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A three-step sequential compound real options (SCRO) method is
developed and applied to the South African technology for fluidised bed
combustion with carbon capture and storage (FBCwCCS). The objective
of this paper is to address the plan’s implementation when electricity
demand is uncertain. The SCRO results are compared with the net
present value (NPV) approach. The data for both the SRCO and the NPV
is extracted from the mixed integer two-stage stochastic programming
results. Negative NPV results indicate that the investment for the
FBCwCCS should be rejected. The SCRO results suggest that decision-
makers can exercise the option to invest if the start-up costs are less
than or equal to R130 million, or otherwise defer the FBCwCCS
investment projects. The industry lags behind in implementing the real
option models; the same is expected with the SCRO models.

OPSOMMING

DoI
http://dx.doi.org//10.7166/34-1-2687

‘n Drie-stap sekwensiéle saamgestelde reéle opsies (SCRO) metode is
ontwikkel en toegepas op die Suid-Afrikaanse tegnologie vir
vloeibedverbranding met koolstofopvang en -berging (FBCwCCS). Die
doel van hierdie artikel is om die plan se implementering aan te spreek
wanneer die vraag na elektrisiteit onseker is. Die SCRO resultate word
vergelyk met die netto huidige waarde (NHW) benadering. Die data vir
beide die SRCO en die NHW word uit die gemengde heelgetal twee-
stadium stogastiese programmeringsresultate onttrek. Negatiewe NHW-
resultate dui daarop dat die belegging vir die FBCwCCS verwerp moet
word. Die SCRO-resultate dui daarop dat besluitnemers die opsie om te
belé kan uitoefen as die aanvangskoste minder of gelyk aan R130 miljoen
is, of andersins die FBCwCCS-beleggingsprojekte kan uitstel. Die bedryf
bly agterweé met die implementering van die RO-modelle; dieselfde
word verwag met die SCRO-modelle.

1. INTRODUCTION

This study is based on the results of a potential investment project from an adjusted South African
integrated resources plan (IRP) published in [1]. The IRP publishes results that include the time in years
when the new capacity from a particular energy source and a selected potential technology is expected to
be operating. One of the required inputs in the IRP determination is the long-term forecasted electricity
demand, which usually overestimates the actual electricity demand [2], [3]. It is for this reason that this
study introduces the sequential compound real options (SCRO) analysis to the electricity capacity expansion
industry. The SCRO analysis is used in such a way that it can pace the implementation of the potential
technologies when the actual electricity demand is lower than the forecasted demand. The SCRO analysis
is compared with the net present value (NPV) method.
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1.1. Real options analysis background

The real options (RO) analysis for financial derivatives was introduced in the 20t century [15] to address
the evaluation of projects under uncertainty [16].

Sick (1995), who is cited in [17], defined RO analysis as the flexibility a manager has in making investment
decisions about real assets. In [9], RO analysis is defined as the right, not the obligation, to take an action
(e.g., to abandon, expand, contract, defer, or extend) at a predetermined cost called the exercise price,
for a predetermined period called the life of the option (duration). The definitions by Sick (1995) and thatin
[9] are used in this study. The option to defer is one of the ROs embedded in investment projects and allows
decision-makers to defer an investment project [5], [6], [10], [11], which is why it is considered in this
study.

1.1.1. RO: Call option types and associated factors

Call options give the holder the right to buy an underlying asset at a certain price by a certain date [15],
[18]. A call option is considered in this paper because decision-makers have the right, but not the obligation,
to make an investment in new power stations. The following factors affect the value of call options at
evaluation date: exercise price or strike price, current value, maturity or expiration date, and American
call option [12], [15], [18].

In this study, the fluidised bed combustion with carbon capture and storage (FBCwCCS) technology is
considered. This technology uses coal as the energy source, and is converted into an investment.

The exercise price in this study is the amount of money invested to build a new power plant that is based
on the FBCwCCS technology. The current value (gross project value or underlying value) is determined in
sections 2.2 and 4.2. The maturity date in this study is the date on which the actual investment takes place
[15]. In [15], the American call option is defined as an option that can be exercised at any time prior to or
at maturity date. In this study, the American call option is considered because the uncertainty in electricity
demand can result in the new capacity being required before the date suggested by the plan. The factors
defined above affect the call option value at the evaluation date, as shown in Table 1 [18], [19].

