Techno-Economic Assessment of Hybrid
Renewable Energy Systems for Residential
Complexes of Tabriz City, Iran

Khalil Aghapouramin

Department of Mechanical Engineering, Faculty of Engineering, Eastern
Mediterranean University, Famagusta TRNC (Via Mersin 10), Turkey
E-mail: Khalil.aghapouramin @ gmail.com

Received 17 June 2021; Accepted 04 February 2022;
Publication 23 March 2022

Abstract

Tabriz, Iran possesses abundant renewable energy sources like wind and solar
energy. Residential complexes in Tabriz consume significant amounts of elec-
trical energy. Most of this electricity is generated by non-renewable energy
resources, which results in significant air pollution. This research provides a
techno-economic evaluation of hybrid Renewable Energy Systems (RES) for
three residential complexes located in Tabriz. Each complex contains three
optimum cases (overall nine cases). Proposed hybrid systems require the
lowest NPC and COE. First, generators are removed from RES for all nine
cases (100 percent RES). The structure of these cases were PV, Wind-PV,
and wind with converter and battery. Secondly, due to the affordable price
of diesel in this region, diesel generation is added to RES of all cases to
explore more feasible and affordable optimized hybrid systems. The struc-
ture of these cases were Wind-Diesel-PV, Wind-PV, and Wind-Diesel, and
Diesel-PV with converter and battery. Technical and economic assessment
of optimized systems is performed by means of HOMER software. The main
purpose of optimized systems is to meet the load demand. The electricity load
of the study area has been obtained by means of electricity bills. Average load

Strategic Planning for Energy and the Environment, Vol. 41_1, 99-130.
doi: 10.13052/spee1048-5236.4115
© 2022 River Publishers



100 K. Aghapouramin

demand and peak load of complex one, two, and three were 7972, 3991, and
2960 kWh/d and 1122, 562, and 417 kW respectively. The goal of the current
research is to explore the possible usage of the optimized hybrid RES by
means of economic and technical parameters. In the optimized configurations
with 100% Renewable Energy System, it was interpreted that PV with Wind
is fully practicable. In addition, the COE for Battery-Wind-Diesel-PV HES
arrangement is minimum for entire complexes. The optimized systems with
100% RESs remarkably reduces harmful emissions.

Keywords: HOMER software, residential complexes, techno-economic
assessment, hybrid RES.

Highlights

This research explores the possible usage of optimized hybrid renewable
energy systems by means of economic and technical parameters.
Residential complexes use significant amounts of non-renewable
energy — up to 90 percent of the total generated — in the northwest parts
of Iran.

The recommended hybrid renewable energy systems assessed in this
work are practical, both economically and technically, in different areas
in the world.

1 Introduction

Renewable energy production in the world was almost 5.9 TWh in 2017. This
indicates a 5 to 6-fold enhancement since the 1960s. Although renewable
energy adoption of the world considerably improved, nevertheless, as of
2019, total energy generation covers only 5% of this amount. Furthermore,
as of 2018, 15 percent of the world’s population, or more than one billion
individuals, do not have available electricity [1]. In the last eight decades
the population in Middle Eastern countries significantly grew. Based upon
the US Census Bureau estimates, the population of the Middle East will
approximately double in the coming eleven years. From the year 1998-2011,
the energy consumption in the Middle East countries grew from 365 TWh to
610 TWh [2].

Generally, Middle Eastern countries are abundant in natural resources.
Although diesel fuel prices in most parts of Iran are cheaper than most
countries in the world, lately Iran’s government, due to environmental
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concerns, has a new policy to enhance the utilization of wind and solar
resources. Although Iran enjoys numerous non-renewable energy resources
like gas and oil, the country is the secondary country in the Middle East
in terms of enjoying different renewable energy resources. Wind and solar
energy are the largest renewable energy sources in Iran, but the country has no
specified perspective and policy toward its enormous resources. This brings a
main obstacle to policy makers. Iran’s energy status needs to be clarified, in
order to have an explicit viewpoint, in upcoming years.

