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Executive Summary
In the light of the rapid increase in electricity demand and the aging stock of existing power plants,
substantial new investments and reinvestments in power generation capacities are needed. For the
selection of suitable technology mixes a robust analytical framework, such as Mean-Variance Portfolio
Theory, is required. In this framework, specific financial risks related to various technologies and the
technical, economic and societal aspects of the plants can explicitly be considered.
The main goal of this research project was to analyze the efficiency of E.ON’s current combination
of existing power generation portfolios in different market units, compared to the optimal (either
minimum risk or maximum return) portfolios, with a particular focus on the role of renewable energy
technologies and the situation in Germany, Sweden, and the United Kingdom. The second goal was to
investigate the impact of different new power generation investment options envisaged by E.ON, in
terms of their likely contribution for achieving a risk-return optimized future production portfolio.
The starting point for our research is Markowitz’s Mean-Variance Portfolio Theory (Markowitz,
1952), a workhorse in the finance literature that has increasingly gained interest also in energy
economics (Bazilian and Roques, 2008; Madlener, 2010). The optimization is undertaken for a rational
investor trying to attain either the power generation mix with the highest expected or the least volatile
expected return. Because of certain limitations associated with the Markowitz approach when
analyzing a more sophisticated energy provider’s expectations under alternative definitions of risk or
profitability, we also considered some methodological extensions / alternatives. In particular, we push
the state-of-the-art of this kind of analysis by looking at alternative portfolio optimization methods, such
as fuzzy portfolio optimization and methods using downside risk measures (Glensk and Madlener,
2010).
In a basic portfolio this study covers the major electricity generation technologies currently
operated by E.ON and partner companies, such as coal-fired, gas-fired and nuclear power plants, as
well as run-of-river hydro power plants. We then investigate the relative impact of new renewable
energy technologies, such as onshore and offshore wind. The financial risks addressed concern the
development of fuel prices, the price of CO2 permits, and the electricity price, among others. Finally,
we also investigate the portfolio impact of technological and regional diversification of CHP
(cogeneration) plants.
The results from our portfolio analysis of E.ON’s power generations in Germany, Sweden, and the
United Kingdom considering annual return as well as net present value as selection criteria show that
the efficiency of E.ON’s power generation mixes could indeed be improved by adding some more
renewable technologies to the portfolios. Furthermore, the application of fuzzy portfolio selection
models allowed us to integrate the investor’s specific aspirations with regard to return and risk.
Regarding the analysis of the portfolio impact of technological diversification of CHP plants, we find
that the diversification of investments in different CHP technologies contributes to the stabilization of
future portfolio returns. In the case of regional diversification of CHP plants across four European
member states, we conclude that a regional diversification of investments in CCGT-CHP is less
meaningful from a return-risk perspective than a regional diversification of engine-CHP assets.
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Introduction

Since electricity market liberalization commenced, energy planners and providers have had to modify
their allocation strategies and to use a robust analytical framework for the selection of suitable
technologies and for their integration into the existing power generation mix. The theoretical and
empirical research indicates that Portfolio Theory, borrowed from the finance literature, is a consistent
framework for analysis of the power generation sector. According to these methodologies the optimal
combination of assets (in our study the various types of power plants, i.e. real assets) is one which has
the smallest attainable portfolio risk for a given level of expected return, or the largest expected return
for a given level of risk. In our analysis, we used this two-dimensional optimization framework that
takes into account, on the one hand, expected returns on investments and, on the other hand, the
investment risks attached. In the proposed framework, financial risks related to various technologies
and the technical, economic and societal aspects of the plants can be explicitly considered. Regarding
all these factors we use both, annual return (AR) and net present value (NPV) of power generation
assets as a measure for project evaluation, in order to construct return-risk-optimized power
generation mixes.

1.1

Goals and project outcome (objective of the project) / Added value

Considering the application possibilities of Mean-Variance Portfolio (MVP) analysis to the energy
sector the main goals of this research were the analysis of (1) the existing generation assets owned by
E.ON in Germany, Sweden and the United Kingdom and (2) the impact of new investments on these
power generation mixes from an expected risk-return perspective. Due to certain limitations connected
with the Markowitz approach, alternative portfolio selection models were also considered. Especially, a
fuzzy approach increases the possibilities of integrating expert knowledge and the investors'
subjective opinions with regard to return and risk into the decision problem, which improves
quantitative and qualitative analysis. Also, including downside risk measures in the optimization model
can positively impact the decision-making process and investors’ assessments of risk. The
consideration of different risk definitions and investor preferences in this research project provides
some new insights about the portfolio optimization problem in the electricity supply industry.
The study covers the major electricity generation technologies currently in operation, such as coalfired, gas-fired and nuclear power plants, as well as hydro power plants and so-called new renewable
energy technologies (e.g. wind, biomass and photovoltaics). Additionally, the impact of combined heat
and power (CHP, cogeneration) on power generation portfolios was aanother important research focus
in this project.

