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REVIEW OF SELECTED METHODS FOR PORTFOLIO 

OPTIMIZATION OF AND IRREVERSIBLE  
INVESTMENT IN POWER GENERATION  

ASSETS UNDER UNCERTAINTY 
 
Summary: In this paper, we present some examples to illustrate the use of selected finan-
cial methods for the portfolio optimization of power generation assets. We start with classi-
cal MV theory, followed by dynamic variants to MV portfolio optimization, and eventually 
how fuzzy set theory can be used in portfolio optimization of power generation assets.  
In light of the ongoing liberalization process of the energy markets, and the risks and uncer-
tainties created by rising shares of renewable electricity in the spot market, we present real 
option model specifications that can be used by energy companies to run these assets prof-
itably and to make rational new investments in conventional power plants. Such models can 
help to determine the optimal timing to invest (or disinvest) in power plants, and can thus be 
powerful and useful tools for decision-makers. 
 
Keywords: portfolio optimization, fuzzy set theory, real options analysis. 
 
 
Introduction 
 

The liberalization of electricity markets in many countries increased the 
competition for market shares amongst electricity producers and retailers alike, 
as well as raised the types and levels of risk and uncertainty in the investment 
process. Higher risk and uncertainty require some upgrading in the “toolbox” 
used for decision-making in the energy business. Moreover, regarding the in-
crease of the market risk (with respect to the development of the future electric-
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ity demand and supply as well as electricity and fuel prices), regulatory risks  
(related to uncertainty in environmental and energy regulations, and market de-
sign), and the use of renewable energy technologies, it was necessary to apply 
more sophisticated methods in the investment process. Indeed, these facts af-
fected the application of financial mathematical methods to the valuation process 
of electricity generation assets. 

An advanced and robust analytical framework increasingly applied also in 
the energy domain is Mean-Variance Portfolio (MVP) analysis. This theory pro-
vides a mathematical framework that enables to identify the set of efficient port-
folios (in the sense of return maximization for a given expected risk or risk 
minimization for a demanded expected return). Moreover, specific financial 
risks related to various technologies as well as the technical, economic and so-
cietal aspects of the plants can explicitly be considered. Nevertheless, the classic 
MVP theory is a static approach, which requires some modifications, especially 
when technical change, learning effects, and dynamics in the generation mix 
shall additionally be taken into account. 

Regarding the evaluation of investment decisions under uncertain future 
market conditions traditionally the net present value (NPV) criterion is typically 
used but in many cases totally inadequate. In order to capture unexpected market 
developments, more powerful approaches such as real options analysis (ROA) 
can be applied. Based on option pricing theory (in financial securities), ROA 
uses continuous time stochastic processes and enables the modeling of uncer-
tainty in the economic variables (e.g., in terms of cash flows, prices, returns, or 
asset values) and managerial flexibility (e.g., in terms of the optimal timing of 
the (dis-)investment) in the decision-making process. 

In this paper, we present the results obtained from using MVP and ROA for 
decision-making in the energy sector, conducted by the authors in three different 
projects over the last six years. The remainder of this article is structured as fol-
lows. In section 1, we give a briefly literature overview regarding the use of 
MVP and ROA in the energy domain. Section 2 presents different MVP optimi-
zation model specifications, whose application is illustrated with some results 
from our own studies. The application of ROA in decision-making processes in 
the energy sector, with some examples from conducted research studies, is in 
Section 3. The last Section concludes. 
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1. State of the art of MVP and ROA applied to the energy sector 
 

Mean variance portfolio theory has been successfully applied to the energy 
sector for determining the optimal power generation mix. The first application to 
the energy sector in the US was presented by Bar-Lev and Katz [1976], and for 
the European Union by Awerbuch and Berger [2003]. Further applications  
of MVP for the valuation of power generation assets can be found, e.g., in the 
reviews by Bazilian and Roques [2008] and Madlener [2012], respectively. The 
reviews provide several different approaches concerning the application of MVP 
theory on power generation portfolios. The studies initially started with power 
generation costs as a proxy for the profitability of the assets, later refined by the 
explicit inclusion of revenues from electricity production in the portfolio analysis. 
Moreover, such studies incorporate both econometric analysis as well as methods 
of different kinds from the finance literature (especially regarding the definition  
of risk) to improve the technologies’ representation in power generation mix. 

