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Abstract
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Author: Siamak Talebi
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Recently, there is vast inclination toward using renewable energy in rural areas
away from the main electricity generation plants. Small airports located in rural areas are
good candidates to apply sustainable energy for electrical power needs. Because of the
intermittency of the renewable sources, it is important to have energy storage to guarantee
an uninterrupted and stable power supply for end users. In this work, a high-level micro
grid model is proposed considering making decisions about different factors such as
different renewable sources capacity, storage and system capacity. A multi-objective model
of a microgrid high-level design is used to formulate design alternatives. This can enable
engineering teams to refine requirements for subsequent stages of the system engineering
process.
The proposed approach is to minimize the microgrid implementation cost, taking
advantage of power market by selling energy to the main grid, reduce emission, while
satisfying the load requirements. Environmental considerations become significantly
relevant as the global and US policies target a reduction of emissions by 30% by year 2025
and 0 emissions by 2050. Different components of the microgrid with energy storage
device are selected and sized considering both the initial cost and operational/maintenance
iii

cost with optimal coordination between storage and intermittent resources such as solar
and wind is proposed while meeting load and system operating requirements. Diesel
generator is anticipated as back up supply for emergency cases, however to comply with
green energy policies[1], it is objected to be minimized. The multi-objective linear
programming is used for proposed optimization. A case study of integrated microgrid
located in Turkey is presented to verify the advantages of the proposed optimal decision
making method. In addition to the system self-constraint, certain constraints from the
airport design administration are also taken into account.

iv

Table of Contents
Abstract ................................................................................................................... iii
Table of Contents .....................................................................................................v
List of Figures ....................................................................................................... viii
List of Tables .......................................................................................................... xi
Acknowledgment ................................................................................................... xii
Dedication ............................................................................................................. xiii
1
2

Introduction ......................................................................................................1
Literature review ..............................................................................................6
2.1
Microgrids.............................................................................................................. 9
2.1.1
Power Quality and Reliability...................................................................... 11
2.1.2
Renewable microgrid ................................................................................... 12
2.2
Solar Energy ........................................................................................................ 12
2.2.1
Overview...................................................................................................... 12
2.2.2
Types............................................................................................................ 16
2.2.2.1 Solar Photovoltaic .................................................................................... 16
2.2.2.2 Concentrating Solar Power ...................................................................... 19
2.2.3
Model elements ............................................................................................ 20
2.2.3.1 MPPT controller ...................................................................................... 20
2.2.3.2 Inverters ................................................................................................... 22
2.2.4
Cost Elements .............................................................................................. 23
2.2.4.1 Solar Photovoltaic Cost and Performance ............................................... 23
2.2.4.2 Balance-of-Systems Costs for Solar Photovoltaic ................................... 25
2.3
Wind Energy ........................................................................................................ 26
2.3.1
Overview...................................................................................................... 26
2.3.2
Types............................................................................................................ 28
2.3.2.1 Onshore wind power technologies ........................................................... 28
2.3.2.2 Offshore wind power technologies .......................................................... 32
2.3.3
Model elements ............................................................................................ 37
2.3.3.1 Wind Speed.............................................................................................. 37
2.3.4
Cost Elements .............................................................................................. 38
2.3.4.1 Cost of wind power .................................................................................. 38
2.3.4.2 Grid connection costs............................................................................... 42
2.3.4.3 Civil works and construction costs .......................................................... 42
2.3.4.4 Operation and maintenance cost .............................................................. 42
2.4
Storage ................................................................................................................. 43
v

2.4.1
Overview...................................................................................................... 43
2.4.2
Types............................................................................................................ 44
2.4.2.1 Lead-Acid Batteries ................................................................................. 45
2.4.2.2 Lithium-ion (Li-ion) Batteries ................................................................. 47
2.4.2.3 Flow Batteries .......................................................................................... 48
2.4.2.4 Flywheels ................................................................................................. 50
2.4.2.5 Pumped Hydro ......................................................................................... 51
2.4.2.6 Large-Scale Compressed Air Energy Storage (CAES) ........................... 52
2.4.3
Model elements ............................................................................................ 53
2.4.3.1 Storage Performance Metrics................................................................... 53
2.4.3.2 Energy Storage Capacity ......................................................................... 54
2.4.3.3 Charge and Discharge Rates .................................................................... 54
2.4.3.4 Lifetime.................................................................................................... 54
2.4.3.5 Roundtrip Efficiency................................................................................ 54
2.4.4
Cost Elements .............................................................................................. 55
2.4.4.1 Operating Costs ....................................................................................... 55
2.4.4.2 Initial Capital Cost ................................................................................... 56
2.5
Emission .............................................................................................................. 57
2.5.1
Summary ...................................................................................................... 57
2.5.2
Role of Electric power system in Emission ................................................. 58
2.5.3
Pollutants ..................................................................................................... 60
2.5.3.1 Nitrogen Oxides ....................................................................................... 60
2.5.3.2 Carbone Dioxide ...................................................................................... 61
2.5.3.3 Carbon Monoxide .................................................................................... 61
2.5.3.4 Smoke, PM-10 ......................................................................................... 61
2.5.3.5 Sulfur Oxides ........................................................................................... 61
2.6
Systems Engineering ........................................................................................... 62
2.6.1
System Design and Architecture.................................................................. 62
2.6.2
Decision Analysis ........................................................................................ 65
2.6.2.1 Linear Integer Mathematical Programming ............................................. 67
2.6.2.2 Multi-Objective optimization .................................................................. 68

3

High-Level Microgrid Design Model ............................................................70
3.1
Case Study Definition .......................................................................................... 70
3.2
Problem Assumptions .......................................................................................... 71
3.3
Notation ............................................................................................................... 76
3.4
Problem Formulation ........................................................................................... 78
3.4.1
Solar ............................................................................................................. 78
3.4.2
Wind power ................................................................................................. 79
3.4.3
Diesel Generator .......................................................................................... 80
3.4.4
Storage ......................................................................................................... 80
3.4.5
Generation Constraints ................................................................................ 81
3.4.5.1 Load Constraint ....................................................................................... 82
3.4.5.2 Utility Constraint ..................................................................................... 83
vi

4

Results ..............................................................................................................84
4.1
4.2
4.3

5

Conclusions and Recommendations............................................................103
5.1

6

Problem Solution ................................................................................................. 84
Operational Scenarios .......................................................................................... 89
Sensitivity Analysis ........................................................................................... 100
Future work........................................................................................................ 105

References ......................................................................................................106

vii

List of Figures
Figure 1-1 — System architecture ............................................................................2
Figure 2-1 — Growth of U.S. solar PV and CSP markets, given in units of ACequivalent generation capacity [30] ................................................15
Figure 2-2 — Map of the mean solar resource available to a PV system that is
facing south and is tilted at an angle equal to the latitude of the
system[30].......................................................................................17
Figure 2-3 — Solar cell efficiency for different technologies[36] .........................18
Figure 2-4 — Components of a silicon PV cell[30] ...............................................18
Figure 2-5 — Different CSP systems[30] ..............................................................19
Figure 2-6 — Short circuit (Isc) vs. open voltage (Voc) of the module [37] .........21
Figure 2-7 — Power versus voltage of the PV modules[37] ..................................21
Figure 2-8 — One phase leg of a two-level inverter and a two-level waveform
without PWM[38] ...........................................................................22
Figure 2-9 — PWM voltage output, reference wave in dashed blue[38] ...............23
Figure 2-10 — Cell-conversion efficiencies for various PV technologies with
different materials[40] ....................................................................24
Figure 2-11 — Decreasing PV Module Shipments (MWp)[30] ............................25
Figure 2-12 — Growth in the size of wind turbines since 1985 [43] .....................29
Figure 2-13 — Capital cost breakdown for a typical onshore wind
turbine [48] .....................................................................................39
Figure 2-14 — Wind turbine price index by delivery date[42] ..............................41
Figure 2-15 — A schematic of a flow battery [51] ................................................49
Figure 2-16 — Summary of major storage technologies by discharge rate for
different scales of application [52] .................................................55
Figure 2-17 — Initial capital cost per unit power versus capital cost per unit
energy for selected storage technologies [50] ................................57
Figure 2-18 — General electric power system[53] ................................................58

viii

Figure 2-19 — North American total net generation and electricity
consumption[53] .............................................................................59
Figure 2-20 — Rational Integrated Systems Development Process[61] ................64
Figure 2-21 — The visual model of problem solving process[62].........................66
Figure 3-1 — Studied airport[66] ...........................................................................71
Figure 3-2 — Stakeholders in different stages .......................................................73
Figure 3-3 — Load Distribution .............................................................................82
Figure 4-1 — Efficient Solutions for the Microgrid Design ..................................86
Figure 4-2 — Cost distribution by design alternative ............................................87
Figure 4-3 — Emission reduction by using renewable sources .............................88
Figure 4-4 — Energy generation by source with battery usage by design
alternative .......................................................................................88
Figure 4-5 — Operational point of the equipment for emission minimization for
morning outages..............................................................................90
Figure 4-6 — Operational point of the equipment for profit maximization for
morning outages..............................................................................91
Figure 4-7 — Operational point of the equipment for emission minimization for
Noon outages ..................................................................................92
Figure 4-8 — Operational point of the equipment for profit maximization for
Noon outages ..................................................................................93
Figure 4-9 — Operational point of the equipment for emission minimization for
night outages ...................................................................................94
Figure 4-10 — Operational point of the equipment for profit maximization for
night outages ...................................................................................94
Figure 4-11 — Operational point of the equipment for emission minimization for
morning outages without diesel generators ....................................95
Figure 4-12 — Operational point of the equipment for profit maximization for
morning outages without diesel generators ....................................96
Figure 4-13 — Operational point of the equipment for emission minimization for
midnight outages without diesel generators ...................................97
Figure 4-14 — Operational point of the equipment for profit maximization for
mid-night outages without diesel generators ..................................98
ix

Figure 4-15 — Operational point of the equipment for emission minimization for
midnight outages without diesel generators but
bigger turbines ................................................................................99
Figure 4-16 — Operational point of the equipment for profit maximization for
mid-night outages without diesel generators
and bigger turbines ........................................................................99
Figure 4-17 — Impact of change in module price, permitted electricity for selling,
module efficiency, battery price, available electricity can be
purchased ......................................................................................101
Figure 4-18 — Sensitivity analysis of emission ...................................................102
Figure 4-19 — Sensitivity analysis of Profit ........................................................102

x

List of Tables
Table 2-1 — Cost distribution of elements in solar panels[35] ..............................26
Table 2-2 — Offshore wind turbine foundation option[42] ...................................34
Table 2-3 — Impact of turbine sizes, rotor diameters and hub height on annual
production [42] ...............................................................................38
Table 2-4 — Comparison of capital cost for onshore and offshore wind turbine
[48], [47] .........................................................................................40
Table 2-5 — Different storage technologies characteristics[50] ............................45
Table 2-6 — Deep-cycle lead-acid battery properties[50] .....................................47
Table 2-7 — Lithium-ion battery properties[50] ....................................................48
Table 2-8 — Summary of flow battery properties[50] ...........................................50
Table 2-9 — Summary of high-power flywheel properties[50] .............................51
Table 2-10 — Summary of pumped hydro technology properties[50] ..................52
Table 2-11 — Summary of compressed air energy storage technology
properties[50] ..................................................................................53
Table 3-1 — Solar module specification[35] .........................................................74
Table 3-2 — Inverter specification[35] ..................................................................74
Table 3-3 — Wind turbine specification[35]..........................................................75
Table 3-4 — Battery specifications[35] .................................................................75

xi

Acknowledgment
The completion of this thesis could not have been possible without the assistance
of Dr. Fabregas and Dr. Nguyen. Their contributions are sincerely appreciated and
gratefully acknowledged.

xii

Dedication
I dedicate this thesis to my beloved parents and also for those who helped me a lot in
last two years, especially my advisor, Dr. Aldo Fabregas.

xiii

1

1 Introduction
Global tendency for using renewable sources such as solar and wind are in rise.
Decreasing reliance on fossil fuel because of environmental and geopolitical concerns and
price reduction of the renewable sources equipment make clean energy sources
attractive[1]. Governments are making efforts to prioritize support and investment in
renewable power generation. This leads to new developments in smart- grid technologies
with emerging system design and configuration challenges. According to the National
Renewable Energy Laboratory (NREL), it is estimated that renewable energy potentially
will support about 80% of the total electricity consumption in the U.S. in 2050[2]. Utilizing
sustainable sources of energy is important in remote areas where the availability of the
main grid is low and it is costly to transfer energy from utility to the area[3],[4].
Microgrids are intermediate size approach for implementing renewable energy generation.
Microgrids are entities that coordinate distributed energy sources in a consistently more
decentralized way, thereby reducing the control burden on the grid and permitting them to
provide their full benefits[3]. Microgrids can be designed based on nature of the demand
being served, (e.g., residential communities, industrial), stakeholders needs, and existing
regulations [5], [6].
Most of the renewable sources such as solar and wind energy is known for their
intermittent nature based on the different geographic coordinates around the world. The
output of such sources varies by time of day and throughout the year in different seasons.
From reliability and availability points of view it is important to compensate for these
fluctuations. Grids with renewable sources should have storage system to store exceeded
amount of generated energy to use it in the lack of energy generation by the renewable
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sources to have constant reliable microgrid[7]. There are different types of storage systems
including super-capacitors, flywheels, chemical batteries, pumped hydro, hydrogen, and
compressed air[8], [9]. Storage systems have important characteristics which in design of
any main grid with storage should be taken into account[10]. For example, flywheel energy
storage has high energy efficiency and charge/discharge rates, but the rate of energy loss
over time is relatively high. Pumped hydro and hydrogen energy storages have relatively
low energy efficiency (large scale pumped hydro has higher efficiency), but their selfdischarging rate is quite small. In addition, the capital cost per MWh of pumped hydro
storage is low. Therefore they are often used for longer-term energy storage. Chemical
batteries have relatively high energy efficiency and low energy loss over time, however
their maintenance cost is high due to their low durability, which is quantified by cycling
capacity [8], [11]. Charging and discharging efficiency in addition to the aging factor are
main specification in determining the lifespan of the battery.