1.2

Prior art, state-of-the-art, technology background (at state of project)

The purpose of the portfolio selection problem is to find combinations of investment possibilities which
best meet the objectives of the investor. This analysis needs various types of information, and should
be based on criteria that provide some guidance as to what is important and what is unimportant.
These objectives and criteria depend on the type of investor, and in particular his or her risk
preference / appetite. The foundation of modern portfolio analysis was laid by Nobel laureate Harry
Markowitz in his pioneering work “Portfolio selection" published in 1952. He considered returns of
assets as random variables and introduced the mean-variance approach. The purpose of MVP
analysis is the maximization of the portfolio’s expected return and minimization of the portfolio risk.
Searching in that way for efficient portfolios along some “efficient frontier” line could be conducted by
solving one of two problems: (1) maximization of the portfolio’s expected return by some given
accepted risk level or (2) minimization of the portfolio’s risk for some given required portfolio return
level. Proposed by Markowitz, this methodology has received extensive attention and development
since 1952 but also a lot of criticism. Most of the criticism of MVP analysis was related to the variance
as a measure of risk and the assumption of a normal distribution of the rate of returns. Moreover,
critique has been raised because MVP analysis is a static methodology, strongly relying on past data.
2

The energy utilities are confronted with a very diverse range of resource options in their energy
planning, but also with a dynamic, complex and uncertain future. Financial investors are used to
dealing with this uncertainty and commonly evaluate such problems with portfolio theory. According to
portfolio theory, they could choose the risk level and maximize portfolio return. Furthermore, the
diversification of portfolio assets is the best means of hedging future risk. Therefore, MVP theory found
a new application field in the energy sector and seems to be a well-suited and quite powerful
complementary methodology to the problem of planning and evaluating power portfolios and
strategies.

1.3

Positioning of the project within the E.ON ERC strategy

Concerning a decision-maker’s (here: energy provider’s / utility’s) point of view we aim at capturing the
complex relations between the technical development, energy markets and also the energy
consumer’s / citizen’s perspective, which are important foci of the E.ON Energy Research Center. On
the other hand, the present project touches upon important problems in energy system modeling in
general, and optimal choice of future energy technology mixes in particular, another strategic goal of
E.ON the ERC.

2

Results of work packages based on list of deliverables /
Accomplishments

2.1

Subject of analysis

2.1.1

Literature review

In recent years MVP analysis has been widely applied to the valuation of power generation assets (for
recent reviews see Bazilian and Roques, 2008; Madlener, 2010). The first recognized application in
the field of energy utilities was done by Bar-Lev and Katz (1976). By using Markowitz’s diversification,
the authors derive an efficient frontier for a fossil fuel mix, and investigate various investment
opportunities by the variation of cost and risk assumptions. The authors conclude that the regulated
utilities investigated are, in general, efficiently diversified. Awerbuch and Berger (2003) apply MVP
theory for the first time on generation portfolios in liberalized power markets and put their focus on the
generation portfolio of the European Union (EU-15). Compared to Bar-Lev and Katz, they make use of
a more detailed portfolio model that also reflects the risks of relevant generation cost streams, such as
construction period costs, operation and maintenance costs, and fuel costs. On the basis of this
model, they show portfolio effects of different generation mixes. Their results show that the existing EU
generation portfolio is slightly suboptimal from a risk-return perspective. Specifically, by adding more
wind power or comparable renewable energy technologies to the conventional mix, the overall
efficiency of the portfolio could be improved. Krey and Zweifel (2006) determine efficient power
generation mixes for Switzerland and the US by applying MVP theory. In their investigation, they
consider correlated shocks in electricity generation costs by usage of the seemingly unrelated
regression estimation (SURE) method. In doing so, the systematic component of the covariance matrix
is eliminated in the case of cost changes. They come to the conclusion that the maximum expected
return from the portfolio in Switzerland could be increased if capacity were shifted from run-of-river and
storage hydro power plants to more nuclear and solar power. Borchert and Schemm (2007) apply
Markowitz’s portfolio theory in a different context, viz. for the evaluation of investment options in wind
power. In particular, as target variables for the investigation of German wind power projects, they take
the expected return of the investment, and the conditional value at risk (CVaR) as a risk parameter.
They conclude that the current promotion scheme for renewables in Germany (EEG) only leads to
minor diversification effects. Roques et al. (2008) put the focus of their investigation not on existing
generation portfolios but on investments in new generation technologies. They concentrate on three
3

