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Abstract

Organizations, which consider investment in or divestment of power production licences/capacity within the European

Community, are exposed to the impacts of the European Union Emission allowance Trading Scheme (EU ETS). In this paper, the

consequences of the EU ETS on investment decisions are explored in a country-specific setting in Finland. First, we review the

general mechanisms through which the EU ETS influences size, timing and cashflows of an investment. Next, we discuss the

projected changes in Finnish power producers’ investment environment and examine the financial impacts due to the EU ETS on a

case investment decision, a hypothetical condensing power plant (250MWe). The standard discounted cash flow (DCF) analysis is

extended to take into account the value of two real options: the option to wait and the option to alter operating scale. In a

quantitative investment appraisal, the impact of emissions trading not only depends on the expected level of allowance prices, but

also on their volatility and correlation with electricity and fuel prices. The case study shows that the uncertainty regarding the

allocation of emission allowances is critical in a quantitative investment appraisal of fossil fuel-fired power plants.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

On 13 October 2003, the Directive 2003/87/EC of the
European Parliament and of the Council establishing a
carbon dioxide (CO2) emission allowance trading
scheme (EU ETS) within the Community entered into
force. The directive creates a framework for emissions
trading and gives guidance on the details of the trading
scheme, such as the allocation method and penalties,
until 2012.
The European Union is expected to need some

650GW of new power capacity and to replace some
330GW of existing power stations over the next 30 years
(IEA, 2003a). The economic lifetime of an investment in
e front matter r 2004 Elsevier Ltd. All rights reserved.
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power capacity typically ranges from 20–40 years
(OECD NEA/IEA, 1998). Within the EU ETS, the
value of emission allowances can affect the cashflows of
a power plant during its entire lifetime. In particular,
there is a considerable and fundamental price risk
(‘‘what is the value of an allowance? will trading
continue?’’) (see e.g. Springer and Varilek, 2004). The
character of the price risk is somewhat different from
that of fuels or electricity, which can be considered
‘‘genuine necessities’’ and are already traded in large
volumes. IEA (2003b, p. 31) characterizes the price risk
as ‘‘potentially critical’’. Any investor within the
Community considering investment or divestment of
power production licences or capacity, be it a green-field
plant, a retrofit of an existing plant or an acquisition,
should therefore be interested in the impacts of the
allowance trading scheme.
Implications of the EU ETS for investment decisions

in the power sector have been discussed on a European

www.elsevier.com/locate/enpol
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scale e.g. by Reinaud (2003) and de Leyva and Lekander
(2003). In this paper, the impacts of the EU ETS on
investment decisions are explored in a more detailed
regional setting in Finland. We consider a single-firm
optimization problem using an exogenous, stochastic
price model,1 and back the modelling results with an
analysis of the investment environment. Section 2
provides a brief review on the general mechanisms
through which emissions trading affects size, timing and
cashflows of an investment decision. Section 3 explores
the projected changes in the Finnish power producers’
investment environment. Section 4 examines the finan-
cial impacts due to the EU ETS on a case investment
decision, a hypothetical 250MWe condensing power
plant. We extend the broadly used discounted cash flow
(DCF) analysis to better reflect the value of two real
options:2 the option to wait and the option to alter
operating scale. Finally, some conclusions are drawn.
2. Emissions trading in power investment decisions

Size and timing of the initial investment together with
the subsequent annual cashflows mainly determine the
financial performance of a power investment. Flexibility
in timing gives the investor a valuable option to wait for
new information. The standard models of irreversible
investment under uncertainty show that the value of this
option increases with a higher degree of uncertainty in
the operating environment (McDonald and Siegel,
1986). As the EU ETS introduces new price risks for
capacity investments, it should thus contribute to this
direction. On the other hand, it has been argued that
emissions trading as such does not reduce a firm’s
incentive to invest in abatement capital, such as renew-
able technologies, relative to e.g. emission taxes, since
the most important uncertainty factor—the abatement
cost uncertainty—is there irrespective of the regulatory
instrument (Zhao, 2003).
In addition to the option to wait, investors may also

have an option to stage the investment: instead of
committing to a ‘‘lump’’ project, the investor may
implement several smaller projects sequentially. How-
ever, this typically results in higher unit costs. It has
been argued that a higher uncertainty, e.g. due to
emissions trading, may nevertheless cause the investor to
prefer the smaller project(s) to the lump project (e.g.
Dixit and Pindyck, 1994, pp. 51–54). Kort et al. (2004)
have recently called this intuitively appealing result into
question. They argue that a higher uncertainty makes
the lump investment more attractive relative to the
sequential investment.
1See Ventosa et al. (2004) for a taxonomy on electricity market

models.
2For an overview on real options, see Trigeorgis (1995).
The cumulative cashflow, CF, for a thermal power
plant in any selected period can be calculated from:

CF ¼

Z
PðtÞSðtÞ dt � Cf ; (1)

where P(t) is the output capacity (in MW) of the plant at
time t, S(t) is the spark spread (in h/MWh) of the plant
at time t, and Cf is the fixed cost. The spark spread
comprises thus both variable revenues and costs per unit
of output. It is a widely used variable for option-based
power plant valuations (Deng et al., 2001; Deng and
Oren, 2003; Hsu, 1998; Näsäkkälä and Fleten, 2004;
Tseng and Barz, 2002).
If Eq. (1) is simplified so that the plant produces

electricity only, when S(t) is positive, and always with its
maximum capacity Pmax, we obtain

