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Use coal or invest in renewables: a real 
options analysis of energy investments in the 
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Abstract 

This paper aims to analyze the comparative attractiveness of either investing in various renewable energy sources or 
continue using coal for electricity generation in the Philippines. Using real options approach, this research evaluates 
the investment value and trigger prices of coal for switching technologies with some scenarios in coal price uncer-
tainty and social discount rate. The results find that investing in renewable energy is a better option than continue 
using coal for electricity generation. Among renewable energy sources, geothermal is the most attractive to invest to, 
followed by wind, hydroelectric, and solar photovoltaic.
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Background
To reduce the risk of climate change and support a sus-
tainable future, governments and businesses around the 
world are investing in renewable sources of energy such 
as wind, hydropower, solar, biomass, and geothermal. 
In the recent years, the costs of renewable energy are 
declining fast and becoming cost-competitive against 
fossil fuel-based alternatives in many countries. These 
boost the growth of renewable energy investments set-
ting a record high in 2015 of US$249 billion, with a shift 
in geographic concentration in the developing coun-
tries around the Asia-Pacific region (Bloomberg 2016). 
In the Philippines, renewable energy accounts to 24% of 
the total electricity generation in 2016 (Department of 
Energy (DOE) 2017). The country is aiming to increase 
this value to 60% by 2030 by developing localized renew-
able energy resources (DOE 2012). The country’s geo-
graphic location in the Pacific makes it a good potential 
for renewable energy generation with 76.6  GW wind, 
10 GW hydropower, 5 kWh/m2/day solar, 500 MW bio-
mass, 170  GW ocean, and 4  GW geothermal (Interna-
tional Renewable Energy Agency (IRENA) 2017). Despite 

the renewable energy potential in the country, invest-
ments in these sources are challenged by high startup and 
technology cost, competitive prices of fossil fuels, and 
non-viable markets.

This paper proposes a general energy investment 
framework that can be applied to developing countries. 
The main objective is to analyze the comparative attrac-
tiveness of either continue using coal or switching to 
renewable energy sources for electricity generation using 
the case of the Philippines. Applying the real options 
approach (ROA) under uncertainty, this research evalu-
ates the value of investment and identifies the optimal 
timing of investment in various types of renewables. A 
sensitivity analysis is conducted to investigate the dynam-
ics of investment value and optimal timing of investment 
under the changes in discount rates and volatility of coal 
prices.

The application of ROA approach is becoming more 
popular in valuating energy projects as it covers essen-
tial characteristics of investment. First characteristic is 
the irreversibility in which the investment cost cannot 
be recovered once it is installed (Pindyck 1993). Sec-
ond, ROA addresses the uncertainties in investment 
including interest rates, technological progress, energy 
policy, and market prices (Kumbaroğlu et  al. 2008). 
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Third is the flexibility in which investors can invest 
immediately or delay the decision into a lesser risk and 
more profitable period of investment (Yang et al. 2008). 
Recent applications of ROA, particularly in renewable 
energy investments, include Eissa and Tian (2017) who 
investigated the real options framework for solar power 
project considering the renewable certificate price and 
cost of delay between establishing and operating the 
solar power plant; Kim et  al. (2017) who assessed the 
renewable energy investment in developing countries 
with a case study involving a hydropower project in 
Indonesia; Kitzing et al. (2017) who evaluated offshore 
wind energy investments in Baltic Sea under uncer-
tainties in feed-in tariffs (FiT), feed-in premiums, and 
tradable green certificates; Loncar et  al. (2017) who 
used a compound real options valuation method to 
examine a potential onshore wind farm project in Ser-
bia; and Zhang et al. (2017) on estimating the optimal 
subsidy for renewable energy power generation project 
in China by using stochastic process to describe the 
market price of electricity,  CO2 price, and investment 
cost. Further, Barrera et al. (2016) analyzed the impact 
of public research and development (R&D) financing 
on renewable energy projects, specifically on concen-
trated solar power; Eryilmaz and Homans (2016) exam-
ined the investment decisions of US renewable energy 
producers considering the uncertainties in federal gov-
ernment’s continuation of the production tax credit 
policy and the market prices for renewable electricity 
credits; Fleten et  al. (2016) studied whether investors 
in renewable energy projects in Norway exert discre-
tion about the timing of investment decisions when 
they face uncertainties in electricity price and subsidy; 
Ritzenhofen and Spinler (2016) assessed the impact of 
adjustments in FiT schemes on investment in renew-
able energy sources; Sisodia et al. (2016) evaluated the 
investment strategies in wind-generated energy pro-
jects in Portugal under the risk in regulatory changes in 
Spain; and Wesseh et al. (2016) evaluated whether the 
feed-in-tariffs outweigh the cost of wind energy pro-
jects in China. To the best of author’s knowledge, there 
has not been any study analyzing investment deci-
sions with various renewable energy options applying 
the ROA under uncertainty. This study contributes to 
these literatures by applying ROA, to analyze invest-
ment strategies of shifting technologies from coal to 
renewable energy sources (RES) including wind, solar 
PV, hydropower, and geothermal. Applying the case of 
the Philippines, this further identifies scenarios where 
investment in renewables becomes better alternative to 
coal for electricity generation.

