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Abstract. Small Modular Reactors (SMRs) can be better choice respect to large 

reactors, according to their inherent construction flexibility and their short 

construction time. In the energy sector, the Discounted Cash Flow (DCF) is 

usually used to evaluate an investment. However, “Real Options” method is a 

better choice respect to DCF approach underestimates the importance of 

flexibility during the investment decision. In this chapter, starting from real 

options approach, two fundamental characteristics for the choice of the 

construction of SMRs are defined: the time to market and the adding of a new 

plant on a typical portfolio. The computational model described in this chapter 

assesses the superior performance of SMRs in the UK. 
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1 Introduction 
 

The International Atomic Energy Agency [1] defines Small Modular Reactors (SMRs) 

as “newer generation reactors designed to generate electric power up to 300 MW, 
whose components and systems can be shop fabricated and then transported as 

modules to the sites for installation as demand arises”. Several SMRs designs, detailed 

in [1–3], are currently at different stages of development. [4] provides a good summary 

of the innovative feature of SMRs; “reactor designs that are deliberately small, i.e. 

designs that do not scale to large sizes but rather capitalize on their smallness to 

achieve specific performance characteristics.” 

A recent review related to the economics and finance of SMR is presented in 

[5]. 

One of the key SMR characteristics is the smaller size with respect to 

traditional Large Reactors (LRs), determining the lack of the economy of scale [6, 7]. 

Several documents discuss the competitiveness of SMRs vs LRs and how SMRs might 

balance the “diseconomy of scale” with the “economy of multiples” [8–10].  

Modularisation (factory fabrication of modules, transportation and installation on-site 

[11]) allows working in a better-controlled environment reducing cost and schedule [7, 

12–15]. The degree of modularisation influences SMR capital costs [13, 16]. 

Furthermore, SMR smaller size and simpler design further reduce construction 

schedule [9, 17]. The SMR expected schedule is 4/5 years for the FOAK (first-of-a-

kind) and 3/4 years for the NOAK (nth-of-a-kind), even if licensing can be a challenge 

[18]. SMR incremental capacity addition can allow overcoming one of the key barriers 

in building LRs: the massive and risky upfront investment [19]. 

Another key SMR advantage to consider is the possibility to have multiples 

units on the same site [8, 12, 20]. Other factors to consider in SMR economic and 

financial evaluation are: suitability for cogeneration [21–24], expected higher learning 

rate [10, 25], better adaptability to market [8], equal or higher capacity factor than 

current LRs [26]. Once these factors are taken into account, the capital cost is 

comparable between the two technologies [27].  

One of the key SMRs advantages is the possibility to split a large investment 

into smaller ones. The construction of a single LR is a risky investment. The 

construction of n SMRs is an investment decision with n degrees of freedom that allows 

hedging investment risks. The economic merit of flexibility can be calculated using the 

Real Options (ROs) approach.  

The construction of large projects in general, and Power Plants (PPs) in 

particular, is jeopardised by over budget and delay [28–30] Since ROs assess the 

decision maker’s options (i.e. degrees of freedom) to hedge the investment risks, they 

increase the expected returns and, at the same time, minimise the volatility of the 

investment considered. “RO theory postulates that projects under uncertainty might 

possess RO; the projects become flexible if the RO can be identified and timely 

executed; flexibility adds value to the projects” [31]. In the energy sector the RO model 

evaluates opportunities such as waiting for the most advantageous moment to invest; 
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abandon a not profitable investment; switching from a technology to a more profitable 

one, produce outputs for more than one market [32] etc. 

This chapter presents an appraisal based on ROs with two key peculiarities: 

1. The modelling of the Time to Market (TTM) effect 

2. The investment in a certain Power Plant (PP) considering the utility portfolio. 

The TTM is the time from a product concept definition to its availability for sale 

[33]. In this chapter, the TTM is the time between the decision to build a PP and the 

beginning of commercial operations. In the energy sector reducing the TTM means 

reducing the risk (e.g. from electricity price fluctuation) and collecting early revenues 

increasing the Net Present Value (NPV). SMRs can be built faster than LRs, which is 

a relevant aspect to consider. The utility portfolio is relevant since PPs might not be 

considered as a “single asset” investment but must fit into a broader strategy of a utility 

owning a portfolio of PPs. 