Figure 1-1 — System architecture
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According to the 2015 United Nations Climate Change Conference (UNCCC)
climate change represents an urgent and potentially irreversible threat to human societies
and the planet and thus requires the widest possible collaboration by all countries, and their
participation in an effective and appropriate response, with a view to accelerating the
reduction of global greenhouse gas emissions. That being said, deep reductions in global
emissions will be required in order to achieve the ultimate objective of the Convention and
emphasizing the need for urgency in addressing climate change[1]. So in this work the
emission reduction is another target in finding the best suited solution for the model.
This work proposes a modeling approach to assist system engineering teams in
sizing microgrids elements at early design stages. The microgrid architecture consists of
generation, storage, load, coupling and control elements (see Figure 1-1). The renewable
energy sources considered in the analysis are Photovoltaic (PV) solar and wind. Diesel
generator is used as back up generation source in the initial system design. The model
takes into consideration stakeholder’s needs, preferences, and applicable regulations and
facilitates decision trade-offs on size and energy portfolio. Depending on the characteristics
of the project site, certain requirements may be imposed by land availability and external
agency regulations. For example, land limitations lead to a series of trade-offs alternatives
of space allocation for solar panel, wind turbines and energy storage systems.
Proposed model assumes a net-metered connection, in which the microgrid is
enabled to purchase and sell energy from/to the main grid. System owners’ stakeholders
include financial and sustainability functions in the containing business context. The
financial function seeks to minimize the capital implementation and operational costs
taking advantage of energy sales to the main grid. On the other hand, the sustainability
function strives to minimize the environmental impact of the operations. The final design
shall meet the operational scenarios and functional requirements of generation and uptime
for the microgrid. These requirements are incorporated in the form of constraints in the
proposed mathematical model. The model also considers power outages of the main grid.
This is implemented via scenarios.
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Microgrid costs, emissions and availability are the key performance metrics to
evaluate the initial system design. This leads to a multi-objective, scenario-based
optimization approach to the selection of the microgrid high-level design. The planning
horizon for the cost model is 15 years, the optimization model considers a one week cycle.
The proposed model is applied in the context of a small airport microgrid design.
Small airports have an extensive impact due to its number and distribution across the
country. According to the Federal Aviation Administration (FAA) - National Plan of
Integrated Airport Systems (NPIAS) total aviation system in the U.S. has 3,345 airports
which 30% of total amount is accounted for the medium and small airports[12]. They
provide the closest source of air transportation to many people in rural areas. Furthermore,
their rural locations make them prime candidates for renewable energy systems that help
reduce energy use and increase electric power reliability. Therefore, electrifying these
facilities by renewable implementation in sense that could be self-sustained would prevent
extra cost of transmission and even can help to support residential load around small
airports. The areas of concept development and requirements analysis to support the
renewable energy system design and development process had addressed in [13].
Figure 1-1 demonstrates conceptual system architecture for a small airport
electrical power system. Studied airport is located in Aydin, Turkey which is in west close
to Mediterranean Sea.
Literature review in second chapter of this report covers basic concepts of
microgrid technologies and different components which are considered in this study such
as solar, wind energy with different types, model elements and cost elements. Different
types of storage preferences as backup are also accounted in second chapter. In addition for
the diesel generator, portion of the electricity may be compensated by the purchased
electricity which is assumed to be fossil based power generation. Therefore, reducing
emissions originates from fossil fuel based electricity is studied in the second chapter as
well. System overview is studied to determine the method and mathematical programming
approach is taken in this report.
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Proposed high-level model is covered in third chapter with the case study,
assumptions and problem formulations. In chapter four results for different scenarios in
addition to sensitivity analysis are presented. Conclusions and recommendation and
references are followed in chapter five and six respectively.
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2 Literature review
Although there are optimization studies going on in the area of the renewable
sources with battery backup, few of them consider certain characteristics of each element.
Most of proposed methods are interested more on the optimization of operational point of
the system [12]-[23].
Mohamed et al. in [14] Considers micro-grid consisting wind turbines, solar panels
connected with fuel cells, micro turbines, diesel generators. Battery is defined as back up
for whole system. Solution is based on multi-objective nonlinear optimization with the first
objective of minimization of the running and maintenance cost of the project and the
second objective is to minimize the emissions of fossil fuel based equipment. Extra
generation of the power is allowed to be sold to main grid and buy electricity for unmet
demand. Chaouachi et al. in [15] investigated artificial intelligence techniques in
formulation and energy management, the main goal is minimizing the operating cost in
addition to minimizing the emission for improving the environmental effects because of
the distributed generators. The size of the systems is already determined. In proposed
context the date for wind and solar panel are forecasted using robust neural network. The
problem is solved considering joint multi-objective optimization based on linear
programming and battery scheduling. Aghaei et al. in [16] proposes multi-objective
generation expansion planning including renewable energy sources, the objectives are
minimization of total cost, emission, energy consumption and investment risk and
maximizing system reliability using mixed integer linear programming. Stochastic multiobjective framework is proposed by Niknam et al. in [17]–[19]. The objectives includes
total power loss, voltage deviation and total cost, reactive power control with emission
control. The solution consists of two stages, which firstly, roulette wheel mechanism is
used based on probability distribution function of wind/load forecast variations to convert
stochastic multi-objective problem into its equivalent deterministic scenarios. In the second
stage, each deterministic scenario is solved with heuristic optimization methods. Some
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uncertainties has been considered by Niknam et al. such as wind power and solar irradiance
data, hourly load demand and market prices [17], [19]. Zhao et al. presents standalone
microgrid in islands using renewable energy, since transferring energy from shore to the
islands are hard and costly[20]. Because of fluctuating nature of the renewable energy
which includes PV and wind, it also must be supported by the storage systems. In proposed
method lead-acid batteries and diesel generator aimed to support the system in the case of
lack of renewable energy. Objective function is to minimize the operational cost of the
predetermined system which is not connected to the main grid in addition to maximizing
the useful life of the battery. Genetic algorithm is used for solving the problem. Malysz et
al. in [21] proposes strategies for optimal control for power flow in grid connected
microgrids with energy storage. The proposed adaptive energy management communicates
with all elements in the microgrid to make a decision considering least cost, and stability
without need of load curtailment. The cost objective also includes battery operational cost.
Optimal capacity and operation of micro grid are determined by Yang et al in [11] which
contains renewable elements such as wind, solar energy and as back up, storage and diesel
generator. Due to intermittency nature of renewable, different types of the energy storage
with different characteristics including efficiency, self-discharge and investment and
maintenance costs are also considered. Buying electricity in the case of total energy
generation shortage is considered in constraint. The objective is to minimize the investment
and operation cost of the system. Also the size of the equipment is designed due to
minimization of the cost. Lakshminarayana et al. in [22] proposes the cost analysis of the
system consisting micro-grids with renewable elements and storage for smoothing out the
fluctuations originates from renewable elements according to their intermittent nature. Two
techniques are discussed for compensating fluctuation, first is compensating it by using
battery and the second technique is using other microgrid extra electricity for the
compensating the lack of it. The objective is to minimize the cost in the average time by
on-line algorithm using Lyapunov optimization. Kanchev et al. in [23] focuses on
designing the energy control center which is going to determine the operational planning of
the micro grid in two stages, first stage is a day-ahead operational planning for the
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minimization of CO2 emissions and fuel consumption. This will give the power reference
to micro grid which aim to increase the usage of the PV and minimize the CO2 emission.
Second stage is by using dynamic programming try to reduce the uncertainties PV and load
demand. An adjustment algorithm corrects, each 30 min, references coming from the dayahead operational planning, if changes in forecasted values occur. The elements are
included in this study are micro gas turbines, PV and storage system. Shadmand et al. in
[24] proposes the multi-objective optimization for integrated renewable sources being
discussed. Data is taken in every 10 second, genetic algorithm is suggested as solution
algorithm. Renewable elements contains DG, PV and wind energy which is backing up by
the battery due to the fluctuation in renewable sources. First objective is to minimize the
cost which includes initial and operation and maintenance cost and second objective is the
availability of the energy to be maximized. The constraints are taking into account the
physical limitations such as available area.
In different aforementioned studies different aspects of the microgrid are taken into
account to make different decision. In most studies try to determine the best performance
point in already sized microgrid while they consider many uncertainties. These
uncertainties includes intermittent wind speed, solar irradiance and variable load demands.
The areas of concept development and requirements analysis to support the
renewable energy system design and development process had addressed in [13]. Design
and development of renewable energy systems for small airports involve the determination
of detailed technical requirements that provide a basis for the evaluation of different
renewable alternatives. Identification of an appropriate type of renewable energy source is
based primarily on how that option would perform against the defined technical
requirements and the return on capital investment. In order to implement more reliable
system that can support loads all the time including emergency situations such as outages,
using storage devices is mandatory.
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2.1 Microgrids
The distribution system provides major opportunities for smart grid concepts. One
way to approach distribution system problems is to rethinking our distribution system to
include the integration of high levels of distributed energy resources, using microgrid
concepts. Basic objectives are improved reliability, promote high penetration of renewable
sources, dynamic islanding, and improved generation efficiencies through the use of waste
heat. Managing significant levels of distributed energy resources (DERs) with a wide and
dynamic set of resources and control points can become overwhelming. The best way to
manage such a system is to break the distribution system down into small clusters or
microgrids, with distributed optimizing controls coordinating microgrids. The Consortium
for Electric Reliability Technology Solutions (CERTSs) concept views grouped generation
and associated loads as a grid resource or a microgrid. The clustered sources and loads can
operate in parallel to the grid or as an island. This grid resource can disconnect from the
utility during events (i.e., outage, faults, voltage collapses), but may also intentionally
disconnect when the quality of power from the grid falls below certain standards[25].
Economic, technology and environmental incentives are changing the face of
electricity generation and transmission. Centralized generating facilities are giving way to
smaller, more distributed energy resources partially due to the loss of traditional economies
of scale. Distributed Energy Resources (DER) encompasses a wide range of prime mover
technologies, such as internal combustion (IC) engines, gas turbines, microturbines,
photovoltaic systems, fuel cells, wind-power and ac storage. Most emerging technologies
such as microturbines, photovoltaic systems, fuel cells and ac storage have an inverter to
interface with the electrical distribution system. These emerging technologies have lower
emissions and the potential to have lower cost negating traditional economies of scale. The
applications include power support at substations, deferral of T&D upgrades, high fuel
efficiency through capturing waste heat, use of renewable energy, higher power quality and
smarter distribution systems.

10
Today’s high voltage transmission network is reliable and controllable but suffers
from cascading failures. Its efficiency and use of resources are also poor. Central plants are
at best 35% efficient because of line losses and smoke stack waste heat. Approximately
20% of the generation capacity exists to meet peak demand 5% of the time[25]. These
issues become compounded with high penetration of renewable sources due to their
intermittent behavior.
Revolutionary changes are not expected in the transmission network but
improvement through continued evolution can greatly reduce events like the 2003 blackout
[26]. The distribution system provides major opportunities for smart grid concepts. Public
policies involving global climate change initiatives, reductions in CO2 and other polluting
emissions, and incentives for renewable energy will increase issues related to the
distribution system. The retail customers also have increasingly sophisticated energy
service requirements that require much higher power quality than in the past. The
distribution system needs to be redesigned assuming high levels of distributed energy
resources, creating a smarter and more flexible system. Basic objectives of a DER-based
distribution system are improved reliability, high penetration of renewable sources,
dynamic islanding, distributed control and increase generation efficiencies through the use
of waste heat.
For distribution systems to utilize the emerging diversity of DER technology at
significant levels of penetration the basic distribution pyridine needs to be rethought.
Managing such a wide and dynamic set of resources and control points can become
overwhelming. The best way to manage such a system is to break the distribution system
down into small clusters or microgrids, with distributed optimizing controls coordinating
multi-microgrids.
Microgrids are integrated energy systems consisting of interconnected loads and
distributed energy resources which as a system can operate in parallel with the grid or in an
intentional island mode. Dynamic islanding is a key feature of a microgrid. Numerous
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benefits accrue from this ability to island for events like faults and voltage sags. Smart
islanding can greatly enhances the value proposition for the utility and the customer [27].
Using DER in the distribution system reduces the physical and electrical distance between
generations and loads. Bring sources closer to loads contributes to enhancement of the
voltage profile, reduction of distribution and transmission bottlenecks, lower losses,
enhances the use of waste heat, and postpones investments in new transmission and large
scale generation systems [25].

2.1.1 Power Quality and Reliability
Many industrial, commercial and residential customers now require a high level of
power quality due to the increase of digital systems and sophisticated controls. These
customers are especially sensitive to momentary voltages sags caused by remote faults.
Power quality, availability and reliability are important issues to all customers. There have
been proposals to create a more reliable power system using two-way command and
control systems with smart meters to meet customers’ demands. This approach is complex
and costly and is not necessary if microgrid is well integrated with the distribution system.
Microgrid has the potential to increase system reliability and power quality due to the
decentralization of supply. Clusters of microgrid units and loads can be designed to island
during a system disturbance providing the necessary levels of power quality, availably and
reliability required by the customer. It has been found that, in terms of energy source
security, that multiple small generators are more efficient than relying on a single large one
for lowering electric bills [28]. Small generators are better at automatic load following and
help avoid large standby charges seen by sites using a single generator. Having multiple
microgrid units in a microgrid makes the chance of all-out failure much less likely,
particularly if extra generation is available.
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2.1.2 Renewable microgrid
Currently the relatively low penetration levels of renewable systems cause few
problems. As penetration becomes greater the availability of sun becomes a greater
problem requiring central generation to provide the power backup. Such systems are
intermittent and can cause similar stability problems found with intermittent loads such as
rolling mills and arc furnaces. Central generation or microgrid units are required to smooth
out power fluctuations from these renewable sources. In any case there is a need for
reserves when there is no sun. An obvious solution includes microgrid units on the
distribution system. Without storage and/or local generation there is a technical limit to the
amount of PV generation on the distribution system. Systems with high levels of PV
penetration and wind turbines need to be supplemented with local dispatchable resources
such as storage and local generation to fill-in for temporary loss of solar energy or wind.
Different elements of the microgrid in this study includes solar photovoltaic, wind
turbines and chemical storage system with diesel generator backup which will comes as
follows in this chapter.

2.2 Solar Energy
2.2.1 Overview
Solar energy is the cleanest and most abundant renewable energy source available,
and the U.S. has some of the richest solar resources in the world. Modern technology can
harness this energy for a variety of uses, including generating electricity, providing light or
a comfortable interior environment, and heating water for domestic, commercial, or
industrial use.
The U.S. solar market faces both challenges and opportunities; the industry is
working to scale up the production of solar technology, and drive down manufacturing and
installation costs.
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There are several ways to harness solar energy: photovoltaics (also called solar
electric), solar heating & cooling, concentrating solar power (typically built at utilityscale), and passive solar.
The first three are active solar systems, which use mechanical or electrical devices
that convert the sun's heat or light to another form of usable energy. Passive solar buildings
are designed and oriented to collect, store, and distribute the heat energy from sunlight to
maintain the comfort of the occupants without the use of moving parts or electronics.
Solar energy is a flexible energy technology: solar power plants can be built as distributed
generation (located at or near the point of use) or as a central-station, utility-scale solar
power plant (similar to traditional power plants). Some utility-scale solar plants can store
the energy they produce for use after the sun sets[29].
The U.S. population uses about 4,000 TWh of electrical energy each year, which is
approximately the same amount of energy that the U.S. land surface receives from the sun
in a few hours of daylight. Solar energy technologies have access to a larger energy
resource than any other renewable energy technology, and the solar resource is more
evenly spread over the U.S. land surface than other renewable energy sources.
The fraction of U.S. electricity generated by solar technologies currently is small,
but it is growing rapidly. In 2011, the United States added just under 1,500 MW of gridtied AC-equivalent PV capacity, bringing the cumulative total to more than 3,400 MW
[30]. Concentrating solar power (CSP) capacity grew by about 100 MW from 2009–2011,
bringing the cumulative total to approximately 520 MW [31],[30]. This corresponds to
approximately 0.2% of U.S. electricity demand being met by PV and 0.015% by CSP[32].
The U.S. PV market is responsible for a small fraction of the total global PV market, which
reached approximately 48 GW of grid-connected AC-equivalent capacity by the end of
2011[33]. The U.S. CSP market made up approximately one third of the cumulative
installed global CSP capacity by 2011, with the majority of remaining CSP capacity
located in Spain [31]. While the science behind both PV and CSP technologies builds on
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discoveries ranging back several centuries, active development of bulk electricity
generating technologies began in the 1970s and 1980s. The operating mechanism that
enables PV cells to generate electricity—the PV effect—was first discovered in the mid1800s. However, the first silicon-based PV cell using this mechanism was not developed
until the mid-1900s, and manufacturing techniques for bulk electricity generating PV
modules were not developed until the late 1970s and 1980s. Thin-film PV technologies,
many of which are non-silicon based, were first demonstrated in the 1970s, and
commercial-scale production of bulk electricity generating modules began over the last two
decades. Concentrating solar power technology was demonstrated in the late 1800s for
agricultural applications, but was not developed for bulk electricity generation until the
1980s.
Figure 2-1 shows the historical growth of U.S. PV and CSP capacity, beginning in
1980. Solar deployment was initially dominated by strong CSP growth in the 1980s and
1990s. However, CSP experienced no growth from the early 1990s until the mid-2000s.
PV has experienced exponential market growth, although starting from a small initial base.
Both PV and CSP markets are expected to grow significantly over the next decade. At the
end of 2011, more than 1,000 MW of CSP capacity was under construction in the United
States [30] and more than 5,000 MW of additional CSP capacity was under various stages
of development.
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Figure 2-1 — Growth of U.S. solar PV and CSP markets, given in units of AC-equivalent
generation capacity [30]