Methods
This study uses the real options approach to identify the 
trigger prices of coal for switching technologies from coal 
to renewable energy sources. A series of processes are 
employed including the evaluation of the net present val-
ues (NPV) of investment in renewables and coal, applica-
tion of stochastic process and Monte Carlo simulations 
to estimate the expected net present value of using coal, 
and dynamic optimization to calculate the real option 
values of either investing in renewables of continue using 
coal. The ROA framework in this study takes the point of 
view of an investor who decides to invest in RES within 
a specific period of investment. Within this period, the 
investor has the option to delay the investment and select 
the optimal timing to maximize the project value under 
uncertainty (Zhang et  al. 2017; Hach and Spinler 2016; 
Pringles et al. 2015).

Net present value of investment in renewable energy
Adopting the social revenue function described by Detert 
and Kotani (2013), Twidell and Weir (2015), and Savino 
et  al. (2017), the NPV for shifting to renewable energy 
sources is described by

where πR,t is the annual revenue for after making the 
technological switch; R is the renewable source includ-
ing wind, solar, hydro, and geothermal; IR is the overnight 
cost for renewables; PE is the domestic electricity price 
in the Philippines; QE is the annual electricity generated 
from renewables; CR is the annual O&M cost; ρ is the 
discount factor equal to 1/1+ r; r is the social discount 
rate; t is the period of investment; and TR is the lifetime of 
renewable energy generation.

Net present value of using coal
The social revenue for continue using coal for electricity 
generation is described by

where πC,t is the annual revenue for continuing the use of 
coal; Cc is the annual O&M cost for coal; Qc is the amount 
of coal needed to generate QE, TC is the number of years 

(1)NPVR =
TR∑

t=0

PVR,t − IR =
TR∑

t=0

ρtπR,t − IR

(2)πR,t = PEQE − CR

(3)NPVC =
TC∑

t=0

PVC,t =
TC∑

t=0

ρtπC,t

(4)πc,t = PEQE − Pc,tQc − Cc
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the coal can be used after the terminal period; and Pc,t is 
the stochastic price of coal which is described in the next 
subsection.

Stochastic process and Monte Carlo simulation
In line with previous literatures, this study assumes that 
price of coal is stochastic that changes randomly over 
time and follows geometric Brownian motion (GBM) 
with a drift (Tietjen et al. 2016; Wang and Du 2016; Xian 
et  al. 2015). Dixit and Pindyck (1994) presents the sto-
chastic price process as

where α and σ are parameters of drift and variance repre-
senting mean and volatility of the price process, dt is the 
infinitesimal time increment, and dz is the increment of 
the Wiener process equal to εt

√
dt such that εt ∼ N (0, 1) . 

Adopting Insley (2002), α and σ can be approximated 
using the ADF unit root test for the time series of coal 
prices (see Additional File 1: Table S2 for ADF unit root 
test result). These parameters are then employed in gen-
erating stochastic prices of coal using the equation

where PC,t and PC,t−1 are the stochastic prices of coal at 
periods t and t − 1; and εt is standard normally distrib-
uted such that εt ∼ N (0, 1).

The expected net present value of using coal is calcu-
lated using Monte Carlo simulation as described by the 
equation

In this process, the NPVC is calculated repeatedly in an 
approximately large number of J  times considering the 
stochastic prices of coal. Computed NPVC are then aver-
aged to estimate the expected net present value of using 
coal.

