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ABSTRACT

Keywords

This article analyzes the role of renewable energy in producing sustainable generation expansion
planning. The generation expansion planning is carried out using an optimization model which
has two objective functions, namely the objective function of planning costs and the objective
function of emissions. Multi-objective analysis was performed using the epsilon constraint
method to produce the Pareto set. Solution points are selected from the Pareto set generated using
the fuzzy decision making method. The process of determining the best solution points is based
on three scenarios. Furthermore, calculations were carried out to obtain 7 indicators of
sustainability covering economic, social, and environmental aspects. The sustainability index is
calculated based on several predetermined policy options. The model is implemented using data
obtained from the electricity system in Bali Province, Indonesia. From the analysis, the planning
scenario by implementing renewable energy sources in the generation of electrical energy,
namely scenario 3, results in an increase in the sustainability index with the highest value during
the planning period. However, scenario 3 produces two sustainability indices from the economic
aspect, namely the unit cost of generation and shared electricity cost to GDP, which is the lowest
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when compared to other scenarios.

1. Introduction

The demand for electrical energy continues to increase
in line with the increase in population and economic
activity. Fulfilling the demand for electrical energy at a
good quality level of reliability at a minimum cost is a
challenge for electrical energy supply companies. On the
other hand, the issue of greenhouse gas (GHG) emis-
sions as an impact on the environment resulting from the
process of generating electrical energy using fossil fuels
is getting more attention. The issue of the impact on the
environment poses additional challenges for companies
providing electrical energy. This problem must be solved
simultaneously by the electricity supply company. The
use of renewable energy sources can be optimized to

*Corresponding author - e-mail: r.a.alhasibi@umy.ac.id

obtain a balanced generation expansion planning (GEP)
between the planning costs and the GHG generated.

In 2020, the total population in Indonesia is estimated
to reach 271 million people, experiencing a growth of
6.11% from the total population in 2015 [1]. In 2017,
Indonesia’s Gross Domestic Product (GDP) at constant
prices in 2010 reached 666.38 billion USD, which grew
by 5.23% of the value of GDP in 2016 [2]. In 2017, the
demand for electric energy in Indonesia was 226.01TWh
with an average growth between 2012-2017 of 7.37%
per year. The biggest demand for electrical energy is
found in the Java-Madura-Bali (JAMALI) electricity
system with ademand for electrical energy of 167.96TWh
in 2017. The demand for electrical energy in the
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JAMALI system is 74.31% of all electrical energy
demand in Indonesia [3]. n 2018, the installed power
generation capacity in Indonesia was 57.82GW with a
fossil fuel power plant of 8§89.99%. Renewable energy
sources in the form of hydropower, solar radiation, wind
power, and biomass only played a role of 10.01% [4].

Bali Province has a population in 2020 which is esti-
mated to reach 4.38 million people, which is experienc-
ing a growth of 5.49% when compared to the population
in 2015 [1]. From the perspective of Gross Regional
Domestic Product (GRDP), Bali Province generated a
GRDP of 9.66 billion USD in 2017 or a growth of 5.57%
when compared to GRDP in 2016. Population growth
and GRDP affect the growth in demand for electrical
energy. The electricity system in Bali Province is part of
the Java-Madura-Bali (JAMALI) interconnection elec-
tricity system. Some of the electricity demand in Bali
Province is generated by power plants located outside
Bali Province. In 2017, the electricity sold in Bali
Province was 5.07TWh or 3.02% of the electricity sold
in the JAMALLI electricity system.

When compared with the demand for electrical
energy in 2016, the demand for electrical energy in 2017
experienced a growth of 10.35% [5]. As one of the prov-
inces with several renewable energy sources, providing
electricity through an adequate, affordable, and reliable
system in a sustainable manner is a challenge that must
be overcome. In addition, the supply of electricity is
currently very dependent on the supply of primary
energy from outside the Province. Thus, the security
aspect of energy supply is one of the factors that must be
considered in producing a sustainable GEP.

GEP is performed using optimization calculations to
minimize investment costs and operating costs in both
the dynamic model [6, 7] and the stochastic model [8].
The optimal planning costs can also be affected by the
integration of renewable energy sources into the GEP
model. An optimization model is applied to analyze the
advantages and disadvantages of several renewable
energy integration mechanisms to achieve a zero-carbon
power system [9]. By comparing the four mechanisms,
the results of this study state that geographic aggregation
is the most optimal mechanism.

Integration of the (renewable energy sources) RES
into the power system planning is one of the supporting
factors to produce sustainable planning. The integration
of renewable energy has been applied in a dynamic opti-
mization model for multi-regions [10]. This publication
presents an analysis of the integration of variable RES

on a large scale. The optimization model in the form of
Mixed Integer Linear Programming (MILP) has been
used to determine the optimal power system planning
with the RES integration scheme and the CO, emission
reduction targets with a case study in Malaysia [11].

Meanwhile, the RES transition policy and nuclear
energy in the GEP model have been published with a
case study in Korea [12]. The integration of RES with
various types of technology into the GEP model has
been implemented into an optimization model that is
solved by classical methods [13] and using genetic algo-
rithmic methods [14]. In particular, the integration of the
hydropower source into the GEP model has been ana-
lyzed using the MILP model [15]. RES integration can
be enhanced with policy support through incentive
schemes for electric energy providers that use renewable
energy [16]. In addition, techno-economy analysis
should be carried out in the integration of RES into GEP
[17].

