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Abstract – The paper describes a quantitative stochastic 

optimization model for the simultaneous balance in the 
markets for el-certificates (green certificates) and electric 
power. In the model solution, the storage of el-certificates 
is managed optimally and certificate prices are given by 
the shadow price on the certificate storage. Case studies 
show how simulated prices are affected by the capacity for 
renewable electricity generation and by the value of cer-
tificates at the end of the study period.1 

Keywords: El-certificates, green certificates, elec-
tricity markets, price simulations 

1 INTRODUCTION 
The purpose of the EU’s RES-E directive [1] is to in-

crease renewable electricity generation. This can im-
prove security and diversification of energy supply and 
promote environmental protection and social and eco-
nomic cohesion. A major goal is to reduce CO2 emis-
sions from electricity generation. Previously, the Com-
mission has been in favour of using compliance markets 
for “green certificates” as a tool for promotion of re-
newable electricity. Under a green certificate scheme 
the environmental attributes of electricity generated 
from renewable sources can be traded as a separate 
commodity independently from the underlying electric-
ity. 

Several EU countries have introduced such systems 
already, for instance UK, Sweden, Italy and Belgium. 
The Netherlands had a scheme for some years, but re-
cently scrapped this system for a feed-in system. Com-
pliance markets for green certificates are also found 
outside Europe, e.g. in Australia and Texas.  

The Swedish green certificate scheme (the term el-
certificates is used in Sweden) was introduced in 2003, 
and a common Swedish-Norwegian market for el-
certificates is planned from 2006. The market for el-
certificates arises because the consumers are required to 
buy a number of certificates that are proportional to 
their consumption of electrical energy. The authorities 
decide which technologies can obtain green certificates 
and the ratio of certificates to electricity that is required 
for each year. Examples of technologies that can be 
certified in the Swedish scheme include wind power, 
existing small-scale hydropower, all new hydropower 
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and bio-fired power plants. The certificates have a de-
fined size of 1 MWh renewable electricity production. 
A producer of 1 MWh wind power will be paid for 1 
MWh in the electricity spot market plus 1 MWh in the 
certificate market. So far, prices of el-certificates in the 
Swedish market have been at more or less the same 
level as electricity prices (200-250 SEK /MWh). This 
must however be considered to be incidental. UK green 
certificate prices (ROC prices) have been higher than 
the Swedish certificate prices. Not much investment in 
new renewable capacity has been seen in Sweden so far 
limiting the supply of certificates to output from exist-
ing plants. The el-certificate scheme only has been 
defined to last until 2010. This has given a short pay-
back time for long term investments in renewable elec-
tricity production. It is proposed to prolong the scheme 
and thereby give better investment incentives. 

It is the producers of renewable electricity that ob-
tains certificates and it is the consumers of electricity 
that must buy certificates via their electricity supplier. 
The market for el-certificates is therefore an integrated 
part of the electricity market. The increased support for 
renewable electricity should lead to increased invest-
ments in renewable electricity generation and thereby 
increased supply of electricity. This will reduce pro-
ducer prices for electricity. There will also be a negative 
shift in the demand curve for electricity since consum-
ers must buy certificates for a part of the consumed 
amount corresponding to a tax on electricity consump-
tion. In sum it is not obvious that the total electricity 
price to the consumer will increase even though they 
have to buy certificates. The demand for certificates is 
given by electricity demand. Electricity prices and the 
prices for el-certificates are equally important for the 
renewable electricity production. Thus, the price of el-
certificates will be heavily affected by the electricity 
market. But the short run variations in the electricity 
prices will probably not affect the market for certificates 
significantly if banking of certificates is permitted.     

In order to find an optimal strategy e.g. for trades in 
the el-certificate market, the players need quantitative 
tools that can forecast prices. Accurate price forecasts 
are also required for the system to function optimally. 
Since the markets for electricity and el-certificates are 
integrated, such tools should ideally include both mar-
kets simultaneously. For governmental agencies it is 
important to evaluate how different market designs and 

15th PSCC, Liege, 22-26 August 2005 Session 3, Paper 6, Page 1



 

ambition levels for el-certificates affect e.g. the socio-
economic cost of the system and the market stability. 
Among others they have to decide: 

 

- What percentage of the consumption must be 
“green” electricity? How should certificate re-
quirements be phased in? 

- To what degree is it allowed to store certificates 
from one period to the next? 