CF ¼ Pmax

Z
max SðtÞ; 0½ � dt � Cf : (2)

Eq. (2) somewhat overestimates revenues due to the
technical constraints omitted (Deng and Oren, 2003;
Tseng and Barz, 2002).
Emissions trading is likely to impact CF through four

mechanisms:
�
 emissions trading will have an impact on existing cost

categories, such as fuel costs and thus affect the spark
spread, S(t). It has been estimated that producer price
of coal and oil would decrease compared to a baseline
scenario (Holtsmark, 2003; Holtsmark and Mæstad,
2002). Expectations on the impacts on gas producer
prices in Europe due to the EU ETS are diverse: while
e.g. Holtsmark (2003) projects a decrease in prices,
e.g. de Leyva and Lekander (2003) and Reinaud
(2003) expect an opposite market reaction. A detailed
regional bottom-up analysis in Finland clearly shows
that under a free allocation of allowances the demand
on gas on the market will increase, which should thus
result in a corresponding price increase (Electrowatt-
Ekono, 2003). Similarly, the improved competitive-
ness of biomass is likely to increase its market price.
In addition to fuel costs, it has also been identified
that emissions trading can cause a pressure to modify
the existing energy taxes (see Section 3.2.2).
�
 emissions trading introduces new costs hence redu-
cing S and increasing Cf. The most important is likely
to be the value of surrendered emission allowances.
For example, the spark spread for a condensing
power plant within the EU ETS can be presented as
follows:

S ¼ pe �
pf

Z
�

ef

Z
pCO2 � c; (3)

where pe is the market price of electricity, pf is the
market price of fuel, pCO2 is the market price of
emission allowances, Z is the thermal efficiency of the
plant, and ef is the emission factor of the fuel.
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Constant parameter c consists, for example, of plant-
specific operation and maintenance costs.
In addition to the surrendered emission allowances,
emissions trading will introduce new transaction
costs.
�
 emissions trading will increase the market price of

energy outputs (power and heat) and thus affects the
spark spread, S, positively. It has been projected that
the EU ETS can raise wholesale power prices from
20% to 60% (de Leyva and Lekander, 2003; Reinaud,
2003). See Section 3 or Ilex Energy Consulting (2004)
for examples on more detailed region-specific studies.
�
 emissions trading will provide additional revenues

through the free emission allowances. Within the EU
trading scheme, utilities obtain at least 95% of the
allocated amount of emission allowances for the
period 2005–2007 and at least 90% for the period
2008–2012 free of charge. The value of the free
allowances obtained annually consists of the number
of allowances (N) and their unit value ðpCO2Þ: Free
emission allowances are, however, linked to a
simultaneous obligation to surrender emission allow-
ances during the same period. From (2) and (3) we
therefore obtain for a condensing power plant:

CF ¼ Pmax

Z
max pe �

pf

Z
�

ef

Z
pCO2 � c

� �
; 0

� �
dt

þ NpCO2 � Cf : ð4Þ

The component NpCO2 can be regarded as fixed but
uncertain. Free allowances are obtained in the EU
ETS regardless of whether the plant is used during the
period or not. Instead, the fixed revenue for
subsequent periods may change due to the selected
operating strategy in the current period. The EU ETS
does not, however contain provisions that this would
need to be the case, since several methods may be
applied in allowance allocation.
Many power generation technologies possess flexibil-
ity that can reduce the negative impacts of emissions
trading on CF.3 Firstly, emission free and less emission
intensive technologies (i.e. with a low ef /Z) are robust to
negative impacts of emissions trading. Secondly, all
plants have a valuable option to alter their operating

scale, if the market conditions get worse. The option is
of significant value for technologies with high variable
costs, such as condensing power. Thirdly, multi-fired
power plants have another valuable option to switch

between fuels, if their relative competitiveness changes.
Finally, CHP extraction plants may have an option to

switch between products, if they are connected with
adequate heat only capacity.
3See Laurikka (2004) for a more detailed discussion.
3. Investment environment of power producers in Finland

3.1. Current investment environment

3.1.1. The Nordic electricity system

Denmark, Finland, Norway and Sweden form a
common electricity market area with the Nord Pool
power exchange. The Nord Pool has six spot price areas
that take into account constraints in transmission
capacity: Finland, Sweden, Southern Norway, Middle/
Northern Norway, Western Denmark and Eastern
Denmark. Together, the price areas create one system
price.
A large share of hydropower characterizes the Nordic

electricity system (Table 1). During dry periods the
shortage of hydropower has been covered by production
of condensing coal power, which is mostly produced in
Finland and Denmark. This is directly reflected in CO2
emission inventories of these countries. In Finland, the
yearly average specific CO2 emissions have varied from
182 gCO2/kWh (year 2000) to 225 g CO2/kWh (year
1996) during the period of 1996–2001. Condensing coal
power tends to dominate the production margin of the
power system most of the year in any hydrological year
thus principally defining the price of electricity (Finergy,
2003). During rainy years, electricity has been exported
from Norway and Sweden to Finland and Denmark,
and the yearly operating hours of condensing power
plants together with the spot price of electricity have
been at a low level. The year 2002 (Table 1) was an
average hydrological year and the year 2003 exception-
ally dry (Table 2).
The available peak capacity is usually lower than the

installed capacities because of reserve capacities, varia-
tion of hydrological conditions, variation of heat
production in CHP plants, variation of wind power
production, and in some cases also due to the bottle-
necks of electricity transmission capacities.
Demand on electricity in the Nordic countries mainly

depends on economic growth and the yearly average
outdoor temperatures. Since 1990, the total electricity
consumption in the Nordic countries has risen by an
average of 1.2% annually (Swedish Energy Agency,
2003). In 2003, electricity demand in the Nord Pool area
was 380TWh (Nordel, 2004).
In Finland, the total consumption in 2003 was

