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ABSTRACT
In the past 50 decades, our world has gone through many advancements in technology that once was
merely a thought. Electricity and its accessibility are one of such advancement of science that has been
most beneficial for the people. In present we are utilizing this energy at the maximum rate for our
convenience at the lowest available cost since it is produced in abundant using different available
methods. However, for various reasons like environmental and economical, remote areas are still
deprived of its accessibility. Micro-grid with the ability to operate in both mode, namely on-grid and
off-grid (islanded) has proven to be one of the most significant breakthroughs that have changed the
paradigm of the electrical world.
When electricity cannot reach a particular area, the plausible option is to generate energy by using
local renewable resources like solar and wind through a photovoltaic system and Wind turbine. Micro
hydropower plant construction is another option if hydropower is available in the place. However, it
is not present in all areas. Micro-grid, with the integration of PV and WTG, has to operate in an islanded
mode in such circumstances. However, the power generated from MG is highly variant, and there are
probabilities that this power is insufficient at times to supply the required load. Energy storage system
and diesel generators are therefore added to the system to withstand such distortion of power
imbalance.
In this thesis, a study is presented in different cases representing the condition of supply-adequacy of
a power system with islanded micro-grid. Usually, in such system, energy storage device and the diesel
generator are added at the end when diligent studies have been conducted on power generation from
renewable sources and load demand, and its imbalance. But we have initiated the study with the
biggest diesel generator as the only part of the micro-grid source. For a single day operation, such a
system is efficient and reliable, but for the long run, it could be immensely unreliable and expensive.
Lifecycle cost and levelized cost of energy have been used to investigate the financial parameter
relating the system, likewise, expected energy not supplied and loss of load expectation is used as
reliability indices to assess the reliability of the system. ETAP has been used as an optimization tool to
validate and calculate the parameters for the matter. As per the cases PV system, WTG and storage
system has been integrated into the initial system, and their capacity has been increased for every
case. The effect of this integration on cost and reliability has been assessed and compared to the initial
state of operation.
The research work has outlined the merits of minimizing the use of Diesel generator for optimal saving
and reliability operation.
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1. Introduction
1.1.

Brief

The transition of electricity flow has shifted from traditional, main grid supply to modern renewable,
clean energy supply, yet a large portion of blissful consumers are unaware. It is mostly because this
transition has not affected the improved value for utilities or lowered the prices for the customers [1].
The approach of Renewable energy-based micro-grid system could prove beneficial for people not
only economically but also in terms of sustainability, power quality, and reliability [2].
However, renewable sources have an intermittent property for which there are needs for the storage
system to ensure reliability. The sizing of the storage plays a vital role to avoid interruption of power
supply, and it saves additional cost incurred. There are many methods discussed in many literature
reviews for the evaluation and sizing of the storage devices based on the minimum price of energy.
Mounting biggest size equipment to produce electricity and suppling uninterruptable power to certain
area is a plausible for our project since we are not practically implementing the system. Taking the
liberty of this idea into the project, a reliable yet uneconomical power generation device which is an
integral part of an islanded micro-grid, diesel generator has been used as a base of power generation
of our system. Use of DG is beneficial to supply instantaneous power at all times if we manage its
overall outage. However, for the longer run, DG is an expensive and impractical mode of power supply.
The alternative way for a system to be supply adequate and inexpensive is by mounting RE and storage
sources into the system. It will reduce the stress on DG power generation and help manage supply
adequacy issues more economically.

1.2.

Detail

The topic of interest presented in this report is the Supply Adequacy Assessment of an Islanded MicroGrid. This topic endeavour on assessing if micro-grid (MG), isolated from primary grid connection
(islanded mode), can sustain and supply sufficient power to a specific area like off-grid and remote
town at all times [3]. We can achieve it through an overall balance between load and generation,
which, unfortunately, does not remain uniform in a system like MG. The center control system should
be able to send a signal to the storage device when there is a power output shortage from generation
units or when power demands are higher. The demand and the generation vary pre-dominantly
seasonally in the MG system. Geographical location also has its effect on power mismatch. To counter
this, the installation of a storage device or back- up generator will ensure continuous power supply at
all time. Thorough research conducted on the generation capacity, demand, and power losses in a
system can help MG system to be economically feasible.
1
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1.3.

Study case

i.

Complexity

The assessment of the micro-grid to be self-adequate seems quite straight forward, but the overall
evaluation is much complex, especially when micro-grid is isolated. The base of any power generation
of such off-grid system is wind energy, solar, or other available resources. It is complicated to predict
the nature of such supplies as it varies seasonally and annually. It would be wiser to compensate and
predict the seasonal variation by comparing it to yearly data. However, in recent years we have
witness unfavourable and unpredicted annual change, and its impact on the pattern of wind,
irradiance, temperature and precipitation. Especially today due to reasons like; global warming,
human behaviours, and others, this problem is hard to dodge. Even though these changes may not be
drastic but however small, it has an immense impact on power systems functionality affecting in term
of economy and reliability. An isolated system has to sustain in spite of all these challenges. And
assessment of supply adequacy is considered complex when there are renewable sources involved,
and these challenges are frequent. Designing an optimal system that fulfils the constraints on
economy, power balance, and reliability becomes a hard task.

ii.

Attributes of the Power System

The initial phase of the power system feasibility study is the evaluation of power adequacy in the
system. Many attributes follow after adequacy study that needs to be satisfied like reliability,
optimization, and security. These attributes contribute to planning and designing a stable power
system. System`s adequacy, especially when the system is isolated, is an integral part of the power
system because there is no external grid to supply additional power in the case of generation outage.

iii.

Effect of Location

In an ideal case, the generation of renewable units varies seasonally, so does the load. In summer PV
generation is higher, and load is smaller; or in winter PV generation is lower and load is more
prominent due to short daytime and others. As much as seasonal variation matters, so does the
geographical location of a place. Cold weather at Perth can`t be compared with cold weather at the
Himalayas. A case study needs to be done regarding a particular place`s profile. However, the base of
calculation regardless of geography is the same because the medium of generation so far, such as PV,
wind turbine, or biomass are identical for all the places. Technological advancement is done for the
same medium to improve efficiency, but the idea is to produce more and spend less. An efficient
system should have enough power generating capacity, and the overall cost should be as minimal as
possible.

2
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iv.

Micro-Grid Reliability

The capacity of a system to deliver power to loads at all times can be defined as the reliability of a
power system. Isolated MG is considered reliable if integrated sources power generation can supply
enough power at all times. In MG, multiple sources are used for power generation. Each of the sources
depends on natural factors, like PV depends on high solar irradiance and temperature, while Wind
turbine depends on enough speed for power generation. It is highly plausible that at a time at least
one of the system fails to generate any power. Then, Power will be insufficient that will lead to Load
Shedding (LS) and other crisis. We have to integrate a storage system to avoid such occurrence and
supply power to cope with the imbalances. A diesel generator is also installed that will help to reduce
stress on the battery and act as a reliable backup source. The overall flow of power has to be controlled
to optimize the MG fully.

v.

Power Optimisation and Constraints

Power optimization of isolated micro-grid is done based on minimum Loss of Load Probability (LOLP),
Minimum Loss of Load Expectation (LOLE) and minimum Cost of Energy (COE) basis. Each of these
factors can be considered as a constraint for optimum MG system. Under the influence of these
constraints, we can enhance the capacity of micro-grid, which also reduce the burden on the investors.
An ideal case can be used as an example where a system only utilizes a diesel generator for power
generation. The system can have minimum LOLP and LOLE, as per the assessment conducted on the
maximum load during previous years and installing a maximum capacity generator to handle such
loads at all times. However, this system can be overly expensive with high Operation and Maintenance
(O&M) cost, high replacement cost, and high COE. The system needs a constant supply of fuel to run,
which is neither cheap nor environmentally friendly in the long run. Diesel Generator (DG) account for
high emission of toxic engine exhaust.
Micro-Grid (MG) consisting of just the DG unit, has both advantage and disadvantage. The quick
response towards controlling frequency imbalance and providing power at an emergency is the most
significant advantage of DG in the MG system. The waste of energy during power conversion, also
impacting environment and economy immensely (if used for the long run) is the most damaging
demerits of DG. It is wise if the use of DG unit for power generation is kept to minimal for cost savings
and environmental sustainability. The extent of other Renewable Energy Resources (RERs) units to
generate power and supply the load will determine the use of DG in a power system. When sources
like PVs and WTGs are generating power, DG gets operated only when there is power insufficiency.
The power generated from RERs sources is also determined by its rated capacity than just the weather
condition of a location. Therefore, as we increase the size of RERs system, power generation gets

3
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increased and DG use gets decreased. The assessment of self-adequacy of an islanded MG is
essentially boiled down to this idea.

2. Project Objectives
The formulated idea of the project that determines the success of the project is listed below:
➢ In ideal case, the initial base of power generation (Diesel Generator) should be able to sustain
power at all times.
➢ In addition of other RER units, supply adequacy of the system should not be compromised at
any cost.
➢ It is obvious that RER unit power generation varies seasonally. But power to sustain load at all
times is compulsive even though it means excessive use of backup sources like DG unit and
battery is required.
➢ Generating different cases where different numbers or power units of sources are used for
the purpose of optimum system generation economically and reliably.
➢ Comparing levelized cost of different simulated power system to the initial system with only
DG as power source.
➢ Comparing reliability using reliability indices of all the specific system.
➢ Short-circuit analysis as required for the project.