Iran has a high percentage of fossil fuel consumption for the generation
of electricity among other countries in the Middle East. Accordingly, Iran
produces a high amount of emissions in the world. Based on the 2017
population census, Iran’s population was nearly 79.9 million, a fourfold
increase since 1955 [3]. Therefore, energy consumption will be increased.
Owning to population enhancement and remarkable industrialization, energy
demand will significantly be increased in the coming years. It is a challenge to
cope with this rising demand and simultaneously reduce harmful emissions.
Hence, to meet energy demand, sustainable and renewable sources of energy
are suitable alternatives. Renewable energy utilization for power generation
will reduce emissions and increase Iran’s revenues. When overall electricity
utilization in Iran is taken into the account, it has been reported that around
18% of the electricity is utilized by industrial areas, nearly 20% by educa-
tional and health centers, almost 12% by government-based centers, and more
than 50% by residential districts, especially residential complexes. Since
residential districts consume more than 50% of the generated electrical load,
applying renewable energy sources needs to be the main goal to decrease the
utilization of fossil fuel energy resources in the power production process.

The present research represents a technical and economical investiga-
tion of three residential complexes located in Tabriz. In this research, the
electricity load of the study area has been obtained by means of electricity
bills. Based on economic and technical indicators, the simulation outcome of
different designs are assessed, and optimized designs are determined using
HOMER software.

2 Literature Review

There has been abundant research of the techno-economic assessment of
hybrid renewable energy systems. This section reports the most recent studies
which are related to research subject. Table 1 shows an overview of recent
research in the last few years.
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3 Novelty, Work Motivation and Objectives of the Present
Study

When overall electricity utilization in Iran is taken into account, it has been
reported that around 18% of the electricity is utilized by industrial areas,
nearly 20% by educational and health centers, almost 12% by government-
based centers, and more than 50% by the residential districts especially
residential complexes. It needs to be taken into consideration that residential
districts consume more than 50% of the generated electrical load, and that
over 90% of this electricity generated by non-renewable energy resources.
Hence, there is considerable opportunity to apply this research to optimize
energy usage.

As a result of non-renewable energy resource consumption by residential
complexes, Tabriz faces significant air pollution. However, implementation of
the results of this research — employing optimized hybrid renewable energy
systems — can yield significant air pollution and carbon dioxide reduction for
most areas in Tabriz to help address this challenge.

This research explores the feasibility of various hybrid renewable energy
systems through a techno-economic model to discovery optimized hybrid
renewable energy systems for Tabriz. To the best knowledge of the authors,
other research has not focused on a similar techno-economic evaluation of
residential areas like Tabriz that utilize a high proportion of non-renewable
energy. The work in this study offers the first use of this research method
for Tabriz. Therefore, this gap needs to be explored, as the recommendations
presented here may be economically and technically practical in other areas
in the world.

4 Description of the Study Area in the Current Research

This study area contains three residential complexes located in Tabriz. Com-
plex one contains eight buildings, each building has five floors, and each floor
is comprised of four apartments, totalling 160 apartments. Each apartment
has one kitchen, two bedrooms, one washroom, and one living room. Com-
plex two has seven buildings, each building contains five floors, and each
floor comprised of three apartments, with 105 apartments overall. Each apart-
ment has two bedrooms, one living room, one kitchen, and two washrooms.
Complex three has six buildings, each building has six floors, and each floor
has four apartments, for 144 apartments. Each apartment is comprised of one
living room, one kitchen, three bedrooms, and one washroom.
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5 Renewable Energy Perspectives & Status in Iran

Achieving sustainable targets in Iran clearly requires development of renew-
able energy resources [27]. Generally fossil fuels are used for producing
electricity in Iran, which is the main contributor to air pollution. The utiliza-
tion of renewable energies is negligible, while the efficiency of power plants
in Iran is sorely little. The present capacity of renewable energy in Iran is
almost 200 MW, though government plans call for enhancing this. Based on
the Sixth Development Plan (2016-21), Iran should have concentrated more
on renewable energy instead of fossil fuels, but this could only be attained
by overcoming several obstacles. Renewable energy usage is a key priority
for producing of electricity in developing countries, and in Iran solar energy
is the most significant resource of renewable energy. Most days are sunny in
Iran, with a mean potential efficiency of 4.5 to 5.5 KWh/ m?/day. Based on
the Sixth Development Plan, Iran was seeking to use about 19% of its energy
from solar and wind. By February 2016, the share of solar and wind energy
was about 240 MW, a small part of the total generation capacity of Iran,
which is is approximately 74,000 MW. However, based on the development
plan, renewable energy generation capacity should have grown to 5,000 MW.
The goal were not even close to being met by 2021.

In spite of substantial potential of renewable energy in Iran, there has
not been significant improvement. Although the government has made an
effort, and general knowledge toward renewable energy technologies has
substantially enhanced, there are economic barriers toward renewable energy
development in Iran. Higher expenses of renewable energy technologies, such
as wind turbines and PV, are a barrier to their greater usage (apart from less-
expensive Chinese products). Transmission costs are also a great challenge
for the government of Iran.

