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Abstract: To meet the United Nation’s sustainable development energy goal, the Korean Ministry
of Commerce announced they would increase renewable energy generation to 5.3% by 2029. These
energy sources are often produced in small-scale power plants located close to the end users, known
as distributed generation (DG). The use of DG is an excellent way to reduce greenhouse gases but
has also been found to reduce power quality and safety reliability through an increase in voltage
volatility. This paper performs a life-cycle cost analysis on the use of step voltage regulators (SVR) to
reduce said volatility, simulating the impact they have on existing Korean solar photovoltaic (PV) DG.
From the data collected on a Korean Electrical Power Corporation 30 km/8.2 megawatts (MW) feeder
system, SVRs were found to increase earnings by one million USD. SVR volatile voltage mitigation
increased expected earnings by increasing the estimated allowable PV power generation by 2.7 MW.
While this study is based on Korean PV power generation, its findings are applicable to any DG
sources worldwide.

Keywords: renewable energy; solar photovoltaic; distributed generation; net present value; life-cycle
cost analysis; step voltage regulator

1. Introduction

In January 2015, United Nation members agreed to 17 sustainable development goals. These
included substantially increasing the share of renewable energy worldwide [1]. In accordance with
this goal, the Korean Ministry of Commerce announced they would increase electricity generated
through renewable sources to 5.3% by 2029 [2]. Furthermore, Korea aims to generate 12.5% of their total
electricity through distributed generated (DG) power, as opposed to through conventional centralized
generated power [2]. DG energy sources generate less than 10 megawatts (MW), are located near
their end users, and tend to be in the form of renewable energy [3]. These sources are becoming
popular worldwide due to their potential to limit greenhouse gas emissions, reduce new transmission
line construction, enhance energy security, and lower investment risks [4]. However, they also often
cause reverse flow [5], voltage fluctuations, and harmonics occurrences which all result in systemwide
power distribution grid reliability and safety concerns [6]. These occurrences negatively impact
the management of harmonics, stand-alone operations, protection coordination, power factors, and
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frequencies [7]. To cope with these problems, power and utility corporations such as the Korea Electric
Power Corporation (KEPCO) need to find ways to mitigate voltage fluctuation while still allowing an
increase in feeder DG capacity [8]. This paper performs a life-cycle cost analysis (LCCA) of mitigating
solar photovoltaic (PV) DG voltage volatility through step voltage regulators (SVR), pillar transformers,
and an on-load tap-changers (OLTC) on an existing 30 km /8.2 MW KEPCO feeder.

There has been significant research interest within the larger field of DG penetration and associated
voltage management. Lopes et al. [4] present an overview of the key issues concerning DG penetration,
suggesting best practice mitigating planning, operations, and active management processes. Chae [8],
Barker [9], Kim [10], and Duong et al. [11] analyzed the voltage characteristics of consumers connected
to power networks with large DG penetration, finding load increases and power quality issues such
as over and under voltage. Quezada et al. [12] found a correlation between the increase of DG
penetration and a reduction in usable power. To this end, Viral and Khatod [13], Esmaili et al. [14],
and Gkaidatzis et al. [15] have presented the optimal sizing and locations of DG penetration that
minimize system energy losses. Abdmouleh et al. [16] specifically optimized DG penetration as
produced by renewable energy sources to minimize annual energy loss considering constraints
such as voltage limits, distribution network capacity, maximum penetration limit, and available
DG units. Concerning the benefits of DGs, Chiradeja and Ramakumar [17] quantified them as
reduced line and transformer losses, reduced reserve requirements, improved system voltage profiles,
increased system reliability, enhanced power quality, peak shaving, and relieved transmission and
distribution congestion.