Figure 2-2 shows the mean U.S. solar resource available to a standard fixed-tilt PV
system that is facing south and tilted at an angle equal to each location’s latitude. The PV
solar resource includes both direct and diffuse solar radiation. maps illustrate the solar
resource in units of the mean radiant energy reaching one square meter of land during one
day (e.g., kWh/m2/day), and are calculated using hourly solar insolation data and models
[34]. Hourly electricity generation profiles are simulated for both PV and CSP based on the
combination of solar resource, local temperature and wind speed using models like the
System Advisor Model [35].
The solar resource available to PV is greatest in the southwestern United States,
but the solar resource is generally high—at or above 4 kWh/m2/day—in all U.S. states
except for Alaska and coastal regions in the Pacific Northwest.
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2.2.2 Types
2.2.2.1 Solar Photovoltaic
Photovoltaic technologies convert sunlight directly into electricity by enabling
solar photons to “excite” electrons from their ground state, producing a freed (photoexcited) electron and a “hole” pair. The electron and hole are then separated by an electric
field that is formed by the design of the PV cell and pulled toward positive and negative
electrodes, generating DC electricity.
Several PV technologies have been commercially deployed at the gigawatt scale,
including those based on crystalline silicon cells, and thin-film cells, including amorphous
silicon (a-Si) and cadmium telluride (CdTe). A number of emerging PV technologies have
been commercially demonstrated, including copper indium gallium diselenide (CIGS) thinfilms, concentrating PV (using a range of PV cell technologies), and organic PV cells.
Several promising next-generation PV device concepts are being developed, but they have
not yet reached sufficient maturity to be introduced to the market. Examples include dyesensitized PV cells and several PV nanostructures like quantum dots. These, and other,
next-generation PV technologies have the potential to lower module costs by using less
expensive materials and simpler manufacturing processes, but there have been challenges
in reaching high-efficiency and long-term durability for the materials explored to date.
Different module efficiency based on material used in the solar cell is shown in Figure 2-3.
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Figure 2-2 — Map of the mean solar resource available to a PV system that is facing south and
is tilted at an angle equal to the latitude of the system[30]

Figure 2-4 illustrates the basic components of a typical crystalline silicon PV cell.
Several PV cells are wired together and encapsulated to form PV modules. PV projects
typically include tens to thousands of PV modules connected electrically into an array.
Photovoltaic arrays generate DC electricity, which can be converted to AC electricity using
an inverter. PV project costs are frequently categorized into module costs and balance of
systems (BOS) costs which typically include inverters, mounting or tracking structures,
wiring, site-specific installation, and indirect costs (e.g., engineering, procurement and
construction costs, land costs, and project management costs).
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Figure 2-3 — Solar cell efficiency for different technologies[36]

Figure 2-4 — Components of a silicon PV cell[30]
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2.2.2.2 Concentrating Solar Power
CSP technologies use mirrors or lenses to focus sunlight onto a receiver. The
receiver contains a working fluid, which transfers the thermal energy to a heat engine that
drives an electrical generator. Figure 2-5 illustrates the basic solar-field components for the
main CSP technologies. Parabolic trough concentrators use a 1-axis tracking linear receiver
to collect concentrated sunlight. Solar power towers use an array of 2-axis tracking flat
mirrors (heliostats) to focus sunlight onto a fixed central receiver. Linear Fresnel systems
use a fixed linear receiver and an array of 1-axis tracking heliostats. Dish concentrators use
a 2-axis tracking dish to focus solar energy onto a receiver, which is typically a Stirling
engine (a closed-cycle heat engine).

Figure 2-5 — Different CSP systems[30]
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2.2.3 Model elements
2.2.3.1 MPPT controller
Using a solar panel or an array of panels without a controller that can perform
Maximum Power Point Tracking (MPPT) will often result in wasted power, which
ultimately results in the need to install more panels for the same power requirement. For
smaller/cheaper devices that have the battery connected directly to the panel, this will also
result in premature battery failure or capacity loss, due to the lack of a proper end-ofcharge procedure and higher voltage. In the short term, not using an MPPT controller will
result in a higher installation cost and, in time, the costs will escalate due to eventual
equipment failure. Even with a proper charge controller, the prospect of having to pay 3050% more up front for additional solar panels makes the MPPT controller very
attractive[37].
The main problem solved by the MPPT algorithms is to automatically find the
panel operating voltage that allows maximum power output. In a larger system, connecting
a single MPPT controller to multiple panels will yield good results, but, in the case of
partial shading, the combined power output graph will have multiple peaks and valleys
(local maxima). This will confuse most MPPT algorithms and make them track incorrectly.
Some techniques to solve problems related to partial shading have been proposed, but they
either need to use additional equipment (like extra monitoring cells, extra switches and
current sensors for sweeping panel current), or complicated models based on the panel
characteristics (panel array dependent). These techniques only make sense in large solar
panel installations, and are not within the scope of this application note[37].
Open circuit voltage versus short circuit of module is shown in Figure 2-6. MPPT
is used to get the pick amount of power (see Figure 2-7) for the conversion purpose.
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Figure 2-6 — Short circuit (Isc) vs. open voltage (Voc) of the module [37]

Figure 2-7 — Power versus voltage of the PV modules[37]
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2.2.3.2 Inverters
One of the important part of the solar system is to convert the DC output of the PV
solar panel to the AC in the case of injecting to the main grid. Conventional two-level
inverters, seen in Figure 2-8, are mostly used today to generate an AC voltage from a DC
voltage. The two-level inverter can only create two different output voltages for the load,
�

or −

�

(when the inverter is fed with

). To build up an AC output voltage these

two voltages are usually switched with PWM, see Figure 2-9 [38].

Figure 2-8 — One phase leg of a two-level inverter and a two-level waveform without
PWM[38]
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Figure 2-9 — PWM voltage output, reference wave in dashed blue[38]

To have more smooth AC output from inverter the amount of switches are used will be
increased but also the increasing losses due to the higher switching frequency should be
taken into account.
Having more advanced inverters will result in following benefits[39]:




Improvement in system reliability and power quality
Increase in distribution system visibility through sensor data
Potential deferral of utility grid capital investments.

2.2.4 Cost Elements
2.2.4.1 Solar Photovoltaic Cost and Performance
PV price and performance have improved consistently over the past several
decades through R&D-driven technology innovation, improved manufacturing techniques,
and learning-based improvements as global PV markets have grown and matured. Figure
2-10 illustrates the improvement in laboratory-cell conversion efficiency for several PV
technologies over the past four decades. Although there are a number of challenges in
adapting laboratory techniques to commercial-scale manufacturing processes, commercial
module efficiencies typically track laboratory improvements with a time lag.
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Figure 2-10 — Cell-conversion efficiencies for various PV technologies with different
materials[40]

Since the early 1980s, factory-gate PV module prices have decreased by more than 90%,
reaching approximately $2/W by 2010 (see Figure 2-11), and about $1.25/W by the end of
2011[30]. The average selling price of modules has declined by approximately 20% for
every doubling of cumulative installed capacity [30]. PV prices deviated from this
historical trend from 2004–2008, based on a temporary imbalance between global supply
and demand [41]. As global supply caught up with demand, PV prices nearly converged
with the historical trend in 2010, and exceeded the historical trend by the end of 2011 [30].
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Figure 2-11 — Decreasing PV Module Shipments (MWp)[30]

2.2.4.2 Balance-of-Systems Costs for Solar Photovoltaic
Balance-of-systems (BOS) costs include the cost of inverters, transformers,
support structures (including trackers), mounting hardware, electrical protection devices,
wiring, monitoring equipment, shipping, land, installation labor, permitting, and fees. BOS
costs are frequently higher than module costs, adding approximately $1/W to $4/W
depending on system size, location, and project margins.
BOS cost reductions will come from reducing both “hard costs” (inverters, support
structures, trackers, mounting hardware, wiring, monitoring equipment, and land) and “soft
costs” (system design, engineering, permitting, interconnection, inspection, financing,
installation, and operation and maintenance). BOS costs are proportionally higher for
smaller PV systems, such as residential rooftop projects, than for large systems, such as
utility-scale PV projects. This is because small rooftop PV systems frequently require more
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time, per unit of PV capacity, to design, permit, and install than larger systems. In addition,
large system installers frequently negotiate module prices directly with manufacturers,
which reduces or eliminates the costs added by distributors and/or retailers. The
combination of higher installation and hardware costs can make residential rooftop projects
twice as expensive as utility-scale projects, per unit of installed capacity. However,
increased competition as PV markets grow and mature will likely decrease the relative
difference between large and small system costs (see Table 2-1).
Table 2-1 — Cost distribution of elements in solar panels[35]

Cost
Inverter
Module Cost
Balance of System
installation Labor
Installer margin and overhead

$/Wdc
0.21
0.71
0.57
0.15
0.75

2.3 Wind Energy
2.3.1 Overview
Wind power technologies convert the kinetic energy of the wind into useful
mechanical power. The kinetic energy of the air flow provides the force that turns the wind
turbine blades that, via a drive shaft, provide the mechanical energy to power the generator
in the wind turbine.
Wind and hydro power have been used by man since ancient times and they are the
oldest large-scale source of power that has been used by mankind. However, the invention
of the steam engine and its wide spread deployment in the nineteenth century allowed the
industrial revolution to occur by providing cheap, on demand mechanical and then
electrical energy, with the possibility of taking advantage of the waste heat produced as
well. Their low cost and the fact they did not depend on intermittent winds or need to be
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located next to a convenient water source allowed the great rise in productivity and
incomes that stemmed from the Industrial Revolution. Their success saw the importance of
wind energy decline dramatically, particularly in the twentieth century.
The modern era of wind power began in 1979 with the mass production of wind
turbines by Danish manufacturers Kuriant, Vestas, Nordtank and Bonus. These early wind
turbines typically had small capacities (10 kW to 30 kW) by today’s standards, but
pioneered the development of the modern wind power industry that we see today.
The current average size of grid-connected wind turbines is around 1.16 MW [42],
while most new projects use wind turbines between 2 MW and 3 MW. Even larger models
are available, for instance REPower’s 5 MW wind turbine has been on the market for seven
years. When wind turbines are grouped together, they are referred to as “wind farms”.
Wind farms comprise the turbines themselves, plus roads for site access, buildings (if any)
and the grid connection point.
Wind power technologies come in a variety of sizes and styles and can generally
be categorized by whether they are horizontal axis or vertical axis wind turbines (HAWT
and VAWT), and by whether they are located onshore or offshore. The power generation
of wind turbines is determined by the capacity of the turbine (in kW or MW), the wind
speed, height of the turbine and the diameter of the rotors.
Most modern large-scale wind turbines have three blades rotating around the
horizontal axis (the axis of the drive shaft). These wind turbines account for almost all
utility scale wind turbines installed. Vertical-axis wind turbines exist, but they are
theoretically less aerodynamically efficient than horizontal-axis turbines and don’t have a
significant market share. In addition to large-scale designs, there has been renewed interest
in small-scale wind turbines, with some innovative design options developed in recent
years for small-scale vertical-axis turbines.
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Horizontal-axis wind turbines can be classified by their technical characteristics,
including:


Rotor placement (upwind or downwind);



The number of blades;



The output regulation system for the generator;



The hub connection to the rotor (rigid or hinged; the so-called “teetering hub”);



Gearbox design (multi-stage gearbox with high speed generator; single stage
gearbox with medium speed generator or direct drive with synchronous generator);



The rotational speed of the rotor to maintain a constant frequency (fixed or
controlled by power electronics); and



Wind turbine capacity.
The turbine size and the type of wind power system are usually related. Today’s

utility-scale wind turbine generally has three blades, sweeps a diameter of about 80 to 100
meters, has a capacity from 0.5 MW to 3 MW and is part of a wind farm of between 15 and
as many as 150 turbines that are connected to the grid.
Small wind turbines are generally considered to be those with generation capacities
of less than 100 kW. These smaller turbines can be used to power remote or off-grid
applications such as homes, farms, refuges or beacons. Intermediate-sized wind power
systems (100 kW to 250 kW) can power a village or a cluster of small enterprises and can
be grid-connected or off-grid. These turbines can be coupled with diesel generators,
batteries and other distributed energy sources for remote use where there is no access to the
grid. Small-scale wind systems remain a niche application, but it is a market segment that
is growing quickly.

2.3.2 Types
2.3.2.1 Onshore wind power technologies
Many different design concepts of the horizontal-axis wind turbine are in use. The
most common is a three bladed, stall- or pitch-regulated, horizontal axis machine operating
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at near-fixed rotational speed. However, other concepts for generation are available,
notably gearless “direct drive” turbines with variable speed generator designs have a
significant market share. Wind turbines will typically start generating electricity at a wind
speed of 3 to 5 meters per second (m/s), reach maximum power at 15 m/s and generally
cut-out at a wind speed of around 25 m/s.

Figure 2-12 — Growth in the size of wind turbines since 1985 [43]

There are two main methods of controlling the power output from the rotor blades.
The first, and most common method, is “pitch control”, where the angle of the rotor blades
is actively adjusted by the control system. This system has built-in braking, as the blades
become stationary when they are fully ‘feathered’. The other method is known as “stall
control” and, in this case, it is the inherent aerodynamic properties of the blade which
determine power output. The twist and thickness of the rotor blade varies along the length
of the blade and is designed in such a way that turbulence occurs behind the blade
whenever the wind speed becomes too high. This turbulence means that blade becomes
less efficient and as a result minimizes the power output at higher speeds. Stall control
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machines also have brakes at the blade base to bring the rotor to a standstill, if the turbine
needs to be stopped for any reason.
In addition to how the output is controlled, the wind turbine generator can be
“fixed speed” or “variable speed”. The advantages of variable-speed turbines using directdrive systems are that the rotors will operate more efficiently, loads on the drive train can
be reduced and pitch adjustments minimized. At rated power, the turbine essentially
becomes a constant speed turbine. However, these advantages have to be balanced by the
additional cost of the necessary power electronics to enable variable speed operation.
A typical modern wind turbine composed of major parts, which are the:
Blades: Modern turbines typically use three blades, although other configurations are
possible. Turbine blades are typically manufactured from fibreglassreinforced polyester or
epoxy resin. However, new materials, such as carbon fiber, are being introduced to provide
the high strength-to-weight ratio needed for the ever larger wind turbine blades being
developed. It is also possible to manufacture the blades from laminated wood, although this
will restrict the size[42].
Nacelle: This is the main structure of the turbine and the main turbine components are
housed in this fiberglass structure[42].
Rotor Hub: The turbine rotor and hub assembly spins at a rate of 10 to 25 revolutions per
minute (rpm) depending on turbine size and design (constant or variable speed). The hub is
usually attached to a low speed shaft connected to the turbine gearbox. Modern turbines
feature a pitch system to best adjust the angle of the blades, achieved by the rotation of a
bearing at the base of each blade. This allows rotor rpm to be controlled and spend more
time in the optimal design range. It also allows the blades to be feathered in high wind
conditions to avoid damage[42].
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Gearbox: This is housed in the nacelle although “direct drive” designs which do not
require one are available. The gearbox converts the low-speed, high-torque rotation of the
rotor to high-speed rotation (approximately 1500 rpm) with low-torque for input to the
generator[42].
Generator: The generator is housed in the nacelle and converts the mechanical energy
from the rotor to electrical energy. Typically, generators operate at 690 volt (V) and
provide three-phase alternating current (AC). Doubly-fed induction generators are
standard, although permanent magnet and asynchronous generators are also used for directdrive designs[42].
Controller: The turbine’s electronic controller monitors and controls the turbine and
collects operational data. A yaw mechanism ensures that the turbine constantly faces the
wind, Effective implementation of control systems can have a significant impact on energy
output and loading on a turbine and they are, therefore, becoming increasingly advanced.
The controllers monitor, control or record a vast number of parameters from rotational
speeds and temperatures of hydraulics, through blade pitch and nacelle yaw angles to wind
speed. The wind farm operator is therefore able to have full information and control of the
turbines from a remote location[42].
Tower: These are most commonly tapered, tubular steel towers. However, concrete
towers, concrete bases with steel upper sections and lattice towers are also used. Tower
heights tend to be very site-specific and depend on rotor diameter and the wind speed
conditions of the site. Ladders, and frequently elevators in today’s larger turbines, inside
the towers allow access for service personnel to the nacelle. As tower height increases,
diameter at the base also increases[42].
Transformer: The transformer is often housed inside the tower of the turbine. The
medium-voltage output from the generator is stepped up by the transformer to between 10
kV to 35 kV; depending on the requirements of the local grid[42].
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2.3.2.2 Offshore wind power technologies
Offshore wind farms are at the beginning of their commercial deployment stage. They
have higher capital costs than onshore wind farms, but this is offset to some extent by
higher capacity factors. Ultimately, offshore wind farms will allow a much greater
deployment of wind in the longer-term. The reasons for the higher capacity factors and
greater potential deployment are that offshore turbines can be:


Taller and have longer blades, which results in a larger swept area and therefore
higher electricity output.