The aspects of sustainability that are important to
consider in the GEP model are the security of electricity
supply, the impact on climate change, and social aspects.
By using Long-range Energy Alternative Planning
(LEAP) software, sustainability aspects in the form of
CO, emission reduction have been analyzed for case
studies in Indonesia and Thailand [18]. The results of
this publication indicate that CO, emission reductions
can be achieved by 81% and 88% in Indonesia and
Thailand, respectively, through the RES integration sce-
nario. Using the same software, the impact on the envi-
ronment of future electric energy generation is analyzed
with a case study in Iraq [19]. By using EnergyPlan,
power generation capacity planning has been carried out
by taking into account the impact on the environment
and the security of energy supply [20] with a high pene-
tration of renewable energy [21].

A GEP model has been developed by considering
environmental, social, and economic aspects as a dimen-
sion of sustainability where the environmental aspects
that are concerned are water pollution, land use, emis-
sion costs, radioactive impacts [22]. This model has
shown that a country with large fossil energy reserves
will inhibit the commercialization of RES unless the
country implements an incentive policy towards RES
development. The use of carbon capture and storage
(CCS) technology has been analyzed in the GEP model
to reduce CO, emissions by taking into account uncer-
tainty variables [23]. A model and algorithm to solve
optimization problems in power plant planning have

190 International Journal of Sustainable Energy Planning and Management Vol. 31 2021



Rahmat Adiprasetya Al Hasibi

been developed based on the aspects of sustainability
[24]. The model that has been developed uses a life-cycle
assessment to analyze the impact on the environment.

Policies in the GEP are determined by several import-
ant factors such as renewable energy targets, mitigation
of climate change, and security of energy supplies. To
accommodate all these parameters, the GEP model was
completed in a multi-objective form. For energy systems
in general, the application of a multi-objective algorithm
has been used with objective functions in the form of
planning costs and CO2 emissions in energy planning
[25]. A GEP model with multi-objective optimization
has been published with a case study of the Brazilian
power system [26]. The model in the publication consid-
ers three objective functions, namely minimizing total
planning costs, maximizing the non-hydro RES contri-
bution, and maximizing the generation of electrical
energy during peak loads. By using the GEP optimiza-
tion model which has two objective functions, the wind
power and solar panel penetration rates are evaluated for
an isolated system [27]. Apart from these two renewable
energy sources, the model in this publication uses a
diesel generator and a battery storage system.

The intermittence nature of RES has also been
included in the analysis of the multi-objective GEP
model [28]. In this publication, the objective functions
used are minimizing total planning costs and maximizing
the contribution of RES to the peak load during winter
and summer. A multi-objective GEP model has also been
used to increase the return on investment against RES in
electric power systems [29]. The objective function used
in this publication is to maximize profit by paying atten-
tion to RES generation curtailment. The reliability of the
electric power system is one of the objective functions
that have been analyzed along with cost-optimization
with respect to the RES target [30].

An analytical procedure to complete the optimization
with multiple objectives has been proposed to solve a
mixed integer linear programming (MILP) model [31].
Integration of multi-objective analysis with Energy Plan
software has been used to produce a Pareto Optimal that
illustrates the relationship between planning costs and
carbon emissions [32], energy efficiency in building
[33], long-term energy planning with an hourly step
[21], and energy planning at the regional level with sev-
eral electric vehicle penetration scenarios [20]. The
integration of electric vehicles in energy planning has
been analyzed through a multi-objective approach with
a high level of resolution [25]. However, these

publications have not systematically included the sus-
tainability aspect in the multi-objective analysis. Thus,
the contribution made through this research is

1.  the integration of sustainability analysis in power
generation capacity planning through a multi-
objective approach.

2. In addition, the GEP model and analytical
procedures developed in this article focus on the
optimization of locally available energy sources.

This article aims to develop a GEP model to support
decision-making for power system planning by taking
into account the aspects of sustainability by optimizing
available renewable energy sources. The analysis carried
out is a multi-objective analysis so that it can provide
flexibility for decision makers to determine policies in
planning power generation capacity. Furthermore, the
model is applied using data on the electricity system of
a province, namely Bali Province in Indonesia. The
Province of Bali is used as a case study in this publica-
tion because the need for electrical energy in this prov-
ince is met through power plants with primary energy
sources imported from outside the province. On the
other hand, renewable energy sources exist in this prov-
ince and can be developed in the provision of electrical
energy.

The following sections of this article are organized as
follows. Section 2 describes the methods used in this
study. The GEP model, the algorithms used, and the
sustainability parameters are described in detail in the
sections. Furthermore, section 3 describes the data and
data sources used. The results analysis and discussion
are presented in section 4. Conclusions and further
research are presented in section 5.

2. Research Method

The research flow diagram is shown in Figure 1. Multi
objective analysis is carried out to minimize the objective
function of electricity generation costs and the objective
function of emissions. The results obtained from the
multi objective analysis are used as input for the sustain-
ability analysis. Furthermore, the results of the sustain-
ability analysis are used to have the best scenario to be
applied in the development of power generation capacity.