In assessing differing methods of mitigating voltage fluctuations, Chae found the installation
of SVR to be the most impactful [8]. Building off this finding, there have been multiple research
endeavors dedicated to the effectiveness of SVR. Lee et al. [18] proposed an optimal voltage adjustment
algorithm for the use of OLTC and SVR to increase voltage stability. Takahashi [19] proposed a method
of automating the OLTC and SVR tap-changers from the central voltage control center via data from
the information technology switch. Liu et al. [20] proposed a distributed energy storage system
which provides voltage rise management and relieves stresses on the OLTC and SVR tap-changers.
Kojovic [21,22], Lee [23], and Kim [24,25] studied SVR’s integration into distribution networks with
high DG penetration, finding them to have a positive effect on the line voltage control. Finally, Shin [26]
investigated the delivery voltage of the OLTC such that a large-capacity DG would not create unsafe
voltage variations when penetrating the distribution network.

There have also been studies dedicated to voltage fluctuation mitigation that do not include the
use of OLTC and SVR. Farag and El-Saadany [27] proposed a multi-agent voltage control structure for
adjusting the voltage of a distribution line with high DG penetration. Thirugnanam et al. [28] is one
of many publications to propose the use of a battery energy management system for PV microgrids
to smooth out the power fluctuations. Bjelic and Ciric [29] studied the impact combining hydro,
combined heat and power, PV, and/or wind power generation has on optimizing DG planning at a
local level. While outside of the purview of this study, it is necessary to understand that tap-changing
equipment is just one of the ways to mitigate DG voltage fluctuation.

Another area of DG research is the economics of power generation. Strbac et al. [30] found the
cost of DG electricity to be two to three times more expensive to produce than traditional centralized
generated power [31]. This finding was mirrored by Audenaert et al. [32] who found PV power
systems to have a negative net present value (NPV). Alternatively, Kolhe et al. [33] Bernal-Augustin
and Dufo-Lopez [34] found PV power generation economically viable. Kolhe et al. [33] compared the
economic efficiency of a stand-alone solar PV system versus a conventional diesel-powered generation
plant finding the PV system to be economically competitive. Bernal-Augustin and Dufo-Lopez [34]
also conducted a financial analysis of PV systems, finding PV power generation plants to be financially
viable but with long payback periods. Finally, from a more generalized approach, Muttaqi et al. [35]
proposed an economic optimization of DG plant development which included the direct and indirect
costs of power supply quality, reliability, energy loss, total power operation, and DG investment. While
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all significant contributions to the body of knowledge, the existing DG economic literature restricts
the boundaries of assessment to a singular power plant, often within renewable generation [36,37].
Furthermore, there has yet to be an economic assessment on the feasibility of voltage mitigation
measures [38]. As such, the novelty of this paper is in investigating what impact integrating voltage
adjustment equipment (OLTC and SVR) has on a feeder distribution network system’s LCCA with
and without solar PV power penetration.

2. Research Methodology and Data Collection

Figure 1 below depicts the data collection and research methodology required to achieve the
above research goals. The authors performed DG capacity analyses of existing KEPCO feeder lines,
finding the maximum acceptable DG penetration with and without the use of SVRs. An LCCA was
performed from these findings, taking into account economic variables such as the discount rate,
service life, depreciation, tax rate, capital (CAPEX) and operational expenditures (OPEX), and revenue
options. The final product is the internal rate of return (IRR), NPV, and profitability index (PI) of the
feeder system with and without the installation of an SVR. These processes are described in greater
detail in the following sections.
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Figure 1. Research methodology.

2.1. Data Collection

The authors collected data from KEPCO and their subsidiaries on feeder layouts,
feeder node-to-node characteristics, existing solar power plant capacity, and general economic data.
A distribution network was developed based on said KEPCO data collection, current Korea PV
renewable energy distribution market, and typical SVR and DG characteristics. This is represented
below in Figure 2. The resultant network includes four feeders and is used to perform simulations of
voltage characteristics through the matrix laboratory (MATLAB) software. The following assumptions
were used in the analysis:

The scheme of the selected simulated power distribution network is shown in Figure 2 [26].
Although four feeders are shown, the authors only simulated Feeder 1, as it is the most complex.
The load ratio, consistent for all feeders, is 1 at the maximum load and 0.3 at the minimum load.
The load of the whole system is 32.8 MW and the power factor is 0.9.