3. Background Information and Literature Review
3.1.

Micro-grid

Arup, an independent firm, defines micro-grid as a controlled network which incorporates generation,
storage, and demand [4]. The advantage of micro-grid is that it can also operate independently
without a main grid power supply. It is possible due to its connection to local distributed energy
resources (DERs) such as Photovoltaics (PV) or wind turbine or biomass energy. Back up distributed
storage (DSs) devices are also connected, which supplies power during power insufficiency. An
unprecedented set of challenges have to be tackled to control voltage and frequency for feeding the
load demand appropriately, during the islanded mode. During grid connection mode, grid handles
those problems by absorbing any change in energy balance and acting accordingly to provide a prespecified amount of active and reactive power [5]. Assessing isolated micro-grid potential to handle
power at all time, even during peak demand hours is the initial phase to conduct feasibility of such a
system for a particular place. Apart from these challenges, micro-grid is an efficient power source
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which solves any power relating problem by utilizing renewable resources potential to produce
electricity.

Figure 1: Micro-grid and its associated components.

3.2.

Types of Micro-grid

We can classify Micro-grid into three types based on their mode of operation, sources used, and its
size.

3.2.1. DC Micro Grid
Micro-grid is comprised of Distributed energy resources (DER), Distributed Storage (DS) as a source of
power generation. Among these components, some operate in Direct current (DC) condition. Energy
sources like Photo-Voltaic (PV) operates at DC [6]. It can be linked directly to the DC bus to cater to DC
loads [7]. In doing so, it avoids the energy conversion process, and its relative losses. DC micro-grid is
highly efficient and reliable. There is no reactive power involved as it is resistive in nature [7]. There
is no need for synchronization and control mechanism to match the required frequency in DC microgrid.
There is a need for a DC-AC converter to cater to AC loads. Droop control mechanism is used in DC
micro-grid to compensate mismatch of generation and demand [8]. Sometimes, a reactive source is
also kept as a backup to cope for reactive power.
However, there are stability issues relating to this type of micro-grid, and we can suggest that a
combination of decentralized power balancing and droop control can help get rid of those issues [9].

3.2.2. AC Micro Grid
The traditional power system is based on AC. Most of the household appliance operates at AC or has
AC-DC inverter attached to it. Therefore, it is natural to consider micro-grid as AC system [10]. We can
connect AC micro-grid directly to the prevalent three-phase AC grid. DC generation source attached
5
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to the AC bus requires DC-AC inverter, and further AC-DC rectifier is used to supply DC loads. The
biggest demerits of this system are loss of power during conversion and expenses to add converters
for each DC source.

3.2.3. Hybrid Micro Grid
It is a hybrid system of a network incorporating both AC and DC mode of operation. Loads and sources
are connected to their corresponding buses. Wind turbines, three-phase utility grid and AC loads are
connected to AC bus, whereas PV, battery with a bidirectional DC-DC converter and DC loads are
connected to DC bus. Due to the presence of AC/DC type of micro-grid, it also exhibits similar merits
and demerits to the two. However, this micro-grid does not have to cater to opposite types of load
(AC/DC) as the previous two types do.

3.3.

Benefits of Micro-grid

Micro-grid, which utilizes the renewable energy resources encompassing the traditional grid supply,
has many advantages for both user and electric utility provider. For user applications, micro-grid is
considered a reliable network which can provide better power quality. It does this by plug-and-play
functionality in which switching to a suitable mode of operation (islanding or grid operation) takes
place, leading to an uninterruptible power supply for the users [11]. Islanded mode of operation is
utilized by users with the inaccessibility of grid power, especially in rural areas or demographically
sparse regions. Micro-grid also helps to reduce GHG emissions, which means they are environmentally
friendly. In a long-run, it also helps to reduce the cost to be incurred by the user as MG system`s
network helps on reducing power loss during transmission which is an extra cost for additional power
[12]. Energy bills savings and economic growth of rural areas are other benefits of MGs.
For provider, a micro-grid network can help reduce the stress of power flow on transmission lines,
eliminating the probability of lines failure, and maintenance cost. It usually occurs during the peak
loading period, and there are high chances of grid failure. Grid congestion is reduced by improving
grid safety. Moreover, micro-grid also provides combined heat and power (CHP) to the user, since
emerging Generation devices permits generator to be placed in the smaller distance to the loads [12].
Heat or the waste heat is generated from the engine generator during its operation of fuel-toelectricity conversion.
Therefore, there is a wide range of benefits of micro-grid than just stabilizing the operation during
faults and disturbances, but there is some limitation to be worked on as well.

6
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3.4.

Limitation of Micro-grid

There are some underlying challenges and limitation related to the technical advantages of the microgrid. From A. A. Salam et al. [11], it is stated that there are three significant challenges of micro-grid
namely- frequency and voltage control, islanding, and protection of the system. When these
challenges are dealt with, then these are the benefits that micro-grid exhibits. It is also mentioned,
during the islanded mode, it is tough for micro-grid to operate more than one generation units [11].
The common point where all the distributed generation units, loads, and the primary grid are
connected is known as the Point of Common Coupling (PCC). Due to all these connection at a common
point, the network frequency and power control become complicated to maintain, especially during
the islanded mode. Many control measures are there to ensure its optimum operation during islanded
mode like robust controller which is used to control the process of two generation units at once [13]
[14], the optimal controller is used to regulate voltage and frequency during islanded mode [15]. Also,
a PQ inverter is used to control the flow of active and reactive power, and Voltage source inverter is
used to regulate voltage and frequency transient response [16] [17]. Along with these controllers, a
Proportional plus integral (PI) controller is integrated into the system, which helps to make system
linear and keep frequency within the range [18].

3.5.

Applications

Application of micro-grid has intensified rapidly in the current market after high penetration of
Renewable Sources (RS) have been identified along with benefits of micro-grid to aid for additional
power and its independently operating property. There are many applications of micro-grid:

3.5.1. Military
Energy and electricity is a necessary asset for the military in all conditions. Military missions are
diverse, and their site of operation could be highly hostile. Depending on power source like diesel
generator could be costly and risky [19]. There is also the risk of high greenhouse gases emission
related to DG. Therefore, Micro-grid is an essential tool during this scenario [20]. However, due to the
harsh condition at the mission, micro-grid should be characterized by Just-In-Time integration,
changing technologies, and rapid relocation features [21].

3.5.2. Industries
Industries require an uninterruptible power supply for its continuous productivity. Any disruption
could subject to loss of production and cost (process and start-up afterward). Places like;
Pharmaceutical industries, food industries, and others will be profoundly affected due to power faults.
Micro-grid can help provide power at all times and also reduce the additional cost incurred due to the
additional power requirement from the grid.
7
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3.5.3. Campus and community
The community comprises of hospitals, banks, data center, educational institutes, religious sites, and
others. These sites are said to be critical load center for the power system, and it is crucial to supply
uninterruptible power at these locations.
The application of micro-grid is essentially strengthened with self-adequate capability assessment.

4. Self-Adequacy of an electrical system
A self-adequate electrical system is a system incorporating all the necessary power sources to sustain
fluctuating day to day load demand reliably. Even if the available resources are plenty, its ability to
materialize expansion of generation determines the adequacy of a system. In Brazil, which has nearly
a fifth of water reserve has enormous potential for hydropower plant [22]. Regardless, it was noted
hydro systems based electricity produced was not adequate to sustain the growing demand. The
consumption of electricity was increasing by 2500MW average per year [23]. This scarcity has
immensely impacted on national market price. This inability was blamed on state-owned companies
which handle 73% of the power production [23]. Therefore, a deregulation process was ensured while
preserving the reliability of the system with an environment of free negotiation to cope with the
matter [23]. Brazil has Hydropower plant for power generation. Hydro based system is a more reliable
source than PV and wind because of their intermittent nature. Therefore, it is absolutely necessary to
conduct a review on demand and generation over a long period in a system like islanded micro-grid.
We conduct an assessment on self-adequacy on isolated micro-grid to observe and study its feasibility
in an area. It can also help to size the battery and generators required for the enhancement of system
performance. It also helps to outline the contribution of different components associated with the
system toward the final cost of operation. The overall value of a system could be very high when
reliability and supply adequacy are only factors concerned. It is vital to economically optimize the
system so that it will be self-sufficient and financially worthwhile. There are many methods used for
the optimization of isolated micro-grid for maximum power generation and minimum related cost.

8
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Figure 2: Sizing methodologies [24].

4.1.