base-load technologies (gas, coal, and nuclear) and consider the net present value (NPV) and the
standard deviation of the NPV as target variables. One result of their investigation that focuses on the
UK generation market is that the high correlation between gas and electricity prices reduces the risks
for gas-fired power plants, and makes those portfolios attractive that are dominated by a high gas
share. More diversified portfolios, including also nuclear and coal, are only economically feasible in
combination with risk-reducing, long-term contracts for power sales. Roques et al. consider in their
investigation many cost and technology-specific parameters, whereas the value of long-term
investments, like that in nuclear power capacity, is underestimated in their analysis. Madlener and
Wenk (2008) investigate the future development of the generation portfolio in Switzerland, and the
electric utility AXPO in particular, and aim at identifying efficient investment options for the electricity
supply sector. By applying MVP theory, their study covers power generation technologies currently in
operation as well as new options, such as new renewables (wind, photovoltaics) and combined-cycle
gas turbines, and retrofits. Madlener and Wenk account for construction lead times and asymmetric
distributions in the stochastic variables, explicitly differentiate between base-load and peak-load
technologies, and take the lifetime-adjusted average return and the return-specific variance as target
variables. Their results show that the current production portfolio for base-load in Switzerland is very
close to the efficient frontier, and leaves only little leeway for further optimization, whereas the peakload portfolio still allows for some improvement from a return-risk perspective.
Our review shows that the existing literature provides several different approaches concerning the
application of MVP theory on power generation portfolios. Bazilian and Roques (2008) and Madlener
(2010), among others present some of the work mentioned above and also others in more detail.
Overall, a great interest of both theoreticians and practitioners in this set of problems is revealed. The
major differences between the above-cited research articles can be found in the criteria used to
investigate the portfolio performance.
2.1.2

Analyzed technologies – data collection

In this study the major electricity technologies used in Germany, Sweden and the United Kingdom
were analyzed. Figure 1 compares the power generation portfolios of E.ON in these markets (in % of
output in MWh). As can be seen there are some important differences between the portfolios. First, the
fuel mix largely comprises of coal and gas in the UK, whereas coal is absent and instead oil and
nuclear are mainly used in Sweden. In Germany, the fuel mix consists mainly of nuclear and coal
power plants. Electricity from coal is dominant in the UK (about 47%), while nuclear power dominates
both in Sweden and in Germany (about 53% and 51%, respectively). Natural gas is used in the UK as
a base-load fuel, while it is used as a peak-load fuel in Sweden and Germany. The main electricitygenerating technologies of E.ON in the UK are hard-coal-fuelled power plants, combined-cycle gas
turbines (CCGT) and combined-heat-and-power plants (in sum about 94%), whereas in Sweden
almost all electricity is produced by hydro-electric and nuclear power plants (about 95% in total).
E.ON’s power generation portfolio in Germany is more diversified between fossil and non-fossil energy
resources. 42.4% of electricity in Germany is obtained from technologies such as hard-coal-fired, gasfired, lignite-fired and oil-fired power plants. The remaining 57.6% of electricity comes from nuclear
power plants (51%) and hydro-electric, onshore wind and biomass power plants (6.6%), respectively 1.

1

For more information about the technologies considered and the technical and economic data used see Madlener et al. (2009).
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Portfolio Sweden

Sweden

Portfolio Germany

Germany

Lignite 7.15%

Onshore /Biomass
1.75%

total 122,259 GWh

Hydro 6.34%

Hard coal
27.82%

total 28,300 GWh

Hydro
(<50MW)
10.23%

Nuclear
50.93%

Nuclear
53.00%
Hydro
(>50MW)
31.41%

GT-gas 0.28%
GT -oil 0.99%

Onshore /Biomass 0.33%

GT-oil 3.34%

CCGT/CHP/ GT -gas 6.44%

Portfolio
UK
UK
total 40,390 GWh

Hard coal
46.55%

Onshore /
Offshore /
Biomass
1.73%

CCGT
45.26%

CHP 1.90%
GT -oil 4.55%

Figure 1: Comparison of E.ON’s power generation portfolios in Germany, Sweden and the UK
Source: Own illustration, based on data from E.ON (2009)
Note: Figure in secondary energy units
In response to changes on the energy markets, E.ON aims at the expansion and development of
new strategies, which includes the reduction of specific CO2 emissions by at least 50% by 2030, the
generation of 18% of energy from renewable sources by 2015, and the generation of 50% of electricity
from carbon-free renewable and nuclear energy sources by 2030 (the other 50% coming from lowemission generation). E.ON wants to achieve these targets, among other measures, through new
investments over €60 billion, which have been projected between 2007 and 2010 (E.ON Press
Releases, 2009). However, difficulties and instabilities in the economic and financial markets have
caused some down-sizing of the investment plans. The new investments in all markets analyzed in
this study affect renewable energy technologies (especially on- and off-shore wind parks) as well as
conventional technologies2.
In the section where we consider the impact of CHP on power generation portfolios we analyzed
portfolios consisting of different CHP technologies on the one hand, and such that are located in
various European countries on the other hand. The results of our research are relevant for national
economies that want to identify the optimal mix of CHP technologies in their generation portfolio, and
likewise also for international utilities or contracting companies that are interested in diversifying their
CHP investments in various countries.
To investigate the benefits of technological diversification of CHP plants, we chose a representative
selection of four currently available CHP technologies. These are large-scale coal-fired CHP,
combined-cycle gas turbine, engine-CHP, and micro-turbine CHP. The four technologies represent
typical CHP technologies that are already commercially available and used in practical applications.
Large-scale coal-fired plants with heat extraction are often used for district heating in areas with a high
density of heat consumption. Medium-sized CCGT-CHP plants are usually employed for large
industrial applications, and are often located close to the sites of energy-intensive industrial
companies. Engine-CHP applications, in contrast, deliver power and heat to smaller industrial or
commercial companies, and are also often used for local heat supply systems. Finally, micro-turbines
are typically decentralized CHP applications used as heating systems in public buildings, such as
2

For detailed information about new investments see Madlener and Glensk (2010).
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hospitals, schools, etc. In our analysis, we have chosen micro-turbine CHP as an example of all smallsized mini- and micro-CHP applications3.

