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ABSTRACT

The increase in pollution and decrease in fossil fuel reserve leads us to a conclusion of replacing
thermal energy with steady and continuous renewable / non-conventional energy. The
researches presented in this thesis aim to contribute to the advancement of sustainable energy
solutions and promote the adoption of green technologies in the field of microgrid systems,
completely eliminating the presence of fossil fuel in terms of eliminating diesel generator, as a

backup storage.

The novelties implemented in the flow of research firstly, lie in the innovative design
modifications made to a wind turbine system. The wind turbine has been adapted to alternately
charge one Pumped Storage Hydro (PSH) system and one Gravity Energy Storage System
(GESS). This modification ensures a continuous and stable supply of renewable-based
electricity, by utilizing both storage systems effectively. Secondly, the wind turbine has been
further enhanced to simultaneously charge and discharge two GESSs. This feature enables
uninterrupted renewable-based electricity supply with lower land requirement. This design
modification is crucial for ensuring a reliable and consistent power supply from renewable
sources to the places with land scarcity and unable to establish a PSH. Lastly, a system design
has been developed to ensure continuous operation of the wind turbine system. This includes
the integration of various components to optimize the performance and efficiency of the
system, ultimately leading to a reliable and sustainable source of electricity along with its
LCOE (Levelized cost of energy), that is at par with the domestic unit electricity price of the

place, established by the state government.

Overall, the novelties of this work showcase the potential for enhancing the capabilities of wind
turbine systems to provide continuous and stable renewable-based electricity supply. These
advancements have the potential to significantly contribute to the transition towards a more

sustainable energy future.

viii
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1. Introduction

The concept of complete replacement of conventional power generating system lies on the
stabilization of renewable-based power generation. Worldwide scenario of power generation is
mainly dependent upon fossil fuel, which is close to its extinction. World Energy Outlook (WEO)
2018 of International Energy Agency (IEA) estimates an increment of global primary energy
demand by 25% within 2017 to 2040, whereas in case of India the demand is projected to be more
than double [1]. Global demand of electricity is most likely to increase by 60% in between 2017
to 2040, whereas for the developing countries the number is predicted to be nearly 90% [1].
According to a report of IEA, India is expected to have a yearly energy consumption growth rate
of 5% to support the anticipated economic growth rate over 8% through 2023 [2]. This depicts a
growth rate of less than 4% of coal-based power generation [2]. Although the coal-based power
generating growth rate is envisioned to decrease from the 6% rate of the last decade [2] due to
renewable penetration, but a lot more renewable-based power generation is required to at least stop
the increment in coal-based power generation. Apart from extinction, fossil fuel-based electricity
generation leaves the footprint of carbon as byproduct, which is the root cause of global warming.
To address this global warming issue, Indian Government has made an international commitment
— INDC (Intended Nationally Determined Contribution) in Paris Agreement on Climate Change,
2015 to make 40% of its collective power installed capacity from clean renewable resources and
diminish the emission intensity by 33-35% per unit GDP over the 2005 level by the year of 2030
[3]. According to a 2017 press release by Ministry of New and Renewable Energy (MNRE),
Government of India (Gol), India has a share of around 18.37% of renewable power (i.e. 60.98
GW) in respect to the total installed capacity (i.e. 331.95 GW) as on 31% October 2017, which is
much lower than the estimated renewable energy potential of around 1096 GW [4]. Sector-wise
renewable potentials are as follows: Wind — 302 GW (at 100-meter mast height); Bio-energy — 25
GW; Small Hydro — 21 GW; and 750 GW of solar power, assuming 3% wasteland [4]. These data
show a strong potential of renewable growth with a drawback of its intermittent nature. In this
context, a micro-grid with a number of renewable power plants and efficient storages can be an
effective option for continuous and reliable power supply [5]. Hybridization of such micro-grids
with the conventional grid can also help in reduction of CO> emission level [6].

1.1. The standard Electricity Grid System

The electrical energy grid system may broadly be categorized into two sections i.e. central grid
system and microgrid system. A conventional grid system consists of a number of large
conventional and renewable generators. They generally serve a huge amount of load. Whereas, a
microgrid consists of small generators and they serve a small amount of load (e.g. load of a cluster
of villages or small urban areas etc.



1.1.1. Central Gnnd

Central grid is a high voltage power transmission network that handles the power supply between
power generating stations and load centers through sub-stations. In Indian context, National grid
serves the purpose of central grid system, where, the power generating stations are mainly of
conventional type.

1.1.2. Micrognd

A microgrid is an energy grid operates locally for a small load demand [7]. They may either be a
conventional grid connected or an isolated / islanded one. However, a microgrid has full control
capability on its energy generation or delivery strategy [7]. A microgrid depending on presence
of generators may be categorized into two subsections.

1.1.2.1. Conventional Energy-based Micrognd

Conventional energy based microgrids are fossil fuel dependent. This type of microgrid is
generally fired using diesel generator alone without any renewable resources present in the system,
as coal-based power plants are generally commissioned with large generation capacity that does
not fit with microgrid load capacity. These microgrid are prone to pollution as diesel is the source
of energy, however they are extremely stable in operation. Xiao et al. presented a sizing method
of for energy storage and diesel generator in a microgrid using discrete Fourier transform [8].
Krishnamurthy et.al has presented a diesel engine driven wound field synchronous generator for a
microgrid operation. The operation and control strategy are also determined in the article [9].

1.1.2.2. Renewable Energy-based Microgrd

Renewable energy generator are the primary resources in this type of microgrid. They may either
be grid connected or isolated ones. In the grid connected microgrid, the conventional grid or diesel
generators acts as a back up to handle any disturbances beyond the control of the microgrid.
Renewable energy powered isolated microgrid may have a number of structures. There may be a
single or multiple type of renewable resources present in the microgrid. They may also include
one or different type of storage system for back up.



1.1.2.3. Hybrid Resources-based Microgrid

Hybrid resource based microgrids deal with a blend of conventional and non-conventional /
renewable resources. Generally, the conventional generators i.e. diesel generators are kept as back-
up to handle any anomaly or are used to supply the peak demand.

There are several literatures available with this configuration. Adaramola et.al. have described a
Solar PV — diesel generator-based hybrid microgrid for a daily average load of 1 kW in Northern
Nigeria to provide stable energy in a cost-effective way [10]. Ghenai et.al. have modelled a cost-
optimized microgrid structure using solar PV and diesel generator [11]. They have also included a
battery bank for uncertainty handling and determined the minimum Levelized cost of energy
(LCOE) as 0.286 $/kWh [11]. Usman et al. have presented a hybrid solar PV, diesel generator,
battery bank based microgrid duly connected with the grid. Authors have shown different
combinations of resources to identify best possible combination technically as well as
economically [12]. Ammar ef al. have presented a review of previously published literatures
incorporating solar PV and diesel generator hybrid microgrid [13]. Authors have also tabulated
the cost and emission effectiveness of such a hybrid structure presented in different literatures. To
decrease the usage of diesel generator several researchers have incorporated a battery back-up
along with solar PV — diesel generator based microgrid system. Chaudhary et al. have reported a
solar PV- battery-diesel generator based microgrid system for an islanded area in tropical Australia
[14]. Wu ef al. has presented a microgrid incorporating Solar PV-battery and diesel generator for
load dispatch in a remote location. The system also incorporates a reverse osmosis desalination
plant for drinking water supply. The microgrid operation is optimized to meet the lowest cost of
energy using Tabu search algorithm [15]. Jeyaprabha et.al. have presented an optimal sizing and
tilt angle operation of a solar PV array in a microgrid, also incorporating a diesel generator and
battery bank for optimal load delivery. The PV array tilting function is performed considering
reduction of diesel generator usage. A dump load is also used in this study. The optimal tilt angle
is derived for a number of cities of India [16]. A simplified model of Solar PV-battery-diesel
generator based microgrid is presented in literature. Ameen et.al. have presented this model to
predict the operation of such a microgrid throughout a specific time period. Load following and
cycle charging dispatch is used to control the system operation for sizing and performance analysis
[17]. Ghenai et.al. have presented a comparison between an on grid and off grid Solar PV powered
desalination plant. A battery bank is also considered for off-grid operation purpose [18]. Lai et al.
have proposed a solar PV based microgrid incorporation energy storage system to scatter a load in
a microgrid. They have proposed a novel energy delivery cost calculation method namely
Levelized cost of delivery for energy storage systems. The method of cost calculation is compared
using Solar PV powered Li-ion and Vanadium redox flow battery system [19]. Akter et al. has
studied a comprehensive economical evaluation on grid independence with solar PV — battery
structure for a residential building in Australia. They successfully evaluated the comparative self-
sustainability on different conditions in presence of Solar PV and Solar PV — Battery structure



[20]. Debnath et al. have proposed a novel Transformer coupled dual-input converter for maximum
tracking of solar PV and battery charge controller while stabilizing the voltage output from Solar
PV. The proposed system works simultaneously reducing the battery overcharging along with
increasing the overall system efficiency [21]. An economic evaluation of profit sharing between
the owner of solar PV- battery installation and consumers in an apartment building is formulated
in literature. The proposed scheme also evaluates social welfare of consumers along with cost
evaluation for the model under consideration [22].