The distribution system consists of four feeders, each of which has a load of 8.2 MW and a
0.9 power factor, with a total load capacity of 32.8 MW.

G N

6.  The section data of the high-voltage distribution line is shown in Table 1, below.
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7. The output voltage of the main transformer is adjusted by the line drop compensation (LDC)
method presented in Section 2.2. The parameters of the main transformer, OLTC and SVR are

shown below.

8.  Pillar transformer taps shall be applied with 13,200 V taps when the voltage drop is less than 5%
at full load, and 12,600 V taps when exceeding 5%.
9.  The DG power supply is connected to the ends of Feeders 1 and 2 first, and the power factor is
0.9. Thereafter, the location of the DG power supply is moved around along the feeder line one
and two between the branches to assess the criticality of the voltage fluctuation and regulation.
This is needed to generalize the model in the case of a different DG being connected along the
line, as recent research by Mahmud and Zahedi highlighted [39].

Table 1. High-voltage distribution line section data for Feeder 1.

Node No. Length ()  Load Ratio Pole Transformer Tap
From To (km) [%] (V/IV)
0 1 5 3 13,200/230
1 2 4 3 13,200/230
2 3 4 1 12,600/230
4 5 2 3 12,600/230
5 6 5 4 12,600/230
6 7 4 7 12,600/230
7 8 6 5 12,600/230

Main Transformer and OLTC

Feeder 1
Pillar Transformer

Feeder 2

Feeder 3 Feeder 4
Pillar Transformer Pillar Transformer Pillar Transformer
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Figure 2. Hypothetical power distribution network scheme.

Prior to performing calculations with a hypothetical SVR, the authors calculated existing feeder
conditions and voltage, observing the required OLTC and pillar transformer tap changes to maintain
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the allowable voltage. The results of this are shown in Table 5 in the Findings Section. The allowable
voltage was assumed to be between 0.94 percentage units (p.u.) to 1.06 p.u. of the main transformer
voltage [40]. This showed the appropriateness of the configuration of the simulated distribution grid,
seen below in Figure 2.

Table 1 provides the section length, load ratio, and pole transformer tap for Feeder 1 based
on KEPCO data and Shin [26]. The line resistance (r) is 0.182 ()/km and the line reactance (x) is
0.391 Q3/km for the entire feeder system [26].

The parameters of the main transformer, OLTC, and SVR are as presented below:

e  Main Transformer:

O Base voltage = 229.kV [26]
O Base power = 100MVA base power [26]
@) Impedance = 0.0042 +j0.15 (p.u.) [26]

° OLTC:

@) Tap step value = +0.0125 (p.u.) [26]
O Zeg = 0.95 (p.u.) [26]
@) Vee = 0.24 (p.u.) [26]

O Tap step value = £0.00625 (p.u.) [26]
O Zeq = 0.95 (p.u.) [26]
O Ve =024 (p.u.) [26]

2.2. Maximum DG Capacity Analysis

In general, the OLTC, SVR, and pillar transformer regulators adopted a line drop compensation
(LDC) method to maintain end user voltage within permissible limits. In the LDC method, as the bank
load (Ipank) increases or decreases beyond an acceptable limit due to an equivalent impendence (Z;),
a voltage regulation element (V) compensates [41]. In this method, the sending-end reference voltage
is given by the following equation [42,43]:

Vier = Vee + Zeg * Ipank @

where Vi, is the sending-end reference voltage, V., is the load center voltage, Z,, is the equivalent
impedance of LDC device (ex. OLTC), and Iy, is the main transformer bank current.

For the purposes of this paper, the voltage regulation element (V) shown in Figure 3 will be the
tap-changer setting of the OLTC, pillar transformer, and/or SVR. The tap-changer allows variable turn
ratios to be selected in discrete steps. The variable turn ratios are obtained by connecting to a number
of access points, known as taps, along either the primary or secondary winding. OLTCs are used when
an interruption during a tap change is unacceptable. Both the OLTC and SVR typically include 32 taps,
16 to increase and 16 to decrease voltage, each tap equating to a 0.625% voltage variation for a total of
a + 10% voltage variation [44]. The pillar transformer tap works in the same way but is often set and
infrequently changed [45]. Using the tap changer as the voltage regulation element, Equation (1) can
be modified as follows [6]:

Veer = Vtap,k + Zg * Ipank (2)

where, Vs is the sending-end reference voltage, Vi, x is the secondary voltage when the tap is located
at the k-th position, Z is the equivalent impedance when the tap is located at the k-th position, and Iy«
is the main transformer bank current.
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Figure 3. Maximum capacity DG penetration with and without SVR.