2.2

Methodology

The main purpose of portfolio analysis is to find a portfolio best suited to the investor’s objective. With
regard to the investor’s objective, it is impossible to achieve the set of all possible objectives
connected with portfolios. However, two objectives are common to all investors. First, they want a high
return and, second they prefer certainty to uncertainty. Given these two main objectives the portfolio
selection problem can be formulated either as
Portfolio return → max
Portfolio risk ≤ Accepted risk level
subject to

or

∑

where
2.2.1

Portfolio risk → min
Portfolio return ≥ Desired return level
subject to
∑

xi is the share (weight) of asset i, and n the number of assets in the portfolio.
Mean-variance portfolio selection model

The MVP approach shows how rational investors can reap the risk-reducing benefits of diversification,
and make their portfolios efficient (i.e. an investor should not take more risk than necessary for a given
level of expected return). According to this methodology it is not enough to look at the expected return,
and the risk of one security in isolation, especially when investing in more than one stock.
Diversification is the basic ingredient of Markowitz’s MVP analysis, and the relationship between
expected returns and risks (the basic portfolio characteristics) constitutes an integral part of this
approach.
The mean-variance portfolio selection model is defined as follows:

subject to:

(

)

∑

∑

where E(Rp) denotes portfolio expected return, Ri the expected return of individual assets, and V(Rp)
the portfolio risk. The latter is given by the following equation:

(

3

)

√∑

∑ ∑

For more information see Westner and Madlener (2009) and Westner and Madlener (2010).
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where
is the variance of component asset i,
coefficient between i and j.
2.2.2

the volatility of asset i, and

the correlation

Fuzzy semi-mean absolute deviation model

The mean-absolute deviation (MAD) model is an alternative to the classic mean-variance model in that
the measure of risk (standard deviation) is replaced by the absolute deviation. This methodology was
proposed by Konno and Yamazaki (1991) and Konno and Koshizuka (2005). In this alternative
approach a new definition of risk is used. Because positive deviations of investments from expected
mean value are beneficial, only negative deviations are defined as risks.
Considering fuzzy theory and regarding investors’ aspiration level of return and risk, the fuzzy
semi-mean absolute deviation portfolio selection model was proposed:

subject to:

∑
∑
∑

∑

where

(

denotes the value of membership function for expected return and risk4).

Parameters RM and wM are the mid-points where the membership function value is equal to 0.5, and
parameters
and
determine the shape of these membership functions. The variable dt is a time
variable connected with semi-mean absolute deviation, and Rit represents the return value for asset i
at time t5.

2.3 Determination of selection criteria for the power generation portfolio
selection problem
The specific character of the energy sector and especially energy utilities necessitates the definition of
a suitable measure of return. Analyzed technologies, in contrast to the stock market, are real assets
described by many different parameters. Differences among these parameters are connected to the
energy market mechanism and its uncertainties and risks. To capture all elements, annual return (AR)
and net present value (NPV) are proposed as measures of return.
The annual expected return per unit of electricity production (€/MWh) was applied to the analysis of
existing technologies. Including new investments into the analysis implies the necessity of using NPV
(in our study per unit of installed capacity, in €/kW) as a measure, which also has a dynamic character.
Both methods are based on annual cash flows (CF), which during the operation phase of the plant
4

The formal presentation of these membership functions can be seen in Glensk and Madlener (2010).
More information about this model and other proposed and analyzed fuzzy portfolio optimization problems can be found in
Glensk and Madlener (2010).
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consider all revenues rp and costs (i.e. fuel costs, cf. These costs include carbon dioxide mitigation
costs, cCO , operation and maintenance costs, cO&M, cost of capital, cc, and capital depreciation,
2



),

and are calculated by the following formula:
.

2.4 Monte Carlo simulation and analytical procedure for selection of power
generation mix
The analytical procedure used to compute efficient portfolios was composed of the following steps:
 First – the historic time series of electricity, fuel and CO2 prices were used to calculate the
volatility and cross correlations of these parameters.
 Second – a Monte Carlo simulation (conducted with the Crystal Ball software) was run
(100,000 runs) to compute the distribution of the annual expected return as well as the NPV
for all technologies (considering the calculation made in the first step) and the crosscorrelation between technologies.
 Third – the MVP selection problem as well as the fuzzy semi-mean absolute deviation model
were used to generate the efficient portfolios in the analyzed markets. In the sections
“Analysis of existing power technologies” (2.5.1) and “The impact of new investments on
existing power generation mix” (2.5.2) efficient frontiers were obtained through the
implementation of quadratic and linear programming in the dynamic object-oriented
programming language Python 2.6. In the section “The impact of CHP on power generation
portfolios” (2.5.3) the efficient frontiers were obtained by using the Crystal Ball software.

