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Abstract
We estimated system-wise levelized cost of electricity (LCOE) for a power grid with 
a high level of renewable energy using our grid optimization model. The estimation 
results of the system-wise LCOE are discussed in terms of the nexus of energy, envi-
ronment, and economic growth for Small Island Developing States (SIDS) econo-
mies. While 100% renewable energy is technologically possible with the usage of 
electricity storage, the estimated LCOE is as high as 397 $/MWh which is substan-
tially higher than electricity prices for residential consumers in the US and Japan. 
The susceptibility analyses imply that the estimated LCOE increase of 223% with a 
100% renewable power grid corresponds to an as high as 11% decrease in economic 
growth. This decrease in economic growth would have a significant negative impact 
on SIDS economies. However, hydrogen production via the electrolysis of water 
using the excess energy supply from solar photovoltaics would reduce the LCOE, 
and therefore, higher economic growth would be attained with less CO

2
 emission.

Keywords Energy · Power grid · Renewable energy · Levelized cost of electricity · 
Economic growth

JEL Classification Q40 · F43 · Q50

1 Introduction

The population size of Small Island Developing States (SIDS) is rather limited. 
SIDS have a combined population of approximately 65 million (UN-OHRLLS 
2015), which is approximately 1% of the world’s population. In SIDS, nearly 30% of 
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the population lives at elevations of less than 5 m above sea level. Therefore, SIDS 
are often said to be the most vulnerable areas to climate change due to the currently 
increasing CO2 emissions.

The Intergovernmental Panel on Climate Change (IPCC) has reported that emis-
sions resulting from human activities are substantially increasing atmospheric con-
centrations of greenhouse gases, resulting on average in additional warming to the 
Earth’s surface (IPCC 1990). Based on IPCC reports, policy makers in various 
countries, including advanced countries, emerging economies, and SIDS, have pro-
posed energy policies to introduce as much renewable energy as possible to curtail-
ing CO2 emissions. However, skepticism persists due to the high cost of investment 
in renewable energy and its integration into power grids.

Here, we briefly review the sustainable development goals (SDGs) (Sachs 2015) 
and discuss the synergy and trade-off between these goals. The SDGs consists of 
17 goals and 169 targets. Some targets are common to different goals. Le  Blanc 
expressed the SDGs as a bipartite network between the 17 goals and 169 targets 
(Le Blanc 2015). Contracting the bipartite network, we obtain a network that only 
consists of targets. The links of the obtained network are weighted, even though 
the links of the original bipartite network are binary. Many high degree nodes are 
located at the center of the network, e.g., SDG 1 “poverty”, SDG 10 “inequal-
ity”, SDG 12 “sustainable consumption and production”, and SDG 8 “growth and 
employment”. The synergy between SDGs is identified as pairs of nodes connected 
by large weight links, e.g., SDG 1 “poverty” and SDG 10 “inequality”, SDG 5 “gen-
der” and SDG 4 “education”, and SDG 16 “peaceful and inclusive” and SDG 10 
“inequality”. Conversely, trade-off between SDGs is identified as pairs of nodes 
without link, e.g., SDG 7 “energy” and SDG 13 “climate change”.

Here, we point out the need for a concrete example studying the trade-off between 
energy goals and climate change. In this paper, we consider a power grid with high 
rate of renewable energy in SIDS economy, and discuss nexus of energy, environ-
ment, and economic growth. The goal of this paper is to estimate the electricity 
price for a power grid with high rate of renewable energy for an SIDS economy 
and to discuss how the estimated electricity price affects the economic growth. This 
paper is organized as follows. In Sect. 2, a model of grid integration of renewable 
energy is described. In Sect.  3, the detail of our analysis is explained. In Sect.  4, 
various results are shown and discussion on nexus of energy, environment, and eco-
nomic growth for a SIDS economy is given. Section 5 summarizes the paper.