Using these equations, the authors calculated the maximum DG capacity of Feeder 1 with and
without the use of an SVR. This process was cyclical, with the authors performing voltage calculations
based on simulated OLTC and SVR tap changes at 0.1 MW increments until the constraints were
unsatisfied (voltage of system became greater than 1.06 p.u. or less than 0.94 p.u.). The voltage was
impacted by the sending-end reference voltage (Equation (2)), DG penetration (Equation (3)), and the
change in the voltage over distance (Equation (4)). The impact of the voltage by DG penetration was
calculated as follows [6]:

AVpG = Zeg * ZIDG 3)

where AVpg is the voltage change due to DG penetration, Z; is the equivalent impedance of LDC
device (ex. OLTC), and Y, Ip¢ is sum of injected current by DGs.
The impact of the voltage by distance can be calculated as follows:

AVpist = (Ipxr+ Ig*x)*l (4)

where, AVp;; is the voltage change, I, is the active current, r is the line resistance, I, is the reactive
current, x is the line reactance, [ is the length of the transmission line (km), and V. is the voltage
regulation element represented by the tap-changer.

2.3. Economic Analysis

Finally, the authors performed an LCCA analysis, comparing the impact using an SVR has on
a feeder’s profitability when DG penetration occurs. Table 2 shows the initial investment costs used
for said analysis. The data includes the cost of the solar panels, PV system materials or all non-panel
material costs, construction costs, the connection fee, design and licensing fees, and indirect costs
which includes all management and overhead. These values were taken from Korea’s PV industry
trends [46] and KEPCO's database [40].
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Table 2. Initial investment costs.

Estimated Cost Used for

Costs Detailed Criteria Value Analysis *

Solar Panels e $0.4/Korean Won (KRW) in 2017 [46] $400/kW $400/kW

PV System Materials e  $0.1/Korean Won (KRW) in 2017 [46] $1000/kW $1000/kW

Construction . KEPCO Domestic Performance [40] 10% $199/kW
Calculated as % of Total System Cost

Connection Fee e  KEPCO Domestic Performance [40] 8% $159/kW
Calculated as % of Total System Cost

Design/Licensing e Assumption based on KEPCO data [40] 2%, $40/kW

Calculated as % of Total System Cost

Indirect e KEPCO Domestic Performance [40] 9.50% $189/kW
Calculated as % of Total System Cost

Total Cost: $1987/kW

* All costs are shown in USD, using a Korean Won 1000 to $1 USD exchange rate.

Table 3 depicts the revenue calculations and key economic variables used for said analysis, most
of which were taken from the KEPCO database [40]. The analysis was performed on the penetration of
Node 7 at the end of Feeder 1 in the simulated power system with the maximum penetration capacity
estimated using the process provided in Section 2.2. As a standard LCCA practice, the study assumed
the total cost defined as CAPEX + OPEX + Tax, as defined in the below Table 3.

Table 3. Key economic variables.

Parameter Value Remark
Discount Rate 550% Korea Development InstiFute for public investment
projects
Service Life 25 years -
Depreciation 20-year straight line Domestic Development Company Accounting Regulations
Tax Rate 24.2% -
Capacity 2;11\/11\\//}/‘/\(]1\(13\?1\{1)11) Introduced limit capacity to Node 7 of Feeder 1
Days of operation 365 days -
Availability 3.28 h/day 20-year average value of national solar power generation
CAPEX $$?2hg%v1\\j[\(/§ ?S%/\IIQI){) PV equipment and power system entrance cost [47]
OPEX 1.0% O M cost average of general solar industry
Electricity tariff $0.0803/kWh Average of November "16 to October "17 [48]
REC $0.1372/kWh Average of November "16 to October "17 [48]
KCU $18.5/tCO, 16.11.9 Offset trading price

REC = renewable energy certificate; KCU = Korean offset credit.