Apart from Solar PV — battery/diesel/energy storage schemes notable works on wind energy based
microgrid have also been presented by several researchers, where wind is the sole source of
renewable energy, diesel generator and battery banks are used as back up.

Guo et al. has studied an optimal battery energy storage operation in a Wind — diesel islanded
microgrid. This study is based on economic, environment and stability aspects. Energy
randomness, component failure rate and power flow constraints have been taken into account to
ascertain the viability of the proposed model [23]. An application and control strategy of battery
energy storage for frequency regulation and peak shaving in a wind-diesel system is formulated in
literature. The system is designed to withstand wind speed fluctuations to provide smooth output.
A dump load is also used to stabilize the same [24]. A similar study is performed for stability and
reliability analysis of a wind-diesel isolated system. An Ni-MH battery is used for backup [25]. In
another study a novel hydro-pneumatic storage for wind-diesel system is proposed. The literature
shows viability of a compressed air storage in hybridization with the hydro-pneumatic storage for
a microgrid. The study has found out significant reduction of compressed air storage along with
fuel consumption. With reliable operation, the system also enhances renewable energy penetration
in the microgrid [26]. Hong et al. has optimized the sizing of an energy storage in wind-diesel
environment. Load growth uncertainty is considered in designing the microgrid system and the
system is optimized using two stage stochastic optimization framework for optimal sizing of the
energy storage [27]. Khalid et al. have presented a novel pricing framework for grid connected
microgrid with battery storage system. An optimal operation strategy is formulated considering
energy price variability and load forecasting for profit maximization [28].

Discarding the diesel generator; to provide completely clean energy, one or more battery system
can be incorporated with wind energy for an establishment of steady microgrid system. This
structure provides comparatively stable energy output with zero emission. Fathima et al. have
presented a review of different combinations of wind — battery storage combinations available in
literatures. The main focus authors have presented is combining different battery technologies used
with wind turbine for any microgrid [29]. Ibrahim et a/. has presented an application of compressed
air energy storage in integration with a microgrid. A comparison with distributed application is
also drawn. With high economic advantage, fast response and low environmental impact, the
compressed air energy storage seems to be a viable alternative [30]. Zhang et al. has presented a
concept of decreasing wind energy curtailment using hydrogen energy storage. The effect of
electrolyser power and hydrogen price have been taken into consideration for payback period



calculation [31]. In literature, a novel low pressure compressed energy storage system is
formulated for wind energy storage application. The system is of a smaller size and can easily be
implemented in both microgrid and grid connected scenarios. A system operation evaluation in
microgrid is also presented in the article [32]. Mesbahi et al. have provided an improved structure
of stand-alone wind turbine using doubly fed induction generator and permanent magnet induction
motor. A Li-ion battery is used to provide voltage support to the microgrid. A back-to-back PWM
converter is used to regularize the output [33]. Nguyen et al. have provided a cost-effective battery
sizing method for grid connected wind turbine [34]. Luo ef al. have proposed a coordinate
operational dispatch method for wind turbine — battery combination. This method reduces wind
speed forecasting errors and increases battery life. This method also helps in determining the
optimal size of battery storage in a system [35].

So far, the discussion is focused on application of only one type of renewable resource as a sole
energy generating source in a microgrid. However, this type of microgrid without an efficient
energy storage is somewhat unpredictable or may face severe problems due to inherent fluctuating
character of renewable resources.

This intermittency issue can be tackled with an efficient energy storage or efficient operation
design of one or more energy storages or creating a hybrid microgrid with more than one renewable
resource along with ample amount of energy storages for stable power output. Considering these
themes different authors have designed / proposed different hybrid systems for standalone
microgrid. However, some of them are equally applicable in grid connected environment also.
Rashid et al. has proposed an optimal design of a solar PV — wind —diesel based microgrid for a
coastal region of Bangladesh. They have shown that with an effective combination of renewable
resources with back-up can compete with conventional resources [36]. Olatomiwa et al. has
provided an alternative to diesel powered mobile base transceiver station using hybrid renewable
resources. The authors have compared PV — diesel — battery configuration with PV- wind — diesel
— battery system and concluded that the PV — wind — diesel — battery system is much more cost
effective than the PV — diesel — battery one. The have used HOMER to find the optimal usage of
different resources of the hybrid microgrid [37]. Kusakana et al. have performed a comparative
analysis of two control strategies; diesel generator ‘continuous’ and ‘on/off” operation in a solar
PV — diesel — wind — battery configuration for optimal power delivery with minimum cost in a
microgrid. Considering non-linear curve of load demand and diesel generator fuel consumption,
the system provides significant fuel saving [38]. Bianchini ef al. has presented a cost optimized
hybrid microgrid using PV — wind — diesel hybrid system for a remote location. Replacing
complete diesel operated system by renewable resources including a battery shows significant
reduction in cost and pollution. The article also provides sizing optimization of different resources
for better usability [39]. A PV-wind — diesel hybrid microgrid is presented in literature. This
microgrid has potential to provide energy autonomy for two continuous days for 10 people. 3 Nos.
of 1kW wind turbine, 54 solar panel with 120 W power each is used for the same [40]. Maleki et
al. have provided an optimal sizing analysis of a PV — wind-diesel system with battery and fuel
cell storage to provide energy to a standalone system. The optimality of the presented system is
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determined using Harmony search algorithm for better convergence [41]. Diab et al. have
performed a techno-economic study of hybrid renewable microgrid for commercial purpose. The
authors have designed a PV- wind-diesel-battery system for operating a factory in Egypt. They
have used 60 kW PV, 100kW Wind, 40kW diesel generator, SOkW converter and 600 batteries to
achieve an environment friendly factory [42]. Shi et al. have performed a techno-economic
analysis of a PV-wind-diesel based microgrid using multi-objective line-up competition algorithm
(MLUCA). They have also designed an improved power management strategy (I-PMS) for better
handling of energy requirement in the microgrid, where battery is the main back up and diesel
generator kept aside for extreme emergency purpose [43]. A different approach of using a hybrid
microgrid is published in literature. Where a PV-wind-diesel-battery system is designed
considering cost competitiveness, improvement of human development index and job creation. A
multiobjective evolutionary algorithm is used to perform the optimization of these objectives [44].
Mamaghani et al. have performed a techno-economic analysis of a PV-wind-diesel hybrid
microgrid considering the cost of energy as the indicator. They have performed different
combination study to achieve the most cost-effective structure for the system [45]. A Stochastic-
heuristic method is used in literature to find the PV-diesel-wind-battery hybrid system in a
microgrid. Different uncertain conditions related to the renewable resources have been taken into
account while performing the optimal sizing and operation strategy for the said system [46]. Ramli
et al. have used multi-objective self-adaptive differential evolution algorithm for optimal sizing of
a PV-wind-diesel hybrid standalone system. The system shows cost effectiveness and high
renewable energy penetration to the microgrid in an optimal fashion [47]. Maatallah ef al. have
reported a techno-economic analysis of PV —wind — diesel hybrid system with battery storage for
clean energy production. The system is optimized to achieve the best result for the selected location
in Africa. The Net present cost, Levelized cost of energy, emission and excess generation from
renewable resources are taken into account. A comparison between a grid connected system and
isolated one is also determined [48]. Khan ef al. have presented a comparison of different hybrid
system configurations such as PV-wind-diesel-battery, PV-diesel-battery, wind-diesel-battery,
PV-wind-battery etc. for telecommunication application. The most techno-economically feasible
combination is determined using solar, wind data from different cities in Punjab [49]. Hossain
et.al. have performed a feasibility study of PV-wind-diesel-battery hybrid system for a larger load
than a general microgrid. The system has been optimized for lowest net present cost and cost of
energy. They have also found that a similar system with only diesel generator emits much more
greenhouse gas as compared to the hybrid system [50]. Maleki et al. has presented an optimal
sizing of PV-wind-battery system in a microgrid. They have used Harmony search algorithm to
optimize the annual cost and emission of the system. The hybrid system has also been compared
with diesel only generation for the same microgrid [51]. Tazvinga et al. have presented an energy
dispatch strategy in a microgrid using PV-wind-diesel-battery system. Solar and wind uncertainties
have been taken into account to determine the stability of the system under disturbance [52]. Zhao
et al. have represented an optimal feasibility study on PV-wind-diesel-battery system in a
microgrid. The system is a standalone one and it has been optimized using improved fruitfly



algorithm [53]. Kazem ef al. have provided a techno-economic feasibility analysis of a PV-wind-
diesel-battery hybrid system in a microgrid. The cost and emission of the system is duly optimized
using HOMER [54]. Bouchebbat et al. have presented a novel control strategy for PV-wind-diesel-
battery hybrid system in a microgrid. The control strategy based upon multi-input single-output
method. A modified multi-objective genetic algorithm is used in optimizing the system [55].
Merabet et al. have presented a futuristic approach on a PV-wind-battery based microgrid. They
have developed a control algorithm for power compatibility and energy management between
resources. The system is self-operational and has an open architecture platform for different
operation conditions [56]. Katsigiannis ef al. have presented technical analysis of an autonomous
microgrid using wind-diesel-battery hybrid system for island in Greek. The application of Sodium
Sulphur battery is presented in the article [57].