2.1. Generation expansion planning model

2.1.1. Objective functions

The GEP model in this study is an optimization model
with two objective functions, the first is the cost
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Figure 1. The research flowchart

objective function and the second is the objective func-
tion of emissions. The objective planning cost function
(Z,,,,) can be expressed as investment costs and O&M
costs, expressed as

T G
Z . = 22(1 +r)”’ (ng x LCOE!" + Eﬁf
t=1 g=1

x LCOE) o

where E g ¢ and E;? respectively represent electrical
energy generated by new and installed power generation
units (in MWh), LCOE" and LCOE,, respectively
are levelized cost of energy (LCOE) for new and installed
power generation units (in $/MWh), and r is the discount

rate (in%). LCOE for new power plants is expressed as

new Fix
(C, " xCRF,)0,,
8760x CF,,

new __ Var
LCOE™" = L0 @

and LCOE for installed power plants is expressed as
Fix

LCOE™ =| —~—— |+ O 3
¢\ 8760xCF, | ¥ )

where C is the investment cost for a new power plant
(in $/MW OF’X is a fixed operating cost (in $/MW),
OV‘” isa Varlable operating cost (in $/MWh), and CF,
is the capacity factor for each type of generating tech-
nology electricity. CRF is the capital recovery factor
(CRF) (in%) which is used to annualize the investment
cost of a new power generation unit. A constant of 8760
is the number of hours in a year. CRF is expressed as

crp = xA+n" @)
¢ Wer)y -1

where n is the number of annuities represented by the
technology lifetime of the power generating unit. The
index ¢ is the index for the planning year and the index g
is the index for power generation technology.
Emissions in the form of global warming potential
(GWP) generated from each generating unit technology
are directly proportional to the electrical energy gener-
ated from a generating unit. Thus, the emission objective
function used in the GEP model is expressed as

emzsszon iZi (EFg,e X (Eth + EgE,tG )) (5)

t=1 g=l e=1

where EF, . 18 the emission factor for the types of pollut-
ants e produced by each generating unit technology g (in
Ton CO, Equivalent). Emission factors and conversion
of emission factors to Ton CO, Equivalent units will be
presented in the Data and Data Sources section.

2.1.2. Constraints functions

Overall, the electrical energy generated by all generating
units must be able to meet the projected demand for
electrical energy after deducting losses in the transmis-
sion and distribution network. Fulfilling the demand for
electrical energy is one of the constraint functions in the
GEP model which is expressed as

G
S(EN +E)2EPx(1+ L")V eT) ()
g=1

where E,D is the demand for electrical energy in each

planning year (in MWh) and L' is the losses in the
transmission and distribution network (in%).
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The electrical energy generated by each generating
unit must not exceed the available capacity and must
exceed the minimum load allowed by each generating
unit technology. Thus, the generation of electrical energy
by the installed generating unit can be expressed as

8760x P/ x Py < E;7 <8760 )

gt =

xCF, x P/ ¥(teTl)

gt

where PgL is the minimum allowable load power (in
MW) and PgE,G is the installed power generation power
for each technology g in year ¢ (in MW). As for new
generating units, the generation of electrical energy is
expressed as

T

L NG EG
8760x PS> PN <EX <8760xCF,,
_t’\t’St,t—t’<LTg
T
x > PN.V(teT) (8)
<t 1—t'<LT,

where PNtG is the new generating capacity (in MW) and
LTg is the lifetime parameter for each technology of
generating unit g (in years).

In equation (8), the new power generation capacity
for each technology g and in each year ¢, PgJYtG, is deter-
mined by

Py =N xP¥"" ¥(geG),V(teT) ©)

where N_ is the number of new generating units and
f;ff’ " is the increase in the available capacity for each
generating technology g (in MW). Equation (9) s used to
determine in an integer manner the additional capacity
of the new power generation unit.

For new power plants with renewable energy sources,
the capacity that can be developed is limited by the
availability of these renewable energy sources. Thus, the
power generation capacity with renewable energy
sources cannot exceed the potential energy sources
which is stated in the constraint function as

ZT PYS <RE'™ N(teT),V(reeG)

<t i—1<LT, " ret’

(10)

where RE“™ is the potential source of renewable
energy available (in MW) and re is an index for genera-
tion technology with renewable energy sources.

As a reference, the GEP optimization model can be
summarized as

T G
minZ,,, =Y > (1+r)" (E,7 x LCOE
t=1 g=1

EG exi
+E/) x LCOE,)

subject to
Equations (6)—(10)

where A={E)7,E;Y,P°,N,} is the set of decision
variables from the two objective functions. The resulting
optimization model is a mixed integer linear program-
ming (MILP) model. This is the result of using a varia-
blel, N,, which is an integer in equation (9). This
optimization model produces output in the form of addi-
tional generating capacity needed to meet the demand
for electrical energy each year. Based on the objective
function of planning costs that have been presented,
determining the type and capacity of the power plant to
be built is that the type of plant configuration has the
lowest overall planning cost. As such, no priority is
given to the specific types of power generation used in
this GEP model.

2.2. Multi objective optimization

Iti objectives analysis for the optimization model that
has been developed is carried out using the e-constraint
algorithm. This algorithm will produce a Pareto set of
two conflicting objective functions. The &-constraint
algorithm is shown in Figure 2. The process of this algo-
rithm is as follows:

Step 1:  Lexicographic optimization is performed to
calculate the pay-off table. The pay-off
table is a table with a size of m x m. The
value returned by the objective function z,
will be the element of the ith column of the
pay-off table.

The next step is to determine the interval for
the objective function z, (i = 2,3, ..., y)
which is determined using

Step 2:

M Mi
l’}=Ziax—Zi in

an

the intervals for the objective function y —1
are separated into equal intervals, namely y,
(i=2,3, ..., y) where y is the index for the
objective functions.

Analysis of multiple objective functions is
carried out to solve the optimization
sub-problem to produce a Pareto optimal
point.

Step 3:

Step 4:
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Figure 2. e-constraint algorithm.

The result obtained from the implementation of the
e-constraint algorithm is a Pareto set. The optimal points
contained in the Pareto set have not been able to show
the level of importance of each objective function. Thus,
a decision cannot be determined based solely on this
Pareto set. A decision must be selected from the Pareto
set that has been obtained. One method that is often used
is fuzzy decision making (FDM).

