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Figure 5. Results of deterministic optimization per 0.005 increase in capacity factor for step 3: values of
objective function (a) within the interval of the capacity factor, (b) of section A, and (c) of section C.

In section A, the total sum of ramp rates increases owing to a decrease in the net load through an
increase in the renewable energy output. In section B, the total sum of ramp rates gradually decreases
because of a decline in the number of generators required to maintain supply and demand. In addition,
in section C, the total sum of ramp rates increases again because the number of generators out of
service no longer increases. This may be why the necessary capacity of an ESS is not the highest at the
maximum capacity factor despite the increase in variability and uncertainty from renewable energy.

Figure 6. Total capacity of flexible resources by capacity factor.
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4. Conclusions

A deterministic optimization cannot consider uncertainty, which can undermine the reliability of
the solution owing to an inability to reflect the uncertainty. In previous studies using deterministic
optimization and stochastic programming, in order to consider uncertainty such as that found with
renewable energy, it was necessary to make scenarios. For example, all capacity factors of renewable
energy constructed by a planner are reviewed to decide how the system will be reinforced for
stable operation despite variation and uncertainty, which may require much effort to do. However,
robust optimization does not require creating scenarios or using much effort because it needs the
uncertainty set. Therefore, it is proper to use robust optimization to include uncertainty. In actuality,
in power system planning and operation, because it is extremely difficult to take into account all
possible scenarios, it is reasonable to prepare a countermeasure for the worst case. Therefore, robust
optimization is a suitable model in power system planning and operation.

This paper presents a robust optimization model to secure flexible resources and prevent the
occurrence of a flexibility deficit from the variability and uncertainty of renewable energy. This model
considers the capacity factor of renewable energy as the uncertainty set and is divided into two steps:
(i) searching for the initial point of the flexibility deficit and (ii) determining the capacity of the ESS
to ensure nonnegative flexibility. In the first step, it is determined whether a flexibility deficit point
occurs within the interval of the capacity factor when only considering ramp rates as flexible resources.
This step takes place before determining whether to invest in flexible resources. In the next step,
the necessary capacity of the ESS is calculated, which can ensure nonnegative flexibility within the
uncertainty set. Through this study, the results of the worst case using a deterministic approach and
robust optimization are similar. Indeed, searching the worst case using a deterministic approach may
require many things, from making to studying scenarios, but robust optimization may be able to
reduce the effort of considering the worst case without creating scenarios.

Future work will include more detailed modeling, including power flow limits of transmission
lines and unit commitment to improve the quality of the solution. It will also be necessary to contain
realistic conditions to guarantee a solution.
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Abstract: Efforts to reduce greenhouse gas emissions constitute a worldwide trend. According to
this trend, there are many plans in place for the replacement of conventional electric power plants
operating using fossil fuels with renewable energy sources (RESs). Owing to current needs to expand
the RES penetration in accordance to a new National power system plan, the importance of RESs is
increasing. The RES penetration imposes various impacts on the power system, including transient
stability. Furthermore, the fact that they are distributed at multiple locations in the power system is
also a factor which makes the transient impact analysis of RESs difficult. In this study, the transient
impacts attributed to the penetration of RESs are analyzed and compared with the conventional
Korean electric power system. To confirm the impact of the penetration of RESs on transient stability,
the effect was analyzed based on a single machine equivalent (SIME) configuration. Simulations were
conducted in accordance to the Korean power system by considering the anticipated RES penetration
in 2030. The impact of RES on transient stability was provided by a change in CCT by increasing of
the RES penetration.

Keywords: transient impact; renewable energy source penetration; power system stability

1. Introduction

As part of the expended efforts to reduce greenhouse gas emissions in recent years, the installation
of renewable power sources (RESs) is continually increasing. Countries around the world are
formulating plans to replace existing fossil-fuel-based power stations with RES [1-4]. The Korean
power system is also planning to increase its RES penetration. According to the recently announced
the 8th basic plan for the supply and demand of electricity, 60 GW of renewable power will be installed
in the Korean power system by 2030. The total installed capacity of wind and photovoltaic power is
planned to be 53 GW, and the ratio of solar power to wind power is expected to be 2:1. The peak load
of the Korean power system in 2030 is expected to be approximately 100 GW. In effect, the scale of the
wind power and photovoltaic power generation capacities will be 53% of the peak load.

Many parts of the RESs have characteristics that are different from those of conventional
generators. One of the most important differences is fluctuation of the electrical power output.
In the case of the conventional generator, the output can be controlled. Therefore, when the stability
of the conventional generator is examined, no major problems are anticipated, even if it is operated
at the rated output power. However, in the case of RES, such as the wind power generations and
photovoltaics, the output cannot be arbitrarily adjusted. Based on these characteristics, the study
of the cooperation of RESs must be able to reflect their output variations. To cope with such RES
fluctuations, multiple research studies have been conducted on the effects of the mixing of various
RESs and the utilization of energy storage system (ESS) [5-8]. Based on the penetration of RESs, the
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scale of the impact of their output fluctuations has changed. Correspondingly, studies of the impact of
RES penetration on the individual power grid have been conducted [9-13], in view of the increased
importance of the penetration of RESs and their influences on the stability of the electric power system.

Changes in the static characteristics of the power system due to the penetration of RESs can be
easily calculated. However, in the case of transient stability, it is not easy to analyze the effects of
the penetration of RESs. In the MIGRATE report in Europe, the decrease in the transient stability
margin owing to the increase of the penetration of RESs is specified as an important observation
point [14]. According to the results of this study, it can be observed that transient stability is
improved initially according to the expansion of the penetration of RESs. However, according to the
expansion of penetration of RESs, it has been documented that the transient stability has continually
deteriorated [9,11]. Generally, when the specific inertia of the renewable power source is small, the
RES output is replaced with the output of the conventional generators, thereby improving the transient
stability response. However, when the ratio of the renewable power source was increased, the existing
generator had to be stopped, and the transient stability deteriorated owing to the decrease of the
system inertia [15].

Various studies have been conducted to analyze the impact of expansion of RESs on transient
stability [16-19]. Most of the studies have been based on simulations whereby the penetration of
RESs affect the transient stability. However, only a limited number of prior studies exist which have
investigated the main factor that affects the transient stability in the situation where the penetration of
RESs has expanded. The study by Liu et al. explained the influence of RESs on the transient stability
based on effective equal area criterion (EEAC) [19]. In this study, it was shown that the main factor
that affected the transient stability were the locations of the RESs and the adjustment of the output of
conventional generators. However, this study was considered only when RESs directly replaced the
output of the conventional generator.

This paper investigated the impact of the distributed penetration of RESs on transient stability.
The major factors of change at transient stability are derived by configuration of hybrid method
reflecting RES penetration. The simulation was conducted in the Korean power system in 2030. The
penetration of RESs was distributed to individual buses based on the planned capacity in accordance
to geographical region. The impact of RES penetration on the transient was provided as the change of
the CCT in each area. Based on simulation, the impact of the penetration of RESs in the Korean power
system was represented.

2. Dynamic Impact Analysis for RES with Hybrid Method

2.1. Equal Area Criterion (EAC) and Single Machine Equivalent (SIME) Configuration

The equal area criterion (EAC) is a method used to evaluate the transient stability of the power
system. When a contingency occurs, the electric power of the generator decreases owing to a voltage
drop, thus resulting in an acceleration of the generator. After the elimination of the fault, the generator
is decelerated because the electric power is increased after the phase angle induced by the fault is
increased. If the acceleration area is larger than the deceleration area, the generator is desynchronized.

To analyze the transient stability of the power system with EAC, the system must be modeled in a
one machine infinite bus (OMIB) [20]. However, the actual power system consists many generators
and complex transmission system. Therefore, all generators are reduced as the one generator by SIME
configuration. For this reduction, all system generators are classified into critical or non-critical group.
The equivalent phase angles of these two groups are defined according to their central of angle (COA)
values. The definition of angle difference and COA for each group is given as follows:

5 & 6c—on 1)

{ 0c & Mg Liec Myé; @

oN = My' Tren Midy
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where:

0 = the rotor angle of the equivalent machine
dc = COA of the critical group

on = COA of the non-critical group

di, O = the rotor angle of the machine i, k
M;, My = the inertia of the machine i, k

M = COA of the critical group

My = COA of the non-critical group

Other parameters, including the angular velocity and acceleration, mechanical input, and electrical
output, can be calculated based on the above definitions:

wce = 5_c = Mc' Yicc Miw; 5(: = Mc'Yiec Mz'sz;
wn = 0N = My! Tren Mywr Y :_‘Mﬁl YkeN Midk (4)
W = Wwc — W, 5:5(:—(51\]

Py = M(ME1 Yicc Pwi — My Yren Pmk>
P = M(ME] Yiec Pei — My' Tken ng) ®)
(M = McMy/(Mc + Mn))
where:

w = the rotor angle of the equivalent machine

wc = the angular velocity of the critical group

wy = the angular velocity of the non-critical group
wj, wi = the rotor angle of the machine i, k

P, = COA of the critical group

P, = COA of the non-critical group

Py, Py = mechanical input of the machine i, k
P,i, P,y = electrical output of the machine i, k

2.2. Transient Impact Analysis of RES Penetration with the Hybrid Method

In this section, the impact of the RES penetration on the transient stability is derived from the
SIME configuration. If the generator included in the critical group is stopped, it can affect to the
transient stability. However, if the generator included in the non-critical group is stopped, impact of
stopping generator can ignore. Therefore, only the situation where the stop of the generator included
in the critical group is considered. In the case of the conventional generator that included in critical
group with the RESs, mechanical input, and electrical output of the equivalent generator is changed
as follows:

P, = W ((Mc — My) " ((Ziec Pui) — Pud) — My Then Pmk)

(6)
MM
=Pu+ m‘(ziec Pi + Yken Puk) — ﬁ'l)‘md
Me—My)-M 1 _
P = ((%Tf!}&[m ((Mc = My) " ((Siec Pei) — a-Pres) — My Tken Pek) (7)

My-M M
= Pe+ 5=y (Liec Pei + Yken Pex) — ot 2y @ Pres
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(Mr = Mc + My)
where:

P!, = new mechanical input of the equivalent machine reflecting RES penetration

P} = new electrical output of the equivalent machine reflecting RES penetration

P4, My = mechanical input and inertia of the stropped generator

Pres = amount of the RES penetration

« = the ratio about RES output and electrical output reduction of the equivalent machine

Equations (6)—(8) represent the cases where the generator is stopped and the RES has been
installed. Equation (6) represents the mechanical input of the equivalent generator reflecting stop of
the conventional generator. Mechanical input of the equivalent generator decreases by the stop of the
generator which is included in the critical group. In Equations (7) and (8), « denotes the ratio of the RES
power generation which contributes to the reduction of the electrical output. The value of « is unity if
the RES is installed in the same location as the generator of the critical group. Conversely, « is zero
when the installation position of the RES is electrically far away from the critical group. Equation (7) is
the electrical output of the equivalent generator with RES penetration. Though, some type of the RES
has a mechanical input and inertia, it cannot be applied to the mechanical input because it is connected
to the power system through the inverter device and asynchronous characteristic. Equation (8) shows
acceleration energy of the equivalent generator.

In Equation (8), change of the stop of the generator and RES expansion is canceled. However,
impact of the contingency affect differently in mechanical input and electrical output. Mechanical
input is not affected by the contingency. On the other hand, electrical output reduced by the power
system voltage, especially during the contingency condition. Most of RESs have little risk about loss of
synchronism and storing acceleration energy in the inertia. That is the reason why the impact of RES is
applied to the electrical output of the equivalent generator.

To apply RES penetration in SIME as above Equations (6)—(8), RES should not be included in SIME
configuration. It means that RES only applied in dynamic time domain simulation to affect the simulation
result. By the RES penetration, the electrical output of the equivalent generator is changed. However, the
mechanical input is affected by the stop of the generator only. Proposed SIME configuration reflecting
RES penetration can provide the numerical margin to analyze the transient impact.

2.3. Change of the Power-Angle Curve by the RES Penetration

To understand the impact of the RES penetration on the transient stability, transient impact of
the RESs derived from Equations (6)-(8) is applied in the power-angle curve. Power-angle curve
is provided to explain the impact of the RES penetration with four scenarios. Table 1 summarizes
these scenarios.

Table 1. Four scenarios used to investigate the impact of RES penetration.

Scenario
Case 0 Base case
Case A Reduction of mechanical input in critical group
Case B Increment of RES power generation in the proximity of the critical group
Case C Replacement of conventional generator with RES
Case D Decrease of generator inertia in critical group
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2.3.1. Case A—Reduction of Mechanical Input in Critical Group

Case A is the case where only the mechanical input decreases owing to the termination of the
operation of the generator. Since there is no RES input, Prgs is equal to zero. For convenience, inertia
effects are ignored in this analysis. Figure 1 depicts the power-angle curve in the case where a reduction
of mechanical input has occurred. Points a—e respectively represent the operating points before the
fault, at the instant at which the fault occurs, after the fault, after the fault clears, and the case at which
the operating point has an angular velocity of zero. The subscript indicates the relevant scenario. The
colored area shows the acceleration/deceleration area of the base case, and the diagonally highlighted
area represents the area within which the scenario has been applied. As is known, the reduction in the
mechanical input improves the transient stability.

16

Acceleration Area
of case 0

€y €0

Deceleration Area
of case 0

% Acceleration Area
/A of case A

N Deceleration Area
& of case A

Power (p.u.)