1.2. Different Renewable Resources

There are different types of renewable resources like solar, wind, biomass, geothermal, tidal, hydro
etc., which are used to harness energy. Mainly solar, wind, biomass and hydro are used as
renewable resources in India.

1.2.1. Wind

Wind is formed due to the Earth’s atmospheric pressure difference which occurs due to
temperature difference and the rotation of Earth. This energy is being used for centuries to generate
electricity. And through research over the wind turbines for decades, wind energy has become one
of the most promising advanced renewable-based power generating technology. Polinder et al.
have discussed about the trends in wind turbine generator systems [58]. They have discussed about
the researches on constant speed system consisting of squirrel-cage induction generator, and the
three variable speed systems comprises with doubly fed induction generator (DFIG), with fully
rated converter and gearbox, and direct drive (DD). They have also reviewed the possible future
generator systems and the different transmission systems [58]. Work on designing the optimal
shape of blade and its composite material has also been done by researchers [59]. Njiri ef al. have
reviewed several control strategies of the wind turbine systems used in both high and low wind
speed regions [60].

In wind energy, India globally holds the 4" position regarding installed capacity (32.7 GW in
2017) of wind energy after China, USA and Germany, which is much lower than the estimated
potential of 302 GW [4]. The potential can also reach upto 600 GW if the turbine hub is installed
at 120 m instead of 100 m [4], which leads to an ocean of opportunity towards the wind-based
renewable energy.



1.2.2.  Solar PV

Solar energy can be directly converted into electricity through solar photovoltaic (PV) cells, which
1s made up of semiconductor material. The photons of sunlight provide energy to the electrons of
PV cells to move freely, thus, produces electricity. Monocrystalline silicon, polycrystalline silicon,
and thin film are three different types of PV cells that dominates the globe commercially.
Hudedmani et al. have documented the pros and cons of these materials and also discussed about
various losses that affects the solar cell efficiency, like - non-absorption of long wavelengths,
thermalization of excess energy of photons, total reflection of solar wavelengths, incomplete
absorption of photons due to the finite thickness of solar cell, recombination, shading etc. [61].
Further, they have also presented various methods that improve solar flux collection [61]. Dhass
et al. have analyzed the performance of different PV materials (such as silicon, germanium, indium
phosphide, cadmium telluride and gallium arsenide) [62]. GaAs (gallium arsenide) presented best
performance while comparing with other materials followed by Si (silicon) [62].

Apart from solar photovoltaic cell, electricity can also be generated through solar thermal power
plant. In solar thermal power plants, solar radiation is concentrated through mirrors in a radiation
collector where heat bearing medium absorbs the heat and follow the conventional way to generate
electricity through turbine generator set. Reddy et al. have presented the global scenario of solar
thermal based power plants considering different solar concentrator technologies like parabolic
trough, parabolic dish and central power tower [63]. Further they have concluded that the plants
using parabolic dish concentrator followed by Stirling engine generates electricity at lower unit
cost.

Both solar photovoltaic and solar thermal have the potential to provide green electricity but solar
PV systems have advantages to contribute to low-power demand systems like, stand-alone or
islanded system and building-integrated grid-connected system. Whereas, solar thermal power
plants are best fitted in large scale grid-connected systems, as, it requires a vast amount of land
and investment for electricity generation. But for both the systems a storage system is required as
sunlight is not available for the whole day.

1.2.3. Biomass

Biomass is organic substance that comes from living organism like plants and animals. The most
common biomass that are used as feedstock for energy generation are plants, wood, agricultural
waste and residue, forest waste, animal waste and municipal solid waste. Plants used for biomass
energy keep the environment carbon neutral as they intake carbon dioxide from air for
photosynthesis and return the carbon dioxide to atmosphere in the process of generating energy.
Biomass feedstock can be used to produce syngas/producer gas, biogas, bio-diesel and hydrogen
as primary energy. Bio-diesel and hydrogen are generally used as transportation fuel, whereas,
syngas and biogas are used to generate electricity.



Biomass gasification is a process where biomass is partially oxidized and the biomass breaks down
into carbon monoxide, hydrogen, carbon dioxide, light hydrocarbon - methane and heavy
hydrocarbon — tar. If the gasification takes place in air medium then nitrogen gets added up with
carbon monoxide, hydrogen and carbon dioxide. This gas mixture generated through gasification
is termed as syngas or producer gas [64]. Syngas mainly has hydrogen and carbon monoxide as
combustible components.

Biogas is produced through anerobic digestion of organic matter like animal waste or food scrap.
Biogas is mainly a combination of methane and carbon dioxide along with the presence of
negligible amount of nitrogen, hydrogen, hydrogen sulphide and ammonia [65].

1.2.4. Hydro

Hydro power plant is also considered as renewable energy resource as it depends on water cycle,
driven by sun. There are three different types of hydropower plant according to their construction:
impoundment, run-of-river and pumped storage. Impoundment is the most common type of
hydroelectric power plant, where a dam is erected to store river water, then the stored water is sent
to turbine through penstock to rotate it and generate power. The turbine is connected with
generator; hence, electricity gets generated. In run-of-river type hydroelectric power plant, no dam
is constructed only a canal/penstock is built and the natural elevation is used to generate electricity.
Pumped storage hydroelectric (PSH) power plant functions as a storage system, where, solar or
wind energy is used to pump water from lower reservoir to upper reservoir and at the time of high
demand the water from higher reservoir is released towards lower reservoir to generate electricity.
As it is well-known, that renewable energy is intermittent in nature, therefore an amalgamation of
energy storage system is required with the renewable-based power generating systems for
continuous flow of electricity.

1.2.5. Geothermal

Geothermal energy is a natural resource of heat energy harnessed from the internal heat of earth.
The temperature below the earth surface rises at a rate of around 30°C per km for the first 10 km
of earth crust [66]. This internal storage of heat manifests on earth surface as volcanoes, geysers,
hot springs and mud pots. Geothermal energy is commercially used as heat pumps and electric
power plants. Moya et al. have reviewed on different aspects of geothermal energy development,
assessed power plant technology and direct heat applications based on geothermal energy

[67]. Anderson et al. have discussed the trends and potential role of geothermal energy for a sustainable
future.
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1.2.6. 'Tidal

Tidal energy is a form of energy produced by the usual rise and fall of tides caused due to the
gravitational interaction between the Earth, the Sun, and the Moon. This tidal energy is converted
to electricity using various technology. Chowdhury et al. have depicted the trends and future
prospects of tidal energy in their work [68]. Johnstone ef al. have worked on techno-economic
analysis of tidal energy technology generating electricity [69].

Apart from geothermal energy source all the other renewable resources discussed in section 1.2
are intermittent in nature depending upon the earth’s spin around its own axis (i.e. the occurrence
day and night), revolution around the sun (i.e. occurrence of seasonal variation) and moon’s
presence (i.e. occurrence of high tide and low tide). To eliminate this intermittent nature of
renewable energy resources incorporation of energy storage system in the renewable system is
essential.

