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Abstract
In this paper, we apply a spread-based real options approach to analyze the decision-making
problem of an investor who has the choice between an irreversible investment in a condensing
power plant without heat utilization and a plant with combined heat-and-power (CHP)
generation. Our investigation focuses on large-scale fossil-fueled generation technologies and
is based on a stochastic model that uses copula functions to provide the input parameter of the
real options model. We define the aggregated annual spread as assessment criteria for our
investigation since it contains all relevant volatile input parameters that have an impact on the
evaluation of investment decisions. We show that the specific characteristics of CHP plants,
such as additional revenues from heat sales, promotion schemes, specific operational features,
and a beneficial allocation of CO2 allowances, have a significant impact on the option value
and therefore on the optimal timing for investment. For the two fossil-fueled CHP
technologies investigated (combined-cycle gas turbine and steam turbine), we conclude from
our analysis that a high share of CHP generation reduces the risk exposure for the investor.
The maximal possible CHP generation depends significantly on the local heat demand in the
surroundings of the power plant. Considering this, the size of the heat sink available could
gain more relevance in the future selection process of sites for new large-scale fossil power
plants.
Key words: Combined heat and power; Real options; Investment under uncertainty, Copula
function
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Introduction

Fossil-fueled power plants will play an important role in the future European power
generation portfolio even if EU member states continue to tighten the reduction targets for
greenhouse gas emissions and to boost the usage of renewable energy sources. Currently,
there are more than 8 GW of coal-fired generation capacity under construction across, Europe
and further investments in coal-fired and gas-fired generation technology are planned in the
coming years to cover the growing demand for power (IEA, 2008a; Pahle, 2010). These new
investments will likely dominate the European generation portfolio far beyond the year 2030.
However, high investment costs, long payback periods of irreversible investments in new
power plants, commodity price variability in liberalized power markets, and regulatory
uncertainty bear significant risks for the investing utilities. As a consequence, some utilities
have already postponed or even canceled planned investments in new fossil power plants.

The power plant technology adopted has a significant impact on the risk exposure associated
with new investments in generation infrastructure. In this paper, we put our focus on the
question of whether combined heat and power (CHP) generation can contribute towards the
reduction of risks resulting from commodity price variability and risks related to, say, changes
in regulation, or to climate policy. CHP is one of the most effective means for saving primary
energy and reducing greenhouse gas emissions (IEA, 2008b; Blok and Turkenburg, 1994).
Due to these benefits, many EU member states promote CHP generation to accelerate the
dissemination of CHP technologies (Westner and Madlener, 2009). Specific characteristics,
such as additional revenues from heat sales, specific operational features, and a beneficial
allocation of CO2 allowances, can, in addition to the guaranteed governmental CHP
promotion e.g. by means of feed-in tariffs, contribute towards the reduction of risk exposure
of CHP generation in comparison to condensing plants with power-only generation.

Investments in new large-scale power plants imply high investment costs and long payback
periods, and thus bear significant risks for the investing utility. The risk exposure depends on
the development of commodity prices in liberalized energy markets as well as on political and
regulatory uncertainties, and hence has serious impact on the investment decision. Up to now,
the benefits of CHP generation in the context of investment decisions in large-scale fossil
power plants have not been investigated sufficiently. In our research, we apply a model of
decision-making under uncertainty using a real options approach (Dixit and Pindyck, 1994;
2

Trigeorgis, 1996). Specifically, we compare the risk exposure of energy companies having the
opportunity to invest either in a conventional condensing plant or a plant with CHP
generation. The real options methodology has already been widely applied in the context of
investment decisions in the electricity sector (e.g. Rothwell, 2006; Wickart and Madlener,
2007; Fleten and Näsäkkälä, 2010) and provides a powerful tool to quantify investment risk
(Copeland and Antikarov, 2001). In order to evaluate different power generation technologies,
we take the market conditions and regulatory framework established in Germany as the basis
for our analysis. Due to the commitment of the German government and a beneficial
promotion scheme, the conditions for CHP generation in Germany are more favorable than
compared to those in other European countries (Westner and Madlener, 2009).

This paper is structured as follows. In section 2, we first provide a concise overview of the
relevant literature on real options theory applied to investment decisions for new power
generation assets. Section 3 describes the specific characteristics of CHP in comparison to
other generation technologies. The input parameters used in our model are described in
section 4. Section 5 defines the structure of the real options model applied. In section 6, we
present and discuss the results obtained. Section 7 concludes.

2

Review of related literature

Options theory was originally developed in the 1970s (Black and Scholes, 1973; Merton,
1973) to evaluate financial options, but economists realized very soon that option pricing
could also provide important insights into decision-making on capital investments. Therefore,
with reference to the real assets involved, the term “real options” was established. First
applications of real options theory on investment decisions were made by McDonald and
Siegel (1986), Pindyck (1988, 1991, 1993), and Dixit and Pindyck (1994). During the last few
years, in a number of studies, real options theory has also been applied to decision-making
problems in the energy sector and here especially for investments in new power generation
infrastructures. In this section, we provide a chronological overview of the most recent
publications that apply real options theory in the context of power generation. We also review
some of the relevant literature related to investment decisions in CHP generation.
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Murto and Nese (2003) focus on the optimal timing and the optimal technology choice for
investments in power production technologies. They put their focus on uncertainties arising
from input price variations, and investigate the impact on investments in fossil-fueled and
biomass-fired power plants. By applying a real options model with stochastic input prices,
they show that prices for fossil fuels are the main driver for investment timing and technology
choice. Sundberg and Sjödin (2003) in their research, consider how investment decisions in
CHP plants are influenced by the liberalization of the European electricity markets. Their
investigation focuses specifically on a co-operation between a paper mill and a municipal
utility. With an economic simulation model that is calibrated for the market conditions in
Sweden, they show that the optimal technology choice is strongly influenced by the returns
required by the investor. Ishii and Yan (2004) investigate how the investment behavior of
firms operating in the U.S. power sector depends on uncertainties in the regulatory
framework. They find evidence that regulatory uncertainty creates substantial option values,
which initiate utilities to delay their investment decisions in order to gather more information
and assurance regarding future regulatory change. They compare the results of their real
options model with corresponding estimates of two alternative models based on net present
value (NPV) and forward-looking (FWL) expectations. Hlouskova et al. (2005) consider the
commitment problem of an electricity producing turbine in the liberalized German power
market and derive profit-maximizing commitment decisions. They model the price
uncertainty with a mean-reverting process including jumps and time-varying means to
account for seasonality. The model is also applied to compute risk profiles of generation
assets for risk management purposes. Näsäkkäla and Fleten (2005) apply real options theory
to gas-fired power plants. They distinguish between gas-fired baseload and peakload plants.
Their model is based on the spark spread, defined as the difference between the price of
electricity and the cost of gas used for power generation. They come to the conclusion that an
increase in the variability of spark spreads has an ambiguous effect on the investment decision
and increases the profitability of peakload plants. Roques and Savva (2006) study the effect of
price cap regulation on investments in new generation capacity in an oligopolistic market. In
their continuous time model, they use stochastic demand volatility as an input variable for a
real options evaluation. They show that there exists an optimal price cap that maximizes
investment incentives, and that errors in the choice of the price cap can have detrimental
consequences. Rothwell (2006) uses a real options approach based on NPVs to determine the
risk premium associated with net revenue uncertainty of new nuclear power plants in Texas.
The author concludes that it is unlikely that there will be new orders for nuclear power plants
4