 

 

2 Real Options in the Energy Sector 
 

Real options model has been applied in the energy sector by a lot of researchers since 

the ‘70s. [34] introduce for the first time the term "Real Option", and he highlighted the 

possibility to consider an investment as a call option on a real asset. [35] underlined the 

key role of RO in the evaluation of investments within an uncertain scenario. Even [36] 

focussed on RO advantage to support the decision making process in an uncertain 

surrounding business. RO method allows to establish the optimal project in terms of 

cash flow and to consider the better choice of investment in terms of the exercise rules 

of the option [37].  

It is possible to highlight three important RO in previous literature [38]: invest, 

defer, abandon. Table 1 summarises relevant examples of papers applying the RO 

theory in the power and energy sector and shows the difference with the RO approach 

explained in this chapter. 

It is also possible to join in a “compound option” two or more ROs to 

practically evaluate a more realistic scenario. For example, it is possible to create the 

“wait & build” option that is the compound option joining the option to build and the 
option to wait. This compound option allows introducing in the model the possibility 

for the investor to realize a postponed investment.  

There are some examples of compound option in literature, also in other 

sectors rather than energy and power. [39] applies RO method to evaluate the risky 

coupon bond problem considering how to price an option on another one that is a type 

of compound options approach. [40] apply the RO method to renewable energy power 

plants life-cycle. [41] introduce an evaluation of compound options using a binomial 

lattice model to create a versatile management framework. [42] use compound option 

to evaluate different possibilities for energy storage. In this chapter, the compound 

options method is used to simulate the typical “Stage-gate process” of the energy sector. 
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Table 1. Recent applications of real options in the energy field. NPV = Net Present Value; E= 
Expected; σ = standard deviation. [43] 

 
 This Work [44] [45] [46] [47] [48] 

Scope of 
Work 

Building a 
realistic 

investment 
model in the 
energy sector 

by considering 
the TTM Effect 
and the Actual 
Portfolio of a 

utility. 

Evaluate 
how all risks 

and 
uncertainties 

impact on 
the 

development 
of new 

Nuclear PP 
in China 

Help a utility 
determine the 

value of 
sequential 

SMR 

Analyse 
different 

RO model 
type to 

assess the 
best for 

making an 
investment 

in the 
energy 
sector. 

Examine 
energy 

switching 
from non – 

renewable to 
renewable 

technologies 
in Mongolia 

Apply a 
RO to a 
mini-

hydro PP 
case 

comparing 
its results 
with the 
results 

obtainable 
through 

the 
classical 

DCF 
approach 

Real 
Option 

Evaluation 
Method 

Simulation with 
Optimized 
Exercise 

Thresholds (see 
[43]) 

Partial 
Differential 

Equation 

Dynamic 
Programming 

Method 

Binomial 
Tree 

Simulation 
Method 

Binomial 
Tree 

Options 
Considered 

Compound 
Option; Option 

to 
invest/abandon/ 
defer/ choose 

Compound 
Option; 

Option to 
Invest/ 

Abandon 

Option to 
Invest; 

Option to 
Abandon 

Option to 
defer; 

Option to 
invest 

Option to 
Switch 

Option to 
invest 

Outputs 

E(NPV); 
σ(NPV); 
Exercise 

Thresholds; 
Efficient 

Frontier 2D for 
each 

technology; 
Efficient 

Frontier 3D for 
each Portfolio 

Value of the 
Option 

E(NPV); 
Classical 

NPV 

Value of 
the 

Options 

Decision to 
switch; 
Option 
Value 

E(NPV); 
Classical 

NPV; 
Option 
Value 
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3 Portfolio Analysis 
 

The boundary conditions of the electricity markets encourage utilities to diversify their 

portfolio. [49] highlights that a new investment has always to consider the company 

portfolio: “The risk position of the company is determined by the entire portfolio and 

the interaction of various positions. Therefore, the decision to enter into new contracts 

cannot be taken independently from the current portfolio”. Portfolio management was 

initially stated for the financial sector and then converted for the energetic company 

uses. The model proposed in this chapter is a development of the Mean-Variance 

Portfolio theory (MVP) because: 

 It is a well-known method, used a lot in literature and suitable for decision-makers; 

 It is versatile and it can be used with different objectives (e.g. maximisation of the 

NPV Mean; minimisation of risk); 

 It can be used to evaluate a portfolio of investment or a single investment joining 

also RO method. 