2  Grid integration of renewable energy

Our model of grid integration for renewable energy is described in this section 
(Ikeda and Ogimoto 2014; Kimura et al. 2015, 2018). We assume here that the ther-
mal power plants in an SIDS economy consist primarily of diesel power, i.e., less 
coal and natural gas thermal power. We also assume that the renewable energy in 
SIDS economy is mainly solar photovoltaic (PV), i.e., less wind power, because the 
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low altitude area where most SIDS are located are rich in solar potential and poor in 
wind potential (Chatzivasileiadis et al. 2013).

2.1  Power grid

A typical conventional power grid today includes thermal power plants on the 
supply side and also factories, office buildings, and individual residences on the 
demand side. The demand varies and fluctuates with time. This fluctuation needs 
to be balanced by changing the output of the thermal power plants (International 
Energy Agenvy 2018).

The evolution of power grids is currently underway and moving toward the 
first phase of smart grid. Solar PV panels are starting to be installed in various 
locations on power grids on both the supply and demand sides. The installation 
of renewable energy introduces additional fluctuation into a power grid. This 
requires additional balancing power, even though the demand for electricity on 
the supply side decreases due to the additional capacity of the renewable energy 
on the supply side. Therefore, we need a certain capacity of electricity storage 
to obtain sufficient balancing power for the stable operation of the power grid. 
Currently, the cost of electricity storage is high: therefore, the price of electricity 
must increase.

In the near future, demand-side management systems which consist of a smart 
meter, a home energy management server, and appliances applicable to the server, 
will become popular and we will obtain a new source of balancing power on the 
demand side. This new balancing power will reduce the capacity of the electricity 
storage required to balance fluctuations in the renewable energy. We call the sec-
ond phase of the smart grid. However, it might be delayed to diffuse the technol-
ogy of the second phase of smart grid, primarily due to the complicated relation-
ships between power grid stakeholders.

Our grid model aims to describe the first phase of a smart grid to estimate the 
electricity price for a power system with a high level of renewable energy integra-
tion in an SIDS economy.

2.2  Grid model

We formulate our grid model as an optimization model. The concept of our grid 
model is shown in Fig. 1. First, we define the objective function which is equal to 
the fuel expenditure required to operate the thermal power plants:

where bi is the fuel cost used to obtain a unit of electricity from a thermal power 
plant i and pi

t
 is the output electricity at a time t from the plant i. T and N are the 

time period of the calculation and the number of thermal power plants, respectively. 

(1)
T
∑

t=1

N
∑

i=1

bip
i
t
,
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In this paper, the time period is 1  year and the time step is 1  h, and therefore, 
T = 24 × 365 = 8760.

The objective function in Eq. (1) is minimized under the global constraints of 
the demand–supply balance and some local constraints on the electricity storage. 
The global constraints of the demand–supply balance are given as follows:

where pv(f )t  , gt , ht , d
(f )

t  , �2
d
 , and �2

p
 are the solar PV output forecast at t, the discharged 

electricity from the electricity storage at t, the electricity charged to storage at t, the 
demand forecast at t, the variance of the demand fluctuation, and the variance of 
the fluctuation in the solar PV output, respectively. Note that the fluctuations of the 
demand and renewable energy are stochastically taken into account. � and �(�) are 
the probability of ensuring the supply–demand balance and the cumulative distri-
bution function, respectively. In this paper, we use � = 1.28 , which means that the 
demand–supply balance is satisfied with a probability of 90% . The cumulative distri-
bution function is written using the error function erf [⋅] as follows:

Here, � = 0 and � = 1 , because the left-hand side of Eq. (2) is normalized. The local 
constraints on the electricity storage are given as follows:

(2)

∑N

i=1
pi
t
+ pv

(f )

t + gt − ht − d
(f )

t
�

�2
d
+ �2

p

≥ �−1(�),

(3)�(x) =
1

2

�

1 + erf

�

x − �
√

2�2

��

.