Angle (°)
Figure 1. Impact of the reduction of mechanical input in the critical group.
2.3.2. Case B—Increment of RES Power Generation in the Proximity of the Critical Group

Case B is the case where only the output of RES is increased. Since the generator is still in
operation, P,,; is zero. For convenience, inertia effects are ignored. However, unlike the mechanical
input, the output of the RES becomes zero when the fault occurs. At the fault state, the RES cannot
maintain the required electrical output. Figure 2 shows the power-angle curve to which the installation
of the RES is applied. The points displayed on the graph have the same meanings as those listed in
Figure 1. The effect of the penetration of the RES is exactly the opposite of the effect induced when the
generator stopped. In reference to cases A and B, the influences seem to have the same magnitude
but opposing trends. However, at the fault condition, it is very important that the output of the RES
is zero. Correspondingly, the size of the acceleration area of Case B is the same as the base case. In
case A, the size of the acceleration area decreased because the mechanical input decreased. However,
owing to the change of the normal operating point and the reduction of the deceleration area, transient
stability deteriorated.
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Figure 2. Impact of the power generation increment induced by the RES in the proximity of the

critical group.

2.3.3. Case C—Replacement of Conventional Generator with RES

Case C is the case where the conventional generator is replaced by the RES. In this case, « is equal
to unity and Pgrgs is equal to P,,;. For convenience, inertia effects are ignored here. Figure 3 shows the
power-angle curve for the case where the conventional generator is replaced by the RES. Since the
output of the RES is not affected during the fault condition, only the change of the mechanical input is
reflected in acceleration area changes. However, after the clearing of the fault, the deceleration area is
the same as the base case. It means that transient stability is improved when the conventional generator
replaced with RES like case C. In the general operating condition, this effect is greater because the

value of « is less than one.
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Figure 3. Impact of conventional generator replacement with RES.
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2.3.4. Case D—Decrease of the Inertia of the Generator in the Critical Group

Case D shows the effect of the change of the inertia of the generator on the power-angle curve.
The change in the inertia does not impose distinct changes in the power—angle curve. The main change
elicited by the inertia variations relates to the increase in the phase angle during the fault, i.e., the
distance between points b and c. As the overall inertia of the critical group decreases, the distance
between points b and c increases. Figure 4 shows the change of the acceleration/deceleration areas
induced by the reduction of the inertia. Since the change in the inertia does not cause a change in the
mechanical input/electrical output, the power—angle curve is the same. When the same contingency
occurs, the phase angle increases more than the base case. Such a change can cause transient instability.

Acceleration Area
of case 0

Deceleration Area
of case 0

N

Power (p.u.)

vz, Acceleration Area
%

of case D

. Deceleration Area
N

of case D

10 60 20 100 160 180

Angle (°)
Figure 4. Impact of the decrease of the inertia of the generator in the critical group.

2.3.5. Other Characteristics of RES Affecting Transient Stability

Based on prior considerations, the RES has dynamic characteristics that are different from
conventional generation. In addition, the RES has a different transient characteristic than conventional
generators. The part that greatly affects the transient stability is the voltage/reactive power
characteristic. The RES is generally connected to an inverter, or is installed together with a
reactive power compensator. Generally, reactive power compensation contributes to system transient
stabilization. This effect does not apply to the SIME configuration, however, it does affect the simulation
result and electrical output of the equivalent generator. The effect of the reactive power support is also
reflected in the transient stability margin.

2.4. Impact of RES Penetration in Transient Characteristics

Cases A-D show the influences of the RES penetration on the transient stability. Case A shows
that the termination of the operation of the conventional generator by the penetration of the RES
improves transient stability. Conversely, Case B shows that the increase in the generation of RES
deteriorates transient stability. Case C represents the concurrent effects of Cases A and B. The result of
case C shows that the transient stability improves, even if the effects of cases A and B are concurrently
reflected. Case D shows the influence of the change of the inertia. When the inertia of the generator
decreases considerably, the transient stability can deteriorate. However, assuming that the inertia
values of the generators in the power system do not differ considerably, it can be assumed that the
impact of inertia can be neglected.
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If the power system changes owing to the penetration of RES are the same as those elicited
in case C, the transient stability of the power system will be improved. However, this response is
different from that elicited based on the research results. The existing research results show that the
transient stability is improved when the penetration of the RES is small. However, as the scale of RES
penetration increases, the transient stability deteriorates considerably. The reason for this discrepancy
is attributed to the increased imbalance of regional supply and demand by the penetration of the RES.
The area associated with power generation increases owing to the penetration of the RES is not same
as the area associated with power generation decreases owing to the penetration of the RES. Therefore,
the general change of the electrical grid by the penetration of the RES is denoted by cases A and B, and
not by case C. Additionally, the installation location of the RES is separated by a distinct distance to
the critical group. This means that the adverse effects of the penetration of the RES are not observed
when the scale is small. Therefore, when the scale of the RES penetration is small, the improvement
effect elicited in case A is conspicuous. However, as the penetration scale of the RES increases, adverse
effects attributed to case B start to become evident.

3. Future Korean Grid Scenario with Increased RES Penetration

3.1. Penetration of RESs in the Future Korean Power Grid

According to the plan, the scale of RES will increase to approximately 53 GW by 2030. At 2030,
the peak load of the Korean electric power system will become 100 GW. Unlike the conventional
generators, it is not possible to accurately ascertain the scale and locations of the RESs based on this
plan. Therefore, in consideration of the generally known size, the capacity of RES is distributed in
accordance to geographical area. The RES capacity ratio in accordance to geographical region was set
at 0% for the capital area, 25% for the Gangwon area, 5% for the Chungcheong area, 35% for Honam
area, 35% for the Yeongnam area. The composition of the RES considers a 2:1 distribution ratio of
photovoltaic and wind powers. The scenario reflects the distribution of the future RESs of the Korean
power system. Figure 5 represents the outline of the RES penetration scenario.

M power plant

@ substation

— 765kV
345kV

Figure 5. The outline of transmission system and power plant in the Korea power grid, and RES
penetration scenario.
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3.2. Reactive Power Capability of RES

The characteristics of the RES vary depending on the energy source and design. For accurate
power system analyses, the differences of RESs should be identified. In order to reflect these, the
type, design, capacity, and location of the RESs that need to be installed must be known. However,
it is impossible to accurately determine the RES capacity of each bus at the system planning stage.
Specifically, in the case of RES, there is an increased possibility that many plants will be installed by
many businesses. As a result, the installation plan of RESs is very inaccurate at the planning stage of
the long-term power system. Therefore RESs are modeled with several assumptions.

The first assumption is that most of the RESs consist of wind and photovoltaic sources. 8th basic
plan for the supply and demand of electricity will install RESs with a total capacity of 60 GW of which
53 GW is consisted of wind and photovoltaic sources. The second assumption is that the wind source
consists mostly of type 3 or type 4 generators. According to the grid code of the Korean electric power
grid, in the case of wind power generators, it is necessary to be able to output reactive power that
corresponds to 0.95 p.f. of the rated power output [3]. Therefore, the wind source was modeled as
a type 3 or type 4 wind power generator capable of reactive power control. Furthermore, assuming
that the operating characteristics of type 3 generators do not differ considerably from those for type 4
generators, all wind generator models are of type 4.

In the case of photovoltaics, it is assumed that the system is driven with a unity power factor
because there is no grid code. There is no standard related to the voltage and reactive power of the
photovoltaic source in the grid code of the Korean power system. Therefore, photovoltaic sources are
not expected to produce reactive power for power system stability. The dynamic model of each RES
utilizes the 2"9-generation model of WECC. In this model, each element is defined as a module so that
the characteristics of the RESs are properly described, and the modules are connected to each other as
needed [20,21].

3.3. Allocation of the Capacity of RESs

Conventional power plants have large capacities and their positions are determined at the power
system planning stage. Additionally, the construction period is long and it is mainly connected to the
high-voltage bus of the system. Conversely, RES has a smaller capacity than conventional plants, and
is distributed over a relatively large area. Given these characteristics, the modeling and evaluation
methods for RESs differ from those used for conventional sources. Nevertheless, to analyze the effect
of the RES penetration, a RES installation scenario is required. Nevertheless, to analyze the effect of
the RES penetration, a RES installation scenario is required. In this study, the capacity of the RES
distributed by the limits of individual buses. In the planning stage, if the limits of individual buses are
violated, the bus cannot accept the RES installation. Therefore, it can be inferred that more RESs will
be installed on the bus that have more margin. In this paper, RES penetration scenario is formed as
follow process.

Step 1. Perform individual evaluations on all buses that are candidates for the RES installation.
Apply RES to each bus, apply contingencies within two-levels, and verify the overload and load flow
convergence. The maximum allowable capacity that does not cause overload and load-flow divergence
is the RES capacity limit of each bus. At this time, the upper limit of the RES capacity can be arbitrarily
set. In that case, if a problem does not occur when the upper limit is set in place, the limit capacity of
the RES is maintained to the upper limit.

Step 2. Determine the total capacity of the RES and the ratio of each region. The regional capacity
is distributed to the individual buses at the rate of the RES limit for each bus, as calculated in Step 1.
The relevant equations are listed below:

Py = Prre (13)
P = (Pli'Pa)/ Y Py (14)
kea
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where P; is the RES capacity to be allocated to region a, P; is the total capacity of the RES, 7, is the
capacity ratio of region a, P; is the RES capacity of the bus I included in region a, and P; is the limit
capacity of the bus i calculated in Step 1.

Step 3. Set the step of the penetration of the RES and increase the RES penetration step-by-step
until the load flow calculation diverges. In this case, the dispatch of the supply and demand is based
on the merit order.

4. Case Study

The voltage levels of the transmission facilities of KEPCO are 765 kV, 345 kV, and 154 kV. The
contingency list includes double faults of transmission lines at the voltage level of 345 kV. However,
transmission lines directly connected to the generator are excluded. The maximum RES penetration
applied in this simulation was 30 GW. The composition of the RES considered a 2:1 ratio for the
generated photovoltaic and wind powers. The scenario reflects the composition of the future RES of
the Korean power system. Simulations were conducted with PSS/E to analyze the dynamic impact of
the RES penetration.

In conventional studies, a change in the transient stability was observed based on a number of
contingencies with CCT that were less than the reference value. The number of contingencies smaller
than the reference CCT value decreased initially, but increased abruptly subsequently. To observe the
changes of the transient characteristics of the Korean electric power system based on the penetration of
the RES, the number of contingencies with CCT values smaller than the reference CCT was estimated.
The applied reference CCT value was 200 ms.

Figures 6 and 7 shows the proportion of contingencies with CCT values less than 200 ms according
to the penetration of RES and the studied geographical areas. Similar to the existing research results,
the proportion of contingency tends to decrease in the section where the penetration of RES is small.
As shown, this tendency is reverses when the RES penetration increases more than 20 GW. Subsequently,
the proportion of contingencies with CCT less than 200 ms increases abruptly as the RES penetration
increases. Figure 8 shows the decreases of the amounts of power generation in each geographical area
according to the penetration of the RES. As shown, the amount of power generation decreases in the
cases of the Capital and Chungcheong areas. Conversely, the amount of power generation increases in
the cases of the areas of Gangwon, Honam, and Yeongnam. These outcomes considered the power
generation amounts of the RES. In view of these results, it can be confirmed that imbalances of regional
supply and demand occur based on the penetration of RES.
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Figure 6. Change of ratio with CCT below 200 ms by RES penetration.
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In the cases of the Capital and Chungcheong areas, the rates of the contingencies were sustainably
reduced. This is consistent with the decreasing tendency in the power generation within the area.
Conversely, in the case of the areas which is power generation decreased, and with the exception
of the Gangwon area, the ratio tends to increase after the temporary decrease. This is similar to the
decreasing trend in power generation within the area. An area that elicits a significant change as a
function of the RES penetration is the Yeongnam area, whereby the change of power generation is
large. It can be observed that the rate rapidly increases in the 15 to 20 GW section where the power
generation in the respective areas decreases. In order to observe these trends in detail, changes in
CCT and power generation in some areas are observed. These areas are Chungcheong, Honam, and
Yeongnam. The Chungcheong area has large-scale power generation complexes, but the area’s power
generation is reduced due to RES penetration. The Honam is the area where the generator is less than
the load in the area. The Yeongnam area is a place where supply and demand are balanced, and there
are generators with high generation cost.
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Figures 9-11 show the respective changes in the power generation amounts and CCT values in the
areas of Chungcheong, Honam, and Yeongnam. It can be confirmed that the decreasing tendency of the
power generation in the respective areas and the changes in the CCT tend to be similar based on these
graphs. This indicates that the imbalance in the local supply and demand owing to the penetration of
RES is the main cause of the change in the transient characteristics. In the case of the Chungcheong
area, the amount of power generation in this area sharply decreases at 20 GW. As a result, the CCT
value in the vicinity of this point also tends to increase. A similar phenomenon is observed at a power
of 7 GW, even in the Honam area. In the case of the area of Yeongnam, this kind of influence is also
observed. In the case of the Yeongnam area, the amount of power generation in the area increases for
an RES penetration in the range of 0 to 15 GW. For RES penetrations in the range of 15 to 20 GW, the
amount of power generation in the area decreases. Subsequently, the amount of power generation in
the area increases again. As the power generation in the area increases, the CCT values in that area
exhibits a continually decreasing trend, despite their small magnitude. However, the CCT value shows
a rapidly increasing tendency for RES penetrations in the range of 15 to 20 GW. Subsequently, the CCT
decreases according to the increase of the RES penetration.

0.30 8

sg
E 5 m Gen decrease(GW)
0.25 -
-~
O «
& g E -#-Cheongyang3-Shinonyang
020 4 %
Q. © =
o B =
-]
S o
0.15 2 -g 'g -#Cheongyang3S-Gunsan3
=R =]
NI £ <
<
0.10 II.'IIIII II 0
. -#-Bukdangjin3-Shinsongsan3
0 5 10 15 20 25 30
RES Power Generation/Load (%)

Figure 9. Changes in power generation and CCT variations in the Chungcheong area.
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Figure 10. Changes in power generation and CCT variations in the area of Honam.