Of the many economic variables shown in Table 3, the CAPEX provided the clearest insight into
the difference in initial investment required when installing an SVR. As can be seen, the CAPEX for
solar PV systems was estimated as $2.5 million per MW with and $2 million per MW without SVR,
based on recent trend data from Korea’s electricity market [47]. An argument could be made that,
with an increase in SVR use, production, and installation, there would be an expectant investment
savings due to economies of scale. However, KEPCO practitioners and Korean renewable energy
experts involved with this research believe that the unit cost of SVR installation has stabilized as the
installation of SVRs in tandem with solar PV power penetration is nearly common practice and beyond
the initial trial stage.

Along with the variables presented in Tables 2 and 3, the LCCA was based off worst case,
most likely case, and best-case revenue generation scenarios. These scenarios represented KEPCO'’s
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ability to achieve a system marginal price (SMP), a renewable energy certificate (REC), and/or Korean
offset credit (KCU). For the worst-case or “low scenario: SMP”, the plant would receive only revenue
from the electricity tariff, or SMP. For the most likely or “base scenario: SMP + REC”, the plant would
receive additional revenue from the REC transaction, which is expected under the current renewable
portfolio standard (RPS) system in Korea. Finally, for the best-case or “high scenario: “SMP+ REC +
KCU,” additional revenue would be received through the KCU, which is the CO, emission trading
systems (ETS) in Korea. Table 4 shows the six scenarios in which an LCCA was performed.

Table 4. Six scenarios for economic assessment.

Case Scenario Economics Analysis Condition
Low-scenario revenue: SMP
No SVR Base-scenario revenue: SMP + REC
High-scenario revenue: SMP + REC + KCU
Low-scenario revenue: SMP
SVR Installed Base-scenario revenue: SMP + REC
High-scenario revenue: SMP + REC + KCU

To compare the economic performance of the scenarios, the authors calculated the NPV, IRR,
and PI. The NPV calculated the present value of future cash flows using a chosen discount rate. For
this paper, if the NPV was greater than $2 million, the investment was considered economically viable.
The NPV is calculated in Equation (5):

n —
NPV — ZCFI CFO

i— (1+ V)t ®

where CFI denotes cash flow input, CFO denotes cash flow output, r is the discount rate, and ¢ is the
time or payback period.

The IRR was the discount rate at which the present value of the future cash inflows from the
investment was equal to the present value of the cash outflow. If the IRR was greater than the identified
target return rate, 5.5% for this publication, the investment was considered to be economical. The IRR
is calculated in Equation (6).

. CFI-CFO _

IRR = r When NPV = )

= (1+r) ©

where, CFI denotes cash flow input, CFO denotes cash flow output, r is the discount rate, and ¢ is the
time or payback period.

Finally, the PI was the ratio of the present value of future cash flows to the initial investments of
the project. In essence, this was a cost/benefit analysis and projects were considered viable when the
PI was greater than one. The Pl is calculated in Equation (7).

NPV
=T @)

PI
where NPV denotes the net present value as defined in Equation (5), and I denotes the initial
investment required.

A probabilistic Monte Carlo analysis was then performed with the @Risk software (Microsoft
Excel 2016, Microsoft, Redmond, WA, USA) using the variables found in Tables 2 and 3. Through the
@Risk Monte Carlo simulation, the authors used a program evaluation and review technique (PERT)
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distribution (commonly known in probabilistic simulation approach), which used a weighted average
for input parameters’ probability, as shown below [49].

t 4t t
t, = o+ 4tm +1p (8)

6
where, f, denotes the weighted average of expected revenue; ¢, denotes the high revenue; t,; denotes
the base revenue; and t, denotes the low revenue.
The standard deviation was calculated using the following equation, which is commonly known
in the PERT probabilistic approach, [49]:
ty —to

o=t )

where ¢ denotes the standard deviation; f, denotes the high revenue; and ¢, low revenue.

