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• Optimal microgrid planning for industrial estate as a new work.
• Enhancing power quality, reliability and security of CNC workshops (sensitive loads).
• Load forecasting in details considering the end users devices and load factors.
• Sensitivity analysis on uncertain parameters in details.
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a b s t r a c t

Computer numerical control (CNC) machines are known as sensitive loads in industrial estates. These
machines require reliable and qualified electricity in their often long work periods. Supplying these loads
with distributed energy resources (DERs) in a microgrid (MG) can be done as an appropriate solution.
The aim of this paper is to analyze the implementation potential of a real and developing MG in Shad-
Abad industrial estate, Tehran, Iran. Three MG planning objectives are considered including assurance
of sustainable and secure operation of CNC machines as sensitive loads, minimizing the costs of MG
construction and operation, and using available capacities to penetrate the highest possible renewable
energy sources (RESs)which subsequently results in decreasing the air pollutants specially carbon dioxide
(CO2). The HOMER (hybrid optimization model for electric renewable) software is used to specify the
technical feasibility of MG planning and to select the best plan economically and environmentally.
Different scenarios are considered in this regard to determine suitable capacity of production participants,
and to assess the MG indices such as the reliability.

© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, one of the most important environmental issues is
global warming and constantly-increased air pollution by fossil
fuels (Leung et al., 2014). Over the past century, atmospheric
CO2 level has increased more than 39% in May 2013 with a cor-
responding increase in global surface temperature of about 0.8 ◦C
(NOAA, 2016). RESs can be an appropriate solution for this problem
according to the researchers and policy makers’ outcomes (Ngan
and Tan, 2012). Wind turbines (WTs), photovoltaic (PV) panels,
geothermal power plants and other technologies are the best way
to generate electrical energy without any air pollutions (Prodro-
midis and Coutelieris, 2010).

On the other hand, sensitive loads are increased due to indus-
trialization, social welfare improvement and energy technologies

* Corresponding author.
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development. The CNC machines have been known as very com-
mon and also sensitive loads in the lathing and milling industries
in which computers play an integral role. These machines do
lathe and mill operations with the precision of micrometer during
uninterrupted hours. Variable frequency drives (VFDs) are applied
to the CNC equipment to regulate the servo motors, control the
axes motion, etc. All of these processes are required to highly-
detailed components are created from raw materials. Due to the
presence of VFDs as sensitive and expensive interfaces, continuous
CNC work condition, and the importance of the produced compo-
nents, CNC machines are considered as sensitive loads from the
power supply point of view. Any issue corresponding to power
quality concepts such as voltage sag, fluctuation, overvoltage and
interruption can cause irreparable events such as accident of CNC
machine’s axes, the sensitive component failing or destroying,
and the VFD burning. Each one of these events will be followed
with financial damages, imposed on CNC workshop owners, while
electrical distribution companies are responsible for supplying the
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2352-4847/© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
A typical CNC machine consumption in a normal working hour.

Electrical load type Nominal capacity (kW) Load factor (%)

X-axis servo motor 2 50
Y-axis servo motor 2 50
Z-axis servo motor 2 50
Spindle servo motor 11 100
Hydraulic pump motor 3 100
Lubrication pump motor 0.2 16
Cooling fan motor 0.5 100
Chip conveyor motor 1 20
Flood coolant motor 1 30
Total losses (drives, contactors etc.) 1 100

electricity with appropriate power quality. Refs. (Morinec, 2000,
2002; Vasconcellos et al., 2010) represent some ways to improve
power quality in the presence of CNC machines as sensitive loads
such as grounding. Nevertheless, providing an independent, secure
and reliable supply may be better solution and should be studied.

DERs including conventional distributed generations, RESs, and
energy storage sources are introduced as appropriate resources to
meet the loads locally. These resources are integrated with local
loads as MGs (Sorensen, 2011; Twidell and Weir, 2015; Botelho
et al., 2016) which can operate in both grid-connected and is-
landed modes (Babazadeh and Karimi, 2013). As a solution, MGs
undertake to facilitate the wide penetration and integration of
RESs and energy storage devices into the power system in de-
veloping countries, increase feasibility of off-grid electrification,
reduce system losses and greenhouse gas emissions, and increase
the reliability (Louie, 2016; Manas, 2015; Li et al., 2016; Peerapong
and Limmeechokchai, 2017; Kobayakawa and Kandpal, 2016). Due
to their potential benefits of providing source, efficient, reliable,
sustainable, and environmentally-friendly electricity from RESs,
MGs are taken into account more than ever (Bevrani et al., 2017).
MGs construction is growing in different areas like military re-
gions, universities, industrial estates and etc. due to thementioned
reasons. The industrial estates are interested in because of their
enormous greenhouse gasses emission and existence of sensitive
loads such as induction furnaces and CNC machines. In fact, the
importance of the sensitive loads is another reason to plan and
construct an MG in the industrial estates.