Research on self-adequacy and reliability

4.1.1. Iterative Approach
In the iterative approach, we gather metrological year data of solar irradiance, temperature, and wind
speed, which is used in an algorithm to find an optimum result. The algorithm used in this approach is
NPV (Net Present Value) or cost of energy at required reliability level calculated by Loss of Load
Probability (LOLP) or criteria such as power supply availability and others.
A study by Prasad and Natarajan [25] showed how iterative approach where three loops were used,
helped them to find the optimal size of the system. The first loop or the inner circle initiated by wind
turbine and its sizing. In the middle loop, the number of PV panels were assigned to each model of
WT. And finally, the outer loop is used for the calculation of the size of the storage system. Different
configurations are evaluated, and each configuration specification is updated in a software which is
designed to find optimum size based on minimum lifecycle cost. The computer software allows the
user to specify required deficiency of power supply and other reliability parameter based on which
economically feasible sizing can be done.
Another research conducted by Yang et al. [26] used the iterative approach to find an optimal
configuration of the microgrid system using LPSP (Loss of Power Supply Probability) and the lowest
cost of energy. The calculation was done using data obtained annually and the highest LPSP annually
yet lowest among all the configuration is used to size the battery for the system. The determined LPSP
yields the lowest cost of energy of the system. The flowchart with numerous iteration is provided that
outlines the process of evaluation.
The iterative approach presents a logical form of trial and error where many configurations of
components are manipulated in a form of loop until we obtain the desired result. This approach is
highly accurate. However, unless we use an efficient computer tool, this approach is time-consuming
and tedious.
9
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Figure 3: Flowchart of optimal sizing using iterative method [26].

4.1.2. Probabilistic Approach
Probabilistic Approach as an optimization technique is one of the convenient method present today.
The metrological data is not considered in this method. A probable model is developed, creating a risk
of a model of generation and loads. The result obtained using this approach of optimization does not
produce the best result [24]. Usually, Artificial Intelligence like Monte Carlo simulation and MATLAB
10
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are some of the tools that are used to validate the findings obtained by using a probabilistic approach
method.
Tina et al. [27] used this method based on convolution technique to optimize the hybrid system. The
developed design was intended to assess long-term performance based on reliability constraints of
Expected Energy Not Supplied (EENS). The result is not compared to any of the available software.
Similarly, Karaki et al. [28] developed a probabilistic approach that indicated the mode of operation
of associated components during a power outage and availability of power supply. This paper fails to
consider the cost factor; however, the author presented how production cost can be assessed using
this approach.
Yang and Burnett [29] developed a model that is used to analyze the system`s reliability by calculating
the probability of power supply failure of the hybrid power system with a storage device. The
simulation model used different desired LPSPs to find an economically optimal combination of the
system`s components. The study also showed how different load profile impacts the performance of
a particular system with priority sequence intended for particular load type. The best to the worst
sequence in the ideal case presented in the paper is PV-WT hybrid system, WT power system only and
PV system alone as a power generation component. The model was utilized for a telecommunication
system with an isolated hybrid MG power system. There is no associated problem to this test
presented in this paper.

4.1.3. Analytical Method
Another optimizing tool that uses long-term meteorological data to evaluate system performance
according to certain criteria is Analytical Method. It evaluates system feasibility by using a
computation model of the system.
Khatod et al. [30] used this method, and its result were compared with the Monte Carlo simulation
(MCs) method. Monte Carlo simulation tool is considered one of the efficient tool of optimally sizing
of the system`s component. The performed simulation of production-costing of isolated PV-wind
hybrid MG system were shown accurate while comparing to MCs method. In analytical method,
foreseeable conditions relating wind speed, solar irradiance and even component outage is
considered to purpose an optimum system.
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4.1.4. Artificial Intelligence (AI) approach
Yang et al. [31] used Genetic Algorithm for system optimization. The research was used in China
telecommunication station to power the network. It was found that energy storage device with 80%
DOD, storing energy up to 3 to 5 days yield 1% to 2% of LPSP. Although losses to the system were not
considered, which out led the designer to oversize the system, GA proved to be one of the efficient
optimization tools in the power system. The optimization process considers all the effective values
that determine component performance in power production such as PV module number, PV module
slope angle, turbine`s height, tilt angle, the capacity of the batteries and others.
Similarly, Lu et al. [32] used GA to minimize the overall cost of the system. In this study, only certain
numbers of power generation source with a certain magnitude of capacity were meant to be present
to supply a certain type of load. For example, WT ratings of 1KW, 3KW, 7.5 KW, and 10KW were the
only available option and number of WT was limited. The LPSP used was 1%, and each battery had the
capacity of 200 Ah with 50% DOD. The standalone wind/PV system used GA to size its components
optimally.
Biogeography Based Optimization (BBO) algorithm is another AI tool which reduces the computation
time to perform optimization compared to conventional methods. Its use is shown on paper by Kumar
[33] where power management strategy to ensure availability of power is presented.
A relatively slow approach AI that does the optimal sizing uses a response surface methodology (RSM).
Ekren et al. [34] used this approach where sizing is based on the collection of mathematical methods
and historical data, which is then used to predict whether data and power generation. The progression
of prediction led to obtaining a metamodel, which is used in RSM to size appropriate components and
minimize the overall cost optimally.

4.1.5. Forever Power Method
Forever power method is also called forever power iterative method, does the optimization of the
micro-grid system by using a similar mode of the process as an iterative approach of optimization. Like
the iterative loop cycle, forever method also substitute the configuration of plausible system`s design
until required constraints of cost and reliability are met. However, unlike an iterative approach whose
overall process gives efficient result but not power availability at all times, forever power method does
a similar assessment with 100% availability of power at all times.
Alalwani et al. [24] has used Forever power method for evaluating the performance of the wind-solarbattery hybrid system on a rural village at Yanbu city in Saudi Arabia. In this paper, considering the
power generated from WT and PV of various number and sizes with excess power at times, the battery
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has been selected, and their overall performance has been analyzed with regards to cost and 100%
power availability context. The battery was selected considering its DOD does not fall below 50% for
more than 97% of the time. The paper also mentioned how excess electricity could be used for
powering desalination units in the area.

4.2.

Tools for evaluation

There are several tools design to perform simulation of a network consisting of PV, Wind turbines, and
Batteries. RET Screen, Hybrid2, HOMER or even LabVIEW, Simulink are used to simulate the real case
of the network and identify foreseen problem. It provides ideas of all risk factor relating particular
design and also helps resolve it for optimum result. In our project, we are simulating the design
network through ETAP software [35]. A graphical representation of the components and real-time
coordination with lots of other features are available in the software. Changes to the parameters and
effect of performances can be compared efficiently using ETAP [35]. ETAP allows a typical load flow
analysis and reliability assessment using tools provided by it. Therefore, once all the assessment on
the evaluation process for self-adequacy is established, it can then be implemented and verified using
ETAP.

Figure 4: Overview of ETAP Simulation
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5. Micro-Grid System proposed Modelling
Modelling of micro-grid consists of problem formulation relating each of the Generation Units. It
outlines the factors involved for each of the units; like PV, Diesel generator, ESS, and others; which
impacts their power generating capacity. Each unit has different sets of algorithm based on its mode
of operation. Like; PV operates and creates energy based on irradiance and temperature while wind
turbine operates based on wind speed, hub height, and others.
We proposed an isolated micro-grid system understanding its capabilities to supply power to locals
from local resources. Even though the process of analysis obtained for this report is by utilizing the
ETAP software, it is imperative to consider how each component is formulated, and power is
generated.

5.1.

Photo-Voltaic (PV) System Modelling

PV utilizes the power from the sun by converting it into useful DC electricity [24]. Based on output
power generation from PV, a PV system can be small or large. The combination of series and parallel
configuration can be used to meet the power demand at time t. Due to its mode of operation, which
is based on characteristics of the sun, a PV system is highly intermittent, and the variation in output
power makes it prone to having back-up power generating devices. Also, there are many other factors
which pre-dominantly influence the output variation such as, locations, tilted angle, dirt, and others.
A typical IV curve characteristics of the PV system with the effect of different irradiance is shown
below.

Figure 5: Typical PV array IV curve with different irradiance [36].
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Similarly, typical PV array`s variation in Power with respect to irradiance and temperature is shown
below;

Figure 6: PV module Power vs Voltage for different irradiance and PV module power vs voltage for different temperature
[36].

In general, the output power of each PV panel is formulated as;
𝑃𝑃𝑉 (𝑡) = 𝐴𝑝𝑣 ∗ 𝐼𝑝𝑣 ∗ 𝜂𝑝𝑣 [At time (t)];

[37]

Equation 1

Where 𝑃𝑃𝑉 (𝑡) is the power output at the time, 𝜂𝑝𝑣 is the efficiency of the PV system, 𝐼𝑝𝑣 is the solar
irradiance on the system (KWh/m²) and 𝐴𝑝𝑣 is the area of the system being calculated (m²).
The total power generated for PV system with N number of panels is;
𝑃𝑃𝑉,𝑇𝑂𝑇𝐴𝐿 (𝑡) = 𝑁 ∗ 𝑃𝑃𝑉 (𝑡)

Equation 2

[37]

Here, 𝐼𝑝𝑣 is dependent on two factors; the location and tilt angle of its placement. The location could
undermine the potential of power generation by PV system as shading effects PV power output by a
marginal amount. Similarly, the tilt angle and maintaining the direct irradiance throughout also
determines the efficiency of power output.
And 𝜂𝑝𝑣 is affected by cell temperature, ambient temperature, and solar irradiance, and is expressed
as follow;
𝜂𝑝𝑣 = 𝜂𝑟 𝜂𝑝𝑐 [1 − 𝜇(𝜃𝑐 − 25];
(𝑁𝑂𝐶𝑇−20)

𝜃𝑐 = 𝑇𝑎 + [

800

∗ 𝐼𝑝𝑣 ]

[24]

Equation 3

[24]

Equation 4
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Where, 𝜂𝑟 𝜂𝑝𝑐 are PV module rated efficiency and the power converter efficiency, respectively. 𝜇 Is
the temperature coefficient at maximum power (/C˚), 𝜃𝑐 is the cell temperature, 𝑇𝑎 is the ambient
temperature, and NOCT is the normal cell operating temperature. It is by consideration of all these
factors; we can determine power output at a time from the PV system.