- Is it allowed to borrow certificates from the subse-
quent period, and if so, how many?  

- What is the penalty for not non-compliance to cer-
tificate requirements for a period?  

- Which technologies should obtain certificates? 
 

Several of the technologies that obtain certificates 
(wind power and hydropower, for example) have sub-
stantial natural variation. The consumption of electric-
ity, and thus the demand for certificates, also varies 
considerably with the temperature. The future price of 
certificates will therefore be uncertain, depending on the 
storage and borrowing possibilities, among other fac-
tors. 

In the present paper, we describe a stochastic model 
of a hydro-thermal power system that includes el-
certificates. The model establishes an operating strategy 
for the whole system and carries out simulations that 
include el-certificates market. We believe that this 
model can be applied to a common Norwegian and 
Swedish certificate market without much modification.   

The paper is organized as follows. An overall over-
view of our modelling approach is provided in Section 
2, while the mathematical model is described in Section 
3. Section 4 describes simulation results for different 
cases and Section 5 concludes.   

2 MODEL OVERVIEW 

2.1 El-certificates 
The new el-certificate model that is described in the 

present paper is based on the Swedish certificate sys-
tem, but we expect that the model can be adapted to 
other similar system as well, including a future common 
Scandinavian certificate system. The main assumptions 
and characteristics of the implementation are: 

 
- There is only one market for certificates. 
- One certificate is issued for each MWh renewable 

electricity generation, including some hydropower.  
- The balance between “production” and “consump-

tion” of certificates are settled once a year. 
- The consumption of certificates is proportional to 

the electricity consumption. 
- There is a user-specified penalty for lack of certifi-

cates that is proportional to the certificate deficit.  
- Certificates may sold to the regulator at a minimum 

price at any time. 
- Banking and or borrowing of certificates may be 

al-lowed within user specified limits. 

- The certificate debt is eliminated when the deficit 
is penalized. It is also possible to accept the pen-
alty and save the certificates to future years. We 
can therefore interpret the penalized amount as a 
purchase of certificates.  

 
In the Swedish certificate system the penalty for lack 

of certificates at time of settlement is actually a function 
of the observed certificate prices for the obligation 
period. This property of the market is not implemented 
into our model yet, as also commented in Section 3.5. 

2.2 Computer implementation 
The new computer model for the integrated power 

and el-certificate markets is based on an extension of an 
existing program for stochastic scheduling in hydro-
thermal power systems. This program uses stochastic 
dual dynamic programming to find optimal operating 
strategies, and is similar to the models in [2] and [3], 
except for aggregation of power stations described be-
low. 

 The objective is to minimize the expected operating 
cost for the whole power system considered over a 
certain study period. The operating cost includes such 
terms as cost of thermal generation, income from sales 
and the value of remaining water at the time horizon. 
The expectation is taken over a set of scenarios for 
inflow, temperature and wind generation.  

To be able to handle a system with many reservoirs, 
like the Scandinavian, some simplifications are needed. 
The system is divided into geographically separated 
subsystems (areas), mainly based on borders between 
countries, variation in precipitation and known bottle-
necks in the transmission system (se example in Section 
4).  

In each subsystem, an aggregate power system model 
is used, as shown in Figure 1. Hydro generation is 
mostly described by lumping power stations into one 
power station with one reservoir with stochastic inflow, 
but units can also be described in greater detail.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  Subsystem model 

Thermal generation units are described by their ca-
pacity and marginal generation costs. In practice similar 
thermal units may be aggregated to blocks of units. The 
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wind power generation and the demand for electricity 
are stochastic. The load modelling is flexible and both 
fixed loads and different types of price dependent loads 
can be included. Since load reductions are modelled as 
buyback, the cost minimization formulated in Section 3 
is equivalent to the maximization of socio-economic 
surplus, and from the first welfare theorem of econom-
ics we know that the solution of this kind of optimiza-
tion problem is identical to the competitive market equi-
librium without externalities [4].  

The subsystem structure of the model is similar to the 
structure of the much used EMPS model [5], but since 
stochastic dual dynamic programming is used to estab-
lish the operating strategy, the transmission can be han-
dled directly. However, it is necessary to establish the 
marginal value of water stored at the time horizon using 
a separate tool, such as the EMPS model or some other 
long-term model. 