1.3. Energy Storage Systems

Energy storage systems use the technology to store excess generated energy and use it in the time
of crisis / peak demand. There are various energy storage technologies available, which can be
broadly classified as: Electro-chemical (Lithium-ion battery, Lead-acid battery, flow battery,
Lithium polymer battery etc.), Mechanical (Pumped storage hydroelectric system, Compressed air
storage, Gravity energy storage and Flywheel energy storage), Electrical (Super conducting
magnetic energy storage and super capacitor), Thermal (molten salt, phase change materials etc.)
and Chemical (Hydrogen fuel cell, Solid-oxide fuel cell etc.). From the vast field of energy storages
some are discussed below:

1.3.1. Electro-Chemical Energy Storage

Batteries are the oldest form of electricity storage system [70] where electricity is stored as
chemical energy. A battery is comprised of one or more electrochemical cells consisting of a liquid,
paste, or solid electrolyte along with a positive electrode i.e. anode and a negative electrode i.e.
cathode [71]. Throughout discharge, electrochemical reactions occur at the two electrodes creating
a flow of electrons through an external circuit. The reactions are reversible, allowing the battery
to get charged through the application of an external voltage across the electrodes.
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1.3.1.1. Lead-acid Battery

It is the oldest (invented in 1859) and most widely used battery [71]. It has a low cost ($ 300 — 600
/ kWh) with high reliability and efficiency (70 — 90%) [71]. But it has short cycle life (500 — 1000
cycles) and low energy density (30- 50 Wh/kg) [71]. The electrodes of lead-acid batteries are made
up of lead whereas, sulphuric acid is the electrolyte, which makes it a hazardous battery.

1.3.1.2. Lithium-ion Battery

The cathode used in this type of battery is a lithiated metal oxide (LiMO2, LiCoO2, LiNiO; etc.)
and the anode is fabricated of graphitic carbon along with a layering structure [71]. The electrolyte
is made-up of lithium salts (such as LiPF6), further, dissolved in organic carbonates [71]. Although
the cycle life of this battery is 4 times higher than lead-acid battery but the initial cost of this type
of battery is around 630 $/kWh, with an additional recurring cost of 600 $/kWh required for
replacement within every 10.5-12.5 years [72].

1.3.1.3. Vanadium Redox Flow Battery

Amongst other technologies, vanadium redox flow battery (VRFB) is considered to be one of the
most promising options for renewable applications due to its high energy efficiency of around 85%
[71], long cycle life and low maintenance cost [73]. Though it has lower energy density [71] than
lead-acid and lithium-ion batteries but it has a long lifetime of around 24 years [73]. VRFB is
comprised of two electrolytic cells linked with two electrolytic tanks carrying vanadium redox
couples in sulfuric acid electrolyte, separated by a proton exchange membrane. The positive tank
is comprised of V5+ and V4+ ions, while, the negative tank is covered with V3+ and V2+ ions
[74]. The most interesting part of this battery is that its energy storage capacity and power capacity
can easily be increased by respectively increasing the size of the tank and the number of cells [74].

1.3.1.4. Lithium Polymer battery

The usage of carbonic acid esters and organic ethers-based electrolytes in commercially available
lithium-ion batteries creates a serious safety issue as the electrolytes have flammability and leakage
concerns [75]. To handle these issues solid electrolytes have been introduced. Polymer electrolyte-
based lithium battery is known as lithium polymer battery. Along with safety this kind of battery
has also high energy density and long cycle life [75].
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1.3.2. Mechanical Energy Storage

In mechanical energy storage system, energy is stored in the form of kinetic or potential energy by
compression, acceleration or displacement (against gravity) of any suitable medium. At the time
of requirement, the kinetic or potential energy can be retrieved through the reversal of the process.

1.3.2.1. Pump Storage Hydroelectric System

It is a matured technology used to store a large amount of energy for a long period of time with
high efficiency at a relatively low capital cost per unit energy [71]. In this technology water
(hydraulic potential energy) is stored at higher elevation through pumping at the time of off-peak
period. Whereas, at peak period the stored water is released towards a reservoir at lower elevation
via a turbine generator set. Hence, electricity gets generated.

1.3.2.2. Compressed Air Storage

Compressed air storage system works as a part of conventional gas turbine generation system. It
separates the expansion and compression cycles of a gas turbine into two different processes and
stores energy as elastic potential energy of the compressed air [71]. During low demand period,
energy is stored by compressing the air, typically at 4 — 8 MPa, into an air tight space. At the time
of high demand, compressed air is drawn from the storage space, heated up followed by expansion
through a high-pressure turbine, which arrests some of the energy of the compressed air. Then the
air is mixed with fuel and combusted. The combustion exhaust gets expanded through a low-
pressure turbine. Both the high pressure and low-pressure turbines are coupled to a generator to
produce electricity.

1.3.2.3. Gravity Energy Storage System

Gravity Energy Storage System (GESS) is relatively newer energy storage technology which has
the capability to supply electricity at a stable voltage. Here, electricity is generated from
gravitational energy. There are several types of gravity energy storage system available, but they
are mainly at pilot project stage or under development condition. Gravitricity [76] is a kind of
gravity-based storage, where, a mass is suspended by a rope from an altitude and over the vertical
raising and lowering the respective charging and discharging takes place. There is also another
technology known as piston-based PSH (P-PSH), which is basically a closed loop PSH. Here,
water is stored in a closed unit, which lifts a piston while storing energy, whereas, the piston

13



descends when the energy is required for utilization. The descend of piston pressurizes the water,
then the pressurized water flows through hydro turbine coupled with generator and generates
electricity. Following this principle of P-PSH, Gravity Power, LLC designed Gravity Power
Module in 2011 [77].

1.3.2.4. Flywheel Energy Storage

Flywheel stores energy in the angular momentum of a spinning body [71]. During charging, the
flywheel is spun up by a motor, whereas, during discharge the same motor operates as a generator
and produces electricity from the rotational energy of the flywheel. The total stored energy of the
system depends upon the size and speed of the rotor of the flywheel; however, the power rating is
dependent upon the motor-generator.

1.3.3. Electrical Energy storage

In this type of storage system, electrical energy is stored in the form of electric current or electric
field and later, when required the stored energy is supplied in the form of electricity.

1.3.3.1. Superconducting Magnetic Energy Storage

Superconducting magnetic energy storage or SMES directly stores electric energy in the form of
DC current in an inductor coil made up of superconducting material, niobium-titane (NbT1)
operating at a temperature of -270°C [78]. The major advantages of this storage system are its high
instantaneous efficiency of around 95%, capability of being almost complete discharge; unlike
batteries and its fast response time below 100 ms [78]. The cryogenic refrigeration required to
keep the temperature at -270°C is the major drawback of the system as it makes the system both
costly and complicated (in terms of operation) [78].

1.3.3.2. Supercapacitor based Storage

Supercapacitors are electrochemical capacitors with increased capacitance and energy density than
the conventional capacitors. The supercapacitor stores energy by means of an electrolytic solution
between two solid conductors other than the common arrangement of a solid dielectric medium
between the electrodes. The electrodes are generally made up of porous carbon or other high
surface area material with an aqueous or non-aqueous electrolyte. Supercapacitors can have very
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large amount of capacitance and stored energy due to the very high surface area (i.e. up to 2000
m?/g) of activated carbon and the very small distance (< 1 nm) between the electrodes. Short
duration along with high energy dissipation due to self-discharge loss are the major drawbacks of
supercapacitor.

1.4. Objective of the Work

From the existing literature it is evident that hybrid microgrids provide comparatively higher
stability than the single resource-based microgrids, but in majority of hybrid microgrids, diesel
generators have been used, which implies that these microgrids are not fully green in terms of
emission. There are also several problems like frequency & voltage instability, intermittency issues
of renewable resources, harmonics problem in the ac side etc. as of technical aspect. In case of
operation issues, energy management, forecasting and battery degradation issues are major
challenges.

Therefore, the objectives of the work are -

i.  To design a hybrid microgrid devoid of any diesel generator, which is similar in terms of
voltage stabilization.

ii. To design an operation strategy using a single renewable resource to provide uninterrupted
energy supply at stable voltage to an islanded microgrid.

iii. To design a hybrid microgrid with local resources to provide stabilized energy at cheaper
rate than actual energy price in Indian context

iv. To apply a different optimization algorithm to optimize the microgrid to provide the most
optimal solution

1.5. Novelties and Contribution of the Work

The novelties of the work are as follows -
i.  Design of a wind turbine to alternatively charge one PSH and one GESS for continuous
and stable renewable-based electricity supply.
ii. Design of a wind turbine to simultaneously charge and discharge of two GESSs for
uninterrupted renewable-based electricity supply in stable voltage.
1ii.  System design to supply continuous electricity at stable voltage with renewable energy
only at lower price than the actual government rate.
If these simulation-based works get practically implemented then it can partially replace the
thermal electricity generating plants with the components of voltage stabilization and continuous
flow of energy.
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1.6. Flow of the Thesis

After the introduction part stated in chapter 1, chapter 2 states the State-of-Art of the thesis.
Chapter 3 depicts the system descriptions and operation strategy followed by details of Algorithm
in chapter 4. Chapter 5 describes the generated results of the proposed systems. Chapter 6

concludes the thesis concretizing the outcomes of the research works along with the illustration of
future scope of work.
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CHAPTER 2



2. State-of-Art Technicalities of Microgrid

The already defined objectives (section 1.4) of this thesis are derived from the literature review
done in sections 1.1.2.3, 1.2 and 1.3. Several literatures [10-27, 36-48] discussed in section 1.1.2.3
have incorporated diesel generator sets along with renewable resource-based microgrids to
generate stable electrical power. This is a drawback in terms of fossil fuel utilization and resulting
in global warming. Therefore, there are motives to generate renewable-based stable power in self-
sustainable microgrids with hybrid systems.