2.5 Results of portfolio evaluations
2.5.1

Analysis of existing power technologies

In this analysis we have employed unrestricted and restricted MVP theory to determine the efficient
frontier for power generation of E.ON in Germany, Sweden and the UK (Figure 2). From an investor’s
(i.e. energy company’s, not shareholder’s) point of view, expected returns are defined as annual return
per unit of electricity output in €/MWh and expected risk as standard deviation.

8

Unrestricted MVPA

Restricted MVPA

Unrestricted MVPA

(a) Germany

Restricted MVPA

(b) Sweden

Unrestricted MVPA

Restricted MVPA

(c) United Kingdom
Figure 2: Efficient frontier of E.ON's power generation
Source: Own calculations
Actual information about all technologies currently owned by E.ON in Germany, Sweden and the
UK was used to determine a picture of the current portfolios in these countries. The information used
about these power plants owned by E.ON is based on data publicly available in the E.ON report
Strategies and Key Figures and on data from the E.ON website. These actual portfolios were
compared with the efficient portfolios obtained according the described methodology. The simplified
analysis, based on the unrestricted and restricted portfolio selection model, indicate that the power
generation portfolios held by E.ON in Germany, Sweden and the UK are, if compared to the efficient
frontiers obtained by the MVP analysis proposed by Markowitz, to a certain degree inefficient,
indicating some scope for efficiency improvement. The results of our study show that in all considered
countries, investments in renewable energy technologies are needed. Note also, however, that the
results achieved by application of unrestricted MVPA should be treated with caution, because
technically infeasible solutions can be obtained as well. In opposition to these, the results obtained by
applying restricted MVPA show an improvement in the portfolio analysis of power generation mixes.
Specifically, additional constraints included in the model impact the level of diversification and give
technically feasible solutions (cf. Table 1).
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Table 1: Efficient portfolios and E.ON’s actual portfolio for restricted portfolio selection model
(a) Germany
P1

P2

P3

P4

P5

Current E.ON
portfolio

Biomass

0.07%

0.07%

0.07%

0.07%

0.00%

0.06%

CCGT

0.10%

0.03%

0.00%

0.00%

0.00%

4.81%

CHP

0.00%

0.00%

0.00%

0.00%

0.00%

1.20%

GT gas

0.00%

0.00%

0.00%

0.00%

0.00%

0.44%

GT oil

7.24%

0.00%

0.00%

0.00%

0.00%

0.99%

Hard coal

45.67%

45.67%

45.67%

35.50%

23.56%

27.82%

Hydro

14.95%

0.00%

0.00%

2.95%

14.95%

6.34%

Lignite

8.22%

8.22%

0.99%

8.22%

8.22%

7.15%

Nuclear

23.33%

45.59%

52.84%

52.84%

52.84%

50.93%

Onshore

0.42%

0.42%

0.42%

0.42%

0.42%

0.26%

Return/Output
[€/MWh]

3.42

7.97

8.36

8.59

8.61

7.96

Risk [€/MWh]

12.48

12.73

12.77

12.83

12.93

13.60

Source: Own calculations
(b) Sweden
P1

P2

P3

P4

P5

P6

P7

Current
E.ON
portfolio

Biomass

6.99%

6.99%

6.99%

6.99%

0.50%

0.00%

0.00%

1.54%

GT gas

3.52%

3.52%

3.52%

0.00%

0.00%

0.00%

0.00%

0.28%

GT oil

36.05%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

3.34%

Hydro (>50MW)

24.69%

27.93%

29.60%

31.01%

34.44%

35.83%

44.71%

31.41%

Hydro (<50MW)

1.07%

0.84%

0.00%

0.00%

0.00%

0.00%

0.00%

10.23%

Nuclear

27.47%

60.51%

59.68%

61.79%

65.06%

64.17%

55.29%

53.00%

Onshore

0.21%

0.21%

0.21%

0.21%

0.00%

0.00%

0.00%

0.20%

Return/Output
[€/MWh]

-25.52

10.29

10.33

11.82

12.20

12.23

12.25

8.32

Risk [€/MWh]

16.32

17.06

17.06

17.41

17.62

17.64

17.66

17.63

Source: Own calculations
(c) United Kingdom
P1

P3

P4

Current E.ON
portfolio

Biomass

0.81%

0.00%

0.00%

0.00%

0.71%

CCGT

63.70%

63.70%

63.70%

63.70%

45.26%

CHP

0.00%

0.00%

0.18%

10.44%

1.90%

GT oil

0.00%

0.00%

0.00%

0.00%

4.55%

Hard coal

34.20%

35.00%

34.82%

24.56%

46.55%

Offshore

0.41%

0.41%

0.41%

0.41%

0.46%

Onshore

0.88%

0.88%

0.88%

0.88%

0.56%

Return/Output
[€/MWh]

6.77

6.87

6.88

7.49

3.47

Risk [€/MWh]

7.71

7.76

7.78

13.23

9.12

Source: Own calculations
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P2

This analysis had a static character and requires some further development. Therefore, we turn now to
dynamic portfolio analysis.
2.5.2

Impact of new investments on existing power generation mix

(a) Mean-variance approach
To investigate the impact of new investments on power generation assets in Germany, Sweden and
the United Kingdom, Markowitz’s mean-variance portfolio theory was applied. We determined the
efficient frontier for existing and prospective power generation assets. In the case of new investments,
we analyzed the aggregate impact of all new investments, but also the separate impacts of new
investments in renewable, conventional and nuclear power technologies. The selection risk criteria
were expected NPV and the standard deviation of NPV per unit of installed capacity (€/kW). Current
as well as prospective portfolios for each market unit were compared to the efficient portfolios obtained
through application of Markowitz’s mean-variance method.