in deregulated electricity markets at the nuclear power plant prices quoted, unless there are
either dramatic changes in the CO2 mitigation policy or dramatic increases in fossil fuel
prices. Blyth et al. (2007) analyze the effect of uncertainties in future climate policy on
investment decisions in new power plants. In their model, which is based on real options
theory, they treat future climate policy as an external risk factor. The study analyzes
investment options in coal-fired and gas-fired power plants in combination with carbon
capture and storage (CCS) technologies. The authors conclude that the closer in time the
change in policy is, the greater the policy risk and the impact on the investment decision are.
In this respect, retrofit of CCS for coal plants can be used as a hedge against higher-thanexpected future carbon prices. Wickart and Madlener (2007) investigate with their real
options model the decision-making problem under uncertainty of an industrial firm, which is
considering investing either in CHP generation or in heat-only production. Their model
includes the main economic and technological variables as well as the uncertainty inherent in
volatile commodity prices. According to their findings, simplistic NPV calculation can be
misleading when estimating economic CHP potentials. Also, they find that energy market
regulation might have a significant impact on the economics of CHP potentials by altering
price volatilities. Kumbaroğlu et al. (2008) analyze diffusion prospects of new renewable
power generation technologies by applying a dynamic programing model based on real
options theory. They include learning curve information on renewable power generation
technologies and come to the conclusion that the flexibility to delay irreversible investments
can profoundly affect the diffusion prospects of renewable power generation technologies.
Governmental promotion accelerates learning effects and, therefore, leads to cost declines for
renewable energy technologies and thus to faster diffusion and more emission reduction.
Yang et al. (2008) focus on the evaluation of investments in the power sector with respect to
uncertainties in climate policy. They use real options theory to investigate investments in
different generation technologies, including gas, coal, and nuclear generation, and conclude
that climate policy risks increase before important climate policy events and vary according to
the technology chosen. Investor risks can be reduced by implementing long-term rather than
short-term climate change policy frameworks. Siddiqui and Maribu (2009) develop and apply
a real options model for microgrids that consist of small-scale distributed generation and CHP
applications to meet local energy loads. In order to reduce the risk exposure, they investigate
various investment strategies and come to the conclusion that a direct investment strategy in
microgrids is more beneficial for low levels of gas price volatility, whereas a sequential
strategy is preferable in the case of high price volatility. Fleten and Näsäkkälä (2010) consider
5

investments in new gas-fired power plants in liberalized energy markets with volatile
electricity and natural gas prices. In their investigation, they derive the value of operating
flexibility, and find thresholds for energy prices that are optimal for entering into investments.
They come to the conclusion that operating flexibility and the abandonment option interact in
a way that their joint value is less than their separate values, and that operating flexibility has
significant effects on the decision to build a plant.

As our review shows, the existing literature provides several examples of application of real
options theory and decision-making under uncertainty in the context of new investments in
power generation technologies. Table 1 summarizes chronologically the latest research
activities in this area.

Table1: Chronological summary of selected literature on applying real options theory to
investment decisions in the energy sector

Study

Scope of
research

Research focus

Data

Model(s)
used

Main findings,
conclusions

Murto and
Nese (2002)

Investment
decision between
fossil- and
biomass-fueled
power plants

Investment timing and
optimal technology
choice for energy
investments

Stylized; Numerical
example based on
market data from
Nordpool

Dynamic real
options model
with stochastic
input prices

Commodity price development
of fossil fuels has a significant
impact on investment timing
and technology choice of new
power plants.

Sundberg and
Sjödin (2003)

Investment
decisions in CHP
plants

Optimization potential
of a co-operation
between a paper mill
and a municipal utility

Commodity market
prices in Sweden
(1997-2001)

Economic
simulation model
MODEST
(model for
optimization of
dynamic energy
systems)

A co-operation between the
paper mill and a municipal
utility increases the costeffectiveness by 7-11%. The
chosen CHP technology
affects the returns of both
actors.

Ishii and Yan
(2004)

Investment under
regulatory
uncertainty

Investment behaviour
of firms operating in
the U.S. power sector
under regulatory
uncertainty

Investments in the
U.S. power
generation sector
(1996-2000)

Real options
model, expected
net present value
(NPV) and
forward-looking
(FWL) model

Regulatory uncertainty creates
a substantial option value that
leads firms to delay
investment decisions

Hlouskova et al.
(2005)

Investment in an
electricity
producing
turbine

Profit-maximizing
investment decisions
for power plants

Hourly electricity
prices at the LPX
spot market from
(2000-2003)

Real options
model, price
uncertainty is
captured by a
mean reverting
process with
jumps

Real options theory can be
applied in the context of shortterm optimization and used to
derive the value of an
electricity producing turbine

Näsäkkäla and
Fleten (2005)

Investments in
gas-fired power
plants

Flexibility in
technology choice for
investments in new
power plants

Data from electricity
and gas forward
markets in Norway
(Jan 2001 - Jan
2004)

Real options
model, allowing
for mean
reversion in
short-term
variations

An increase in the variability
of spark spreads impacts the
investment decision and
increases the attractiveness of
peakload plants.
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(Table 1 – cont.)
Roques and
Savva (2006)

Investments in a
regulated power
market

Effects of price cap
regulation on
investments in an
oligopolistic industry;
focus on demand
uncertainty

Stylized

Real options
approach based
on stochastic
demand
volatility

Price cap regulation depends
critically on demand volatility.
Errors in the choice of the
price cap can have detrimental
consequences on investments
and average prices.

Rothwell (2006)

Investments in
new nuclear
power plants

Determination of riskadjusted costs of
capital for new
nuclear power plants

Electricity market
data from TexasERCOT (1990-2003)

Real options
approach based
on NPV
calculation

Specific investment costs of
about $ 1,200 per kWel could
trigger new orders in nuclear
power plants. New
investments in nuclear power
plants require dramatic
changes to the commodity
price level or changes in
regulation.

Blyth et al.
(2007)

Investments
under uncertain
climate change
policy

Quantification of
regulatory risks for
coal- and gas-fired
power plants and CCS
technologies

Stylized

Dynamic
programing
model based on
the real options
approach

The closer the change in
policy, the greater the policy
risk and the impact on the
investment decision. Retrofit
of CCS for coal plants is a
hedge against higher-thanexpected future carbon prices.

Wickart and
Madlener
(2007)

Energy supply
related
investment
decision of
industrial
companies

Economic modeling
of two different
technologies: CHP vs.
heat-only production

Stylized

Stochastic model
based on real
options theory

Pure NPV calculation is
misleading when estimating
economic CHP potentials.
Price volatility of commodities
has an impact on the economic
attractiveness of CHP
potentials.

Kumbaroğlu et
al. (2008)

Diffusion of new
renewable power
generation
technologies

Integration of learning
curves for renewable
energy technologies

Empirical analysis
based on data on the
Turkish electricity
supply industry

Dynamic
programing
model based on
the real options
approach

Governmental promotion
accelerates the diffusion of
renewable energy resources,
enables learning curve effects
and, therefore, leads to cost
declines.