84.7 TWh and the corresponding yearly growth of
electricity demand in Finland was 1.4% (1.2 TWh)
(Statistics Finland, 2004). The demand of electricity is
projected to grow to 96TWh by 2010 (Finergy, 2004).
The additional demand would be mostly covered by the
fifth nuclear reactor, which is planned to start operation
in 2009. After 2010, the increasing demand and shut-
downs of old generating capacity are expected to create
a gap between demand and supply without investments
in new generation capacity. New transmission capacity
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Table 1

Electricity production in the Nord Pool area in 2003 (2002), TWh (Nordel, 2004)

Area Hydro power Nuclear power Thermal power Wind power etc. Total

Condensing CHP

Denmark — — NAa 38.2 (32.3)b 5.6 (4.9) 43.8 (37.3)

Finland 9.3 (10.6) 21.8 (21.4) 20.0 (12.9) 28.7 (26.9) 0.1 (0.1) 79.9 (71.9)

Norway 106.0 (129.7) — 0.6c (0.6) 0.4 (1.0) 0.2 (0.1) 107.1 (130.6)

Sweden 53.0 (66.0) 65.5 (65.6) 1.8c (1.0) 11.7 (10.1) 0.6 (0.6) 132.5 (143.4)

Nordpool area 168.3 (206.4) 87.3 (87.0) 22.3c (14.3) 101.2 (69.7) 6.5 (5.6) 363.3 (386.8)

aNot available.
bCondensing power included.
cGas turbines included.

Table 2

Installed electricity production capacities in 1996 and on 31 December 2002, the maximum system load on 3 January 2003, and the maximum system

loads in each country (Nordel, 2004; Finergy, 2003)

Area Capacity 1996

(MW)

Capacity 2002

(MW)

Change

(MW)

Maximum system load in

2003 (MWh/h)

Maximum load in 2003

(MWh/h)

Denmark 10937 12632 1695 6047 3788/2665a

Finland 14963 16866 1903 12325 14040

Norway 27631 27960 329 16130 19984

Sweden 34158 32223 �1935 22228 26400

Nordpool area 87689 89681 1992 57734

aDenmark—West/Denmark—East.
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is needed, if electricity imports are to be increased
considerably. On the other hand, the deficiency of
generating capacity holds also—especially during dry
hydrological years—in the other Nordic countries,
which would make imported electricity from this region
uncompetitive.

3.1.2. The electricity markets

Since the market deregulation in 1996 the average
electricity market prices have experienced a downward
trend until 2001 as old generating capacities have been
closed down. As about 55% of the electricity in the
Nordic area was hydropower, the low price level also
reflected good hydrological years.
Due to the low electricity prices, the largest generating

capacity investments in Finland have been upgrades and
modernizations of nuclear power plants and renovations
of power plants at pulp and paper mills. At the same
time the absolute consumption of electricity has been
growing steadily. Therefore, substantial investments are
needed to cover the increasing demand in the future.
Since the end of the year 2002, the water reservoirs

have been at an exceptionally low level and, as a
consequence, the monthly average market prices have
risen by about 100% (Figs. 1 and 2). In 2003, the
monthly average spot electricity prices were at the
highest level since the market deregulation. It is,
however, unlikely that the price would remain high
during normal hydrological years without considerable
increases in fuel prices or electricity demand, or new
environmental constraints. The Nordic countries also
have power grid interconnections to Russia and Central
Europe. Therefore, the price level of electricity in
Central Europe and Russia could also affect the Nordic
spot prices in the future.

3.1.3. National energy and climate policy in Finland

The Kyoto target for Finland is to hold GHG
emissions at the 1990 level. In 1990, the total GHG
emissions in Finland were 76.8MtCO2 eq. and in 2002
they were 5.2MtCO2 above this level (MoE, 2004). In
2003, there was a drastic increase in CO2 emissions (ca.
5Mt) mainly due to increased electricity exports and the
resulting additional coal use in condensing power plants
(Statistics Finland, 2004).
The Kyoto target is projected hard to achieve.

According to the new emission scenario, with measures
(WM), and the strategic emission path of the govern-
ment, the total reduction need will be on the average
7.6MtCO2 eq per year during the Kyoto Period (MTI,
2004a). In the WM scenario, the measures already
decided and the measures in the preparation phase (such
as the 1600MWe nuclear reactor) are taken into
account. The planned start-up of the new nuclear
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reactor is in 2009. Energy efficiency in energy produc-
tion and industrial processes and the share of renewable
energy sources in electricity production (25% in 2002)
are already high (VTT, 1997).
Excise taxes are levied on electricity, fossil fuels, peat

and tall oil. From the beginning of 2004 all these, expect
peat, are included in the harmonized EU energy
taxation. Biomass-based fuels are excluded from both
national and EU harmonized energy taxation systems.
The existing system already follows the EU harmonized
taxation and the current tax levels are higher than the
minimum levels in the EU directive.
The excise taxes for electricity are levied only on

electricity consumption, which means that the produc-
tion technology or fuel do not affect the amount of the
tax. In CHP production, excise tax is only for heat
production. Subsidy for electricity generation is 6.9 h/
MWhe for wind power and cutting residues, 4.2 h/MWhe
for by-product wood, biogas, with a rated power under
1 mega voltage ampere (MVA) hydropower, under
40MVA peat-fired boiler plants and waste heat from
chemical and metallurgical processes, as well as 2.5 h/
kWhe for recycled fuel. Part of the excise taxes for
energy intensive industrial companies is returned.