Determination of the solution point can be done by
implementing FDM. The resulting Pareto set is an input
for FDM and the best solution point is determined based
on the weighting factor for each objective function
involved. The FDM method uses a linear membership
function definition for all objective functions. For mini-
mized objective functions, the membership function is
defined by

r Min
L, z, <z
Max r
Z. —Z. .
ro_ i i Min r Max
i =\ T Min 2 Z; SZ:‘ SZ[ (12)
Zi i
Zr > ZMax

’ i —“i

where z; is the rth Pareto optimal solution related to the
membership function ;. The total membership func-
tion, u’, is defined on the basis of individual membership
values. (" determined by

Y r
r Z i:]Wi 'ui

o= 7

w.
PIRY

where w;, is the weighting of ith objective function and y
represents the set of the objective function. The value of
U obtained is then used to determine the solution point
of the Pareto set. The best solution point is determined
with the highest y” value based on the weight that has
been determined for each objective function. In detail,
the application of the &-constraint algorithm combined
with FDM has been described in [34].

(13)

2.3. Proposed scenarios

In this study, the scenario used is a combination of
weighting factors given to each objective function in
determining the solution point using FDM. There are
three scenarios analyzed, namely scenarios by giving
greater weighting to the objective function of planning
costs, scenarios by giving the same weighting to both
objective functions, and scenarios by giving greater
weighting to the objective function of emissions. The
three scenarios are summarized in Table 1.

Table 1. Proposed senarios for multi objective analysis.

Scenario Objective Weight Factor

Zcost ZEmission
Scenario 1 75% 25%
Scenario 2 50% 50%
Scenario 3 25% 75%

2.4. Stainability indicators

Seven indicators are used to analyze the level of sustain-
ability of the electric power system to be developed.
These indicators represent three dimensions of sustain-
ability, namely economic, social, and environmental.
The sustainability indicators in this study are summa-
rized in Table 2.
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Table 2. Sustainability indicators.

Dimension Indicator
Unit Cost of Generation (EC1)
Economic Self-sufficiency (EC2)
Electricity cost to GDP (EC3)
i Electricity consumption per capita (S1)
Social
Average Employment Index (S2)
) GWP intensity of electricity (EN1)
Environmental

GWP intensity of GDP (EN2)

The unit cost of generation indicator represents the
amount of costs required to produce one unit of electri-
cal energy. This indicator has a unit of $/MWh which is
based on the LCOE value of each electrical energy gen-
eration technology and is expressed as

z ENG+EG LCOE

g=l 8!

ECl= ZG e v(z eT) (14
g=1 &t
Self-sufficiency indicators are expressed as
ZG E(NG+EG)local
EC2 =5 Y(teT)  (5)

G - NG+EG
Z g:lEg !
where the numerator part in equation (15) is the produc-
tion of electrical energy using local energy sources. This
indicator states the percentage of energy production
from local energy sources to the total electricity produc-
tion in each year (in %).
The Electricity cost to GDP indicator is a comparison
between the cost of generating electrical energy and the
value of GDP in each year which is expressed as

Z ENGHEG o LCOE,,

g=l &t

GDP

EC3=

V(Z eT) (16)

where the lower the value of this indicator the better the
impact on economic growth. This indicator is expressed
in%.

Electricity consumption per capita indicator states the
consumption of electrical energy for each resident in
each year (in MWh/Capita). This indicator is a compari-
son of the total electrical energy produced compared to
the population in each year. This indicator is expressed as

ZG ENGHEG
g=1 gt

NP

t

S1= V(teT) (17)

where NP, is the total population in year 7. This indicator
is closely related to the Human Development Index
(HDI).

In [35, 36], the generation of electrical energy using
renewable energy sources can provide access to jobs,
either directly or indirectly. The Average Employment
Index indicator states the average jobs generated for
each power generation unit capacity, both conventional
and those using renewable energy sources (Jobs-yr/
MW). This indicator is defined as

Z ENG+EG % JF

g=1_8&/!
ZG ENGHEG
g=1 gt

where JF, is a parameter which states the number of
jobs that can be generated for each MW capacity of a
power plant unit with g technology.

The indicator of GWP intensity of electricity states
the amount of GWP emissions produced for each unit of
electrical energy produced by all power plants (in Ton
CO, Equivalent/MWh). This indicator is expressed as

Z Z NG+EG F
g=1 e=1 8!
NG+EG
Zg:lEg 1

The GWP intensity of GDP indicator is a comparison
between the amount of GWP emissions produced against
the value of GDP (Ton CO2 Equivalent/$). This indica-
tor is expressed as

G L NG+EG
Zg:1EgJ EFg

GDP

S2=

,V(teT) (18)

‘v’(t eT) (19

EN2 = ,V(teT) (20)

Then, the normalization process is carried out for
each sustainability indicator. There are three normaliza-
tion methods that are often used, namely min-max, dis-
tance to reference, and standardization. The advantages
and disadvantages for these three data normalization
methods are detailed in [37]. In this publication, normal-
ization is carried out using the distance to reference
method using the min or max values which depend on
positive or negative orders. The mathematical equation
used in this method is expressed as

ot

21
max / D
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for positive order, and

min /
Il

= (22)

for negative order, where 1A is the normalized value, I,
is the data to be normalized, max [ is the maximum
value of indicator /, and min 7 is the minimum value of
indicator /. This normalization value is used to aggregate
the sustainability indicators. The weighting method used
is the equal weighting method [38, 39]. Then to obtain
the sustainability index, the aggregation method used is
linear aggregation which is expressed as

SI=YIs;, xo, (23)

Jj=1

with X0, =1 and Is;, is expressed as

]Sj’t = z Lijix o, ; (24)

with Ziwi, ; =1. In equations (23) and (24), SI is the
sustainability index for each planning period 7, o, is the
weight for the dimensions of the indicator, Is; » Is the
sustainability sub-index of the indicator group /, [;;, is
the normalized i”* indicator value in the indicator group
J» and w,; is the weight of each indicator i in the indicator
group j. Since the equal weighting method is applied in
each indicator group j, o, has the same value.