(a) Germany

(b) Sweden

(c) United Kingdom
Figure 3: Efficient frontiers of E.ON's current power generation mix and new investments
Source: Own calculations
With respect to the results of this analysis, we observed different scales in the impact of new
investments on existing power generation mixes in the analyzed markets. The investigation showed
that new renewable investments had a strong positive impact on existing portfolios in all markets. With
regard to new investments in conventional technologies, the impact on the existing power generation
mix is rather negative. When comparing the aggregate impact of all projected new investments, results
11

differ across markets. In the German case, where the scale of new investments is modest, the impact
of these projects is rather positive. In Sweden, in contrast, where most investments are really
reinvestments, the efficient portfolios after reinvestment perform worse than the efficient portfolios ex
ante. In the UK, the projected new investments are significant in quantity, but have a negative impact
on the existing portfolio (Figure 3)6.
(b) Fuzzy semi-mean absolute deviation approach
In the next step of our analysis we use fuzzy theory and semi-mean absolute deviation as a risk
measure in our portfolio selection model of power generation assets. As the results indicate, the fuzzy
semi-mean absolute deviation model shifted the efficient frontier on the risk axis. The efficient
portfolios for the same return level have smaller risk when compared to portfolios obtained with the
MVP model. This shift can positively affect the decision-making process of a risk-averse decision
maker.
We analyzed three fuzzy portfolio optimization models with different approaches to fuzziness. By
introducing membership functions describing investors' aspiration levels for expected return and risk
we integrated the knowledge of experts and investors' subjective opinions into the decision-making
process. In our analysis, using this model affects the size of the set of efficient portfolios – the set is
smaller when compared to other fuzzy semi-mean absolute deviation models in the literature, such as
the semi-mean absolute deviation model or the mean-variance model (Figure 4). A sparse set of
alternatives, which must be considered when making a decision, can drive this optimization process.
Moreover, in this model the decision maker has a chance to determine so-called sufficient and
necessary conditions and thereby can obtain the optimal solution7.

Figure 4: Efficient frontiers for power generation assets in Germany obtained by alternative
portfolio selection methods
Source: Own calculations

6

More information about the composition of presented here efficient frontiers can be found in Madlener and Glensk (2010).
More information about the application of other fuzzy semi-mean absolute deviation models for power generation mixes can be
found in Glensk and Madlener (2010).
7
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2.5.3

Impact of CHP on power generation portfolios – a portfolio analysis based on
technological and regional aspects

Combined heat and power (CHP) generation is an efficient way to realize primary energy savings and
to reduce environmental impacts when compared to separate heat and power production. We
investigate CHP portfolios that are regionally or technologically diversified and show how
diversification can contribute to stabilizing the returns of mixed CHP portfolios. A regional
diversification of CHP plants contributes to balancing regional differences, such as in commodity price
levels or promotion schemes for CHP applications in different countries. Technological diversification
contributes to balance the specific characteristics of various CHP technologies, like investment costs,
fuel type and operation modes. In our model, we incorporate the specific characteristics of CHP
generation, such as governmental promotion, additional revenues from heat sales, specific operational
features, and specifics concerning the allocation of CO2 allowances. The results show that the NPV of
the returns on CHP generation assets differs significantly, depending on the country and the
technology. A regional as well as a technological diversification can contribute to a stabilization of
portfolio returns.
(a) Technological diversification - portfolio selection based on NPVs
We mixed the four CHP technologies (coal-fired CHP, CCGT-CHP, engine-CHP and micro-turbine
CHP), and investigated the robustness of the gained portfolios. Each dot in Figure 5 represents a
portfolio with a different technology mix. The portfolio compositions are varied in 10% increments. The
graph can be interpreted as follows: Investments in portfolios consisting entirely of coal-fired CHP
have the lowest NPV and the highest standard deviation of NPV. By reducing the share of coal-fired
CHP plants in the portfolio, the NPV increases and the risk is reduced. The highest NPV can be
reached by a portfolio consisting of 100% CCGT-CHP. The portfolio with the lowest standard deviation
in the NPV (15.89 €/kWel) contains 10% CCGT-CHP, 30% engine-CHP and 60% micro-turbine CHP.