3.2. Changes in the investment environment due to

emissions trading

3.2.1. Changes in costs and prices

Emissions trading will change the competitiveness of
fuels and electricity market prices as discussed in Section
2. It has been estimated that the Nordic spot market
price would be in the order of 4–16 h/MWh higher when
the allowance price level is 5–20 h/t CO2, respectively
(Electrowatt-Ekono, 2003; VTT, 2004). However, the
error margin of these calculations is quite wide, e.g. due
to the assumptions of new electricity generating
capacities and electricity demand. Both studies assumed
also moderate fuel prices compared to the 2003 market
price level in Finland, especially for natural gas.
Uncertainty regarding in particular the market prices
of natural gas (see Section 2) and biomass can be
considered high.

3.2.2. National allocation plan and taxation

The EU ETS will cover approximately 55% of the
average CO2 emissions in Finland, which is one of the
highest percentages among the EU countries. As
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4For more on ‘‘extended NPV’’, see Trigeorgis (1995).
5In oligopolistic settings, investors are not necessarily price-takers.

Such a setting requires explicit inclusion of game theory. Murto (2003)

gives a good overview.
6For simplicity, we allow only a single level of fixed costs and thus

ignore the option of the investor to mothball the plant (see e.g.

Reinaud, 2003, or Näsäkkälä and Fleten, 2004).
7See Teisberg (1995).
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described in Section 3.1.1, the yearly variation of CO2
emissions may be large due to climatic conditions.
According to the National Allocation Plan (MTI,

2004a), the total amount of free emission allowances in
2005–2007 will be 136.5Mt of which 2.5Mt is reserved
for new installations. The total amount is 2.3% less than
the projected emissions. The National Allocation Plan
for the first trading period 2005–2007 gives no guidance
to the allocation during the Kyoto period or beyond.
The allocation criteria for 2008–2012 will be finalized
during 2005.
Finland has decided to use the opt-in for boilers with

a capacity of less than 20MWth, if they are connected to
a district heating network with boilers greater than
20MWth. Without the opt-in, CHP producers would
have had the possibility to produce heat with small
boilers, and increase their annual CO2 emissions without
utilizing their free CO2 allowances.
The Ministry of Trade and Industry has reported that

only minor changes to the current energy taxation may
be expected during the first EU ETS period (MTI,
2004a). A recent working group report suggested a
reduction in the excise tax of peat and removal of
electricity subsidy from by-product wood and waste
heat from chemical and metallurgical processes (MTI,
2004b).

3.2.3. Investment alternatives for electricity generation

Partial equilibrium energy system models have been
used to explore the investment alternatives at macro
level with a presence of an emissions trading system
(VTT, 2003, 2004). Recently, the new generation energy
system model TIMES has been taken into regular use
for scenario calculations in Finland. The model seeks
for the solution that offers the least cost to fulfil
demand requirements and other constraints such as
given emission limits. The model includes emissions
of all Kyoto Protocol greenhouse gases and the
whole Finnish energy production and the consumption
system. Both investment and operating costs are
included. The TIMES model also includes price
elasticities of demand.
The scenario calculations (VTT, 2004) that take into

account the national allocation plan for 2005–2007 and
Kyoto commitment for 2008–2012 indicated that at the
low allowance price level, the new capacity alternatives
for Finland would be wind power and additional CHP.
Condensing natural gas power became important only
in the scenario with the allowance price level of 30 h/
t CO2. The consumption of electricity slightly decreases
at the all allowance price levels from 5 h/t CO2 due to
energy saving investments. Natural gas and biomass
consumption increase while coal and peat consumption
decrease especially in the scenarios with a high CO2
allowance price. The slow increase in capacities of CHP
and wind power implies that condensing coal power still
has an important role in the Finnish energy system until
the new nuclear power plant starts operation in 2009.
4. Case study: a condensing power plant in Finland

In this section, we illustrate the impacts identified in
Section 2 on a hypothetical investment decision in a
regional setting discussed in Section 3. We extend a
standard DCF analysis to better reflect the value of two
real options involved: the option to wait and the option
to alter operating scale. The value of an investment
opportunity NPVopp thus becomes:

4

NPV opp ¼ NPVnow þ Oscale þ Owait (5)

with NPVnow being the simple Net Present Value of the
immediate investment based on the expected cashflows,
Oscale the value of the option to alter operating scale and
Owait the value of an option to wait. Here, Owait includes
both the value of the option not having to invest (if the
outlook is poor) and the option to wait for even better

conditions (if the outlook seems fine). If Owait40 then
the optimal decision is hence not to invest. If Oscaleb0
then the simple NPV analysis fails to evaluate the
investment correctly.
In the case study, a price-taking5 investor considers a

condensing power plant in Finland. There are two
options: a coal-fired plant and a gas-fired plant. The
investor has basically three alternatives until the
investment decision has been made:
�
 invest in a coal plant: pay the investment cost I, and
commit to the fixed costs caused by the plant (Cf).