For investment decisions under uncertainty, ROA has become increasingly 
popular in applications in different sectors of the economy since the early 1990s. 
Fernandes et al. [2011] provide a comprehensive review of the current state-of-
the-art in the application of ROA in the energy sector, for non-renewable as well 
as for renewable energy technologies. They introduce the basic principles of the 
real options theory and define common types of real options to their valuation 
methods. Considering different studies from the end of the 1980s till 2010, they 
describe various applications of ROA in the oil industry, the power generation 
sector, energy commodity markets, as well as in carbon emission mitigation pol-
icy, with different solution methods applied (such as partial differential equation 
modeling, binomial option valuation, Monte Carlo simulation, and dynamic pro-
gramming).  

In the context of our research (here: the use of ROA applied to gas-fired 
power plants), and depending on the models which have to be developed, different 
studies have provided a variety of important new insights. Regarding the optimal 
timing to disinvest, which so far has only found attention in a few studies (mainly 
dealing with the agricultural and dairy industry, and production planning issues), 
the standard solution methods presented by e.g. Mun [2006] can be applied. How-
ever, the applications presented by Näsäkkälä and Fleten [2005] and Fleten and 
Näsäkkälä [2010], as well as modeling ideas proposed by Deng et al. [2001], and 
Deng and Oren [2003], are important new developments in terms of applying real 
options modeling and analysis to investments in flexibility measures. 
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2. Portfolio theory and its application to power generation assets 
 

The main purpose of portfolio analysis is to find a portfolio that is best 
suited to the investor’s objective. The two most common dimensions to all in-
vestors are return and risk. Nevertheless, when considering the application of 
portfolio optimization to power generation assets, the first step is the definition 
of an adequate return measure as a portfolio selection criterion for real assets, in 
our case typically power plants. Many previous studies have simply used costs 
as a proxy variable for determining optimal portfolios. In contrast, we proposed 
two alternative measures: annual return (which is more static, and can be better 
applied by the analysis of technologies already in use) and present value. Based 
on the NPV principle, the present value of the i-power plant (PVi) is defined as 
follows (cf. Madlener et al. [2009] and Madlener et al. [2010]):                                   &( )                              (1) 

with revenues, r, fuel costs, cf, carbon dioxide mitigation costs, co2, operation 
and maintenance costs, cO&M, cost of capital, cc, and capital depreciation, δ. This 
proposed definition of return as a measure of a power plant’s economic viability 
was used in all most of the portfolio selection models considered and analyzed 
by us so far. 

In several of our studies, the major electricity generation assets operated by the 
energy company E.ON in Germany, Sweden, and the United Kingdom were ana-
lyzed. Moreover, to capture the dynamics and in particular the changes in the gen-
eration mix, planned and actually realized new investments in different power tech-
nologies were taken into consideration. The input data regarding economic as well 
as technical parameters necessary for the calculations can be found in Madlener  
et al. [2009, 2010] and Madlener and Glensk [2010], respectively. 
 
 
2.1. Mean-variance portfolio theory 
 

The application of the standard MVP selection model of Markowitz 
[Markowitz, 1952] provides the basis for the allocation of different generation 
technologies in efficient portfolios. Regarding the trade-off between return  
(defined as the present value of the power plant, cf. eq. (1)) and risk (represented 
by the standard deviation ( )) the portfolio selection model is defined as  
follows:                                                              min                                                     (2) 
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We observe here, that current and new portfolios of E.ON in Germany (the 
colored bigger squares) are located way off the efficient frontiers, indicating 
some scope for improvement of the portfolio. Moreover, new portfolios of E.ON 
in Germany (i.e. where new investments were considered) have smaller present 
values but also lower risks in comparison to the current portfolio consisting of 
already existing and operating technologies only. Furthermore, regarding new 
investments it can be noticed that all new investments do have a positive impact 
on the present value (red line between P4-P5). The highest positive impact on 
the present value results from adding new renewable energy technologies to the 
existing generation mix (green line). 
 