3. Findings

The existing feeder conditions and consumer voltage characteristics at a maximum and minimum
load can be seen in Table 5, below. The data within the ‘without SVR’ column and the ‘distributed
generation penetration: 0 MW’ row cells represent existing conditions. The authors then simulated
the feeder adding 3 MW DG penetration and/or SVR installation. As can be seen, when there was no
DG penetration, the voltage stayed within the allowable range and no SVR was needed. Alternatively,
when 3 MW DG was penetrated at a minimum load, the voltage increased above the allowable voltage
to 1.0717 p.u. due to reverse current flow. In this case, voltage quality degradation occurred, and a
mitigation plan was required to ensure a safe supply of power. Table 5 shows that the installation of
an SVR was an appropriate mitigation technique as the voltage experiences dropped from 1.0717 p.u.
to an acceptable variation of 1.0420 p.u. Even when the voltage was within the acceptable limits, it can
be seen that the SVR still reduced the maximum to minimum voltage ranges. This is evidence of the
SVR effectively improving the power quality of a distribution network with DG penetration.

Table 5. Existing distributed generation (DG) penetration, and step voltage regulators (SVR) installation
voltage characteristics.

. Without SVR With SVR
Power Penetration
Consumer Voltage Consumer Voltage
C L. . Maximum 1.0345 Maximum 1.0345
Distributed Minimumload  ypium 09774 Minimum  0.9774
Generation

Maximum 1.0420 Maximum 1.0420
Minimum 0.9546 Minimum 0.9706
Maximum 1.0717 Maximum 1.0379
Minimum 0.9662 Minimum 0.9662
Maximum 1.0566 Maximum 1.0420
Minimum 0.9779 Minimum 0.9779

penetration: 0 MW Maximum load

Distributed Minimum load
Generation
penetration: 3 MW Maximum load

Figure 3, below, depicts the result of the maximum penetration capacity analysis. The authors
found that Feeder 1 had the capacity to be at 2.4 MW of DG penetration without an SVR and at 5.1 MW
of DG penetration with an SVR prior to exceeding allowable voltage fluctuations.

Using a DG penetration of 2.4 MW for a system without SVR and 5.1 MW DG for a system with
SVR installations, the authors performed a Monte Carlo analysis. Results are shown in Figures 4 and 5
These analyses use the most-likely or base case scenario in which KEPCO would receive revenue from
SMP and REC. Figure 4 shows the results of the probabilistic analysis of the IRR, both when a power
distribution network does not use an SVR (Figure 4a) and does use an SVR (Figure 4b). As can be
seen, the probability that IRR is higher than the desired 5.5% was 96.6% without installing an SVR and
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88.6% when the SVR was installed. This result means that not installing an SVR is more likely to be
an attractive financial investment than installing an SVR. This is due to the more significant up-front
installation costs associated with installing the SVR.
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40 3.4% 96.6% 40 11.4% 88.6%
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Figure 4. Internal rate of return (IRR) Monte Carlo Analysis (a) without SVR and (b) with SVR.
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Figure 5. Net present value (NPV) Monte Carlo Analysis (a) without SVR and (b) with SVR.

Figure 5 shows the results of the probabilistic analysis of the NPV, both when a power distribution
network does not use an SVR (Figure 5a) and does use an SVR (Figure 5b). As can be seen, installing
an SVR equated to a 20% greater chance of a financially viable project, receiving an NPV of $2M USD.
This finding is in disagreement with the IRR findings, as it depicts the installation of an SVR as more
economically attractive. The IRR and NPV findings mean that installing an SVR is more likely to earn
KEPCO more profit over the life-span of the project, but not installing the SVR is more likely to result
in KEPCO earning a profit at an earlier date. This is due to the high initial costs of installing the SVR.