5.2.

Wind Turbine (WT) Model

The wind turbine is a Power generating tools which rely on natural wind resources as a fuel to generate
power in the power system. The power generated from the wind turbine is directly proportional to
the wind speed. However, depending on the capacity and specifications for the wind turbine, different
wind turbines acts differently for variation in winds. Like, cut-in speed, Rated speed, and cut-out speed
are different for different wind turbines.

Figure 7: Typical Wind Turbine P vs. V curve [49]

Cut-in speed (𝑉𝑐 ) is the lowest wind speed at which wind turbine generates power. The power could
be next to none, but the cut-in speed signifies the point of speed at which the turbine will start to
rotate and generate power. For any wind speed below cut-in speed, there is insufficient torque
exerted by the wind for turbine`s blades to rotate and cause the generator to function.
As wind speed keeps on increasing, so does the blade rotation and does the power output. The rate
at which this increment happens is quite high, and it keeps on rising until the turbine is incapable of
any further generation. The point of wind speed at which the Rated Power (𝑃𝑟 ) is generated from the
turbine is known as WTG`s Rated Speed (𝑉𝑟 ). Any rates above this point will produce the same
maximum power, and in return, higher wind speed will have a higher mechanical risk for the wind
turbine.
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The maximum wind speed that a turbine can withstand without causing damage to the rotor is known
as Cut-out speed (𝑉𝑓 ). Usually, a braking system is employed to a turbine to prevent the rotor from
spinning and remaining standstill.

5.2.1. Wind Statistics and the Weibull Distribution
The study of Wind speed data plays a vital role in conducting a feasibility study for any wind turbine
for a place. Different places have different wind profile. It is essential that a reliable tool is used for
the research that records wind speed and direction at every point of time. The level of accuracy of this
study determines the precision of the output study from the turbine.
It is commonly observed that wind is not a steady element. It changes by every minutes or less. The
efficient way of studying wind pattern (one that could be beneficial for turbine study and its feasibility)
is by knowing the probability density distribution of the wind speed (Weibull distribution) [38]. This
method of statistics usually demonstrates histogram with the frequency of wind speed of narrow
bands to the proportion of time of occurrence. The distribution will give an idea of the bandwidth of
wind speeds, which blows for a maximum amount of time. The standard deviation calculation will
represent the unsteadiness of wind speed for an area which gives the idea of variation on wind speed
in general for a domain. It is essential because whilst the power output from a wind turbine cannot be
predicted due to its reliant on the vagaries of weather, it is possible to relate distribution curve and
estimate the outputs for a proportion of the time. The turbine P-V curve is used for this purpose. By
observing the power output for a point of wind speed and multiplying it with the frequency/number
of occurrence gives the total power for a particular period for a specific area.

Figure 8: Typical steady wind power curve of 2KW turbine and wind speed probability density [38]

The power output of wind turbine 𝑃𝑤 for wind speed at time t V (t) is expressed generally as,
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𝑉(𝑡)²− 𝑉𝑐²

𝑃𝑟 (
𝑃𝑤 = {

𝑉𝑟 ²− 𝑉𝑐 ²

𝑃𝑟
0

)

𝑉𝑐 ≤ 𝑉(𝑡) < 𝑉𝑟

Equation 5

𝑉𝑟 ≤ 𝑉(𝑡) < 𝑉𝑓 [39]
𝑉(𝑡) < 𝑉𝑐 𝑜𝑟 𝑉(𝑡) > 𝑉𝑓

If there are N numbers of turbines of the same characteristic then,
𝑃𝑤,𝑇𝑂𝑇𝐴𝐿 = 𝑁 ∗ 𝑃𝑤 (𝑉(𝑡)) [24]

Equation 6

Also, the wind speed recorded at reference height 𝐻𝑟 can be related to hub height 𝐻ℎ𝑢𝑏 of the wind
turbine as;
𝐻ℎ𝑢𝑏 𝛼
) ;
𝐻𝑟

𝑉 = 𝑉𝑟 (

Where α is the coefficient signifying ground surface friction and V is the wind speed

at hub height.

5.3.

Electric Storage System (ESS) Modelling

Storage systems are electrochemical devices which are capable of storing energy like Battery. It can
supply this energy whenever it is required. Notably, in isolated MG due to the high probability of loss
of power at the time, storage system like the battery can help provide back-up power to sustain power
demand. A type of cell is also able to store energy from units like PV, WTs when there is surplus power
remaining in the system. Lead Acid (LA), Lithium-ion (Li-ion), Nickle-metal hydride (Ni-MH), and
Sodium-Sulphur (NaS) batteries are some commonly used electric storage in MG [24]. The appropriate
selection of storage device depends on factors like reliability, life cycle cost, time response, rate of
discharge and recharge, trip efficiency, and others.
Table 1: Lists of battery type and its related costs [24].

Lead-acid batteries are commonly used due to their low cost and high efficiency of up to 90% [40]. It
has meager self-discharge rates, which is similar to Li-ion batteries, of less than 0.3% [40]. They can
withstand deep discharge cycles that have made them preferable for islanded MG than any other type
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of ESS. However, any battery life cycle can depreciate depending on Depth of Discharge (DOD),
temperature, charge controller performance, and duration of state at low State of Chare (SOC) [41].

Figure 9: Expected average cycle vs. DOD of battery [40].

Unlike other MG units, ESS behaviour is accessed on the basis of SOC and can be expressed as,
𝑁

𝑁

𝑒𝑠𝑠
𝑐ℎ
𝑒𝑠𝑠 𝑑𝑖𝑠
𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(0) + 𝜂𝑐 ∑𝑚=1
𝑃𝑒𝑠𝑠
(𝑚, 𝑡) − 𝜂𝑑 ∑𝑛=1
𝑃𝑒𝑠𝑠 (𝑛, 𝑡) [37]

Equation 7

𝑐ℎ
𝑑𝑖𝑠 (𝑛,
Where 𝑃𝑒𝑠𝑠
(𝑚, 𝑡)power is gained by charging at time t, and 𝑃𝑒𝑠𝑠
𝑡) is power discharged at time t.

𝜂𝑐 and 𝜂𝑑 are charging and discharging efficiency of the ESS respectively.
Usually, the manufacturer specifies the SOC allowable limits at which ESS must operate.
𝑆𝑂𝐶 𝑚𝑖𝑛 (𝑡) ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶 𝑚𝑎𝑥 (𝑡) [37]
𝑆𝑂𝐶 𝑚𝑖𝑛 (𝑡) = (1 − 𝐷𝑂𝐷) ∗ 𝑆𝑂𝐶 𝑚𝑎𝑥 (𝑡) [37]

5.4.

Equation 8

Diesel Generator (DG) modelling

A diesel generator is a stand-alone power generating tool which can be incorporated in an isolated
MG system to provide continuous optional operational power. It is designed in such a way that
depending on the controlling units, it can quickly ramp up and down its capacities to respond to power
fluctuation. The mode of operation of DG is by conversion of chemical energy (diesel) into electric
energy. To what extent a chemical is utilized by DG to form useful power determines the efficiency of
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Diesel Generator. The amount of fuel that it consumes to produce certain useful energy is also another
vital factor to determine overall performance and feasibility of DG in a system.
The quadratic polynomial used to estimate the DG`s Fuel Cost (FC) is;
𝑛

Equation 9

$
𝐹𝐶 = ∑(𝑎 + 𝑏𝑃𝑖 + 𝑐𝑃𝑖2 )( )
ℎ𝑟
𝑖=1

Where a, b and c are the cost coefficient of DG and n is the number of DG units [37].

6. Problem Formulation
The objective function of this report is to purpose a power adequate isolated MG system operating at
minimum Levelized Cost of Energy (LCOE), Return of Investment (ROI), payback period and internal
rate of return (ROR).

6.1.