One of the important issues in MG planning is determining the
optimal size of its resources to meet the load so that the objective
function is minimized/maximized and technical constraints are
met. Economic, environmental, and reliability-based indices are
used as objective functions in the planning formulation of the
MGs. Different software and optimization techniques are used to
optimal sizing of MGs in the literature. HOMER is the powerful
software which is used by many researchers for optimal planning
of MGs (Bahramara et al., 2016; Olatomiwa, 2016).

The main contributions of the presented work are summarized
as follows:

• Optimal MG planning in the industrial estate is done which
does not take account enough in the literature. The main
idea is enhancing power quality, reliability and security of
CNC workshops as sensitive loads by implementation of an
MG.

• Load forecasting is done in details considering the end users
devices and their load factors, while in the most previous
studies, monthly average load consumption is only consid-
ered for simulation.

• Sensitivity analysis on uncertain parameters is done in de-
tails which this subject is not investigated well in the litera-
ture yet.

The rest of this paper is organized as follows. Section 2 presents
the description of HOMER input parameters. In Section 3, system

Table 2
Consumption of a typical manual lathing/milling machine in a normal working
hour.

Electrical load type Nominal capacity (kW) Load factor (%)

Common X and Z axes motor 5 100
Spindle motor 1 100
Flood coolant motor 0.5 30

description and specification is presented. The economic analysis
is prepared in Section 4. In Section 5, simulations are conducted
and discussed. Finally, conclusion is done in Section 6.

2. Description of input parameters

The HOMER software needs some input parameters for simu-
lation including load profile, solar radiation, wind resource, RESs
capacity, initial costs per unit for each component, etc. These
parameters is further enlarged in the following subsections.

2.1. Load profile of the CNC workshops set

In this study, a set of eight CNCworkshops is selected as the total
load to test the feasibility of the designed MG. This set is located in
11 Fath, Shad-Abad industrial estate, Tehran, Iran. Every workshop
has certain and individual CNC machines and other equipment.
However, all of them are similar in viewpoint of consumed en-
ergy type. Nevertheless, their energy consumptions are different.
An average load is considered for all workshops instead of their
different consumptions to facilitate the load estimation. In this
study, based on the nearby workshops visit, the certain equipment
and consumptions are considered for all workshops containing
CNC machines, manual lathing/milling machines, lighting, and
miscellaneous consumptions such as air-conditioning, computers,
refrigerators, etc. On average, every workshop has three CNC ma-
chines, twomanual lathe/millingmachines, ten 46Wduplex lamps
and 2 kW equivalent consumption of miscellaneous equipment.
Since the majority of CNCmachines whether milling or lathing are
three-axis or can expand to it, they are considered three-axis on
average in this paper. A typical consumption of a three-axis CNC
is described in Table 1. In addition to the nominal capacity of a
motor, its load factor is considered to show the real average time
of motor involvement. Similarly, Table 2 shows the consumption
of a typical manual lathing/milling machine. According to this
detailed consumptions, the total consumption of a CNC workshop
is calculated in Table 3. Finally, the maximum consumption of the
eight workshops that is the peak load of theMG, is obtained 577.76
kW.

The CNC workshops as the MG loads work about simultane-
ously from 8 a.m. to 5 p.m. Therefore, consumption timing of CNC
workshops with respect to each other is similar. On the other
hand, the timing of different consumptions of each CNC workshop
itself is similar on average. In addition, basic changes in the CNC
workshops activities happen monthly and seasonally. All of these
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Table 3
CNC workshop consumption in a normal working hour.

Electrical load type Consumption calculation Number load (kW)

CNC machine (2 + 2 + 2) × 0.5 + (11 + 3 + 0.5 + 1) × 1
+0.2 × 0.16 + 1 × 0.2 + 1 × 0.3 = 19 kW 3 57

Manual lathing/milling machine (5 + 1) × 1 + 0.5 × 0.3 = 6.15 kW 2 12.30
Lighting 2 × 0.046 = 0.092 kW 10 0.92
Miscellaneous equipment 2 kW – 2
Total CNC workshop load 72.22

Table 4
Daily load forecast data of the workshops set in July.