6 Explanation of Population and Geographic Location of
Tabriz

Tabriz is located in the northwestern of Iran. Tabriz is the fifth largest city in
Iran, with a population of almost 1.7 million, according to the 2018 census.
It is a capital of East Azerbaijan Province with an area of 324 km?. The
elevation of Tabriz spans from 1355 to 1650 metres [30]. This city is the
biggest economic and metropolitan center in the region. Tabriz is an old city
and well known for its handiworks. Figure 1 shows the geographical location
of study area.
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Figure 1 Geographical location of Tabriz.

7 Load Profile

Hybrid renewable energy system layout pertain primarily to the electricity
demand. The required electrical load consumption by residential complexes
is not similar during the whole year. Based on season variation the day length
varies, therefore peak load is not same during the specified time period.
Electrical load assessment is a decisive stage in this method of study. In this
research, the electricity load of study area has obtained by means of electricity
bills. Most significant energy utilization are lighting, entertainment, and
domestic electrical appliances. Figure 2 demonstrates average load profiles
for one year. Hybrid renewable energy system design mostly pertain to the
electrical demand. The required electrical load in the residential complexes
is not similar throughout a year. Due to seasonal variation in this region peak
load changes during a day. Based on the residential complex’s electricity
bills, the average load for complex one, two, and three are 7972, 3991,
and 2960 kWh/d respectively and peak loads are 1122, 562, and 417 kW
respectively. The yearly overall load profile of complex one is obtained and
then, as similar electrical load profile behavior, scaled to 2 other complexes.
The final overall load profile is demonstrated in Figure 2. Furthermore, the
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Figure 2 The yearly overall load profile of residential complexes in 2021.

monthly overall electrical load profile of residential complexes represented
in (Figure 1 in supplementary material). Based on Figure 2 and (Figure 1 in
supplementary material), it can be perceived that maximum electrical load
occurs in peak months, during summer (August and July), due to remarkable
energy utilization for air cooling purposes where minimum electrical load
occurs in January and December.

8 Available Renewable Energy Resources

The primary target of a hybrid renewable energy system is to transfer the
electrical load from the peak hours. In addition, the next aim is to use
maximum power output from batteries and PV.
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Figure 4 Monthly average wind speed profile for Tabriz, Iran in 2021.

8.1 Solar Radiation

Figure 3 shows the average monthly numerical quantity of solar radiation for
Tabriz, which receives extensive amount of solar irradiation during the year.
This location can generate energy in an effective way through a PV array. As
the figure shows, the maximum value of solar radiation is in June, while the
low is in December. The solar irradiation information is taken from NASA’s
Surface Meteorology and Solar Energy center.

8.2 Wind Speed

Wind speed data for the selected area is also taken from NASA Surface
Meteorology and Solar Energy Center. Figure 4 illustrates the monthly wind
speed profile for Tabriz in a year. The maximum value of wind speed is in July
and August, and the minimum value in December. Tabriz has considerable
wind energy sources. (Hourly wind speeds can be observed in Figure 2 in the
supplementary material). The maximum wind speed can be found at noon.
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Figure S Yearly wind speeds m/s (low, high) for Tabriz in 2021.

Figure 5 shows yearly wind speeds for Tabriz. It can be seen that wind
speed (m/s) varies from O to 13.7 m/s. Due to seasonal variation, maximum
wind speeds can be found in March and April, and lows are in August and
September.

9 Methodology

9.1 HOMER Software (Hybrid Energy System Optimization Tool)

HOMER software, developed by the National Renewable Energy Laboratory
in the United States, is a software for optimizing and simulating hybrid
energy systems combining wind turbines, DG, PV, fuel cells, batteries, and
other technolgoies. HOMER is applied here to discover feasible systems that
give the lowest CO2 emission and expenses [31]. By using a HOMER soft-
ware researchers can specify how changeable sources like solar and wind can
be unified to hybrid systems. Scholars employ this software to manage vari-
ous HRE systems, evaluate the outcomes and get pragmatic replacement and
capital costs. This programming software builds an improved operating plan
for off-grid and grid-connected hybrid renewable energy systems. HOMER
provides three main functions including optimization, sensitivity analysis,
and simulation. Optimization tests various system arrangements. Sensitivity
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Optimization

Figure 6 Flow chart of HOMER software.

analysis compares many optimizations under various assumptions. Simula-
tion models the implementation of a specific micro power systems. HOMER
assesses the economic and technical possibilities of renewable energy sys-
tems. This software is applied to assess renewable energy systems in many
different countries [32]. The flow chart of HOMER software illustrated in
Figure 6.