Power Balance function

The power balance relationship between generation and power demand of Isolated MG can be
expressed as;
𝑁𝑙𝑜𝑎𝑑

𝑁𝑑𝑔

𝑁𝑝𝑣

𝑁𝑤𝑡

𝑁𝑒𝑠𝑠

∑ 𝑃𝑙 (𝑛, 𝑡) = ∑ 𝑃𝑑𝑔 (𝑖, 𝑡) + ∑ 𝑃𝑝𝑣 (𝑗, 𝑡) + ∑ 𝑃𝑤𝑡 (𝑘, 𝑡) + ∑
𝑛=1

𝑖=1

𝑗=1

𝑘=1

𝑑𝑖𝑠
𝑃𝑒𝑠𝑠
(𝑙, 𝑡)

Equation 10
[37]

𝑙=1

𝑁𝑒𝑠𝑠
𝑐ℎ
− ∑ 𝑃𝑒𝑠𝑠
(𝑚, 𝑡)
𝑚=1

Here, power to the load 𝑃𝑙 (𝑛, 𝑡) is the addition of power from diesel generator𝑃𝑑𝑔 (𝑖, 𝑡), PV 𝑃𝑝𝑣 (𝑗, 𝑡),
𝑑𝑖𝑠 (𝑙,
wind turbine 𝑃𝑤𝑡 (𝑘, 𝑡) and discharging battery 𝑃𝑒𝑠𝑠
𝑡) at the time. If the battery is in the state of
𝑐ℎ
being charged then the power dissipated into it 𝑃𝑒𝑠𝑠
(𝑚, 𝑡) is then subtracted to other unit`s power.

6.2.

Cost related function

In order to maximize profitability and minimize the investment cost, the lifecycle cost analysis is
beneficial in a power system. It also helps to find the optimal size of MG system components. Lifecycle
cost analysis includes initial costs of investments (𝐶𝑖𝑛𝑖𝑡 ), costs relating operation and maintenance
(𝐶𝑚𝑎𝑖𝑛𝑡 ), cost of replacements (𝐶𝑟𝑒𝑝𝑙𝑎𝑐𝑒 ) and also the cost of energy (COE).
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When the size of a system is chosen on the basis of just a minimum loss of load probability (LOLP), it
is highly plausible that the initial costs and other relative costs could be very high. It is because when
the only goal is to supply continuous power at all times without any interruption, even during peak
hours, we can choose the largest capacity system and make it possible. However, just the initial cost
of investment could be very high regardless of other relative costs. Optimizing the system and
proposing the best scenario, where we are using minimum overall costs and maximum energy is being
generated is the efficient system to be selected.
The initial cost is the cost incurred to purchase the major components of the MG system. This cost is
dependent on the market price and numbers of components used. It is a part of LCC. The operation
and maintenance are another part of LCC which is related to running the units until the expected
useful life of the system. For DG source operation it deals with its running costs, which influences the
majority of the operating cost for an isolated MG system. Similarly, the replacement cost is the costs
included for events when MG components have to be replaced before its lifecycle is over.
𝐿𝐶𝐶 = 𝐶𝑚𝑎𝑖𝑛𝑡 + 𝐶𝑟𝑒𝑝𝑙𝑎𝑐𝑒 + 𝐶𝑖𝑛𝑖𝑡 [For each components]

Equation 11
[24]

An LCOE includes all these costs (𝐿𝐶𝐶) per total energy generation (𝐶𝑂𝐸 𝑖𝑛 𝐾𝑊ℎ).
𝑚𝑖𝑛𝐿𝐶𝑂𝐸 =

𝐿𝐶𝐶
𝐶𝑂𝐸 𝑖𝑛 𝐾𝑊ℎ

Equation 12
[24]

The cumulative function which is used to calculate the present worth of operation and maintenance
cost is;
1−𝑥 𝑛

Equation 13
[37]

𝐶𝑚𝑎𝑖𝑛𝑡 = 𝐾𝑚𝑎𝑖𝑛𝑡 (𝑥)2 ( 1−𝑥 ) [24]

And, 𝐾𝑚𝑎𝑖𝑛𝑡 is the percentage of maintenance cost to that of capital cost.
Similarly, the cumulative function of replacement cost can be expressed as;
𝑛

2𝑛

3𝑛

4𝑛

𝐶𝑟𝑒𝑝𝑙𝑎𝑐𝑒 = 𝐶𝑜. 𝑥 𝑛− 5 + 𝐶𝑜. 𝑥 𝑛− 5 + 𝐶𝑜. 𝑥 𝑛− 5 + 𝐶𝑜. 𝑥 𝑛− 5 [24]

Equation 14
[24]

In this study, we have assumed the cost of replacement as nil.

7. Reliability assessment indices
The base of reliability and supply adequacy assessment of a system is done based on power balance
concept of generation to load, including the losses. If there were known load variation throughout the
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year for which generation is adequately sized, then the balance is easily obtainable. However, there
have been many instances where there is a sudden peak at the load centers, and the MG system is
unable to sustain such loads from available sources. Also, in such case different protective measures
have to be kept in place for system to withstand the congestion associated with an increase in power
demand.
The reliability indices utilized for the better understanding of reliability and supply adequacy of the
system are EENS, LOLE, and LOLP.

7.1.

Loss of Load Expectation (LOLE)

When Power regulatory commission of a country is required to set a reliability standard, LOLE is used
[42]. It signifies the time in an hour when daily peak load surpasses the available GU capacity for a
pre-defined period. It can also be used to measure the security of power supply [42]. It can be
estimated using the following function:
𝑛

𝐿𝑂𝐿𝐸 = ∑ 𝑃𝑘 ∗ 𝑡𝑘

Equation 15
[37]

𝑘=1

Here, 𝑃𝑘 is the probability of inadequate capacity, 𝑡𝑘 is the period of outage occurrence, and n is the
number of an outage.

7.2.

Expected Energy Not Supplied (EENS)

The EENS is the probability of energy curtailment multiplied with expected unsupplied energy (𝐸𝑘 ) in
a year and can be expressed as;
𝑛

𝐸𝐸𝑁𝑆 = ∑ 𝑃𝑘 ∗ 𝐸𝑘

Equation 16
[37]

𝑘=1

During peak load level, EENS dramatically increases in the power system. Usually, a backup
generator and various adjustment are used for stabilizing the resulting divergence. In South Korea, in
the case when load level went to 120 %, adjustments like load shedding and adding a fixed shunt
reactor helped to stabilize the violation in the system [43].
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Failure rate per year (FR), Forced Outage Rate (FOR), Mean Time To Failure (MTTF) and Mean Time To
Repair (MTTR) are other parameters used to measure the reliability indices of the power system. FR
is the number of failure per year per unit length.
𝐹𝑂𝑅 =

𝑀𝑇𝑇𝑅
(𝑀𝑇𝑇𝑅+ 8760⁄(𝜆 +𝜆 )
𝐴
𝐵

𝑀𝑇𝑇𝐹 = 1⁄(𝜆 + 𝜆 )
𝐴
𝐵

Equation 17

Equation 18

Where 𝜆𝐴 and 𝜆𝐵 is active and passive FOR of the component.
MTTR is the average expected time for crew to restore and repair a damage component.

8. Application on a rural village of Nepal (Ghandruk)

Figure 10: Children in Ghandruk [44].

Ghandruk is a town and Village development committee (VDC) which is located in Kaski district of
Nepal. It lies at an altitude of 2050 meters above sea level and has latitude-longitude coordinate of
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28.380˚N and 83.812˚E [45]. Engulfed with natural beauty, Ghandruk offers the excellence view of
famous mountains like Annapurna, Machhapuchre, and Himalachuli peaks [45]. More than 40,000
travellers from all around the world visit Ghandruk to experience the warm hospitality and natural
beauty that the place has to offer. Ghandruk has 5138 inhabitants and 1142 household recorded at
2011 [44]. It has 39 lodges for incoming travellers, and its primary sources of income are tourism and
agriculture [45].
Ghandruk is an undeveloped town, and its people are not equipped with modern machinery for
everyday conveniences. They are still highly reliant on energy from wood, Kerosene, and Liquefied
petroleum gas (LPG) [44]. Days go slow at Ghandruk, and productivity is less. Most energy spent by
people at Ghandruk is to promote tourism. Electricity is only used for Lightning, TV or radio and
charging mobile phones. Most power is spent at lodges by travellers who are equipped with many
electronic devices. This electricity is supplied by off-grid micro-hydro plant and was built in 1992 [44].
It has an output of 50KW. Power outages have been recorded at Ghandruk, but due to low load
demand, a necessary step towards power generation and economic re-establishment have been
delayed at Ghandruk by its people and government.

8.1.

Assumptions

The proposed project is based on supply adequacy of isolated micro-grid regardless of any particular
place. Ghandruk is my choice of place for this study of the project. Being a Nepalese student, this place
holds fond memories of my teen days and is close to my heart.
Since there were none data available on the daily load profile of Ghandruk, a nominal load has been
assumed for each hour of the day and highest has been assumed as 50.4KWh. It also has been assumed
that the place is run by isolated micro-grid and we are examining various scenario at which load
demands power are sustained.
This assumption can be made for this project because, the project scope does not hold the restriction
of a particular place study, which can be understood as any place load profile hold less priority for the
project. A typical load flow pattern has been adopted for our study where there is a peak demand
during the late morning and early evening period of the day. Also, we assumed that there is a
maximum 20% decrement in nominal load during summer and 20% increment in load demand during
winter because of the use of energy for heating purposes. The temperature at Ghandruk can reach
below 0˚C at times. Changes to these conditions can be made if this project is adopted because it
would not affect the core objective of the project, which is to evaluate supply adequacy of a system.
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Similarly, even though Ghandruk has a run-by-river type of power plant, we have assumed that the
assumed load demand is supplied by isolated MG system. We have adopted different scenario where
numbers of Generation units (GUs) are changed to see the variation in power. The only thing taken
for the project study in Ghandruk is its name and its weather condition (irradiance, temperature, and
wind speed) throughout the year. It has been used to gather PV and wind turbine power output at the
time.