2.1. Hybrid Systems of Microgrid Developments

There are several articles available regarding different strategies to cater load in different
conditions. Gupta et al. have described a solar PV, micro hydro, Biomass, Biogas generator-based
system in Indian context [79]. A battery system along with a diesel generator is also kept in the
system to handle uncertainties. Bahramara et al. have reviewed different strategies adopted to
design hybrid RE system in context of different countries using HOMER [80]. Khan et al. have
described a polygeneration process based on hybrid RE system. The study also includes
desalination of water to provide pure drinking water to households [81]. Reddy has used multi-
objective based stochastic technique to minimise the losses of a hybrid energy system and total
operating cost of the renewable energy resources located at different parts of the grid [82]. Momoh
and Reddy have discussed several stochastic optimization techniques for renewable energy based
optimal power flow and voltage VAR problems [83]. Incorporation of renewable based energy
system into grid is a challenging problem due to the intermittent nature of the renewable resources.
However, Reddy has solved an optimal power flow problem considering the uncertainty issues of
wind speed and solar irradiation [84]. Reddy and Momoh have discussed the realistic optimum
day-ahead scheduling of a hybrid power system consisting of thermal generators, wind farm and
solar PV, taking into account of the uncertain parameters of renewable resources [85]. To provide
energy at low-cost Ahmad et al. have considered both energy management by efficient use of
consumer’s appliances and trading of renewable energy generated in decentralized manner to
consumers and prosumers [86]. Peak power consumption has been handled by demand side
management [87]. Installation of small-scale renewable resources-based energy generators like
rooftop solar PV and wind turbine at home can also decrease the load on grid and cost of energy
[88]. Also, necessity of energy management to minimize the carbon footprint, reduce the
expenditures on energy consumption i.e. efficient energy consumption has been established [89].

But to completely eradicate the presence of fossil fuel in a renewable based hybrid system the
amalgamation of energy storage is a must thing to do.
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2.2. Energy Storages for Micrognd

There are several storage devices which are in use to enhance the reliability of energy supply from
RE resources. Chen et al. have classified energy storage systems in broadly four categories
namely; electrical, mechanical, chemical and thermal energy storage [71]. Several research articles
also demonstrated applicability of energy storage devices in RE perspective such as SMES-battery
energy storage in solar PV application [90], flywheel energy storage in PV and diesel hybrid
microgrid [91] etc. However, chemical energy storage is the most convenient one in terms of
microgrid application. Several applications related to RE system such as Lead-Acid battery [92],
Lithium-ion battery [93], Flow battery [94] etc. are available in published literatures.

Another type of storage system, namely Gravity based energy storage is currently one of the most
competitive in terms of usage simplicity and cost effectiveness. Pumped storage hydroelectric
(PSH) generation system is the most matured one available in gravity-based storages [95].
However huge land and water requirement makes it a bit difficult to construct in some locations.
To overcome these drawbacks of a conventional PSH, Gravitricity proposed a novel storage
system called Gravity energy storage [96]. This storage system specifically utilizes a heavy weight
to be lifted to charge and release energy during downward motion of the same weight due to gravity
in a vertical tunnel underground. Morstyn et al. have further evaluated the estimated energy
generation potential of this gravity energy storage system in terms of abandoned mine shaft under
United Kingdom Government jurisdiction [97]. This type of system deserves special attention
when there are too much hue and cry for a cost-effective storage system.

Energy storage devices play a crucial role in keeping the power quality of a microgrid in check. In
terms of energy storage, there are several devices, but amongst them, apart from battery storage,
most technologically matured one currently available is PSH [98, 99]. Conventionally, a PSH
draws energy from grid during off-peak hours to charge and during peak-hours it generates energy
through a reversible pump [100]. However, this scheme has its economic advantages, but from
environmental aspect the scope is limited. Thus, a PSH [101, 102] or any other energy storage
device, if charged through RE, is deemed to be worthwhile from environmental as well as an
economic point of view. Likewise, PSH connected with a standalone PV-wind hybrid energy
system [103] and double storage system, combination of battery and PSH is incorporated with a
grid connected PV-wind hybrid energy system are presented in literatures [104].

As discussed in different literatures, energy generated from RE is directly supplied to the system
load and energy storage devices are set aside for handling uncertainties. These systems are prone

to complications, as uncertainty issues of RE may not be fully eradicated.

In this context, Pali ef al. have represented a comparatively different kind of approach [105, 106,
107, 108]. Here, instead of direct load supply, solar energy [108, 109] and wind energy [105, 106]
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are used to fill up the upper reservoir of PSH and the PSH supplies the load demand at a stable
voltage. Instead of energy conversion (mechanical to electrical energy), Pali et al. utilized
mechanical energy generated from wind turbine (WT) to operate a mechanically driven centrifugal
pump (CP) to pump water in the upper reservoir (UR) of a PSH and released water through a
separate turbine generator set to generate electricity in constant voltage for a constant load [105].
A relatively small-scale standalone system of 300 W is considered in Indian context.

Now, whenever there are a number of resources and storage systems are available to cater a fixed
amount of load, it becomes necessary to optimize the system as such that the technical as well as
economical aspect of the system remains rational. In this term, nature inspired algorithms are the
best choice for their better optimal convergence as compared to conventional optimization
algorithms.

2.3. Algorithms for Optimization for Microgrid
Component Selection

There are a number of such algorithms available in literature. Amongst them Harmony Search
Algorithm [110], Gray Wolf Optimization [111], Frog Leaping Algorithm [112], Gravitational
Search Algorithm [113] to name a few. In this perspective, Singh ef al. optimized a PV- biomass
based hybrid RE system using artificial bee colony algorithm to find the optimal output of the
system [114]. In this aspect authors of this article have considered The Whale Optimization
Algorithm [115] for its better convergence capability, which is already tested on several
benchmark functions such as Tension / Compression spring design, Welded beam design, Pressure
vessel design etc.

2.4. Recent Trends in Research for Optimization
for Microgrid

Researches are being going on in recent days over the application, optimal sizing and deployment
of gravity energy storage system which is basically a closed loop PSH. Emrani ef al. have optimally
designed a gravity energy storage and incorporated it with a hybrid PV-wind plant to make it more
competitive both technically and economically [116]. Ameur et al. have modeled a hybrid solar
photovoltaic and gravity energy storage system to supply residential demand considering dynamic
forecasting for a week [117]. Mondal et al. have provided an innovative application of gravity
energy module, where the researchers have incorporated two solar PV powered gravity power
modules around a multi-storied building along with a vanadium redox flow battery considering
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the fact of lower space consumption by the system [118]. Tong et al. have proposed a hybrid solid
gravity energy storage system, which comprises the advantage of a gravity energy storage and a
supercapacitor, along with the structure and control strategies of the hybrid storage system [119].
Therefore, the recent research trends show that the researchers are now-a-days focused on the
application of gravity energy storage systems in different hybrid renewable based systems to
enhance the system reliability and properly utilize the system area. This trend helped to focus on
the further development of renewable based schemes.

2.5. Proposed Schemes Concerning Gravity
Storages

As per the previous reviews and present-day requirement, a renewable-based hybrid scheme has
been proposed along with a lithium-ion battery to provide uninterrupted electricity to the worker’s
colony of tea estates of Assam and efficient enough to handle variations in wind speed, water flow
rate and load demand. Another scheme has been proposed where Gravity energy storage system is
planned to be amalgamated with solar PV and two biomass generators with an objective to achieve
voltage stabilization along with uninterrupted electricity supply with an LCOE at per with the
regional electricity tariff.

The approach of Pali et al. in [108] (already discussed in section 2.2) is commendable, but there
remain certain drawbacks which are needed to be addressed. The output from PSH is uncontrolled
as load fluctuation is not taken into consideration. However, a provision is proposed to divert
excess energy to a purely resistive dump load if load is reduced, but if load is increased, the
operation strategy seems missing. Other than that, the pumping scenario is unrestricted i.e. in case
of fully filled upper reservoir (UR), water keeps on overflowing without restriction continuously,
which seems to be a wastage of energy [105].