3. Data and Data Sources

In this section, the data and data sources used in this
study are discussed. This section consists of three
sub-sections, namely the first sub-section discusses the
current state of the island’s electricity system, the second
sub-section discusses available energy sources, and the
third sub-section contains the characteristics of the
power generation unit technology.

3.1. Current situation of bali’s electrical systems

In 2018, The total power of the household and commer-
cial sectors in 2018 was 1,633.26MW and 1,524.12MW,
respectively. Meanwhile, the social, public, and indus-
trial sectors are 130.8MW, 104.36MW, and 100.13MW,
respectively. Overall, the customer power that must be
served by the Balinese electricity system in 2018 is
3,492.6TMW [4].

In 2018, the amount of energy sold was dominated by
the household and commercial sectors, reaching 2.15TWh
and 2.63TWh, respectively. The use of electrical energy
for the social, public, and industrial sectors is 0.15TWh,
0.18TWh and 0.19TWh, respectively. Overall, the energy
sold to meet demand in 2018 was 5.30TWh [4].

To meet this energy need, the power plant capacity
installed in the Bali electricity system is 1,290MW con-
sisting of a Coal Powered Power Plant with a capacity of
380MW and gas-powered power plants with a capacity
of 910MW. Because the Bali electricity system is part of
the Java-Madura-Bali electricity system, a shortage of
electricity supply is provided from outside the island of
Bali. The losses of transmission and distribution net-
works in the Bali electrical system are 8.00% [40].

3.2. Energy sources

The energy source used for electricity generation
using coal and natural gas is obtained from outside the
island of Bali. The energy sources available on the island
of Bali are renewable energy sources consisting of geo-
thermal energy, biomass, solar energy and wind. The
technical potential for each renewable energy source is
shown in Table 3 [41].

Table 3. The potential of renewable energy in Bali.

Renewable Energy Type Technical Capacity (MW)
Geothermal 262
Biomass 191.6
Solar 1,254
Wind 1,091

3.3. Power plant characteristic

The characteristics of the power plant used for analysis
in this study consist of cost characteristics, technical
characteristics, environmental characteristics, and social
characteristics. Cost characteristics consist of invest-
ment costs, fixed operating costs and variable operating
costs. The technical characteristics consist of the capac-
ity factor, the service life of the power plant and the
minimum allowable load. The environmental character-
istics used are the emissions produced by each genera-
tion unit technology for each unit of electrical energy
produced. Meanwhile, social characteristics illustrate
additional employment opportunities resulting from the
addition of power generation capacity. In detail, the cost
and technical characteristics for each power generation
technology are shown in Table 4 [42] and the
environmental characteristics are shown in Table 5 [43].

196 International Journal of Sustainable Energy Planning and Management Vol. 31 2021



Rahmat Adiprasetya Al Hasibi

Table 4. The cost and technical characteristics of power generation technology.

Type Investment Cost Fix OM Cost Var OM Cost  Capacity Factor  Life Time (yr) Minimum Load
(USD/kW) (USD/KW-yr) (USD/MWh) (%) (%)
Geothermal 5,940 - 31 95 30 -
Biomass 3,830 95 15 78 20 -
CSP 4,540 50 - 45 25 -
WT Onshore 1,980 60 - 34 25 -
PC 3,040 23 4 84 35 60
PC CCS 6,560 35 6 84 35 60
NGCC 1,230 6 4 90 35 50
NGCC CCS 3,750 18 10 90 35 50
Solar PV 3,070 45 - 18 25 -

The value of the capital recovery factor is calculated
based on the cost characteristics using a discount rate of
5%. Emissions shown in Table 5 are then converted into
units of global warming potential (Ton CO, Equivalent)
using the coefficients for pollutants CO2, CH4, and
N20, which are 1, 30, and 265, respectively.

Table 5. Environmental characteristics of

power generation technology.

Type CO, (Ton/ CH, (¢/ N,O (g/
MWh) MWh) MWh)
PC 0.33 9.88 13.8
PC CCS 0.05 13.3 18.6
NGCC 0.18 7.07 9.9
NGCC CCS 0.03 10.6 14.9

In addition to the cost, technical and environmental
characteristics, each additional power generation capac-
ity, for both conventional and renewable energy power
plants, will result in additional jobs. Additional employ-
ment for each type of power generation technology is
shown in Table 6 [44].

Table 6. The potential job creation for each power plant technology.

No. Power Plant Type Jobs-yrs/MW
1 Coal Power Plant 0.14
2 Natural Gas Power Plant 0.14
3 PV Utility Scale 1.4
4 CSP 0.6
5 Wind onshore 0.3
6 Wind offshore 0.2
7  Biomass 1.5
8  Geothermal 0.4
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4 Result and Discussion
4.1. Electricity demand projection

The projection of demand for electrical energy is based
on the elasticity of demand for electrical energy on GDP
growth using the econometric method as described in
the equation

E=E_ +E_*G (25)

where E is electricity demand, G is the GDP growth, and ¢
is year index. GDP data [2] and GDP growth projection
[41] are shown in Figure 3. The projection of demand for
electricity is based on the projection of GDP. Demand data
for electric energy [3] and the projection results are shown
in Figure 4. During the projection period, the average
growth in demand for electrical energy is 4.06%. This will
result in the demand for electrical energy in 2050 to
18.95TWh. The projection result of electric energy demand
is used as one of the input parameters in the GEP model.