Figure 5: Efficient frontiers for portfolios consisting of four different CHP technologies
Source: Own calculations

13

(b) Technological diversification - portfolio selection based on the expected annual return
We changed the target variable and took the expected annual return instead of the expected NPV to
investigate portfolios that consist of different CHP technologies. The analysis was carried out for two
discrete points in the future, so that the dynamics of future developments were reflected. The specific
annual return depends on the amount of power produced; therefore, the comparison of technologies is
related to the energy output (measured in €/MWhel).
The returns in the year 2010 show the performance of CHP technologies at the beginning of their
lifetime. The year 2020 is for some technologies, such as engine-CHP and micro-turbine CHP, close
to the end of their lifetime. In 2010, CCGT-CHP delivers the highest return, followed by engine-CHP
and micro-turbine CHP. From a risk perspective, coal-fired CHP and engine-CHP have the highest risk
exposure. Over time, the characteristics of the portfolio components change. In 2020, the annual
returns are reduced, among other things due to the phase-out of subsidies after the promotion period
defined in the German CHP Act (KWK-Gesetz). Coal-fired CHP plants exhibit the lowest annual
returns and the highest risk exposure over the entire period from 2010 to 2020.
Figure 6 provides the results of the portfolio analysis based on the expected annual return for
portfolios consisting of four different CHP technologies. The diagram includes the efficient frontiers of
the years 2010 and 2020 and shows how the return-risk characteristics change during the 10-year
time period considered.
The efficiency frontier for the year 2020 shows a lower level of annual returns than the 2010
efficiency frontier. One reason for this outcome is, among others, the lack of government promotion.
The components of the minimum risk portfolio change over the years from 100% micro-turbine CHP to
a mixed portfolio consisting of 50% micro-turbine CHP and 50% CCGT-CHP.

Figure 6: Results of the annual return investigation of mixed CHP portfolios for 2010 and 2020
Source: Own calculations
(c) Regional diversification - CCGT-CHP
In our investigation we apply MVP theory to CHP portfolios consisting of different CHP technologies
and that are located in various countries (Germany, France, Italy and the UK). The results of our
research are of interest for national economies wanting to identify the optimal mix of CHP technologies
in their generation portfolio, but also for international utilities or contracting companies that are
14

interested to diversity their CHP investments in various countries. To encourage its member states to
promote CHP generation, and to provide an attractive framework for highly efficient cogeneration, the
European Commission launched the EU CHP Directive 2004/8/EC in February 2004. The
implementation of the directive has progressed more slowly than originally expected, but after more
than five years, a number of EU member states have introduced support mechanisms to promote CHP
technologies. The national promotion schemes are based on different principles8. In the countries
analyzed we considered: guaranteed feed-in tariffs (for Germany and France), green certificates (for
Italy), and fiscal support (for UK).
First, we applied the MVP approach to investments in new CCGT-CHP plants. Characteristic
attributes of the plant, such as the size as indicated by installed capacity, capacity utilization, and the
correlation coefficients between the NPVs of the different options, significantly impact the portfolio
analysis results, as shown in Figure 7. Each dot in the diagram represents a return-risk combination
for a mixed portfolio of CCGT-CHP investments in various countries. Portfolios where all assets are
located in a single country are marked in the diagram as 100% portfolios. These portfolios are not
regionally diversified.
The portfolio effect of CCGT-CHP investments in different countries is low, due to the high
correlation between the investment options and the fact that CCGT-CHP in Germany generates the
highest NPV as well as the lowest standard deviation of the NPV. As a consequence, it is impossible
to reduce the risk exposure through diversification of CHP investments in the other countries
considered, and there exists no efficiency frontier for CCGT-CHP portfolios. The optimal portfolio from
a return-risk perspective is a portfolio consisting of 100% CCGT-CHP in Germany. Due to the
beneficial government promotion and the commodity prices assumed, the framework conditions for
CCGT-CHP in Germany are more favorable than in the three other European markets investigated.

Figure 7: MVP analysis of CCGT-CHP portfolios with assets in the four selected countries
Source: Own calculations

8

For more information see Westner and Madlener (2010).
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(d) Regional diversification - Engine-CHP
As a next step, we report the findings of the portfolio selection for engine-CHP applications. In
countries like Germany, smaller CHP applications, such as engine-CHP, receive relatively more
governmental support than larger plants. In addition, capacity utilization is lower when compared to
CCGT-CHP plants. This reduces the influence of commodity prices on the economics of engine-CHP
investments, and strengthens the influence of revenues through governmental support for CHP. As a
consequence, there exist significant differences in the correlation coefficients between the NPVs of
engine-CHP applications in different countries, and hence a significant portfolio effect can be noticed.
The results from the Monte Carlo simulation (100,000 runs) are depicted in Figure 8.
In the UK and in France, the NPVs of engine-CHP applications are negative, due to the commodity
price level and a less beneficial promotion policy. Therefore, many portfolio combinations that include
assets in the UK and France are not profitable and show a negative NPV. The portfolio with the
highest NPV once again has 100% of its CHP assets located in Germany. This portfolio reaches an
internal rate of return (IRR) of 12%. For engine-CHP, we notice a clear portfolio effect and that a
regional mix can contribute to reduce the risk exposure. The portfolio with the lowest NPV standard
deviation has a negative NPV. The first portfolio on the efficiency frontier with a positive NPV consists
of an asset mix with engine-CHP plants in Germany (50%), France (10%), Italy (20%), and the UK
(20%). The NPV of this portfolio is 3 €/kWel, which corresponds to an IRR of only about 0.4%.