It can be confirmed based on the conducted case study that the changes in the regional power
generation owing to the RES penetration and transient stability are closely related. Generally, if the RES
output within the area increases, the CCT tends to decline overall. Conversely, stopping the operation
of the conventional generator is a factor that causes the CCT value to increase. However, the effect of
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the termination of the operation of the conventional generator is limited by the contingency that is
affected by that generator. In addition, in the case of the RES penetration, its influences on the CCT
values are observed within the entire area since it is constructed in a form that allows even distribution
within the area. Analysis of the transient impact of the RES penetration based on the conducted case
study confirmed that the variations in the power generation within the area can constitute distinct
observation points.

0.5 g I 0 = mm Gen decrease(GW)
I I I I | I I I .g Z | =-Bukbusan3-Shinulsan3
<
0.4 2 g % -#-Bukbusan3-Shingimhae3
) é;d & | -=Shinyangsan3-Shindaeyeon3
@ 5 i -#-Shinyangsan3S-Bukbusan3S
5 0.3 -4 g "~:' -=-Uiryeong3-Shinmasan3
%) -3 :‘j ; -#-Changwon3-Shingimhae3
sl - EIR= . -
A= = = Shinmasan3-Shingimhae3
- o
0.2 o "\.\.1‘.\ 6 :oi _g Shinmasan3-Uiryeong3
-— 5 é’ Shingimhae3-Changwon3
0.1 -8 Shingimhae3-Shinnoksan3
0 5 10 15 20 25 30 Shingimhae3-Shinmasan3
RES Power Generation/Load (%) Shingimhae3-Bukbusan3

Figure 11. Changes in power generation and CCT variations in the area of Yeongnam.
5. Conclusions

The expansion of RES in future power systems constitutes an inevitable trend. To this present day,
the capacity of the RES has been relatively small, which has not disturbed the stability of the power
system. In addition, if the project is a large scale, the input location is determined in a manner similar
to that for conventional generators. However, it is expected that in the future, RESs will be installed in
the low-voltage grid as distributed power sources. Therefore, an analysis is necessary on the impact of
the RES penetration in the future planning of the power system.

This study analyzed the impact of the expansion of RES penetration in the future Korean electric
power system based on the transient characteristics, and analyzed the causes of such changes. To
understand the changes of the transient characteristics elicited by the penetration of the RESs, the
method to reflect RES to the SIME configuration is provided. Based on the modified method, the impact
of the RES penetration was explained. It can be confirmed that the reduction of the conventional
generation in the SIME configuration was contributed to the transient stabilization of the system.
Conversely, the penetration of RESs adversely affected the transient stability of the system. Especially,
it is confirmed that transient stability is improved when the conventional generator replaced with
RES. Based on these facts, it was estimated that the transient characteristics worsened in the case
where the regional power generation increased in accordance to the RES penetration. Conversely, in
the area where the power generation within the area decreased, it was estimated that the transient
characteristics improved.

The simulation was conducted in the Korean electric power system for the year 2030. A number
of the contingency which has smaller CCT than 200 ms decrease when the RES penetration is small. At
some point, however, the number of contingencies increases with increasing RES penetration. This
phenomenon also observed in the previous Irish case. To confirm the major factors of the transient
impact, a number of the contingencies and the change of power generation were observed by each
area. By a result, it is confirmed that the number of contingencies and the regional power generation
are related closely.
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Abstract: The Maldives, one of the Small Island Developing States (SIDS) with great solar potential,
is keen to promote renewable energy systems to reduce its heavy reliance on imported diesel for
power generation. However, adopting renewable energy systems is still burdensome for the Maldives
not only because of its high initial costs and insufficient financial resources but also because of a lack
of understanding about whether the deployment of a renewable system is economically feasible.
Therefore, the concept of grid parity is explored as an important concept in this paper to examine the
possible timeframe for reaching it. A distinctive feature of the paper is that the paper used actual
cost and technical information to analyze the levelized cost of energy (LCOEs) of the independent
renewable system in a remote island and examined its timeframe for reaching the grid parity condition.
Based on economic and technical information from a project for replacing existing diesel generator to
photovoltaic (PV) with energy storage system (ESS) in Kuda Bandos Island in the Maldives, the paper
considers three different system configurations and evaluates which configuration could result in
the most optimal off-grid energy systems in this remote island. With sensitivity analysis on various
uncertainties, the paper shows the range of the levelized costs of energy and the periods required for
reaching grid parity for deploying solar photovoltaics and ESSs in Kuda Bandos Island, Maldives.
The result indicates that the photovoltaic system is an economically feasible option for the resort,
and that grid parity can be reached within the project lifetime. However, the result shows that the
use of advanced ESSs is still an expensive option and would not be economically reasonable.

Keywords: levelized cost of energy; photovoltaic with energy storage system; HOMER simulation;
LCOE comparison; sensitivity analysis

1. Introduction

In most remote islands, centralized generation of electricity is nearly impossible due to
their unique conditions, and it makes diesel generation the primary source for power generation.
High dependence on diesel price puts a huge economic and environmental burden on Small Island
Developing States (SIDS). Reducing heavy reliance on imported diesel for power generation has been
an important agenda for SIDS. This challenge has been encouraging SIDS to increase the deployment
of renewable energy systems [1]. The recent technology development provides opportunities for the
Maldives to deploy more renewable energy systems by reducing the costs of solar photovoltaics (PV)
with or without energy storage systems (ESS) as well as increasing their efficiencies [2]. However,
adopting renewable energy systems is still burdensome for the Maldives because of its initial costs and
insufficient financial resources. Also, the countries lack understanding about whether a renewable
system is an economically feasible option compared to conventional energy systems. Since the countries
have limited financial resources and capacity, the economic feasibility is inevitably an important factor
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for the selection of energy systems. Therefore, achieving grid parity where the cost of renewables
becomes the same or less than that of conventional sources is an important milestone for the successful
diffusion of renewables in SIDS.

Reducing high diesel dependence and adopting renewable systems are also an important national
agenda for the Maldives, one of the SIDS. The Maldives is in the Indian Ocean and is composed of
more than 1000 islands. Due to its location in tropical zones, the Maldives has a high potential for solar
systems. The country reached 100% electrification rate, but the dominant system is still off-grid diesel
generation. The Maldives has established an ambitious target of achieving 100% renewable energy
by 2020 in 2009 and encouraged the deployment of renewable systems [3]. However, the pace of the
deployment of renewable systems has been slow, and only 1.28% of electricity generated is provided
by renewables [4].

The paper examines the possible timeframe for reaching grid parity in a SIDS country from the
case project of replacing an existing diesel generator to photovoltaic power generation with ESS in
a resort on Kuda Bandos Island, Maldives. Kuda Bandos Island is located near Male, the capital of the
Maldives. The main economic activity of the island is tourism, so the resort on the island has demands
for establishing a sustainable energy system. Also, this small island is remote from other islands,
and the resort is the only demand source for energy. Thus, both the reliability and economic feasibility
of the energy system are important. The project is funded by the Korea Institute of Energy Technology
Evaluation and Planning and the Ministry of Trade, Industry, and Energy of the Republic of Korea.
The purpose of the project is to replace the existing diesel generator to PV with ESS and diesel generator.
The project implements the installation of PV 290 kW with Power Conversion System (PCS) 295 kW,
728 kWh Lithium battery and 250 kWh Vanadium Redox Flow Battery (VRFB). The objective of the
project is to develop advanced VRFB and implement the independent renewable system on the island.
Thus, the paper tests the system'’s technical feasibility and compares levelized cost of energy (LCOEs)
of three different systems, which are existing diesel generation, solar photovoltaic systems with diesel
generators, and solar photovoltaic systems with ESSs based on the information given from the resort
and the companies providing system components. The study uses costs, such as logistics, technology,
construction, and operations costs, and system specifications from the case project. Since the project
site is a remote island and requires a self-sufficient energy system, the project contains additional
issues, such as including logistics costs and operations and maintenance issues. Thus, the concept of
grid parity would be applied to the comparison among LCOEs of feasible options. The study examines
the timeframe for reaching grid parity for those renewable systems compared to the existing diesel
generation. Examining LCOEs of different system settings, including ESS, and their timeframe for
reaching grid parity, can contribute to accelerating deployment of renewable systems in the Maldives
as well as other SIDS countries. Furthermore, the results can provide further implications to other
islands in the Maldives, those have similar characteristics, such as remote island and a self-sufficient
diesel generation, to the case projects.

Literature Review

In the literature, various papers studied the economic and technical feasibility of sustainable
energy systems in developing countries and SIDS. The objectives of the studies were to find the optimal
independent renewable system and demonstrate the economic and financial feasibility of the selected
system. (Jung et al. (2017) [5]; Ali et al. (2018) [6]; and Kaldellis et al. (2009) [7]) Jung et al. (2017)
and Ali et al. (2018) both examined technical and economic feasibilities of independent PV systems
on the islands of the Maldives by Hybrid Optimization of Multiple Electric Renewables (HOMER)
simulations and demonstrated that the PV system is a feasible option to replace the diesel generation
of the small islands in the Maldives. In addition, Kalidellis et al. (2009) found the optimal PV-ESS
system configuration, as Jung et al. (2017) did, for small remote islands and conducted a cost-benefit
analysis. The study also confirmed that the optimal renewable system with ESS can be considered
as an effective option for solving electrification issues on remote islands, especially located in high
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and medium-high solar potential regions [7]. Though those studies demonstrated the technical and
economic feasibility of the independent renewable systems, those analyses limitedly consider the
timeframe for reaching grid parity condition of renewable systems. Therefore, the analysis of the paper
can contribute to providing additional information when the grid parity condition of independent
renewable systems can be reached in remote islands.

Moreover, the optimal selection and the management of renewable systems are essential parts
for understanding economic feasibility of the renewable systems. In particular, the recent progress
in computational simulation capacity allowed the introduction of the advanced methodologies in
achieving optimal management of renewable systems with ESSs. Though this paper analyzes based
on a project with a pre-determined renewable system configuration, Rangel et al. (2018) presented
a methodology for choosing an optimal size, type, and site of ESS. The purpose of the study was
to obtain the optimal charge and discharge strategy and find the best cost option [8]. Ghanaatian
and Lotfifard (2018) proposed a method for the optimal control of the flywheel ESS by using
a tube-based Model Predictive Control (MPC) model. The study included uncertainties and external
disturbances in the model and conducted simulations to show the effectiveness of the model [9].
Li and Hennessy (2013) conducted a study to reduce grid dependence of midsize European town by
adopting a large-scale PV, Wind, and VRFB. The study targeted to reduce grid dependence, grid
purchase, and spilled wind lost and achieve shorter payback periods for the ESS. By considering
different size of VRB-ESS, the study found the optimal size and technical specification of ESS that
satisfies the objectives [10]. These studies were to find the optimal selection and management of
the battery system that satisfy the optimal operation and the reliability of the renewable system.
In addition, the advanced methodologies are presented for the management of multiple micro grid
systems. Tavakoli et al. (2018) proposed a way to find an optimal management system of battery energy
for the commercial building microgrid using a linear optimization programming with the Conditional
Value at Risk (CVaR). This approach considers maximizing the management of microgrid photovoltaic
system and battery energy while reducing key uncertainties, such as electricity price and power
generation, in operating photovoltaic energy system with battery. It not only improves the efficient
use of renewable energy system but also enhances the resilience of the commercial microgrid [11].
Marzband et al. (2018a) and Marzband et al. (2018b) demonstrated a smart Transactive Energy (TE)
framework that established a coalition of multiple home microgrids and found an optimal resource
management and profit sharing among the participants [12,13]. Marzband et al. (2018a) showed a smart
TE framework that builds a coalition of multiple home microgrids and found an optimal way to achieve
fair allocation of coalition profit. The study used a multi-stage stochastic programming based on
artificial bee colony (MSSP-ABC) algorithm to simulate the formation of possible coalitions and find
a “fair” distribution of profits. The simulation result demonstrated that the coalition encourages the
participation of home microgrid owners and consumers in the deregulated market and contributes
to mitigating electric load fluctuations [12]. Marzband et al. (2018b) used improved optimization
techniques to solve the non-linear and non-convex Market Operator Transactive Energy (MO-TE)
structure issue. The method proposed by the study was used to find the home microgrids” optimal
electricity and thermal resources and maximize home microgrids owners’ profits. This approach
enables to find the optimal timing for home microgrids owners to exchange electricity and provides
a chance to reduce the exploitation cost of home microgrids owners [13]. However, the case project
used in this paper is a resort in a remote island with no grid connections to other islands, and the
resort operates its self-sufficient energy system. Also, the pre-determined renewable system design
was implemented in the resort. Thus, these advanced methodologies for optimal management of
multiple home-grid systems as well as the selection of ESS are hard to be implemented in this case.

Along with feasibility studies of on-grid and off-grid renewable energy systems, various research
has been undertaken on grid parity analysis. To compare the different types of energy technologies,
LCOE calculation method is widely used in the grid party analysis. In the early 2010s, the studies
showed that a solar PV system showed a great potential to be a feasible option in the future but
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reaching grid parity condition needed much more time. (Branker et al. (2011) [14]; Yang (2010) [15];
Lund (2011) [16]) However, the continued technological development made the on-grid and off-grid
solar PV systems more attractive options, and the recent studies expected shorter timeframes for
reaching grid parity of PV systems. Though the recent studies found that both off-grid and on-grid
solar systems are still expensive options for developing countries (Baurzhan and Jenkins (2016) [17];
Zou et al. (2017) [18]), many studies found the grid parity of solar PV systems can be reached in
countries within the next few decades. For instance, Zou et al. (2017) and Mundada et al. (2016)
studied whether the off-grid PV systems can reach the grid parity condition in China and the US
Zou et al. (2017) found optimal solar PV systems in five different Chinese cities and applied learning
curves for calculating LCOEs. It found that the grid parity condition of off-grid PV systems in those
Chinese cities can be reached in between about 2026 and 2050 [18]. Mundada et al. (2016) chose
a residential sector in Houston, MI with an unfavorable environment for solar systems as a case
study and calculated LCOE of off-grid PV with ESSs and combined heat and power (CHP) systems.
The study showed that LCOESs of the hybrid system are lower than grid costs in many cases and argued
that the hybrid system can be developed further in the US in the near future [19]. Moreover, there has
been in-depth studies which included uncertainties in calculating LCOEs of PV systems. (Biondi and
Moretto (2015) [20]; and Said et al. (2015) [21]) Biondi and Moretto (2015) examined solar grid parity in
Italy by using a real option approach. The study evaluated uncertainties, such as energy prices and
PV module costs, and demonstrated how those uncertainties affect the PV market in Italy. It showed
that PV systems seem to achieve grid parity soon thanks to relatively high electricity tariffs and good
solar radiation, but the uncertainties may delay grid parity condition in Italy for several years [20].
Said et al. (2015) presented an improved modeling of LCOE that used the effective lifetime of different
types of PV technologies and different environmental or technical conditions. The study included the
input data’s uncertainties in the analysis and examined whether PV technologies reached grid parity
in Egypt. It found the use of the effective lifetime affects LCOE and the total electricity generation
during the lifetime [21].