 
2.2. Fuzzy semi-mean absolute deviation portfolio selection model 
 

Taking the Markowitz approach into account, other researchers developed 
models for portfolio optimization using different functions for measuring the 
performance of a portfolio. One of these alternative approaches uses the semi-
mean absolute deviation as a risk measure [Konno and Yamazaki, 1991]. The 
proposed model results in the linearization of the portfolio optimization model. 
According to Konno and Koshizuka [2005], the semi-mean absolute deviation 
(SMAD) model for portfolio selection is specified as:                                                            1                                                      (7) 

                                                      ( ) max                                                (8) 

subject to:                                 ( ) , 1, 2, … ,                           (9)                                                                     0                                                         (10)                                                                1                                                        (11)                                                           0 ,                                                   (12) 
where PVit is the present value (return) of portfolio share (asset) i in period t and dt 
refers to the negative deviation between the realization of the portfolio’s present 
value (return) and its expected value at time t over a time span T. 
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The imperfect knowledge about returns, and the uncertain environment 
make the investment process more complex. To capture this complex reality of 
decision-making problems, fuzzy set theory is proposed as an alternative to the 
standard MVP approach (see e.g. Fang et al. [2008]). One of proposed models 
which regard to the investor’s aspiration levels of return and risk is the fuzzy 
semi-mean absolute deviation (FSMAD) portfolio selection model defines as:                                                                 Λ                                                         (13) 
subject to:                                              Λ                                             (14) 

                                             1
Λ                                              (15) 

                                           ( ) 0                                           (16)                                                                    0                                                          (17)                                                                1                                                        (18)                                                           0 ,                                                   (19)                                                                     Λ 0                                                          (20) 
where Λ  (  denotes the value of membership function for expected 
return and risk1). Parameters RM and wM are the mid-points where the member-
ship function value  is equal to 0.5, whereas the parameters  and  deter-
mine the shape of these membership functions. The variable dt is a time variable 
connected with the semi-mean absolute deviation2. 
 

                                                 
1  The formal presentation of these membership functions can be seen in Glensk and Madlener 

[2010]. 
2  More information about this model and other proposed and analyzed fuzzy portfolio optimiza-

tion problems can be found in Glensk and Madlener [2010]. 
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subject to:                                               1  , 1, …                                        (22)                           , 1, … , 1, …                    (23)                                 0  , 1, … , 1, …                         (24)                                       ′  , 1, … , 1, …                                 (25) 
for all scenarios s and s’ with identical past up to time t, where:  defines portfolio return, 

 defines portfolio return for scenario , 
,                                                                          (26) 

and  is the uncertain return (present value) of technology i in period t, under 
the scenario s,  a parameter indicating the relative importance of variance as 
compared to the expected value 0, 1 ,  the probability that scenario s oc-

curs (
1

1
S

s

s

q
=

=∑ ),  the percentage of technology i in time t under the scenario s, 

and ,  are the proportions of technology i added into/deleted from portfolio 
in time t under the scenario s. 

The presented model was applied for power generation assets owned by 
E.ON in Germany and compared with the so-called “buy-and-hold strategy”, 
which corresponds to the single-period portfolio selection problem where the in-
vestor makes the decision at the beginning of the investment period and holds 
this portfolio during the entire period of time considered. For more information see 
Mulvey et al. [2003, 2004]. The efficient portfolios obtained for the multi-period 
portfolio selection model shift in both their risk and return levels, and the portfolios 
are characterized by smaller risk and return levels (Figure 5, blue line). 