Dynamic optimization and optimal trigger prices
The real options model in this study is described by 
an investor who is given a period to decide to switch 
to renewable energy sources. After such period, there 
is no other choice but to continue using coal until the 
end of its lifetime. The decision-making process is 
done annually by maximizing the net present values of 
each option (coal or renewable). Adopting the work of 
Detert and Kotani (2013), option value at each period 
of investment is calculated using dynamic optimization 
as described by

(5)
dP

P
= αdt + σdz

(6)PC,t = PC,t−1 + αPC,t−1 + σPC,t−1εt−1

(7)E
{
NPVC,j|PC,0

}
≈

1

J

J∑

j=1

NPVC,j ≈ E
{
NPVC|PC,0

}

where Vt

(
PC,t

)
 is the option value at each price of coal 

PC,t, T  is the length of time where an investor has an 
option to switch to renewable energy; τ is the period 
where the switching is made; and I{τ≤T } is an indicator 
function equal to 1 with τ ≤ T  otherwise 0. In the given 
equation, the investor’s problem is to find the optimal 
timing τ that maximizes the expected NPV of social rev-
enues at each price of coal for every investment period. 
Estimated option values are plotted in graphs to identify 
the trigger prices of coal for switching technologies as 
represented by

where P̂C is the trigger price or the minimum coal price 
PC ,t, while V0

(
PC,0

)
 and VTR

(
PC,0

)
 are the maximized val-

ues of the investment at time t = 0 and t = TR (Dixit and 
Pindyck 1994; Davis and Cairns 2012).

Data and scenarios
To estimate the parameters for the optimization prob-
lem, the data are gathered from Philippine’s Department 
of Energy (DOE). A standard quantity of electricity gen-
eration QE is set to 2165 GWh such that all RES produce 
the same average annual output. This amount proposes 
5% of the energy generation from coal to be replaced by 
renewable sources. The investment costs and other costs 
associated with the generation of electricity from vari-
ous sources are then estimated. This study assumes that 
RES can generate electricity at an annual average of QE 
all throughout its lifetime; there are no technological 
innovations that affect energy efficiency and overnight 
costs of renewables; no inflation; and prices of coal are 
stochastic and independent of the demand for renewable 
energy. All parameters used in this study are described in 
Additional file 1: Table S1.

To describe several investment environments in the 
Philippines, this study analyses the sensitivity of optimal 
investment decisions with respect to uncertainty in coal 
prices and discount rates. Higher uncertainty describes 
a situation with high volatility in coal prices. Meanwhile, 
lower uncertainty indicates a more deterministic trend 
in coal prices. Several discount rates are also employed 
from the present 10%, to 12.5, 7.5, and 5%.

(8)

max
0≤τ<T+1

E









�

0≤t<τ

ρtπC,t + ρT
NPVC,t

�
1− I{τ≤T }

�


|PC,0






+ {NPVR}
�
I{τ≤T }

�

(9)
Vt

(
PC,t

)
= max

{
NPVR,πC,t + ρE

(
Vt+1

(
PC,t+1

)
|PC,t

)}

(10)P̂C = inf
{
PC,t |V0

(
PC,t

)
= VTR

(
PC,t

)}
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Results
The dynamic optimization of the real options model 
in this study yields two main results: option values and 
optimal trigger price. The option values at every period 
of investment are obtained by maximizing the value of 
using coal or shifting to renewables subject to stochastic 
prices of coal. From the options values, the trigger price 
is determined as the minimum price of coal that maxi-
mizes the option values between the initial period and 
the terminal period of investment. At this price of coal, 
switching to renewables is optimal.

The result of the dynamic optimization is shown in 
Fig. 1. The first point of interest is the line at the bottom 
of each option values curve. These lines represent the net 
present values of each renewable energy sources as sum-
marized in Table 1. The positive net present values indi-
cate positive returns for all types of investment. Among 
the renewable energy sources, geothermal shows to be 
the most profitable followed by wind, hydropower, and 
lastly, solar PV. This is in line with the previous studies 

showing geothermal to be the cheapest form of energy 
and most attractive renewable energy investment among 
all other sources available in the country (Stich and 
Hamacher 2016; DOE 2014; Utama et  al. 2012). Mean-
while, the data from DOE further show that majority of 
renewable sources in the country is coming from both 
geothermal (12% of total generation) and hydropower (9% 
of total generation). Currently, the country is the world’s 
second largest producer of geothermal energy second 
to the USA (Sovacool 2010). The use of new renewable 
energy sources including solar and wind energy has also 
dramatically increased in the recent years because of the 
favorable renewable energy policy framework and invest-
ments from the private sector (IRENA 2017). However, it 
should be noted that NPV is not the sole determinant of 
investments in a real options approach as the option val-
ues and optimal timing that maximize the value of invest-
ment opportunity must also be accounted for (Dixit and 
Pindyck 1994). 