9.2 Hybrid Renewable Energy System Components

In the current research, the principal components are a diesel generator (DG),
converter, PV, and batteries. Figure 7 shows the architecture of a hybrid RES.
This hybrid architecture is formed to power three residential complexes. The
AC line consists of the DG and wind turbine. A battery and PV array is
placed in the DC line. Since the chosen area has good wind power and solar
irradiation over a year, wind turbines and PV arrays can be a practical method
to expanding the electrical system for the study area. DG’s and batteries
are commonly applied in a standalone hybrid RES. Cost investigation is
accomplished through operation and maintenance cost, capital cost, lifetime,
and replacement cost of renewable energy system elements.

9.2.1 PV array

The PV system lifetime is presumed to be twenty years. It is worth mention-
ing that the designated region enjoys a plentiful resource of solar radiation, so
planning for a PV array installation is an efficient way to respond to energy
shortages over a long period of time.
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The power produced through PV panel can be calculated from

Ppy = nyy Vpvipy

)

where ipy is current, Vpy is voltage, ny, is the quantity of PV array. The
optimized functioning point and PV array’s voltage can be obtained through

VPV—_AV) _ 1]) + Ai 2)

the following equations [33]:
ipy =isc |1 - C [ea:p (
PV ( 1 CoVor

And
I
Voy = Vinp [1 +0.0539 log (I—Tﬂ + BoAT 3)
st
Where
) V,
)l
! < isC “rp C2Voc @
Vinp/(Voc — 1) 5)

Co = In(L = ipmp/isc)
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AV = Vpy — Vip (6)
I I
ANi=ay [ Z)AT+ (£ —1)isc 7
Ist Ist
AT = Tcell - Tst (8)
Toeyy = Ta + 0.02I7 )

Where T is standard ambient temperature, ambient temperature is 74,
standard solar radiation is I, total solar radiation is I7, maximum power is
Tmp, and maximum voltage is V.

It is worth mentioning that various sizes of PV arrays were examined.
This study used PV arrays with an output of single panel being 0.253 kW PV.
Replacement cost of the PV array is assumed to be $1,750. PV array’s lifetime
to be considered as 20 years. Operation and Maintenance (O&M) cost and
Capital cost of PV were regarded to be $8.5/yr, and $1,750 respectively.

9.2.2 Wind turbine

The role of a wind turbine is to convert mechanical energy to electricity. The
wind energy is related to the wind speed in the particular area. The wind
turbine output is related to its layout factors. Accordingly, a designated wind
turbine with a specified power is correlated with an optimized wind speed.
Owing to the optimal energy efficiency, the wind turbine is linked to the AC
line. Since generated electricity can provide load demand without deflection
from DC line. The power curve of the wind turbine is in Figure 8. Based on
the available wind resource, a 10 kW wind turbine is chosen. The hub has a
height of 18 m. The lifetime of the wind turbine is twenty years. Replacement

Wind Turbine Power Curve

Power Cutput (kW)
[ ) = a [¥§)
O L LN pg LA i

0 5 10 15 20
Wind Speed (m/s)

Figure 8 Power curve of wind turbine.
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cost, operation and maintenance (O&M) cost, and capital cost assumed to be
$28,000, $580/yr, and $28,000 respectively.

9.2.3 Battery
Storage of the PV output is the objective of a battery system. Furthermore,
the battery is functioning when solar radiation is not available to supply
electricity.

The battery will charge when the power output of hybrid RES is higher
than total demand. The battery capacity, as a time factor, is given as [34]

Pr(t)

Tconv

cB<t>=cB<t—1>~<1—o>+(Pﬂt)— )an (10)

Where Pr, load demand and Pr is the system’s total power.
When total demand is higher than power output of the hybrid RES, the
battery capacity, as a time factor, given as

Pr(t)

nCOTL’U

Cn(t) = Cplt — 1)1 —o>+( —Pm)) an

Battery capacity should be retained in the following ranges:
CB min S OB(t) S C’B max (12)
Where

CB maxr — C(Batt (13)

CB min 18 specified through DOD where:
OB min — (1 - DOD)CBatt (14)

The battery’s lifetime is assumed to be 20 years. The capital cost of a
battery bank is considered to be $1,125. The operation and maintenance
(O&M) cost and replacement cost of battery bank are $35/yr and $950
respectively. Table 2 shows the technical characteristics of the battery bank.