Yang et al.
(2008)

Investments in
the power sector
with respect on
uncertainty in
future climate
policy

Impact of climate
policy on the
technology choice of
private investors

Stylized

Dynamic
programing
model based on
the real options
approach

Climate change policy risks
depend on the technology
chosen and increase before a
climate policy event. The risks
can be reduced by
implementing long-term rather
than short-term climate change
policy frameworks.

Siddiqui and
Maribu (2009)

Investments in
distributed
generation

Economic evaluation
of different kinds of
investment strategies:
direct vs. sequential
investments

Case studies from
several sites in the
San Francisco area

Dynamic
programing
model based on
the real options
approach

For a low level of gas price
volatility it is preferable to
pursue a direct investment
strategy. A sequential
investment strategy is better in
the case of a high gas price
volatility.

Fleten and
Näsäkkälä
(2010)

Investments in
gas-fired power
plants

Economic evaluation
of operating flexibility
and abandonment
option

Commodity prices
derived from
Norwegian
commodity markets
(Jan 2001 - Jan
2004)

Two-factor
model to process
power and gas
prices

Operating flexibility and the
abandonment option interact
in a way that their joint value
is less than their separate
values. Operating flexibility
can have a significant effect
on the building decision.

Source: Own compilation
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3

Specific characteristics of CHP in comparison to other power generation
technologies

Economic evaluation of CHP generation assets contrasts significantly with that of
conventional power generation technologies or renewable energy sources. The evaluation
further depends on the regulatory framework with respect to CHP in the country considered,
and it influences investment decisions as well as the operation of CHP plants. In Germany, the
country focused on in our investigation, the most significant differences between CHP and
conventional power plants are related to additional revenues from heat sales, revenues through
governmental CHP promotion, specific operational features and a beneficial allocation of CO2
emission allowances. In the following, we put the focus on these four specific characteristics
of CHP generation and analyze qualitatively their impact on the investment decision.

3.1

Additional revenues from heat sales

In contrast to condensing plants for power-only generation, CHP plants also produce heat as a
secondary product. The additional revenues through heat sales can contribute towards
reducing the risk exposure of the total investment in CHP technologies. The degree of risk
reduction depends on the impact of heat revenues on the volatility of the total plant revenues,
and is influenced by the correlation between heat revenues and commodity prices for power
and fuels. In order to analyze the effects of additional revenues from heat sales in the applied
model, we need to quantify volume and volatility of heat revenues. Due to the fact that there
is no transparent market price for heat available, it is typically impossible to derive heat prices
and volatilities from historical market data. CHP-related literature describes several
approaches to allocating fuel consumption or fuel cost between power and heat production
(see Dittmann et al., 2009). The approach adopted for our investigation is to define the price
for heat generically via the avoided cost of alternative heat production. Specifically, we
assume that an alternative isolated heat production is based on gas-fired heat boilers
(efficiency of 90%) and that the fuel costs are equal to the revenues through heat production
via CHP (cf. section 4.1). The volatility of the heat price is highly correlated with the fuel
price; therefore, we take the same standard deviation for the heat revenues as for natural gas.
A detailed consideration of investment cost for separate heat-only production is neglected for
simplicity.

8

3.2

CHP promotion

In many European countries, CHP generation receives governmental promotion (see also
Westner and Madlener, 2009, and references therein). In our research, we focus on the
situation in Germany, where CHP promotion is guaranteed through the German CHP Act
2008 (KWK-Gesetz, 2008). According to this law, electrical power from CHP plants receive
guaranteed feed-in tariffs on top of the normal price for power. The feed-in tariffs are paid by
the grid operator who allocates the costs of the promotion between all power consumers,
similar to the mechanism for renewable energy sources (see EEG, 2008). The subsidy level
and the duration of promotion depend on the size (defined via the electrical net capacity) and
the kind of CHP generation. For investors in new CHP plants, the governmental promotion
states a guaranteed additional income for each Megawatt-hour produced. During the
promotion period, the revenues of CHP plants, therefore, depend not solely on volatile
commodity prices, but also on fixed revenues from CHP promotion. This reduces the
volatility of CHP revenues in relation to the total revenues obtained, and affects the option
value of the investment decision in CHP generation.

3.3

Operation mode of CHP plants

In principle, the operation mode of power plants can be differentiated between powercontrolled and heat-controlled operation. The utilization of power-controlled plants is defined
by the market price of electrical power. The plant is in operation if the variable costs, which
are mainly determined by fuel costs and variable operational costs, are below the market
price. The plant is out of operation if variable costs are beyond the current market price for
electrical power. As a consequence, the utilization of power-controlled plants largely depends
on the variable operating costs and is mainly determined by the generation technology chosen.
Generation technologies with comparably low variable generation costs, such as hydro or
nuclear, can reach a high utilization of up to 8,000 hours per annum. This is different for other
generation technologies with variable generation costs close to the market price level
(marginal plants). For these technologies, such as coal-fired or gas-fired plants, the number of
full-load hours reached depends to a high degree on the level and volatility of market prices
for electrical power.
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The utilization of heat-controlled CHP plants is determined by heat demand. In times of
insufficient heat demand, the plant is not running and hence also generates no electrical power
output. The size of heat-controlled CHP plants is usually dimensioned according to the
constant heat sink (e. g. for district heating) in the surroundings of the plant site. Depending
on the chosen technology and the kind of application, the utilization of CHP plants operated
in the heat-control mode lies between 4,500 and 8,000 full-load hours, and depends less on
the price level for electrical power than on the characteristics of heat utilization.

The operation mode and, as a consequence, the plant utilization have a significant impact on
the economics of investments in new power generation. As the characteristics of utilization
differ significantly between power-controlled and heat-controlled plants, we need to consider
this aspect in our investigation. The more volatile the utilization is, the more volatile the
revenues are and the higher the option value of the plant is.

3.4

Allocation of CO2 emission allowances

In many European countries, CHP generation receives a beneficial allocation of CO2 emission
allowances. In Germany, the national allocation plan (BMU, 2006) for the second trading
period from 2008 to 2012 guarantees CHP plants a privileged allocation of free allowances
according to the double benchmark principle1. As a consequence, CHP plants can in some
cases even receive more allowances than used to cover their own emissions, and can gain
additional revenues through selling the surplus of freely allocated allowances to the market.
Fossil-fired condensing power plants without heat utilization receive in the current trading
period an allocation that is, due to the applied reduction factor for power production, usually
not sufficient to cover their emissions.

In the next trading period from 2013 onwards, the allocation mechanism of free CO2
allowances will be modified fundamentally. Up to now, the final allocation rules and
benchmarks for the next period are still under discussion, but the EU Directive 2009/29/EC
(EU, 2009) already states some principles for the allocation of certificates in the post-2012
period. According to the directive, full auctioning will be established for emissions from
electrical power generation, including CHP. The free allocation of certificates for heat
production is expected to remain in place. This means that it is very likely that from 2013
1

According to this principle, CHP plants receive CO2 allowances for the power produced and additional
allowances for heat production.
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onwards, the present beneficial allocation for CHP according to the double benchmark
principle will be canceled, but it is likely that a significant advantage for CHP will remain in
comparison to fossil-fired condensing plants, due to the continuing free allocation for heat. In
our investigation, we include the beneficial treatment of CHP generation concerning
allocation of emission allowances, quantify the effects, and derive the impact on the option
value of CHP investments in comparison to conventional fossil plants.