Sited in locations that have higher average wind speeds and have low turbulence.



Very large wind farms are possible.



Less constrained by many of the siting issues on land. However, other constraints
exist, may be just as problematic and need to be adequately considered (e.g.
shipping lanes, visual impact, adequate onshore infrastructure, etc.).

A key long-term constraint on wind in many countries is that gaining approval for
wind farms with high average wind speeds close to demand will become more difficult
over time. With the right regulatory environment, offshore wind farms could help offset
this challenge by allowing large wind turbines to be placed in high average wind speed
areas. Thus, although offshore wind remains nearly twice as expensive to install as onshore
wind, its longer term prospects are good. As an example, it is expected that offshore wind
installations could have electricity outputs 50% larger than equivalent onshore wind farms
because of the higher, sustained wind speeds which exist at sea [44].
Offshore wind turbines for installation in marine environments were initially based on
existing land-based machines, but dedicated offshore designs are emerging. The developers
and manufacturers of turbines have now accumulated more than ten years’ experience in
offshore wind power development. Turbines and parts used for offshore turbines have
constantly improved, and knowledge about the special operating conditions at sea has
steadily expanded. However, reducing the development cost of offshore wind power is a
major challenge.
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Offshore turbines are designed to resist the more challenging wind regime offshore,
and require additional corrosion protection and other measures to resist the harsh marine
environment. The increased capital costs are the result of higher installation costs for the
foundations, towers and turbines, as well as the additional requirements to protect the
installation from the offshore environment.
The most obvious difference between onshore and offshore wind farms is the
foundations required for offshore wind turbines. These are more complex structures,
involving greater technical challenges, and must be designed to survive the harsh marine
environment and the impact of large waves. All these factors and especially the additional
costs of installation mean they cost significantly more than land-based systems.
Offshore wind farm systems today use three types of foundation: single-pile structures,
gravity structures or multi-pile structures. The choice of which foundation type to use
depends on the local sea-bed conditions, water depth and estimated costs. In addition to
these techniques, floating support structures are also being investigated, but these are only
at the R&D and pilot project phase.
At present, most of the offshore wind turbines installed around the world have used a
mono-pile structure and are in shallow water, usually not exceeding 30 m [45]. The most
widely used type of mono-pile structure involves inserting steel tubes with a diameter of 35 into the seabed to a depth of 15-30 using drilling bores. The merit of this foundation is
that a seabed base is not required and its manufacturing is relatively simple, but the
installation can be relatively difficult and the load from waves and currents in deeper water
means flexing and fatigue are an issue to be considered. The key challenge in the longerterm will be to develop lower cost foundations, particularly for deep-water offshore where
floating platforms will be required.
The future of offshore wind is likely to be based on the development of larger scale
projects, located in deeper waters in order to increase capacity factor and to have sufficient
space for the large wind turbines to operate effectively. However, the distance to shore,
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increased cable size, deep water foundations and installation challenges will increase the
cost of the wind farm. There is an economic trade-off that can be very site-specific.
The current average capacity of wind turbines installed at offshore wind farms is 3.4
MW [46], up from 2.9 MW in 2010. Recently installed wind farms have typically used a
3.6 MW turbine, but 5 MW or larger turbines are available or under development. The
trend towards larger wind turbines is therefore likely to continue in the near future; and 5
MW turbines and larger are likely to dominate offshore installations in the future.

Table 2-2 — Offshore wind turbine foundation option[42]

Foundation Type
Mono-piles

Application
Most conditions, preferably
shallow and not deep soft
material. Up to 4 m
diameter. Diameters of 5-6
m are the next step

Advantages
Simple, light and
versatile. Of
length up to 35
m.

Multiplepiles(tripod)

Most conditions, preferably
not deep soft material. Suits
water depth above 30 m.

Very rigid and
versatile.

Concrete gravity
base
Steel gravity base

Virtually all soil conditions.

Float-out
installation
Lighter than
concrete. Easier
transportation
and installation.
Lower expense
since the same
crane can used as
for erection of
turbine

Virtually all soil conditions.
Deeper water than concrete

Disadvantages
Expensive
installation due to
large size. May
require predrilling a socket.
Difficult to
remove.
Very expensive
construction and
installation.
Difficult to
remve.
Expensive due to
large weight
Costly in areas
with significant
erosion. Requires
a cathodic
protection system.
Costly compared
with concrete in
shallow waters.
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Mono-suction
caisson

Sands, soft clays

Inexpensive
installation. Easy
removal

Multiple-suction
caisson(tripod)

Sands and soft clays.
Deeper water.

Inexpensive
installation. Easy
removal

Floating

Deep waters

Inexpensive
foundation
construction.
Less sensitive to
water depth than
other types.

Installation
proven in limited
range of
materials.
Installation
proven in limited
range of
materials. More
expensive
construction
High mooring and
platform costs.
Excludes fishing
and navigation
from areas of
farm.

Although there is no official definition of what constitutes a small wind turbine, it
is generally defined as a turbine with a capacity of 100 kW or less. Compared with utilityscale wind systems, small wind turbines generally have higher capital costs and achieve
lower capacity factors, but they can meet important unmet electricity demands and can
offer local economic and social benefits, particularly when used for off-grid electrification.
Small wind turbines share of the total global wind power market was estimated at around
0.14% in 2010 and is expected to increase to 0.48% by the year 2020 [42].
Small wind turbines can meet the electricity needs of individual homes, farms,
small businesses and villages or small communities and can be as small as 0.2 kW. They
can play a very important role in rural electrification schemes in off-grid and mini-grid
applications. They can be a competitive solution for off-grid electrification and can
complement solar photovoltaic systems in off-grid systems or mini-grids.
Although small wind turbines are a proven technology, further advances in small
wind turbine technology and manufacturing are required in order to improve performance
and reduce costs. More efficient installation and maintenance techniques will also help

36
improve the economics and attractiveness of small wind turbines. Small wind turbine
technologies have steadily improved since the 1970s, but further work is needed to
improve operating reliability and reduce noise concerns to acceptable levels. Advanced
airfoils, super-magnet generators, smart power electronics, very tall towers and low-noise
features will not only help improve performance, but reduce the cost of electricity
generated from small wind turbines.
The deployment of small wind turbines is expanding rapidly as the technology
finally appears to be coming of age. The development of small wind turbine technology
has mirrored that of large turbines, with a variety of sizes and styles having been
developed, although horizontal axis wind turbines dominate (95% to 98% of the market).
Almost all current small wind turbines use permanent magnet generators, direct
drive, passive yaw control and two to three blades. Some turbines use 4-5 blades to reduce
the rotational speed and increase the torque available. Siting is a critical issue for small
wind turbines, as collecting accurate wind measurements is not economic due the cost and
time required relative to the investment. Siting must therefore be based on experience and
expert judgment, leaving significant room for error. As a result, many systems perform
poorly and can even suffer accelerated wear and tear from bad siting.
The height of the tower is another key factor for small wind turbines. Low towers
will have low capacity factors and often expose the turbines to excessive turbulence. Tall
towers help avoid these issues, but increase the cost significantly compared to the turbine
cost. An important consideration for small wind turbines is their robustness and
maintenance requirements. Reliability needs to be high, as high operations and
maintenance costs can make small wind turbines uneconomic, while in rural electrification
schemes qualified maintenance personnel may not be available.
A key challenge for small wind turbines is that they are generally located close to
settlements where wind speeds are often low and turbulent as a result of surrounding trees,
buildings and other infrastructure. Designing reliable small wind turbines to perform in
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these conditions where noise levels must be very low is a challenge. As a result, there is
increased interest in vertical-axis technologies given that:


They are less affected by turbulent air than standard horizontal-axis wind turbines.



Have lower installation costs for the same height as horizontal-axis wind turbines.



They require lower wind speeds to generate, which increases their capacity to
serve areas with lower than average wind speeds.



They rotate at one-third to one quarter the speed of horizontal-axis turbines,
reducing noise and vibration levels, but at the expense of lower efficiency.

These advantages mean that small vertical-axis wind turbines can play a very
important role in rural electrification schemes in off-grid and mini-grid applications, as and
in other niche applications. As a result of this potential, a range of companies are either
manufacturing or plan to manufacture small-scale, building-mounted vertical-axis wind
turbines.

2.3.3 Model elements
2.3.3.1 Wind Speed
As wind speed increases, the amount of available energy increases, following a
cubic function. Therefore, capacity factors rise rapidly as the average mean wind speed
increases. A doubling of wind speed increases power output of wind turbine by a factor of
eight [47]. There is, therefore, a significant incentive to site wind farms in areas with high
average wind speeds. In addition, the wind generally blows more consistently at higher
speeds at greater heights. For instance, a fivefold increase in the height of a wind turbine
above the prevailing terrain can result in twice as much wind power. Air temperature also
has an effect, as denser (colder) air provides more energy. The “smoothness” of the air is
also important. Turbulent air reduces output and can increase the loads on the structure and
equipment, increasing materials fatigue, and hence O&M costs for turbines.
The maximum energy than can be harnessed by a wind turbine is roughly
proportionally to the swept area of the rotor. Blade design and technology developments
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are one of the keys to increasing wind turbine capacity and output. By doubling the rotor
diameter, the swept area and therefore power output is increased by a factor of four. Table
2-3 presents an example for Denmark of the impact of different design choices for turbine
sizes, rotor diameters and hub heights.
Table 2-3 — Impact of turbine sizes, rotor diameters and hub height on annual production
[42]

Generator size,
MW
3
3
3
1.8

Rotor,
m
90
90
112
80

Hub Height,
m
80
90
94
80

Annual production,
MWh
7089
7497
10384
6047

The advantage of shifting offshore brings not only higher average mean wind
speeds, but also the ability to build very large turbines with large rotor diameters. Although
this trend is not confined to offshore, the size of wind turbines installed onshore has also
continued to grow. The average wind turbine size is currently between 2 MW and 3 MW.
Larger turbines provide greater efficiency and economy of scale (see Figure 2-12), but they
are also more complex to build, transport and deploy. An additional consideration is the
cost, as wind towers are usually made of rolled steel plate.

2.3.4 Cost Elements
2.3.4.1 Cost of wind power
The installed cost of a wind power project is dominated by the upfront capital cost
for the wind turbines (including towers and installation) and this can be as much as 84% of
the total installed cost. Similarly to other renewable technologies, the high upfront costs of
wind power can be a barrier to their uptake, despite the fact there is no fuel price risk once
the wind farm is built. The capital costs of a wind power project can be broken down into
the following major categories:
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The turbine cost: including blades, tower and transformer;
Civil works: including construction costs for site preparation and the foundations for the
towers;
Grid connection costs: This can include transformers and substations, as well as the
connection to the local distribution or transmission network;
Other capital costs: these can include the construction of buildings, control systems,
project consultancy costs, etc.

Figure 2-13 — Capital cost breakdown for a typical onshore wind turbine [48]

For the turbine, the largest costs components are the rotor blades, the tower and the
gearbox. Together, these three items account for around 50% to 60% of the turbine cost.
The generator, transformer and power converter account for about 13% of the turbine
costs, with the balance of “other” costs being made up miscellaneous costs associated with
the tower, such as the rotor hub, cabling and rotor shaft. Overall, the turbine accounts for
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between 64% to as much as 84% of the total installed costs, with the grid connection, civil
works and other costs accounting for the rest [47].
Table 2-4 — Comparison of capital cost for onshore and offshore wind turbine [48], [47]

Cost
Capital investment costs
(USD/kW)
Wind turbine cost share
Grid connection cost share
Construction cost share
Other capital cost

Onshore
1700-2450

Offshore
3300-5000

65-84
9- 14
4-16
4-10

30-50
15-30
15-25
8-30

The reality is that the share of different cost components varies by country and
project, depending on turbine costs, site requirements, the competitiveness of the local
wind industry and the cost structure of the country where the project is being developed.
Table 2-4 shows typical ranges for onshore and offshore wind farms.
The wind turbine is the largest single cost component of the total installed cost of a
wind farm. Wind turbine prices increased steadily in recent years, but appear to have
peaked in 2009. Between 2000 and 2002 turbine prices averaged USD 700/kW, but this
had risen to USD 1 500/kW in the United States and USD 1 800/kW in Europe in 2009.
Since the peak of USD 1 800/kW for contracts with a 2009 delivery, wind turbine prices in
Europe have declined by 18% for contracts with delivery scheduled in the first half of 2010
(Figure 2-14). Global turbine contracts for delivery in the second half of 2010 and the first
half of 2011 have averaged USD 1 470/kW, down by 15% from peak values of USD 1
730/kW [42].

41

Figure 2-14 — Wind turbine price index by delivery date[42]

The wind turbine prices quoted for recent transactions in developed countries are
in the range of USD 1 100 to USD 1 400/kW [42].The recent decline in wind turbine prices
reflects increased competition among wind turbine manufacturers, as well as lower
commodity prices for steel, copper and cement.
Analysis of different markets suggests that there is quite a wide variation in wind
turbine prices, depending on the cost structure of the local market. China appears to have
the lowest prices, with a turbine price of just USD 644/kW in 2010 [49]. In contrast, Japan
and Austria appear to have the highest costs, with turbine prices of around USD 2 000/kW
and USD 2 100/kW in 2010 respectively [44]. Of the developed countries, the United
States and Portugal appear to have the lowest prices for wind turbines. The reasons for this
wide variation include the impact of lower labor costs in some countries, local low-cost
manufacturers, the degree of competition in a specific market, the bargaining power of
market actors, the nature and structure of support policies for wind, as well as site specific
factors.
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2.3.4.2 Grid connection costs
Wind farms can be connected to electricity grids via the transmission network or
distribution network. In the former case, transformers will be required to step-up to higher
voltages than if the wind farm is feeding into the distribution network. This will tend to
increase costs. If the grid connection point is not far from the wind farm, the connection is
typically a high voltage alternating current (HVAC) connection. Over longer distances it
may make sense to use a high voltage direct current (HVDC) link, as the reduced losses
over this link will more than offset the losses in converting to direct current and back again
to alternating current. It has been estimated that HVDC connections will be attractive for
distances over 50 km in the future [42].