9.2.4 Converter

Generally, a converter is employed to transform DC power, received from
the PV panel, to AC. In this study, the replacement cost of a converter is
considered to be $290/kW. The lifetime of the converter is assumed to be
twenty years. The capital cost is the same as replacement cost, $290/kW.
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Table 2 Technical specifications of the battery bank

Factors of Specification

Nominal Voltage (V) 12
Nominal Capacity (kWh) 1
Maximum Capacity (Ah) 83.4
Capacity Ratio 0.403
Rate Constant (1/hr) 0.827
Roundtrip efficiency (%) 80
Maximum Charge Current (A) 16.7
Maximum Discharge Current (A)  24.3
Maximum Charge Rate (A/Ah) 1

9.2.5 Diesel generator

Diesel generators are a stable and reliable resource for power production. A
diesel generator has two main functions. First, it can be operated when battery
and solar energy cannot meet the required load demand. Second, it can serve
as a continuous energy generator to function in the specified time. In this
study, the diesel generator has the capacity of 1,600 KW to supply electricity
for the selected area when wind and solar energy are not accessible.

Cycle charging and load following are two ways in the DG which can
be assessed in HOMER software. In the load following scheme, the DG pro-
duces solely the necessary quantity of energy to meet the demand that cannot
be met through battery power and the hybrid RES while it is functioning.
In the cycle charging scheme, the DG is functioning at its specified capacity
so that excess power is utilized for battery charging. Diesel costs, available
renewable energy sources, and fuel efficiency are some factors which can be
affected. The lifetime of the diesel generator is assumed to be 1.5 years. The
replacement cost of this generator is $450. The operation and maintenance
(O&M) cost as well as capital cost of the diesel generator is considered to be
$0.025/hr and $450 respectively. Table 3 reports technical specifications of
the diesel generator.

9.3 Economic Modelling

In the present research NPC and COE are taken into account as costing
indicators to assess the possibility of the hybrid energy system. Figure 9
shows an economic model of the most important parameters like Net Present
Cost and Cost of Energy. Economic model parameters like descriptions,
equations, and components of NPC and COE are shown in Figure 9.
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Table 3 Technical specifications of the diesel generator
Factors of Specification

Emissions CO (g/L fuel) 16.5
Unburned HC (g/L fuel) 0.72
Particulates (g/L fuel) 0.1
Fuel Sulfur to PM (%) 2.2
NOx (g/L fuel) 15.5

Fuel Properties Lower Heating Value (MJ/kg) 43.2
Density (kg/m®) 820
Carbon Content (%) 88
Sulfur Content (%) 0.4

Economic Evaluation

Farameters

Net Present Cost (NPC) Cast of Energy [COE]
The life-cycle cost is represented by the COE is the major factor in determining
total NPC which includes capital, ~ [¢——|  Daseription  |——»{ the economic optimality of the hybrid
replacement, O&M., and fuel costs. systems.
i Coot Coor 5 Coap ¥ Cran ¥
NPC= 72F (i,n) . c“‘:. C; 2
p— - coE = Semot
o _ Iy e
(ot CRF (i) = ey served
1+f
C, is the total cost l
Cann.tor 15 the total annual cost,
CRF (i,n) s the capital ! Sompooms :
nguu \J'E:l’)" factc:f] E g grpeq is the served energy l

Figure 9 Economic model of the optimized hybrid renewable energy systems.

10 Results and Discussions

In this research three different sites. along with various electrical loads are
considered. In order to discover optimized solutions a HES arrangement
including Battery-Wind-Diesel-PV was investigated. Almost fifteen thousand
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possible solutions were obtained for three complexes. These optimized solu-
tions were organized based upon the lowest NPC and COE. In the current,
research, in the first step, nine optimum cases for three residential complexes
with hundred percent reneweable energy without a generator are assessed.
The three cases for each complex are Wind, PV, and Wind-PV. In addition,
in the second step, nine more optimum cases for three residential complexes
with a diesel generator are assessed by considering economic and technical
parameters. Batteries are also considered in 18 cases.

10.1 Economic and Sizing Discussion of Optimized
Configurations with 100% Renewable Energy System

The three optimized hybrid energy system arrangements for each complex
chosen were Battery-Wind-PV, Battery-PV, and Battery-Wind.