Table 1: Influence of RO values by factors at evaluation date

Factor American call option American call option
values increase values decrease

Expiration date Further Closer

Volatility Higher Lower

Risk-free rate Higher Lower

Investment amount  Lower Higher

Current value Higher Lower

The first row of Table 1 shows that the call option value increases at the evaluation date when the
expiration date is far away from the RO evaluation date; and the inverse occurs. The investment amount
is the only factor that moves in the opposite direction to the call option values. The influence of factors in
Table 1 is easily observed when two or more ROs are evaluated at the same evaluation date.

1.2. Sequential compound real options applications

The sequential compound real options (SCROs) are where later ROs become available, but only if the earlier
one is exercised [21]. In [9], the SCROs are defined as ROs when the second is created, but only if the first
is exercised. The SCROs were introduced in [20] without a model. A model was developed in [21], based on
a continuous time interval. In [9], a model for evaluating the SCROs based on a discrete time interval was
introduced.
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In [10], the SCRO model was applied to a research and development (R&D) manufacturing investment
opportunity that had four sequential investment opportunities. In [11], the SCRO model was applied when
evaluating an investment project, which expanded after two years; after a further two years, half of the
project was sold. In [22], the SCRO model was applied to a new chemical plant, where the decision-makers
needed to know whether they should commit to investing the total amount needed, or defer, or abandon
the investment. In [23], the SCRO model was adjusted and applied to an oil production project.

The present authors were not able to find any literature with SCRO applications in South Africa. However,
RO models were used for capacity expansion in the construction material industry [24], in physical asset
management capital budgeting investments [25], and in cellular telecommunication capital investments
[26]. A survey in [18] showed that about 11% of South African companies were using the RO models in 2008.

The literature review discussed above shows that SCROs have been applied to construction projects, R&D
manufacturing investments, and oil projects, but not to electricity expansion projects. The questions that
this study is attempting to answer are:

e Can the SCRO be evaluated a step-by-step approach?

e What is the outcome of applying the SCRO in the case of South African electricity capacity
expansion, considering the FBCwCCS investment project?

The remainder of this study covers the development of the SRCO method in section 2; the NPV background
and applications in section 3; the data used for the application of the SCRO in section 4; applications of
the SCRO method in section 5; the results in section 6; the study discussion in section 7; and the conclusion
in section 8. Appendix A discuss the inflation simulation, and the call option values for the second and first
investment projects are in appendices B and C, respectively.

2. THREE-STEP METHOD FOR SEQUENTIAL COMPOUND REAL OPTION EVALUATION

This study developed the SCRO evaluation method from the application in [22]. The SCRO method is divided
into three steps: a determination of the RO factors, a determination of the gross project value, and a
determination of the American call options.

2.1. Step 1: Determination of the RO factors

The RO factors o,u,d, and p are determined. Volatility, o, is a standard deviation of historical returns, r;
[22]. It is assumed that historical revenues less operating costs (H) follow a lognormal distribution [23].
The values of 1;, are derived from equation (1) [23].

7 = In(H;/H;-1) (1)
In equation (1) the years are represented by j. In equation (2) 7 is the risk free rate. In equations (3) and

(4) o is used to determine u and d respectively, and AT is the time frequency [9]. In equation (4) p is a
risk-free probability [23].

r=1+r (2)
£ = BT 3)
- )
p=0-d)/(u—-d) (3)
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2.2. Step 2: Determining gross project value

The value of the initial gross project, V,, is determined by equation (6).

Vo = X1 (an Fm/(1 + rf)m)z (6)

In equation (6), Fis the expected cash flow, m is the number of years from the cash flow year to the
evaluation date [27], [ is the number of investment projects. Equation (6) is the sum of the n investment
present values, where the term inside the brackets is a present value formula [27].

The value of V,, goes up by a factor of u and down by d each year until the last investment year [9], which
is z. The up and down movements of V;, form a binomial tree [9], [22], which is in Table 2 for the first three
years. The binomial tree is used because it embodies the uncertainty associated with each V, [10]. The
values of 1, are not constant, but are to be adjusted as new information emerges [10].