Time zone (h) 0–8 8–12 12–13 13–17 17–21 21–24

Percent of daily high load (Weekends) (%) 10 (3) 90 (27) 60 (18) 100 (30) 50 (15) 20 (6)
Weekday load (kW) 42.6 383.2 255.5 425.8 213 85.2
Weekend load (kW) 12.7 115 76.6 127.7 64 25.6

reasonable assumptions for theCNCworkshops as theMG loads are
applied in the form of daily and monthly consumption patterns in
HOMER. However, overtimes and CNC continuous working in the
range of one or two weeks or even one month, according to the
performed project type, should be considered. This partial changes
of the workshop activities is considered monthly too. Hence, one
day per each month is selected as an agent of that month. Since
CNC workshops have their minimum activity in weekends, their
consumptions are considered thirty percent of weekdays. Finally,
the data of 24 days (12 days for weekdays and 12 days for week-
ends) is imported to the HOMER as the annual data. Table 4 shows
the typical data of daily load forecasting of the workshops set in
July. Moreover, a sample of the daily load profile for both week-
days and weekends is shown in Fig. 1. It is noteworthy that the
active working hours have shifted to the last hours of the evening,
according to the real data. It has a negative effect on the optimal
consumption, and also social welfare.

A random variability is given by the HOMER software to esti-
mate themaximumandminimumvariations of the input daily load
profile from a certain day to other days and from a certain time-
step to other time-steps. In this study, random changes, which are
shown by day-to-day and time-step to time-step variability in the
software, are set as 8% and 10% respectively. In fact, these numbers
specify the variance of the consumption load as a random variable
around its average amount determined by the input load profile.
The scaled annual average energy demand of the CNC workshops
set as simulated by HOMER software is 3294 kWh/day which is
equivalent to 1.2 GWh/year.

2.2. Solar radiation and ambient temperature

The data of solar radiation and ambient temperature is achieved
from National Aeronautics and Space Administrative (NASA) (Sur-
face meteorology, 2016). It is 22-year monthly average data.
Fig. 2(a) shows the solar radiation data inputs, used in the HOMER
software, as well as the clearness index of the solar radiation.
The clearness index is automatically calculated by HOMER when
the monthly radiation data is entered (Lau et al., 2010). The lat-
itude and longitude of Shad-Abad are 33◦63′N and 46◦41′E, re-
spectively. The solar irradiance changes from 3.03 kWh/m2/day
to 5.96 kWh/m2/day. The annual average of the solar radiation is
estimated as 6.07 kWh/m2/day according to the clearness index. As
it can be seen from Fig. 2(a), solar radiation is high and sufficient
from May to September, while it is low relatively (between 3
and 4 kWh/m2/day) for other months. The data of the ambient
temperature is shown in Fig. 2(b). It is the monthly average air
temperature at 10m above the surface of the earth for the location
of Shad-Abad, Iran. The HOMER uses the data of solar radiation and
ambient temperature to calculate the output power of PV panels in
each time step.

2.3. Wind speed

Thewind speed data is obtained fromNASA database for the lo-
cation of Shad-Abad, Iran (Surfacemeteorology, 2016). It is 22-year
monthly averagewind speed datawhich ismeasured at 10mabove
the surface of earth. The wind speed changes from 3.4 m/s to 4.5
m/s. The highest wind speed occurs in May–September, although
the monthly wind speed changes are not sensible in comparison
of the solar radiation. The parameters Weibull k, auto-correlation
factor, diurnal pattern strength, and hour of peak wind speed have
been employed by the HOMER to describe the randomness of the
wind speed. The parameter Weibull k, is a measure of the long
term distribution of the wind speed over a year, whereas the auto-
correlation factor represents the hour-to-hour randomness of the
wind speed. The diurnal pattern strength is a measure of how
strongly the wind speed depends on the time of day, and finally
the hour of peak wind speed is the time of day that tends to be
windiest on average (HOMER help, 2016). A high diurnal pattern
strength value shows that there is a relatively strong dependence
on the time of day and vice versa (Demiroren and Yilmaz, 2010). In
this study, the parameters Weibull (k), auto-correlation factor and
diurnal pattern strength are considered to be 2.5, 0.85 and 0.25,
respectively, and the hour of peakwind speed is randomly selected
by the HOMER.

2.4. Diesel

The latest non subsidized diesel price is US$0.18/L in Iran
(NIOPDC, 2016). It is eventually estimated US$0.21/L including
transportation and storage costs. Since the diesel is a national
product as a low price fuel, it can be considered as an advantage
from economical point of view. But, as mentioned previous, the
prevention of the air pollution is one of the most important mo-
tivation of MGs appearance. In this sense, the diesel usage should
be restricted.

2.5. Economic inputs

The project lifetime is considered to be 25 years with an annual
discount rate of 4%. The system fixed capital cost includes in stores
managing, labor wages, different civil constructions, required li-
censes, administration and government approvals and other mis-
cellaneous costs (Sen and Bhattacharyya, 2014). It is considered
to be $30,000 for the whole project, and the fixed operation and
maintenance cost of the system is estimated as $500/year.