4.2. Optimization results

4.2.1. Pareto optimal

The Pareto set generated by applying the &-constraint
algorithm is shown in Figure 5. This Pareto set shows
the trade-off between the two objective functions. At the
time the power generation capacity development is
based on the least planning costs will produce the most
emissions. On the other hand, planning based on the
least emissions will generate the greatest planning costs.
This results in a pay-off table which is denoted as

1.60 80.43}
(26)

[12.81 25.66
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Figure 5. Pareto optimal.

where the first column is the value of the objective func-
tion of planning costs and the second column is the value
of the objective function of emissions. Furthermore, the
pay-off table in (26) is used as an input parameter to
determine the best solution point using FDM.
Determination of the best solution point using FDM
is carried out based on the membership values generated

for the two objective functions. The value of this mem-
bership is very dependent on the weighting factor
assigned to the two objective functions. FDM uses the
maximum total membership value to determine the best
solution point of each predetermined scenario. The max-
imum total membership value obtained for each scenario
is shown in Table 7. The best solution points for the
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Pareto set that have been generated for each scenario are
shown in the third column in Table 7. These solution
points are then used as the basis for planning the power
generation capacity.

Table 7. Maximum value of total membership for each scenario.

Scenario Maximum Total Pareto’s Number
Membership
Scenario 1 0.7651 38
Scenario 2 0.7492 10
Scenario 3 0.8248 3

4.2.2. Power plant investment cost

Based on the FDM results, the investment costs in each
year in the planning period for new power plants based
on scenarios are shown in Figure 6, Figure 7, and Figure
8 respectively for Scenario 1, Scenario 2, and Scenario
3. Investments in new power plants are strongly influ-
enced by the scenario. For scenario 1 where the objec-
tive function of planning costs is more concerned with
the objective function of emissions, investment is made
to increase capacity by building natural gas combined
cycle (NGCC) and NGCC with carbon capture and

storage (NGCC-CCS) power plants. During the planning
period, the investment costs for the NGCC and NGCC-
CSS power plant were 1.97 Billion USD and 6.75
Billion USD, respectively.

Scenario 2, where the planning cost objective func-
tion and the emission objective function have the same
weight, resulting in different investment cost calcula-
tions as shown in Figure 7. Scenario 2, where the plan-
ning cost objective function and the emission objective
function have the same weight, resulting in different
investment cost calculations as shown in Figure 11. The
investment cost under Scenario 2 is only used to increase
capacity by building the NGCC-CCS power plant. The
investment cost required in Scenario 2 is 10.13 billion
USD which is 16.14% higher than the investment cost
for Scenario 1. Assigning equal weight values to both
objective functions results in calculations in Scenario 2
to increase the power generation capacity with cleaner
technology when compared with Scenario 1. This is the
reason why the investment costs in Scenario 2 are higher
than the investment costs in Scenario 1.

Figure 8 shows the results of the calculation of invest-
ment costs for Scenario 3. The investment costs generated
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by Scenario 3 are used to increase capacity by building
5 types of power generation technology, namely NGCC-
CCS, geothermal, biomass, concentrated solar panel
(CSP), and wind turbine. Overall, the investment cost
generated by Scenario 3 is 14.38 Billion USD. Scenario
3 results in 42.03% and 64.96% higher investment costs,
respectively when compared to the investment costs
generated by Scenario 2 and Scenario 1. It can be said
that Scenario 3 produces the highest investment cost.
This is because the weighting of the objective function
of emissions is higher than that of the objective function
of planning costs. Therefore, the power plant technology
chosen by the optimization process is cleaner generation

technology when compared to the technology selected in
Scenario 1 and Scenario 2.

4.2.3. Electricity generation

The electrical energy generated by each power plant unit
based on the scenario is shown in Figure 9, Figure 10,
and Figure 11, respectively for Scenario 1, Scenario 2,
and Scenario 3. The results of the generation of electri-
cal energy by all scenarios produce the same value. And
when compared with the projection of demand for elec-
trical energy in Figure 6, the amount of electrical energy
generated is 8.00% higher due to losses in the transmis-
sion and distribution network. These three figures show
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Figure 12. Avoided emission by Scenario 2 vs. Scenario 1.

the amount of electrical energy generated from both the
installed and newly built power plants. The installed
power plants consist of NGCC, which will be retired in
2034, and Pulverized Coal (PC), which will be retired in
2044.

Based on Scenario 1 in Figure 9, electrical energy is
generated by a power plant system with PC, NGCC, and
NGCC-CCS technologies. However, the PC power plant
will not be rebuilt after it is retired in 2044. The NGCC-
CCS power plant generates electrical energy in 2040.
Based on Scenario 2 in Figure 10, the NGCC-CCS
power plant is built early in the planning period and
starts generating electrical energy. in 2023. Scenario 2
results in the NGCC-CSS power plant, which is an envi-
ronmentally friendly power plant, contributing more
dominantly when compared to Scenario 1. This is due to
the higher emission objective function weight in Scenario
2 when compared to the weighted value in Scenario 1.

The source of electrical energy in Scenario 3 is more
varied when compared to the other two scenarios. Based
on Scenario 3 in Figure 11, electricity generation with
renewable energy sources has a significant contribution
to the supply of electrical energy. At the end of the plan-
ning period, renewable energy sources contributed

43.72% of the total electricity generated. The contribu-
tion of wind turbine and solar CSP in supplying electri-
cal energy was 17.34% and 13.46%, respectively. The
contribution of geothermal and biomass in supplying
electrical energy was 8.35% and 4.57%, respectively.