Table 2: V, values for the first three years

u3V0
uZVO
uVO udeO
VO udVO
i avy ud?V,
i 1 dZV
: : g
1 1
: : i d*Vo
1 1 1 T
i i i !
T=0 T=1 T=2 T=3

It is important to note that, in Table 2, the order of ups and downs does not matter. As an example:
dududVy = uudddV, = ddduuV, = d3u?V,. Table 3 shows the last three years, z—2, z—1 and z of the
binomial tree.

2.2.1. SCRO values for the investment at T = z
In this step, decisions are made about the [ investment projects, starting with the investment project that
expires at T =z. The call option values at T =z are represented by (;,, which corresponds to the
investment cost I;, and are derived from equation (7) [9].

Ci, = max (GPV} — 1,0) (7)
In equation (7), i represents the number of rows in each column of Table 3; for example, for T =12, i =
1,-,z+ 1. The call options values at T = z are used to determine call option values at T = z — 1, where
i'’=1,-,z, using equation (8) [10].

Clya = (0 Cl + A=p)CIN/7 (8)
Equation (8) is used to determine the call option values at T = z — 1. Similarly, the call option values at

T = z — 2 are determined from the call option values at T = z — 1. The determination of call option values
from the previous year’s call option values continues until T = 0.
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Table 3: V values for the last three years

uV,
A
u™" 2y, u™1ay,
u"2dv,
u3dv, u2d%y,
u™3d?V,
untd2y, w3 d3y,
u3d™ 4V,
w2dnty, W3dn-3,
u?d™ 3y,
ud™ 3V, u?d" 2y,
ud™ 2V,
d™ 2V, ud™ 1V,
an=1y,
v,
T=z-2 T=z-1 T=z

2.2.2. SCRO values for the investment at T = z— 1

The call option values for the investment project cost, I_, are determined from the resultant binomial
tree in section 2.2.1. The call option valuesat T =z —1,isC/_,,_,, where j = 1,---,z, are determined from
equation (9).

€y, =max(Cl,_; —I_1,0) 9)

Similar to equation (8), equation (10) is used to determine the call option values at T = z — 2, which are
determined from the call option values at T = z — 1. In equation (10), j' = 1,---,z — 1.

Cl]—l,z—z = (p Cl]—l,z—l + (1 - p)C1]—+11,z_1)/r (10)
Similar to section 2.2.1, the call option values determined in this section result in a binomial tree.
2.2.3. SCRO values for the investment at T = z — 2

The call option values for, I,_,, are determined from the call option values in section 2.2.2. However, only
the call option values at T = z — 2 are considered, because this is when I,_, is invested. The call option
values for I;_, at T = z — 2 are determined from equation (11), where k =1,---,z — 1.

Cloyy =max(Clly, , —1-2,0) (11)
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Similar to sections 2.2.1 and 2.2.2, the call option values at T = z — 3 are derived from the call option
values at T = z — 2, as shown in equation (12), where k' =1,---,z — 2.

Clk—,3,z—3 = (p Clk—Z,z—Z + (1 - p)Clk—+2:,lz—2)/r (12)

The call options determined in equation (12) are used to determine the callat T =z —3,z—4, --,0. The
call option value for this investment at T = 0 is used to determine whether the total investment for the [
projects should be invested or deferred.

2.3. Data required for SCRO method

The SCRO method requires the following data for each investment project: evaluation date, investment
date, investment amounts, and expected cash flows. Economic and additional data is required to determine
the factors discussed in section 2.1.

3. NET PRESENT VALUE: BACKGROUND

The NPV was introduced in the 19t century by engineers for comparing investment proposals, and was
adopted by economists in the 20t century [28]. The NPV is defined as a traditional approach to evaluating
potential capital investment projects [6]. It is a discounted cash flow criterion for comparing future capital
investment projects [3]. The NPV is used in decision-making by businesses [29]. The determination of the
NPV requires both the discount rate and the cash flows. The NPV is given by equation (13) [7].

NPV = 37, CF, /(1 + 5)” (13)

In equation (13), CF, is the initial investment with a negative sign. There can be negative cash flows other
than CF, when there are several investments at different periods. In equation (13), y is a period when the
cash flow occurred relative to the NPV evaluation date; s is a discount rate. The NPV results are interpreted
as follows [8]: if the NPV is less than zero, the investor is better off without the investment; and if it is
greater than zero, the investor is better off with the investment.