 Every single portfolio can be directly compared to the others in terms of Expected 

NPV (E(NPV)) and risk (σ(NPV)). 
 

[50] substantially starts research about MVP. According to the MVP theory 

presented in [51], each portfolio has two attributes: its mean value (μ) and its standard 
deviation (σ). The mean value is the mean value of the controlled variables (e.g. the 

NPV), while the σ represents the risk on the investment. In the energy sector, it is 

possible to obtain a lot of different portfolios, combining different type and numbers of 

power plants. Each portfolio is characterised by its μ and σ. However, only few of them 

represent a rational choice because, given a certain μ, it is reasonable to choose only 

the portfolio with the lowest σ, i.e., the lowest risk. Alternatively, from the opposite 

point of view, given a certain σ, a reasonable investor implements only the portfolio 

with the highest μ; therefore, there is a one-to-one link among μ and σ. Given a certain 
level of μ, the more beneficial σ is automatically linked (and vice versa). Considering 

Fig. 1, it is possible to highlight the so-called “efficient frontier”, the continuous line 

from “A” to “B”, where all the best portfolios are. . “A” is the portfolio with the lowest 
return and risk, while “B” has the highest return and risk. “C” is another optimal 
portfolio because, given a certain level of risk, it maximises the return or, given a certain 

level of return, it minimises the risk. “D” is not a rationale portfolio since, for the same 
risk, the “C” portfolio provides a higher return. “E” is not a rationale portfolio since, 

for the same expected return, the C portfolio has the lowest risk.  
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Fig. 1. Efficient Frontier: the classical MVP Theory [43] 

 

The efficient frontier collects all the optimal portfolios [52] introduces a parameter, the 

Sharpe Ratio (SR), that compares the optimal portfolios considering their return over 

risk. According to [53] the SR is a measure for calculating the risk-adjusted return, and 

this ratio has become the industry standard for such calculations. The SR is the average 

return earned in excess of the risk-free rate per unit of volatility or total risk. Subtracting 

the risk-free rate from the mean return (the expected value of all the likely returns of 

investments comprising a portfolio), the performance associated with risk-taking 

activities can be isolated. One intuition of this calculation is that a portfolio engaging 

in “zero risk” investment, such as the purchase of U.S. Treasury bills (for which the 

expected return is the risk-free rate), has a SR equal to zero. Generally, the greater the 

value of the SR, the more attractive the risk-adjusted return. The investor is likely to 

prefer the portfolio on the efficient frontier with the highest expected return for the unit 

of risk (i.e. the highest SR). Geometrically the point of the efficient frontier that 

corresponds to the solution of this problem is tangent to the efficient frontier: the 

optimal portfolio received is called “Tangent Portfolio”. 
This work overcomes one of the principal drawbacks in the literature about the 

MVP that limits its use: “MVP is a static methodology, heavily relying on past data. As 
a result, a portfolio that is thought of as optimal today might already be way off the 

efficient frontier tomorrow, depending on how the environment has changed. It is 

therefore a method that should only be considered within a very limited time frame” 

[54]. The application of RO to the portfolio analysis tackles this limitation. 
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3.1 Application of Real Options to perform Portfolio Analysis  
 

In the literature, there are only a few examples of the application of RO to perform a 

portfolio analysis. Table 2 benchmark this work with respect to the literature.  
 

Table 2. Examples of Real Options application to perform Portfolio Analysis [43] 

 
 This Work [45] [55] [56] 

RO 
Evaluation 

Method 

Simulation 
with 

Optimized 
Exercise 

Thresholds 

Stochastic 
Grid Bundling 

Method 

Partial Differential 
Equations 

Dynamic 
programming 

method 

Options 
considered 

Compound 
Options; 
Option to 

invest; 
Option to 
choose; 

