One can surmise that the market is designed so that a small certificate
surplus is expected if the policy target regarding green investment is met.
This is reflected in Figure 6c. The target is met and a balance surplus is
seen throughout the period. The monthly increase in the certificate balance
represents the expected monthly production of electricity, which in turn
reflects the monthly issuance of certificates. The large annual decreases
represent the cancellation of required certificates at compliance dates.

Figure 6d shows the expected level of eligible annual capacity. Until the
end of 2020, the eligible capacity is expected to increase from the invest-
ments seen in Figure 6b. In 2018, the first power plants declared to be
eligible have received certificates for 15 years, and the first phase-out of
eligible capacity occurs. In Figure 6d, this is best seen in the decline af-
ter 2020, when no new investments receive certificates. In 2035, when the
market is planned to end, all the power plants have been phased out.

6. Analysis

This section analyzes and discusses how market changes will impact the
market, with basis in the proposal by the regulators in the last progress
review. Additionally, changes in certificate supply and demand, different
alternatives for the investment decision rationale, and different mecha-
nisms for forming penalty fee expectations are explored. Unless stated
otherwise, input parameters are equal to those presented in the base case
discussion.
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6.1. Changes in Certificate Demand

[Figure 7 about here]
This section investigates the effects of changes in certificate demand, either
from changes in electricity consumption or the requirement quota. Figure
7 illustrates three scenarios with varying quota level, compared with the
base case. Figure 7a depicts that a lower certificate demand, yields lower
prices throughout the period. This is natural, as the probability of scenar-
ios with a shortage of certificates decreases with an increased certificate
balance. Correspondingly, a higher demand yields a lower certificate bal-
ance and hence higher prices throughout the period. The mechanism is
illustrated in Figure 7b, which relates the minimum annual balance to the
price level. The effect is noticeable even for small changes in demand. A
realistic variance in eligible electricity production is found to cause simi-
lar variance in certificate prices. In both cases, extreme scenarios forcing
prices to climb without bound or to collapse toward zero can be observed.
This illustrates the importance of stability in demand and supply for the
formation of stable prices. Market actors report the estimation of con-
sumption as a source of uncertainty [36]. This is supported by the large
price changes seen from the model even for slight adjustments of input
parameters. The updated forecast for electricity consumption, provided
by the Norwegian regulator, shows an annual 3–7% difference compared
with the forecast provided at the launch of the market. Thus, such varia-
tion in the requirement can be considered to be realistic.

6.2. Regulators’ Suggested Market Changes

The regulators’ suggestions for the last progress review include four main
elements [34]:

1. A slight adjustment of the quota path, to balance the market.
2. Extending the investment period with one year, to the end of 2021,

while shifting the quota path upward to compensate for the increas-
ing supply.

3. Increasing the target of additional renewable energy capacity by 2
TWh to 28.4 TWh by shifting the quota path upward.
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The suggested adjustment of the quota path is already included in the base
case; the other suggested changes are discussed in the following section.

[Figure 8 about here]
The forecasted certificate price and balance, if new investment are to be
considered eligible until the end of 2021, are shown in Figure 8. An ex-
tension of the investment period lowers the probability of good invest-
ments missing out on benefits due to lead-time issues. However, as seen
in Figure 8b, some of the investments are not expected to be made until
2021. This leads to a lower issuance of certificates in the preceding years,
causing long-term effects on both the certificate balance and the certifi-
cate prices. The lowered issuance lowers the balance, and thus higher and
more volatile certificate prices are forecast throughout the period. Ap-
proaching 2035, large variations between the generated market realiza-
tions are observed, following from uncertainty of whether enough certifi-
cates will be available to fulfill the certificate obligations. If a deficit of
certificates is expected, the prices will start climbing years in advance, and
consequently the penalty fee could start spiraling upward. This scenario
illustrates the importance of timing new investments. Even for this mod-
est system change, both the expected prices and the volatility increases
significantly. The regulators could avoid such effects by making appropri-
ate changes to the requirement quotas.