3.1. Applications of the NPV method

The applications of the NPV method discussed in this subsection focus on two aspects. The first aspect is
about further developments in the NPV formula in equation (13), and the second is about the actual
application of the NPV method by companies.

In [30], it is acknowledged that the cash flows in equation (13) are usually uncertain. As a result, a new
method based on scenario planning and the decision-maker’s attitude is proposed in [30].

As mentioned in section 2.3, equation (13) can be used in cases where there are several investments during
the life of the project. In [31], such cases are referred to as non-conventional cashflows. The NPV is not
appropriate for evaluating investment projects with non-conventional cashflows [31], [32]. However,
equation (6) shows that the SCRO method can evaluate such projects.

Equation (13) requires the value of s, which is usually determined from the capital costs of a company,
which requires some guesswork [29]. According to [29], there are also no rules for determining the value
of s. The downside of s can also be inherited by the RO through equation (6), which is a sum of present
values. The SCRO or RO formula is an extension of the NPV [8]. In [12], the value of the RO is expressed as
the sum of the NPV and the strategic value. However, at the RO expiration date the NPV and RO values of
a project are the same [33].

The applications of the NPV method by companies do not provide the details of which NPV method is used,
but surveys have determined whether or not the companies have used the method. The 2006 survey showed
that 82% of South African companies used the NPV method [34]. The larger South African companies used
the NPV method together with other methods, whereas smaller companies did not use the NPV method at
all [34]. However, the survey in [26] showed that the NPV method was not the method preferred by South
African state-owned companies for capital budgeting. The delay in adopting the NPV method is attributed
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to the time lag between theory and implementation [26], [34]. There might also be other reasons for not
using the NPV method, other than the time lag, because it was introduced in the late 1800s to early 1900s
[25].

4. FBCWCCS TECHNOLOGY AND ECONOMIC DATA

The FBCwCCS technology data used in this study is from the two-stage stochastic linear programming
(TSSLP) study in [1], which was extended by changing the TSSLP to the two-stage stochastic mixed integer
linear programming (TSSMILP) model. The data in Table 4 is extracted from the TSSMILP results.

Table 4: FBCWCCS accumulative capacity from TSSMILP results

Year Actual required capacity (megawatts [MW]) Number of units per 250 MW

2041 1750 7 (1 750/250)
2042 250 1
2043 3000 12

The first row of Table 4 shows that the power plant with seven units was to be in operation in 2041, the
second with one unit in 2042, and the third with 12 units in 2043. The second power plant can be added to
the first or the third power plant. However, in this study it is analysed as a stand-alone power plant.

4.1. FBCwCCS expected cash flows

The FBCwCCS investment projects do not have underlying values like financial investments [15]. As
discussed in section 2.2, the expected cash flows are used to determine V. There is no data for expected
cash flows, f;; as a result they are determined from equation (14).

fe=v:—g¢ (14)

In equation (14), t is the time period for each cash flow; v, is the revenue in year t; g, is the corresponding
running costs i.e. fuel and fixed and variable operation and maintenance (O&M) costs.

Ut = QDX (15)

In equation (15), g, represents the electricity generated at time ¢, p; is the electricity price, and x; is a
quotient of electricity sold to electricity generated. The historical average value of x; from 2009/10 to
2019/20 is 89% [35]. The values of x; are used to simulate future values, based on Chebyshev's theorem
[36] because of future uncertainty. Based on the theory in [36], it is assumed that the future values of x;
move randomly between two standard deviations above and below the historical average, and this
assumption accommodates 95% of the future values; the other 5% lies outside the two standard deviation
boundaries.

The random values for each investment project for each year are determined in MS Excel using the
RANDBETWEEN function in [37]. The average of 500 simulations is then used to determine the revenue for
each investment project, for each t [38].

The value of p, is 86.35 c/kWh, which is derived from Eskom’s total electricity sales of 208.32 terawatt
hours and the revenue of R180 billion for t = 2020 [35]. However, where t > 2020, p, is adjusted by the
corresponding annual inflation, as shown in Figure 1.
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Figure 1: South Africa’s actual and simulated inflation

inflation rates from 2013 to 2020 (dotted line) are actual and the rest are simulated.