Ghandruk`s Assumed Load demand Variation for 24
hours considering 3 scenario
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Figure 11: Ghandruk`s Assumed Load demand Variation for 24 hours, considering three scenarios.

8.2.

Weather profile

Ghandruk is mostly cold throughout the year. The month of May and June has the highest mean
temperature while December and January have the lowest mean temperature in Ghandruk. It has the
highest precipitation during July and August. The weathering profile has been adopted from
meteoblue, which is a Swiss company and is known for high precision of weather data.
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From the same source (meteoblue), wind speed at Ghandruk throughout the year has also been
adopted. It can be seen from the figure below that March has the highest observed rate of wind speed
and during the middle of the year, the speed of the wind is moderate.

Figure 12: Average temperature and precipitation of Ghandruk for the last 30 years [46].

Figure 13: Maximum temperature for each month at Ghandruk [46].
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Figure 14: Frequency of highest rate of wind speed [46].

Figure 15: Frequency of overall wind speed throughout the year [46].

Based on this information, we have chosen two days i.e., a day in summer [11/06/2017] and a day in
winter [24/01/2018]. The data of irradiance and wind speed is again taken from meteoblue for the
year 2017 and 2018. The chosen day is an apparent hottest and chilliest days at Ghandruk. This
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condition directly impacts the load profile to their maximum and minimum extent. Therefore, based
on assumption and data for these two days, the procedure of self-adequacy evaluation is being taken.

A day in Summer and Winter:: Irradiation comparison at
Ghandruk@ [meteoblue]
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Figure 16: Irradiance comparison between a day in summer and winter at Ghandruk [@meteoblue].

Here, it can be seen the irradiance reaches up to 950W/m^2 during a day in summer [11/06/2017],
which also has high sun hour. A day in winter [24/01/2018] has shorter sun hour and peak irradiance
of 600W/m^2. This data is compared to the data gathered from ETAP, and it has quite distinct
differences.
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Figure 17: Irradiance from two sources and temperature of a day in summer at Ghandruk.
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A day in Winter at Ghandruk [24/01/2018]
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Figure 18: Irradiance from two sources and temperature of a day in winter at Ghandruk.

In figure 17 and 18, we have compared irradiance value gathered from meteoblue to ETAP software
irradiance calculator. The ETAP irradiance value forms a smooth curve in both cases of summer and
winter, and the difference is more, especially during winter. ETAP software has built-in solar irradiance
calculator which finds irradiance value for any given location at any period. It is especially useful when
designing a PV system without much information about the irradiance. Since we have the meteoblue
data as a reliable source, we have used its value to find power from PV.
Wind information is gathered directly from meteoblue for the place at the height of 10m and 45m.
Average wind speed between these two heights has been used for our convenience.
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A day in summer at Ghandruk [11/06/2017]
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Figure 19: Wind speed at different heights for 24 hours in a day in summer [@meteoblue].

A day in Winter at Ghandruk [24/01/2018]
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Figure 20: Wind speed at different heights for 24 hours in a day in winter [@meteoblue].
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9. Method

Step 1

•For a year period, gathered data of most extreme day in summer and winter.
•Collected data (irradiance, wind speed and load demand) of Ghandruk for two extreme days.
•Arranged data(Removing any datas outlier for generating plausible pattern of datas).

•Designed a typical Micro-grid using ETAP.

Step 2

Step 3

Step 4

Step 5

•Considered differrent cases for generation source supplying power for two allocated days.
•Eventhough the base of power generation of MG is RER, we allocated the base power as Diesel Generator (DG) to see the
effect of adding RER in terms of economy and reliability to DG-MG system.

•Availability of power supply is considered 100% for all case (Possible due to the integration of full capacity DG in all cases).
•For different configuration or cases of MG system, insert gathered datas in ETAP and observe, and record power generation
from each type of sources to the load.

•Compared all the recorded information to each of the cases interm of power availability, cost of energy and reliability.
•List down the reason for minimizing the use of DG for supply-adequacy eventhough DG is effective tool for generating
instanteneous power if needed.
•Short-circuit analysis for its own purpose.

10. Simulation, Result, and Discussion
The reliability assessment is presented in five different scenarios. For each scenario, the generation
unit of MG system like PV, WTG and ESS`s rated power is varied either by changing the number of
each type of sources or by using different rated source. This variation impacts the power generated
from each type of source and its contribution to supplying load demand. Since a power system can be
self-sufficient by just using large capacity generation unit of one type; it is significant to observe the
effect of using multiple sources in terms of power sustainability, supply adequacy, and economic
legitimacy.
Table 2: PV rating

MFR
Type
SUNTECH poly-crystalline

Model Vdc
Power/panel (W)
STP280
600
282.5
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Table 3: WTG Rating

Power (KW) KV
%PF
10
0.024
V rated
Swept Area
Air Density
(m/s)
(m^2)
(kg/m^3)
11
4.34

%EFF
95

KVA
95

Cut-in
(m/s)
1.225

10.53
Cut-out (m/s)

2

40

Power curve of 10KW Wind Turbine[@ alibaba.com]
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Figure 21: WTG power curve (10KW).

Table 4: Different cases and MG system parameter used.

CASE STUDIES
1
2
3
4
5

Diesel Generator (KW)
52
52
52
52
52

PV panels and Tot. KW
0 Panels and 0 KW
36 panels and 10 KW
54 panels and 15 KW
72 panels and 20 KW
90 panels and 25 KW

WTG(KW)
0
2 WTG of 10KW each
4 WTG of 10KW each
6 WTG of 10KW each
8 WTG of 10KW each

ESS(KW)
0
15
20
50
40

As mentioned earlier, all the cases have been used for two different scenarios; one for summer load
and another for winter load. These loads present two dynamic of power system because not only the
loads which are 40% different from each other but also the nature of the weather during these two
days are noticeably different which is presented in figure [22, 23]. The change has been implemented
in each case and has been validated using ETAP software.
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Ghandruk`s Assumed Load demand Variation for 24 hours
and Mean hourly Irradiance for summer and winter
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Figure 22: Load difference and solar irradiance difference for winter and summer day.

Ghandruk`s Assumed Load demand Variation for 24 hours
and Mean hourly wind speed for summer and winter

55

12

50
10

8
40

35

6

30
4
25
2
20
15

0
0

1

2

3

4

5

6

7

8

Summer Load [11/06/2017]

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time [hr]

Wind speed at Ghandruk for summer day.

Winter Load [24/01/2018]
Wind speed at Ghandruk for Winter day.

Figure 23: Load difference and wind speed difference for winter and summer day.
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Figure 24: A typical micro-grid system presented in ETAP (Case 6).
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In figure 24, a typical MG system can be seen which has been isolated from the primary grid, and all
the other sources are connected to the load. Usually, a control system is also incorporated with this
system which does plug-play functionality to provide optimal power flow in the system. It is beneficial
for a power system in the longer run. However, due to minimal knowledge of control system,
redundancy for this report and also software license limitation, it has been left out for this report.
The figure presented has generation units outline in case 5 and summer load at a particular hour of
the day. The impedance of transmission lines and transformers are kept minimal in order to observe
direct proportionality between generation and load demand. There were no overloaded lines or
transformer during any of the simulation done in our project. Any faults were cleared before
continuing with ideal system components.

10.1. Case 1 Study
In case 1, the Diesel generator of 52KW is the only available source to feed the load throughout the
day. It is rated such that it can withstand even the maximum capacity during the day. The maximum
load recorded/assumed was 50.4 KW during winter. Therefore, the requirement of power selfsufficiency is met in this case.
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Figure 25: Diesel Generator output for Nominal, summer, and winter Load Demand for 24 hr.
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10.2. Case 2 Study
In case two, the system is incorporated with PVs, WTG, and ESS along with diesel generator. It can be
seen that compared to case 1, the power utilized by DG has been diminished as multiple sources have
aided for power to the load. However, due to less power generation from the primary source of the
MG system, the diesel generator is still in the majority of operation. Also for a day operation, the fullcharged battery of 15 KW is wholly drained during the process because of power inadequacy. The SOC
of the ESS went below 10%, which could be damaging for the battery as it will reduce the estimated
lifecycle of the battery.
The significant portion of irradiance influencing higher power output from PV, contributed on less
DG unit operation in summer than in winter.
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Figure 26: Load demand and power output from various sources (Case 2) in a day in summer.
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Winter case 2
60
50

Power (KW/hr)

40
30
20
10
0

0

1

2

3

4

5

6

7

-10

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time (hr)
PV output

Wind turbine output

Diesel generator output

Load demand

ESS output

Figure 27: Load demand and power output from various sources (Case 2) in a day in winter.