4

Model assumptions and definition of assessment criteria

In this section, we describe the input parameters of our model and define the aggregated
annual spread as assessment criteria for the subsequent investigation of various generation
technologies.

4.1

Input parameter

The input criteria of our investigation are technical parameters, historical commodity prices,
and the legal framework for CHP promotion in Germany. We use these criteria in our model
to quantify the option values of different generation technologies. For a recent study of the
relative attractiveness of CHP generation in selected European countries see Westner and
Madlener (2009).

4.1.1 Technical parameter of the power plants

In our investigation, we put the focus on the comparison of investment decisions in
condensing plants and investments in CHP plants. This comparison is based on two standard
fossil-based generation technologies: hard-coal-fired steam turbine (ST) with 800 MWel and
combined-cycle gas turbine (CCGT) with 400 MWel. The chosen plant size, characterized by
the electrical capacity, is typical for new power plants of the respective technology. Table 2
contains further assumptions concerning the technical parameters.

11

Table 2: Technical input parameters used in the model
Hard-coal ST technology

Condensing
Condensing
CHP plant
plant
plant
hard coal
hard coal
natural gas
power control power control power control

Fuel type
Operation mode
Capacity (electrical)
Plant lifetime
Power efficiency
Heat efficiency
Global efficiency
(degree of fuel utilization)
Efficiency of alternative heat
production
CO2 emission factor
CO2 benchmark power
CO2 benchmark heat
Promotion for CHP power
generation

CCGT technology

MWel
A

CHP plant
natural gas
heat control

800
40
0.45
-

800
40
0.42
0.18

400
30
0.60
-

400
30
0.45
0.35

0.45

0.60

0.60

0.80

-

0.90

-

0.90

g CO2/kWhel

800

800

380

380

g CO2/kWhel

750

750

365

365

g CO2/kWhth

-

345

-

225

€/MWhel

-

15

-

15

Source: Operational data derived from existing E.ON plants

We assume that the investigated condensing plants (for both fuel types) are operated in the
power-control mode. For the coal-fired CHP plant, we also assume that it is operated in this
mode. The defined heat efficiency of this plant lies at about 18%, which is a typical value for
large coal-fired plants with heat extraction in Germany. This assumption implies that the
lion’s share of the heat production is not utilized and that the useful heat demand can be
covered even if the plant is operating below its maximum power output. This provides some
operational flexibility and enables operators to run coal-fired CHP plants also in the powercontrol mode. Later in our investigation, we increase the degree of heat efficiency and
describe the effect on the option value. The gas-fired CCGT-CHP plant is characterized by a
lower capacity and high heat efficiency of 35%.. Such plants are often used to supply large
consumers, such as industrial factories, with a high and constant power and heat demand.
These plants are typically operated in the heat-control mode, which we also assume for the
CCGT-CHP plant in our investigation. All other parameters as given in Table 2 are typical
values for the respective technologies, derived from existing plants in Germany.
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4.1.2 Commodity price assumptions

The commodity prices used in our model are taken from the commodity markets in Germany.
As input parameters we use the historical commodity prices, as given in Table 3. The price for
heat is calculated on the basis of a gas-fired heat boiler with an efficiency of 90%.

Table 3: Characteristics of commodity prices used for MVP investigation
Price variable

Periodicity

Time period

µ

Power price a

Daily

Oct 2007 - Sep 2009

54.71 €/MWhel

21.49 €/MWhel

Fuel price coal b

Daily

Oct 2007 - Sep 2009

10.25 €/MWhth

2.10 €/MWhth

Fuel price gas c

Daily

Oct 2007 - Sep 2009

20.09 €/MWhth

6.80 €/MWhth

CO2 allowances d

Daily

Oct 2007 - Sep 2009

16.21 €/t CO2

8.11 €/t CO2

Heat price e

Daily

Oct 2007 - Sep 2009

22.32 €/MWhth

6.80 €/MWhth

σ

Sources: a EEX Price Index: Phelix Day Base, b API#2-Index: ARA Quarterly Futures Price, c EEX Gas Spot
Market EGT, d CO2 Allowance Price Phase 2, e Calculated on the basis of a gas-fired boiler with an efficiency of
90%.

4.1.3 Promotion of CHP in Germany

The new German CHP Act 2008 (KWK-Gesetz, 2008), that entered into force on January 1,
2009, has significantly improved the conditions for CHP generation in Germany. According
to this law, plants receive a guaranteed feed-in tariff on top of the price for the produced
power. The subsidy level, as shown in Table 4, depends on the size of the plant, which is
defined by the electrical net capacity.
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Table 4: Promotion of CHP by the 2009 German CHP Act
Plant size

Remuneration

≤ 50 kWel

5.11 ct/kWh for the duration of 10 years, no degression

≤ 2 MWel

2.1 ct/kWh for the duration of 6 years or a maximum of 30,000 full-load hours
5.11 ct/kWh for the first 50 kW

> 2 MWel

1.5 ct/kWh for the duration of 6 years or a maximum of 30,000 full-load hours
Exception industrial applications: Duration only 4 years or a maximum 30,000 full-load hours
2.1 ct/kWh for the first 2 MW, 5.11 ct/kWh for the first 50 kW

Source: KWK-Gesetz (2008).

4.2

Calculation of the aggregated annual spread

We take the aggregated annual spread (AAS), which is the result of the convolution of the
specific spread (S) and the power utilization of the plant (U), as criteria for the subsequent
assessment of various generation technologies. The AAS is described by a cumulative
distribution function. It can be considered as the major source of uncertainty for investments
in new power plants. In this section, we first define the specific spread and the plant
utilization, and than derive the distribution of the AAS by application of two alternative
methods: correlation coefficients and copula functions.

4.2.1 Specific spread

The specific spread (S) per MWh is the difference between the price of the output (electrical
power) and the costs of the input factors (e.g. fuels) or, in other words, the specific spread is
the contribution margin that a plant operator earns for converting fuels into electrical power.
We also consider the costs of CO2 emissions and take the so-called “clean” spreads for our
investigation. The spread of coal-fired plants is called “clean dark spread”, the spread of gasfired plants “clean spark spread”. The specific spreads of condensing power plants, SCond, are
defined as the difference between revenues and variable costs of power generation:

C
S Cond = PE − F − (λ F − π P )CCO 2 ,

(1)

η el
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where SCond is the specific spread of a condensing plant in € per MWh of produced power, PE
is the market price of power in €/MWh, CF denotes the fuel costs in €/MWhth and ηel the
electrical efficiency of the condensing plant. λF denotes the CO2 emission factor of the fuel
used and πP is the free allocation of CO2 certificates for electrical power, both expressed in
tons of CO2 per MWh. CCO2 is the market price of CO2 allowances in € per t of CO2.
The specific spread of CHP plants additionally includes CHP promotion received and
revenues through heat sales. The specific spread of a CHP plant (SCHP) is defined as:

C
S CHP = PE + R H + PCHP − F − (λ F − π P − π H )CCO 2 ,

η el

(2)

where RH represents the additional revenues through heat sales and PCHP represents the
governmental promotion for CHP generation (both in €/MWh). The additional revenues
through heat sales are related to the power generation of the CHP plant. In addition to the free
allocation of CO2 allowances for power (πP), CHP receives further free allowances for heat
(πH) according to the double benchmark principle. Both allowances are calculated in tons of
CO2 per MWh.
Note that the specific spread Si of a generation technology can be both positive and negative,
and that it is affected by the development of prices of electricity, fuel, and CO2 allowances in
competitive commodity markets. Based on the historical commodity prices, as described in
Table 3, we derive the characteristic parameters of the specific spreads in Germany during the
time period October 1, 2007 till September 30, 2009. Figure 1 shows the historic development
of the specific spread. The figure illustrates that for the CCGT technology (in comparison to
coal-fired ST) the deviation between the specific spreads of CHP and condensing plants is
more significant. This is caused by the effect that CCGT plants, due to their higher specific
heat efficiency (per MWh), generate higher revenues through heat sales and CHP promotion.
Table 5 contains the means (µ i) and the standard deviations (σi) of the specific spread i for the
four defined generation technologies subject to our investigation. The historical development
of the specific spread shows a characteristic that can best be described by a normal
distribution.
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Figure 1: Development of the specific spreads from October 1, 2007 to September 30, 2009
Source: Own calculation, based on equation (1) and (2) with input parameter obtained in Table 3

Table 5: Characteristics of the specific spread for various generation technologies
(observations over time period October 1, 2007 to September 30, 2009)

Technology

Coal-fired plant
(Clean dark spread in €/MWh)
Probability
µ
σ
distribution

Gas-fired plant
(Clean spark spread in €/MWh)
Probability
µ
σ
Distribution

Condensing
plant

19.8

27.0

normal

15.6

29.8

Normal

CHP
plant

21.0

24.9

normal

31.1

23.8

Normal

Source: Own calculation, based on Eqs. (1) and (2) with input parameter obtained in Table 3

4.2.2 Utilization of power plants

The plant utilization is the second important input parameter that has a significant impact on
the economics of power plants and, therefore, needs to be considered in our model. As already
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mentioned in section 3, the utilization depends to a large extent on the operation mode of the
plant and varies significantly between the power-control mode, which is characteristic of
condensing plants, and the heat-control mode, which is typical of many CHP applications.

The utilization of power-controlled plants depends on the price level at the wholesale market
for electrical power in relation to the variable generation costs of the plant. If the variable
generation costs are below the power price, the plant produces electrical power; otherwise, the
plant is out of operation (ignoring ramp-up and shut-down costs and technical restrictions). As
a consequence for power-controlled plants, the specific spread and the utilization are not
independent.

The power utilization of heat-controlled CHP plants depends on the heat demand. If the heat
demand is constant over the entire year, e.g. in CHP plants used for industrial applications, the
power utilization per annum can reach up to 8,000 hours with a comparably low volatility. In
other applications, such as CHP installations for district heating, heat demand follows the
seasonal and daily fluctuations. In these plants, the utilization is significantly lower and
reaches usually only about 4,500 h/a – 5,000 h/a. The volatility depends on the variation of
the temperature, but in the long-term average, the annual utilization can be considered as very
stable. We assume that the coal-fired CHP plant is used for district heating and the gas-fired
CHP plant for industrial applications. Due to the forced downtime for operation and
maintenance we assume that the probability distribution of the CCGT-CHP plant is truncated
at a maximum utilization of 8,400 h/a. The characteristics of the utilization used for our
investigation are shown in Table 6.

Table 6: Typical utilization of the different generation technologies considered
Coal-fired plant
(utilization in h/a)
Probability
σ
distribution

Technology

µ

Condensing
plant

5,000

1,000

log-normal

5,000

1,000

CHP
plant

5,000

1,000

log-normal

8,000

400

Source: Stylized data, derived from E.ON power plants
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µ

Gas-fired plant
(utilization in h/a)
Probability
σ
distribution
log-normal
log-normal
(truncated,
8,400 h max)

4.2.3 Calculation of the aggregated annual spread based on correlation coefficients

The option price model applied in our paper is based on the aggregated annual spreads for the
various types of power plant technology. The aggregated annual spread AASi, expressed in
€/kW for generation technology i, is the result of the convolution of the specific spread Si in
€/MWh and the power utilization Ui given by the full-load hours of the power plant:
AASi = Si ⋅ U i .

(3)

The specific spreads Si as well as the power utilization Ui are given as probability
distributions. For plants that are operated in the power-control mode, the probability variables
are not independent of each other, and we need to consider the interdependency between
specific spreads and plant utilization. To the best of our knowledge this is a new approach. In
a first step, we do this by including the correlations. We derive the correlation by comparing
the hourly production of hard-coal- and gas-fired plants with the specific spread. The
production volumes are available from the transparency platform of the European Energy
Exchange (EEX), and the specific spreads are based on intraday power prices. Figure 2 shows
the interdependency of the specific spread for hard-coal- and gas-fired power plants. The
figure illustrates that the total available hard-coal capacity in Germany (about 12,500 MW) is
more than twice as high as the available capacity of gas plants (about 6,000 MW).
Furthermore the correlation factor of hard-coal-fired plants is due to the typical operating
mode higher than for gas-fired plants. The sharper upper bound illustrates that the total
available hard-coal capacity is usually completely utilized as soon as the specific spread
reaches a level above 20 €/MWh. For plants that are operated in the heat-control mode, we do
not need to consider the correlation between capacity and spread, as the plants are running
independently of the current specific spread.
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Figure 2: Interdependencies between the specific spread based on intra-day power prices and
utilized generation capacity (exemplarily for December 2009)
Source: Own illustration based on data from the European Energy Exchange (EEX)

Next, we determined the probability distribution of the aggregated annual spread numerically
by applying a Monte-Carlo simulation with 50,000 runs. Figure 3 reports on the probability
distributions and the characteristic parameters of the aggregated annual spread for the
technologies investigated. The figure shows that CHP technologies provide for both fuel types
higher means of the AAS. The mean of the AAS of gas-fired CCGT-CHP amounts to 248
€/kW and is, due to the large degree of heat utilization (heat efficiency 35%), more than twice
as high as the AAS of the other technologies investigated. This illustrates the economic
attractiveness of high degrees of heat utilization.
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Figure 3: Probability distributions and stochastic parameter of the aggregated annual spreads
based on correlation coefficients
Source: Own illustration based on the Monte-Carlo simulation of the aggregated annual spread

4.2.4 Calculation of the aggregated annual spread based on copula functions

In section 4.2.3, we used the correlation coefficients between specific spread and plant
utilization to gain the probability distributions of the aggregated annual spread. This approach
does not consider non-linear tail dependencies and thus may generate misleading results.
Therefore, we now want to verify our results by carrying out a more sophisticated
investigation of the dependence structure between specific spread and plant utilization based
on copula functions. Originally, copula functions were used in the context of risk management
of financial assets but in recent times this method has also been applied in the field of energy
economics. Recent examples are Denault et al. (2009), who simulated the energy inflow of a
generation portfolio consisting of hydro and wind generation by application of copula
functions, and Valizadeh Haghi et al. (2010), who used copula functions to model the
characteristics of fluctuating renewable generation in distribution networks. Before we present
the results of our copula-based model, we give a brief introduction of the theory behind
copula functions. A more detailed description of the copula approach can be found in Nelsen
(1999).
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The fundamental theory behind all copula-based analysis is known as Sklar’s Theorem (Sklar,
1959). Sklar stated that if F: ℜd → (0,1) is a joint distribution function with margins X1, X2,
…, Xd, then there exists a copula C: (0,1)d → (0,1) such that for all x ∈ ℜd and u ∈ (1,0) d
there exists a joint distribution function
F ( x) = C{F1 ( x1 ),..., Fd ( xd )} = C (u ) .