[Figure 9 about here]
Figure 9 presents the expected prices and balance following an increase
of the target to 28.4 TWh. The expected reduction in the certificate price
caused by this change is estimated to be e 0.91/MWh in 2020. A linear
change in requirement quota is assumed to account for the additional is-
suance of certificates. For the first few years, the prices are slightly higher
than in the base case; they do, however, follow a similar path throughout
the period.

Common to all the suggested changes in regulations is the risk of investors
losing trust in a frequently revised market. This may increase volatility,
leading investors to require a higher rate of return. Furthermore, consid-
ering a change in market regulations, its effects on supply and demand
should be thoroughly assessed, as these are shown to impact prices sub-
stantially. Frequent adjustments of requirement quotas are necessary to
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balance the system when the regulators’ electricity consumption forecasts
are updated. As mentioned, estimating this consumption has been re-
ported by actors as a considerable source of market uncertainty [36]. An al-
ternative that might ease the formation of market expectations could be to
change certificate requirement from being based on consumption of elec-
tricity to an absolute number of certificates per year. Thus, the only uncer-
tainty would be in supply, with the stochastic issuance of certificates.

6.3. Penalty Expectations

The expectations of the penalty fee are an important factor in the forma-
tion of price expectations. Thus, it is important that Eq. (11) is able to cap-
ture future expected prices in the forecast of a given time step correctly.
If a more naive price approach is utilized, wherein an actor in the market
expects the certificate price over the remainder of the year to equal the cer-
tificate price observed at that time step, the model gives identical results
to the base case. Such an approach gives more weight to the current price,
which imply higher sensitivity to changes in electricity prices should be
anticipated. However, as the model yields the same results, this suggests
that Eq. (11) captures future expected prices correctly.

6.4. Investment Decision Rationale

The investment equation, Eq. (10), is presented in Section 4.1, with param-
eter regression in Section 5.1. As seen from Table 2, weak signs of feedback
from expected profits or certificate prices on investments are exhibited.
This section investigates how a stronger feedback mechanism would in-
fluence the market. Figure 10 illustrates market forecast realizations given
the investment rationale in (10), for three different levels of profit feed-
back, a6, on investments, and a fixed time-dependent drift term. Figure 11
illustrates a scenario given the second investment rationale presented in
Section 2.3, formulated in Eq. (14), where the certificate price is assumed
to drive investments alone.

[Figure 10 about here]

[Figure 11 about here]
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ln(ĝt+∆t)− ln(ĝt)
∆t

= a7 p̄C
t , for a7 > 0. (14)

Figure 10 illustrates that only small differences in forecasts are observed
for medium and high profit feedback on investments. This is because of
the downward pressure on certificate prices resulting from new invest-
ments. Even for very high feedback, the accumulated investment does not
increase substantially, as this is expected by the model to cause a collapse
in certificate prices. Thus, the two scenarios turn out to be nearly identical.
The scenario with a lower feedback yields higher prices. This stems from
the total investments being slightly below the target, thus causing a lower
level of certificate issuance and balance throughout the period. Compared
with the base case, the resulting prices are lower throughout the period
and increasing in the first few years. This stems from more investments
in the beginning of the period, decreasing certificate prices, followed by
a slightly higher balance throughout the period. We conclude from this
that a higher profit feedback on investments yields higher investments,
and hence lower prices, until a certain level where further investments are
unprofitable because of the low certificate price. Figure 11 presents lower
prices throughout the period. This is because of accumulated investment
being higher than the target, thus increasing the supply of certificates. This
shows that when investments are driven solely by the certificate price sce-
narios, overinvestment is more likely to occur. Realistically, such scenarios
may occur if low-cost investments are made in spite of the capacity target
being exceeded, as such investments may be profitable even for low cer-
tificate prices.