Table 4 shows the sizing of each component for the optimized configura-
tions with hundred percent RES. In addition, Figure 10 and Table 5 represent
graphical and numerical quantities of NPC for all nine cases of system swith
100% RES. Based on Table 5 and Figure 10, the COE for the nine cases spans
from $0.29 to 0.62 per kWh. By evaluating Tables 5, 6, Figures 10, and 11,
it can be clearly observed that, for all three complexes, Battery-Wind have
the greatest NPC, COE, and annualized cost, whereas Battery-Wind-PV have
the least. Hence, it can be interpreted that the wind case is not practicable.
However, PV with Wind is fully practicable.

Table 4 Sizing summary of hybrid system structures with 100% RES
Sizing Summary of Hybrid System Structures

1 I ‘ _7
™ [
. — + [
N. of Optimized

Complexes Cases Converter (kW) Battery Wind Turbine PV (kW)
Complex three Case three 779 2462 79 -
Case two 321 812 11 638
Case one 348 1461 - 941
Complex two  Case three 1676 4122 108 -
Case two 615 996 21 1054
Case one 611 2153 - 1462
Complex one  Case three 1812 9867 259 -
Case two 1427 2789 54 2318

Case one 1709 4505 - 3965
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Figure 10 Graphical quantities of NPC for all 9 cases of system components with 100%

RES.

Table 5 Numerical quantities of NPC for all 9 cases of system components with 100% RES

N. of Optimized Annualized Cost of System Components (US$) COE
Complexes Cases Converter ~ Battery Wind PV (US$/kWh)
Complex three Case three 161800 4692200 3236000 - 0.60
Case two 42125 1516500 404400 1406975 0.31
Case one 56750 2724000 - 1759250 0.40
Complex two  Case three 347100 6710600 4512300 - 0.62
Case two 78150 2084000 963850 2084000 0.30
Caseone 104400 4071600 - 2784000 0.39
Complex one  Case three 651600 13032000 8036400 - 0.61
Casetwo 316750 5828200 1710450 4814600 0.29
Caseone 494100 7905600 - 8070300 0.38

Table 6 Numerical quantities of annualize cost for all 9 cases of system components with

100% RES

N. of Optimized Annualized Cost of System Components (US$) COE

Complexes Cases Converter Battery ~ Wind PV (US$/kWh)

Complex three Case three 12232 342485 256864 - 0.60
Case two 4090 109072 50446 109072 0.31
Case one 5012 195468 - 133654 0.40

Complex two  Case three 29088 572055 368442 - 0.62
Case two 7785 151816 73961 155708 0.30
Case one 10250 302362 - 199866 0.39

Complex one  Case three 78592 1392204 774694 - 0.61
Case two 27641 368543 165844 359330 0.29
Case one 36564 597209 - 585022 0.38
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Figure 11 Graphical quantities of annualize cost for all 9 cases of system components with
100% RES.

The unmet electric load is almost 4 percent, which is insignificant. In
addition, it is interpreted that excess electricity is produced in almost all
cases with 100 percent renewable energy. Tables 5, 6, Figures 10, and 11
demonstrate the annualized cost and NPC for all cases with 100 percent RES
in the three complexes. It also appears that almost 60% of the annualized cost
and NPC for all complexes is related to batteries. In the Battery-Wind-PV
case, 41% of the whole cost is related to batteries and 41% is related to PV
panels. Almost 47% of the costs in case 2 are related to PV panels and 47%
related to batteries.

10.2 Power Production of Optimized Configurations with 100%
Renewable Energy System

Figure 12 shows power generation for each part of the system. It is per-
ceived that case 3 yields significant excess electricity production for all three
complexes. This case is not practicable for off-grid systems as the produc-
tion of electricity is excessively underutilized. For grid-connected hybrid
RES this case can be effective. In the Battery-Wind-PV case, PV produces
nearly double the power in comparison to wind. In case 1, the excess power
production is almost 35% of all electricity production. Accordingly, for a
100% Renewable Energy System, case 2 is evidently the most practicable
for all three complexes, by considering excess power production, COE,
and NPC.
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Figure 12 Graphical quantities of power production for all 9 cases of system components
with 100% RES.

10.3 Economic and Sizing Discussion of Optimized
Configurations with Diesel Generator

Due to cheap fuel price in most parts of Iran, a diesel generator is added to
hybrid systems to explore more feasible optimized hybrid systems.