The determination of the simulated annual inflation rates is discussed in Appendix A.

The resultant cash flows for the FCBwCCS investment projects are derived from equation (14) and are
shown in Figure 2. The resultant cash flows are increased by the corresponding inflation rate because
Eskom’s value of p; is expected to increase. The cash flows in Figure 2(a) show that t starts from 2041 and
goes to 2070. The cash flows in Figure 2(a)-(c) are used to determine the V.
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Figure 2: FCBwWCCS investment projects’ cash flows
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4.2. FBCwCCS investment costs

The investment costs in Figure 3 are determined as at 2013 in the TSSMILP model, and are adjusted by the
inflation rates in Figure 1, from 2013 to the respective years shown in Figure 3. I, I,, and I; have option
durations of 17 years (2020 to 2037), one year (2037 to 2038), and one year (2038 to 2039) respectively.
The resultant investment costs are I;= R254.54 billion, I,= R38.04 billion, and /5= R489.19 billion.

-100
-200
-300
-400
-500
-600

Billion Rand

I3
2037 2038 2039
Figure 3: Investment costs for FBCwCCS investment projects
4.3. South African economic data
Economic data is required for the SCRO evaluation. The value of 7y is the difference between the South
African 30-year bond yield as of 31 December 2020 of 10.797% [39] and the corresponding inflation rate of
3.3% [40].
5. SCRO METHOD APPLIED TO FBCWCCS INVESTMENT PROJECTS

The method developed in section 2 and the data discussed in section 3 are used to evaluate the FBCwCCS
investment projects. The differences between the application in [22] and this paper are that:

e In [22] a new chemical plant is evaluated, whereas this study is based on power plants.

e In this study, uncertainty is in future cash flows, which are influenced by uncertain electricity
demand and are quantified and discussed in section 3.1.1.

e In this study, three new power plants are based on the same technology, FBCwCCS, and are
assumed to derive revenue from the same market. Thus the same volatility is used.

5.1. Step 1: Determination of RO factors

The factors are determined from the formulae in section 2.1 and the data in section 3. The factor results
are in Table 5.

Table 5: RO factors for the FBGwCCS investment projects

Factor Value
Volatility, o 41.06%
Risk-free rate, r¢ 7.5%
Upside potential, u 1.51
Downside potential, d 0.66
Risk free probability, p 0.49
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5.2. Step 2: The V, determination for FBCwCCS investment projects

Table 6 presents the value of ¥V at T = 2020, which is determined from equation (6) and the cash flows
in Figure 2. The value of rf is from Table 5 and n =3 because the FBCwCCS has three successive
investments. For the first investment project, the cash flows are from m = 2041 to 2070, from 2042 to
2071 and from 2043 to 2072 for the second and third investment projects, respectively. The values of m in
equation (6) are from 1,...,30 for all of the investment projects.

Table 6: FBCWCCS V|, values for the first three years in R billion

17.52
11.62
7.71 7.71

Vo= 5.11 5.11

g 3.39 3.39

i 2.25

1.49

i | | a
T = 0 (2020) T=1 T=2 T=3

In Table 6 the value of V, is R5.11 billion at T = 0, and increases to R7.71 by a factor of u or decreases to
R3.39 billion by a factor of d at T = 1; this continues until T = 3. However, Table 7 shows the values of V,
for the last three years in which the three investment projects are invested (2037, 2038, and 2039).

Table 7: FBCwWCCS V,, values for the last three years in R billion

12 498
8289
5498 5498
3 646
2418 2418
1 604
1 064 1 064
0.037
0.025 0.025
0.016
0.011 0.011
0.007
0.005 0.005
0.003
0.002

T=17(2037) T =18(2038) T =19 (2039)
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5.3. Step 3: Determination of the SCRO values

The SCRO values are determined from the values of ; in section 4.2. In this step, decisions are made about
the three investment projects, starting at T = 19.

5.3.1. SCRO values for investment at T = 19

The call options, C;,9, correspond to investment cost I; at T = 19, and are derived from equation (7) in
section 2.2.1 and shown in equation (16).