Option to 
abandon 

Option to 
invest; option 

to abandon 

Respectively option 
to invest and to 

abandon 

Option to 
invest 

TTM 
Effect 

Modelled 
Not 

considered 
Not considered 

Not 
considered 

Pre – 
Operating 

Phases 

Modelled as 
the 

succession of 
three 

compound 
options 

Only the 
construction 

phase is 
considered 

Only the 
construction phase 

is considered 

Only the 
construction 

phase is 
considered 

Actual 
Portfolio 

Influence 
results 

Results not 
influenced 

Influence results 
Results not 
influenced 

Method 
used to 

perform 
the 

portfolio 
analysis 

MVP Theory MVP Theory 
Stochastic 
Dominance 

CVaR 
Method 

OUTPUT 
Indicators 

E(NPV); 
σ(NPV); 
Exercise 

Thresholds; 
Efficient 

Frontier 2D 
for each 

technology; 
Efficient 

Frontier 3D 
for Portfolio 

Efficient 
Frontier 2D 
for portfolio 

in which 
every 

technology is 
a single static 

point on it; 
Value of the 

option 

Value of the option. 
The efficient 

frontier is not built: 
the PDE do not find 
out the level of risk 
of the investment 

Expected 
Cost; Level 

of risk; a 
single 

technology is 
a single static 
point on the 

plane E(cost) 
– Level of 

risk 

 

According to Table 2, the steps followed by classical approaches to perform a portfolio 

analysis are: 
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1. Consider the historical data to identify the best strategy of investment for a certain 

plant type.  

2. Calculate the E(NPV) and σ(NPV) of the overall portfolio. 

3. Compare all the possible portfolios through the efficient frontier method to identify 

the one maximising the profit for a specific level of risk. 

The computational model presented on the following is based on a set of different 

exercise thresholds (see [43] for a discussion on exercise thresholds) and it calculates 

the different effects on the output distribution of the overall portfolio, starting from 

these exercise thresholds. Therefore, each portfolio in the Cartesian graph E(NPV) – 

σ(NPV) is a function of the values of the exercise thresholds that, triggering the options 

in different conditions, modify the NPV distribution of the overall portfolio. 

Unfortunately, RO analysis of a real portfolio of power plants is very complex, and its 

application in a real situation is often impossible. However, the method described in 

the next sections overcomes this problem because it guarantees to the model users to 

analyse cases of investment in real portfolios with roughly the same effort of 

investments in simple portfolios. 

 

 

4 Application of RO to a hypothetical portfolio 
 

The main results are summarised in Table 3. The starting point for the computational 

simulation is the necessity for the utility to satisfy an increased demand for electricity, 

equal to 1.5 GW, within 20 years. Therefore, the RO method is used to evaluate the 

efficient frontier for the utility portfolio as a function of the exercise thresholds. A 

synthesis of the main results is supplied by Fig. 2 and Table 4; however, it is possible 

to highlight:  

 The standard DCF method supplies a useless static evaluation of the efficient 

frontier respect to the RO method that creates a lot of possible dynamic scenarios 

identifying the best options with an optimised efficient frontier. 

 The points on the efficient frontier have these properties: 

o The option has to be exercised when 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 > 𝑃0 (i.e. it is worth 

waiting) 

o After a specific value 𝑃𝑙𝑖𝑚  the points do not belong on the efficient 

frontier anymore (i.e. the decision has to be taken in a finite time) 

 All the points on the efficient frontier have these characteristics: 

o The condition to find them is to exercise the option only when 𝑃0 <𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ≤ 𝑃𝑙𝑖𝑚 

o The portfolio on the efficient frontier can be compared in terms of SR. 

This is a value of the exercise threshold 𝑃𝑆𝑅 that corresponds to the 

tangent portfolio of the efficient frontier. 

 

The RO method allows a more complete evaluation of the investment’s 

strategy than the static DCF method; RO model introduces the optimised efficient 

frontier, as it is shown by Fig. 2. The optimised efficient frontier is composed of the 
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best investment strategy as a function of the exercise thresholds and the desired level 

of risk. Table 5 shows how the decision to invest varies according to the specific 

objective function. The decision-maker can choose the most suitable PP depending on 

his/her risk appetite. 