6 In
response, the investor obtains risky revenues from the
free emission allowances and an option to generate
electricity, when prices are favourable.
�
 invest in a gas plant: similarly as above; and

�
 wait: obtain return for the capital and keep the option

to invest i.e. opportunity to invest later on, when the
market is more favourable.

The value of real options is ideally estimated in a risk-
neutral valuation framework (see e.g. Dixit and Pin-
dyck, 1994, pp. 120–121). In the context of this paper,
this is difficult, since the behaviour of allowance prices is
unknown. Therefore, we approach the value of the
options through a dynamic DCF analysis7 in a normal
risk-adjusted valuation framework. It must be empha-
sized that the results are for this reason not fully
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consistent with asset pricing theory. Rather, the starting
point is a manager, who applies a subjective experience-
based discount rate or the weighted average cost of
capital (WACC) for the valuation problem irrespective
of the ‘‘objective’’ riskiness of the cashflows (such as e.g.
in Cox et al., 1985).

4.1. Model

We consider the following simplified model:
1. The investment decision needs to be made within

the time frame 2005–2007.
2. There are two stochastic variables (the price of

electricity, pe, and the price of emission allowance, pCO2)
and two deterministic variables (fuel price, pf, and the
number of free allowances, N) in Eq. (4). N is modelled
as independent on the operation of the power plant in
previous periods.
3. The stochastic variables, pe and pCO2 follow

discrete-time continuous-state processes. The time per-
iod in the model is a year.
4. The price of an emission allowance, pCO2 ; is

constant within a year.
5. There are no switching costs (start-up or shut-down

costs)8

Assumption 5 will somewhat favour the coal plant, as
gas turbines are typically easier to adjust for changing
market conditions than coal plants.
Based on Sections 2 and 3 it can be further assumed

that:
6. The price of electricity directly depends on the

allowance price.
For simplicity, we ignore a similar potential relation-

ship between the allowance price and the market prices
of fuels.
We can now separate the market price of electricity,

pe, to two parts, the ‘‘baseline’’ (business-as-usual) part
(pe,base) and the ‘‘CO2-driven’’ part ðg 	 pCO2 Þ:

pe ¼ pe;base þ g 	 pCO2 (6)

where g is the estimated transformation factor. This is
equal to the emission factor of the marginal plant, which
results from the merit order in the power system (e.g.
Reinaud, 2003). The transformation factor g thus
depends on fluctuation in electricity supply and demand.
Eq. (6) allows us to explicitly model g. A further

advantage is that there is historical data on pe,base,
whereas we know little about pe. As discussed in 3.1.1,
the electricity supply in the Nordic countries—and
thereby the price of electricity—significantly varies with
hydrological conditions. However, the form of the price
duration curve varies much less (Fig. 1). Therefore, we
will add two more simplifying assumptions:
8See Tseng and Barz (2002) and Deng and Oren (2003) for studies on

the importance of switching costs.
7. The marginal plant (type) in the power system and
thus the transformation factor g is a function of pe,base.
8. The form of the duration curve of pe,base within any

single year is constant i.e. the proportions of peak and
bottom prices vs. the average level are constant.
From Eq. (3) we thus obtain for the spark spread:

S ¼ pe;base �
pf

Z
þ gðpe;baseÞ �

ef

Z

� �
pCO2 � c: (7)

Deriving from Deng and Oren (2003), we use a Monte
Carlo simulation with mean reverting stochastic pro-
cesses for pe,base and pCO2 (see Appendix 1 for details) to
explore the expected value of different investment
alternatives. Many authors argue that stochastic pro-
cesses dealing with commodity prices need to be mean
reverting as opposite to the commonly used Geometric
Brownian motion, in which the variance grows infinitely
(e.g. Deng et al., 2001; Laughton and Jacoby, 1995;
Schwartz, 1997). Mean reversion reflects the long-term
equilibrium of production and demand. Geometric
Brownian motion models have been used mainly due
to tractable solutions and close-form expressions that
can be readily analysed. Hasset and Metcalf (1995)
argue that geometric Brownian motion could be used to
approximate mean reversion, but Sarkar (2003) opposes
this argument.
Cash flows created in the simulation are discounted

with a risk-adjusted rate. The expected values are based
on 400 runs, which gives a standard error of the mean of
ca. 1–5% for the discounted cashflows.
In order to identify the impact of emissions trading on

the investment, we consider different outcomes for the
price of the allowance, its volatility, and the correlation
to the baseline price of electricity (pe,base). We also
simulate the development without emissions trading
(business-as-usual). To demonstrate the effect of the free
allocation of allowances, the following two case are
explored: (1) ‘‘free allocation’’: companies obtain
allowances free of charge from the regulator infinitely;
and (2) ‘‘scarce allocation’’: companies obtain less
allowances free of charge and only until 2012 (when
the allocation method is switched to auction).
4.2. Data

The development, engineering and construction time
of both plants is assumed to be 3 years. We use the
following values (Table 3).
In the case of emissions trading, we assume that the

price of allowances will start at 7 h/t CO2 in 2005 based
on forward trades in the EU market (PointCarbon,
2004). A (low) mean-reversion (kY) of 0.2 is assumed for
the allowance price process. Two scenarios for the long-
run mean (reached in 2013) of allowance prices are
tested:
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Table 3

Plant-specific parameter values (based on Reinaud, 2003; Ryden, 2003)

Parameter Symbol Unit Coal plant Gas plant

Output capacity Pmax MWe 250 250

Operating lifetime Tp a 30 25

Thermal efficiency Z % 40 55

Investment cost I h/kWe 1050 570

Fixed cost Cf h/MWe 18700 11000

O&M costs and feesa c h/MWhe 4.0 1.7

CO2 emission factor ef gCO2/kWh 334 201

aIncludes a precautionary stock fee.