€15 = max(12 498 b — 484.19 b, 0) (16)
= R12 014 billion

Equation (7) is used for all values of i until i = z + 1 = 20, where €2}, = 0. The call options values at T =
19 are used to determine the call option values at T = 18, where i’ = 1,---,19, using equation (17), which
is based on equation (8).

€l = (049 % 12014 + (1 — 0.49) x 5 014)/1.075 (17)
= R7 839 billion

Equation (8) is used to determine all of the call options values at T = 18. Similarly, the call option values
at T = 17 are determined from the call option values at T = 18. The determination of call option values
from the previous year’s call option values continue until T = 0. The resultant binomial trees are shown in
Table 8 for the first three years and in Table 9 for the last three years.

Table 8: I; option values for the first three years in R million

2 339
1236
648 367
338 184
92 37
18
2
T=0 T=1 T=2 T=3

5.3.2. SCRO values for investment at T = 18

The call option values for I, are determined from the call option values C3j’18, in Table 9 at T = 18, which

corresponds to this investment year for this project and j = 1,---,19. The call option values at T = 18 are
determined from equation (10) which results in equation (18).

C},¢ = max (12 014b — 38.04b, 0) (18)
= R7 801 billion

Using equation (10), the results for the rest of the call options at T = 18 are: 2,5 = R3 158, 3,5 = R1 115.
and (3,5 = R225 billion, and the rest of the call option values are equal to zero. As shown before, the call
option values at T = 18 form the first column of Table 11 in appendix B. Similarly, the call option values at
T = 17 are determined from the call option values at T = 18 using equation (11). The resultant call option
values are C},, = R5 043, C#,;, = R1964, C3,, = R613, and C5,, = R102 billion, and the rest are equal to
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zero. The call option values at T = 16 are determined from the call option values at T = 17; this carries on
until T = 0. These option values form the binomial trees in Appendix B.

Table 9: I; call option values for the last three years in R billion

12 014
7 839
5079 5014
3196
1999 1934
1154
649 580
0
0 0
0
0 0
0
0
T =17 T=18 T=19

5.3.3. SCRO values for investment at T = 17

The call option values corresponding to the investment I, are determined from the I, call option values
determined in section 4.3.2. However, only the call option values at T = 17 (2037) are considered because
this is when I, is invested. The call option values for I; at T = 17 are determined from equation (11), where
k = 1, as shown in equation (19).

C11_17 = max (5 043b — 254.54b, 0) (19)
= R4 789 billion

For k = 2,---,18 the call option values determined from equation (11) and are C?;;, = R1709 and C3,, =
R358 billion, and the rest are equal to zero. Similar to sections 4.3.1 and 4.3.2, the call option values at
T =16 are derived from the call option values at T = 17 using equation (13). Their values are C{, =
R2987, C2,4 = R946, and C3,5 = R163 billion, and the rest are equal to zero. The call option values at
T=15 are determined from the call option values at T = 16; this carries on until T = 0. The call option
values results are in Table 12 and Table 13 in appendix C.

6. RESULTS

The results for the FBCwCCS investment projects are discussed, based on the SCRO method and the NPV
approach.

6.1. SCRO results

The call option value determined in section 4.3.3 at T = 0 for I; is R130 million, as shown in Table 12 in
Appendix C, and is used to decide whether or not to exercise the option of investing in FBCwCCS projects.
If the start-up costs are less than or equal to R130 million, decision-makers are advised to invest in these
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projects, or otherwise to defer the investments. This first investment has an option duration of 17 years,
which is long enough for the option value of R130 million to grow in favourable economic conditions.

6.2. NPV results

The NPV for the three investment projects is determined from equation (13), using the cash flows
determined in section 3.1 and the investment costs determined in section 3.2. In equation (13) s is the
discount rate; however, r from equation (2) and the value of r; in Table 5 are used. The valuation date is
2020, but the cash flows are in Figure 2 and the investment costs are in Figure 3. The combined NPV for
the three investments is -R202 billion. The negative NPV means that the FBCwCCS investment projects
should not be considered.