3 MATHEMATICAL MODEL 

3.1 Symbols 
We consider a study period of several years that is 

divided into T  time intervals, typically of length one 
week. We define the following variables, mostly related 
to time step { }Tt ,...,1∈ : 

 

A  Number of subsystems 
ji,α  Loss fraction in transmission from subsys-

tem i to subsystem j. 
tB  Amount of certificates purchased 

B   Set of generation units excluding hydro 
power 

,B tc  Penalty cost for lacking certificates at       
settlement 

tSc ,  Price for sale of certificates 
'
,, , titi DD  Energy demand in area i, fixed and sce-

nario-dependent 
'

, , , ,,   G i t G i tD D  Amounts of el-certificates associated with 
energy demand 

Gt Amount of el-certificates in stock at end 
of interval t 

tjig ,,  Quantity generated  or consumed accord-
ing to the j-th market option in area i.  

,i tγ  Fraction of “green hydro” in area i. 

, ,i j tµ  Fraction of “green power” for market 
option j in area i. 

tiP ,  Hydro generation in area i 

tiq ,  Water through plant i 
maxQ  Maximum discharge through plant i 

tis ,  Spill in area i 
S  Set of load types 

tS  Amount of certificates sold 

T  Number of time steps within the planning 
horizon 

t  Time interval index (weeks)  
τ  Week number for the annual settlement of 

certificates 
tiu ,  Water release from reservoir i 

tiV ,  Stored energy in area i at end of time step  

tiv ,  Storable inflow in area i 

tiw ,  Inflow that cannot be stored, area i. 

tjiy ,,  Energy transmitted from are i to area j 
 

Limits for variables are indicated by underlin-
ing/overlining the variable name, or by a superscript 
such as “max”. 

3.2 Reservoirs and hydropower generation 
For each area i, i=1,...,A, and each time step t, 

t=1,...,T, the (lumped) reservoir balance is: 
 tititititi vVsuV ,,,,1, +=+++  , (1) 
subject to 
 

tititi VVV ,,, ≤≤  (2) 
 0;0 ,, ≥≥ titi us  (3) 

The amount of water run through the turbine is 

tititi wuq ,,, +=  if max
,, Qwu titi ≤+  and maxQ other-

wise. We model the hydropower generation in area i as: 
 )( ,, tiiti qfP =  (4) 
where )(⋅if  is a concave, piecewise linear function, 
reflecting the reduced marginal efficiency at high plant 
output. 

3.3 Inflow and demand 
The power demand is represented as the sum of two 

parts, }{ ,tiD  and }{ '
,tiD , where }{ '

,tiD  is a stochastic 
demand component that we associate with the different 
scenarios for inflow, wind power generation etc. Wind 
generation is part of }{ '

,tiD , as a negative contribution. 

Time series for }{ ,tiv , }{ ,tiw and }{ '
,tiD for all i are 

established in the aggregation process for each area. 
From these series pieces of length T are taken to make 
up inflow scenarios. The model simulations start at a 
common initial state, simulating the inflow scenarios in 
parallel. 

The non-storable inflow }{ ,tiw  may have physical 
origin, but mainly it arises in the aggregation process 
when data for each area is built, reflecting minimum 
releases etc. For simplicity of notation the scenario 
index has been dropped in all equations. We also men-
tion that a first-order autoregressive model is estab-
lished from inflow data for inflow prediction one week 
ahead during the strategy computation. 

3.4 Power balance, thermal units and renewable 
sources 

The energy balance for area i in time step t becomes: 
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We require max
,,,,0 tjitji gg ≤≤ and max

,,,,0 tjitji yy ≤≤ . 
The transmission losses are taken as linear, modelled by 
the α coefficients. This can be improved by splitting the 
y variables and using a piecewise linear representation. 

3.5 El-certificates model 
It is assumed that there is a single market for el-

certificates. Let the stock of certificates at the end of 
time interval t be tG . The balance equation for certifi-
cates becomes: 
 

1 , , , , , ,
1

'
, , , , , . , ,

A

t t i t i t i j t i j t
i j B

i j t i j t G i t G i t t t
j S

G G P g

g D D S B

γ µ

µ

−
= ∈

∈

⎛
− = +⎜

⎝
⎞

− − − − +⎟
⎠

∑ ∑

∑
 (6) 

Constraints are: 
 

ttt GGG ≤≤  (7) 
 

ttt SSS ≤≤  (8) 
 

ttt BBB ≤≤  (9) 
The first term after the equality sign reflects the creation 
of certificates from “new” hydro generation within the 
area. The relative amount of “new” hydro is given by 
the γ  coefficients. The second after the equality sign 
shows the amount of certificates issued to thermal gen-
eration, while the third term represents the use of cer-
tificates by consumers that buy directly from the mar-
ket. It is here stipulated that a fraction , ,i j tµ of the con-
sumption requires el-certificates.  