Various studies on the levelized cost of energy are conducted on comparing LCOEs of different
technologies in national level and on comparing LCOEs of grid-connected renewable systems to
other conventional energy systems. However, in the countries composed of many islands, such as
the Maldives, the grid connection among systems is nearly impossible, and the deployment of
independent renewable systems have additional risk factors. This paper uses actual technology,
logistics, construction, and operations costs from the project. Also, the paper applies the concept of the
grid parity to the project in a remote island in the Maldives where the central grid system cannot be
established. The findings from the paper can be further applied to other remote islands. Moreover,
the paper conducts sensitivity analysis on key risk factors, such as changes in discount rate and diesel
price, to examine how the external risk factors can affect the economic feasibilities and the grid parity
conditions of renewable energy systems in the Maldives.

2. Materials and Methods

2.1. System Design and Optimization

Prior to examining the LCOEs of energy systems and the grid parity timeframe, HOMER software
version 3.12 (HOMER Energy, Boulder, CO, USA) is used to find the optimal system configurations.
HOMER software is a powerful tool developed by US National Renewable Energy Laboratory that
simulates a viable system for all possible combinations of different energy systems based on their
technical and economic merit [22]. HOMER can model grid-connected as well as off-grid power
systems comprising any combination of wind turbines, PV arrays, fuel cells, small hydropower,
biomass, converter, batteries, and conventional generators [23]. The simulated systems are sorted and
filtered based on the criteria the user determines. Next, HOMER allows analysts to conduct sensitivity
analyses and to examine the impacts of uncertainty and changes in input variables. This energy
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modeling software simulates multiple system combinations based on input variables such as monthly
load, discount rate, and system costs and finds the optimal system designs, satisfying the technical
constraints at the lowest net present cost [24]. The main objective of the HOMER simulation is to
evaluate the economic and technical feasibility of renewable energy systems to be installed in a specific
location based on given information of equipment and energy resource availability.

The simulation results show that three system configurations were found to be viable designs
based on the input variables we entered, as shown in Figure 1. The system I represents a system
design that uses only the existing diesel generator. System II represents a system configuration in
which PV and diesel generators are used simultaneously, and System III is composed of PV, ESS and
diesel generators.

System I , System II System IIL
AC DC ‘ )

: AC oc (e AC oc (]
CAT-810 | Electric Load #1 ) CAT-810 | Electric Load #1 pysiQ) AL [decticiond 2 F'.Vi‘*|‘

i) S ] &Y

Tk i Comarar |12 i 258
.34 kW peal .34 kW peal M~ 4| (e |
C?Lerl\er C?nvert\er ‘_-| gl‘_’ ‘_.| ﬂl
BEeE BlEsE

Source: HOMER Software

Figure 1. System Configuration.
2.2. Site Specification and Load Patterns

This study is conducted to replace existing diesel generators with either PV-only or PV with
ESS in the Malahini Kuda Bandos resort located on Kuda Bandos Island, Maldives. The Malahini
Kuda Bandos resort is the only resort in this small island, and the resort is self-satisfying its electric
loads from a diesel generator. The resort has three diesel generators. However, operating one diesel
generator at a time meets the electric loads of the resort. One of the two other diesel generators has to
be operated manually if the electric load exceeds 500 kW. This PV-ESS project was implemented to
eliminate the inconvenience of turning on diesel generators manually.

The Maldives is hot and sunny all throughout the year, with average temperatures of 23 to
31 degrees Celsius. The high season falls between December and March, and the monsoon runs from
May to October [25]. Despite fluctuations in weather condition, the Malahini Kuda Bandos resort
has a constant and stable electric load throughout the year. Its monthly average of electric loads falls
between 303.76 kW and 338.57 kW.

2.3. Assumptions and System Components

This paper assesses the feasibility of two new technical options for replacing diesel generators
operating at Kuda Bandos Island with either PV-only or PV-ESS. The capacity of PV is 290 kW. The PCS
that stores the power produced by Solar PV in the ESS system is 295 kW. There are also two types of
ESSs included in this project: a 728 kW Lithium-Ion Battery (LIB) type and a 250 kW VRFB type.

In addition to the assumptions of system components, various financial assumptions are
considered. The debt-to-equity ratio is assumed to be 70:30 [26]. The rate of return for equity is
assumed to be nominal at 13.5%, and the debt rate is assumed to be 8.5%. The inflation rate is set as
2.2%, which is an average rate of the Maldives between 2013 and 2017 [27]. Based on these assumptions,
the real discount rate is set as 7.8%. The debt repayment period is set at 7 years, and the grace period is
given as 1 year during the construction period. Operation and Maintenance (O&M) costs are assumed
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to be 2% of the total system cost, and the O&M costs are expected to rise at the same rate as the annual
inflation rate. In terms of electricity generation, electricity generation from solar is assumed to decrease
by 0.5% per year as solar panel performance declines, and diesel consumption per liter is calculated
as electricity generated by diesel (kWh) times L/kWh. We also assume that diesel prices are set at
$1.06/L [28], which is equal to the world average, and we assume that annual diesel price rises every
year at 2.2%, which is equivalent to the inflation rate of the Maldives.

Based on this input data, the technical simulation shows the three possible system configurations
at the Kuda Bandos Island. The possible system configurations are shown in Table 1. The base system
configuration is a diesel-only system that uses the existing diesel generator already in operation at the
resort (System I). Another possibility is to use the existing diesel generator and 290 kW PV together
(System 1II), and the other option is to supply electricity to the resort using the existing diesel generator,
290 kW PV, and two types —-LIB and VRFB of ESS (System III).

Table 1. System Configuration.

System PV PCS ESS Diesel
System I - - - 648 kW
System II 290 kW 295 kW - 648 kW

System III 290 kW 295 kW 978 kWh 648 kW

According to optimizations and simulations, in both System II and System III, PV provides
approximately 472,428 kWh for the first year and accounts for 17.1% of electricity generated from
the entire system. As solar performance degrades 0.5% annually, the remaining amount of electricity
required will be covered by additionally using diesel generator. The technical information indicates
that the ESS is used to avoid the occurrence of capacity shortage and unmet electric load and reduce
excess electricity. Without an ESS, 80,525 kWh (2.92% of total electricity generation) of electricity is
considered to be excess electricity every year.

3. Results

3.1. LCOE and Grid Parity

To find the grid parity, this study calculated yearly LCOEs based on the technical information as
well as financial assumptions. The LCOE methodology, which is the unit cost of the energy generated
by a system over its lifetime is abstracted from reality and is used as a benchmarking or ranking tool
to evaluate the cost-effectiveness of other energy generation technologies [29]. The LCOE method is
useful in that it allows fair and direct comparison of different electricity generation technologies [30].
Because photovoltaic and ESSs require huge initial capital investments, both System II and System III
start with very high LCOEs of 1.08 and 0.49, respectively, as shown in Figure 2. Also, the debt interests
and repayments occurred in the first 7 years make their LCOEs higher. As the system continues to
generate more electricity, LCOEs continues to decrease. The study assumed the real diesel price to
be fixed, LCOE of System I stays at $0.3208 per kWh. According to the study, LCOE of System II
(PV + Diesel) reaches grid parity in 5.77 years (between 2022 and 2023). Afterward, it continues to
decrease and has LCOE of $0.3056/kWh at the end of the project period.

However, this study finds that System III fails to reach grid parity. Adding ESS requires high
system costs and financing costs, and it makes LCOE of the system very high. Though its LCOE
decreases rapidly at the early stage, the difference between System III and System I is about $0.11/kWh
in 2023 when System I reaches the grid parity condition. At the end of the project period, LCOE of
System III reaches $0.3614/kWh, and it is still $0.04/kWh higher than that of System III. This result
is consistent with Yang (2010)’s conclusion that solar PV is much less cost effective in a distributed
system. Yang attributed the result in the fact that many analysts did not amortized all the end-user
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costs and incorrectly considered the cost of $1/W as manufacturing costs instead of retail installation
costs when calculating grid parity [15].
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Figure 2. Yearly LCOEs of the Systems (Unit: $/kWh).
3.2. Sensitivity Analysis

Installing off-grid renewable systems in SIDS can face various unexpected circumstances and
these issues can increase project costs and threaten project operations. Thus, the study conducts
a sensitivity analysis to examine how the changes in diesel prices and discount rates affect the systems’
LCOEs. Table 2 shows the sensitivity analysis conditions considered in this study.

Table 2. Sensitivity Analysis Conditions.

Sensitivity Analysis
Discount Rate 10% 12%
Diesel Price (Real) $0.954 (—10%) $1.166 (+10%) $1.272 (+20%)

3.2.1. Discount Rate

The project investors require the rate of return on their investments based on their perception of
the project risk level. Local conditions and risk factors of installing and operating renewable systems
in SIDS can make project investors to require a higher rate of return. To reflect it, the study conducts
a sensitivity analysis on discount rate by altering the discount rate to 10% and 12%. The value of the
discount rate must be carefully assessed because it can influence the invertor decision towards one
option or another. The value chosen for the discount rate can be influenced by the investor’s choice
and should be carefully assessed. Thus, we conduct a sensitivity analysis of discount rates based on
the conservative discount rates assumed by the International Energy Agency, which are between 10%
and 12% for PV systems [31].

Table 3 and Figure 3 show the LCOEs of the three systems when the discount rate changes,
and Figure 4 shows when the grid parity condition can be achieved at the different discount rates.
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If the discount rate increases to 10% from 7.8%, LCOEs of the renewable systems increase slightly
while LCOE of System I decreases to $0.3206/kWh. Still, System II reaches grid parity, but it is delayed
and occurs in 6.33 years (between 2023 and 2024). System III becomes more expensive and the LCOE
gap between System III and System I becomes $0.05/kWh at the end of the project periods. If the
discount rate increases up to 12%, System II reaches grid parity in 6.95 years (between 2023 and 2024).
This result is supported by the research of Simsek et al. (2018) demonstrating that debt fraction and
discount rate illustrated significant sensitivities on both LCOE and government cost. By increasing
discount rate from 6% to 12%, the research of Simsek et al. (2018) also proves that both LCOE and
government cost showed an increasing trend [32]. As the economic feasibility of the project depends
highly on feed-in tariffs concessions, the Maldives’ unstable political and legislative situations could
negatively affect the discount rates of PV and ESS technologies. However, as the technology matures,
and the solar PV markets evolve, the significance of discount rates will decline over time.

Table 3. LCOEs of the systems when the discount rate changes (Unit: $/kWh).

Sensitivity Analysis (Discount Rate) 7.8% 10% 12%
LCOEs (System I) 0.3208 0.3206 0.3204
LCOEs (System II) 0.3056 0.3085 0.3113
LCOEs (System III) 0.3614 0.3735 0.3851
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Figure 3. Yearly LCOE:s if Discount Rate changes.
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Figure 4. Grid Parity (Sensitivity Analysis on Discount Rate).

3.2.2. Diesel Prices

Due to all systems using a large portion of diesel generation, the changes in diesel prices can
affect LCOEs of the systems significantly. In particular, under the circumstances of increasing global
diesel prices in recent years, the increase in diesel price can increase LCOEs of the project.

Table 4 and Figure 5 show the LCOEs of the systems when the diesel price changes, and Figure 6
shows when the grid parity condition can be achieved at the different diesel prices. If the diesel price
decreases to $0.954/L, LCOEs of the systems also decrease. Grid parity of System II can be reached
in 6.6 years (between 2023 and 2024). However, System III cannot reach grid parity. On the other
hand, if the diesel price increases by 10% and becomes $1.166/L, grid parity of System II is reached
in 5.11 years (between 2022 and 2023). Also, the LCOE difference between System III and System I
reduces to $0.035/kWh. If the diesel price further increases to $1.272/L, the grid parity condition
of System II can be achieved earlier. Grid parity is achieved in 4.64 years (between 2021 and 2022).
This indicates that the project is likely to benefit if the recent trends of increasing global oil price
continue and the diesel price of the Maldives increases. This result is supported by research done by
Peerapong and Limmeechokchai who conducted a sensitivity analysis using variations such as solar
radiations, cost of diesel prices, real interest rates and load consumptions. The variations of diesel
prices set from $0.9/L to $1.2/L affect NPC, COE, and renewable shares in the system. The study
finally concludes that minimum diesel price should be at least $0.561/L for the hybrid diesel/PV
system with ESS to compete with the diesel-only existing system [33].
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3.2.3. Summary of Sensitivity Analysis

The sensitivity analysis shows the time required to reach grid parity if the diesel price and
discount rate change, and the detailed results of the sensitivity analysis are shown in Table 5. Though
the analysis indicates that the system design with an ESS cannot reach grid parity, System II reaches
grid parity mostly within 7 years. If the diesel price goes down and the discount rate increases,
System II requires more time to reach the grid parity as shown in Table 6. An increase in diesel price
benefits the renewable systems consuming less diesel, and an increase of discount rate, which means
the project is perceived as a riskier one, can make the renewable systems less attractive.