Table 7 demonstrates the sizing of hybrid energy system components
for the three optimized configurations of all complexes based upon lowest
NPC and COE. Out of nine optimized cases, energy production from wind
turbines is feasible in eight cases, a diesel generator in seven, and PV in six.
The annualized cost, COE, and NPC for these configurations are interpreted
henceforth. Figures 5 and 6 report NPC and annualized cost overview of
systems for all nine cases with diesel generators. Additionally, Figures 13,
14, Tables 8, and 9 illustrate graphical and numerical quantities of NPC and
annualized costs for all cases cases of systems with a diesel generator.

The COE for a Battery-Wind-Diesel-PV arrangement is lowest for all
complexes followed by Battery-Wind-Diesel arrangements for complex one
and two. The second best arrangement for complex three is Battery-Wind-PV.
Next are Battery-Diesel-PV, Battery-Wind-PV, and Battery-Wind-Diesel for
complex one, two, and three. The mean COE for the three optimized cases of
complex three is highest at $0.33 per kWh, followed by $0.29 and $0.22 per
kWh for complex two and one.
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Table 7 Sizing summary of hybrid system structures with diesel generator

Sizing Summary of Hybrid System Structures

“f BN

-

N. of Optimized Converter Wind Diesel PV
Complexes Cases (kW) Battery Turbine G (kW) (kW)
Complex three Case three 243 279 28 1600 -
Case two 301 781 10 - 638
Case one 225 231 13 1600 213
Complex two  Case three 596 1014 21 - 998
Case two 279 419 39 1600 -
Case one 347 463 26 1600 356
Complex one  Case three 877 914 - 1600 1053
Case two 568 487 66 1600 -
Case one 621 752 49 1600 479
12000000 Complex one .
DG
10000000 Casel Gase2 Gse3 Wind Turbine
v * . m Battery
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Figure 13 Graphical quantities of NPC for all 9 cases of system components with diesel
generator.

Based on Table 8 and Figure 13, it can be interpreted that the mean
NPC for the three cases for complex one, two, and three are $9,603298,
$5,003,290, and $3,472,314. It can be concluded that the annualized cost
and NPC are greatest for case 3 of all three complexes. One lead-acid battery
was chosen for all options. As demonstrated in Table 7, wind turbine ranged
from 10 to 66 kW for case one of complex three, and case two of complex
one. Diesel generators were applied in seven optimized configurations as
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Figure 14 Graphical quantities of annualize cost for all 9 cases of system components with
diesel generator.
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Table 8 Numerical quantities of NPC for all 9 cases of system components with diesel
generator

N. of Optimized  Net Present Cost of System Components (US$) COE
Complexes Cases  Converter Battery = Wind Diesel PV (US$/kWh)
Complex three Case three 73600 662400 1398400 1545600 - 0.37
Casetwo 69800 1430900 593300 - 1396000 0.34
Caseone 65000 682500 650000 1495000 357500 0.28
Complex two Case three 157500 1995000 997500 - 2100000 0.32
Casetwo 76800 998400 1638400 2406400 - 0.31
Caseone 97440 1299200 1322400 1392000 528960 0.26
Complex one Case three 308700 2881200 - 5145000 1955100 0.24
Casetwo 187400 1780300 2811000 4591300 - 0.23

Caseone 183000 2287500 2470500 3477000 732000 0.21

demonstrated in Table 7. PV capacity changes from 213 to 1053 kW for
case one of complex three, and case three of complex one. Generally, wind
and solar resources are significant at most of the areas. However, with high
efficiency wind turbines, wind energy is feasible in nearly all optimized
scenarios. The battery cost in nine cases changes from 16 to 28 percent.
The wind turbine cost is almost 21 percent in three Battery-Wind-Diesel
arrangements, almost 12 percent in 2 Battery-Wind-PV arrangements, and
about 16 percent in 3 Battery-Wind-Diesel-PV arrangements. As illustrated
in the numerical and graphical parts of Tables 8, 9, Figures 13, and 14, it can
be clearly concluded that the high amount of annualized cost and Net Present



124 K. Aghapouramin

Table 9 Numerical quantities of annualize cost for all 9 cases of system components with
diesel generator

N. of Optimized  Annualized Cost of System Components (US$) COE
Complexes Cases Converter Battery Wind  Diesel PV (US$/kWh)
Complex three Case three 5450 51779 103559 111734 - 0.37
Case two 5123 105018 48667 - 97334 0.34
Case one 4829 54328 50706 91754 39840 0.28
Complex two  Case three 11767 152971 66680 - 160816 0.32
Case two 6670 84801 137206 152452 - 0.31
Case one 6971 87140 94111 101082 59255 0.26
Complex one  Case three 31409 219861 - 392608 141339 0.24
Case two 21402 128415 206891 356708 - 0.23

Case one 2099 146899 160889 272812 97933 0.21

Cost (almost 50%) for complex one is related to the generator. For complex
two and three it is almost 41 percent for options in which a generator was
applied. PV cost changes from 19 to 26 percent in three Battery-Wind-Diesel-
PV arrangements, and case one of all complexes. In the Battery-Diesel-PV
arrangement of complex one as well as the Battery-Wind-PV arrangement of
complex two and three, PV cost is about 41 of the entire cost of the system.