In practice, the limits tG and tG for the stock of el-
certificates are set rather wide, except in settlement 
weeks, where there will be a more strict minimum re-
quirement, such as 0.tG =  If this level is not met, a 

penalty is introduced, modelled as buying a quantity tB  
at a high price, ,B tc . Usually the maximum quantity for 

buying, tB , is set to zero except in settlement weeks.  
A major simplifying assumption in our model is that 
,B tc is a fixed quantity (one value for each year) known 

in advance, as mentioned in Section 2. In practice, this 
marginal penalty will often be set from historical values 
last year, say, so that the decisions during the study 
period may actually influence ,B tc . This case would be 
much more difficult to treat mathematically. It should 
also be noted that it is allowed that tB can be larger than 
the minimum necessary value during settlement. In any 
case, the certificate inventory is increased by the 
amount tB , according to (6). Sales tS means that cer-
tificates are bought back by the issuing authority, the 

corresponding price tSc , may be regarded as a minimum 
certificate price.  

Finally, at the time horizon T, it is necessary to spec-
ify a value function for remaining certificates: ).( TGψ  
For simplicity of presentation we here assume that the 
time horizon coincides with the last settlement time, so 
that 52)1( ⋅−+= nT τ , where n is the number of years 
in the study period. We take )(⋅ψ as zero below TG  and 
as a piecewise linear function that has to be specified 
above TG . Ideally, )(⋅ψ  should be established by some 
analysis with a longer time horizon 

3.6 Objective function 
As mentioned in Section 2, the operating strategy is 

designed to minimize expected cost, where the expecta-
tion is taken over scenarios for inflow, temperature and 
wind power. For the el-certificates, there will for each 
scenario and time interval be additional terms 

 

 , , , ( )S t t B t t t T Tc S c B Gδ ψ− + − , (10) 
where 1, =Ttδ  if Tt = and zero otherwise. 

3.7 Solution method 
The resulting system model becomes a stochastic lin-

ear model. As mentioned earlier, it is optimized by 
stochastic dual dynamic programming (SDDP); see [3] 
and [4]. In this method, the problem is decomposed into 
small linear programs, one for each time step and each 
inflow case. The operating strategy is given by the esti-
mated expected future cost functions at the end of each 
time interval. For each t, these are represented by hy-
perplanes in the reservoir states }{ ,tiV (and possibly also 
inflow states, not described here). The sets of hyper-
planes, or cuts, are built iteratively, the coefficients 
computed from the dual variables of the water balances, 
as described in [2].  

In our case, tG , the stock of el-certificates, becomes 
a new state variable, so that each cut receives an addi-
tional term ttGβ . The coefficient tβ  is derived from 
dual variables of the certificate balance (6), much in the 
same way as the coefficients for reservoirs. In most 
ways, the certificates balance is similar to a reservoir 
balance, but one should note that it introduces an extra 
coupling between the subsystems, and that the coeffi-
cients are different from unity. 

4 CASE STUDY 
The new integrated certificate and electricity market 
model is tested on the Nord Pool (Norway, Sweden, 
Finland and Denmark) electricity market for different 
implementations of the Swedish el-certificate market. 

4.1 Reference case description 
The reference case describes the Nord Pool electric-

ity market with a Swedish el-certificate market as im-
plemented for the years 2003 and 2004. The subsystems 
are shown in Figure 2.  
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The certified generation for the Swedish system in 
our reference case model is given in Table 1. The actual 
installed capacities in the Swedish system may deviate 
from our values but this is not essential for our testing 
of the model. The different generation types are distrib-
uted into the modelled subsystems according to their 
physical location. In the model this capacity is split into 
different units according to their marginal generation 
costs. Certified hydro generation corresponds to 2.8 % 
of the Swedish hydro power generation. 
 
Generation type Annual generation(GWh) 
Bio based generation 
(installed capacity) 

4970 

Hydro power generation  
(average generation) 

1870 

Wind power  
(average generation)  

650 

Sum certified generation 7490 
Table 1:  Summarized input data for certified generation in 
the Swedish system. 