Table 5. Summary of Results.

LCOEs System I System II System III
@7.8% $1.06 0.3208 0.3056 0.3614
@7.8% $0.954 0.2907 0.2799 0.3365
@7.8% $1.166 0.3509 0.3314 0.3862
@7.8% $1.272 0.3810 0.3571 0.4111
@10% $1.06 0.3206 0.3085 0.3735
@12% $1.06 0.3204 0.3113 0.3851

Table 6. When the Grid Party can be reached (System II).

Sensitivity Analysis $0.954 $1.06 $1.166 $1.272
7.8% 6.6 years 5.77 years 5.11 years 4.64 years
10% 7.35 years 6.33 years 5.58 years 4.95 years
12% 8.25 years 6.95 years 6.01 years 5.35 years

4. Discussion

The study examined whether renewable systems are feasible options in SIDS based on the case of
the Kuda Bandos Island, Maldives. Also, the study used the LCOE method to find when the grid parity
condition can be met. The case project is to replace the existing diesel generator to a solar photovoltaic
system with ESS and diesel generator.

Though the project included two types of energy storage systems, the sensitivity analysis showed
that the grid parity of PV with ESS is hard to be reached within the project lifetime. However, if the
project only uses solar PV and diesel generator, the grid parity can be reached in 5.77 years, and the
renewable system is an effective solution for replacing the existing diesel generator and reducing
diesel consumption. Moreover, in all cases, the sensitivity analysis showed that solar PV and diesel
generator (System II) reaches the grid parity condition. Thus, the paper demonstrates that solar PV
already reached the grid parity condition and became an effective solution for achieving the renewable
target of the Maldives and reducing the heavy dependence on imported fossil fuel.

The results of the sensitivity analysis indicate that the discount rate and diesel price are major
factors affecting the economic feasibilities of renewable systems and the grid parity conditions.
The challenges, such as logistics and maintenance issues, of the SIDS countries caused by their
unique characteristics often make investors perceive the deployment of the off-grid renewable system
in those countries as a risky project. This perception can increase the discount rate required to evaluate
a renewable energy project. As shown in the sensitivity analysis on the discount rate, a higher discount
rate makes renewable systems which require a huge upfront investment less attractive, and it delays
the periods needed for achieving the grid parity condition. Thus, a proper assessment of risk factors of
renewable projects and supportive policies for reducing those risk factors should be considered.

Moreover, the result of the sensitivity analysis on diesel price provides information about how
the introduction of carbon taxes or environmental taxes can accelerate the grid parity condition in
the Maldives. the Maldives is vulnerable to climate change and focuses on fuel switching from diesel
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to renewable energy options [34]. Also, tourism is one of the key parts of the Maldives’” economy.
Thus, the country has incentives to reduce diesel generation, which is the dominant energy system in
the Maldives, emitting greenhouse gases and air pollutants. If the country introduces environmental
taxes or carbon taxes, its impact is likely to be similar to the sensitivity analysis to an increase of
diesel price. Thus, it can further accelerate the grid parity condition of PV systems in the Maldives.
However, PV with ESS will remain as a very expensive option. As the sensitivity analysis indicates,
even a 20% increase of diesel price does not bring the grid parity condition of PV with ESS and diesel
generator. This implies that it will require much longer time to fully eliminate the diesel generator
from the system.

In recent years, the global oil price has been increasing rapidly, and the Brent Oil price has
exceeded $80 per barrel in the late September 2018 [35]. As shown in the sensitivity analysis on diesel
price, a continued trend of increasing global oil price is likely to benefit the deployment of renewable
systems. Moreover, the system configuration of the project is pre-determined in the case project,
and the project included high-performance but expensive batteries in the system configuration. If the
trend of increasing global oil price continues and the optimal system configuration is considered,
the solar photovoltaic with ESS can become a more attractive option.
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Acronyms and Abbreviations

SIDS Small Island Developing States

PV Photovoltaic

ESS Energy Storage System

LCOE Levelized Cost of Energy

LIB Lithium-Ion Battery

VRFB Vanadium Redox Flow Battery

KETEP The Korea Institute of Energy Technology Evaluation and Planning
MOTIE The Ministry of Trade, Industry and Energy of the Republic of Korea
HOMER Hybrid Optimization of Multiple Energy Resources

CVaR Conditional Value at Risk

MSSP-ABC ~ Multi-stage Stochastic Programming based on Artificial Bee Colony
MO-TE Market Operator Transactive Energy

CHP Combined Heat and Power System

PCs Power Conversion System

O&M Operations and Maintenance
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Abstract: The aim of this paper is to provide a bi-level model for the expansion planning on wind
investment while considering different load ranges of power plants in power systems at a multi-stage
horizon. Different technologies include base load units, such as thermal and water units, and peak
load units such as gas turbine. In this model, subsidies are considered as a means to encourage
investment in wind turbines. In order that the uncertainties related to demand and the wind turbine
can be taken into consideration, these effects are modelled using a variety of scenarios. In addition,
the load demand is characterized by a certain number of demand blocks. The first-level relates
to the issue of investment in different load ranges of power plants with a view to maximizing the
investment profit whilst the second level is related to the market-clearing where the priority is
to maximize the social welfare benefits. The bi-level optimization problem is then converted to a
dynamic stochastic mathematical algorithm with equilibrium constraint (MPEC) and represented as
a mixed integer linear program (MILP) after linearization. The proposed framework is examined
on a real transmission network. Simulation results confirm that the proposed framework can be a
useful tool for analyzing the investments different load ranges of power plants on long-term strategic
decision-making.

Keywords: capacity investment; market power; wind resources; dynamic planning; stochastic approach

1. Introduction

Investment in renewable energy sources, including wind power plant, is of particular importance
due to the increase in the efficiency of clean energy, and the need to reduce pollution and fuel
consumption [1-3]. However, the production of wind resourced units involves an inherent uncertainty

Sustainability 2018, 10, 3811; doi:10.3390/su10103811 157 www.mdpi.com/journal/sustainability



Sustainability 2018, 10, 3811

and limited capacity, which alone may not be responsible for load growth in a power grid [4-7].
In addition, investment in wind resources may be less profitable than other technologies for investor
due to budget constraints [8-12]. Consequently, there is a need to pay special attention to investing
in renewable energy, including wind power, when carrying out generation expansion planning.
Moreover, the possibility of investing in other technologies are taken into account in the model when
generation expansion planning (GEP) is undertaken. However, this issue in previously presented
models is often overlooked.

On the other hand, the analysis of the dynamic approach to this problem is of great importance
due to the fact that yearly investment decisions (including capacity, location and time of construction)
depend on investment decisions carried out in previous years [13-17]. As a result, in this article, we
focus on a dynamic approach including renewable energy such as wind power in the grid used in the
highest possible value. For this reason, investors will be encouraged to invest in the units while giving
consideration to subsidies for new wind units. Whilst it is possible that the above incentives may
not result in investment, other technologies that exploit peak load and base load units that consider
various aspects (such as budget constraints, uncertainty and the limited capacity of wind turbines, etc.)
during the planning stages, may be more profitable and therefore more attractive to investors.

In Figure 1, the effectiveness of the proposed GEP model is shown along with the above studies’
shortcomings. The following points outline the important research that has been done in this field:

e  The model presents more reliable and better results if those that are intended for the short-term
market include the market clearing aspect, whereas those intended for the longer term take into
account investment. Therefore, the investment problem in this paper is bi-level; however, those
presented in [5,18-24] are not bi-level.

e In those models that have been proposed for market clearing, the supply function model in
particular is a more accurate and realistic model when compared to others. Therefore, in this
respect, a supply function model is used in the spot market whilst Refs. [25-29] make use of
other models;

e In this paper, three different load range technologies, including base, peak and wind plant are
considered as the candidate units for investment and each technology has different options for
investment capacity. However, candidate units for investment in [5,21,25,27,30] are wind unit
and in [14,19,20,22,26,31-39] are other technologies. In addition, in this paper, the subsidy is
considered in order to stimulate investment in the wind unit. This approach is more in line with
reality, whilst largely overlooked in previous cases;

e  The proposed model is a dynamic one, whilst the dynamic nature of investment decisions
has not been considered in papers concerning wind energy [3,2540,41] and other
technologies [19,20,22,26,32,34-39]. Therefore, the multi-period stochastic model consisting of
transmission network constraints is presented here;

e In this network, consideration is given to the uncertainty in the generation of electricity from
wind power along with demand consumption. These uncertainties are modeled by means of a
scenario based approach.

e Inaddition, conventional producers are assumed to be competitive, i.e., they offer their respective
productions at their marginal costs.

Considering the context above, contributions of this paper are as following:

e to propose a wind investment model considering different load ranges of power plants so that
the best production technology in the optimized location are offered.

e toenvelope a wind investment multi-stage model for sustainable electricity energy markets

e to provide a methodology to investigate subsidies in both planning and operating planning in a
network-constrained electricity market as a game-theoretic model.

e  Toimplement the proposed model to Mazandaran Regional Electric Company (MREC) as a real
power network and comprehensively analyze the related results.
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Figure 1. Block diagram illustrating the effectiveness of investment and planning.

2. Planning Features

Dynamic multi-stage property: Planning in this article is done for 10 stages. Each stage can
include one to several years depending on the terms planner. The annual discount rate of each stage in
the dynamic approach is assumed to be 8.7%. Non-anticipativity issues should be analyzed according
to the uncertainty of the demands and wind turbine production, as shown in Figure 2, combined with
the dynamic approach of GEP.

Demand model property: the demand blocks are obtained from a stepwise approximation of the
load-duration curve, as illustrated in Figure 2a. It is assumed that the per-stage demand is specified
with three different demand blocks; namely peak, shoulder and off-peak. Annual growth of demands
is assumed to be 6.2%. The weighting factors associated with each demand block (peak, shoulder
and off-peak) are assumed to be 20%, 50% and 30%, respectively. In each year of the planning period,
the weighting factor of the off-peak and shoulder blocks are considered to be 25% and 60% respectively
of the associated forecasted peak demand. For the sake of simplicity, each demand considers one bid
per block. For MREC demand, three uncertainties are considered, having the same probabilities as
those shown in Figure 2b.

Investment technologies property: In this paper, three different load ranges of power plants
including base, peak and wind units are considered for investment. Base technologies have relatively
low operation costs but high investment costs due to supplying grid demand during all hours of the
day. However, peak technologies, whilst also having low operation costs with high investment costs,
only supply the grid during hours of peak demand.

In this article, it is assumed that the grid includes the construction of wind turbines.
Construction of these units involves higher investment costs than the peak and base units; however,
it is assumed that the operation cost of wind turbines units is zero. Renewable energy such as wind
resources are usually characterized by uncertainty. The uncertainty of wind turbines can be modeled
using a set of scenarios. To represent the uncertainty related to wind production, only three wind
intensity factors are considered, despite the fact that a larger number of scenarios may easily be
considered for a typical wind turbine in this model. Limiting the number of intensity factors prevents
an increase in the computational complexity and corresponding time to solve the mathematical model
by means of software simulation. Therefore, nine uncertainties are obtained with respect to three
uncertainties of demand.
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160



Sustainability 2018, 10, 3811

The modeling of wind turbine and converter: the Kinetic energy produced by wind is converted
into mechanical power by the wind turbine rotor:

Pyt = 0.507TR?V3 = O.5an2(§)3(WR)3, 1)
~ WgR
R
Pec = Cp(A, B)Puwt = 0.5Cp(A, ﬁ)anz(X)3(WR)3. @)

Equations (1)—(3) present equations of wind turbine modelling. Equation (1) presents the output
power for wind turbine so that p and R are the air density (kg/m?) and the blade radius (m)
accordingly. In addition, V, Wy as well as A present the wind speed (m/s), rotor speed (rad/s)
and the turbine tip-speed ratio, respectively [42]. The relation between turbine mechanical power
(Pyiec) and available power (Pyy) is represented by Equation (3) while Cp and p are power coefficient
and pitch angle, respectively.

Non-anticipativity property: it should be noted that there is an issue of non-anticipativity nature
in the problem of stochastic multi-stage modelling [43]. Figure 3 shows the different states relating to
this issue. If the scenarios considered in the model are independent and different from one another at all
stages, these provisions should not be applied to the programming (Mode 1, Figure 3). The multi-stage
problems that include uncertainty have two modes, if uncertainties in the scenarios being considered
are the same in the process of multi-stage models. The constraints related to non-anticipativity
properties should be applied to the model (Mode 3, Figure 3) if the problem of stochastic multi-stage is
solved by optimization algorithms, such as heuristic algorithms, in order that each iteration results
in a different optimal solution. In addition, applying non-anticipativity constraints to the program is
optional, if GAMS solvers such as MILP, LP, and NLP are used that result in the same optimal solution
in repeated results (iterations). As a result of these issues around optimization, the same result in
the optimal solution is obtained for scenarios that are similar in some of the steps (Mode 2, Figure 3).
Therefore, applying the non-anticipativity conditions to the program tends to increase the complexity
of the model and the corresponding calculations” volume; however, it has no effect on providing
the optimal solution. This issue should be considered in the simulation results only to ensure the
correct program process; it can be ignored in a model for simplifying purposes and to achieve less
computation and complexity. In this article, the provisions of the non-anticipitivity properties can be
omitted due to the fact that the defined scenarios are independent of each other and they do not have
any similarities with cases spanning a 10-year planning period.