10.4 Power Production of Optimized Configurations with Diesel
Generator

Generally, based on Figure 15 it can be seen that the electrical generation of
wind turbines is significantly high by comparison to diesel generator and PV.

In addition, as Table 10 reports, maximum renewable energy penetration
(100%) occurs in case three of complex two, and case two of complex three.
Furthermore, minimum renewable energy penetration (25.7%) related to case
three of complex one.

Based on Figure 15 it is interpreted that all the optimized configurations
completely meet the electricity power demand of the complexes. Among
all existing optimized HES arrangements, 50 percent of the all electricity
demand in five HES arrangements is generated by wind turbines, diesel
generators in one HES arrangement, and PV in one HES arrangement.
Accordingly, it can be understood that wind is a feasible case for the study
area. Most of the cases have zero unmet load except partial load for case two
and three for complex three and two. A minimum 4% of excess electricity
is produced for case three of complex one, and a maximum of 35% for
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Figure 15 Graphical quantities of power production for all 9 cases of system components

with diesel generator.

Table 10 Emissions, RES penetration, and Excess E for all 9 hybrid optimized structure of

three complexes

Emissions, RES Penetration,
Excess E of All Complexes

N. of Optimized  Emissions RES Excess E
Complexes Cases (kgly) Penetration (%) (kWh/yr)
Complex three  Case three 2385 61.7 284212
Case two 0 100 541190
Case one 1790 65.8 187295
Complex two Case three 0 100 1013524
Case two 396725 59.4 319254
Case one 198314 73.9 413378
Complex one Case three 1825291 25.7 100821
Case two 1311294 41.2 528184
Case one 1162493 46.1 449112

case three of complex two. As Table 10 shows, RES penetration varies from
25.7% to 100%. Based on Table 10, complex one enjoys significant amount
of greenhouse gas emissions reductions. Two HES arrangements out of nine
do not contain a diesel generator, accordingly they have zero emissions.
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Conclusion and Future Work

Residential complexes contribute significant non-renewable energy utiliza-
tion in the northwest parts of Iran. It was found that maximum electrical
load occurs in peak months, during summer (August and July), due to high
energy utilization for air cooling purposes. Minimum electrical load occurs
in January and December.

In the first step, the economic, sizing, and power production assessment
of optimized configurations with 100% renewable energy were investigated.
The COE for the nine cases spans from 0.29 to 0.62 US dollar per KWh. It
was found that Battery-Wind-PV have the least NPC, COE, and annualized
cost. Indeed, PV with wind is fully practicable.

In the second step, due to cheap fuel prices in most parts of Iran, a diesel
generator was added to the hybrid systems to explore more feasible and
affordable optimized hybrid systems. It was found that the COE for a Battery-
Wind-Diesel-PV arrangement is minimum for all complexes followed by
Battery-Wind-Diesel arrangements for complex one and two. A second best
arrangement for complex three was Battery-Wind-PV. The third best case
was Battery-Diesel-PV, Battery-Wind-PV, and Battery-Wind-Diesel for com-
plexes one, two, and three. The mean NPC for the three cases for complex
one, two, and three were almost $9,603,298, $5,003,290, and $3,472,314.
The mean COE for the three optimized cases of complex three was the
highest, at 0.33 dollar per kWh, followed by 0.29 and 0.22 dollars per kWh
for complexes two and one.

The optimized systems with 100 percent RES significantly reduce harm-
ful emissions. For future studies, hybrid renewable energy systems can be
used for various areas in the world. However, the weather status would need
to be almost the same as the current study area.

Nomenclature
DOD Depth of Discharge

DG Diesel Generator

RES Renewable Energy System
B Battery Bank

C Converter

WT Wind Turbine

Excess E  Excess electricity

HES Hybrid Energy System
NPC Net Present Cost

COE Cost of Energy
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