3. System description and specification

The proposed MG is made up of eight main components in-
cluding a diesel generator (DG), a fuel cell (FC), an electrolyzer, a
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Table 5
Description and economic and technical specification for the components of the proposed MG.

Description Specification Description Specification

PV modules Fuel cell
Model PV-MF100EC4 Type PEMFC
Rated power 250 kW Rated power 200 kW
Capital cost $7300/kWh Capital cost $3000/kW
Replacement cost $2974/kWh Replacement cost $2500/kW
Operating and maintenance cost $10/kWh Operating and maintenance cost $0.02/kWh
Life time 25 yrs. Life time 50000 hrs.
Temperature coefficient − 0.5%/◦C Efficiency 50%
Derating factor 80% Electrolyzer
Wind turbine Rated power 200 kW
Type BWC Excel-S Capital cost $1900/kW
Rated power 10 kW dc Replacement cost $1400/kW
Capital cost $30730 Operating and maintenance cost $20/y
Replacement cost $22900 Life time 15 yrs.
Operating and maintenance cost $458/y Efficiency 90%
Life time 15 yrs. Hydrogen tank
Storage battery Rated power 300 kg
Type Surrette 6CS25P Capital cost $1200/kg
Capital cost $1229/single cell Replacement cost $100/kg
Replacement cost $1229/single cell Operating and maintenance cost $15/y
Operating and maintenance cost $10/y Life time 25 yrs.
Diesel generator Inverter
Type Perkins Type Leonics GTP519S
Rated power 250 kVA Rated power 900 kW
Capital cost $182.5/kW Capital cost $300/kw
Replacement cost $175/kW Replacement cost $300/kW
Operating and maintenance cost $0.03/h Operating and maintenance cost $10/y
Life time 15000 hrs. Life time 10 yrs.
Minimum load ratio 30% Efficiency 90%

Fig. 1. A sample of the daily load profile for the studied CNC workshops set in weekday and weekend.

hydrogen tank, PV modules, WTs, batteries, and power converters
as shown in Fig. 3(a). TheMGcan be operated in the grid-connected
or islanded operation modes. Fig. 3(b) shows the configuration of
the MG in the HOMER software. The descriptions of the selected
components are presented in Table 5 and their characteristics are
provided in the following subsections.

3.1. Sizing of the PV modules

In this study, themaximum installable PV capacity is considered
250kW which is approximately half of the peak load. In order to
place PV panels in this project, the workshops roofs are used in
addition to buy a certain place. The CNC workshops are stuck in
each other and the MG designer should use the wasteland on the
right side of theMG to place themajority of theMG equipment like
the surplus PV panels than the roofs mounted. Recently, attention
to the roof top PV panels, and researches on their applications are
increased (Dabaieh et al., 2016; Plangklang et al., 2016; Feng et
al., 2015). Every workshop has the area of 160 m2. Therefore, the
proposed MG has the area of 1500 m2 considering the workshop

sloping roofs and PV panels gap. Reduced cost due to using the
workshops roof for PV panels’ placement is considered in their
replacement cost because the HOMER software does not prepare
any option for this condition. The selected PV module is a 36-
cell polycrystalline (PV-MF100EC4) which is rated at 100 W with
the area of 0.81 m2 (Ngan and Tan, 2012). Hence, the roof top PV
capacity is calculated 185.2 kW, and the rest of the 64.8 kW PV
capacity should be placed on the bought ground. The capital cost
of the PV panels is considered $7300/kWh (Brochure, 2016), and
the replacement cost is calculated $2974/kWh.

3.2. WT characteristics

In this simulation, the BWC Excel-S, 10 kWDC typeWTmodel is
chosen. The BWC Excel-S is a modern 10 kWWT designed for high
reliability, low maintenance, and automatic operation in unfavor-
able weather conditions (Bergey, 2016). Table 6 shows the tech-
nical characteristics of this WT. The operating and maintenance
cost is assumed to be 2% of the replacement cost in the economic
assessment. Reader can see the power–speed characteristic and
other information of the WT in the website (Bergey, 2016).
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Fig. 2. The Monthly Averaged data for the location of Shad-Abad, Iran. (a) Solar radiation and clearness index. (b) Air temperature at 10 m above the surface of the earth.

Fig. 3. (a) Block diagram of the proposed MG. (b) The configuration of the proposed MG in HOMER.