Figure 8: MVP analysis of engine-CHP portfolios with assets in the four selected countries
Source: Own calculations

3

Conclusions and recommendations

In the section “Analysis of existing power technologies” (2.5.1) we have employed unrestricted and
restricted Markowitz’s mean-variance portfolio models to determine the efficient frontier for existing
power generation in Germany, Sweden, and the UK. This static analysis was conducted with the
annual return per electricity output in €/MWh as a selection criterion and standard deviation was
defined as a risk measure. The results pointed out that the efficiency of power generation mixes could
be improved with more renewable technologies included in the portfolios. Furthermore, the
16

comparison between the unrestricted and restricted portfolio selection model shows the importance of
additional limitations in portfolio selection problems for real assets such as power plants. Omitting
these constraints in optimization modeling caused technically infeasible solutions.
The section “The impact of new investments on the existing power generation mix” (2.5.2) contains
some interesting methods, results and implications. First, the portfolio selection model captured the
dynamics in the NPV in the electricity sector and its associated technologies. Second, using NPV as a
selection criterion allowed us to combine existing power plants with announced new investments in
new portfolios. Through this project evaluation method (NPV) we could investigate the impact of new
investments on the existing power generation mix, which yielded interesting and significant results.
Finally, the application of an alternative risk measure, i.e. the semi-mean absolute deviation in
combination with fuzzy portfolio selection models, allowed us to develop a new perspective on power
generation selection problems that, to the best of our knowledge, has not yet been introduced in the
energy economics literature. Semi-mean absolute deviation facilitates a better description of risk (in
that only negative deviation is considered as risk) and we can better integrate the investors’
aspirations with regard to return and risk.
In the section “The impact of CHP on power generation portfolios” (2.5.3) we showed how
diversification can contribute to a stabilization of the returns from mixed CHP portfolios. The benefits of
technological diversification are shown by an analysis of market conditions in Germany. We defined
four characteristic kinds of CHP generation technologies, and derived independently return-risk
profiles on the basis of expected NPVs and expected annual returns. These profiles are the basis for
the portfolio analysis. Irrespective of the selection criteria, the analysis yields similar results: CCGTCHP and engine-CHP are, from a risk-return perspective, the most attractive CHP technologies.
Micro-turbine CHP has lower returns but shows, at least at the beginning of its lifetime, a low risk
exposure compared to the other CHP technologies. The performance of coal-fired CHP, from a return
as well as from a risk perspective, is worse than all other investigated options. A diversification of
investments in different CHP technologies contributes to the stabilization of future portfolio returns.
The investigation of a regional diversification shows that CHP promotion schemes contribute to
increased profitability, and in many cases turn the balance in favor of new investments in CHP
generation. The analysis of CHP promotion schemes applied in the EU-27 shows a wide range of
support mechanisms that are based on different principles. From MVP analysis we infer that regional
diversification is only conditionally able to reduce the risk exposure of CHP portfolios, and that the
degree of diversification depends on the chosen technology. From our analysis, we can conclude that
a regional diversification of investments in CCGT-CHP is less meaningful from a return-risk
perspective than a regional diversification of engine-CHP assets.

4

Further steps, future developments and proposed actions

The model adopted for calculating the expected returns was rather simplistic, and should be
elaborated further. Also, we still need to search for an adequate measure of return for problems with
real assets like power plants. Furthermore, Markowitz’s approach to optimal portfolio selection has
been criticized in the literature. Therefore, alternative methods of portfolio selection, such as the fuzzy
portfolio selection method or the semi-mean absolute deviation model, were also used and should be
further developed. Fuzzy portfolio selection models with semi-mean absolute deviation as a risk
measure illustrated interesting possibilities for application to the energy sector, much as they facilitate
complex analysis of financial markets. The complexity of energy market and its uncertain environment
can be better captured with fuzzy theory, but further development of these models with specific
application to the energy sector is still necessary.
Power generation portfolios have a dynamic character connected with changes in the generation
mix (new power plants could be constructed or purchased and old ones could be decommissioned),
but also with changes in economic (prices and costs development) and technical (technique
development) parameters. For this reason dynamic optimization methods for portfolio selection and
management are the next step that must be taken in this kind of research.
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Our analysis of the CHP impact on power generation assets also revealed some areas where
further research is required and, in our opinion, also worthwhile. First, large CHP plants currently profit
from the beneficial allocation mechanism of CO2 allowances for CHP generation. Political changes to
this regulatory framework could decrease the attractiveness of CHP generation. Also, in this context,
the influence of regulatory risk ought to be scrutinized via sensitivity analysis. This is beyond the scope
of the current research project. Second, it would be interesting to know how mixing power-only and
CHP technologies affects the portfolio’s performance. Finally, the impact of increased CHP generation
on existing portfolios (in terms of return and risk, but also additional investment needs and other
externalities) could be analyzed from a portfolio optimization point of view.

5
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Figure 9: Timeline of the project
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