More information regarding this kind of analysis and the results obtained 
can be found in Glensk and Madlener [2011a, 2011b, 2013, 2014]. 
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If a plant is to be shut down, then the second question arises when it is the opti-
mal time to do so. A third question comes up on how to make existing (e.g. gas-
fired) power plants more profitable by flexibility enhancements. And two further 
questions are on which technical measures (retrofit measures) can render a gas-
fired power plant more profitable (enhanced flexibility) and when to incorporate 
new (flexibility) measures to raise the profitability of the power plant. Based on 
these questions, we developed real options models that enable to study the disin-
vestment and the investment in flexibility-enhancing components. The investiga-
tions were made for a highly energy-efficient and recently built combined-cycle 
gas-fired power plant in Germany (for more information see e.g. Glensk and 
Madlener [2015], Glensk et al. [2015a, 2015b]). 
 
 
3.1. Real options model for disinvestment  
 

Assuming, that the power plant’s capacity factor (in such kind of model the 
so-called “underlying asset”) is a stochastic variable, normally distributed, and 
approximated by a binomial distribution, the binomial lattice approach can be 
applied in a real options model for the optimal disinvestment in a power plant.  
t allows to determine the “up” and “down” movements as follows: √∆  and √∆  
subsequently used to set up the binomial tree, where  is the associated volatil-
ity, and ∆  is the time step. 

Using dynamic programming, the optimal project value as a function of the 
capacity factor ,  is given by: , ,

, · , , (1 ) · , ,1      (27) 

 
where  denotes the residual value, ,  the project cash flow for the ith 
“down” move at the current time period t,  defines the probability of an “up” 
movement, ,  denotes the capacity factor for the ith “down” move at time t,  
the risk-free rate, and i the number of “down” movements (for more description 
of the model see Glensk et al. [2015a, 2015b]). Finally, as soon as the project 
value is equal to the residual value, the power plant should be shut down; other-
wise, the operation is continued. The calculation procedure proposed can easily 
be solved and visualized in Microsoft Excel (see Figure 6). 
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or:       ( ) ,  , ·( ) ·         (32) 

 
for the electricity price and spark spread, respectively. Moreover, , 

,  define the costs for the start-up, shut-down, and ramp- 
-up;  , ,  , ,  , , and  ,  define the development 
of the spark spread and the electricity, gas und CO2 prices, according to arithme-
tic Brownian motion processes over time t;  are variable operation and 
maintenance costs; and ( ) is the load-level dependent net efficiency of 
the power plant at  ,  . 

Finally, in a last step, the option to expand the decision process is consid-
ered, defined as follows:                                                                       (33)                                                                          (34) 
where:                                       ,(1 )                                    (35) 

and:                  ( ∆ , 0)          (36) 
 
and  are fixed operation and maintenance costs,  defines deprecia-
tion, the WACC (Weighted Average Cost of Capital) is used as discount rate, and ∆  is the project value after retrofitting considering time (Δt) needed for 
the investment in the considered improvement. 

In the considered case study, technical enhancement options leading  
to a decrease in the minimum load level (e.g. variable-pitch guide vanes at the 
gas turbine compressor or an air preheater) were analyzed. Regarding the elec-
tricity price as well as the spark spread as sources of uncertainty, the decision  
to invest in technical improvement should be undertaken immediately, as Tables 
1 and 2 show.  

The proposed real options model simply takes advantage from market  
uncertainties incorporated in the model’s structure. It can be a useful and novel 
approach in the decision-making process regarding investments in flexibility  
enhancements of conventional power plants. 
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Table 1. Present value of the retrofitted power plant, option value and decision  
when the electricity price is the source of uncertainty 

 

Turn-off time during 
the realization 

(in months) 

RPV of power plant  
(in €) 

Option value 
(in €) 

Decision for PV01,2013= 
= -169,414,781 

2 -100,792,111 0.00 invest 
3 -99,941,125 0.00 invest 
4 -99,383,841 0.00 invest 
5 -98,906,139 0.00 invest 
6 -98,523,480 0.00 invest 
7 -99,087,585 0.00 invest 
8 -98,740,655 0.00 invest 
9 -97,508,996 0.00 invest 
10 -98,113,813 0.00 invest 

 

Source: Glensk and Madlener [2015]. 
 