Taking into consideration of all these drawbacks, a dual mode wind turbine (DMWT) driven
hybrid energy storage scheme has been proposed to regularize the uncertainty related issues of a
conventional wind turbine (WT). The innovative novel scheme proposes an idea of operating two
distinctive storage system with different operating procedure to provide energy generation
predictability, enhanced reliability, operation simplicity and more efficient usage of wind energy.
The proposed system is supposed to operate one mechanically driven PSH and one electrically
driven VRFB simultaneously through a single Wind Turbine. Whereas, in existing literatures,
operation of either mechanically driven storage system [105, 106] or electrically driven storage
system [103, 104] using a single wind turbine is conceptualized. The concept of DMWT is
visualized to be operating in two modes; namely Mechanical mode and Electrical mode. In
Mechanical mode, DMWT is envisioned to provide mechanical energy (extracted from its shaft)
to operate mechanically driven centrifugal pump (CP) to fill the upper reservoir (UR) of PSH.
Whereas, in Electrical mode; the mechanical energy from DMWT is planned to be used to generate
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electrical energy through a wind turbine alternator, to charge a Vanadium redox flow battery
(VRFB) system. The energy stored in VRFB will basically be the excess energy that is not
primarily required to serve the load as the PSH alone will be designed to be capable of handling
it. In the proposed DMWT — PSH — VRFB system, PSH is considered for its predictable nature
and VRFB for its economic advantage, operation simplicity and feasibility in different platforms
[120,121,122].

This proposed system of one wind turbine, will alternatively be used to operate one mechanically
powered pump storage system and one electrically powered battery storage system. Thus, the
scheme will help in reducing the land requirement. However, the land requirement will still be
considerably high due to the presence of PSH [123, 123]. These obstacles can be overpowered by
the cutting-edge technology, Gravity Energy storage system (GESS) developed by Gravitricity
[96]. This storage device fundamentally utilizes extremely low land area as compared to a
conventional pump storage hydro, no water requirement, has long lifetime, highly efficient and
generates energy at a comparatively cheaper rate [96]. Morstyn et al. have estimated that there is
a huge potential for GESS in United Kingdom alone [97].

The GESS draws energy from the grid to operate a DC motor, which in turn pulls an underground
suspended weight to charge the device. During discharge, the gravitational pull draws the
suspended weight downwards, which in turn operates the DC motor in reverse breaking condition
to generate energy [96]. A converter system is also present, to connect the GESS with the grid or
microgrid. However, it is also evident that, any kind of energy storage device (ESD) requires
energy to charge itself, thus it leaves carbon footprint and itself not a green energy, if charged
through thermal generators. Therefore, it is quite a beneficial situation for the ESD in terms of
environmental aspects, if it is charged using any RE system and this also may stabilize the energy
generated from RE system itself.

In consideration of general aspects and above discussions, it is evident that charging an ESD with
RE resources is genuinely a beneficial option. However, it requires multiple converter system and
thus, the overall system efficiency is bound to fall due to converters internal power loss. Similar
wastage of energy, due to multiple charging and discharging sequences of an electrical energy
storage device may be observed in a recently published article [123]. Considering the technological
gap, it seems quite beneficial, if multiple mechanically driver energy storage devices can be
operated using a single wind turbine. In absence of an electrical energy storage device, the overall
system efficiency will increase and a better method of maximum utilization of RE may be obtained.

In this context, a novel wind turbine driven dual gravity storage system scheme may be proposed.
This scheme may aim at operating two GESS devices alternatively using mechanical energy,
generated from a single Wind Turbine. The proposed system comprising of two GESS, one wind
turbine (WT) and one DC motor-inverter assembly can further be conceived. Here, Mechanical
power generated from wind turbine can be used to create a rotational motion to pull a suspended
weight in upward direction for charging the GESS. During the charging of one GESS, the other
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one may generate energy via the DC motor-inverter assembly and vice versa. Therefore, two GESS
may utilize the wind turbine and the DC-motor assembly alternatively.

These above concepts/schemes based on GESS will be tried in the next chapters to find out their
usability.
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CHAPTER 3



3. Design and Problem Formulations of
Proposed Hybrid Energy Systems
inclusive of Load Data

Considering the objectives stated in section 1.4 and based on the reviews of section 2.4, four
hybrid systems have been designed and mathematically formulated in this section. All the
systems are devoid of diesel generator, which ensures the exclusion of fossil fuels in the
systems making them completely renewable. In the first system, the focus is on creating hybrid
system, that is capable of supplying incessant electricity.

In the second system, the emphasis has been given to generate electricity from a combination
of two renewable resources along with a gravity-based energy storage for a particular region
with an LCOE lower or equal to the existing tariff structure of the selected region.

The third system focuses on creating an operation strategy that relies solely on a single
renewable resource to provide uninterrupted energy supply at a stable voltage to an islanded
microgrid.

The fourth system also concentrates on using only a particular kind of renewable energy source
to provide uninterrupted power supply with a single difference with the third system i.e. the
choice of energy storage system. Two different types of storage systems have been
incorporated in the third system whereas, only a single type of storage system has been
integrated in the fourth system.

These approaches have been made to promote sustainability and contribute to cost savings for
the energy for areas where normal supply is sparsely available. This was initially attempted for
a standalone microgrid systems with an idea of extra available energy sale to the grid.

3.1. Standalone renewable-based Microgrid
with Optional Gnid Sales

3.1.1. Objective

Recent times has witnessed increasing importance of integration of renewable energy in main grid
that can potentially replace conventional fossil fuel generators in future due to pollution caused by
them. On the other hand, in this country it is a huge challenge to provide quality electricity to

25



everyone. This challenge may potentially be dealt with formation of micro-grid in rural and
backward areas with quality 24 X 7 power supply. This literature deals with study of a potential
micro-grid that can address both connectivity as well as pollution issues with great efficiency. A
micro-hydro unit and several wind turbine units are included along with a Li-ion battery storage
to provide uninterrupted clean energy at constant voltage. This structure was initially proposed
efficiently for a tea estate in the state of Assam. The study is focused to supply electricity with
constant voltage profile throughout the day with no interruption, along with sell out of excess
energy that the system may produce throughout the day. The excess energy may be transacted to
any commercial load or grid available nearby so that the tariff of energy for internal customers
may be reduced. In absence of such a scenario the excess power can be utilized through a dummy
load of that extent.

This study deals with backward areas or worker’s colony of a tea estate in the state of Assam.
There are quite abundancy of small rivers and waterfalls in the state, so a micro-hydro and wind
turbine have been considered to provide energy to the micro-grid. Also, to discard the
intermittency of wind turbine generators, a Li-ion battery is included in the system. The standalone
micro-grid is tested with different wind speed, water flow rate and demand characteristics to
establish its reliability. Its structure and operational strategies are given below.

3.1.2. Micrognd Structure and Mathematical
Design

The proposed micro-grid, shown in Figure 3.1.1 consists of one micro-hydro with maximum
generating capacity of 30 KW, and five wind turbines of 4.1 KW each. A 25 KWh Li-ion battery
is included in the system. Details of the same is provided in Table 3.1.1.
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Figure 3.1.1. Structure of the Microgrid

TABLE 3.1.1. DETAILS OF DEVICES USED

Micro-hydro

Flow rate (Cu.M/s) 0.61
Head (m) 9
Turbine efficiency 0.8
Generator efficiency 0.7
Water density (Kg/Cu.M) 1000
Gravity (Sq.M/s) 9.81
Wind Turbine

Cut-in speed (m/s) 2
Cut-out speed (m/s) 10
Optimal speed (m/s) 3.75
Power Coefficient 40 %
Air density (Kg/m?) 1.29
Rotor radius (m) 10
Alternator efficiency 0.96
Li-Ion Battery

Energy rating (KWh) 25
Base Load (KW) 40

The Micro Hydro Turbine considered for the design of the microgrid is DLD POWER Medium
Head Micro Tubular GD35-LZ of 30KW rating [124]. The wind turbine considered for the design
of the microgrid is Ryse Energy E-5 HAWT [125].
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A WT operates utilizing the wind velocity and converts the same into mechanical power.