(4)vtcmin ≤ gt ≤ vtcmax,

(5)(1 − vt)cmin ≤ ht ≤ (1 − vt)cmax,

(6)Rmin ≤

t
∑

s=1

(hs� − gs)�t ≤ Rmax,

Solar PV Diesel 
generator

Capacity
(investment,
maintenance)

Capacity
(investment,
maintenance)

Diesel price Hourly solar 

Hourly scheduling diesel generator and electric 
storage to balance demand and supply with the 

Electricity 
storage

Hourly demand 
(Normal/Eco)

Capacity
(investment,
maintenance)

Fig. 1  Concept of our grid model. The model is formulated using Eqs. (1)–(6)
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where vt , cmin , cmax , Rmin , Rmax , � , and �t are the state variable of the electricity stor-
age ( vt = 1 : discharge, vt = 0 : charge), minimum discharge power, maximum dis-
charge power, minimum stored energy, maximum stored energy, efficiency, and time 
step, respectively.

Next, we describe the system-wise levelized cost of electricity (LCOE). The sys-
tem-wise LCOE is estimated by including the thermal power plants, solar PV, and 
electricity storage. Therefore, the system-wise LCOE is interpreted as a measure of 
the electricity price, even though the cost of transmission and distribution and the 
profit of the utility company are not included. The system-wise LCOE is defined by 
the aggregated expenditure ($) to supply a unit amount of electricity (MWh) to the 
consumer:

where Iy , My , Fy , r, and T are the investment expenditures (including finance) in year 
y, the operation and maintenance expenditures in year y, the fuel expenditures in 
year y, the discount rate, and the life of the system, respectively. Note that Iy and My 
are aggregated for all of the thermal power plants, renewable energy, and electricity 
storage on the supply side. Conversely, Fy is only aggregated for all of the thermal 
power plants. Pi

y
 , PV (f )

y  , Gy , and Hy in Eqs. (7)–(12) are sum of pi
t
 , pv(f )t  , gt , and ht 

calculated in Eqs. (1)–(6) for 1 year, respectively, and are assumed as constant val-
ues during the life of system Y.

(7)LCOE =

∑Y

y=1

Iy+My+Fy

(1+r)y

∑Y

y=1

Ey

(1+r)y

,

(8)Ey =

N
∑

i=1

Pi
y
+ PV (f )

y
+ Gy − Hy

(9)Pi
y
=

T
∑

t=1

pi
t
,

(10)PV (f )
y

=

T
∑

t=1

pv
(f )

t ,

(11)Gy =

T
∑

t=1

gt,

(12)Hy =

T
∑

t=1

ht,
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3  Analysis conditions

We assume a representative case to analyze a power grid with a high level of 
renewable energy in an SIDS economy. The details of the analysis conditions for 
a representative case are explained in this section.

3.1  Representative case

We quantitatively estimated electricity prices for power grids in the Temburong 
area of Brunei with different share of renewable energy using the grid model 
described in Sect. 2.2. Even though Brunei is not categorized as a SIDS area in 
a precise sense, the Temburong area is an isolated enclave of Brunei and its geo-
graphical and demographical conditions are similar to many SIDS area. For this 
reason, we assume that the Temburong area is equivalent to SIDS in terms of 
power grid analysis.

Time series of the solar radiation in Brunei are shown in Fig. 2 for January, 
2016. Each line corresponds to the temporal change in the solar radiation from 
6:00 am to 20:00 pm on a single day. Figure 2 shows that the fluctuation can be 
considerable depending on the weather conditions, e.g., the coefficient of varia-
tion is 28% at noon.

The estimated electricity demand is shown in Fig. 3 for a weekday and a week-
end day. The first 24 h shows the demand for a weekday, and the last 24 h shows 
that for a weekend day. The shape of the estimated electricity demand is fairly flat 
during the daytime and shows peaks in the early evening. The demand on a week-
end day is considerably lower than the demand on a weekday. The blue curve 
and red curve are the normal demand and the eco-demand, respectively. Here, 
the eco-demand is estimated for energy-saving buildings. The peak of the eco-
demand is approximately 78% that of the normal demand. A detailed description 
of this demand estimation is given in Ref. Kimura et al. (2018).