Table 4

Assumed price paths for fuels (in h/MWh)

Fuel 2005 2010 2020 2030

Coal (on the coast) 5.5 5.8 6.1 6.5

Natural gasa 13.3 13.3 13.3 13.3

aTariff for a customer with a consumption of 1000GWh/a, 6000 h/a

(Energy Market Authority, 2004).
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�

gð
high scenario: the long-run average price is 20 h/
t CO2,
�
 low scenario: the long-run average price is 1 h/t CO2.

Regarding the allocation method, we test two hypothe-
tical scenarios. In both scenarios, we assume a free of
charge allocation until 2012. The free of charge
allocation is supposed to follow the principles defined
in MTI (2004a):

Nt ¼ xref

Pmax

Z
eref ; (8)

where xref is the reference operating time of the plant,
and eref is the emission factor of the reference fuel. In
2005–2007, xref is 6000 h, eref for coal is 0.27 t CO2/
MWh,9 and eref for gas 0.20 t CO2/MWh (MTI, 2004a).
For later periods, we assume equal reference fuels. In the
‘‘free allocation’’ scenario, xref is 5000 h for the period
2008–2012 and 4000 h after 2012. In the ‘‘scarce
allocation’’ scenario, xref is 4000 h between 2008–2012
and xref is 0 h after 2012 (due to the presumed auction).
In a normal hydrological year, coal-condensing power

is assumed to determine the emission factor on the
margin (g), and g is estimated at 0.77 t CO2/MWh (see
e.g. Electrowatt-Ekono, 2003). When the hydrological
conditions are good, CHP plants are estimated to be in
the marginal position (Electrowatt-Ekono, 2003). We
therefore apply the following function for g (in t CO2/
MWhe) in order to mimic this effect in the model:The
function g(pe,base) applied here is very simplified, but can
be more accurately estimated with sophisticated elec-
tricity market models.
pe;baseÞ ¼

0:77; when pe;baseX22:0 h=MWh

0:065 	 pe;base � 0:67; when 13:7ppe;basep22:0 h=MWh
0:22; when pe;basep13:7 h=MWh

8><
>: (9)
The long-run mean for the baseline price of electricity
(pe,base*), 22 h/MWh, is obtained from the mean of the
9The reference fuel is assumed to be 70% peat and 30% biomass.
annual average prices at Helsinki area in the period
1996–2003. Similarly, we obtain a standard deviation
(sX) of 37%. A mean reversion factor (kX) of 0.4 is
obtained through a regression of the annual average
prices during 1996–2003.
The starting price for electricity (pe,base) in 2005 is

assumed equal to its long-run mean value. We do not
use the forward prices (for pe) to estimate pe,base as it is
unclear how consistent the assumptions of the market
regarding pCO2 and g are with those used here.
For coal and gas we assume the following determi-

nistic producer price paths, which are simplified as being
independent on the allowance price (Table 4). The price
for coal is based on data from Finland and global
projections (MTI, 2003; IEA, 2002). Between the years
given, the prices are assumed linear. The producer price
for gas is assumed to stay at its initial level (April 2004).
Prices contain the costs of transport and handling.
Yield of a 10-year Finnish government bond is used a

basis for the risk-free discount rate (4.2% in the end of
April 2004). Assuming an inflation of 2%, we obtain a
real risk-free discount rate of 2.1%. The real risk-
adjusted discount rate for pe and electricity production is
approximated at 6% based on the nominal rate of 8% in
Reinaud (2003).
4.3. Results

In the starting position (without emissions trading)
neither the coal nor the gas plant seems viable (Tables 5
and 6). The expected values of the investment opportu-
nities, E(NPVopp), are zero. The optimal decision seems
to be to wait with the investment (E(Owait)b0).
Emissions trading in a ‘‘low allowance price’’ scenario

does not significantly improve viability of the power
plants. However, emissions trading in a ‘‘high allowance
price+free allocation’’ scenario changes the picture for
the gas plant (Table 6), while viability of the coal plant
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Table 5

Expected values from the simulation (400 runs) for a coal plant in different scenarios for emissions trading (in Mh)

Scenarios ‘‘Free allocation’’ 2005- ‘‘Scarce allocation’’

2005–2012, (Auction

2013-)

Correlation (r) of allowance and
baseline electricity price

0 0 0.5 0

Volatility of allowance price (sY) 10% 40% 10% 10%

High allowance price ðpCO2 Þ +NPVnow
a

�169 �169 �169 �206

+E(Oscale)
b +52 +52 +52 +49

+E(Owait)
c +116 +117 +116 +157

=E(NPVopp)
d =0 =0 =0 =0

Low allowance price ðpCO2 Þ +NPVnow
a

�195 �195 �195 �198

+E(Oscale)
b +46 +49 +55 +53

+E(Owait)
c +148 +146 +140 +145

=E(NPVopp)
d =0 =0 =0 =0

No emissions trading +NPVnow
a

�198 �198 �198 �198

+E(Oscale)
b +42 +42 +42 +42

+E(Owait)
c +155 +155 +155 +155

=E(NPVopp)
d =0 =0 =0 =0

aNPVnow=Net present value.
b(Oscale)=Expected value of the option to alter operating scale.
cE(Owait)=Expected value of the option to wait.
dE(NPVopp)=Expected value of the investment opportunity.