(4)

Conversely, if C:(0,1)d → (0,1) is a copula and F1, …, Fd are distribution functions, then there
exists a joint distribution function F with margins F1, …, Fd such that for all x ∈ ℜd and
u ∈ (1,0) d there exists a copula function

C (u1 ,..., u n ) = F {F1−1 (u1 ),..., Fd−1 (u d )} .

(5)

The copula function C is unique if F, F1, …, Fd are continuous distribution functions. For our
investigation, it is sufficient to consider the bivariate case, as we need to link only two
variables to get the aggregated annual spread. For the bivariate case, we get the equation:

C (u, v) = F{Fx−1 ( x), Fy−1 ( y )} ,

(6)

where F is the joint cumulative distribution function (cdf) of the random vector X=(X,Y) and
Fx respectively Fy are the marginal cdfs of X and Y. Bivariate copulas further need to satisfy
three necessary and sufficient properties (Joe, 1995):
lim u →0 C (u , v) = lim v →0 C (u , v) = 0

(7)

lim u →1 C (u , v) = v , lim v →1 C (u , v) = u

(8)

C (u1 , v1 ) − C (u1 , v 2 ) − C (u 2 , v1 ) + C (u 2 , v 2 ) ≥ 0 ∀(u1 , v1 ), (u 2 , v 2 ) with u1 ≤ u 2 , v1 ≤ v 2 (9)

The choice of the copula function used to link together the marginals of two variates depends
on the nature of the considered data. Each copula implies a different type of dependence
between the variables. One way to identify the “right” copula function is to test several
standard distribution functions like Normal-, t-student-, Clayton- or Gumbel- distribution and
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to select the one with the best fit (see Bastianin, 2009). Another approach is to derive copula
functions based on empirical data that describe the dependence structure between the
marginals. These empirical copula functions were introduced under the name “empirical
dependence structure” by a series of papers by Deheuvels, starting with Deheuvels (1979). In
our specific case, we apply empirical copula functions to describe the dependencies between
specific spread and utilization.

To gain the empirical copula function, we need to consider the cdfs F of the random vectors
Xj. The distribution function F is defined at each point x by the proportion of observations that
are not greater than x. If the observed values of the vectors Xj are xj1, …, xjn, and F1, …, Fd are
the marginal distributions, then the distribution F is mathematically given by

1
F ( x1 ,..., x d ) :=
n

n

d

i =1

j =1

∑∏1{ X

ij

≤ x j }.

(10)

The empirical copula function Ĉ of F(x1, …, xd) is then, as any copula, defined through the
following identity:

Cˆ (u1 ,..., ud ) := F{F1−1 (u1 ),..., Fd−1 (ud )}

(11)

For the bivariate case relevant to our study, we get the following identities:
F ( x, y ) ≡

1
n

n

∑1( x ≤ x, y
i

i

≤ y)

(12)

i =1

Cˆ (u , v) ≡ F {Fx−1 ( x), Fy−1 ( y )} .

(13)

For further details and the theoretical background of empirical copula functions, we refer to
Gaenssler and Stute (1987), who have studied the empirical copula process in full generality.
To model the dependence structure between specific spread and utilization, we used the
commercial software ModelRisk 3.0 by Vose Software. This software is able to simulate the
dependence structure between the marginals based on empirical data.
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Figure 4: Simulated values of the dependence structure between specific spread and
utilization for power-controlled coal-fired and gas-fired power plants

Figure 4 contains a comparison between the dependence structure of the original data and the
dependence structure simulated with the applied copula functions. The visual inspection
shows that the distribution of the original data is inhomogeneous within the considered
interval. With the chosen copula function it is possible to reproduce this complex dependence
structure between the two input variables specific spread and plant utilization quite accurately.
Therefore, the copula based approach leads to more precise results in comparison to
correlation coefficients that describe only a linear dependency between the variables
considered.

Based on the identified empirical copula function for coal-fired and gas-fired plants, we now
calculate the resulting cdfs of the aggregated annual spread by application of a Monte-Carlo23

simulation with 50,000 runs. Figure 5 contains the probability distributions of the aggregated
annual spread for the defined technologies and the stochastic parameter based on the
calculation with empirical copula functions. The figure shows that the shape of the copulabased probability distributions of the plants that are operated in the power control mode (coalfried condensing plant, coal-fired CHP plant and gas-fired condensing plan) is significantly
different from the distributions gained via application of correlation coefficients (see Figure
3). The distributions are less regular and lose their bell-shaped form of the Gaussian
distribution (except for gas-fired CHP). Additionally, the mean of the distributions is higher
and the tails are fatter, which means that also the standard deviation is higher. The copulabased distribution of the gas-fired CHP plant shows the same shape as the distribution based
on correlation coefficients. This is due to our assumption that there are no interferences
between specific spread and utilization in the case where the plant is operated in heat control
mode.
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Figure 5: Probability distributions and stochastic parameters of the aggregated annual spreads
based on copula functions
Source: Own illustration based on the Monte-Carlo simulation of the aggregated annual spread
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5

Structure of the real options model

In this section, we apply real options theory and analyze the decision-making problem under
uncertainty of investors who have the choice between investments in CHP or investments in
condensing plant technology. We use a real options model that is analytically solvable and
described e.g. in the seminal book by Dixit and Pindyck (1994). The decision to invest is
profoundly affected by the opportunity costs of making a commitment now, and thereby
giving up the option of waiting for new information. In order to apply real options theory, two
preliminary conditions need to be fulfilled. First, the expenditure has to be at least partly
irreversible and, second, the exercising of the investment option can be delayed, so that the
investor has the opportunity to wait for new information about prices, costs, or changing
market conditions before resources are committed. Both preconditions are fulfilled in the
research question that we address here.