Generated power at the shaft of the wind turbine (vaTlaf t) can be mathematically expressed as:

Shaft __ 2 3 i t
PWT - O-SH#ppairRWTVair , V;il;l < I/air < V;gu

=0, Ve <V, > VEOUE (3.1.1)

air air

Equation (3.1.1) is the conventional mathematical expression for wind power extraction. Here,
(u4p) is the power coefficient, dependent on blade pitch angle and tip speed ratio (TSR) of the WT.
The value for modern WT may be around 50% as claimed in some literatures [105]. Air density is
depicted as (pq;r) Whereas (V) is the wind speed. The rotor radius of wind turbine is (Ry,7), cut
in and cut out speed of WT is (VST and (VS24Y).

air air
Generator output (P& )from wind turbine is directed by the efficiency of the same (1,7) attached
to the shaft of the turbine as shown in Equation (3.1.2).

i h
P& = nyrByrt (3.1.2)

WTG output is governed by the mathematical equation as:

Pg{ggut = nwtnGenpwatergHI\IEI(Il-deQIT/IeI-lIease (3-1-3)

At any given interval the micro-hydro unit generates electrical energy (Pg'ﬁgut) for water flow

rate (Qple®S¢) gets released from a height of (HR%*%). However, the output depends on
efficiency of water turbine (1),,;) and generator (7).,,) both other than density of water (0 qter)
and gravity (g) of the geographical location.

Inclusive with these two generating units, a Li-ion battery is considered to maintain the stability
of the system. At the starting of the day, we have considered a fully charged battery ready to be
deployed according to requirement. It is to be noted that, the battery is only meant to supply power
to the micro-grid and is in non-operating during any transaction outside of the micro-grid. The
battery is charged by excess energy in each interval if there is any, from wind turbine is after
supplying to the load.

The charging and discharging sequence may be expressed using the following equations.

i
PLi—ionT
dch rated
Ni-ionELizio

SOC., = SOCE-D — (3.1.4)
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The SOC for discharging of a Li-ion is defined in equation (3.1.4) and the same for charging is
shown in equation (3.1.5). The discharging and charging SOC are represented by (SOC},,) and

(S0CL,) respectively for i’ interval. Whereas charging and discharging efficiency is defined by

néh . and ndM, . respectively. ‘T is the duration of the time period and P;_;,,, is the dispatched

power in 7"’ interval. Rated energy of the Li-ion is EJ#%¢4, . In charging mode P};_; < 0 andin

discharging mode P};_;pn > 0 .

3.1.3. Operation Strategy of the Hybrid System

The micro-grid, as discussed in section 3.1.2 is fully powered by renewable energy. Thus, to
achieve standalone capability in spite of fully dependent on renewable energy, the Li-ion battery
comes very handy. The steps of operation are as follows:

Step 1. Read: wind speed, water flow rate and battery storage data.

Step 2. Determine: wind turbine output, micro-hydro output.

Step 3. Prioritize generation from micro-hydro and allocate them first.

Step 4. Supply the residue power through wind turbine.

Step 5. If: wind turbine cannot fully deliver the residue power; supply from battery.

Step 6. If: wind turbine can fully deliver the residue power; check: if any excess generation is left
from wind turbine.

Step 7. If: any excess power is left; charge battery if possible or transfer the excess power to any
potential commercial customer or main grid otherwise deliver the power to dummy load.

Step 8. Repeat Step 1 to Step 7 till the end of the day.

Step 9. Show the results and exit.

Simulated results of this section (section 3.1) are presented in section 5.1.

This section only dealt with supplying continuous power supply using locally available renewable
resources but have ignored the optimal techno-economic analysis of the system because of
underprivileged community. However to overcome such situation in the next section (section 3.2)
optimal techno-economic analysis of hybrid micro-grid has been established for a different region
a bit far from our previous study site but capable of purchasing electricity at a price. Here attempts
are made based on incorporation of GESS.
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3.2. Techno-economic analysis of a
Renewable  based Hybrid  Microgrid
incorporating Gravity Energy Storage System

3.2.1. Objective

A grid connected renewable energy-based hybrid microgrid, incorporating solar PV, biomass
generators and Gravity Energy storage system (GESS) has been proposed in this section to provide
a viable alternative solution towards the thermal power generation in Indian perspective. A hybrid
system has been designed to deliver uninterrupted energy to a hilly village of North-East India.
Bi-directional energy transaction with the central grid is considered for handling uncertainties and
to gain monetary benefit through energy sale. The GESS is only charged through solar PV and
biomass generators, to reduce the carbon footprint. The outward energy transaction with the central
grid helps in reducing the energy cost for consumers inside the microgrid. Whale optimization
algorithm (WOA) has been used to find the optimal techno-economic solution of the proposed
system.

The novelty of this study is to deliver uninterrupted energy supply to the consumers in a grid
connected microgrid through renewable energy (RE) at competitive rate. Along with that this
scheme emphasizes on the effectiveness of the Gravity Energy storage system in a microgrid
environment. In several parts of the North-East region of India, providing uninterrupted energy to
consumers is quite difficult due to hilly terrain and scattered population density. However, at
present, electrification of those parts is achieved somehow, but transmission loss is comparatively
high [126]. On the other hand, most of the places in the North-East region of India are blessed with
ample solar irradiance and abundance of biomass resources. Therefore, a grid connected hybrid
renewable-based system is quite a good option for these regions, as excess energy generated from
the hybrid system may be sold to the nearby grid for both financial and environmental benefits. In
this way the techno-economic analysis of PV, Biomass based Gravity Energy storage system
delivers another scope of business.

3.2.2. Proposed Solar PV - Biomass - GESS
Hybrid System

In this section, a hybrid RE based system is discussed based on Solar PV, Biomass and GESS.
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Whenever there are a number of resources available to cater a fixed amount of load, it becomes
necessary to optimize the system as such that the technical as well as economical aspect of the
system remains rational. In this term, nature inspired algorithms are the best choice for their better
optimal convergence as compared to conventional optimization algorithms.

In this aspect authors of this article have considered The Whale Optimization Algorithm [115] for
its better convergence capability, which is already tested on several benchmark functions such as
Tension / Compression spring design, Welded beam design, Pressure vessel design etc.

The proposed system in this section also deals with an optimal operating strategy of a grid
connected microgrid system emphasizing on the RE system. The proposed strategy is a hybrid
generating system incorporating solar PV and two Biomass generators with a Gravity energy
storage system (GESS) to deliver the load demand in a stable manner. This combination is
considered due to ample availability of solar and biomass resources in the studied area, whereas
little to zero availability of hydro resource and low wind speed profile. GESS is considered for its
high lifetime, lower space requirement and lower per unit energy cost as compared to other
available energy storage devices [96].

Biomass generators are generally bound to limited time of operation, as their operating hours affect
their lifetime. Thus, whenever these are in operation, they are directed to generate at maximum
capacity. Any excess energy left after serving the load demand is used to charge the GESS and
any leftover energy is sold to the grid for monetary as well as environmental benefit. There is also
a provision to buy from the grid during requirement but this is the least preferred mode of operation
irrespective of energy cost. The overall system cost includes all the related cost components as per
Indian industry standards other than the GESS. Energy transaction cost through grid during
different hours, are historic values presented by IEX in the year 2019. Human resource cost /
Labour cost is also included as per government of India standards. For different combinations of
loading pattern and GESS initial storage, the Levelized cost of energy (LCOE) is found to vary in
between INR 2.71/kWh 1 to INR 3.41/kWh, which is lower than the current Nagaland state
government approved tariff structure of INR 3.55/kWh. The proposed system is optimized in a
multi objective scenario depending on minimization of Levelized cost of energy (LCOE) and
energy brought from grid.

In this section, Khezhakeno village in the state of Nagaland, India is considered for the study. The
village is situated in Phek district. According to the 2011 census total population of the studied
area is 3281 with 606 households [127,128].

''$ 1 =INR 70 (Assumed)
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3.2.3. Operation Strategy of the Hybrid System

The proposed system depicted in Figure 3.2.1, is to be operated considering the availability of
resources and load demand. Solar PV panels are in operation during defined times only throughout
the day due to geographical constraints. In absence of considerable amount of solar irradiance,
Biomass generator 1 (BMG 1) is prioritized. If in any case BMG 1 is incapable to deliver the entire
load, Biomass generator 2 (BMG 2) comes into play. GESS is utilized as the last resort when all
the generators are fully utilized or unavailable due to system constraints. In all the cases, any excess
energy generated from solar PV, BMG 1 or BMG 2, if available, is utilized to charge GESS in the
first place. Secondly, if any excess energy is left, it is sold to the grid in accordance to the current
grid price. The theme of the proposed system is to utilize only RE to meet the demand so that the
carbon footprint may be reduced. But it is also essential to ensure uninterrupted supply of load
demand. Thus, a bi-directional flow of energy is also considered in term of the nearby grid system.
However, it is a priority to only sell energy to the grid but in extreme condition energy may be
bought from the grid too. It is also worth mentioning that as buying energy from grid is the last
resort, thus the GESS is operated as such no energy is to be drawn or delivered to the grid from it.
The bi-directional energy flow is considered to handle uncertainties related to technical or natural
phenomenon only. The flowchart of operational strategy of the proposed system is shown in Figure
3.2.2 with a continuation in Figure 3.2.3. Mathematical model of different equipment is discussed
in section 3.2.3 for their respective output determination.
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3.2.4. Mathematical Modelling of Solar PV
Biomass and GESS System

The system thus proposed is based on a grid connected microgrid concept. In this section detailed
mathematical analysis of different resources and storage system will be discussed.

