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How Technological Choices, Existing Portfolios, and Multi-
Dimensional Price Risk Affect Power Generation Investments
By Wilko Rohlfs and Reinhard Madlener

Fossil-fueled power plants with high efficiencies are typically large-scale and long-lived projects 
(40-60 years of lifetime plus substantial construction/lead times). These attributes incur 
high upfront - and more or less irreversible - investments, which result in risky and long-
term business undertakings. Price projections and estimates of the progress of new 
and existing technologies need to be considered in the decision-making process. And 
although continuous plant maintenance and retrofitting enables the preservation (or, due 
to technical innovation, even a slight increase) of the conversion efficiency over a plant’s 
lifetime, the main process remains unaltered. Hence, the pre-investment decision with 
regard to the input fuel to be used for conversion into electricity is crucial for the entire 
lifetime of such a power plant.

 Power generation units vary in their technical, economic, and environmental char-
acteristics. Cash flows generated from the operating of a power plant are a result of a 
technology-specific mix of inputs and outputs, and they are dependent on expenditures 
for fuel, carbon emission permits, and revenues from electricity sales, all of which are 
themselves dependent on their respective price. As a consequence, different types of power 
plants (in our research, gas- or coal-fired, with or without carbon dioxide sequestration, 
as well as onshore and offshore wind) exhibit different capital expenditures and differ 
with regard to the specific combination of the underlying commodities. This combina-
tion can be viewed as a portfolio of real assets. Importantly, the prices of the underlying 
commodities are correlated with each other, and the price development in 
deregulated markets is usually highly uncertain.

Decision-making UnDer mUlti-
Dimensional Price Uncertainty

Decision-making with respect to long-lived irreversible energy invest-
ments under uncertainty calls for multi-dimensional models that are able 
to account for the unknown price trajectories of all the different prices of 
the underlying commodities (fuel input, CO2 permits, and electricity output). 
Figure 1 depicts some possible future development paths of the electricity 
price and the correlation between the coal and electricity prices for possible 
future states. In the analysis, trend and volatility values for the commod-
ity prices are derived from the price trajectories for Germany reported in 
Nitsch et al. (2010). 

For such scenario analysis, deterministic approaches are commonly used 
that assume a constant rate of change for each price; these price trends 
are then varied within a realistic range to check for the robustness of the 
model outcomes (Ventosa et al., 2005). More sophisticated approaches for 
dealing with price uncertainty make use of stochastic models, which can be 
classified according to Möst & Keles (2009) into those that

• use stochastic processes for electricity prices, commodity 
prices, and other uncertain parameters (such as hydro in-
flows, solar irradiation, or wind distributions);

• enable scenario generation and reduction;
• allow the stochastic optimization of investment decisions, in-

cluding short- and mid-term electricity generation planning 
and long-term system optimization.

Commonly employed stochastic net present value (NPV) approaches en-
able a comparison of the expected value of the different technologies in each 
state, from which the technology with the highest expected rate of return can 
subsequently be chosen. Although this decision process can be seen as a kind 
of optimization, it is nevertheless a static approach that does not account for 
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Figure 1 Sample paths of the price 
development (upper plot) and 
correlation between two assets (coal 
and gas) in t = 2050 (lower plot), both 
calculated by Monte Carlo simulation 
(Source: Rohlfs & Madlener, 2014a).
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(net) economic gains accruing from a delaying of the investment decision (and investing only if prices are 
developing in a favorable direction). In contrast, real options-based (RO) models (originally developed 
by Black and Scholes (1973) and Merton (1977) for financial options) can include this value of waiting 
(McDonald and Siegel, 1986), thus optimizing the decision process also over time (Dixit & Pindyck, 
1994). In recent years, the application of RO models to decision-making processes in the energy sector, 
especially for investments in new power generation infrastructures, has increased considerably (for a 
literature review, see, e.g., Martínez Ceseña et al., 2013).  

In a recent study by the authors, a generalized RO model has been developed that, in contrast to 
more conventional RO models used, accounts for multiple commodities by correlated stochastic price 
paths with a combined evaluation of an arbitrary number of available technologies.

HoW to DiscoUnt FUtUre casH FloWs oF mUlti-Dimensional investment oPtions

The discount rate is one of the most important parameters in economic analysis of investments 
with a very long lifetime, and one that can drastically affect the expected value of an investment. A 
more sophisticated choice of the discount rate than a practitioner’s rule of thumb accounts for the 
technology-specific project risk profile (that itself results from the technology-specific combination of 
the underlying commodities), provided that these show different but correlated price uncertainties. 
Thus, a combination of commodities (i.e., cash flows generated from expenditures and returns) leads 
to a portfolio of commodities, or assets, in which the uncertainty can vanish if the commodity price 
risks are uncorrelated, similarly to the standard mean-variance portfolio theory of Markowitz (1952, 
1991). Consequently, risk becomes endogenous, as a technology-dependent measure used for risk-
adequate discounting – in the sense of the classical capital asset pricing (CAPM) model of Sharpe (1964) 
and Lintner (1965) – and requires a technology-dependent discount rate. However, this endogenous 
discounting faces two main complications, namely, time-dependent risk structures and inter-temporal 
correlations of asset prices. Both aspects will be outlined in the next two paragraphs.