Our investigation is based on the aggregated annual spreads AASi, expressed in €/kW, as
defined in the preceding section. To the best of our knowledge this is a novel approach, as for
the first time we use an aggregated figure that includes information about commodity prices
(reflected in the specific spread) and plant utilization. The investigation of Fleten and
Näsäkkälä (2010), which applies the clean spark spread to derive option values of gas-fired
plants, does not explicitly include the plant utilization in the real options model. We assume
that the aggregated annual spread of technology i evolves according to the geometric
Brownian motion

dAAS i
= α AAS i dt + σ AASi dz ,
AAS i

(14)

where αAASi and σAASi are constants that describe the drift and volatility of the aggregated
annual spread of generation technology i, dt is an infinitesimal time increment, and dz is the
increment of a Wiener process. The decisive parameter in our real options model is the
volatility of the aggregated annual spread, therefore we ignore in the following investigation
the drift and assume αAASi = 0.
In a simplified approach, we assume that the value of power plant Vi is equal to the net
present value of the aggregated annual spreads AASi during the entire lifetime of the plant:
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T

Vi = Ε t  AAS i (t )e − ρt dt  ,


0


∫

(15)

where ρ is the discount rate of the investor and T is the plant lifetime. With this approach, we
neglect the fixed cost components that are not part of the spread. This simplification is
acceptable, as the impact of fixed cost on the volatility of the aggregated annual spread is
considerably lower than the impact of volatile commodity prices. The decision to invest in a
power plant can be interpreted as an optimal stopping problem, and can be solved by using a
dynamic programming approach. The value of the option to invest F(V) in a power plant is
given by the Bellman equation

ρF(V)dt = E[dF(V)] .

(16)

This equation implies that holding an option with the value F(V) over the period dt yields an
expected gain of E[dF(V)]. The expected gain needs to be equal to the return ρF(V)dt. By
applying Itô’s lemma, we derive the partial differential equation

dF (V ) =

1
F " (V )(dV )² + F ' (V )(dV ) .
2

(17)

Substituting (14) into (17) and noting that E(dz) = 0, we obtain

1
Ε[dF (V )] = σ AAS i ²V ² F " (V )dt + α AAS i VF ' (V )dt .
2

(18)

By substituting (18) into (16), we derive

1
σ AAS i ²V ² F " (V ) + α AAS i VF ' (V ) − ρF (V ) = 0 .
2

(19)

In addition, Vi must satisfy the following boundary conditions:
F ( 0) = 0

(20)
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F (V *) = V * − I

(21)

F ' (V *) = 1 .

(22)

Condition (20) arises from the observation that if the value goes to zero, it will remain zero
(this is an implication of the stochastic process described in (14)). V* represents the critical
plant value at which it is optimal to invest and (21) is the value-matching condition that
defines the net payoff (V* - I) of the investor. Eq. (22) is the so-called smooth-pasting
condition that guarantees that the gradient of the first deviation is equal at the exertion point.
To get the value F(V) of the investment option, we need to solve (19) subject to the boundary
conditions (20)-(22). Eq. (19) represents a second-order homogeneous differential equation
that is linear in the dependent variable F and its derivatives. The general solution can be
expressed as a linear combination of two independent solutions and written as

F (V ) = A1V β1 + A2V β 2 ,

(23)

where A1 and A2 are constants and β1 and β2 are the roots of the quadratic function

1
σ AASi 2 β ( β − 1) + ( ρ − α AAS i ) β − ρ = 0 .
2

(24)

Note that β1 and β2 depend on the parameters αAASi and σAASi of the differential equation and
the discount rate of the investor ρ in the following way:

2

 α AAS
1 α AASi
1
2ρ
i
βi = −
±
−
>1 .

 +
2
2
2 σ AASi
2  σ AASi 2
σ AASi

i = {1,2}

(25)

In our case, boundary condition (20) implies that A2=0, so the solution takes the form

F (V ) = AV β1 .

(26)

The remaining boundary conditions can be used to define the two remaining unknowns: the
critical value V* at which it is optimal to invest, and the constant A:
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V* =

A=

β1

β1 − 1

I ,

(27)

( β 1 − 1) β1 −1
V * −I
=
.
(V *) β1 ( β 1 ) β1 ⋅ I β1 −1

(28)

Based on the given equations it is possible to analytically determine option values of the
above-described generation technologies.

6

Discussion and interpretation of the results

In this section, we present the results gained with our model and interpret them on two levels.
First, we describe the difference in the option value between condensing and CHP technology.
Then, we analyze how the option value of coal-fired CHP plants is influenced by the degree
of CHP generation. For both cases, we show the differences between the calculation based on
correlation coefficients and the calculation based on copula functions.

6.1

Difference between condensing plants and CHP plants

In our model, we investigated four different investment options: coal-fired condensing plant,
coal-fired CHP plant, gas-fired CCGT condensing plant, and gas-fired CCGT-CHP plant. The
option values of investment with the same fuel type differ significantly between condensing
plants and CHP plants. Figure 6 shows the option value as a function of the aggregated annual
spread.
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Figure 6: Option value of investment decisions for CHP and condensing plants as a function
of the aggregated annual spread

The option values of condensing plants, irrespective of whether they are coal-fired or gasfired, are higher than the option value of the respective CHP plant. For coal-fired plants the
difference between condensing and CHP technology at the strike price of 70 €/kW amounts to
7.7 €/kW in the correlation based case (4.2 €/kW in the copula based case). For gas-fired
CCGT plants the difference between condensing and CHP technology at the strike price of 66
€/kW amounts to 19.2 €/kW in correlation based case (13.5 €/kW in the copula based case).
The differences in the strike price result from the energy economical assumptions for the
various plant types as described in section 4. For investors, this is an indication that the
uncertainty and risks involved with investments in condensing plants are higher compared to
CHP generation. According to the results of our model it is, therefore, more likely that
investment decisions in condensing plants will be postponed or even cancelled. On the other
hand, the investment decision for CHP plants might be executed earlier, as the option value (i.
e. the value of waiting) is lower. These findings can motivate utilities to invest in CHP
generation instead of condensing plants, especially in periods with a high degree of
uncertainty.
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For coal-fired plants, the difference in the option value between condensing technology and
CHP technology is smaller than for gas-fired CCGT plants. The major reason for this is that
the share of CHP power generation in the coal-fired plant, due to the specific characteristics
and the defined operation mode, is lower than in the gas-fired CCGT plant. Therefore, riskaverse utilities that aim to invest promptly in new generation technologies will prefer CHP
plants with a high share of CHP generation. For both fuel types, we calculated the option
values based on the distributions gained by the application of correlation coefficients and the
distributions gained via copula functions. The results show basically the same tendency, but
the application of copula functions leads to less significant differences between condensing
and CHP plants. This effect is more distinctive for gas-fired power plants than for coal-fired
plants.