10.3. Case 3 Study
The power utilized from diesel generator has reduced even more in case 3. Especially, during the
middle of the day for both the days, due to availability of irradiance and higher PV power the diesel
generator output is used less. The output from PV is higher in a day in summer than winter because
of less sun hour and low irradiance intensity during winter. However, due to the wind profile of
Ghandruk, the output power from WTG is higher in winter than in summer. ESS used in case 3 has 5
KW more than in case 2, but it faced the same consequences as in case 2. The rated 20KW power of
the battery is shallow compared to the loads, and also the RERs generation is unable to provide power
to the battery for charging purpose as its power generation is not present in excess.
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Summer case 3
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Figure 28: Load demand and power output from various sources (Case 3) in a day in summer.

Winter case 3
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Figure 29: Load demand and power output from various sources (Case 3) in a day in winter.
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10.4. Case 4 Study
The power from diesel generator in case 4, especially during a summer day, has decreased even more.
As a higher number of PV panels are included in case 4 (72 panels) rating up to 20 KW, the power
generated from PV has contributed on most of the loads, even though the irradiance has not changed
for any of the cases (for same day). During winter, WTG rating up to 60KW in total for case 4 has
influenced the load demand supply than in summer. Also, there is a small excess of RERs power during
winter, which gets stored in ESS and later used for serving the load. The ESS is rated to be 50KW in
case 4. This ESS is completely used as well, and no charging has been conducted for summer because
of power insufficiency. The battery is charged at times when power from RERs are in excess. When
this situation fails to occur, the battery will only serve the purpose of supplying power to the load, and
this will damage lifecycle of ESS as SOC will be below minimum rated value.
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Figure 30: Load demand and power output from various sources (Case 4) in a day in summer.
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Winter case 4
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Figure 31: Load demand and power output from various sources (Case 4) in a day in winter.

10.5. Case 5 Study
For case 5, isolated MG with 90 PV panels are used with the total power capacity of 25KW, 8 WTGs
are used with a total capacity of 80 KW, and 40 KW of ESS is used to contribute on serving load. Due
to excessive power from RERs at times, ESS was charged for some time during each day. This stored
power is then used during peak hours to serve the load.
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Figure 32: Load demand and power output from various sources (Case 5) in a day in summer.
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Winter case 5
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Figure 33: Load demand and power output from various sources (Case 5) in a day in winter.

11. Levelized Cost of Energy (LCOE)
Using the parameters discussed for LCOE, the cost of energy is calculated for a period of 25 years. The
total annual load power is measured by assuming 50% time of the year as load similar to summer load
presented and another 50% as similar to the winter load. The technical specification and parameters
of each MG sources are shown in the table below.
Table 5: Economic Parameters of the MG system.

Description
Diesel Generator
Wind Turbine
PV
Battery

Description
Diesel Generator

Replacement Cost
300 $/kW
300 $/KW
600 $/KW
300 $/battery

Capital Cost
300 $/KW
300 $/kW
600 $/kW
300 $/battery

Maintenance Cost
0.01255 $/KWh
20 $/KW/year
10 $/KW/year
10 $/kW/year

Lifetime
25000 hr
25 yr
25 yr
5 yr

Operating
Parameter
a=0.4333
b=0.2333
c=0.007
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Table 6: LCC and LCOE of different cases.

Description
Case 1
Case 2
Case 3
Case 4
Case 5

LCC ($)
1644074.875
1349691.91
1119909.994
839169.5863
615253.5912

LCOE ($/KWh)
0.226489741
0.185935188
0.154280154
0.115605016
0.084758078

Savings ($)
0
294382.9645
524164.8805
804905.2887
1028821.284

It can be seen that LCC in case 1 is the highest at $1.64 million and the majority of this cost is
contributed by the fuel cost to run DG continuously for 25 years. LCOE of case 1 is 0.2265. When
compared to case 2, where the system is integrated with sources like PV, WTG, and ESS along with
DG, LCC cost went to $1.35 million, and LCOE went to 0.186. Here, a more stable and cost-effective
installation of RERs sources has Aid power to the load, reducing the total power supplied by DG. The
capital cost might be higher, but the fuel cost for operation for renewable energy power sources is nil.
It subsidizes on reducing the cost per energy than case 1. As the capacity and power generation from
RERs increases, the cost of the lifecycle and the cost of energy decreases. Case 5 has the lowest LCC
and LCOE. In this case, isolated MG consist of 25 KW of the PV system, 80 KW of WTG system, ESS of
40KW and backup 52 KW diesel generator, which is highest among the 5 cases.
In each case, we have increased the capacity and reliance of RERs to reduce the operation of the Diesel
Generator. For a single day operation which is shown in the result of power in section 9, an impulsive
power source which can act instantaneously to power shortage like DG is most beneficial in terms of
power reliability, security and cost saving. However, for the long run like 25 years, power reliant from
DG is an economically inefficient source of power generation. More reliable and cost-effective sources
like PV and WTG needs to be utilized and integrated for overall cost saving. The primary disadvantages
of heavy dependency of RERs sources are that it is intermittent in nature. But the installation of backup
DG units and Battery provides a solution to the problem.
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Figure 34: LCC and saving in each case.
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Figure 35: LCOE for each case
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12. Discussion
The profile and living standard of the Ghandruk`s village of Nepal suggests that the load demand of
the place is much lower than the nominal load assumed for this project. An isolated MG system, with
large capacities like in case 5 can prove beneficial for Ghandruk for power security and economic
establishment of the place. In addition to the parameters used in case 5, heavy cost incurred by the
DG unit can be reduced by the use of large battery units. For a large system of MG, there is more
excess power generation. This power can be stored in ESS and used in the future for power supply,
reducing the use of DG and its relative cost.
Also, it is very common to size the battery with three days of storage capacity [47]. The minimum and
maximum load of Ghandruk was assumed as 20 KWh/day and 50.4 KWh/day, and taking average gives
us 35.2 KWh/day. As a result of three days consideration, the ideal battery capacity is 105.6 KWh. This
increased battery can prove beneficial in several ways. It is efficient in excess power storage. The SOC
will be higher than the minimum SOC limit provided by the manufacturer. The excess power
generation of RERs fuels it; therefore, no extra cost is incurred to the system. Diesel Generator use
will reduce by the signifiable amount, and we can build an optimal power system.
The loss of power supply probability in this designed scenario is zero. There are no instances when
power supply from MG is insufficient since we conducted study for single day in two seasons.
However, there are many occasions when power from just the RERs sources and ESS were insufficient,
which were compensated from DG units in our proposed design. The parameters used to evaluate
the reliability indices for this project is based on table below.
Table 7: Parameters of reliability indices calculation

Description
PV
Battery
Diesel Generator
Wind Turbine

Failure rate per year (FR)
0.75
4.6
9.6
0.9

FOR
0.02
0.04
0.058
0.008

MTTF(h)
4380
1920
940
9636

MTTR(h)
90
80
60
80

The FR and MTTR mentioned in table 5 are the anonymous value assigned for components of MG
network. FOR and MTTF are calculated value according to their corresponding equations. The
reliability assessment was done with the help Of ETAP software. Using these values, case 1 showed
the highest value of EENS and LOLE in a year. This indicates that for the mentioned reliability
parameter, single source use for power sustainability is highly unreliable. The integration of PV, WTG,
and ESS have shown considerable improvement in a reliable assessment of the MG system. It is noted
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that as the size of the system increased the reliability indices decreased which indicates that large
RERs system with DG integration proves to be a better and reliable system than smaller.
Table 8: Reliability analysis

EENS (MWh/yr) LOLE (h/yr)
17.14
417.36
11.01
302.65
6.27
201.54
3.18
108.94
1.864
65

1
2
3
4
5

Value of EENS and LOLE in different cases

EENS (MWh/yr)

18

450

16

400

14

350

12

300

10

250

8

200

6

150

4

100

2

50

0

LOLE (h/yr)

Case Study

0
0

1

2

3

Cases

EENS (MWh/yr)

4

5

6

LOLE (h/yr)

Figure 36: Value of EENS and LOLE for different cases.

T. Adefarati et al. has presented the effect of varying FOR on EENS, LOLE and LOLP in reliability
assessment paper [37]. The FOR was varied from 2% to 10 % with the step of 2 and reliability
performance of the power system was reduced. For a constant FOR, loss of power supply probability
(LPSP) is inversely proportional to the system sizing.
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13. Short-Circuit Analysis

Figure 37: A sample of Short-circuit analysis using ETAP (case2).