Table 2. Present value of the retrofitted power plant, option value and decision  

when the spark spread is the source of uncertainty 
 

Turn-off time during 
the realization 

(in months) 

RPV of power plant  
(in €) 

Option value 
(in €) 

Decision for PV01,2013= 
= -77,069,139 

2 -3,748,871 0.00 invest 
3 -2,858,149 0.00 invest 
4 -1,089,553 0.00 invest 
5 220,123 0.00 invest 
6 600,109 0.00 invest 
7 -122,454 0.00 invest 
8 1,057,882 0.00 invest 
9 1,462,912 0.00 invest 
10 -663,053 0.00 invest 

 

Source: Glensk and Madlener [2015]. 
 
 
Conclusions and recommendations 
 

Regarding the rapid evolution of the energy sector, power plants operators 
are often forced to reconsider their investment decisions and optimal operation 
strategies in light of new risks and uncertainties. Market liberalization, unfore-
seen policy changes, and the rapidly increasing use of renewable energy sources, 
challenge the standard toolbox of decision-makers and ask for more sophisti-
cated and powerful tools. Herein this article, we provided an overview of how 
well-developed financial methods can be applied to real assets such as power 
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plants, and what new possibilities in the decision-making process their application 
offers. Moreover, considering the specific character of the power plants as real as-
sets, the technical as well as economic parameters (including e.g. price uncertain-
ties) of the power plant can be straightforwardly incorporated in the analysis. 

Furthermore, the results obtained from the application of different MVP 
models allows to better capture the dynamics in the diversification process of 
power generation mix (especially regarding new investments), to integrate the 
investors’ aspirations with regard to return and risk (e.g. by using the FSMAD 
model), as well as rebalancing the generation mix by taking risks and uncertainty 
more appropriately into account. In the case of ROA, the proposed models can 
better guide the investment decision-making process in light of the risks and un-
certainties inherent in the development in the energy markets. As was shown, 
both investment and disinvestment problems, and also flexibility enhancement 
problems, can be supported through different model types and solution methods 
offered by real options theory. 

Finally, a further aspect shown in our article is the graphical visualization  
of results, which can have positive impact the decision-making process through 
the straightforward and easy-to-comprehend comparison of graphs and tables, 
which in our studies were obtained predominantly by the application of MS Excel 
and Python. 
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PRZEGLĄD WYBRANYCH METOD OPTYMALIZACJI PORTFELA  
I PODEJMOWANIA NIEODWRACALNYCH DECYZJI W SEKTORZE  

ENERGETYCZNYM W WARUNKACH NIEPEWNOŚCI 
 
Streszczenie: W niniejszym artykule zostały zaprezentowane przykłady zastosowań wy-
branych metod optymalizacyjnych portfeli na rynku energetycznym, takich jak klasycz-
na teoria portfela Markowitza, dynamiczne ujęcie optymalizacji portfela czy wykorzy-
stanie teorii zbiorów rozmytych do tworzenia portfeli. W świetle liberalizacji rynku 
energetycznego, jak również wzrastającego ryzyka związanego z coraz większym udzia-
łem odnawialnych źródeł energii w procesie generowania energii, autorzy artykułu pro-
ponują także zastosowanie teorii opcji realnych w procesie decyzyjnym. Modele opcji 
realnych pozwalają, między innymi, na określenie optymalnego terminu realizacji inwe-
stycji (czy też dezinwestycji) i mogą służyć jako alternatywna metoda w procesie po-
dejmowania decyzji.  
 
Słowa kluczowe: optymalizacja portfela, teoria zbiorów rozmytych, analiza opcji realnych.  