4.3. Avoided global warming potential

As explained in the previous section, electrical energy is
generated from a combination of different power gener-
ation technologies for each scenario. As a consequence,
each scenario produces a different amount of emissions
from the process of generating electrical energy. Scenario
1, where the cost objective function is more concerned
with the objective function of emissions, produces the
most when compared to the emissions produced by other
scenarios. When compared with Scenario 1, the avoided
emissions generated by Scenario 2 and Scenario 3 are
shown in Figure 12 and Figure 13. These two figures
show the emissions produced in each year in the plan-
ning period.

In Figure 12, the emissions produced by Scenario 2
are lower than those produced by Scenario 1. This
occurs during the planning period other than the first to
the fourth year, where at the beginning of the planning
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period, electricity is still generated by the installed gen-
erator, namely the PC and NGCC. At the end of the
planning period, the emissions produced by Scenario 1
have decreased. This is due to the operation of a more
environmentally friendly generating unit, namely the
NGCC CCS. After the fourth year, Scenario 2 could
produce lower emissions than Scenario 1. The emission
reduction at the beginning of the planning period by
Scenario 2 resulted from the operation of the NGCC
CCS generating unit.

The average annual emission reduction that can be
generated by Scenario 2 is 0.95 Million Tons CO,
Equivalent. The emission reduction produced by
Scenario 3 against scenario 1 is shown in Figure 13. The
average annual emission reduction produced by Scenario
3 is 1.17 Million Tons of CO2 Equivalent. The emission
reduction produced by Scenario 3 is higher than that in
Scenario 2 where this is due to the contribution of gen-
eration from renewable energy sources. Cumulatively,
the emissions resulting from the electricity generation
process for each scenario are shown in Figure 14. At the
end of the planning period, Scenario 2 and Scenario 3

can reduce emissions by 46.11% and 56.49% respec-
tively when compared to the emissions produced by
scenario 1.

4.4. Sustainability Analysis

The sustainability indicator in the form of unit cost of
generation (UCG) for each scenario is shown in
Figure 15. During the planning period, Scenario 1 pro-
duces the lowest UCG when compared to other scenar-
i0s. On the other hand, Scenario 3 produces the highest
UGC when compared to other scenarios. UCG in
Scenario 1 decreases until 2040 and then increases until
the end of the planning period. The increase in UCG is
due to the investment that must be made to replace the
power plant that will stop operating in 2040.

In Scenario 2, the resulting UCG has decreased rela-
tively during the planning period. Most investments for
new power plants are made at the beginning of the plan-
ning period. Whereas in Scenario 3, the peak of invest-
ment is carried out in 2040 so that the resulting UCG
increases from the beginning of the planning period to
2040. After 2040, UCG in Scenario 3 experiences a
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decrease due to reduced investment for new power
plants. During the planning period, Scenario 3 produced
the highest UCG compared to other scenarios. This is
because Scenario 3 produces the highest investment cost
to build the most environmentally friendly power plant.

The self-sufficiency indicator is only produced by
scenario 3 as shown in Figure 16. Scenario 1 and
Scenario 2 result in a power plant capacity planning
using coal and natural gas, where both fuels are exported
from outside Bali Island. Thus, these two scenarios pro-
duce a self-sufficiency indicator that is worth 0.
Meanwhile, Scenario 3 produces a power plant capacity
plan that combines fuel from outside Bali and local
energy sources. Between 2040 and 2045, Scenario 3
produces the highest self-sufficiency indicator, which is
around 65%. In the period 2045 - 2050, the self-suffi-
ciency indicator based on Scenario 3 has decreased. This
is because the contribution of the NGCC-CCS power
plant in generating electrical energy has increased
(Figure 11). The increase in the contribution of the
NGCC-CSS power plant is due to the retirement of the
coal-fired power plant (PC). In addition, renewable

energy sources have reached their maximum production
capacity.

Figure 17 shows the share of electricity to GDP indi-
cator. Scenario 1 and Scenario 2 produce the value of
this indicator which tends to decrease. This is because
the installed power generation capacity is still dominant
in the supply of electrical energy. Different results are
shown by Scenario 3 where the value of this indicator
has increased in the interval between 2025 and 2035.
This is due to the investment made to build environmen-
tally friendly power plants. However, the value of this
indicator based on Scenario 3 begins to decline from
2035 to the end of the planning period. This is due to the
reduced contribution of coal-fired power plants in elec-
tricity generation and replaced by renewable energy
generators that do not require fuel.

The job creation indicator as a result of the power
plant development is shown in Figure 18. Scenario 1 and
Scenario 2 produce the same value for this indicator.
This is because the types of power plants used for these
two scenarios are the same, namely PC, NGCC, and
NGCC CCS. In addition, these three types of power
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generation technology have the same coefficient in
terms of additional employment (Table 6). The job cre-
ation indicator produced by Scenario 3 has the greatest
value when compared to the other two scenarios. This
shows that the increasing role of renewable energy in the
supply of electrical energy will generate bigger jobs
when compared to power generation with conventional
technology.

From an environmental point of view, indicators that
represent environmental aspects are indicators of GWP
intensity of electricity and GWP intensity of economy.
These two indicators are shown in Figure 19 and
Figure 20, respectively. In these two figures, Scenario 1
produces the highest value for the two environmental
indicators when compared to the other scenarios. After
2040, the values of the two environmental indicators for
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Scenario 1 will experience a significant decline. This is
because the old power plant has stopped operating and
has been replaced by a more environmentally friendly
power plant, namely NGCC-CCS.