3.3. Storage battery

The Surrette 6CS25P batterymodel is chosen as the energy stor-
age device in this simulation (Surrette, 2016). The characteristics of
the battery are shown in Table 5. In order to produce higher energy
capacity, 10 batteries are connected in series, which form a battery
string. Each battery string can produce 70 kWh of electricity. Two

separate energy storage entities are applied to increase the MG re-
liability and flexibility. In MGs with RESs, the roll of energy storage
devices is undeniable especially in the cases of non-dispatchable
generation compensation, and load-frequency control (Yang et al.,
2016; Moradi et al., 2016; Coelho et al., 2016). In each energy
storage entity, number of battery strings can be chosen from 0 to
12 to assess the MG performance in different cases.
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3.4. Diesel generator

In this study, the 250 kva Perkins DG model with a capacity
of 200 kw is selected to supply the half of the load such as the
sensitive load in the emergency. the initial capital cost of the dg is
$182.5/kw Perkins, 2016). Replacement and operational costs are
assumed $175/kW and $0.030/h, respectively. Operating lifetime
is also considered as 15,000 h.

3.5. Fuel cell

The low-temperature proton-exchangemembrane FC (PEMFC),
which is known for having great potential in hybrid energy sys-
tem applications (Wang et al., 2005), is chosen in this study. The
types of FC technology, DC–DC converter, compressor and ancillary
equipment establish the finished FC cost (Ashourian et al., 2013).
According to different prices of FCs due to their new technologies
(Fuel cell stacks, 2016), FC prices are varied from $3000/kW to
$6000/kW. In this study, the capital, replacement and operational
costs are estimated to be $3000/kW, $2500/kW, and $0.02/kWh,
respectively (Ashourian et al., 2013). Five different sizes of FCs,
rating from 0 to 200 kW, are considered in the simulations. The
lifetime and efficiency of the FC are considered to be 50,000 h and
50%, respectively.

3.6. Electrolyzer

Against to the electrochemical reaction that is occurred in a
FC to provide the DC power, an electrolyzer converts electrical
energy into chemical energy which is stored in hydrogen (Arkin
and Duffy, 2001). The recent electrolyzer cost is $1500-$3000 per
kW (Ashourian et al., 2013). Although, the cost will expected to
decrease in next years by developing the electrolyzer manufactur-
ing technology. In this study, based on the fuel cell sizes, various
sizes of electrolyzer are considered from 0 to 200 kW with 90%
efficiency. The capital and replacement prices are considered as
$1900/kW and $1400/kW, respectively. The electrolyzer lifetime
and maintenance/operation cost are estimated to be approxi-
mately 15 years and $20/year, respectively. The electrolyzer should
be forced on 2 h per weekdays due to technical constraints.

3.7. Hydrogen Tank

The output electrolyzer hydrogen is stored in a hydrogen tank
to supply the FC in other times. The cost of keeping 1 kg of hy-
drogen capacity in the hydrogen tank is estimated to be $1200. In
addition, the replacement and maintenance costs are estimated to
be $1100/kg and $15/year, respectively. Various sizes of the tank
are up to 300 kg which are considered in four steps. The lifetime
of the hydrogen tank is also estimated to be 25 years. The level of
the tank at the start of simulation is considered 10% of the rated
capacity.

3.8. Inverter

Since more of RESs generate the DC electric power and more
of loads consume the AC electric power, the DC power should
be converted to the AC power using inverters. The sizing of the
inverter is based on the rated power of DC-side energy sources
which is provided by the HOMER optimizing. In this study, the
inverter model Leonics GTP519S with a capacity of 900 KW is
selected that its DC bus voltage is 700 V. For all inverter sizes, the
efficiency is presumed to be 90%. Both capital and replacement
prices of the inverter are $300/kW, and its lifetime is up to 10 years.
Various sizes of the inverter, rated up to 900 kW, are considered in
5 steps for the optimization.

3.9. Grid

Since the electricity market pricing is not applied in Iran, and
prices are specified nationally, this energy is not expensive in com-
parison to countries with deregulated power systems. Therefore,
the grid is the main power component in this MG. Three rates off-
peak, normal, and peak are defined for the load. Since the under
studyMG is in an industrial region, peak hours are 9–12 and 14–17,
normal hours are 12–14 and 17–19, and other hours are considered
as off-peak. Purchase/sell tariffs from/to the grid for the MG are
given in Table 7. These prices are taken fromGreat Tehran Electrical
Distribution Company for industrial consumers and Renewable
EnergyOrganization of Iran (Industrial power tariffs, 2016; Renew-
able energy tariffs, 2016). The sell price is constant in all situations
and it is much larger from purchase prices to encourage private
renewable electricity sellers. It is worth mentioning, the reliability
of the grid is taken into account also. The average failure frequency
for industrial regions is considered 10/year with the average repair
time of 4 h.