The aforementioned is similar to Mode 1 from Figure 3. For example, the dynamic
stochastic [20,44] is similar to the work of this paper and case 1 of Figure 3 and the expressed model
in [20] is similar to Mode 3 of Figure 3. The first-level variables, which correspond to the installed
generation capacity of the investing agent, will not be stochastic variables, however, since a generation
company can only make one investment decision due to the fact that it is impossible to know which
scenario is going to occur in reality.
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Figure 3. Three different cases for the non-anticipativity condition in a multi-stage stochastic problem.
3. The Proposed Algorithm

This idea is solved by the algorithm presented in Figure 4. The planning carried out with the aim
of maximizing the profits of the investment in the wind unit along with different load ranges, power
plants including peak and base technologies, and investment in wind units that includes subsidies
and grants to encourage investment is invested in the first year. New units are operated in subsequent
years as existing units in the network. In the next stage, the intention is to minimize the operation
cost so that the output at this stage is the market-clearing results, which includes market-clearing
prices, unit production and consumption. This procedure is carried out for the next blocks in the first
year. Overall, the benefits of investment and operation are maximized as a result of this planning.
In Figure 4, Ny, Ny, Nt, Ny and Ny, are number of years, scenarios, time block, new wind units and
new thermal units in the planning year, respectively. In addition, more information about bi-level
modelling can be figured out in [19,43-45]. In addition, to perceive multi-stage planning, Ref. [14] is
useful.
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Figure 4. The algorithm for solving the proposal idea.
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3.1. Inputs and Outputs

Figure 5 shows the input and output of each stage and stage to stage. The first-level includes
10 stages in which each stage includes a set of market-clearing issues for different scenarios and time

demand blocks. The input of the first level for each stage includes input related to investment in

different load ranges of power plants ksTH, CSEH, cbn vyear, cin“", X‘vamax, S and the general input Nth, Yiw,

pESmax (gES f
1 4 7 J
First-level variables include ngH / X%, u;;f\/ u%l, and these have a certain effect in the second-level
and are therefore considered to be second-level inputs. In addition, the second level includes the general

inputs PiEsmaX, dyjtw, Bam, and Fii. The output of the second-level are variables P;Sl;lw / P}Eftw/ P)',/X’tw,

P;YH;{W / PYT;{X o/ P;’;’,\; fwr and 9ymw. These variables are also the variables of first-level. First-level input

of each stage to the next stage includes variables Pl.EsmaX, dyth/ Bnm, F3* and the second-level input of

. . . —th
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Figure 5. Input and output of each stage and stage to stage.

Second-level of last stage

[Second-level of stage 1

3.2. Converting Two Level Model to One Level Model

The market and the proposed algorithm are expressed using the bi-level model to implement
the proposed ideas in this article. This bi-level model can be solved by heuristic algorithms, GAMS
solvers and so forth. The GAMS solvers are used to solve the model proposed in this paper. For this
purpose, the bi-level model is converted to a one-level problem and then the optimal solution is
obtained using the available solvers, as shown in Figure 6. The second-level problem has constraints
including DC power flow, limitations of unit production, and balance between production and
consumption. Therefore, the second-level problem is a linear problem and therefore convex. Thus,
karush kuhn tucker (KKT) conditions can be used to convert the bi-level problem into a one-level
problem. Furthermore, complimentary constraints obtained from KKT conditions are linear when
using the theory of big M. The resulting mathematical model becomes a problem of MILP after
linearization of the nonlinear relationships and therefore it is solvable by MILP solvers in GAMS.
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4. Mathematical Formulation

In the following sub-sections, the mathematical formulation of this paper is presented. In order to
introduce the model, we define the following sets, parameters and decision variables.

4.1. The Bi-Level Model

The first-level represents the investment problem of the conventional producers who are seeking
to maximize the present value of the total profit of investment (whether base or peak) and of operation.
Due to the dynamic nature of the planning problem, dynamic dependency constraints exist in the
first-level. The second-level problem represents the market-clearing. The clearing of the market for
any given operating condition is represented as an optimization problem that identifies the operating
decisions that maximize social welfare. In this model, maximizing the social welfare is equivalent to
minimizing the generation cost. The market clearing problem is constrained by the DC power flow
equations, transmission network limitations and units’ capacity limits. The output of the second-level
problem is nodal prices (dual variables associated with the power balance constraints), which are fed
back to the first-level.

The multi-period stochastic investment problem is formulated using the following bi-level model,
which comprises the first-level problem, i.e., Equations (4)-(12), and a collection of second-level
problems, i.e., Equations (14)—(20).

First level: The objective function (i.e., Equation (4)) is the present value of the projected profit
(expected revenue offset by investment cost) in the planning horizon, which comprises three terms.
The first and second terms of profit function (i.e., Equation (4)) are associated with the investment cost
of new units, including peak and base technologies and wind units, respectively. The third term of the
profit function (i.e., Equation (4)) is the expected profit obtained by selling energy in the spot market.
Equation (5) states that investment options for new base or peak units are only available in discrete
blocks, just as that of wind investment modelled through Equation (6). These equations impose the
constraint that only one technology is binding and determines the new technology to be installed
at each bus of the system. It should be noted that, based on Equations (5) and (6), the producer can
either open exactly one new plant each year, or choose one option for installing it. These constraints
define the maximum capacity of wind units along a multi-stage horizon that can be constructed in
each location with wind power facilities. The dynamic dependency constraints on the base or peak
investment decision variables are represented in Equations (7) and (8), while Equation (9) is related to
the dynamic dependency constraints applicable to the wind investment. The new units are operated
in the next years as existing units in the network (Equations (7) and (9)). Equation (8) is related
to the marginal cost of a new base or peak units in subsequent years. Equation (10) enforces that
wind generation at each bus scenario is limited to the installed wind power at the corresponding bus
multiplied by a factor that models the wind intensity at that bus and scenario. Equation (11) as the
dynamic dependency constraint shows wind production constraints in the years after the establishment
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of new units. The available budget limitation is represented in Equation (12) for investment in wind
and new thermal units.

Second level: The market clearing problems are represented by the negative social welfare
expressed Equations (13)-(20). Equation (14) represents the energy balance at each bus, this being the
associated dual variables” LMPs or nodal prices. Equations (15)-(19) impose power bounds for blocks
of generation constraints, power flow and angle bounds. Equation (20) fixes the voltage angle at the
reference bus. Dual variables are indicated at the relevant constraints following a colon:

First level objective function:

min Zy( oy VW Yy xTHETIH
+5, () L
_Zy(ﬁ)thNchw'ytw

Li(1 = S)ev X,

Zn P nw,tw)tnrtW
+ Zn Zy yy'n, tw/\n,tw (4)
+ Es P;stw/\n,tw - Es P}TSP,IMCSTH

+ L LY PyylwAnw

pTHY THY
ZS Z y' yy sthSSyy’

+ Zz PES 21 PES CSES

yitw yitw
First level subjected to:
Subject to:
Xyl = Zuysh oy Zu;{g‘ =1 ugy, € {0,1} : Vy, Vs, Vh, )
Euyannl, Euynl 1 uynl € {0,1}: Vy, VI, Vn, (6)
Xypn = Xgi, Yy, € {X > 0,y >y}, s, @)
CSigy = CSIM, vy, C {X{y) > 0,y >y}, s, ®)
X = Xin, Y,y C{XPh > 0,y > '}, Vn, )
Piiiw < KngwXpn : ¥y, ¥, Vt, Yo, (10)
0 < Pyvkiew < Xyvn Yy, ¥/ € {X)), > 0,y > ¥/}, V1, Vn, Y, (11)
1 )
L) (L= S)GMX+ PRI < k), (12)

Second level objective function:

min ¥; ¥ pyE“fwcsES +.y PYTSHMCSTH

+ L P CSgp

, Yy, Vt, V. (13)
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Second level subjected to:
L X Pl + L X Pdw + Z Py
+ L P + Pitew — L Brin S (Bytnw — Oytmw) (14)

= E] dyitw : )\mw Vi’l, Vt, Vy, Vw,

0 < Py < P20 @i, ditow Wy, Vi, Vi, Y, (15)
0 < Pl < Xgat oy, Hymiw © ¥y, Vs, Vt, Voo, (16)

THY THY . , THYmin , THYmax
0< Pyy’stw < ny’s . Vyy/stw 4 I’lyy’stw

17)
Yy, y' C {X}TI;I >0,y >y'}, Vs, Vo,
_Frrfl}gx < Brlz'rlnjsb(eymw - eytmw) < Frﬂ“r;‘.x : (1 )
8
v;r%ir?mw/ U;I%g)r(nw Vn, Vm, Vt,Vy, Vw,
— 70 < Oymw < 702 Ot Cotoner V1, V8, Wy, Va0, 19)
Oytmw = 0% Gy 1= 1,4, Vy, V. (20)

MPEC

The bi-level problem (i.e., Equations (4)—(20)) can be converted to a single level problem (MPEC)
by enforcing KKT conditions to the second-level problems [14,20,27]. These are represented by
Equations (21)—(35). This transformation is possible because the lower-level problems are continuous
and linear (and thus convex). The resulting problem is an MPEC, which includes nonlinearities in the
objective function and in the complementarity conditions. These nonlinearities could be transformed
into equivalent linear terms. Using this linearization, the investment problem can be finally expressed
by the following MILP problem, as presented in the algorithm in Figure 4. To find a linear expression
for ¥can PhiwAntw Ls PlaneAntw+ L P;%Anwr Y Xy PYTY‘?;{WAH,M in Equation (4), we use the
strong duality theorem and some of the KKT equalities [31]. The strong duality theorem says that, if a
problem is convex, the objective functions of the primal and dual problems have the same value at
the optimum.

Objective function of MPEC:

min ¥, (7)Y DRI+ Xy (7)Y Te(1 = $)CvXph
= Ly (737 T NP Zoo v
L Ayntw Edyjw — Licon L Pyine (21)
= L Vytw E — L Vytow Fi — L (St + S ) 0
— L X PR €S — X PR, CSET — ¥ 1oy PUEIY CSEYY
MPEC subjected to:

o  First-level constraints: Equations (5)—(12).
e  Primal equality constraints equal to second-level: Equations (14)—(20).
e  Equality constraints obtained from differentiating the corresponding Lagrangian:
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CSF® — Ayntw + Pyien — Pyt = 01 ¥y, Vi, (22)
CSIM — Ayt + My — Moy = 02 Wy, Vs, (23)
CSL = Ayt + fyyn ™ — Py = 0 Vy, Vs, (24)

Zm Bgr[njsb ()\ytnw - /\yth) + Zm BrllenJ Sb(Vﬁr?r);lw - V;?l’?’l)l(’lw)

. . ) (25)
+ Zm Brlzrlﬁlsb(v;{%}qw - V}Ertlrlli]nw) + g}rchg)év - ;/nt}\I:AJ
e  Complimentary constraints by KKT:

0 < Pl L i >0 Vy, Vt, Vi, Voo, (26)
0 < P L ol >0 Wy, Vi, Vi, Yo, 27)
0 < (Xga' — Pyone) L piyein >0V, Vs, Vt, Voo, (28)
0 < Pty L iyylome™ Yy, Vs, Vt, Y, (29)
0 < (X5 — Pyitine) L Hyyiaw™ Wy, Vs, Vt, Voo, (30)
0 < (PPX™™ — PR) L @l >0 Yy, Vi, Vi, Vo, (31)
0 < [FmX — BER + Sp(Bytnw — fytmw)] L Vil = 0 )

Yy, Vt,Vn,Vm,Vw,
0 < [FR* + Bim + So(Bytnw — Oytmw)] L Vit = 0 33)

Yy, Vt,Vn,Vm,Vw,
0< (m— Bytnw) L @;,“ni’v‘v >0 Yy, Vt,Vn, Vo, (34)
0 < (70 + Oytnw) L G =0 Wy, Vt, ¥, Voo (35)

Equations (26)—(35) are linearized as follows [14,27]:
The complementarity condition
0<alb>0 (36)
can be replaced by

a>0,b >0,a <tM,b <(1—1)M, T €{0,1}, (37)

where M is a large enough constant.

5. Case Studies

In this section, the efficiency of the proposed framework is examined through a real case study.
The case study is the MAZANDARAN regional electric company (MREC) transmission network as a
section of an IRAN interconnected power system.

Case Study: MREC Network

A single-line diagram representing the MREC transmission network is shown in Figure 7 [14,46].
The candidate buses for construction of the new base and peak units are assumed to be AMOL,
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ALIABAD and NEKA, all of which operate at 230 kV. In addition, buses ROYAN and DARYASAR are
considered as candidate sites for construction of the new wind units. The maximum wind capacity
that can be installed at these buses is equal to 300 MW for each bus.

The cases considered for the MREC transmission network are characterized in Table 1. The second
column of this table gives the type of planning (static or dynamic) and columns 3 and 4 identify the
subsidy percentage and the available budget, respectively. In Cases 1-4, the type of planning is static,
while Cases 5-8 refer to dynamic cases. In addition, in Cases 2, 4, 6 and 8, consideration has been made
of the impact of subsidy on the wind investment. In these cases, the subsidy percentage is assumed
to be 20%. The proposed model is solved using Solver XPRESS software GAMS (IBM ILOG CPLEX
Solver, 11.0.1, Armonk, NY, USA) [47].

Table 1. The cases considered for the MREC transmission network.