2.3.4.3 Civil works and construction costs
The construction costs include transportation and installation of wind turbine and
tower, the construction of the wind turbine foundation (tower), and the construction of
access roads and other related infrastructure required for the wind farm.
The main foundation type onshore are a poured concrete foundation, while
offshore it is currently driven/drilled steel monopoles. However, other types of foundations
are possible (e.g. suction, caisson, guyed towers, floating foundations and self-installing
concepts using telescopic towers) and will be required for offshore developments in deep
water. Foundations are material-intensive, with 45% to 50% of the cost of monopole
foundations being attributable to the steel required [42]. Cost reductions for foundations
can be made through economies of scale, reduced material consumption and reduced
material cost.

2.3.4.4 Operation and maintenance cost
The fixed and variable operations and maintenance (O&M) costs are a significant
part of the overall LCOE of wind power. O&M costs typically account for 20% to 25% of
the total LCOE of current wind power systems [47].
Actual O&M costs from commissioned projects are not widely available. Even
where data are available, care must be taken in extrapolating historical O&M costs given
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the dramatic changes in wind turbine technology that have occurred over the last two
decades. However, it is clear that annual average O&M costs of wind power systems have
declined substantially since 1980. In the United States, data for completed projects suggest
that total O&M costs (fixed and variable) have declined from around USD 33/MWh for 24
projects that were completed in the 1980s to USD 22/MWh for 27 projects installed in the
1990s and to USD 10/MWh for the 65 projects installed in the 2000s. The data are widely
distributed, suggesting that O&M costs, or at least their reporting, are far from uniform
across projects. However, since the year 2000 O&M costs appear to be lower and to be
more uniform across projects than was the case prior to 2000. This decline in O&M costs
may be due to the fact more recent projects use larger, more sophisticated turbines and
have higher capacity factors (reducing the fixed O&M costs per unit of energy produced).

2.4 Storage
2.4.1 Overview
Having reliable electric service is critical and important to economic development
and quality of life. So the adequacy and reliability of the service in especially rural and
remote places are of the interest and always is monitored. Electricity generation is typically
provided by fossil fuel–fired power plants. These plants’ output is continually adjusted to
meet electricity demand, and plants are turned on and off as needed. This can be expensive,
as many power plants are less efficient when operated at part load, which in turn increases
fuel consumption. In addition, continual adjustment of output increases operation and
maintenance (O&M) costs and can decrease power plant life. An alternative to fossil-fired
power plants is the use of renewable electricity- generating technologies. Some of these
technologies, notably wind and solar, have seen recent dramatic price decreases. Because
of the intermittent nature of the most of the renewable sources, having storage backup will
increase reliability of the system. The extra amount of energy generated by these sources
will store in the assumed storage system.
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In this proposed report a combination of renewables, storage and diesel
generators—all carefully sized and integrated—can yield the lowest cost solution. There
are some factors to be considered in the utilization of the storage. (1) System integration, as
storage must be carefully integrated with other electricity system components; (2) technical
performance expectations, as many storage technologies are not yet technically mature; and
(3) maintenance, as some storage options have critical maintenance needs. The first step
when considering storage is to conduct careful analyses of the costs and benefits of storage.
Storage can help integrate renewables and reduce diesel use; however it comes at a cost
that must be considered. If storage is desirable, further system design analysis is needed to
determine the optimal type of storage.

2.4.2 Types
Batteries are a very modular technology. The useful storage capacity will increase
with each battery added to a battery bank and, depending on the architecture, the
charge/discharge rate will also increase. A battery is composed of a number of cells. Each
of these cells contains a cathode (positive plate), anode (negative plate), positive electrolyte
and negative electrolyte. Each cell typically has a voltage of around 1.5 to 2 volts although
this will depend on the chemicals and materials used. The life of batteries is dependent in
part on how much of their storage capacity is used at any one time, which is known as the
“depth of discharge” (DoD). The deeper a battery is cycled, the shorter it’s expected
lifetime. For example, a battery cycled down to 80% of its full capacity (an 80% DoD)
will, in general, have an order of magnitude shorter lifetime than a battery that is cycled
only to a 10% DoD.
Electricity systems in remote areas and on islands can use storage to integrate
renewable generation and help meet continuously varying electricity demand. Electricity
storage technologies vary widely in design, technological maturity and cost. There is no
single best storage technology, and storage is not necessarily appropriate for all electricity
systems.
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The mature technology of lead-acid batteries has moderate costs and high
reliability. However, these batteries have a relatively short lifetime (typically, three to ten
years) and must be disposed of or recycled properly. Lithium-ion batteries are common for
mobile applications (such as cell phones and laptop computers) and may make their way
into the electricity grid market in the next five years. They have higher first costs than leadacid batteries but longer lifetimes and lower losses. Flow batteries (notably, vanadiumredox and zinc-bromine) hold the promise of long lifetimes and low operating costs.
However, they are just entering the commercial market and thus do not have an established
record of operation for electricity storage applications. Flywheels are best suited for shortduration storage (less than one minute), but they are still at an early stage of technical
development. Compressed air energy storage (CAES) and pumped hydro are generally
suitable only for large (500 MW+) electricity systems. There are numerous other storage
technologies in earlier stages of technical development (see Table 2-5).
Table 2-5 — Different storage technologies characteristics[50]

Storage
Technology
Lead-acid
batteries

Advantages

Constraints

Widely available, moderate
costs, modular

Limited lifetime, must be disposed of
properly, must maintaned properly

Rapid technogies
improvement, compact in
size
Can be fully discharged,
somewhat modular

Rupture risk, little experience with
use in electric grids

Flywheels
Pumped
Hydro

Modular, low maintenance
Technically proven, low
costs

Expensive
Very large scale, significant
enviromental impacts of construction

CAES

Moderate costs

Very large scale,uses natural gas

Li-ion
batteries
Flow batteries

Still under development, higher
capital costs

2.4.2.1 Lead-Acid Batteries
Lead-acid batteries are very common and are the de facto workhorse for industrial
and commercial use. It is common to see lead-acid batteries in a range of applications,
including in automobiles for starting and lighting, in small vehicles such as golf carts, at
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telecom centers for reliability and at facilities everywhere for emergency lighting.
However, not all lead-acid batteries are appropriate for use in electricity supply systems.
Batteries in electrical systems must be deep-cycle batteries, meaning that they must be able
to discharge a large amount of energy in one cycle, which is made possible because they
have a high useful energy capacity relative to their actual energy capacity. In particular,
automotive lead-acid batteries are not appropriate for use in electricity storage systems.
Concisely conveying the capacity of a lead-acid battery system is complicated and
challenging. A lead-acid battery should never be discharged below 20% of the stated
capacity (i.e. an 80% DoD) and under normal operation should never fall below a 50%
DoD. Another challenge is that the capacity of a lead-acid battery decreases if power is
pulled out quickly. Manufacturers will report capacities based on the time that it took to
deplete the battery, with the notation C/Time (so C/20 is the current draw at which the
battery will last for 20 hours). Regardless, the useful storage capacity is much less than the
nominal storage capacity reported by manufacturers[50].
The lifetime of a lead-acid battery depends on a number of factors. The positive
plate inside a lead-acid battery is corroded each time the battery is cycled, and its thickness
directly relates to battery life. The lifetime of a lead-acid battery also depends on how the
battery is charged and discharged. Most manufacturers recommend that their lead-acid
batteries not be discharged below about 30% to 50% of the specified battery capacity.
Overcharging can shorten battery life. High ambient temperatures will also shorten battery
life[50].
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Table 2-6 — Deep-cycle lead-acid battery properties[50]

Applicability
Useful storage capacity
Charge rate
Discharge rate
Time
Cycles
Energy
Roundtrip efficiency
Cost/discharge power
Cost/capacity
Operating costs

10 MW and smaller
0.5-10 kWh per battery
0.1-1.5 kW per battery
0.5-2 kW per battery
3-10 years
500-800 cycles
100-7500 kWh
70%-90%
$300-$800/kW
$150-$500/kWh
$30/kW.yr

2.4.2.2 Lithium-ion (Li-ion) Batteries
Lithium-ion technology has been steadily improving over the past decade. Driven
by the use of Li-ion batteries in mobile applications (such as mobile phones and laptops),
the technology has rapidly matured. For small mobile applications, Li-ion may be
considered a mature technology; however, in electrical grid applications, Li-ion is still
developing. Li-ion batteries are more commercially proven in applications in which size
and weight need to be minimized[50].
If overcharged or overheated, Li-ion batteries can rupture and, in some cases,
explode. Both protective circuitry and fail-safe mechanical protections are typically
included with a modern Li-ion system and have minimized these safety risks. Regardless,
the ambient temperature where the battery will be used should be considered when using
Li-ion storage in an application. Exposure to high temperatures can also shorten a Li-ion
battery’s expected lifetime[50].
Compared to lead-acid batteries, Li-ion batteries have more consistent charging
and discharging characteristics and can handle deeper discharges from their stated
capacities with less impact on lifetime. Li-ion batteries tend to cost more upfront but have
longer lifetimes[50].
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sTable 2-7 — Lithium-ion battery properties[50]

Applicability
Useful storage capacity
Charge rate
Discharge rate
Time
Cycles
Energy
Roundtrip efficiency
Cost/discharge power
Cost/capacity
Operating costs

10 MW and smaller
0.5-10 kWh per battery
0.2-2 kW per battery
0.5-10 kW per battery
10-15 years
2000-3000 cycles
1000-30000 kWh
85%-95%
$400-$1000/kW
$500-$1500/kWh
$25/kW.yr

2.4.2.3 Flow Batteries
Flow batteries contain two major components: electrolytes and a cell stack. There
are two electrolytes in a flow battery: a positive electrolyte and a negative electrolyte. The
cell stack contains the anode and cathode that use the charge difference between the two
electrolytes to produce power (see Figure 2-15). The cell stack size roughly corresponds to
the amount of power that the flow technology can supply or absorb at once, and the
electrolyte volume roughly corresponds to the amount of energy that can be stored in the
flow battery. The electrolyte and cell stack may be sized independently, which allows a
system to have storage that precisely meets one’s size needs. In many cases, the capacity
can be increased if operational needs prove different from what was expected during the
planning process.
Furthermore, most flow batteries can be fully discharged (to 100% DoD) without
damaging the equipment, which expands the operational range of their storage capacity.
This flexibility to independently size energy and power capacity is inherent in the
technology, but manufacturers will often have a common configuration for marketing
purposes. One of the biggest challenges for flow batteries is their low energy density. The
cell stack is roughly the size of a similarly sized traditional battery, but the electrolyte
requires tanks, piping and pumps to hold and transport the fluid. Although flow batteries
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tend to have low lifetime costs of storage compared to other technologies, they also have
high capital costs, which can become cost-effective due to the long expected lifetime and
low operational costs.
Two prominent flow battery chemistries are commercially viable: vanadium redox
batteries (VRB) and zincbromine batteries (ZBB). The VRB technology has more
expensive cell stacks but less-expensive electrolyte than the ZBB. Additionally, the VRB
electrolyte will, according to many estimates, last longer than 100 years. In general, ZBB is
being marketed toward small-to-midsize systems, whereas VRB is being marketed to
larger utility customers (See Table 2-8).

Figure 2-15 — A schematic of a flow battery [51]
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Table 2-8 — Summary of flow battery properties[50]

Applicability
Useful storage capacity
Charge rate
Discharge rate
Time
Cycles
Energy
Roundtrip efficiency
Cost/discharge power
Cost/capacity
Levelised cost of
storage
Operating costs

25 kW to 10 MW systems
20-50 kWh
5-20 kW
5-25 kW
5-15 years for cell stack
20+ years for electrolyte
1500-15000 cycle per cell stack
75000-300000 kWh per cell
stack
70%-85%
$1200-$2000/kW
$350-$800/kWh
$0.15-$0.25/kWh
$30/kW.yr

2.4.2.4 Flywheels
Flywheels use a large, heavy, rotating wheel to store energy. Electricity is
converted into kinetic energy for storage, increasing the speed of the rotating wheel. The
wheel slows when energy is discharged from it. There are two types of flywheels: highpower flywheels and long-duration flywheels. Long-duration flywheels are still in early
research and development and are not commercially viable. High-power flywheels store
and release large amounts of power for very short periods of time—typically, about one
minute. They are often used as part of an uninterrupted power supply to bridge between
sudden power outages and starting a generator. They are also well-suited for reducing ramp
rates from intermittent renewable technologies, such as solar and wind, improving system
stability (see Table 2-9).
Flywheels are a low-maintenance storage technology with a long lifetime.
However, they do not currently provide cost-competitive long-term storage. In some
applications, they may be useful to improve short-term power stability (less than one
minute) and improve delivered power quality (e.g. reduced reactive power).
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Table 2-9 — Summary of high-power flywheel properties[50]

Applicability
Useful storage
capacity
Charge rate
Discharge rate
Time
Cycles
Energy
Roundtrip efficiency
Cost/discharge power
Cost/capacity
Levelised cost of
storage
Operating costs

100 kW to 200 kW systems
1 kWh to 25 kWh
100 kW to 300 kW
100 kW to 300 kW
20 years
>100000 cycles
N/A
85%-95%
$2000 - $4000/kW
$1500-$3000/kWh
N/A
$15/kW.yr

2.4.2.5 Pumped Hydro
Pumped hydro storage involves pumping water from one reservoir to another
reservoir at higher elevation. The water is then fed back to the lower reservoir through a
turbine to capture the potential energy that was stored in the water. Pumped hydro
installations are considered a mature technology.
A pumped hydro system is only cost-effective for very large amounts of storage.
Existing pumped hydro systems have storage and production capacity typically more than
100 MW to 200 MW. This makes pumped hydro appropriate only for systems that have a
large swing between peak electrical demand and low electrical demand, typically for large,
mainland grids with demand greater than 1,000 MW (see Table 2-10). There are currently
about 104,000 MW of pumped hydro storage capacity worldwide [50].
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Table 2-10 — Summary of pumped hydro technology properties[50]

Applicability
Useful storage capacity
Charge rate
Discharge rate
Time
Cycles
Energy
Roundtrip efficiency
Cost/discharge power
Cost/capacity
Levelised cost of storage
Operating costs

5 MW+ or 200 MW+
Highly site dependent
5 MW to 4000+ MW
5 MW to 4000+ MW
25+ years
>50000
N/A
75%-85%
$1000-$4000/kW
$100-$250/kWh
$0.05-$0.15/kWh
$5/kW.yr

2.4.2.6 Large-Scale Compressed Air Energy Storage (CAES)
There have only been two successful large-scale CAES projects (McIntosh,
Alabama, USA in 1991 and Huntorf, Germany in 1978), but because the underlying
technologies are based upon traditional equipment, it is generally considered a mature
technology. The particular challenge with large-scale CAES is finding an appropriate
location. The two existing projects are located near underground salt caverns although
other underground formations could be suitable.
These two proven CAES projects are diabatic, meaning that when the air is
compressed, the heat generated is lost as waste heat. Adiabatic CAES technologies
(currently under development) would capture and use this waste heat to improve the
efficiency of expanding the compressed air. This could improve storage efficiency
substantially.
Conventional large-scale CAES differs from many other storage technologies in
that the stored energy is not converted directly to electricity but rather used to improve the
efficiency of fossil fuel–based electrical production. This CAES technology requires
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extensive geologic surveys, and costs will be site-specific. CAES is appropriate for
electricity systems 500 MW or larger (see Table 2-11).
Table 2-11 — Summary of compressed air energy storage technology properties[50]

Applicability
Useful storage capacity
Charge rate
Discharge rate
Time
Cycles
Energy
Roundtrip efficiency
Cost/discharge power
Cost/capacity
Levelised cost of storage
Operating costs

500 MW+
Highly site dependent
50-300 MW
100-500 MW
20 years
>10000
$50-$150/kWh
45%-60%
$800-$1000/kW
$50-$150/kWh
$0.1-$0.2/kWh
$5/kW.yr

2.4.3 Model elements
2.4.3.1 Storage Performance Metrics
The fundamental metrics used to define a storage technology for most electricity grid
systems include:


Energy storage capacity [kWh or Ah];



Charge and discharge rates [kW or A];



Lifetime [cycles, years, kWh];



Roundtrip efficiency [%];



Initial capital costs [$/kW and $/kWh];



Operating costs [$/MWh, $/kW x yr]; and



Energy density [Wh/kg and Wh/m3] and power density [W/kg and Wh/m3].
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2.4.3.2 Energy Storage Capacity
Energy storage capacity is the amount of energy that can be stored at a given time
[kWh]. Some batteries will assume an operating voltage [V] and provide energy capacity in
a different form [Ah, where kWh = V × Ah /1,000]. The useful energy capacity will often
be less than the stated total capacity based on a number of factors described below. For
some battery technologies, the capacity will appear less if power is pulled out quickly and
greater if power is pulled out slowly. Many technologies also have restrictions on how
much of the storable energy may be used. Overdischarging some technologies (in
particular, lead-acid batteries) can shorten their lifetime.