 
Table 3. Composition of the hypothetical existing portfolio. CCGT = Combined Cycle Gas 

Turbine [43] 

Technology Capacity Installed [MW] % in the Overall Actual Portfolio 

Nuclear 1500 46.15% 

Coal 750 23.08% 
CCGT 1000 30.77% 

 

 
Fig. 2. Efficient Frontier of the portfolio with an additional LR or equivalent SMR power [43] 

 
Table 4. Results obtained with the hypothetical portfolio [43] 

Additional PP Lower Bound Efficient 
Frontier 

Upper Bound Efficient 
Frontier 

Tangent Portfolio 
Condition 

Large Nuclear 𝑃∗𝐿𝐵 = 100$/𝑀𝑊ℎ 𝑃∗𝑈𝐵 = 250$/𝑀𝑊ℎ 𝑃∗𝑆𝑅 = 210$/𝑀𝑊ℎ 
SMR 𝑃∗𝐿𝐵 = 100$/𝑀𝑊ℎ 𝑃∗𝑈𝐵 = 230$/𝑀𝑊ℎ 𝑃∗𝑆𝑅 = 120$/𝑀𝑊ℎ 

 
Table 5. Improvement of results guaranteed by this method [43] 

Objective 
Function 

Large Reactor’s 
Results  

SMR’s 
Results  

PP Chosen Condition of 
investment 

Maximization of 
NPV Mean 

E(NPV) = 6560 
Mln$ 

E(NPV) = 
37193 Mln$ 

Large Reactor 𝑃∗= 142$/𝑀𝑊ℎ 
Minimization of 

σ NPV 
E(NPV) =6131 

Mln$ 
σ(NPV) = 

31786 Mln$ 
Large Reactor 𝑃∗= 250$/𝑀𝑊ℎ 

Maximization of 
the SR Value 

SR = 0.191 SR = 0.197 SMR 𝑃∗= 120$/𝑀𝑊ℎ 
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4.1 Application to a UK utility portfolio 
 

In this section the application of RO model to a UK utility portfolio is described, the 

model is built using both deterministic and stochastic input data, as it is shown by Table 

6. The stochastic variables have been modelled as Geometric Brownian Motion (GBM). 

Consistently with [57] the initial values of the variables modelled with the GBM model 

are: gas cost 47.39$/MWh; coal cost 22.27 $/MWh and for the electricity price a value 

of 90 $/MWh.  

 

The GBM functional form applied in this work on the electricity price is: 

 𝑑𝑝 = 𝛼𝑝𝑑𝑡 + 𝜎𝑝𝑑𝑧    (1) 

 

Where 𝛼 is the drift, 𝜎 is the volatility of the process in a time period, t is the 

time, and z is a Wiener process, where Wiener process is a continuous-time Gaussian 

process with independent increments used for modelling the Brownian motion. This 

model does not consider the Mean Reversion, Spike Jumps and Price Proportional 

Volatility.  

 

The main advantages of the proposed model are: 

1. The computational simplicity. The model is based on a time-independent 

Monte Carlo simulation and it considers only the price and the volatility of the 

electricity price at time zero. However, to consider also the long-term 

uncertainty the electricity price is evaluated through a GBM process: 𝐸(𝑃𝑡+𝑛) = 𝑃𝑡    (2) 𝑉𝑎𝑟(𝑃𝑡+𝑛) = 𝑃𝑡2(𝑒  𝜎 2𝑛 − 1)   (3) 

 

2. It can be implemented in a simple Excel spreadsheet.  

 

3. The model is coherent even with the removal of the mean reversion and jumps 

because it considers a baseload scenario and so the importance of these two 

parameters is very low. 

 

The following equation models the electricity price: 

 𝑃𝑡+1 = 𝑃𝑡 +  𝜎 𝑃𝑡𝑊𝑡    (4) 

Where Pt  is the electricity price at time t, 𝑊𝑡  is a standard normal variable, 𝜎 

is the volatility of the process in a time period and  𝜎 = 0,3 as in [51] 

 

The same description can be considered for the gas cost and for the coal cost 

too. 
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The Total Capital Investment Cost (TCIC) follows the method developed by 

[35] and [58] as: 

 𝑑𝐾 = − 𝐼𝑑𝑡 + 𝜎(𝐼𝐾)1/2 𝑑𝑧   (5) 

 

As in [58] the mean and the variance of the TCIC are described by these 

relationships: 

 𝐸(𝑇𝐶𝐼𝐶)  =  𝐾      (6) 𝑉𝑎𝑟(𝑇𝐶𝐼𝐶) =  𝜎2𝐾22−𝜎      (7) 

 

Since the evaluation model is discrete time based this stochastic process is 

modelled with: 

 𝐾𝑡+1 = 𝐾𝑡 −  𝐼 + 𝜎(𝐼𝐾)1/2𝑊𝑡     (8) 

  

Where Wt is a standard normal variable that gives the variability to this data. 