7. Conclusions

This paper analyzes the characteristics of electricity certificate markets,
through a case study of the Swedish–Norwegian market. The purpose is to
achieve better understanding of the dynamics of certificate markets, to as-
sess the role of uncertainty and expectations, and to analyze consequences
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of changes in market structure by regulators. We utilize a stochastic dy-
namic programming approach that extends the model of Coulon et al. [1],
and continues the analysis of Wolfgang et al. [9], by including the price-
dependency of penalty cost present in this market.

We find that the certificate price is expected to remain at the current level
over the next few years, while steadily declining toward zero when ap-
proaching the planned end of the certificate market. This complies quali-
tatively (but not in numbers) with [9, p. 331] and [1, p. 24]. However, we
find that small changes to the market structure or in the levels of electric-
ity generation or consumption produce large shifts in the certificate price.
From this, the formation of rational price expectations is challenging and
presents the main disadvantage of TGC markets. The investors and re-
tailers in the market report that they want more predictable supply and
demand, allowing for better forecasts of market development. We have
found that periodic adjustments of the requirement quota are necessary to
achieve stable prices throughout the lifetime of the market.

We also find that the price depends largely on the behavior of the mar-
ket participants. In particular, the possibility of overinvestment consti-
tutes a threat to market stability. Furthermore, we find that the price-
based penalty accelerates price changes to a new equilibrium level and
causes more volatile prices. Recently, the regulators have suggested sev-
eral changes to the market design.

Our analysis shows that these may influence the price drastically if the re-
quirement quotas are not changed accordingly. However, it is not obvious
how such changes in the quota level should be made. Therefore, it is dif-
ficult for market participants to estimate certificate price changes follow-
ing adjustments in market design and we conclude that investors make
investment decisions under substantial uncertainty. Thus, low fixed-cost
technologies may be prioritized before high fixed-cost technologies. Im-
provements made to stabilize the market could be beneficial.
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Figures and tables

Figure 1: Price surface for t = 69 (December, 2020). Profit feedback (a6) = 1× 10−4

Table 1: Parameters for the electricity price dynamics obtained from the Kalman filter

κ σχ λχ µξ σχ ρχ,ξ χ0 ξ0

5.15 0.84 -1.21 -0.01 0.20 -0.17 3.19 -1.56

Figure 2: Schwartz–Smith two-factor model output
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Figure 3: Schwartz–Smith long-term factor

Table 2: Regressed parameters for the certificate issuance seasonality function (13)

a0 a1 a2 a3 a4 a5 a6

13.627 0.070 0.010 -0.309 0.221 0.087 0.0001

Table 3: Confidence intervals of regressed coefficients

2.5% 97.5%

a0 13.58 13.67
a1 0.046 0.094
a2 -0.015 0.034
a3 -0.334 -0.285
a4 0.197 0.245
a5 0.007 0.008
a6 -0.024 0.012

Table 4: Error term characteristics for the renewable generation regression

Mean Std. Dev. Skew Excess Kurt.

0.000 0.080 -0.628 0.106
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Figure 4: Eligible renewable generation (issuance) and regression fit

Figure 5: Normal Q-Q plot of standardized residuals
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(a) 100 price realizations and average
(red curve) (b) Accumulated investment

(c) Certificate balance (d) Annual eligible capacity

Figure 6: Base Case Illustrations
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(a) Average of 100 price realizations

(b) Yearly minimum certificate balance

Figure 7: Varying the quota level R
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(a) 100 price realizations and average (red curve)

(b) Accumulated investment

Figure 8: Extension of the investment period to the end of 2021
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(a) 100 price realizations and average (red curve)

(b) Balance

Figure 9: Increased target capacity to 28.4 TWh
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Figure 10: Prices for different levels of profit feedback on investments. The time-
dependent drift term (a5) is 0.072

Figure 11: Prices from the model with a modified price-driven investment equation, the
feedback parameter (a7)=0.005
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