4. Economic analysis

The HOMER approach in ranking of the optimization results is
based on the total net present cost (NPC). The NPC is the present
value of the MG installation and operation costs over its lifetime in
the project that is calculated as follows:

NPC =
Cann,tot

CRF (i,N)
, (1)

where Cann,tot is the total annual cost of the MG in $/year and
CRF (i,N) is the capital recovery factor that is a ratio used to
calculate the present value of a series of equal annual cash flows
and is given by:

CRF (i,N) =
i(1 + i)N

(1 + i)N − 1
, (2)

where i is the real interest rate andN is the project life time in year.
The real interest rate itself is obtained from the nominal interest
rate (i′) and annual inflation rate (f ) as follows:

i =
i′ − f
1 + f

. (3)

This equation indicates the effectiveness of projects performing in
the condition with the large annual inflation rate and small nomi-
nal interest rate. The nominal interest rate and annual inflation rate
in Iran are respectively reported 21% for industrial projects, and
15% in February 2015 (Nominal interest rate, 2016). Thus, the real
interest rate is calculated 5.2% using Eq. (3). The project lifetime is
considered as 25 year.

The HOMER uses levelized cost of energy (COE) as an output
variable index. The COE is the average cost per kWh of useful
electrical energy produced by theMG. The COE is calculated inMGs
without any thermal load in the following manner:

COE =
Cann,tot

Esrv
, (4)

where Esrv is the total electrical load served in theMG in kWh/year.
Although, the COE is a convenient indexwhich can compare differ-
ent configurations, the HOMER does not rank them based on the
COE.

5. Numerical results and discussion

The simulations are executed for the proposed MG, shown
in Fig. 3, and the HOMER search space is given in Table 8. The
simulation is done with a project lifetime of 25 years. The MG
planning is done focusing on three main objectives:
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• Minimum cost of the MG construction and operation
• Using available capacity to apply maximum renewable en-

ergies such as wind and solar, and subsequently to access
minimum air pollution

• Assurance of sustainable and secure operation of CNC ma-
chines as sensitive loads using energy storage supplies and
DGs as dispatchable supplies.

Due to the cheap grid electricity in Iran and its relative relia-
bility, a big percent of the electricity is considered to produce by
the grid. This is desirable in the viewpoint of the first objective. For
the second objective, the maximum penetration of RESs is desired.
And, for the third objective, existence of a battery entity, a DG
or both of them is necessary. According to this planning strategy,
simulation results are obtained and the discussions about them are
given in the following five subsections.

5.1. Top nine plans with different constructions

Nine reasonable and preferable plans which provide desirable
optimization results are shown in Table 9. The HOMER simulation
results include a number of feasible but not reasonable results such
as existence of the hydrogen tank without the electrolyzer and FC
or existence of the hydrogen tank and electrolyzer without the
FC. These results have been eliminated to access reasonable plans.
The plans are sorted from 1 to 9 based on the microgrid NPC in
Table 9. One of the first deductions is the less NPC for planswithout
battery than equivalent plans with battery. In addition, the FC and
its requirements consist of the hydrogen tank and electrolyzer
cause extremely-uneconomical plans, thus plans 7, 8 and 9 are
eliminated at first. In order to select the best plan, the second and
third objectives of the MG planning have also to be taken account.
Fig. 4 shows per unit values of the NPC, COE, DG pollution, and
renewable fraction that are calculated by dividing real values by
the maximum value of each index respectively. These diagrams
show the variation of different indices with respect to each other
for the selected plans. The NPC and COE indices have approxi-
mately the same increase because of their similar behavior in the
economic assessment. The index of the DG pollution, equivalent to
the DG production, shows plans 3 and 4 have the maximum DG
production and plans 5 and 6 have not any DG capacity. Another
interesting result, which this index shows, is the less DG pollution
of plan 2 than plan 1. The renewable fraction index has uniform
rate except in plans 5 and 6. In these two plans, RESs compensate
DG absence. Consequently, plans 1 and 2 have the minimum NPC
with the difference of $0.2M and plans 5 and 6 have the maximum
renewable fraction, zero air pollution, and greater NPC. Plans 1 and
5 have no battery that is good reason for their deletion. Finally, it
can be said that plan 2 is the best plan with almost the minimum
NPC in the presence of battery and DG for ensuring of sensitive
loads electrification.

In this study, two battery sets with half of the required battery
capacity are considered as shown in Fig. 3(b) to increase reliability.
If one of them has an outage, because of an inner fault or main-
tenance, another one supports storage requirements of the MG.
Nevertheless, in the HOMER, two distinct battery entities have not
any effect in optimization results than one entity. Thus, one battery
entity with the maximum required storage capacity is considered
in the next simulations.