2.4.3.3 Charge and Discharge Rates
Charge/discharge rates are measures of power (kW) indicating the rate at which
energy is added/removed from a storage system. Some systems will assume an operating
voltage (V) and provide the charge/discharge rates as a current in amperes (A) [where kW
= V × A / 1,000]. For many technologies these rates will not be constant values at all times;
in practice, they will change with how much energy is in storage and how long power has
been continuously removed/added to storage. However, at a high level they can be
discussed with nominal values that are representative. The charge rate is lower than the
discharge rate for most technologies. Typically, a storage system will be described in terms
of its discharge rate, as in Figure 2-16.

2.4.3.4 Lifetime
Every storage technology has a limited lifetime. Some technologies measure
lifetime according to how much they are charged and discharged [cycles], while other
technologies will lose functionality due to time passing [years] and yet others have
lifetimes limited by total energy throughput [kWh or Ah]. As they age, most storage
technologies will suffer from degraded performance.

2.4.3.5 Roundtrip Efficiency
Every storage technology will require more energy to charge than can be
discharged. This loss of energy is typically expressed as a percentage known as roundtrip
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efficiency [%], which is the ratio of energy discharged from storage to the energy input
into storage. There will be some energy losses during the process of storing the energy and
some energy losses when converting the stored energy back into electricity. These both
contribute to the roundtrip efficiency. Roundtrip efficiency affects the costs of storage.

Figure 2-16 — Summary of major storage technologies by discharge rate for different scales
of application [52]

2.4.4 Cost Elements
2.4.4.1 Operating Costs
Technologies require ongoing operation and maintenance to remain at peak
performance. In reality, a number of factors will influence ongoing O&M costs, including
how often the storage equipment is used, ambient temperatures, handling of the equipment,
adherence to the recommended maintenance schedule, quality of installation, protection
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from overcharging, protection from overdischarging, the rate at which the equipment is
cycled and the quality of the storage equipment. For simplicity, all of these factors are
bundled in a typical annual cost based on the size of the equipment [$/kW x yr].

2.4.4.2 Initial Capital Cost
The capital costs provided here are estimates based on professional experience and
informal surveys of publicly available prices. They are intended to provide a high-level
understanding of the issues and are not intended as cost inputs into a design. Costs for a
specific system will vary across a wide range of factors. These factors include system size,
location, local labor rates, market variability, intended use of the storage system, local
climate, environmental considerations and transport issues.
The principal price bases for comparing technologies are the prices per amount of
power that the storage can deliver [$/kW] and costs per amount of energy capacity
[$/kWhCap]. Figure 2-17 shows a graphical representation of costs for selected storage
technologies. When looking at costs, it is also important to consider the expected lifetime
of the technology because frequent replacement will increase costs of the storage system.
To capture the entire lifetime cost, the capital cost of the battery is divided by the total
expected lifetime energy throughput [$/kWhlife]. The lifetime cost of storage provides
insight into the cost of storing a kWh of electricity and indicates the expected additional
cost for each unit of electricity stored. The costs presented here (in U.S. dollars) represent
an average installation and do not include site-specific factors such as tariffs, taxes and
shipping costs.
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Figure 2-17 — Initial capital cost per unit power versus capital cost per unit energy for
selected storage technologies [50]

2.5 Emission
2.5.1 Summary
Energy efficiency and renewable energy can, and do, reduce air pollution that
would otherwise be emitted from power plants on the electricity grid. Although the grid
operates as a large integrated network—with hundreds of individual generating units
dispatched to meet constantly changing customer demand on a continuous (second‐to‐
second) basis—it is possible to understand and estimate the impacts of energy efficiency
and renewable energy on grid operations. Typically, energy efficiency and renewable
energy displace operations from a mix of generating stations that burn coal, natural gas,
and occasionally oil to generate electric power. “Displacement” occurs when a new energy
efficiency or renewable energy resource eliminates or reduces the need for megawatt‐hours
(MWh) of electricity generation from fossil‐fired power stations. Over a longer period of
time, new energy efficiency or renewable energy resources can also defer or altogether
avoid the addition of fossil generating units that would otherwise have been built, or
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expedite the retirement of the least efficient, highest emitting generation resources. By
reducing operations, avoiding capacity, or expediting retirements of fossil power stations,
additions in energy efficiency and renewable energy resources result in decreased air
emissions of carbon dioxide (CO2), sulfur dioxide (SO2), oxides of nitrogen (NOX),
particulate matter, and toxics.

2.5.2 Role of Electric power system in Emission
The electric power system is generally composed of three major subsystems:
generation, transmission, and distribution (see Figure 2-18). Generation is the process
whereby electricity is produced from other types of energy or processes that liberate
energy; transmission is the process of conveying the electric energy from power plants to
the distribution areas; and distribution comprises the local system of low voltage lines,
substations and transformers utilized to deliver the electricity to its final consumers. A
fraction of the electric energy generated is lost during transmission and distribution.
The most important contribution to emissions of criteria air pollutants (hereafter referred to
as criteria air contaminants—CACs) from the electric power system occurs during the
generation stage. Electricity is generated from different energy sources. Nuclear and
hydroelectric generation technologies are clean with respect to air emissions. However,
electricity generation by such clean technologies is insufficient to satisfy demand, and
therefore the use of fossil fuel combustion processes is required.

Figure 2-18 — General electric power system[53]
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Figure 2-19 shows that generation from nuclear and hydroelectric power plants in
North America accounts for only about one-third of the total generation in the region, with
the rest having to be generated from fossil fuels. Analyses carried out by the OECD and the
IEA reveal that fossil fuels are the main energy sources used for electricity generation in
North America[53]. The types of fossil fuels commonly used in power plants include coal,
heavy (residual) fuel oils, and natural gas, along with “other fuels,” such as liquefied
petroleum gas, diesel, and coke. Each country uses these fuels in varying proportions
depending on their availability, the electricity-generating infrastructure, and so on.
The current technology used to convert the energy stored in fossil fuels to
electricity essentially relies on burning the fuel. It is in this process that air pollutants are
generated. How and how much of these pollutants are generated depend on the way the
fuels are burned, on the fuels themselves, and on the way the energy released during the
burning process is converted to electricity [53].

Figure 2-19 — North American total net generation and electricity consumption[53]
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Recently however, technological and regulatory innovations have begun to enable smallscale, onsite electricity generators (typically gas-fired engines) to compete economically
[54][55]. In some European nations, distributed generation (DG) units have become a
sizeable fraction of total electricity generation, typically designed to operate as baseload
generation (that is, operated at rated load unless out of service for maintenance or other
reasons).5 One of the keys to the success of DG in Europe is the ability to use the waste
heat from electricity generation, raising total system efficiencies to over 90% (higher
heating value) in the best applications. The high efficiencies of such applications,
commonly called Combined Heat and Power (CHP), offer both reduced costs and
significant reductions of CO2 emissions. Other factors may also drive increased
deployment of DG in the future, including enhanced reliability and security, reduced need
for transmission and distribution upgrades, and easier plant siting[56].
The main pollutants which are emitted by the combustion engines and also
distributed generation are carbon dioxide (CO2), sulfur dioxide (SO2) and oxides of
nitrogen (NOX).

2.5.3 Pollutants
2.5.3.1 Nitrogen Oxides
Nitrogen oxide formation occurs by two fundamentally different mechanisms. The
predominant mechanism with internal combustion engines is thermal NOx which arises
from the thermal dissociation and subsequent reaction of nitrogen (N2) and oxygen (O2)
molecules in the combustion air. Most thermal NOx is formed in the high-temperature
region of the flame from dissociated molecular nitrogen in the combustion air. Some NOx,
called prompt NOx, is formed in the early part of the flame from reaction of nitrogen
intermediary species, and HC radicals in the flame. The second mechanism, fuel NOx,
stems from the evolution and reaction of fuel-bound nitrogen compounds with oxygen.
Gasoline, and most distillate oils, have no chemically-bound fuel N2 and essentially all
NOx formed is thermal NOx[57].
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2.5.3.2 Carbone Dioxide
CO2 emissions are estimated based on the carbon content as obtained from the
elemental analysis of the coal and the excess air used at the power plants. A small
percentage of the carbon in the coal remains un-burnt due to factors, such as reactivity of
the coal particles, milling, air to fuel ratio, flame turbulence, fuel residence time etc. A
small portion of the un-burnt carbon goes with the fly ash (FA) and the remaining un-burnt
carbon goes in the bottom ash (BA). Exact portion of un-burnt carbon can only be
determined by experimental measurements[57].

2.5.3.3 Carbon Monoxide
Carbon monoxide is a colorless, odorless, relatively inert gas formed as an
intermediate combustion product that appears in the exhaust when the reaction of CO to
CO2 cannot proceed to completion. This situation occurs if there is a lack of available
oxygen near the hydrocarbon (fuel) molecule during combustion, if the gas temperature is
too low, or if the residence time in the cylinder is too short. The oxidation rate of CO is
limited by reaction kinetics and, as a consequence, can be accelerated only to a certain
extent by improvements in air and fuel mixing during the combustion process.

2.5.3.4 Smoke, PM-10
White, blue, and black smoke may be emitted from IC engines. Liquid particulates
appear as white smoke in the exhaust during an engine cold start, idling, or low load
operation. These are formed in the quench layer adjacent to the cylinder walls, where the
temperature is not high enough to ignite the fuel. Blue smoke is emitted when lubricating
oil leaks, often past worn piston rings, into the combustion chamber and is partially burned.
Proper maintenance is the most effective method of preventing blue smoke emissions from
all types of IC engines. The primary constituent of black smoke is agglomerated carbon
particles[57].

2.5.3.5 Sulfur Oxides
Sulfur oxide emissions are a function of only the sulfur content in the fuel rather
than any combustion variables. In fact, during the combustion process, essentially all the
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sulfur in the fuel is oxidized to SO2. The oxidation of SO2 gives sulfur trioxide (SO3),
which reacts with water to give sulfuric acid (H2SO4), a contributor to acid precipitation.
Sulfuric acid reacts with basic substances to give sulfates, which are fine particulates that
contribute to PM-10 and visibility reduction. Sulfur oxide emissions also contribute to
corrosion of the engine parts[57].

2.6 Systems Engineering
There are many ways to define the word system. The definition of International
Council on Systems Engineering (INCOSE) is more applicable for this report. A system is
an integrated set of elements that accomplishes a defined objective. These elements include
products (hardware, software, firmware), processes (policies, laws, procedures), people
(managers, analysts, skilled workers), information (data, reports, media), techniques
(algorithms, inspections, maintenance), facilities (hospitals, manufacturing plants, mail
distribution centers), services (evacuation, telecommunications, quality assurance), and
other support elements[58].

2.6.1 System Design and Architecture
Conceptual design is the first and most important phase of the system design and
development process. It is an early and high-level life-cycle activity with the potential to
establish, commit and otherwise predetermine the function, form, cost, and development
schedule of the desired system and its products. The identification of a problem and an
associated definition of need provide a valid and appropriate starting point for conceptual
system design[59].
Selection of a path forward for the design and development of a preferred system
architecture that will ultimately be responsive to the identified customer need is a major
purpose of conceptual design. Establishing this foundation early, as well as initiating the
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early planning and evaluation of alternative technological approaches, is critical initial step
in the implementation of the systems engineering process[59].
The system engineering process generally starts with the identification of a “want”
or “desire” for “change” based on some real requirements. It is important to first define the
problem and then “need” for a specific system capability that is responsive. Given the
problem definition, requirements analysis is used to develop functional and performance
requirements; that is, stakeholder requirements are converted into a set of requirements that
define what the system must do and how well it must perform. The systems engineer must
ensure that the requirements are reasonable, explicit, comprehensive, complete, and
concise. Requirements analysis must clarify and define functional requirements and design
constraints. Functional requirements define “how many”, “how good”, “how far”, “time
lines” and “how often”. Design constraints define those factors that limit design flexibility,
such as: environmental conditions or limits; defense against internal or external risks; and
contract, customer or regulatory standards[60].
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Figure 2-20 — Rational Integrated Systems Development Process[61]

Functions are analyzed by breaking down higher level functions identified through
requirements analysis into lower-level functions. The performance requirements associated
with the higher level are applied to lower functions. The result is a description of the
product or item in terms of what it does logically and in terms of the performance required.
This description is often called the functional architecture of the product or item.
Functional analysis and allocation allows for a better understanding of what the system has
to do, in what ways it can do it, and to some extent, the priorities and conflicts associated
with lower-level functions. It provides information essential to optimizing physical
solutions. Key tools in functional analysis and allocation are Functional Flow Block
Diagrams, Time Line Analysis, and the Requirements Allocation Sheet (see Figure 2-20).
Design synthesis is the process of defining the product or item in terms of
components which together make up and define the item. The result is often referred to as
the physical architecture. Each part must meet at least one functional requirement, and any
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part may support many functions. The physical architecture is the basic structure for
generating the specifications and baselines[60].
For each application of the system engineering process, the solution will be
compared to the requirements repository (see Figure 2-20). This part of the process is
called the verification loop, or more commonly, Verification. Each requirement at each
level of development must be verifiable. Baseline documentation developed during the
systems engineering process must establish the method of verification for each
requirement.
The analysis iterations for systems engineering and implementation continue
through testing and implementing to measure progress, evaluate and select alternatives, and
document data and decisions. System analysis activities include trade-off studies,
effectiveness analyses, and design analyses. They evaluate alternative approaches to satisfy
technical requirements and program objectives, and provide a rigorous quantitative basis
for selecting performance, functional, and design requirements. Tools used to provide input
to analysis activities include modeling, simulation, experimentation, and test[60].