First, assuming constant values of key parameters (e.g., growth rate and volatility) for the stochastic 
processes of the underlyings (i.e., asset prices), the risk of the prospective returns becomes time-de-
pendent if the ratios between input and output quantities are fixed. For the desired dynamic optimiza-
tion of the investment strategy, the RO approach is well suited, as it incorporates the value of waiting. 
Nevertheless, multi-asset option models typically assume that, once the investment has been made, 
the share of the different underlyings will remain constant over time, which leads to a time-invariant 
solution. However, in the case of power plants, the technology chosen defines the input and output 
quantities as well as the ratio between them for the entire lifetime of a plant. Such a constant ratio 
between the input and output quantities couples the prospective returns directly to the ratio between 
the asset prices. This, however, clashes with the unequal growth rates predicted for the prospective 
prices, which cause a strong time-dependency in the ratio between the various input and output cash 
flows, and thus also cause time-varying levels of uncertainty.

Second, the evaluation of uncertain cash flows gained at different times is more complex in compari-
son to the evaluation of stocks in a financial portfolio. Due to strong correlations of subsequent returns, 
a separate valuation of the resulting cash flows remains inaccurate. The following example illustrates 
the problem. Let us suppose that an uncertain cash flow in period 1 takes the value of either 100 or 
200 (for simplicity, with the same probability). Due to uncertainty, a risk premium would be required, 
reducing the expected utility to below the utility of the average cash flow of 150. In period 2, the same 
cash flow might be gained, but due to a temporal correlation, the cash flow is 100 if the cash flow of 
the previous period was 200, and vice versa. A segregated treatment of the two periods would again 
require a risk premium. However, by evaluating the cash flows jointly, the associated risk vanishes if the 
time between the two cash flows is sufficiently short. This simple exercise illustrates how intertemporal 
correlations between different cash flows preclude the use of simplistic discounting methods when 
combining risk-discounting with time-discounting.

HoW existing PoWer Plant PortFolios inFlUence tHe oPtimal investment Decision

In a recent study, we have developed and applied a multi-dimensional model with time-, technol-
ogy- and state-dependent discount methodology (Rohlfs and Madlener, 2014a, 2014b). The generalized 
model proposed also enables, for example, an examination of the influence of new investments on 
existing power plant portfolios, as is shown by Rohlfs and Madlener (2014a) and illustrated in Figure 2. 
The figure depicts an estimated probability for the deployment of different generation technologies. The 
probability is based on technological specifications and price projections up to 2070. Price projections for 
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electricity, coal, natural gas, and carbon permits were calculated based 
on the predictions of the so-called German Pilot Study 2010 (Nitsch et al., 
2010). The technologies considered comprise hard coal (HC), hard coal 
integrated gasification combined cycle without (HC-IGCC) and with carbon 
capture and storage (HC-IGCC-CCS), combined gas and steam power 
plant without (COGAS) and with CCS (COGAS-CCS) as well as onshore 
wind (OW). In the remainder of this article, we summarize the findings 
of the above mentioned study (Rohlfs and Madlener, 2014a, p.125). 

In a first step, we have employed the classical NPV model as well as 
the RO approach to identify the influence of the different aspects of the 
RO model (e.g., value of waiting, multiple available technologies, and 
existing power plant portfolios). For an investment in a new power plant 
today, the NPV is highly negative, rendering an investment economically 
very unattractive. When tracking the decision into the future, a significant 
increase in the probability of investing in coal-fired power plants was 
found (beyond 2020), and for later time periods also the probability of 
coal-fired power plants equipped with CCS increases. However, if an 
investor has the choice of building one of the power plant technologies 
available right away, then the dominance of one technology strongly 
reduces the probability of investments in other technologies. 

With the value of waiting in the decision process, the expected value 
(RO value) increases above the expected NPV, although the investment 
decision is delayed. It is interesting to note that the value of waiting 
also reshapes the probability distribution of the expected values and, 
consequently, the associated risk. While for the classical NPV decision 
rule, the probability distribution of future NPVs is more or less Gaussian-
shaped, the probability of the value of waiting is strongly asymmetric. 
The asymmetric shape reveals a steep gradient (decreasing probability) 
for expected values below zero and a long tail for positive expected 
values. Consequently, the probability of falling below the desired rate 
of return, i.e., a negative expected value, yields a strong reduction if the 
value of waiting is considered as well.

Accounting for the value of waiting also impacts the choice of an 
investor when the new investment is viewed against an existing power 
plant portfolio. Because systematic risk between new and existing proj-
ects can be mitigated, the resulting volatility diminishes, leading to a 
reduced value of waiting and thus to an earlier investment. Owing to the 
hard coal power plant’s dominance, this effect has the most significant 
impact on investors who already have gas-fired power plants in their 
fleet of generation units. 

A further advantage of using the proposed RO model was revealed 
in a sensitivity analysis, which showed that the decision process is less 
influenced by the choice of the discount rate if the value of waiting 
is considered, compared to the classical NPV decision rule. Thus, the 
value of waiting enables a more robust estimation of the probability of 
future investments. 

Economic decision-making models for long-lived investments are 
very sensitive to the assumptions made with regard to the prospective 
price developments and, as such, can never accurately predict the future. Evidence is provided by the 
struggling electric utility companies in Germany that are suffering from the high share of subsidized 
renewables with priority dispatch and the rapid nuclear phase-out.  However, economic modeling itself 
provides useful insights, broadening a decision-maker’s horizon and sharpening an investor’s sensitivity 
to crucial parameters and effects. By tackling questions related to the “correct” way of discounting and 
the influence of portfolios in the decision process, the RO models developed in recent years enable 
such powerful and potentially useful insights.
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Figure 2 Influence of existing power plants on 
the investment decision when taking the value of 
waiting into account. The dashed lines indicate 
the investment decision for the case of no pre-
existing portfolio. (Source: Rohlfs & Madlener, 

2014a).
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