ETAP has a built-in function of short-circuit load flow. We utilized the function to do short-circuit
analysis for our circuit. Hand calculation for calculating short-circuit current of the system is tedious,
and there are chances of errors. ETAP performs such calculation in tremendous speed and accuracy
and presents it in built-system itself. The event of fault was intended on each of the bus and report
was generated using the software. The report is used when aiding of protection relays are required
for the system. It also helps to determine the rating of the circuit-breaker, which helps to isolate the
faulty components from the rest of the system.
The overall parameter used to simulate the system in ETAP is given in the tables below.
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Table 9: Buses Data

Bus Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Bus Voltage
(kV)
Vₒ(PU)
0.415
0.35
0.024
0.024
13.8
13.8
0.48
13.8
13.8
13.8
13.8
69
69
230

θₒ(rad)
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table 10: Generator Data

Generator Data
Bus Number

Power Rating
Voltage
(KVA)
Rating (kV)
Vₒ(PU)
θₒ(rad)
1
52
0.415
1.04
0

Table 11: PV data
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Table 12: WTG Data

Table 13: ESS Data

Table 14: Transformer Data

Table 15: Branch Data

Branch Data

From Bus

Voltage
Frequency
To Bus Length (Km)
Rating (kV)
Rating (Hz)
R(Pu)
X (Pu)
B(Pu)
5
6
0.5
13.8
60
0.05695
0.17388
0.034
8
6
4
13.8
60
0.06615
0.13027
0
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12
9
10
21
22
23
24
25
26

13
11
11
11
11
11
11
11
11

10
5
5.5
6
6.5
7
7.5
8
8.5

69
13.8
13.8
13.8
13.8
13.8
13.8
13.8
13.8

60
60
60
60
60
60
60
60
60

0.05403
0.03181
0.03181
0.03181
0.03181
0.03181
0.03181
0.03181
0.03181

0.22304
0.0845
0.0845
0.0845
0.0845
0.0845
0.0845
0.0845
0.0845

With the implementation of the above data, we concluded the short-circuit analysis. Short-circuit
calculation can be done analytically as expressed below;
𝑍𝑝𝑢 =

𝑀𝑉𝐴 𝑅𝑎𝑡𝑖𝑛𝑔
𝑀𝑉𝐴 𝑠𝑐

𝑍𝑝𝑢 =

𝑀𝑉𝐴 𝑅𝑎𝑡𝑖𝑛𝑔
𝑉2

𝑀𝑉𝐴𝑠𝑐 =
𝐼𝑓𝑎𝑢𝑙𝑡 =

Equation 19

×𝑍

𝑀𝑉𝐴 𝑏𝑎𝑠𝑒 (𝑟𝑎𝑡𝑖𝑛𝑔)
𝑡𝑜𝑡𝑎𝑙 𝑍𝑝𝑢

𝑀𝑉𝐴 𝑠𝑐
√3 × 𝑉𝑟𝑎𝑡𝑒𝑑

(i)

Equation 20
Equation 21
Equation 22

Here, 𝑍𝑝𝑢 is the per-unit impedance of the part of the system being calculated. Similarly, 𝑀𝑉𝐴 𝑅𝑎𝑡𝑖𝑛𝑔
is the power rating, and 𝑀𝑉𝐴 𝑠𝑐 is the short-circuit power. 𝑉𝑟𝑎𝑡𝑒𝑑 is the rated voltage [48].
The flow of buses from the source to the load is as follows:
𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑡𝑜 𝑙𝑜𝑎𝑑 ∷ 𝐵𝑢𝑠 1 → 𝐵𝑢𝑠 5 → 𝐵𝑢𝑠 6 → 𝐵𝑢𝑠 7
𝑃𝑉 𝑠𝑦𝑠𝑡𝑒𝑚 𝑡𝑜 𝑙𝑜𝑎𝑑: : 𝐵𝑢𝑠 2 → 𝐵𝑢𝑠 8 → 𝐵𝑢𝑠 6 → 𝐵𝑢𝑠 7
𝑊𝑇𝐺 𝑡𝑜 𝑙𝑜𝑎𝑑: : 𝐵𝑢𝑠 11 → 𝐵𝑢𝑠 12 → 𝐵𝑢𝑠 13 → 𝐵𝑢𝑠 7
𝑊𝑇𝐺 𝑡𝑜 𝐵𝑢𝑠 11: : 𝐵𝑢𝑠 3 𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑏𝑢𝑠 → 𝐵𝑢𝑠 9 𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑏𝑢𝑠 → 𝐵𝑢𝑠 11
From the simulation and report done for each case, the following results have been gathered.

Table 16: Short-circuit done on ETAP and its observed current (Case1).

Case 1
3-ph Fault current at buses from Generator to Load
Bus
1 (Generator Bus)
5 6
7 (Load Bus)
I,fault (A)
457
14 14
389
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Table 17: Short-circuit done on ETAP and its observed current (Case2).

Case 2
3-ph Fault current at buses from Source (Generator) to Load
Bus
1 (Generator Bus)
5 6
7 (Load Bus)
I,fault (A)
645
20 20
553
3-ph Fault current at buses from Source (PV system) to Load
Bus
2 (PV system)
8 6
7 (Load Bus)
I,fault (A)
737
20 20
553
3-ph Fault current at buses from Source (WTG ) to Load
Bus
11 (WTG)
12 13
7 (Load Bus)
I,fault (A)
20
4 4
553

Table 18: Short-circuit done on ETAP and its observed current (Case3).

Case 3
3-ph Fault current at buses from Source (Generator) to Load
Bus
1 (Generator Bus)
5 6
7 (Load Bus)
I,fault (A)
824
26 26
710
3-ph Fault current at buses from Source (PV system) to Load
Bus
2 (PV system)
8 6
7 (Load Bus)
I,fault (A)
939
26 26
710
3-ph Fault current at buses from Source (WTG ) to Load
Bus
11 (WTG)
12 13
7 (Load Bus)
I,fault (A)
26
5 5
710

Table 19: Short-circuit done on ETAP and its observed current (Case4).

Case 4
3-ph Fault current at buses from Source (Generator) to Load
Bus
1 (Generator Bus)
5 6
7 (Load Bus)
I,fault (A)
997
31 31
864
3-ph Fault current at buses from Source (PV system) to Load
Bus
2 (PV system)
8 6
7 (Load Bus)
I,fault (A)
1133
31 31
864
3-ph Fault current at buses from Source (WTG ) to Load
Bus
11 (WTG)
12 13
7 (Load Bus)
I,fault (A)
31
6 6
864
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Table 20: Short-circuit done on ETAP and its observed current (Case5).

Case 5
3-ph Fault current at buses from Source (Generator) to Load
Bus
1 (Generator Bus)
5 6
7 (Load Bus)
I,fault (A)
1168
37 37
1018
3-ph Fault current at buses from Source (PV system) to Load
Bus
2 (PV system)
8 6
7 (Load Bus)
I,fault (A)
1324
37 37
1018
3-ph Fault current at buses from Source (WTG ) to Load
Bus
11 (WTG)
12 13
7 (Load Bus)
I,fault (A)
37
7 7
1018
Fault current at source is the largest. Along the line, this current reduces due to increased
impedance. The fault current farthest from the source (Load bus in our project) has the least fault
current value. However, in our project, in each case, there is a transmission of fault current from 'a
large value' to 'small value' to close to 'a large value (but smaller than large value).' It is due to the
presence of the transformer and its voltage level on either side. The Lower Voltage (LV) side of
transformer influences on higher fault current value and High Voltage (HV) side influence on lower
fault current value [relating equation (i)].
The only presence of DG unit in case 1, has the lowest 𝐼𝑓𝑎𝑢𝑙𝑡 at each bus compared to other cases. In
case 2, PV and WTG has influence such that fault current at each bus has increased. And as the capacity
of individual source got bigger along with different cases so did the value of 𝐼𝑓𝑎𝑢𝑙𝑡 .

14. CONCLUSION
Just by the integration of diesel generator as a single source, isolated micro-grid is considered the selfadequate system. However, it ought to be the most expensive system to run for the long run. It
requires constant fuel and produces GHG at the maximum rate, which causes environmental pollution
and global warming. The ability of isolated micro-grid to also operate RERs (PV and WTG) with the
integration of storage device has reduced the use of DG by an immense amount. In case 5, with the
largest capacity of RERs have reduced the power generation from DG by 65 % to the first case. Also,
LLC and LCOE reduced by 62%. The total savings on case 5 to the initial cost is $1.03 million. The most
reliable among all the cases is case 5, where minimal DG unit is factored for power generation, with
minimum EENS and LOLE. This concludes that RERs sources are the cost-effective solution for power
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generation of isolated micro-grid but for improving its reliability, we have to use the appropriate
approach to size of DG and ESS optimally.
The scarce knowledge of designing an appropriate ESS on ETAP software has limited the level of
accuracy of the project. In the project, the authority to power generation from ESS has been taken by
the writer himself. As per the typical battery operation in a similar scenario of the project, the ESS
supplies power until it is completely drained. In an ideal case, a control algorithm handles the power
flow of the ESS, and it maintains the power flow such that SOC of the battery does not fall below the
rated value.
All the parameters could be improved to find the optimum result relating to the project. ETAP is an
excellent tool for power flow and reliability assessment purpose, and this project has utilized its
platform to the fullest. This project has presented the reason for sizing DG and ESS optimally for
improving reliability and cost saving of isolated micro-grid.
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16. Appendix
ETAP report for case 2 (52 KW → DG, 15KW → PV and 40 KW → WTG)
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