2.6.2 Decision Analysis
The problems faced by decision makers in today’s competitive, fast-paced business
environment are often extremely complex and can be addressed by numerous possible
courses of action. Evaluating these alternatives and choosing the best course of action
represents the essence of decision analysis.
One of the most effective ways to analyze and evaluate decision alternatives to
build computer models of different decision alternatives. A computer model is a set of
mathematical relationships and logical assumptions implemented in a computer as a
representation of some real-world object, decision problem or phenomenon[62].
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The primary purpose of a model is to understand how the actual system design will
or does perform. This understanding then can be used to design the system in a way that
improves or optimizes its performance.
Models are flexible which mean that by changing parameter values, a single model
can represent the system across a broad set of continuous or represent a variety of related
systems. Models are usually much faster to build or change a model of a system than the
system itself. Testing the design using a model could reveal flaws than can be fixed more
quickly and less expensively before the system is built. Models can also save money, since
building prototypes of a car or production line is expensive. It is much cheaper to make
changes to a mathematical or computer model than to build different versions of the actual
system[63].
Ultimate goal in building models is to assist managers in making decisions that
solve problems. Because a model can be used to represent a decision problem or
phenomenon, it is possible to create a visual model of the phenomenon that occurs when
people solve problems—what is called the problem-solving process. Although a variety of
models could be equally valid, the one in Figure 2-21 summarizes the key elements of the
problem-solving process.

Figure 2-21 — The visual model of problem solving process[62]

The first step of the problem-solving process, identifying the problem, is also the most
important. Identifying the real problem involves gathering a lot of information and talking
with many people to increase understanding of the issue. The end result of the problemidentification step is a well-defined statement of the problem. Simply defining a problem
well will often make it much easier to solve. Next step is formulating the problem by using
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first step. Depending on nature of the problem different kinds of model can be used. Using
different tools to analyze the model and get the results will be next step. The end result of
analyzing a model does not always provide a solution to the actual problem being studied.
As we analyze a model by asking various “What if?” questions, Depending on satisfactory
level of results, model can be manipulated to gain the desired results. The last step is to
implementing the results which is often the most difficult. Implementation begins by
deriving managerial insights from our modeling efforts, framed in the context of the realworld problem we are solving, and communicating those insights to influence actions that
affect the business situation. This requires crafting a message that is understood by various
stakeholders in an organization and persuading them to take a particular course of
action[62].

2.6.2.1 Linear Integer Mathematical Programming
A mixed-integer linear programming (MILP) problem is one where some of the
decision variables are constrained to be integer values at the optimal solution. The use of
integer variables greatly expands the scope of problems that can be defined and solved.
An important special case is a decision variable that must be either 0 or 1 at the
solution. Such variables are called binary integer variables and can be used to model
yes/no decisions, such as whether to build a plant or buy a piece of equipment. However,
integer variables make an optimization problem non-convex, and therefore far more
difficult to solve[64].
There are models with just a few hundred integer variables that even with highly
sophisticated algorithms and modern supercomputers that have never been solved to
optimality. This is because many combinations of specific integer values for the variables
must be tested, and each combination requires the solution of a "normal" linear or
nonlinear optimization problem. The number of combinations can rise exponentially with
the size of the problem[64].
Since MIP problems are non-convex, Solutions can be sometimes comprehensive and
systematic. The "classic" method for solving these problems is called Branch and
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Bound. Alternative methods, such as genetic and evolutionary algorithms, randomly
generate candidate solutions that satisfy the integer constraints. Such initial solutions are
usually far from optimal, but these methods then transform existing solutions into new
candidate solutions, through methods such as integer- or permutation-preserving mutation
and crossover, that continue to satisfy the integer constraints, but may have better objective
values. This process is repeated until a sufficiently "good solution" is found. Generally,
these methods are not able to "prove optimality" of the solution[64].

2.6.2.2 Multi-Objective optimization
Multi-objective optimization applied to the models with more than one objective.
This can be either minimization or maximization in any system. This optimization requires
to implement iterative solution procedure which different solutions will be investigated by
the decision maker. So various combination of the solution may be needed to reach the
optimal solution.
In this model first objective is to minimize the emissions which are originated from
the fossil fuel like the power purchased from the utility and also the power generated by
the diesel generator. The second objective is profit maximization.
In multi-objective model different weights are assigned to the objectives based on
the importance of the emission minimization or profit maximization from the stakeholder’s
point of view.
Typically, there does not exist a single solution that simultaneously optimizes each
objective. Instead, there exists a (possibly infinite) set of Pareto optimal solutions. A
solution is called nondominated if none of the objective functions can be improved in value
without degrading one or more of the other objective values. Without additional subjective
preference information, all Pareto optimal solutions are considered equally good[65].
In mathematical terms, a multi-objective optimization problem can be formulated
as:
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Where the integer
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is the number of objectives and the set

is the feasible

set of decision vectors. The feasible set is typically defined by some constraint
functions[65].
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3 High-Level Microgrid Design Model
3.1 Case Study Definition
This work suggests a high level modeling for microgrid to help designing team to
size the different components with the best and optimized solution. The elements in this
architecture consists of renewable generation which are solar photovoltaic and wind
turbine, storage system, local loads, diesel generators and coupling with the main grid.
Proposed model takes into consideration stakeholders’ different needs, preferences and
regulations to perform trade-off study on size and energy portfolio. The proposed model is
applied in the context of a small airport microgrid design. Small airports have an extensive
impact due to its number and distribution across the country. According to the Federal
Aviation Administration (FAA) - National Plan of Integrated Airport Systems (NPIAS)
total aviation system in the U.S. has 3,345 airports which 30% of total amount is accounted
for the medium and small airports[12]. They provide the closest source of air transportation
to many people in rural areas. Furthermore, their rural locations make them prime
candidates for renewable energy systems that help reduce energy use and increase electric
power reliability. Therefore, electrifying these facilities by renewable implementation in
sense that could be self-sustained would prevent extra cost of transmission and even can
help to support residential load around small airports. The areas of concept development
and requirements analysis to support the renewable energy system design and development
process had addressed in [13]. The studied airport is located in south west of Turkey
(Figure 3-1).
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Figure 3-1 — Studied airport[66]

3.2 Problem Assumptions
Stakeholder in system engineering context is a person or organization that has
interest in project or in its outputs and any change on outcome will affect them[63]. In
Figure 3-2 different stakeholders for proposed model are considered. Since the context of
the project is on airport first requirement to be imposed by the airport administration and
available land on site. In this stage control tower administration, operator, maintainer and
available and useful land are enforce their constraints. In second stage other player will be
involved in decision making process. This includes contractors’ requirements such as
finance department and sustainability department (see Figure 3-2). The financial
department seeks to minimize the capital implementation and operational costs taking
advantage of energy sales to the main grid. On the other hand, the sustainability
department strives to minimize the environmental impact of the operations. In bigger
picture, there are other stakeholders that have their own needs to be satisfied. General
public is one most important one, considering that some of the renewable projects put on
hold because of public complaint. Since proposed microgrid is coupled with the main grid
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for trading electricity, some reliability and availability requirements should be imposed by
utility company. These requirement can be technical such as voltage and frequency
regulation or non-technical such as amount of electricity can be purchased or be sold which
would be determined by utility company. Aviation administration and government
prerequisites are other stakeholder in this stage. Even though most of players can be
controllable and predictable, however one of the most important uncertain player is
weather condition, considering suggested microgrid is mostly relied on renewable
generation. Because of these uncertainties, storage system is necessary for system
reliability.
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Figure 3-2 — Stakeholders in different stages

As stated before, proposed microgrid consists of solar panels which here it is assumed to
be multi crystalline with the 17% efficiency (see Table 3-1). Since the output of the solar
modules is in dc, inverter is needed for converting to ac power. Proposed converter is 95%
efficient with maximum AC power of 36000 volts other specifications of the inverter are
shown in Table 3-2.
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Table 3-1 — Solar module specification[35]

Nominal Efficiency
Maximum Power(Wdc)
Max power voltage(Vdc)
Max power current(Adc)
Open circuit voltage(Vdc)
Short circuit current(Adc)
Material
Module area(m2)
Number of cells

17.107
264.99
30.6
8.7
37.7
9.2
Multi-c-Si
1.549
60

Table 3-2 — Inverter specification[35]

Weighted efficiency
Maximum AC power(Wac)
Maximum DC power(Wdc)
Power consumption during operation
(Wdc)
power consumption at night(Wac)
Nominal AC voltage(Vac)
Maximum DC Voltage(Vdc)
Maximum DC current(Adc)
Minimum MPPT DC voltage(Vdc)
Nominal DC Voltage(Vdc)
Maximum MPPT DC voltage(Vdc)

95%
36000
37453
194
0.6
240
600
150
250
309.9
480

Another renewable source that we use is wind energy. Since the studied site is
airport the height of tower cannot be too high. The specification of the wind turbine is
shown is table below.
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Table 3-3 — Wind turbine specification[35]

Rated Power
Maximum Output Power
Output Voltage
Rotor Height
Rotor Diameter
Start-up Wind Speed

10 kw
12 kw
300/380 V
3.6 m (11.8 ft)
3.0 m (9.8 ft)
1.5 m/s (3.4 mph)

Rated Wind Speed

10 m/s (22.3 mph)

Survival Wind Speed

50 m/s (111.5 mph)

Generator

Permanent Magnetic
Generator
>0.96
78 kg (171.6 lbs)
<45dB(A)
-20°C to +50°C
20 Years

Generator Efficiency
Turbine Weight
Noise
Temperature Range
Design Lifetime

The estimate lifecycle for the whole project is 15 years. Lithium Ion battery is predicted for
the project considering replacement every 5 year. The specifications of battery being used
for the calculation is shown in Table 3-4.
Table 3-4 — Battery specifications[35]

Parameter
DOD
Battery DC Voltage
Each Storage unit
rate(AH)
Max C-rate charge
Max C-charge discharge
eps
eff

Value
0.7
120
200
2
1
0.03
0.95
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Also in the model diesel generators are used for the purpose of reliability and since
they are sized already, the decision would be about the optimum generation point for them.
Since the proposed study is deterministic, there is no uncertainty about data. Historical
solar irradiance and wind speed data have been used as input for the model[12].

3.3 Notation
Load consumption in KW
Type of renewable generators

�

�

��

�

�

�

Renewable source electricity generation during time period
State of charge in battery at time
Injected power to the battery bank at time
Extracted power from the battery bank
Degradation factor of the battery
Efficiency of battery charging and discharging
Maximum Battery Capacity in Kw

�

�

Footprint of each generation unit
Electricity purchased from main grid in time period
Electricity sold to main grid in time period
Energy storage cost
Cost of energy sold to main grid during time period

$/

Cost of energy purchased from main grid during time period
Betz limit

ℎ

$/

ℎ
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�

Air density in
Wind speed in

�

�

/

/

Gearbox transmission efficiency
Maximum available area in
Number of storage units

�

Storage footprint per cell

�

Solar module cost per KW
Turbine cost per KW
Battery cell cost per KWh
Number of turbines

�

Swept area of wind turbine

�

Total storage cost
Loss factor (1-%Loss) in distribution
Solar Module efficiency based on technology option
$

Diesel fuel consumption cost (� )
Diesel fuel consumption rate (

�
�

�

./

.ℎ

Capacity of solar power considering 1000
Coverage rate of solar panels on the ground

)
/

irradiance

Area occupied by each wind turbine
�

Available amount of electricity can be imported from main grid
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�

Emission factor for diesel generator for different gases as
�

Grid emission factor for coal power plant for different gases

3.4 Problem Formulation
3.4.1 Solar
According to the location specifications such as solar irradiance in different days
and seasons throughout the year[67], Photovoltaic (PV) solar panels can be used for
generating electricity. By allocating 1 to as solar indicator index,

will be

considered solar generation for period of in kilowatt.
For typical design of PV solar panels, it is assumed that the maximum irradiance is
1000( /

, so the capacity of the solar generation can be calculated by choosing the

panel efficiency and ground coverage rate

using (2). This assumption helps us to

have better understanding of the cost per kilowatt in cost analysis (4).
�
�

=

=
(

)×� (

(1)

)×

×

(2)

Solar irradiance for each time period is known using solar irradiance maps for the
longitude and latitude of the location. Depending on the PV technology being employed,
different efficiency factor can be selected for the modules. Furthermore, since there are
many equipment that cause the loss in the transmission path such as inverters, maximum
power controller and also some losses in the module itself such as dirt, heat dissipation and
PV power tolerance, so loss factor

is considered in calculation for compensating losses

(3).
For reliability purposes worse-case scenario for irradiance hours will be considered which
may vary in different locations.
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(3)
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3.4.2 Wind power
Different types of wind turbines have different generation capacity according to
their design characteristics. Vertical-axis wind turbines typically are not as efficient as
horizontal-axis wind turbines, and hence are not as commonly used. However, for easy
mounting and maintenance purposes in municipal area in addition to the height limitation
around the airport area, vertical wind turbines have been used in this model. Basic
formulas for calculating the kinetic energy in the wind is shown in (5)(6), in which � is the
air density and

is the wind speed in specified area which the historical data according to

the last ten years v. Swept area � of the turbine is determined with turbine type. For
vertical-axis wind turbines, swept area is the rectangular area which is calculated by

diameter and rotor height multiplication. In addition, for different types of turbine, gearbox
transmission efficiency � would be different. Finally the amount of electricity can be

calculated by (7),(8). The area for each turbine is calculated by assigning

considering

the 5D horizontal gap and 10D vertical gap between them. Capital cost of the wind turbine
is calculated considering cost per kilowatt using (10)[68].
�

=

�

� =

×�×�×

=

=

=

=

�

�

×

×
×

×

×�
�

(5)
(6)
(7)
(8)
(9)
(10)
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3.4.3 Diesel Generator
According to the available plans two diesel generators are anticipated for
emergency goals, however the main goal is to minimizing the usage of the generator
because of the environmental considerations. In addition, in the model it is obligated to use
the diesel generators just in the emergency cases such as outage for long time. According
to different emergency scenarios the capacity of the tank is determined for the worst case
scenario which is the one week of supplying the whole site, so 200 hours is forecasted for
the tank capacity determination. By using (11) diesel generation is calculated. Total cost of
the diesel gen contains the capital cost and operation cost of the diesel gen is derived by
./

(12). In (12) is the consumption rate of diesel gen
per gallon in $/

.

=

×

=

×

+

�

.ℎ

in and

is the cost

(11)
×

×

(12)

3.4.4 Storage
One important aspect of using renewable energy is reliability. Since most of the
renewable sources are intermittent, it is important to have storage backup. In the proposed
design, it is focused on battery sizing. Solar energy is available during the day and even
during the day it is not guaranteed that panels will get full solar irradiance because of
shading, dirt and bad weather condition. A similar behavior is exhibited by wind power
generation due to variability of wind speed throughout the day and night. So it is important
to have extra energy stored in batteries for night time usage. Furthermore, when having
battery storage, it is sometimes more economical to buy electricity from the main grid and
store it to use during peak periods. Increased reliability of the overall system is another
advantage of buying and storing electricity.
There are some important factors that should be taken into account when
implementing battery storage. Depth of discharge (DOD) is a measure that directly affects
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the lifetime of the battery which means the deeper the battery get discharged the lesser the
lifetime of the battery would be(13). Number of the battery cells can be determined with
(14).
�
�

�

�

=

=

=�

�
� ×

(13)

�

(14)

�ℎ

ℎ/

×

(15)

Degradation or aging factor is another cost related item that should be taken into account
in battery performance calculations. Aging factor � is known as reduction in capacity and
efficiency of the battery due to regular charge and discharge during the battery lifetime.
is known as battery efficiency due to losses in charging and discharging.
State of charge � for each time horizon using aforementioned characteristics can

be defined in (16) which � � is injected power to the battery in each time horizon and �

is extracted power in time horizon. The loss of energy in every injection and extraction is
included in equation. Since the state of charge should not be less than the minimum
amount and not more than maximum amount determined by the DOD constraint in (17) is
applied.
� = � − + �� − �
�

ℎ

�

�

ℎ/

(17)

�

The storage capacity for the battery for operational purposes in the model is �

3.4.5 Generation Constraints

(16)

− �� −

ℎ

.