Cases Planning Subsidy (%) Budget (M$)

#1 Static 0 15.0
#2 Static 20 15.0
#3 Static 0 150
#4 Static 20 150
#5 Dynamic 0 150
#6 Dynamic 20 150
#7 Dynamic 0 1500
#8 Dynamic 20 1500

Case #1 total thermal investment is equal to 700 MW in the peak technology due to budget limitations
and offset by their investment cost with respect to base technology. In this case, the total capacity
added by the producer in the planning horizon has been established at 900 MW, resulting in the
producer investing 200 MW in the wind technology and 700 MW in the peak technology. In this
case, total thermal investment is attributable to peak technology due to budget limitation and
less their investment cost with respect to base technology. The existing units supply 9.78 MMWh
of the energy consumed by the network and thereby play an important role in the provision of
energy to the MREC network;

Case #2 Investment in wind units in this case is increased by 50 MW compared with Case #1 due to a
20% subsidy. In addition, the investment cost of wind units is the same as Case #1. In this case,
the production of wind units has increased by 25.58%. Therefore, the net profit in Case #2 has
increased by 18.44% with respect to Case #1;

Case #3 The total capacity added by the producer in Case #3 has increased by 450 MW compared
with Case #1 by increasing the budget from 15 M$ to 150 M$. Investment in wind units in this
case has increased by 400 MW compared with the Case #1 due to an increase in the budget.
In addition, the total thermal investment is base technology so that 750 MW is added to the
MREC network. In Case #3, the production of wind and new thermal units have been increased
by 201.62% and 98.15% compared with Case #1, respectively. In addition, the net profit in the
planning horizon has been obtained equal to 108 M$ that it has been increased by 389.35% with
respect to Case #1;

Case #4 In Case #4, investment in wind and thermal units is the same as Case #3. In this case, subsidy
has no effect on wind investment because the total capacity of wind units added to network
is the same as in Case #3. In addition, the production of different units is the same as Case #3.
However, the investment cost of wind units has decreased by 20% due to the 20% subsidy. As a
result, the investor’s net profit has increased by 5.56% compared with Case #3;

Case #5 In this case, the total capacity added by the producer in the planning duration has been
determined to be 1200 MW, resulting in the producer investing 500 MW in the base technology
and 700 MW in the peak technology, while no wind unit was constructed in the MREC network.
This is the result of the desire to invest in units that have a lower investment cost due to the
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budget limitations. In addition, distribution of the investment are as follows: 200 MW on peak
technology in the first year, 500 MW on base technology in the fifth year, 250 MW on peak
technology in the eighth year and 250 MW on peak technology in the ninth and tenth years. Due
to lack of generation in the western region, the total capacity has been constructed in AMOL
located in this region.

Case #6 All output of Case #6 is the same as Case #5; consequently, the consideration of a 20% subsidy
has no influence on the desire to invest in wind units. It can be observed that the 20% subsidy is
not enough to encourage investment in wind units and therefore the capacity of wind units is
zero in this network.

Case #7 In Case #3, the total capacity added by the investor has increased by 1400 MW compared with
Case #5 and Investment in wind units in this case have been increased by 600 MW compared
with the Case #1. In addition, total thermal investment is base technology so that 2000 MW
base technologies are added to the MREC network. In Case #7, the production of new thermal
units has been increased by 75.89% compared with Case #5, while the production of existing
units decreased by 81.04%. In addition, the production of wind units has been increased from
0 MMWh to 12.97 MMWh with respect to Case #5. Thus, the total net profit in the planning
duration is predicted to be 973.28 M$, an increase of 188.86% with respect to Case #5.

Case #8 In this case, investment in wind and thermal units, and the production of different units,
is the same as Case #7. However, investment cost of wind units has been decreased by 20% due
to the 20% subsidy. As a result, the investor’s net profit has been increased by 9.62% compared
with Case #3.

Figure 8 shows the result of GEP for MREC network for: (a) the produced power, (b) the produced
energy, and (c) investment. Figure 9 depicts the percentages related to the budget, investment cost
and total net profit for each case in the planning period. For example, the percentage related to the
budget, investment cost and total net profit in the Case #1 are shown to be equal 29%, 29% and 42%,
respectively, corresponding to 15, 14.99 and 22.07 when expressed in M$. The net profit in Case #5 and
Case #6 in the dynamic approach has been increased by 26.19% and 12.77% compared to Case #1 and
Case #2 in the static approach, respectively. Furthermore, the investment cost has been decreased by
17.24% and 11.11%, respectively. In addition, the net profit in Case #3 and Case #4 in the static approach
has been increased by 14.28% and 9.68% compared to Case #7 and Case #8 in the dynamic approach,
respectively. Furthermore, the investment cost has been decreased by 14.28% and 12%, respectively.
Therefore, it can be seen that the percentage profit as a result of increasing the available budget for
both static and dynamic planning. For lower budgets, the percentage profit yielded by the dynamic
approach exceeds that of the static approach so that the investment cost in the former is less than in
the latter. However, if a larger budget is available, the percentage profit yielded by the static approach
exceeds that of the dynamic approach, whilst the former requires a lower investment. The use of
a subsidy can increase investor profit if it stimulates investment in wind technologies. In addition,
the investment cost decreases in these cases. It can be seen that the degree of investment increases when
the dynamic approach is applied, when compared to the static approach. Moreover, consideration of
the dynamic versus static trade-offs when the planning of generation capacity leads to accurate and
realistic results in the expansion planning.
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Figure 8. The result of GEP for MREC network. (a) the produced power; (b) the produced energy;
(c) investment.
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Figure 9. The percent related to the budget, investment cost and total net profit for each case.
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6. Conclusions

This paper has presented a model for the expansion planning of wind resources in power systems

at a multi-stage horizon. In this paper, the power system consists of a combination of fossil fuel
technologies and wind resources for investment. Real case studies were considered and analyzed.
The features of the proposed model and simulation results led to following conclusions:

It can be seen that the percentage profit decreases as a result of increasing the available budget
for both static and dynamic planning. At a lower budgetary level, the percentage profit yielded
by the dynamic approach is more than that of the static approach so that the investment cost
of the dynamic approach is less than the static. However, when the budgetary level is higher,
the percentage profit in the static approach exceeds that of the dynamic approach while the static
approach has a lower investment cost. The effect of a subsidy is to increase investor profit if
the subsidy encourages investment on the wind technologies. In addition, the investment cost
decreases in these cases. It can be seen that the total investor contribution has been increased
in the dynamic approach with respect to the static one. Moreover, using the dynamic versus
static approach in the planning of generation capacity leads to accurate and realistic results in the
expansion planning.

Additional work is underway to represent the strategic behaviour of market participants other
than wind and new thermal producers. The proposed model can be adapted to consider the
impact of transmission expansion plans, availability of gas transmission networks, tax policy,
DSM plans and uncertainty in the demand growth.
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Nomenclature
Indices
w index for scenario
y/y indexes for stage (year)
t index for demand blocks
s/i/j indexes for new base or peak units/existing generation unit and demand
h/1 investment capacity of new base or peak unit s/wind power at bus n (MW)
n/m indexes for bus
Acronyms
N} weight of demand block t in year y
0% weight of scenario w in demand block t
kEH / ci,f“’year annualized investment cost of base or peak units/wind power (€/MW)
cinv investment cost of wind power at bus n
XVmax maximum wind capacity that can be installed at bus n
X;h /XN option h/1 for investment capacity of new base or peak units s/wind power at bus n (MW)
P[.Esmax capacity of existing generation unit i of strategic producer (MW)
dyjtw load of demand j in block t and year y (MW)
csiy CSI-ES price offered by new base or peak units/existing unit producer (€/MWh)
Bam susceptance of line n-m (p.u.)
Emx transmission capacity of line n-m (MW)
f Discount rate
S Subsidy percent
Decision variables
X;SH / X)‘f\,/\ capacity investment of new unit s/wind power at bus n (MW)
UTH /W binary variable that is equal to 1 if the h/Ith investment option determines the base or
ysh” Zynl peak unit/wind power is selected in year y
XTHY /WY available capacity of new unit s/wind power at bus n in year y’, in the years after the
yystoyyn installation in year y (MW)
pTH /pES /pW power produced by new base or peak units s/existing unit i/wind power at bus n, in year
ystw? Tyitw” “yntw y, demand block t and scenario w (MW)
PTH /pES /pW power produced by new base or peak units s/wind power at bus n, in year y’, in the years
ystw i Tyitw L5y after the installation in year y (MW)
CsTHY Price offered by new base or peak units producer a, in year y’, In the years after the
vy installation in year y (€/MWh)
Oytnw voltage angle of bus n, in year y, demand block t and scenario w
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Abstract: An outage of electricity may cause considerable economic damage to industrial sectors.
Thus, South Korea electricity authorities demand information about the value of improved power
supply reliability for the manufacturing sector to implement them in planning electricity supply.
This article aims to measure the value using a specific case of South Korean manufacturing firms.
The choice experiment (CE) approach is adopted for this purpose. A nationwide CE survey of
1148 manufacturing firms was undertaken. The firms revealed statistically significant willingness
to pay for a decrease in the duration of interruption, avoiding interruption during daytime (9 a.m.
to 6 p.m.) rather than off-daytime (6 p.m. to 9 a.m.), and preventing interruption during weekdays
rather than weekend. For example, they accepted a 0.02% increase in the electricity bill for reducing
one minute of interruption during electricity outage, a 2.98% increase in the electricity bill to avoid
interruption during the daytime rather than off-daytime, and a 1.60% increase in electricity bill for
preventing interruption during weekdays rather than weekends. However, they put no importance
on the season of interruption. These results can be useful for policy-making and decision-making
regarding improving electricity supply reliability.

Keywords: power supply reliability; electricity; manufacturing industry; choice experiment;
willingness to pay

1. Introduction

In microeconomics, labor and capital are usually assumed as basic production factors. However,
electricity is another important production factor in modern times. Even if labor and capital are
plentiful, without electricity commodities cannot be produced because factories and various production
facilities are operated using electricity. That is, electricity is an essential input to industrial production.
In particular, the industrial sector may use more electricity as the industrial structure improves.
For example, artificial intelligence, self-driving, and international data centers need a lot of power
consumption. Thus, a stable power supply contributes to industrial production and further to economic
development by increasing economic activities [1].

This is the case for South Korea [2-5]. As of 2017, 56.3% of the total power consumption was
for industrial purposes. This percentage is the highest among OECD countries except Iceland. Steel,
shipbuilding, semiconductor, automotive, and petrochemical industries, which mainly support the
export-led South Korean economy, account for a significant portion of industrial electricity use. For
example, a steel company consumes all of the electricity produced by a nuclear power plant with a
capacity of 1 GW. If electricity is not supplied properly to these sectors, massive damage will shake the
foundations of the national economy [6].
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Even if a power outage occurs for just one minute, it can cause significant damage to the
manufacturing firms without uninterrupted power supply (UPS). For example, in the case of a
food factory, if the mechanical equipment is stopped for a short period of time, all products on the
production line must be disposed of. In addition, a power outage in a semiconductor plant that requires
ultraprecision microprocessing compared to other manufacturing operations can cause tremendous
damage regardless of whether an UPS is installed or not.

South Korea experienced a nationwide rolling blackout in September 2011, with a sudden increase
in power demand due to high temperatures and a decrease in power supply due to power plant
maintenance. During the blackout, the industrial sector suffered great damage. Therefore, there is
a consensus among the people that such a blackout should not occur again [7]. The Korea Electric
Power Corporation (KEPCO), the only power distribution company in South Korea, and the South
Korean government, which oversees KEPCO, are responsible for supplying electricity without any
power outage. The government and KEPCO has made every effort to reliably supply electricity to
the industrial sectors, making huge investments in power plants, transmission facilities, distribution
facilities, and electricity storage systems. Not only the government and KEPCO but also the Korea
Power Exchange (KPX) are responsible for reliably supplying electricity because KPX operates Korea
power system.

The government is pushing for an energy transition policy to reduce the share of coal and nuclear
power generation and increase the share of renewable energy generation from 2.2% in 2016 to 20.0%
by 2030. Although public consensus has been formed on the promotion of the energy transition policy,
there are also concerns about securing power supply stability due to the expansion of renewable
energy. This is because electric power generation from renewable energy such as wind power and
photovoltaic power has a nature of intermittency and uncertainty. Thus, a stable supply of electricity to
the industrial sector will be the most important issue for the power authority, as renewable energy will
be dramatically expanded in accordance with the government’s energy transition policy. In particular,
this is needed to secure additional backup power sources, such as gas-fired plants and pumping-up
power plants, expand the installation of electricity storage devices, and drastically strengthen the
power system. These require a large amount of investment. To justify the investment, the benefits of
the investment must outweigh its costs.

Determining the optimal level of power supply reliability requires a function of cost needed to
improve power supply reliability and a function of damage costs reduced by improving power supply
reliability. The optimal level of power supply reliability is determined at a level that minimizes the
sum of the two cost functions. In particular, the function of damage costs reduced due to improved
power supply reliability is the same as the function of economic value resulting from improved power
supply reliability. Therefore, it is necessary to develop a function that represents the economic value of
improving the reliability of power supply.

The costs of increasing power supply reliability can be measured without particular difficulties.
However, estimating the benefits or economic value arising from the investment for improving power
supply reliability is a very difficult task. This is because the outcome of the investment is improved
supply reliability of electricity, and power supply reliability is not a commodity traded in the market.
It is necessary to apply techniques to create a hypothetical market for trading power supply reliability
so that the reliability of power supply can be assessed by the consumers. Moreover, power supply
reliability has several attributes, each of which should be valued. There are various types and periods
of power outages, such as when the outages occur, how long they last, when they happen during the
week or on weekend, and in which season they take place. In other words, power supply reliability
is a multi-attribute good [8]. For example, power supply reliability has multiple attributes such as
Information/Notice Provided, Continuous/Uninterrupted Supply, Frequency, Duration, Number, and
Time of week.

There are two kinds of techniques to evaluate the power supply reliability. The first technique
is to utilize actually revealed data. For example, one may directly investigate the economic damage

177



Sustainability 2018, 10, 4516

incurred when a real power outage occurs and view this value as the economic value of improving the
power supply reliability. Alternatively, a replacement cost approach that uses the cost information
needed to install and operate an emergent backup generator that can reliably supply electricity in
the event of a power outage could be applied. The second technique is to ask consumers directly or
indirectly about the value of power supply reliability and analyze the responses using economic and
econometric theories. In doing so, the application of specially designed economic method is required
to value a multi-attribute good.