All Swedish consumers, except power intensive in-
dustry, are obliged to buy el-certificates for 7.4 % and 
8.1 % of their electricity consumption for the year 2003 
and 2004, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Model of the Nord Pool electricity market where 
each node represent a subsystem 

The penalty for lack of certificates by end of year 
2003 is 242 NOK/MWh and 333 NOK/MWh for 2004. 
The penalties are corrected for taxes. The minimum 
price for certificates is 60 NOK/MWh for 2003 and 50 
NOK/MWh for 2004. Because banking is allowed in the 
Swedish system, certificates have a value by the end of 
2004. In the implementation the end value of certifi-
cates is described by a piece-wise linear description 
with marginal values of certificates in the rage from 250 

to 150 NOK/MWh corresponding to zero and 10 000 
GWh of certificates by the end of 2004. Borrowing of 
certificates is not allowed.  In our case simulations certi-
fied consumption is modelled price independent. Mar-
ginal costs for certified biomass generation are so low 
that they in practice produce at all times. Settlement 
dates for certificates are defined to be the last week in 
each year and we only simulate for the years 2003 and 
2004. 

The model simulations are done for 70 different sce-
narios. Each scenario represents a given future of wind 
power generation, hydro inflow and temperatures. 
These scenarios are generated using observations for the 
historical period 1931 to 2000.  

 

4.2 Reference case simulations 
Figure 3 shows simulated el-certificate prices for 

2003 and 2004. The simulated certificate prices for 
2003 are equal to 242 NOK/MWh, which is the penalty 
price, for all simulates scenarios. The “consumption” of 
certificates in the system is larger than “production”. 
Thus, some of the obliged consumers have to take the 
penalty with 100% certainty. The penalty price is lower 
for 2003 than for 2004 and it is therefore optimal to take 
the penalty by the end of 2003 rather than in 2004. The 
price for 2003 should therefore be equal to the penalty 
for 2003 from week 1. For year 2004, week number 53-
104, the prices are different for the different scenarios. 
If the expected price in 2004 is less than the price in 
week 52, then it would be optimal to buy fewer certifi-
cates in week 52, and vice versa. Therefore, we expect 
that the simulated average price for 2004 is approxi-
mately equal to the 2003 price and this is also the case. 
The maximum price is limited by the penalty for the 
second year and the minimum price is given by the end 
storage marginal value. 
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Figure 3:  Simulated certificate prices for the reference case. 

Figure 4 shows the simulated variations in certified 
generation, which are mainly caused by variations in 
wind power generation and hydro generation. Seasonal 
variations are mainly caused by in variations in biomass 
generation.  

Figure 5 shows simulated percentiles for the devel-
opment of the certificate storage. The storage shows the 
accumulated balance between “production” and “con-
sumption” of certificates. The sharp storage increase in 
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week 52, i.e. the end of 2003, corresponds to the pen-
alty taken and can be seen as a buyback of certificates 
from the regulator. The players in the certificate market 
can take the penalty and store available certificates for 
later use. This is also exactly what happened in Sweden.  
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Figure 4:  Simulated “production” of certificates for the 
reference case. 
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Figure 5:  Simulated development of certificate storage 

4.3 Other simulations 
The model is also tested on different other cases that 

are variations of the reference case, cf. Table 2: . 
 
 

Case Deviation from Reference case 
B (Reference case) 
C1 The value of certificates is zero at the end of 

the second year. 
C2 The value of certificates is 2500 

NOK/MWh at the end of the second year. 
D1 Biomass based electricity generation is 

increased by 2 TWh/year   
D2 Biomass based electricity generation is 

decreased by 1 TWh/year   
E No certificate system  
Table 2:  Case description 

Figure 6 shows the simulated average electricity spot 
prices for one of the modelled subsystems in Sweden. 

Certified hydro storage final value is not corrected 
for the end certificate values. Therefore, different end 
values of certificates give different hydro generation 

during the study period and also slightly different elec-
tricity market balance. When certificate prices are high 
more certified hydro will be produced and this will 
lower the electricity prices. This is the reason why the 
case C1 price is higher price than for case C2 except for 
a short period prior to spring inflow season. This caused 
by higher curtailment probability.  

Case D1 has on average a lower electricity price than 
the reference and D2 has a higher price. This is as ex-
pected because these cases also represent new (D1) and 
reduced electricity generation (D2). 
 