Based on the solar irradiance in the area under study, solar generation in kilowatt
can be calculated by (3). Generation from the wind turbine based on the number of
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turbines,

�

, as a decision variable is calculated by (8) and capital cost derived by

(10). Since the amount of available area is limited, by considering each unit footprint,
summation of all should be applicable in assumed area �

(20).

As mentioned previously, two diesel generators are included as part of the

microgrid and the output generation of those is less than the total capacity (18).
Total generation of the renewable sources can be derived from (19).
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3.4.5.1 Load Constraint
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+

+

�
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(20)

The first priority in the model is to meet the load demand which is distributed
using data extrapolated from average electricity consumption [69] as shown in Figure 3-3
Considering the 1.1 Megawatt peak load using (21). Load profile of the facility is shown in
Figure 3-3.
+�
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Figure 3-3 — Load Distribution

(21)
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3.4.5.2 Utility Constraint
For stability reasons the amount of allowed electricity to be purchased from the
utility is assumed to be limited (22).

In (22),

.

(22)

is an indicator of the outage scenario which is explained in next section. In

addition, the amount of energy can be sold to the main grid is limited, since excess amount
of injection may cause instability in the frequency and voltage characteristics of the grid.
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4 Results
4.1 Problem Solution
Linear optimization method is used in making decisions about feasibility of the
design and system size. The first objective function in this model is maximizing the profit
of the system considering the implementation and operational cost for a 15-year planning
horizon. The cost consists of each equipment capital cost and also operation and
maintenance cost. Initial cost Need reference is known per kilowatt by using default data in
system advisory software (SAM)[70].The expenses for the battery storage consist of the
battery capital cost and battery replacement per kilo watt hour depending on the battery
degradation factor. Profit maximization is considered as first objective, since in proposed
model the excess energy can be sold to the grid.

ℎ

×

=∑
=

=∑

�

(23)

(24)
×

=

According to the proposed design the model timeframe is a typical 24 hour period.
The results of the model are expanded to a 15 year which is assumed to be the lifetime of
the renewable sources. In this design the decision variables are the area needed for solar
panels, � , the number of wind turbines,
in each time period (

�

�

, the amount of electricity in kW to buy

), the amount of electricity that should be sent or extracted from

the battery, and the current state of the battery(� � , �

, � ). Since there are back-up diesel

generator units, the amount of energy needed for those is also a decision variable. In

addition to the initial cost for the diesel generators, the operational cost of diesel fuel is
also taken into account.
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Usage of the diesel fuel leads to another constraint in the model, since one of the
purposes of the system is to promote sustainable energy. This is done by taking into
account emission factors for diesel generators and electricity purchased from the grid as
well considering the main grid is mainly supported by coal power plant.
The objective of maximizing total profit in (25) is total revenue
electricity,

from selling

is total purchased cost of the energy (23). Total cost of the battery

ℎ

with capital cost and replacement cost included denoted as �
generation units is denoted as summation of

:

�

−

and total cost for

.

�

(25)

−�

−∑
=

Second objective function is about minimizing the emission of pollutants. Sources of these
pollutants may be diesel generators or from the electricity purchased from the main grid,
with the assumption that the main source of the main grid generation is coal power
plants[11]. In addition, the amount of electricity which is sold to the main grid is in
alignment of reducing emissions, since this electricity is renewable source based. This can
be formulated as below.
(26)
∑

×

=

In (26)

+∑
=

×

− ∑
=

×∑
=

is emission factor for the diesel generator considering different pollutants exist

in it such as

,�

,

and

which all denoted in in (26). In addition,

is the

main grid emission factor for coal power plants. Different emission factors are obtained
from [71].
The result of solving the model for several combinations of weights is presented in
Figure 4-1. A total of 100 design solutions were found by combining weights from 1 to 10
for each objective. The resulting curve is referred to as the Pareto efficiency frontier. The
vertical axis represents the emissions and the horizontal axis the profit. Each point
corresponds to a microgrid configuration. The final solution depends on the diamond-
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shaped point represent the utopia point in the criterion space of the model. This is the best
solution when each of the objectives is considered individually. Any compromise between
these objectives is reflected in the Pareto curve.

Figure 4-1 — Efficient Solutions for the Microgrid Design

The endpoints of the curve represent solution in which one objective is given
extreme importance over the other. These points represent little or no compromise on the
objectives. This means that either the model minimize emissions at the expense of
maximizing cost without caring about emissions.
Different visualization of results can be derived from the model to guide the
decision making process. Figure 4-2 presents the cost distribution among the design
solutions. Depending on the available budget and preferences the stakeholders can select a
design alternative. Each design alternatives is indexed and corresponds to solar panel
configurations, wind power, energy storage, diesel generation usage and energy purchases
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or sale from/to the grid. This is a vector of decision variables to the high level design
model of the microgrid.

Figure 4-2 — Cost distribution by design alternative

Figure 4-4 presents the power generation by each design alternative on the primary
axis. The secondary axis presents the state of charge of the battery and battery capacity.
Each design alternative is a complete high-level solution of the system. This visualization
tool can help to decide the best microgrid design with respect to the stakeholder’s
preferences.
As mentioned before, due to the climate change and its effect on human being’s
life, replacing the fossil fuel based plants with renewable sources is trending by a lot of
countries. This is even more important when the countries like United States target the
30% decrease in emission by the year 2025[72]. Figure 4-3 shows the feasibility of the
target. It is shown that even with different objective weights the emission is reduced even
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more than 30%.

Figure 4-3 — Emission reduction by using renewable sources

Figure 4-4 — Energy generation by source with battery usage by design alternative
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4.2 Operational Scenarios
Depending on the stakeholders’ preferences for assessing system robustness for
different situations, different scenarios can be applied.
Even though the proposed microgrid is connected to the main grid to maximize
profit and reliability, however, aforementioned system is designed to support its local load
in island mode. According to the geographic coordination and reliability of the studied site,
it is very likely that outage happens. Studying different outage scenarios are important,
because the considered site is small airport with some training facilities. Having reliable
and steady electricity is vital to have stable communication with airplanes in the airport
and also airplanes flying in acceptable radius of the airport to assist them in landing by
control tower in context of safety concerns. Outage hours can differs from couple of
minutes to couple of hours and it can happen in any time of the day. It is important to make
sure that our system is well designed enough especially in the case of nighttime outage
which there is no sun and electricity generated by solar panels.
In addition to robustness assurance, cost analysis for each scenario related to
outage has done in this study. According to resulted cost analysis and also emission factors
stakeholder and all decision makers will have option to decide about the different
combination of equipment.
Emission analysis is done as well as cost analysis to study different combinations’
effect on pollutant factors.
Scenario 1 (Morning outages): In the first scenario it is assumed all of the renewable
equipment are included and in addition to lead acid batteries, diesel generators are used as
back up. The amount of electricity can be sold to utility is limited. The outage is scheduled
for different hours of the day to see the functionality of the model and have a better
understanding of the cost analysis and emission differences in different outage schedules.
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In Figure 4-5 the output results of different equipment is shown for the early
morning outages.
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Figure 4-5 — Operational point of the equipment for emission minimization for morning
outages
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Figure 4-6 — Operational point of the equipment for profit maximization for morning outages

By comparing two charts in the first scenario, it is shown that when model
optimize for emission minimization, it is more willing to use battery, since it does not have
any cost obligation. Also selling to the grid will compensate for the emission, so it is a lot
more sold power in the emission minimization chart. For profit maximization, the system
try to compensate costs by using less battery, solar panels and implementing more diesel
generators.
Scenario 2 (Noon outages): In this scenario, to model is solved for emission minimization
and profit maximization independently as previous scenario.
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Figure 4-7 — Operational point of the equipment for emission minimization for Noon outages

Comparing Figure 4-7 and Figure 4-8, since the outage hours happen at the middle
of the day when the irradiance is in its maximum, diesel generators are not employed. All
demanded electricity in outage hours is supported by the battery and solar panels in
emission minimization objective. As previous scenario, emission is decreased by selling
renewable generated electricity to main grid. In profit maximization, all demand is
sustained by the solar panels in outage hours. In other time of the day, required energy is
purchased from the main grid, since emission is not considered in this setup.
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Figure 4-8 — Operational point of the equipment for profit maximization for Noon outages

Scenario 3 (Outage in night time): In this scenario (see Figure 4-9, Figure 4-10) the
outage is predicted in night hours. The behavior is the same as morning hour’s outage,
since there is no irradiance at night time. The amount of the diesel generators would be
more comparing with the other scenarios.
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Figure 4-9 — Operational point of the equipment for emission minimization for night outages
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Figure 4-10 — Operational point of the equipment for profit maximization for night outages
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Scenario 4 (No diesel generator in morning outages): In this scenario, diesel generators
are removed from the microgrid to see the functionality of the battery. Model is run for
both emission minimization (see Figure 4-11) and profit maximization (see Figure 4-12) as
previous models independently. The outage is predicted in morning hours when there is
some irradiance to help solar panels for generation.
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Figure 4-11 — Operational point of the equipment for emission minimization for morning
outages without diesel generators

In emission minimization objective, the model maximizes amount of sold
electricity, since there is not any diesel generator and it is the only way to minimize the
emission. Even though the battery is implemented to some extent, however it is not used
for outage hours. This is because of the outage hours happened in middle of the morning
when there is irradiance and the outage demand can be supported by the solar panels.
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Figure 4-12 — Operational point of the equipment for profit maximization for morning
outages without diesel generators

Scenario 5 (no diesel in night outages): Unlike the previous scenario, in this scenario the
outage happens in night time when there is no sun light to examine the robustness of the
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model for different situations.
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Figure 4-13 — Operational point of the equipment for emission minimization for midnight
outages without diesel generators

It should be noticed that wind energy is utilized in this scenario, however it is only
100 kW in maximum amount. Also the amount of electricity can be purchased from the
main grid is limited due to grid self-stability and contract restriction. So battery cannot be
charged more for longer periods of outage.
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Figure 4-14 — Operational point of the equipment for profit maximization for mid-night
outages without diesel generators

In the case of outage in other time of the night, due to restrictions on the system it
is unlikely that system can handle the load.
Scenario 6 (no diesel, bigger wind turbines): In this scenario the capacity of the allowed
wind turbines increased to see its effect on the system reliability in the nigh time outage or
for longer periods of the outage. In Figure 4-15 and Figure 4-16, the amount of
implemented wind energy is increased which resulted in more energy available for storing
in battery to use for outage. This will increase the reliability and robustness of the model
for the outage situations at night. For profit maximization only amount of solar panels are
decreased since the model can rely on wind energy more, especially at night time.
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Figure 4-15 — Operational point of the equipment for emission minimization for midnight
outages without diesel generators but bigger turbines
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Figure 4-16 — Operational point of the equipment for profit maximization for mid-night
outages without diesel generators and bigger turbines
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4.3 Sensitivity Analysis
Sensitivity analysis is done by the most direct approach which is changing some of
the coefficients in the model to determine their affects to the output. In this report, it is
tried to change the values of some independent variables which are more likely to change
in the future based on the technology progress and price variations.
In solar panel technology, it is very likely that the efficiency of the module
increases. Considering that, the prices of such a module will also vary. So the module
efficiency and solar panel prices are the variables that has changed to see their influence on
the multi-objective equation. In the multi-objective equation, greater weight is assigned to
the profit, since for our stakeholders it is more important to get higher profit.
In addition to the solar panel technology and module price, the amount of the
power that can be sold to the main grid can vary. This can prevent main utility company
from further transmission difficulty to the remote areas which can be electrified by the
microgrid close to load. The technical difficulties of such action is believed to be eased due
to the technology development.
Since the main purpose of the study to show the reliability of microgrid, it is
possible the amount of available power can be purchased changes due to different
situations. Studying the effect of such a change is also analyzed in sensitivity analysis in
Figure 4-17 chart which is called tornado chart.
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Figure 4-17 — Impact of change in module price, permitted electricity for selling, module
efficiency, battery price, available electricity can be purchased

As shown in Figure 4-17 increasing in module price can increase the amount of emission,
since solar panel may not be used and instead fossil fuel based plants get used. Also
apparently the profit is reduced because of price increase in module.
Increasing in the selling cap result in emission decrease, since the sold energy is
clean energy and will compensate for the emission of the main grid. On the other hand by
selling more the profit will increase.
As the amount of available land for solar modules is more than the needed, the
increase in the module efficiency does not have significant impact in output and number of
the required modules will be adjusted accordingly.
The impact of change in the aforementioned coefficient also are shown separately
in Figure 4-18 and Figure 4-19.
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Figure 4-18 — Sensitivity analysis of emission

Figure 4-19 — Sensitivity analysis of Profit
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5 Conclusions and Recommendations
This study presents a multi-objective model for a microgrid high-level design. This
modeling approach can help in early stages of the systems engineering process for domainspecific applications such as microgrid design. It is shown that requirements from
regulatory agencies, stakeholders and physical constraints can be incorporated in the
model.
This enables engineering teams to refine requirements for subsequent stages of the
system engineering process. In the case of microgrid design the system architecture was
pre-defined. The model provided assistance into modeling interactions and defining
capacities of the architectural components. Model development and updates can be done
quickly so that design teams can take requirements refined and derived from this model to
continue with subsystem design. The model was able to incorporate cost, revenue and
environmental impact as in a multi-objective framework. Different trade-off analysis are
done in order to give more options to main stakeholders in terms of different scenarios.
The weights of the coefficients are derived from the stakeholder preferences. The output of
the approach was a series of design alternatives with cost and emission performance
measures.


Solar energy was modeled using a piecewise hourly approximation of
irradiance. Panel efficiency was assumed at 17% and varied in the
sensitivity analysis in the range 90% to 110%. It was found that a 10%
increase, or decrease has not significant effect on the cost or emission.



Solar panel price was another variable for sensitivity analysis. Module
price was set to be $2.39/kw and price variation of 10% was imposed. 10%
decrease in price resulted in profit increase as was expected. Emission
decrease is another consequence of cheaper module.
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Increasing the electricity selling cap to the main grid shows decrease in
emissions since injecting renewables based electricity has negative impact
on emissions. Profit increase is another result of increasing this cap from 1
Mw to 1.1 Mw.



As it was expected increasing battery price was resulted in the cost
increase. This also affects emissions because, it is more likely to use
cheaper fossil fuel based electricity which will result in emission increase.



Different outage scenarios in morning, afternoon and most importantly in
the midnight enforced to assess the model reliability and trade-off analysis.
The proposed model handles this situations by the usage of battery very
well. Diesel generator is also used since it is cheap to back up the outages.



Other scenarios are employed for different combination of involved
equipment in the microgrid. Diesel generator is removed to see the battery
functionality in the model which was successful. Implementing higher
capacity of the wind turbines made model even more suitable with green
energy policies without implementing diesel generators.



The model is solved for different combinations of weights. Different
design solutions were found by combining weights from 1 to 10 for each
objective which the resulted curve can be seen in Pareto frontier diagram.



Implementing different scenarios showed that proposed model is flexible
enough if any of the equipment is removed from the model or new
equipment can be added.



Cost analysis was applied using net present value considering inflation rate
and discount factors for 15 year life-cycle of the system.

105

5.1 Future work
The proposed method was applied to a case study in a small airport in Turkey.
Some new considerations can be taken into account for future studies. Incorporating effects
of incentives, load shedding strategies and energy conservation modeling are some of the
new factors which can make the model more accurate.
Technical aspects of the harvesting renewables because of injection and extraction
to main grid can also be also taken into account. These considerations can explore the
effects of microgrid on frequency and voltage stability in common connection points.
There are uncertainties in model such as weather conditions and load consumption
which can be addressed by using stochastic model of microgrid. These uncertainties are
assumed to be deterministic in the proposed model.
Other dispatchable and non-dispatchable sources for energy generation such as
hydropower and fossil fuel units can be implemented by including their profit and emission
into the model.
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