Fig. 2  Time series of the solar 
radiation in Brunei. Each line 
corresponds to the temporal 
change in the solar radiation 
from 6:00 am to 20:00 pm in a 
single day
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3.2  Parameters on the supply side

The parameters for the diesel generators are shown in Table 1. The number of diesel 
generators N changes over the range of 0–7. We assume that the diesel fuel price in 
Brunei is 1 / 3 the price in the US. Note, however, that this assumption might not be 
valid for all SIDS economies. We simply use this assumption to provide a generic 
value in this representative case. In addition, when estimating the road factor of the 
diesel generators, we assume that the 3-month maintenance is scheduled after 1 year 
of generator operation.

The solar PV parameters are shown in Table 2. The installed solar PV capacity 
varies in the range of 0.0–192.0 (MW). Note that the initial investment cost 1500 

Fig. 3  Estimated electricity 
demand for a weekday and a 
weekend day. The eco-demand 
is estimated for energy-saving 
buildings. A detailed descrip-
tion of the demand estimation 
is given in Ref. Kimura et al. 
(2018)
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Table 1  Parameters of diesel generator

Parameter Value

Fuel price ($/litter) (Diesel price in Brunei, 1/3 of US) 0.32
Rated power (MW) 3.0
Road factor (3 months maintenance after 1 year operation) 0.8
Initial investment cost ($/kW) 650
Operation and maintenance cost ($/MW/year) 15 × 1000

Table 2  Parameters of solar PV Parameter Value

Installed capacity (MW) 0.0–192.0
Rated power of unit module (MW) 6.0
Road factor 0.18
Initial investment cost ($/kW) 1500 (Genera-

tion cost 5c/
kWh)

Operation and maintenance cost ($/MW/year) 15 × 1000
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$/kW corresponds to the generation cost 5 c/kWh. This means that the generation 
cost of solar PV is not excessive today. The load factor 0.18 is relatively high for the 
solar PV generation. We assume that this value is plausible for most SIDS econo-
mies, because most SIDS are located at low latitudes.

The electricity storage parameters are shown in Table 3. Here, we consider bat-
tery-type electricity storage, such as Li-ion batteries, NaS batteries, lead acid bat-
teries, and vanadium redox flow batteries. We assume a proportionality between 
the maximum discharge power x (MW) and the maximum stored electricity 6 ⋅ x 
(MWh). Even though the efficiency 0.7 varies depending on the technology used for 
the storage, we use this as a generic value.

For the LCOE estimation in Eq. (7), we assume a life of system of Y = 20 (years) 
and a discount rate of r = 0.05 . Note that the fuel expenditures Fy and the electricity 
generation Et calculated by aggregating the results of the optimization of our grid 
model described in Sect. 2.2 at an hourly time step over 1 year are used throughout 
the 20 years of the life of the system.

4  Results and discussion

The estimation results for the grid operation and system-wise LCOE using the 
grid model described in Sect. 2.2 are shown and discussed in terms of the nexus of 
energy, environment, and economic growth for an SIDS economy in this section.

4.1  Results

The electricity from diesel generators which is required to satisfy a given demand 
was estimated throughout a year with a given output from the solar PV of 12 MW. 
Five diesel generators and a maximum electricity storage capacity of 30 MWh are 
required on the supply side to satisfy the normal demand throughout a year. The esti-
mation results for the electricity supply on a weekday and a weekend day in January 
are shown in Fig. 4. Here, the given electricity demand is indicated by a red curve 
for a weekday and a weekend day. The number of diesel generators is reduced from 
seven to five using a maximum electricity storage capacity of 30 MWh. In Fig. 4, p1

t

–p5
t
 show the outputs of the five diesel generators, ht shows the excess output from 

solar PV charged into the electricity storage, and gt shows the discharged electricity.