 

The computational model considers a speculated portfolio of a typical UK 

energy utility and it is composed by the following contributions in terms of electric 

power output: 116 MWe from renewable power plants, 8741 MWe from nuclear power 

plants, 3987 MWe from coal power plants and 1306 MWe from gas power plants. 

 
Table 6. The deterministic inputs used in this work [43] 

  Nuclear Coal  CCGT SMR 

Capacity [MW] 1500 750 500 335 

Capacity factor (%) 85% 85% 85% 95% 

Overnights Cost [$/KW] 5335 3220 1003 6362 

O&M Cost [$/MWh] 13.96 13.4 15.03 21.28 

Fuel Cost [$/MWh] 8.26 22.27 47.4 8.26 

Carbon Cost [$/MWh] 0 23.96 10.54 0 

Construction Time [years] 6 4 3 5 

Study Time [years] 1 / / 1 

Design Time [years] 2 / / 2 

Life [years] 60 40 30 60 

 

Fig. 3 summaries the results of the model described in [43]: 

 

1. Without considering the compound options in the pre-operational phase, every PP 

portfolio solution belongs to the efficient frontier. In this case, an investment in 

SMR or LR supplies a profit greater than the profit provided by a gas PP or a coal 

PP but it has a higher level of risk.  
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2. Considering a flexible approach in the pre-operational phase with the compound 

option method, the simulation output changes a lot. The risk related to SMR and 

LR is reduced by the possibility to abandon the investment if it is not profitable 

anymore. 

 

 

 
Fig. 3. Comparison between the results considering the TTM Effect [43] 

 

 

In Fig. 4, a comparison between three of the possible output of the computational 

model is shown the classical DCF approach with the MVP Theory for each of the four 

possible additional PP 

 

1. The classical DCF approach with the MVP Theory for each of the possible 

additional PP; 

2. The value of the compound options with the option to defer for each of the possible 

additional PP; 

3. The value of the pre-operational phase of the additional PPs as the succession of 

three sequential compound options with the option to defer. 

Fig. 4 shows how compound options increase more the value of the investment in 

SMR or LR than investment in CCGT or Coal PPs.  
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Fig. 4. Results obtained considering the utility portfolio in the UK [43] 

 

 

5 Conclusions 
 

The main conclusion of the proposed model is a confirmation of the economic 

profitability of an investment in SMR, that is independent from an important factor 

such as the diseconomy of scale. Some of the main advantages of SMRs are the shorter 

construction times respect to LRs and the possibility to obtain a greater variation of the 

portfolio according to the smaller size of the investment rather than considering LRs. 

The advantages of SMRs respect to LRs are mainly related to an intuitive idea of 

reduction of the risk of the investment, but a key point is to quantitative evaluate these 

advantages. In this chapter, the issue is tackled through the development of a 

computational model based on the RO approach to evaluate the investment appraisal in 

the energy sector. Some of the most important aspects of the proposed model are the 

inclusion of the Time to Market (TTM) evaluation and the assessment of the overall 

“portfolio effect”. 
TTM evaluation is very useful because it allows to consider the economic value 

of longer construction time, such as for a nuclear power plant respect to a conventional 

plant, and, at the same time, to assess the possibility to abandon the project if the market 

conditions change. Even if the MVP is a traditional static method (very dependent from 

past data), in this model the portfolio analysis is dynamic, thanks to RO approach that 

allows the assessment of an optimised efficient frontier with an added degree of 

freedom respect to traditional models. The RO method allows to consider also the more 

relevant options in the future, so the resulting model has a dynamic component. The 

complete evaluation of the result obtained by the model considering a speculated utility 

portfolio in the UK, suggests the SMRs as ideal option to maximise the NPV mean and 

the SR minimising the risk respect to the profit. 
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