In the next scenarios, plan 2 is selected as a base plan to study
the minimum renewable penetration, PV development versus WT
development, impact of battery unit increase on the MG planning,
and reliability assessment. All the next four scenarios are selected
to check three MG planning objectives mentioned above.

Table 6
Technical characteristics of BWC Excel-S WT (Bergey, 2016).

Rated power 8.9 kW at 11 m/s
Annual average energy 13800 kWh at 5 m/s
Rated wind speed 11 m/s
Cut-in wind speed 2.5 m/s
Furling wind speed 14–20 m/s
Maximum design wind speed 60 m/s
Number of rotor blades 3
Rotor diameter 7 m
Hub height 24–49 m (25 m in simulations)
Rated sound level 42.9 dB

Table 7
Grid purchase and sell tariffs.

Buying energy cost ($/kWh) Selling energy cost ($/kWh)

Peak 0.0155 0.16
Normal 0.0047 0.16
Off-peak 0.0011 0.16

5.2. Minimum renewable penetration with and without battery

In this scenario, the minimum renewable fraction is changed
from 10 to 40 by step size of 5. As mentioned before, the impact
of minimum renewable fraction is obtained on the indices of plan
2. Fig. 5 shows these indices including the NPC, COE, DG fuel, grid
purchase, and grid sold. According to NPC and COE, the cost of
MG planning increases approximately linearly with the increase
in the renewable fraction that is equivalent to the decrease in
grid purchase. This decrease is visible in the grid purchase curve.
Generally, RESs are much cleaner than the grid energy but they
are more expensive. Nevertheless, the local increase in the grid
purchase for the renewable fraction of 15% to 20% is due to the
large decrease in the DG production. The renewable fraction of
less than 20% is not suitable in the viewpoint of the second and
third MG planning goals, because the RESs penetration is low and
the DG pollution is high. In this situations, the DG tries to produce
large amounts of electricity to sell the grid. It can be deduced by
observing DG fuel and grid sold curves which are almost on each
other in the renewable fraction of less than 20%.

On the other hand, other indices can be checked that have
better behavior in the less renewable fractions. The excess energy
and unmet load are two indices that have lower amounts in the
renewable fraction of less than 20%. These results are shown in
Fig. 6. The less excess energy and unmet load for less renewable
fractions is due to the large DG production. These indices cannot
proof the efficiency of the less renewable fractions because the
excess energy and unmet load amounts are not enormous gen-
erally and their increase with the renewable fraction increase is
low and non-uniform. Existence of the two maximum points in
the unmet load curve is due to the DG production decrease in the
first step and complete DG outage in the second step. Besides, the
excess energy becomes less using the battery (plan 2 instead of
plan 1). According to Fig. 6, the excess energy of 35% renewable
fractionwith the battery equals the same amount of 17% renewable
fraction without the battery. On the other hand, the battery has
no effect on the unmet load for the renewable fraction of bigger
than 20% because of the battery discharge limitation. Therefore,
the best RESs penetration rate is economically and technically the
value between 20% and 30%.

5.3. PV development versus WT development

By choosing the second plan of the main simulation in Sec-
tion 5.1, the PV andWT developments and their effects on the NPC
are outlined. Fig. 7 shows the normalized NPC for the increase of
the WT and PV nominal capacities in steps of 30 kW. It is obvious,
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Table 8
Values of all optimization variables.

Converter (kW) Grid Purchase (kW) H Tank (kg) Electrolyzer (kW) Battery 1 (n) Battery 2 (n) FC (kW) DG (kW) PV (kW) WG (n)

0 0 0 0 0 0 0 0 0 0
300 1000 100 100 40 40 100 50 60 7
600 200 200 80 80 200 100 120 14
900 120 120 150 180 21

200 250

Table 9
The best optimization results of the MG planning.

Plan PV (kW) WT (n) FC (kW) DG (kW) Battery (n) Grid (kW) Electrolyzer (kW) H Tank (kg) Converter (kW) NPC ($)

1 60 21 – 50 – 1000 – - 300 1679098
2 60 21 – 50 80 1000 – - 300 1871337
3 250 – - 100 – 1000 – - 300 2126354
4 250 – - 100 80 1000 – - 300 2353911
5 250 7 – - – 1000 – - 300 2568618
6 180 21 – - 80 1000 – - 300 2779870
7 120 21 100 50 – 1000 200 100 300 3272760
8 120 21 100 50 80 1000 200 – 300 3316866
9 120 21 200 50 80 1000 200 100 300 3672796

Fig. 4. Per unit values of NPC, COE, DG pollution and renewable fraction for the selected nine plans.