The next point of interest is the option values of vari-
ous RES as shown in Fig.  1. Each point on the curves 
describes the maximized value of investment for every 
price of coal. It can be observed that the option values are 
greater or equal than the NPV. This is because the real 
option value equals the net present value of an invest-
ment plus the value of management flexibility (Santos 
et  al. 2014; Yeo and Qui 2003; Trigeorgis 1996). This 
highlights the advantage of using ROA over traditional 
project valuation methods as it combines uncertainty 
and risk with flexibility while considering the volatility 
in investment as a potential positive factor which gives 
additional value to the project (Brach 2003). Among the 
option value curves in Fig.  1, investment in geothermal 
energy showed the highest real option values followed 
by wind, hydroelectric, and solar PV. This implies that 
among various RES options, geothermal seems to be the 
most attractive investment.

Another point of interest is the dynamics of option 
values. The downward slope of the curves indicates that 
option values decrease with prices of coal. The point 
where option value curve meets the straight line is the 
point of indifference. This point indicates the price of coal 
where an investor is indifferent between a decision to opt 
for coal or renewables. After such point, an investor has 
no better option but to switch technologies to renewables 
to avoid welfare loses. The vertical distance between the 
option curve at the terminal period (broken curve) and 
initial period (bold curve) represents the benefit of the 
option to wait which is equal to (VT

(
PC,t

)
− V0

(
PC,t

)
. It 

can be observed that as coal price increases from zero, 
the value of option to wait increases, then decreases, and 
finally equals zero. This only confirms that the option 
value and value of option to wait are not necessarily 

Fig. 1 Option values of various renewable energy sources. Note 
geo_0, geo_T, wind_0, wind_T, hydro_0, hydro_T, solar_0, and solar_T 
are option values for investment in geothermal, wind, hydropower, 
and solar PV at the initial (0) and terminal (T) period of invest-
ment (see Additional file 1: Table S3 for the simulation result)

Table 1 Net present value of various renewable energy 
investments

Net present value

Geothermal US$ 2020M

Wind US$ 1538M

Hydroelectric US$ 917M

Solar PV US$ 681M
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proportional with changes in coal price under the condi-
tions set in the real options model.

The last point of interest is the optimal trigger price of 
coal for shifting technologies and the dynamics of trigger 
prices over time as shown in Figs. 1 and 2. From Fig. 1, 
the optimal trigger price is represented by the intersec-
tion of the option values curves between the terminal and 
the initial period of investment. At this point, the value 
of waiting to invest becomes zero, which signifies the 
optimal decision to shift technologies to renewables. The 
trigger prices for various renewable energy sources are 
$74 for geothermal, $116 for wind, $173 for hydropower, 
and $194 for solar. This only conforms the NPV result 
in Table 1 which implies geothermal as the most attrac-
tive renewable energy option in terms of the profit from 
investment under uncertainty in coal prices. Figure 2 also 
follows this conclusion as geothermal yields the lowest 
trigger price curves at every period of investment.

Sensitivity in discount rate and volatility of coal price
This portion of analysis describes how optimal strate-
gies adjust with varying certain investment parameters. 
Table 2 shows the trigger prices of coal increases at dif-
ferent discount rates. As discount rate increases, the net 
present value of investment decreases due to a decrease 
in net cash flow after discounting. Lower net present val-
ues result to a lower option values thereby decreasing the 
benefit of switching technologies to renewables. Thus, 
higher discount rate increases the trigger price implying 
a more optimal decision to wait or to delay investment in 
renewables. This suggests that the government must set 
a discount rate lower than the current 10–15% to attract 
investors to renewable energies and add benefit to power 

producers to shift energy sources from coal to renewa-
bles. This result conforms with previous studies affirming 
that RES with higher proportion of capital investments 
are more expensive with high discount rate, while elec-
tricity generated from coal (and other fossil fuels) with 
significant proportion of operational and variable costs 
are far less susceptible to changes in discount rates due to 
lower capital costs (Copiello et al. 2017; Jeon et al. 2015; 
Pereira et  al. 2013). Hence, lower social discount rates 
entail greater contributions of renewable technologies 
while higher social discount rates favor the use of fossil 
fuels (Gusano et al. 2016).