The authors also performed a Monte Carlo Analyses on Feeder 1 with and without installing an
SVR across the differing revenue scenarios. Table 6, below, shows the average results of each study.
As can be seen, at the lowest scenario in which no additional revenue sources are received, installing
an SVR had a financially inferior performance compared to not installing an SVR across all economic
measures. It should be noted that at the low scenario, allowing DG penetration was not economically
viable for KEPCO whether an SVR was installed or not. The base scenario results are repeated from
above and, as stated above, show that installing the SVR reduced the IRR but increased the NPV.
This is also mirrored if both REC and KCU are received.
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Table 6. A summary of life cycle cost analysis (LCCA) for all cases and scenarios.

Low Scenario Base Scenario High Scenario

LCCA Output (SMP) (SMP +REC)  (SMP + REC + KCU)

o without SVR -1.6 8.41 9.36
IRR (%) with SVR —2.52 7.31 8.2

without SVR —2.594 1.366 1.841
NPV (§M) with SVR —6.644 1.945 2.954
I without SVR 0.46 1.28 1.38
with SVR 0.41 1.17 1.26

4. Discussion

Traditionally, power generation has been through centralized units [50], large enough for
automatic voltage regulator systems (AVRS) to be economically viable [51]. However, the current
trend is towards much smaller, geographically dispersed power generation or DG [50]. In a
general sense, this trend is a result of a desire to decentralize power grids due to its potential to
increase the sustainability of power grids through the context of providing an even distribution of
political, technological, economic, and social resources [3]. More specifically, this trend is guided
by the powerful international [1] and domestic [2] political/societal push to pursue renewable or
non-carbon-fueled power generation. Nuclear power has been a viable centralized alternative to
the traditional carbon-based power generation but, due to the Japanese Fukushima Daiichi disaster,
countries worldwide are abandoning its expansion [52]. Governments are therefore resorting to
smaller, decentralized renewable power facilities or DG power generation as their non-carbon-fueled
options [50]. Aside from the political and societal push, alternative power generation plants are also
reaching grid parity, the point at which an alternative energy source can generate power at a cost less
than or equal to the price of the existing power grid, making them attractive to investors regardless
of the societal/environmental benefits [53]. For example, one study found that PV modules have
decreased in cost by 75% between 2009 and 2014 [54]. With the financial, social, environmental, health,
security, and general sustainable benefits [55], it is a near inevitability that DG penetration will rise
exponentially in the upcoming years. This is most likely to be the case in sparsely settled countries
(ex. Canada and Russia) and in countries with poor existing power grids (ex. developing nations) [55].

With the push towards DG, specifically renewable energy’s emerging grid parity, there is a high
pressure on grid management internationally to mitigate the resultant reduction in power quality.
This push equates to the utility operator and renewable power generation company having conflicting
goals: the utility operator wants a stable power system and the renewable power generation company
wants to maximize power production. Korea is already feeling the impacts with KEPCO currently
encountering problems with DG penetration and the associated reverse flow and reduced power quality
nationwide. Common solutions to this problem are policies to cap DG penetration [56]; requiring the
plant to supply their own voltage regulators (ex. AVRS) [51]; combined heat and power [29]; battery
energy management systems [28]; and/or feeder tap changer systems such as SVRs presented above.
At the international scale, the utility operator’s response has often been to set caps on the allowable
DG penetration when voltage readings become too high [56]. This solution limits renewable energy
growth, contrast to international [1] and domestic [2] policies; reduces energy security and efficiency
by reducing generation diversity [3]; minimizes the opportunities to reduce carbon emissions [51];
and negatively impacts the economy at a national and individual level [57]. The PV market has become
attractive to a wide range of investors ranging from the traditional electric utility industry to private
homeowners [58]. Capping DG penetration also caps the PV market, reducing feeder-wide (and
nationwide) economic efficiencies. It also impacts individual’s ability to increase economic efficiency
as ‘grid defection,” when a consumer self-supplies reliable power and disconnects from the local utility,
was found to be two times as expensive as tying into the existing feeder system [57]. In summary,
placing caps on DG penetration appears to be unsustainable, if not inadvisable, solution.
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Concerning the alternative voltage mitigation measures, KEPCO has yet to require DG power
generation facilities to provide their own voltage regulators (ex. AVRS). Due to the small scale inherent
to DG power generation, this solution may not be economically feasible. KEPCO has found energy
storage systems to be an overly expensive option, and the use of combined heat and power units,
while considered a promising approach, is still in the pilot stages. As such, the solution that best
mitigates voltage fluctuation while still allowing free market DG power generation thus far has been
for the utility operator to install SVRs to manage the voltage of the power system. As shown by the
above findings, with the introduction of an SVR in the power distribution network, the maximum
DG penetration capacity increases. This allows the renewable power generation company to increase
revenues by investing in more facilities near the existing point of DG penetration. KEPCO has recently
decided to implement voltage mitigation measures based on system simulations identical to those
presented in the above paper. The findings of this paper support SVR installation becoming an industry
trend in voltage management as other utility operators perform similar system simulations and come
to the same conclusion.