Table 6

Expected values from the simulation (400 runs) for a gas plant in different scenarios for emissions trading (in Mh)

Scenarios ‘‘Free allocation’’ 2005- ‘‘Scarce allocation’’

2005–2012, (Auction

2013-)

Correlation (r) of allowance and
baseline electricity price

0 0 0.5 0

Volatility of allowance price (sY) 10% 40% 10% 10%

High allowance price ðpCO2 Þ +NPVnow
a

�15 �15 �15 �49

+E(Oscale)
b +34 +46 +46 +42

+E(Owait)
c +1 +0 +0 +7

=E(NPVopp)
d =20 =30 =30 =0

Low allowance price ðpCO2 Þ +NPVnow
a

�127 �127 �127 �129

+E(Oscale)
b +49 +54 +52 +51

+E(Owait)
c +78 +73 +75 +79

=E(NPVopp)
d =0 =0 =0 =0

No emissions trading +NPVnow
a

�135 �135 �135 �135

+E(Oscale)
b +36 +36 +36 +36

+E(Owait)
c +99 +99 +99 +99

=E(NPVopp)
d =0 =0 =0 =0

aNPVnow=Net present value.
bE(Oscale)=Expected value of the option to alter operating scale.
cE(Owait)=Expected value of the option to wait.
dE(NPVopp)=Expected value of the investment opportunity.
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remains to a large extent unaffected (Table 5). The
expected value of the opportunity to invest in the gas
plant in these scenarios, E(NPVopp), can rise up to h30
million. A high volatility for the allowance price (pCO2)
and a positive correlation (r) of the baseline electricity
price (pe,base) and pCO2 have a positive effect on NPVopp:
the expected return increases from 14% to 21%. It is
optimal to wait with the investment (Owait40), if the
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Table 7

Sensitivity of the gas plant viability (in Mh)

Scenarios ‘‘Free allocation’’ 2005-

Average baseline

electricity price

(pe,base*)+10%

Gas price (pf) +10%

Correlation (r) of allowance and baseline electricity price 0 0

Volatility of allowance price (sY) 40% 40%

High allowance price ðpCO2 Þ +NPVnow
a +28 �46

+E(Oscale)
b +42 +49

+E(Owait)
c +0 +0

=E(NPVopp)
d =70 =2

aNPVnow=Net present value.
bE(Oscale)=Expected value of the option to alter operating scale.
cE(Owait)=Expected value of the option to wait.
dE(NPVopp)=Expected value of the investment opportunity.
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correlation, r, is low and the volatility of pCO2 low. If the
allowance price volatility is high, or there is a positive
correlation, r, the optimal decision seems to be to invest
in the gas plant.
There are however additional uncertainties and

constraints, which affect the decision. In the ‘‘scarce
allocation’’ scenario, the option value to invest in a gas
plant would remain zero, even if the allowance price
level were high (Table 6). The viability of the gas plant is
also very sensitive to the assumed average electricity and
gas prices (Table 7). In the context of our case study,
natural gas is currently supplied through a single
pipeline to the Finnish market, which raises concerns
about market power exertion. Further, the expected
value is based on an idealized power plant without
operational or technical constraints.
It should be noted that the expected value of the

option to alter operating scale, E(Oscale), of the plants
explored ranges from h34 to h55 million in different
scenarios. This option value is ignored in a simple NPV
analysis. A higher volatility for allowance prices
increases the option value somewhat, but the impact is
not drastic. Allowance price scenarios and the allowance
allocation after 2007 have more significant impacts.
5. Discussion and conclusions

Emissions trading has significant impacts on the
results of a quantitative investment appraisal through
several variables: through the output prices, through the
value of the surrendered allowances, through the
operating hours and through the value of free allowan-
ces allocated for installations. This makes it challenging
to weigh up the impacts.
Since the investment costs are known with a reason-

able certainty, financial performance of power projects
depends in particular on the concurrent level and
projected development of the stochastic market prices
of electricity, fuels and (potential) emission allowances.
In addition, there is a stepwise uncertainty regarding the
number of free allowances.
Stochastic process assumed for each market price, the

parameters of the stochastic process and the mutual
correlations of the market prices determine the total
impact. In our case study, two stochastic market prices
were considered: the price of an emission allowance and
the baseline electricity price (price without emissions
trading). Fuel prices were treated as deterministic and
independent on the allowance price for simplicity.
The case study shows that the result of a quantitative

investment appraisal for a gas-fired power plant highly
depends on the assumptions made on emissions trading
in a power market similar to that of Finland. The impact
mainly depends on the assumed price level of emission
allowances and the (potential) allocation of free
allowances. However, behaviour of the allowance market