7.  DISCUSSION

The real option results in this paper provide decision-makers with the option to exercise the investment or
to defer it until the value of the underlying asset is more than the start-up costs. However, the NPV results
suggest that the investments should not be considered. As mentioned in section 2.3.1, there is a relationship
between the RO and the NPV. Nonetheless, there is a deviation between the RO and NPV results for the
FBCwCCS investment because this investment has an option duration of 17 years. When the option duration
decreases, the RO and NPV results converge [33].

Low revenues contribute to the value of the underlying assets for the RO. Revenues are low because of the
low value of p,. The value of p, is affected by Eskom’s historical revenues and total sales, which in turn are
affected negatively by customers who are not paying for electricity [41]. The South African electricity price
is also not cost-reflective [42]. Even though South Africa has experienced high electricity increases, the
electricity price is still 40% less than those in other countries [41].

Volatility is assumed to be constant throughout the power plants’ economic lives. In reality, volatility will
change and influence the call option values, as indicated in Table 1.

One should also bear in mind that the data used in this paper is taken from a mixed integer linear two-
stage stochastic programming model’s results. The simulated inflation rates are used to increase the
technology costs, and are too conservative when compared with the actual technology cost increases.

South African companies are lagging behind in the use of the NPV when compared with companies in the
USA, the UK, and Australia [34]. The same pattern is observed in the use of RO, where companies in the
USA, the UK, the Netherlands, Germany, and France have increased the use of RO from 26% to 53%. By
contrast, the use of RO by South African companies is way below 20% [34].

8. CONCLUSION

In this study, a three-step sequential compound real options (SCRO) method is developed and applied to
FCBwWCCS investment projects. The SCRO method is used and compared with the traditional net present
value (NPV) method. Electricity demand is considered as the source of uncertainty, and is quantified by
assuming a random movement of the quotient of electricity revenue to electricity sold.

The SCRO results based on the South African FCBwCCS investment projects show that decision-makers can
exercise the option to invest if the initial costs are less than or equal to R130 million, or otherwise defer
the investments. The call option to defer enables real option value to grow during the remaining duration
of the call option. The NPV results show that investors are better off without the FCBwCCS investment
projects.

The NPV is a popular method for investment evaluation when compared with the RO method. The NPV has
its shortcomings, which are discussed in the literature; hence the SCRO method. However, the results of
the two methods diverge when the call option duration is long, which is the case in this study.

Even though there is development in the RO literature, there is a slow intake of such new methods by the
industry. Nevertheless, developed countries show growth in their use of the RO, which will ultimately filter
down to countries like South Africa. The NPV has followed a similar pattern.
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APPENDIX A

This appendix discusses how the South African inflation rates are simulated. The historical year-on-year
inflation rates (H) from January 2009 to December 2020 are taken from Statistics South Africa’s reports
[43], [44], [45], [46]. Year 2009 is chosen because it was when South Africa started to target the year-on-
year inflation rates to fall between 3% and 6% [47].

The distribution of the historical H is determined from R software [37]. The inverse distribution, Y =
F~1(U), is used to simulate year-on-year inflation rates from 2021 to 2072, where U is a random uniform
variate generated by function RAND() in MS Excel [48]. The results are shown in Figure 1.

APPENDIX B

The call option values in Table 10 and Table 11 are for the I,, and are determined in section 2.2.2.

Table 10: I, call option values for the first three years in R million

2160
1137
595 331
309 166
87 33
16
2

The option values at T = 18 are determined first from equation (10). Equation (11) is used to determine
the call option values at T = 17, based on the T = 18 call option values; this continues iteratively until T =
0.
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Table 11: I, call option values for the last three years in R billion

7 801
5043
3223 3158
1964
1183 1115
613
327 225
0 0
0
0 0
0
0 0
0
0
T=16 T=17 T=18

APPENDIX C

The call option values for I; are determined from the call option values in appendix B at T = 17 using
equation (12). The option values at T = 16 are determined from the option values at T = 17 using equation
(13). Similarly, the call option values at T = 15 are determined from the call option values at T = 16, and
this continues iteratively until T = 0. The results are shown in Table 12 and Table 13.

Table 12: I, call option values for the first three years in R million

1028
518
260 109
130 52
25 6
3
0
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Table 13: I, call option values for the last 3 years in R billion

4789
2987
1 806 1709
946
507 358
163
74 0
0
0 0
0
0 0
0
0
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