5. Conclusions and Future Research

The results of this paper confirm that voltage fluctuations caused by the penetration of distributed
generation (DG) in power distribution networks is mitigated through the use of on-load tap-changers
(OLTC) and step voltage regulators (SVR). In the case of a 3 megawatt (MW) DG penetration,
overvoltage outside the allowable range occurred when there was no SVR installed. Alternatively,
when the SVR was installed, a 5% voltage drop was experienced. This resulted in the voltage lowering
to an allowable range. This paper also conducted a study on the impact SVRs have on the maximum
allowable DG penetration capacity. Simulating the impacts of DG penetration on 30 km of transmission
line, it was found that the SVR increased the allowable DG penetration from 2.4 MW to 5.1 MW.
This was a result of the SVRs mitigating the increased voltage caused by DGs.

To understand what impact SVRs have on renewable energy profitability, this paper also
performed an LCCA on the feeder system without an SVR (2.4 MW) and with an SVR (5.1 MW).
Since the installation of the SVR increased upfront costs and operation and maintenance expenditures,
not installing SVR resulted in an approximate 10% greater likelihood of an economically viable project
(internal rate of return discount rate) than if an SVR was installed. Alternatively, the net present value
(NPV) was found to be 0.6-1.0 million USD greater at an 80% likelihood when an SVR was used versus
when it was not used. In the most pessimistic scenario, which included no REC or KCU revenue,
the installation of an SVR was not a financially viable option (NPV was $4 million less than without an
SVR). This was because the proportion of SVR investment in total investment would increase as solar
PV investment decreased. However, in the most likely scenario of receiving REC revenue, and the
optimistic scenario of receiving both REC and KCU, installing the SVR would lead to an increase
in NPV.

Future Research

The study findings within this paper were based on a hypothetical power distribution network in
Korea. To validate the findings, future research will include collecting field data for several distribution
system models. This will include research on investments made in real-world applications based on
the needs of the renewable power generation company and utility operators. In addition, although
in this study the LDC parameter is assumed as a fixed value for the purposes of simplicity, the effect
of SVR implementation can be maximized further by applying it with the optimization method of
SVR LDC. This paper’s scope has also been limited to the binary assessment of using or not using an
SVR. There are many voltage mitigation solutions and future research should include comparing the
economic feasibility of all these options. Future research will also include an NPV analysis on private
renewable power producers’ voltage mitigation solutions as the industry begins to shift responsibility
from KEPCO to those who supply solar PV to the power grid. Future research will include considering
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protection cooperation’s impact on DG penetration capacity. Studies will also be optimizing SVR
conditions by minimizing the frequency of tap changes required, thereby improving the reliability of
the power distribution network.

The reliance on OLTC transformers to mitigate voltage fluctuations caused by DG penetration
through PV energy production may reduce the lifespan of electrical devices. The OLTC transformers
experience many tap changes with DG penetration, as this is the main method of voltage fluctuation
mitigation, which results in an increased maintenance requirement and decreased lifespan [59]. Future
research will incorporate this potential negative concern when more reliable data is available. Future
research will also incorporate EES control schemes, as battery back-up systems for solar PV, to study
their impact on the value of electrical energy storage to network operations [60].
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