Table 3  Parameters of 
electricity storage

Parameter Value

Minimum discharge power (MW) 0.0
Maximum discharge power (MW) 0.0–95.0
Minimum electricity storage capacity (MWh) 0.0
Maximum electricity storage capacity (MWh) 0.0–570.0
Efficiency 0.7
Initial investment cost ($/kWh) 200
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The estimated system-wise LCOEs are shown in Fig. 5 as a function of the solar 
PV and electricity storage capacities for the eco-demand case. The white area in 
Fig. 5 indicates that the optimization described in Sect. 2.2 is not feasible for the 
specified solar PV and electricity storage capacities. For the systems in panel (a), 
the installed diesel generator and solar PV capacities are 12 MW and 6 MW, respec-
tively. The maximum stored electricity is 48 MWh, and the lowest system-wise 
LCOE is estimated to be 123 $/MWh. For the systems in panel (b), the installed 
diesel generator and solar PV capacities are 6 MW and 72 MW, respectively, the 
maximum stored electricity is 180 MWh, and the lowest system-wise LCOE is esti-
mated to be 245 $/MWh. For the systems in panel (c), the install diesel generator 
and solar PV capacities are 0 MW and 120 MW, respectively, the maximum stored 
electricity is 450 MWh, and the lowest system-wise LCOE is estimated to be 397 $/
MWh. The 12-MW and 0-MW diesel generator cases correspond to the business-as-
usual scenario and the 100% renewable energy scenario, respectively. While 100% 
renewable energy, i.e., no diesel generator, is technologically possible with the usage 
of electricity storage, the estimated LCOE is 397 $/MWh. Note that this estimated 
LCOE is substantially higher than electricity prices for residential consumers in the 
US (125 $/MWh) and Japan (253 $/MWh) (International Energy Agency 2015).

4.2  Discussion

The nexus of energy, environment, and economic growth are discussed here to pro-
vide invaluable insights toward the realization of SDGs. The susceptibility analyses 
of the electricity price on the economic growth can be broken down into two stages. 
The first stage is an analysis of the relationship between the electricity demand and 
the economic growth. The second stage is an analysis of the price elasticity of the 
demand for electricity.

Studies in the first stage can be summarized as follows.
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Fig. 4  Electricity supply on a weekday and a weekend day in January. The electricity demand is indi-
cated by a red curve for a weekday and a weekend day. p1
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 show the outputs of the five diesel gen-

erators. ht shows the excess output from solar PV charged into the electricity storage, and gt shows the 
discharged electricity
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• In 17 Taiwanese industries, a study of electricity consumption and economic 
growth indicated that a 1% increase in the electricity consumption is accompa-
nied with growth of the real GDP by 1.72% (Lu 2017).

• In China, from 1950 to 1980, the elasticity of electricity consumption on eco-
nomic growth was increased from 2.33 to 2.72 which is significantly greater than 
1. From 1990 to 2013, the growth rate of the electricity consumption was highly 
correlated with change in the GDP growth (Zhanga et al. 2017).

• In the US, the electricity consumption growth and GDP growth occurred at a 
similar rate from 1949 to 1996: however, from after 1996 to today, this corre-
lation gradually decreased (Hirsh and Koomey 2015). This change might have 
been caused by structural changes in US industries toward the digital economy.

The studies in the second stage can be summarized as follows.
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Fig. 5  System-wise LCOE as a function of the solar PV and electricity storage capacities for the eco-
demand case. The white area indicates that the optimization is not feasible for the specified solar PV and 
the electricity storage capacities. The lowest system-wise LCOEs are 123 $/MWh, 245 $/MWh, and 397 
$/MWh in panel a, b, and c, respectively
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• In the US, the estimated long-run price elasticity of the demand for commercial 
electricity varied from − 3.11 to − 0.497 depending on the states(Bernstein and 
Griffin 2006). The average elasticity was − 1.43 . Conversely, estimated long-run 
price elasticity of the demand for residential electricity varied from − 0.618 to 
− 0.058 . The average elasticity was − 0.282.

• In East Asia, an analysis of the long-run price elasticity of energy consump-
tion, which is slightly different from electricity consumption, during 2000 and 
2010 showed that the elasticity was + 0.212 , − 0.125 , + 0.212 , − 0.0837 , − 0.343 , 
− 0.997 , and + 4.17 for Australia, Japan, China, India, Philippines, Thailand, and 
Singapore, respectively (Phoumin and Kimura 2014). The average was − 0.188 : 
here, Singapore was excluded from the average.