100

150

200

250

300

0 13 26 39 52 65 78 91 104
Week number

El
ec

tri
ci

ty
 s

po
tp

ric
e 

(N
O

K
/M

W
h)

B C1 C2

D1 D2 E

 
Figure 6:  Simulated average electricity prices for a subsys-
tem in Sweden. 

Figure 7 shows simulated average storage levels of 
certificates for the different cases. Case C1 has zero 
certificate storage in week number 104; this is as ex-
pected because the end value of certificates is set to 
zero. The storage level of case C2 goes outside the plot 
in week 52 because the end value of certificates for this 
case is set very high. The players take as much penalty 
as possible in the first year in order to have as much 
storage as possible by the end of the second year. For 
Case D1 there is no penalty taken because there is a 
surplus of certified generation as seen in Figure 7.  Case 
D2 has less certified generation than the reference case, 
this is compensated by additional penalty taken in week 
52.  

Figure 8 shows simulated average certificate prices for 
the different cases. Case C2 is not included in the figure 
because the simulated prices for this case are outside the 
range of the Y-axis. The prices for this case are of 
course equal to the end value of 2500 NOK/MWh for 
all weeks in the study period. The price for case D1, 
increased certified generation, is equal to 220 
NOK/MWh for the whole study period for all simulated 
scenarios. This price is given by the marginal value of 
certificates at the end of the study period.  

The prices for case C1 is a bit lower than the reference 
and case D2. This is not as expected because from a 
theory it could be shown that the prices should be the 
same for these three cases. An important decision for 
these three cases (B, C1 and D2) is the amount of pen-
alty taken by the end of the first year. We have ob-
served that this decision is very sensitive to the statisti-
cal properties of the stochastic model used in the strat-
egy part of the model. The probability of extremes for 
accumulated values over many time periods in the sto-
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chastic model is too low. The results also include sam-
pling uncertainty because the optimal strategy is simu-
lated for only 70 scenarios.  
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Figure 7:  Simulated average certificate storage. 
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Figure 8:  Simulated average certificate prices. 

5 CONCLUSION 
In this paper we have given a brief overview of the 

development towards a common obligatory market for 
el-certificates (green certificates) in Norway and Swe-
den, and we have shown how we have implemented el-
certificates in a quantitative stochastic optimization 
model for electricity markets. We have also shown 
some simulation results. 

Increased supply of renewable electricity reduced 
the prices for el-certificates in our simulations, while 
decreased supply had small effects on prices since this 
was compensated with increased non-compliance. This 
result is heavily dependent of the shortage of el-
certificates in the reference case. Increased value of 
stored certificates at the end of the study period in-
creased certificate prices from week 1, while the re-
duced price of certificates had a small effect on certifi-
cate prices towards the end of the study period. But 
prices were at lower levels during the final year, and we 
believe this is caused by too little annual variation in the 
stochastic model compared to the variation in the simu-
lations.    

The model is a tool for making price forecasts for el-
certificates and electricity. It can also be used to evalu-
ate the socio-economic costs of different designs of the 

market for el-certificates, and we will include these 
calculations in future work. 

A major advantage with our approach is that the 
price of el-certificates is given by the shadow price of 
the certificate balance equation and not by the annual 
equilibrium in each year. We can therefore take into 
account that the owners of certificates will store certifi-
cates if they believe the price will be higher in future 
years. As far as we know this model is the only model 
for the electricity market accounts for the optimal man-
agement of the el-certificate storage.  

A limitation of the model is that investments are not 
determined endogenously. Thus, all capacities and the 
value of el-certificates at the end of the study period are 
input parameters to the model. The best estimate of the 
end value of certificates is probably given by the differ-
ence between the long run marginal costs for new re-
newable electricity and the cheapest alternative, e.g. 
gas-power.  

Another limitation is that the user must specify the 
penalty for non-compliance. In the Swedish system the 
penalty for a given year is a function of the observed 
certificate prices. We do, however, plan to include en-
dogenous penalties in future work. Finally, it is hard to 
find the optimal solution of large stochastic problems, 
and it is necessary to find a compromise between com-
putational time and accuracy. The properties of numeri-
cal results can therefore deviate somewhat from those 
derived from qualitative economic models.  

At present we are doing various sensitivity analyses, 
such as the value of the penalty of non-compliance, 
possibilities for borrowing in the certificate market, 
changed annual settlement date for certificate etc. The 
model can probably be applied to a common Norwegian 
and Swedish certificate market without any modifica-
tions. 
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