6.2

Influence of CHP generation on investment decisions in coal plants

Large coal-fired CHP plants, such as the generic plant defined in this paper, are often operated
in the power control mode and produce heat as a by-product of the generated power. In many
cases, there exists no heat sink close to the plant site that is large enough to allow for a
complete utilization of the waste heat. The transport of heat to remote sites with an additional
demand is economically less attractive due to the high losses of heat transportation over long
distances. In many applications, the degree of CHP generation in a coal-fired power plant is
therefore limited by the local heat demand in the area where the plant is located. The fuel
utilization of a modern coal-fired CHP plant depends on the degree of CHP generation and
varies in a range between 45% in the case of pure power generation, and up to 85% in a plant
with the maximum possible degree of heat utilization. Typical sites for efficient coal-fired
CHP plants with a high degree of CHP generation (and consequently high fuel utilization) are
close to big factories, industrial parks with high heat demand, or near to big cities using the
produced heat for district heating. With our model, we analyze the influence of the degree of
CHP generation on the option value of the investment and thus on the rational decisionmaking of an investor. In order to quantify this effect, we vary the degree of fuel utilization by
starting with a pure condensing plant until we reach a value of 85%, and calculate with our
spread-based model the option value of the investment options concerned. In this context, we
need to consider how the volatility of the specific spread S is affected by the total fuel
utilization ζ of the coal-fired CHP plant, which is illustrated in Figure 7. The figure shows that
spread-volatility decreases if fuel utilization (or the share of CHP generation respectively)
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increases. The reason behind this characteristic is that with an increase in CHP generation the
share of stable revenue components, such as CHP promotion, also increases, which reduces

Std. deviation of specific spread
[€/MWh]

the volatility of the spread and, as a consequence, also the risk exposure of the investor.
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Figure 7: Relation between standard deviation of the specific spread and fuel utilization for a
coal-fired CHP plant

In a next step, we derive with our model the option values of coal-fired plants in dependence
of the fuel utilization that is, as mentioned above, strongly correlated with the degree of CHP
generation. Figure 8 depicts the option values as a function of the aggregated annual spread.
The figure again illustrates the differences between the calculation based on correlation
coefficients and the calculation based on copula functions.
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Figure 8: Option value of coal-fired plants in dependence of the fuel utilization as a function
of the specific aggregated annual spread

The results show that the uncertainty involved with new investments in coal-fired plants is
reduced if the heat of the plant is also utilized. The higher the share of CHP generation of a
coal-fired power plant, the lower the uncertainty for the investor is. An increase in the degree
of fuel utilization from 60% to 85%, which is directly correlated to the share of CHP
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generation, reduces the option value at the strike price from 50.0 €/kW to 41.7 €/kW in the
case based on correlation coefficients (from 53.3 €/kW to 43.3 €/kW in the case based on
copula functions, respectively). In the practical application, this means that it is beneficial if
the sites of large coal-fired plants are close to sizable heat sinks that can utilize as much as
possible of the heat produced. In the case where the dependence structure is modeled via
copula functions, the observed effect is again less pronounced than by application of
correlation coefficients.

7

Conclusions

In this paper we have applied real options theory on investment decisions of new fossil-fired
power plants and have derived some conclusions about the uncertainty related with different
investment options. Our model is calibrated for the German power market. For other countries
the results may deviate from our findings as commodity prices levels and CHP promotion
schemes are different (Westner and Madlener, 2009). Our investigation puts a focus on CHP
generation in comparison to condensing plants. Due to their specific characteristics, such as
additional revenues from heat sales, CHP promotion schemes, specific operational features,
and a beneficial allocation of CO2 allowances, CHP plants have considerably different risk
profiles compared to condensing plants. These specifics can affect the decision-making
process of an investor. The real options model applied is based on aggregated annual spreads
used to calculate the value of various investment options. We take the aggregated annual
spread as an assessment criterion since it contains the relevant volatile input parameters that
have an impact on the valuation of investment decisions. We determined the aggregated
annual spread independently in two different ways, by the application of correlation
coefficients and copula functions, and show the deviation between these two approaches. The
copula-based approach is able to better reproduce the complex dependence structure between
the input variables and, therefore, leads to more precise results in comparison to the
correlation-based investigation that considers only a linear dependency. The results gained by
the real options model provide some insights for investors who intend to invest in new power
generation capacity in Germany. We show that the option values of fossil-fired power plants
with CHP generation are lower than those of the same technology without heat utilization. As
a consequence, the value of waiting of investment decisions in CHP plants is lower, and
investing utilities can decide with less uncertainty whether they want to make a commitment
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for a new plant. Another finding of our research is that the option value depends on the
operation mode of the plant and on fuel-type-specific characteristics. An expansion of the
degree of CHP generation at coal-fired plants reduces the option value and therefore reduces
uncertainty for the investor. Our findings could have an impact on the evaluation of the siting
for new large-scale fossil power plants. As the possible degree of CHP generation depends
significantly on the local heat demand in the surrounding of the plant site, the size of the heat
sink available could therefore gain more relevance in the future in comparison to other
selection criteria for plant sites. The results obtained are only conditionally transferable to
other countries, as some of the risk-reducing effects of CHP generation depend on the
country-specific frameworks, which can differ significantly.

In addition to the specific characteristics of CHP generation, which are considered in our
investigation, there are two further aspects that could also contribute towards decreasing the
risk exposure of CHP generation. These are privileged feed-in conditions and a better public
acceptance. Grid operators in Germany are legally obliged to purchase the power produced in
CHP plants prior to other kinds of conventional generation (preferential dispatch). This is an
advantage especially in areas where conventional power plants are often re-dispatched due to
limitations in the transmission grid. Especially if the fluctuating wind generation in Northern
Germany increases further, the privileged feed-in conditions of CHP generation could become
a significant benefit. Additionally, CHP generation faces in comparison to condensing plants
less resistance from the public. High efficiency and less environmental impacts (e.g.
abandonment of cooling towers) increase public acceptance and reduce the risks of legal
disputes or building freezes for the investing utilities. Our research puts its major focus on the
energy economic aspects and does not consider the advantages through the power purchase
obligation or the better public acceptance of CHP generation, which leaves room for further
investigation.
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Appendix: Results from the Monte Carlo Simulation

Table A.1: Statistics of the aggregated annual spread

(a) Based on correlation coefficients
Coal-fired plants
(Aggregated annual spread in €/kWel)
Statistics
Runs
Mean
Mode
Standard deviation
Variance
Skewness
Kurtosis
Coeff. of variability
Minimum
Maximum
Range width

Condensing

CHP

Gas-fired plants
(Aggregated annual spread in €/kWel)
Condensing

CHP

50,000
99.56625
--136.23780
18,560.738
0.0392
3.11
1.368

50,000
105.58353
--125.34613
15,711.652
0.0385
3.10
1.187

50,000
78.28193
--149.72624
22,417.946
0.0256
3.11
1.913

50,000
248.74537
--190.57906
36,320.378
0.0019
3.02
0.766

-511.75196
729.69097
1,241.44293

-415.70166
707.57227
1,123.27393

-571.99855
777.39406
1,349.39261

-583.80831
1,151.51227
1,735.32058

(b) Based on copula functions
Coal-fired plants
(Aggregated annual spread in €/kWel)
Statistics
Runs
Mean
Mode
Standard deviation
Variance
Skewness
Kurtosis
Coeff. of variability
Minimum
Maximum
Range width

Condensing

CHP

Gas-fired plants
(Aggregated annual spread in €/kWel)
Condensing

50,000
120.81491
--155.95226
24,321.107
0.8209
3.69
1.291

50,000
125.29147
--144.95471
21,011.865
0.7981
3.61
1.157

50,000
101.57156
--167.57349
28,080.875
0.8186
3.74
1.650

-271.296
849.55379
1,120.84979

-225.53456
866.54618
1,092.08074

-350.93104
901.46428
1,252.39532
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CHP
50,000
249.50495
--191.54212
36,688.383
0.0204
3,01
0.767
-528.28511
1138.02481
1,666.30992
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