The first-stage studies show that correlations between the electricity demand and 
economic growth are very high. Therefore, we assume that the generic value of the 
correlation is approximately 1.0. The second stage studies show that the price elas-
ticity of the demand for electricity is a small negative value. Therefore, we assume 
that the generic value of the elasticity is approximately − 0.05 . The susceptibility 
analyses of the electricity price on the economic growth indicate that a 1% increase 
in electricity prices is associated with an approximately 0.05% decrease in economic 
growth. This assumption was confirmed by a study on the impact of electricity price 
on economic growth in South Africa (Khobai et al. 2017). This study showed that 
a 1% increase in electricity prices caused the economic growth to drop by 0.036%. 
We adopt the assumption that a 1% increase in electricity prices is associated with 
an approximately 0.05% decreases in economic growth for SIDS economies. These 
analyses imply that the estimated LCOE increases of 223% (= ( 397 − 123)/123) for 
the 100% renewable power grid corresponds to an as high as 11% decrease in eco-
nomic growth. This decrease would result in significant negative impacts for a SIDS 
economy.

The estimated high LCOE is primarily due to the high initial investment cost of 
the electricity storage shown in Table 3. Therefore, we need an innovation to permit 
the installation of electricity storage with a low initial investment cost. For exam-
ple, grid-to-vehicle (G2V) and vehicle-to-grid (V2G) technologies might provide an 
additional capacity of the electricity storage with a low cost (Heinen et al. 2011), 
or alternatively, excess solar PV supply could be used to produce hydrogen via the 
electrolysis of water (Hosseini and Wahid 2016; International Renewable Energy 
Agency 2018). The produced hydrogen could then be stored in a hyperbaric cham-
ber. Hydrogen combustion in gas turbines would reduce fuel consumption, and as a 
result, it would be possible to curtail CO2 emissions. This would make it possible 
to reduce the electricity storage capacity needed to balance the supply and demand. 
Consequently, a lower LCOE and, therefore, a higher economic growth would be 
attained with less CO2 emissions (International Energy Agenvy 2019).
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5  Summary

We estimated the system-wise LCOE for a power grid with a high level of renewable 
energy to discuss how the estimated LCOE affects the economic growth in a SIDS 
economy.

Our grid model aims to describe the first phase of smart grid to estimate the elec-
tricity price for a power system with a high level of renewable energy integration in 
an SIDS economy. We formulated our grid model as an optimization model. The 
objective function was minimized under the global constraints of the demand–sup-
ply balance and some local constraints on the electricity storage.

We quantitatively estimated a measure of the electricity price for power grids in 
an SIDS economy. The estimation results of the system-wise LCOE using the grid 
model were discussed in terms of the nexus of energy, environment, and economic 
growth on an SIDS economy. While 100% renewable energy is technologically pos-
sible with the usage of electricity storage, the estimated LCOE is as high as 397 $/
MWh. This estimated LCOE is substantially higher than electricity prices for resi-
dential consumers in the US (125 $/MWh) and Japan (253 $/MWh).

Susceptibility analyses in South Africa, China, and the US show that a 1% 
increase in electricity prices is associated with an approximately 0.05% decrease in 
economic growth. These analyses imply that the estimated cost increase of 223% 
with a 100% renewable power grid corresponds to an as high as 11% decrease in 
economic growth. This decrease in economic growth would result in significant neg-
ative impact on SIDS economies.

The obtained high LCOE is primarily due to the high initial investment cost of 
the electricity storage. Therefore, we need an innovation to allow the use of elec-
tricity storage with a low initial investment cost. For example, the excess solar PV 
supply could be used to produce hydrogen via the electrolysis of water. The pro-
duced hydrogen could be stored in a hyperbaric chamber. Hydrogen combustion in 
gas turbines would reduce the consumption of diesel fuel, and as a result, it would 
be possible to curtail CO2 emissions. This would make it possible to reduce the elec-
tricity storage capacity required to balance the supply and demand. Consequently, 
a lower LCOE and, therefore, higher economic growth would be attained with less 
CO2 emissions.
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