(e.g. volatility, correlation to electricity and fuel prices)
can have a significant impact on the expected return of
gas-fired power plants. In the ‘‘high allowance price’’
scenario of our case study, the value of an option to
invest in a gas-fired plant became positive, whereas the
value of an option to invest in a coal-fired plant
remained unaffected. Uncertainty regarding the impact
of the EU ETS on fuel prices may decrease the
attractiveness of gas plants from that seen here.
The case study also shows that a simple NPV

approach ignores the value of the option to alter

operating scale, which can be important for technologies
with high variable costs.
Power companies and investors should move from

deterministic to stochastic valuation and consider the

impacts of emissions trading schemes comprehensively in
markets similar to Europe. The high uncertainty
regarding the allocation of free allowances is critical to

decisions to switch to natural gas. It should also be noted
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that renewable energy and nuclear power remain un-

affected by this uncertainty.
We approached valuation of real options in a real

risk-adjusted framework, which is not the optimal way
to value options theoretically. Our analysis provides a
new perspective to the decision-making of managers,
who are not necessarily fully consistent in their
treatment of risk and apply a subjective discount rate
in valuation. Emissions trading will change the risk of
free cash flows (and thus returns on assets). A rational
investor would aim at taking this into account in the
selection of the discount rate, which was not considered
here.
The analysis carried out here is sensitive to the

stochastic processes assumed and their parameters. We
used mean-reverting price processes, which can be
regarded as a ‘‘conservative approach’’ to power plant
valuation: a mean-reverting price process implies that
potential market outcomes tomorrow differ less from
today than in the commonly used geometric Brownian
motion (i.e. the variance is smaller).
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Appendix 1—simulation of the stochastic processes

The value of the underlying asset (the power plant) at
any level of baseline electricity price (pe,base) and
emission allowance price (pCO2) is estimated through a
Monte Carlo simulation. The simulation takes into
account the owner’s option to alter operating scale
(Oscale) during the project lifetime (i.e. production only if
StX0).
Deriving from Deng and Oren (2003), we model two

stochastic processes in discrete time using a quadrino-
mial tree

ðX tþ1;Y tþ1Þ ¼

ðX 1
tþ1;Y

1
tþ1Þ ¼ ðX t þ DX t;Y t þ DY tÞ

ðX 2
tþ1;Y

2
tþ1Þ ¼ ðX t þ DX t;Y t � DY tÞ

ðX 3
tþ1;Y

3
tþ1Þ ¼ ðX t � DX t;Y t � DY tÞ

ðX 4
tþ1;Y

4
tþ1Þ ¼ ðX t � DX t;Y t þ DY tÞ

8>>>><
>>>>:

(A.1)
with X and Y being the state variables for the natural
logarithms of pe,base and pCO2 : We consider a simple
mean-reverting Ito process, the Ornstein–Uhlenbeck
process

dX ¼ kxðX

 � X Þ dt þ sx dzx (A.2)

with X being the natural logarithm of pe,base. X* is the
natural logarithm of the long-term mean level of
baseline electricity price, pe,base*, kx the speed of mean
reversion, dzx the increment of a Wiener process, and sx

the variance parameter. Y is modelled similarly.
As opposite to Deng and Oren (2003), DXt and DYt

are random so that

DX t ¼ jsX dzX j;

DY t ¼ jsY dzY j:



(A.3)

We further derive from Deng and Oren (2003) the
transition probabilities pN for any (XN,YN):

B ¼ kX ðX

 � X tÞ

C ¼ kY ðY

 � Y tÞ

p1t ¼
1þr
4

þ B
4DX t

þ C
4DYt

þ BC
4DX tDY t

p2t ¼
1�r
4

þ B
4DX t

� C
4DYt

� BC
4DX tDY t

p3t ¼
1þr
4

� B
4DX t

þ C
4DYt

þ BC
4DX tDY t

p4t ¼
1�r
4

� B
4DX t

� C
4DYt

� BC
4DX tDY t

8>>>>>>>>>><
>>>>>>>>>>:

(A.4)

where r is the correlation coefficient between dzX and
dzY. Deng and Oren (2003) analyse the state–space
(Xt,Yt) through the subset {(X0+msX, Y0+nsY): m,
n=�t, �t+2,�t+4,y,t�4, t�2, t} and note that Eq.
(4) gives probabilities between [0,1] for all components
only if:

jmj ¼
1�

ffiffiffiffiffiffi
jrj

p

kX

and jnj ¼
1�

ffiffiffiffiffiffi
jrj

p

kY

: (A.5)

If this is not the case for m, we use accordingly the
following equation:

X tþ1 ¼ X 
 þ sx dzX : (A.6)

The state variable is thus forced to a new level that is
likely to be close to the long-run mean.
After a new value Xt+1 and hence pe,base has been

found for period t+1, we multiply it with a factor A in
order to adjust the expected value of the time series:

A ¼
pe;base þ kxðp



e;base � pe;baseÞ

0:5pe;baseekxðX

�X ÞðeDX t þ e�DX tÞ

; (A.7)

repectively similar approaches are used for Y.
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VTT (Lehtilä, A., Syri, S.), 2003. Scenarios for the Finnish energy

system and emissions. Study made for the Climtech Programme

[Suomen energiajärjestelmän ja päästöjen kehitysarvioita. Clim-
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