Table 3 shows the trigger prices at different volatilities 
in coal prices. The results show that at lower volatility of 
coal prices, option values increase, and the optimal trig-
ger price of shifting to renewable decreases. This implies 
that with more deterministic prices of coal input, the bet-
ter to invest earlier in renewables. On the other hand, 
when prices of coal input are more volatile in the mar-
ket, it is better to wait and delay the investment to avoid 
losses from investment risks. This is because investors 
are risk averse, and they accept a riskier project only if 
they expect to receive a higher return to compensate it 
(Viallet and Hawawini 2015). Therefore, the higher the 
uncertainty over future cash flows, the lower the project’s 
NPV and real option value, and lesser attractive to inves-
tors (Fagiani et al. 2013).

Limitations and discussion
To develop a ROA framework of energy investment deci-
sion, this study made several simplifying assumptions 
leading to various limitations in the analyses. First, the 
coal prices are assumed to be stochastic and follow GBM. 
With the positive drift of coal prices from the ADF unit 
root test, this assumes that the prices are increasing in 
the long run. With coal being an exhaustible resource, the 
current demand path and competition may accelerate the 
upward trend in prices with higher volatility and uncer-
tainty. On the other hand, this paper acknowledges that 
the rapid developments in renewable technologies may 
eventually reduce the demand for coal and its price. This 
trend in coal price and demand should be accounted for. 

Fig. 2 Trigger coal price dynamics for various renewable energy 
sources at the baseline scenario. Note P* is the trigger price of coal at 
each period of investment (see Additional file 1: Table S4 for simula-
tion result)

Table 2 Optimal trigger prices of coal at various discount 
rates

Discount rate

5% 7.5% Base (10%) 12.5%

Geothermal $41 $58 $74 $97

Wind $85 $92 $116 $152

Hydroelectric $119 $136 $173 $218

Solar PV $128 $152 $194 $224
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Moreover, different models to describe stochastic prices 
of fossil fuels could also be used for further comparison 
of results using GBM.

The study applies ROA under uncertainty in fuel prices 
and social discount factor. This paper acknowledges other 
uncertainties that affect investment decisions particularly 
to renewable energy. These include inflation that affects 
estimates of future cash flow; changes in FiT rates and 
market price of electricity; FiT subsidies and other gov-
ernment incentives; technological innovation that could 
lower the investment cost for RES; and environmental 
policy by imposing externality tax and green energy cer-
tificates (Eissa and Tian 2017; Kitzing et al. 2017; Zhang 
et  al. 2017; Byrnes et  al. 2016; Eryilmaz and Homans 
2016; Kamjoo et  al. 2016; Arnold and Yildiz 2015). The 
proposed ROA could be extended by incorporating these 
uncertainties to make a better investment strategy and 
comparison among various energy sources.

This study focuses only on the financial side of renew-
able energy investment. In real project valuation and 
decision-making process, there are also several factors 
considered including economic impacts on employment, 
electricity prices, and local economy; environmental 
impacts on landscape, wildlife, noise level and quality of 
air; and socio-technical factors including user’s energy 
demand, usage patterns, system sizing, and availabil-
ity of renewable resources (Barros et  al. 2017; Akinyele 
and Rayudu 2016; Akinyele et  al. 2015; Emmanouilides 
and Sgouromalli 2013). Future studies could incorpo-
rate these factors to make the current ROA model more 
robust and valuable only to investors but to project eval-
uators and policy makers as well.

Although there are some limitations, the ROA frame-
work proposed in this study could be a good benchmark 
for further analysis of investment decisions for cleaner 
and more sustainable sources of energy.

Conclusion
This study presented investment environments for 
switching coal-based electricity generation to renewable 
energy by incorporating the option to delay or to wait in 

making an investment decision. Using MATLAB pro-
gramming, dynamic optimization processes were done 
to evaluate the option values of investments and the 
timing switching technologies. Sensitivity analyses were 
performed to identify how uncertainty in coal prices and 
discount rates affect the investment decision-making 
process. By applying the real options approach, this study 
characterized scenarios where renewable energy became 
more attractive option than continue using coal. Among 
the renewable sources, geothermal energy showed to be 
the most profitable option followed by wind, hydroelec-
tric, and solar PV. More deterministic coal prices and 
lower discount rates decreased the trigger prices of coal 
suggesting an earlier shifting of technologies from coal to 
renewables. Furthermore, higher coal price uncertainty 
and higher discount rate indicated a more optimal deci-
sion to delay investment in renewable energy.
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