Fig. 5. Per unit values of NPC, COE, DG fuel, grid purchase and grid sold for different renewable fractions.

theNPC increase slope for the PV capacity ismore than it for theWT
capacity. Thus, in the MG development plan, the WT has a priority
in terms of costs. However, we should take account other aspects
such as the visual and auditory pollution in the development plan.
Environmental concerns are very important aspects of an RES
and its development that have been recently studied more and
more (Premalatha et al., 2014; Onakpoya et al., 2015). The HOMER
software can consider some environmental concerns such as the
emission amounts of the air pollutants due to the grid and DG but

it does not consider other environmental concerns such as visual,
auditory, and marine pollutions. The MG planner should add this
constraints out of the HOMER environment.

5.4. Impact of number of batteries on the MG planning

In this scenario, the number of battery units are increased from
40 to 160 to investigate its impact on theNPC and excess electricity.
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Fig. 6. Excess energy and unmet load with and without battery (plans 2 and 1, respectively) for different renewable fractions.

Fig. 7. Normalized NPC for WT and PV nominal capacities increase to 150 kW.

Fig. 8. NPC for three different PV capacities 60, 120 and 180 kW, and different
number of batteries.

Fig. 8 shows the NPC for three different PV capacities 60 kW, 120
kW, and 180 kW. In all situations, the NPC increases linearly with
increasing the batteries number. The plan with 60 kW PV capacity
is not feasible for larger than 140 batteries. In the economical
point of view, the best selection is the less feasible PV and battery
capacities. Fig. 9 shows the excess electricity and its changes with
the number of batteries. The plans with 180 kW PV capacity have
the larger excess electricity whereas the plans with 60 kW and 120
kW PV capacities have the less excess electricity. Excess electricity
rate is low for increasing of batteries from 40 to 100 and it has the
increasing rate from 100 to 160 batteries. Therefore, the choice of
40 to 100 batteries and a PV capacity less than 120 kW is more
efficient.

Fig. 9. Excess electricity for three different PV capacities 60, 120 and 180 kW, and
different number of batteries.

5.5. Reliability assessment

Since the MG has sensitive loads such as CNC machines, the
reliability and its assessment is necessary. The Energy not supplied
(ENS) as a common reliability index, which is called unmet load
in HOMER, is used in this study. The normalized values of the
excess electricity, unmet load and capacity shortage are presented
in Fig. 10 for different repair times. The unmet load, same ENS,
increases generally with the repair time increase. According to
the grid purchase and sold curves, two maximum points and one
minimum point are expected in the minimum repair times of 5, 8
and, 7 h of the unmet load curve respectively. The capacity shortage
curve is fitted on the unmet load curve because they have same be-
havior and the curves are normalized. The unmet load is of energy
in kWh/y and the capacity shortage is of power in kW. According to
Fig. 10, a general increase is seen in the excess electricity. Besides,
the severe grid purchase decrease and grid sold increase for the
repair times of 4 to 6 h result in the minimum excess electricity
in the repair time of 6 h. Although some of these minimum or
maximum points have not any scientific reason, they exist due
to the randomness of the reliability assessment. Finally, the best
repair time is the possible minimum repair time economically and
technically.

6. Conclusion

Many simulations were executed in the HOMER software to
plan a developing MG including a set of CNC workshops as load,
renewable and non-renewable energy sources and energy storage
supplies in Shad-Abad industrial estate, Tehran, Iran. Three main
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Fig. 10. Normalized values of excess electricity, unmet load and capacity shortage for different repair times.

objectives are considered in the MG planning including minimum
construction and operation MG costs, using available capacity to
penetrate the possible highest renewable energy and subsequently
produce minimum air pollution, and assurance of sustainable and
secure operation of the CNC machines as the sensitive loads. In
order to realize these objectives, the MG was simulated in five
scenarios. In the first scenario, the best plan has theminimumNPC
about $1.87M in the presence of 80 battery units and 50 kWDG for
assurance of the sensitive loads electrification. By simulating the
second scenario, it was deduced that the best RESs penetration is
economically and technically in the range of 20% to 30%. In the third
scenario, the results showed that theWT development has a prior-
ity in terms of costs against to the PV development, but we should
also pay attention to the environmental constraints. The sensitive
analysis, presented in the fourth scenario, results in the choice of
40 to 100 battery units and the PV capacity less than 120 kW.
Moreover, increase in the PV capacity from 60 to 180 kW results
in approximately 90000 kg/y decrease in the CO2 emission. The
last scenario came our attention on the reliability. Many indices
such as the unmet load/ENS, capacity shortage, excess electricity,
grid purchase, and grid sold are affected badly of the repair time
increase. The impact of the inner producers on the MG reliability
improvement is also undeniable.

In addition to theMG planningwhich is presented in this paper,
the control andoperation of thisMGcanbe considered in the future
works.
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