A typical way to do this is choice experiment (CE). CE is the most prevalent methodology for
a multi-attribute good and has almost always been applied in some previous economic studies that
have dealt with the valuation of improved power supply reliability [9-13]. In this study, the CE is
applied to valuing improved power supply reliability for manufacturing firms in South Korea. The
four attributes of power supply reliability considered in this study are duration of power outage, the
season of power outage, the time of day when power outage occurs, and the day of the week when
power outage occurs. These were identified as factors of interest to the power authority as well as
consumers in managing power supply reliability.

As will be explained in more detail below, this study randomly selected 1148 manufacturing
firms from all over the country under the supervision of a professional survey company to gather
data on value judgments about improved power supply reliability through a CE survey of them. The
subsequent composition of this paper is as follows. Section 2 describes in detail the methodology and
application procedures used in this study. Section 3 explains the economic and statistical models for
analyzing data collected through the CE survey. Section 4 reports some implications after reporting
the results. The final section is devoted to presenting conclusions.

2. Methodology

2.1. CE Approach

Two techniques that have been widely employed for nonmarket good valuation in the literature
are CE and contingent valuation (CV) [14-17]. The CE method asks the respondents to evaluate value
trade-offs among some attributes and indirectly derives their willingness to pay (WTP). Usually, the CV
method is applied to a single-attribute good while the CE method is applied to a multi-attribute good.
Therefore, the CE method is more suitable for valuing a multi-attribute good than the CV method.
The CE approach is theoretically grounded in the random utility maximization model. The model
implies that if an individual chooses one alternative among several alternatives, the utility arising
from the alternative is always more than the utility arising from the other alternatives. Therefore, the
application of the approach requires a survey of consumers. CE is a useful method for estimating the
relative values for different attributes of an environmental and nonmarket good or new product.

In general, respondents are required to choose the most preferred alternative out of several
alternatives, which include a current status alternative, presented to them in the CE survey. Each
alternative comprises several attributes of concern, including the price attribute. CE is a useful method
to estimate the relative importance of several attributes for a good or service. Marginal WTP (MWTP)
for increasing or decreasing the level of each attribute can be obtained through analyzing the data on
respondents’ choices and then interpreting or utilizing the results.

2.2. Attributes

In designing a CE, the first important thing to do is to determine the appropriate attributes and
define their levels. An extensive literature review and consultation with experts enabled us to identify
a preliminary list of attributes of power supply reliability. Most previous studies reveal that duration
of power supply interruption, season of power supply interruption, power supply interruption time
of day, and power supply interruption day of the week [10,13,18-22] have important implications
for the value of improved power supply reliability. We then reviewed and revised the preliminary
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list of attributes derived from extensive literature reviews through extensive interviews with policy
analysts, researchers, and professors. As a result, the final set of attributes was chosen by discussing
with experts such as policy-makers, stakeholders, and environmental activists.

As reported in Table 1, the finally determined attributes are Duration of interruption, Season
of interruption, Time of day, Day of week, and Price. A focus group interview with 30 people in
the manufacturing industry was implemented to check for whether the survey questionnaire is fully
meaningful, understandable, and persuasive to the respondents. Their responses were affirmative.
The descriptions and levels of them are also explained in Table 1. They are assumed to be orthogonal
in terms of valuation function rather than production function. Furthermore, all other attributes of
power supply reliability are assumed to be the same in the course of the value judgments required in
the CE survey.

Table 1. Descriptions and levels of four chosen attributes and price attribute used in this study.

Attributes Descriptions Levels

Level 1: 5h*
Level2: 1h
Level 3: 20 min

Duration of industrial electricity

Duration of interruption . .
supply interruption

. . Season when industrial electricity ~ Level 1: Summer or winter
Season of interruption

supply interruption takes place Level 2: Spring or fall
Time of da Time when industrial electricity Level 1: Day time # (9 a.m. to 6 p.m.)
y supply interruption occurs Level 2: Off-daytime (6 p.m. to 9 a.m.)
Dav of week Day when industrial electricity Level 1: Weekday *
y supply interruption happens Level 2: Weekend
Level 1: 0 #
Percentage of an additional Level 2: 1%
Price payment for industrial electricity ~ Level 3: 5%
use (unit: %) Level 4: 10%
Level 5: 20%

Note: # indicates the status quo of each attribute. Status quo is a Latin phrase meaning the current state.

The power supply reliability decreases when industrial electricity supply interruption occurs
in summer or winter, daytime, and weekdays. Moreover, the longer the duration of the industrial
electricity supply interruption the lower the power supply reliability. The status quo of Duration of
interruption, Season of interruption, Time of day, and Day of week means the level with the most
negative situation. In other words, the power supply interruption lasts for 5 h during the summer or
winter, weekday, and daytime is assumed to be the current state, and the state that is improved in
the current state is set to the level of each attribute. The level of the attribute for Price is explained
as the percentage of an additional payment for industrial electricity use. Although there is no actual
payment, we explained to the respondents that the power supply reliability for manufacturing firms
could be improved by increasing the industrial electricity bill. The status quo of this attribute means
that there is no additional payment in the most negative situation.

Since a number of alternatives can be created from Table 1, several alternatives from possible
combinations of attributes should be derived. To this end, the orthogonal main effects design was
employed and 16 alternatives were obtained. The orthogonal main effects design is effective in terms
of isolating the effects of individual attributes on the choice. The ability to ‘design in’ this orthogonality
is an important advantage over the revealed preference random utility models, in which attributes
are often found to be highly correlated with one another [23]. The orthogonal main effect design was
implemented using the SPSS 12.0 package. From these, eight choice sets were generated. Each choice
set is made up of two alternatives and the current status alternative. Each interviewee was presented
with eight choice sets and reported eight responses to the provided questions that indicated which
alternatives were the most preferred among the three alternatives in each choice set.
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2.3. Survey Instrument and Method

There are three parts to the survey instrument. Several questions about the power outage make
up the first part to check respondents’” perceptions before the CE survey on power supply reliability
begins in earnest. To facilitate the respondents” understanding, a description of the features and effects
of power supply reliability is provided, along with color photographs, shown in this section. Such
work not only relieves respondents of the burden of a fully-fledged survey but also provides significant
statistical data in itself. Explanations about the attributes and questions concerning the value trade-off
work, which are conventionally required in a CE survey, are presented in the second part. The third
part contains questions about the manufacturing firms’ information. The main part of the survey
questionnaire in this study is given in Appendix A. Figure A1 is an example of choice card we present
to the respondents.

As in Makeen et al.’s [24] paper, supply reliability can be defined from an engineering perspective.
However, since it may be difficult for interviewees affiliated with each firm to fully understand this in
the CE survey, the authors attempted to define and explain the supply reliability in easier terms in the
CE questionnaire. The power supply reliability was defined as the extent that the power system can
reliably supply electric power to the consumer maintaining adequate voltage and frequency without
interruption. In addition, it was targeted not only for certainty of quantitative supply of electricity but
also for certainty of quality supply. These points were sufficiently conveyed to the respondents in the
CE survey.

The number of observations to be analyzed in this study is 1148. Apparently, the sample size is
small. However, accordingly to Statistics Korea [25], the population size of manufacturing industry
of South Korea in 2016 was 64,885. Therefore, the sampling rate is approximately 1.77%. This
figure is judged to be not small. This is because the Korea Ministry of Strategy and Finance and
Korea Development Institute [26] recommended 1000 as a suitable sample size the total number of
households in South Korea is about twenty million. Moreover, Arrow et al. (1993) recommended
1000 as an appropriate sample size of the United States households, although the United States has
a much larger number of households than South Korea. Of course, budget constraints also affected
the determination of the sample size. The cost of obtaining an observation through the survey was
approximately USD 50. Therefore, more than $50,000 was invested to carry out the survey.

We have focused on sampling to ensure the representativeness of our sample in two aspects.
First, a random sampling observed from an economy census by Statistics Korea, the Korean National
Statistical Office. Our sample was classified by region and industry sector. Manufacturing can be
divided into 25 sectors by Korean Standard Industrial Classification [27] and each section is denoted in
Appendix A. Q1. Second, a field CE survey was done by interview experts from a professional polling
firm during June and July. Trained interviewers visited the sampled manufacturing firms and, carried
out total 1148 face-to-face interviews which require significantly higher costs than mail or telephone
interviews. The interviews were conducted with randomly selected manufacturing firms to maximize
the scope for detailed questions and answers.

3. Model

3.1. Utility Function

We assume that the utility function has a linear functional form. Let the levels of Duration of
interruption, Season of interruption, Time of day, Day of week, and Price be X;, wheret = 1,2,3,4, p.
In addition, an alternative-specific constant (ASC) is introduced to capture the effect of any other
factors not contained in the model. ASC represents a dummy for the respondent choosing the status
quo option among three alternatives. ASC is one if the respondent chooses the third alternative
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(current status), zero otherwise. Let Vj be the utility for interviewee j who chooses alternative I. The
utility function is formulated as

Vii = Wa(Xp, Tj) +¢ji

1)
= ASCj+ B1 Xy + BaXoji + B3 Xzji + BaXaj + BpXpji +€j1

where Wi and ¢ j1 are the deterministic and stochastic parts of the utility function, respectively. Xjisa
vector containing the levels of the attributes for alternative I given to respondent j. T; is respondent j's
characteristics, such as ASC. The B’s are the coefficients that correspond to each attribute.

Omitting jl for simplicity, we can apply Roy’s identity to Equation (1) and derive the MWTP
estimate, MWTPy,, as

MWTPx, = (JW/3X;)/(dW/3X,) = Bi/Bp for t =1,2,3,4 )

The MWTPs of each attribute represent the marginal rate of substitution between the price and
each attribute.

3.2. How to Obtain the Utility Function

CEs share a common theoretical framework with other valuation approaches. Thus, in this study,
the random utility model is used to explain individual choices by specifying functions for the utility
that is derived from the available alternatives. Estimating the utility function implies estimating f’s.
This function can be estimated using the multinomial logit (MNL) model developed by McFadden [28].
Usually, MNL model has been most widely applied to obtain f in the literature. However, the MNL
model inevitably assumes independence from irrelevant alternatives. Although the assumption seems
to be somewhat restrictive, it has the advantage of enabling us to specify the log-likelihood function as
a closed form. Thus, if the assumption is met, we can easily tackle the CE data. Let | be the number of
interviewees and I i1 be a dummy variable that is defined as one if interviewee j selects alternative /;
otherwise, I is zero. The log-likelihood function for our MNL model is

3 I;
I I1 (eXP(ij)) "
k=1
YA S [ A ®

= L exp(Wjn)
n=1

4. Results and Discussion

4.1. Data

A nationwide CE survey of 1148 randomly chosen manufacturing firms was conducted
by a professional polling firm through person-to-person interviews during June and July 2017.
Each manufacturing company gave us eight observations. In other words, each interviewee
was presented with eight choice sets and reported eight responses to the provided questions.
Thus, we would get a data set size of 9184 (1148 respondents x 8 choice sets). Table 2 reports
the definitions and sample statistics for some characteristics of the manufacturing firms. We
selected three variables: Region, Size, and UPS. Since South Korea is classified into five mega-city
regions (Seoul-Incheon-Gyunggi, Daejeon-Chungbuk-Chungnam, Gwangju-Jeonbuk-Jeonnam, and
Pusan-Ulasn, Daegu-Gyungbuk-Gyungnam) and two special mega-city regions (Gangwon and Jeju),
the variable Region identifies whether or not to locate in the five mega-city regions is introduced.
Most manufacturing firms are located in the five mega-city regions. Size and UPS can also affect the
outcomes of the CE. Figure 1 is a graph for samples classified by region.
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Table 2. Definitions and sample statistics for some characteristics of the manufacturing firms.

Variables Definitions Mean Standard Deviation
Region D?mmy for the 1nte'rV1ewee s living in the 0.94 0.25
ive mega-city regions (0 = no; 1 = yes)
Size The size of the firn'@ © :‘large enterprise; 0.94 0.22
1= small and medium-sized enterprise)
Dummy for installing uninterrupted power
Ups supply (UPS) (0 = no; 1 = yes) 0-10 030
315
222 235
188
114
l .
Seoul, Daejeon, Gwangju, Pusan and Daegu, Gangwon

Incheon, Chungbuk, Jeonbuk, Ulsan, Gyungbuk, and Jeju
and and and and
Gyunggi Chungnam Jeonnam Gyungnam
Figure 1. Samples classified by region.

4.2. Estimation Results

Table 3 reports the results of estimating the MNL model. All the coefficient estimates except for
Season of interruption are statistically distinguishable from zero at the 1% level. The expected signs
for coefficient estimates for the five attributes are all negative.

Table 3. Estimation results of the multinomial logit model.

Variables ? Multinomial Logit Coefficient Estimates ©
ASCP 0.6012 * (8.27)
Duration of interruption —0.0021 # (—9.89)
Season of interruption —0.0286 (—0.80)
Time of day —0.3190 * (—9.23)
Day of week —0.1710* (—4.78)
Price —0.1071 * (—25.59)
Number of observations 9184
Wald-statistic (p-value) d 1892.58 (0.000)
Log-likelihood —8812.59

Notes: # The variables are defined in Table 1; ® ASC refers to alternative-specific constants that represent dummies
for the respondents choosing the status quo alternative; “* indicates statistical significance at the 1% level, and
t-values are reported in parentheses beside the estimates. t-value is the ratio of the departure of the estimated value
of a parameter from its hypothesized value to its standard error; 9 The null hypothesis is that all the parameters are
zero and the corresponding p-value is reported in parentheses beside the statistic.

The coefficient estimates for Duration of interruption, Time of day, and Day of week have negative
signs. Thus, a one unit decrease in the level of Duration of interruption attribute increases the
manufacturing firms’ utility. Avoiding the status quo of Time of day and Day of week attributes also
increases the utility. The coefficient for Price also has a negative sign. This implies that, as the price
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