In the same way, the NGCC-CCS power plant plays a
role in reducing GHG emissions in Scenario 2 where the
NGCC-CCS power plant starts providing electricity at
the beginning of the planning period. Based on Scenario
2, the NGCC-CCS power plant has the most dominant
contribution when compared to other power generation
technologies in the provision of electrical energy. In fact,
after the old plant stopped operating, all demand for
electrical energy was provided by the power plant with
NGCC-CC technology. This results in the environmental
indicators produced by Scenario 2 having a lower value
when compared to the indicator values generated by
Scenario 1.

The environmental indicator value generated by
Scenario 3 is the lowest when compared to the value
generated by the other scenarios. The provision of elec-
trical energy generated by Scenario 3 consists of installed
power plants, namely NGCC and PC, and new power
plants, namely NGCC-CC and power plants with renew-
able energy sources. Based on Scenario 3, the type of
power plant that has been installed does not experience
additional capacity and the two power plants are oper-
ated at their minimum load limit.

To meet the increasing demand for electrical energy,
Scenario 3 results in an additional environmentally
friendly power generation capacity, namely the addition
of NGCC-CCS power plant capacity at the beginning of
the planning period and power generation with renew-
able energy sources from 2030 to the end of the planning
period. When the power generation capacity with renew-
able energy sources has reached its maximum limit, the
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NGCC-CC power plant must be added again to meet the
demand for electrical energy. This is why the environ-
mental indicator value in Scenario 3 has the lowest value
when compared to the values generated by the other
scenarios.

The development of power generation capacity is
determined by policies in giving weight to the sustain-
ability aspects consisting of economic, social, and envi-
ronmental aspects. The sustainability indicators that
have been generated are normalized using equations
(21) and (22). Furthermore, the normalized value of sus-
tainability indicators is used to produce a sustainability
index using equation (23). In this study, three policies
that give different weights to each aspect of sustainabil-
ity are used as assumptions in determining the sustain-
ability index during the planning period. The three
policies with weight values for each aspect of sustain-
ability are shown in Table 8.

Table 8. Weighting factor policy

Option  Economy Social  Environment Total
Policy 1 33.33 33.33 33.33 100
Policy 2 40 40 20 100
Policy 3 45 45 10 100

Figure 21 shows the results of calculating the aggre-
gated normalized sustainability index. The values
obtained in this figure are weighted equally for each
aspect of sustainability. If the weighting for the sustain-
ability aspect has different values, the results of the
calculation of the sustainability index are shown in
Figure 22. From Figure 21, from an economic, social
and environmental perspective, Scenario 3 is the best
scenario to be implemented. This can be seen with the
highest sustainability index value during the planning
period when compared to other scenarios. The value of
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Figure 22. The comparison of sustainability index based on various policy.

the sustainability of Scenario 3 is strongly influenced by
the benefits obtained from social and environmental
aspects.

In Figure 22, the sustainability index generated by
Scenario 3 has the highest value for each policy option
in line with the implementation of renewable energy in
electricity supply. On the other hand, the sustainability
index generated by Scenario 1 and Scenario 2 did not
experience a significant increase. This is due to the
absence of the role of renewable energy generated by
Scenario 1 and Scenario 2. Meanwhile, Scenario 3 pro-
duces the EC2 indicator value in the year in which local
energy sources, namely renewable energy sources, begin
to play a role in supplying electrical energy.

Currently, planning for generating capacity develop-
ment carried out in Indonesia, in general, and in the
Province of Bali uses calculations that prioritize eco-
nomic aspects, in this case, is to develop a power system
with minimal costs to meet the growth of the electricity
load. This is shown in document [5] where the planning
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of generating capacity is still dominated by the use of
power plants with fossil fuels in the Java-Madura-Bali
(JAMALI) system. In addition, this document does not
include the development of local energy in Bali Province.
Changing the power plant capacity planning policy from
Scenario 1, which prioritizes the objective planning cost
function, to Scenario 3, which is more concerned with
the objective function of emissions, will result in bene-
fits in every sustainability indicator except for EC1 and
EC3 indicators.

5. Conclusion

This research has discussed the planning of power gen-
eration capacity through an optimization model which
has two objective functions, namely the objective func-
tion of planning costs and the objective function of
emissions. Fuzzy decision making methods have been
implemented to determine the best solution point from
the three proposed scenarios. In addition, sustainability
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indices have been analyzed for the three scenarios. The
model and analysis procedure presented in this study
have been implemented with real data, namely data on
the power system in Bali Province. From the results
obtained, Scenario 1 results in planning the power gen-
eration capacity with the lowest cost. However, Scenario
1 produces the highest emissions compared to other
scenarios. On the other hand, Scenario 3 produces the
lowest emissions when compared to the other two sce-
narios, which is 56.49% lower than the emissions gener-
ated by Scenario 1. However, Scenario 3 requires the
highest cost, which is 64.96% higher when compared to
with the costs generated by Scenario 1.

From a sustainability perspective, Scenario 3 has a
better sustainability index throughout the planning
period when compared to other scenarios. Likewise, for
several different policy options, Scenario 3 produces the
best sustainability index. The sustainability index pro-
duced by Scenario 3 is mainly influenced by sustainabil-
ity from social and environmental aspects. From the
analysis results, there are two unfavorable sustainability
indices generated by Scenario 3, namely the cost of unit
generation and shared electricity cost to GDP.

The model and analysis procedure proposed in this
study can be further developed by including several
uncertainty variables such as the availability of primary
energy, both fossil and renewable energy, variations in
the electrical load that may occur, and variations in
investment and operational costs of each power genera-
tion technology. The model that has been developed in
this study can also be used for different areas.
Furthermore, a sustainability analysis can be carried out
for the energy system as a whole.
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