3.2.4.1. Solar PV

The Solar PV system has been modelled in accordance to its ambient temperature and hourly solar
irradiance level of the desired location [129]. The power output at maximum power point is
calculated as in Eq. 3.2.1. [129]

H

G
P = Ngy. Ngy. [PS,STC — {1 —a(T, - T7T4)} (3.2.1)

" 'GSTC

Where, ' P ' is the hourly load served through solar PV modules (kW). ' N5, ' and ' N, are the
number of solar panels in series and parallel respectively. ' PST¢" is power generated from single
solar panel at Standard Test Conditions (STC).’ G/’ and ' G5T¢ ' is the hourly solar irradiance at
“i™ hour and solar irradiance at STC. Temperature coefficient of solar modules is presented by
"a'. Cell temperature of solar module is ' T, ' and nominal cell temperature at STC is ' TS '. The
hourly power output from solar PV generator is dependent on the cell temperature of panels
available as shown in Eq. 3.2.1. The cell temperature at any given time is dependent on the nominal
operating cell temperature (NOCT) and air temperature of the panel. In Eq. 3.2.2 the cell
temperature calculation is shown [129]. Wind speed of the surrounding is considered to be 1m/s.
G{!
gNocT

T, = TNOCT 4 (NOCT — 20) (3.2.2)

Where, ' TNOCT " and ' GNOCT ' are ambient air temperature and solar irradiance at NOCT

respectively.

3.2.4.2. Biomass Generator

Biomass generator is considered to be at second priority in dispatching the load demand in absence
or non-adequate availability of solar resource. A biomass generator converts combustible biomass
resources into producer gas in controlled air using partial combustion. Producer gas is utilized to
generate electricity through combustion engine. The maximum installation capacity of a biomass
generator in a particular area mainly depends on the availability of raw material in the installation
zone. The mathematical equation of maximum installation capacity is shown in Eq. 3.2.3 [114].
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Nec*Mpm*1000+Cppy
365+860%Hpg

max _ pH _
PBG _PBG_

(3.2.3)

Where, the maximum installation capacity of biomass generator is ' PF* ' in kW. Hourly

generation from biomass generator is 'Pg;;’. Efficiency of biomass generator ‘g’ is 21%. Tons of
biomass available per year in the study area is 'Mg,,". Calorific value of biomass is 'Cg,," in kcal/kg
and maximum operation time of a biomass generator in a day 'Hgg;' is 12 hrs. Biomass generators
can be operated for a fixed time interval in a day. Excess operation may lead to lifetime reduction
of the generator itself. Thus, total generation from biomass generator limited to certain amount
related to operating hour and maximum installed capacity. However, in this work, Biomass
generator is utilized in its full capacity whenever the generator is in operation. Excess energy
generated is either stored in the GESS or sold to the grid. This enables maximum utilization of
biomass resource and monetary benefit in terms of overall energy cost of the system.

In this study two different biomass generators are considered. According to the MNRE (Ministry
of New and Renewable Energy), Govt. of India, Phek district has surplus agro-residues of 14.2
kT/Year. Also, the district has surplus biomass potential of 73.5 kT/Year from forest and
wasteland. The cumulative energy generation capability through biomass of Phek is at 12 MWe
[130]. The location is selected due to its availability of biomass and solar resources. Also, authentic
data on population is readily available.

3.2.4.3. Gravity Energy Storage System

There are several matured gravity-based energy storages like PSH is available currently, but huge
amount of land and water requirement make PSH difficult to install in any terrain. Overcoming
this drawbacks Gravitricity proposed a new modern gravity energy storage [96]. Unlike a PSH it
requires lower land area and easy to install in any terrain. Also, in comparison to several other
energy storage devices (Chemical, gravity-based, mechanical etc.) the GESS is comparatively
cheaper and easy to operate. GESS utilizes a suspended weight to be drawn against the gravity and
released with gravitational pull to generate energy using a DC motor and converter system. The
system is divided in three major parts; the suspended weight, motor system and wire to suspend
the weight.
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3.2.4.4. The Suspended weight of the GESS

There may be different shapes of the suspended weight. Due to calculation simplicity, a cylindrical
weight is assumed. Let us assume the weight is suspended underground in a vertical tunnel of
depth 'DT’. If the cylindrical object is having a height '"HS"’ diameter 'dS"’ then the volume of
the object ' VW' is:

SW2,sw
ySW = ’WTH (3.2.4)

As we know for any object with density 'pS"’, the mass of the object 'MW = pSWySW’,
Therefore, the usable depth of the GESS ' DESS ' is:

GESS T sw T amsW
The maximum energy storage capacity 'Epsss’ with a roundtrip efficiency 'n%ESS = 0.8’ [97] is:
max GESS 3ySW , 1) GESS GESS jySW T amSW
EGESS =n M gD =n M g (D - m) (326)

In comparison within Eq. 3.2.4, 3.2.5 & 3.2.6, it is quite clear that the mass of the suspended weight
is directly proportional to the height of the same. Whereas, the increasing height of the suspended
weight inversely impacts the usable depth of GESS. Thus, energy storage capacity of GESS per
unit mass of the suspended weight may be formulated as:

dEGESS

asr =19 (07 = siw) 627

3.2.4.5. Motor and Associated System of the GESS

The suspended weight is to be drawn by the motor connected to it. Let us assume the force 'FM’

. . . . . . d
is required to pull the suspended weight against gravity at an acceleration 'a = d—:'. Thus, the

amount of force required is:
FM = MY (g + a) (3.2.8)

For a motor of torque 'T™' with radius of the traction sheave 'R.’ and rotational inertia’ J' The
differential equation for the motion is:

T™ = FMR,+]52 = MSWRy(g +a) + a2 (3.2.9)

Where the angular velocity ‘w = Rl " and thus, the motor power output is:
S
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P, =wT™ =M"Yv(g+a) + va# = M"vg +va (MSW + #) (3.2.10)

Thus, to maintain the motor speed at constant, the steady state power 'P,,>*’ required may be
calculated from Eq. 3.2.10 by replacing the value of ‘a = 0'. Therefore, the steady state power is
as given elsewhere is [97]:

P, =MWy (3.2.11)

3.2.4.6. Connecting Wires and Ropes of the GESS

Wire rope is used to connect the suspender weight with the motor drive system. The weight of the
wire is comparatively lower in comparison to the suspended weight itself. But is practical scenario
the weight of the rope is bound to impact the overall system performance. Thus, it is important to
design the rope accordingly.

To draw a suspended weight with a maximum acceleration of ' @ ', the cross-sectional area of the

rope is calculated as [97]:
Sw =
Awire = M (g+a) (3.2.12)

Owire—LwirePwire(g+a)

Where, '3, is the tensile strength and 'p,, ;" is the density of the material. For a rope of length
'Lwire »the mass of the rope maybe calculated as:

Myire = PwireAwireLwire (3.2.13)

The wire may be made of different materials such as steel (G, =896 MPa,pyire =
4706 Kg/m3), iron (G,;re = 230 — 345 MPa , pire = 7874 Kg/m3) etc. In Section 4 load,
resource availability and cost data of equipment is discussed.

3.2.5. Real Data Accusation for System
Evaluation

One of the most important parts of the proposed work is the data support. There are several series
of data required such as load, solar irradiance, biomass production capability etc. Along with that,
cost related data for solar PV and allied system, Biomass generator, GESS, labour wage, grid price
etc. is very much important. In case of the load variation a probabilistic approach is adhered
considering the number of household and basic public amenities such as primary and secondary
school, primary health care, community lighting etc. Also, to determine a probable realistic impact,
several load and GESS initial storage variation study is performed in this literature.
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3.2.5.1. Design of Load Data

The proposed system is studied in Khezhakeno village in Phek District of Nagaland state of India.
According to the Census of India for the state of Nagaland 2011, the studied area is having a total
of 606 households and 483 child population within an age of 0-6 years. Number of electrical
equipment present in the system in domestic, community and commercial entities is presented in
Table 3.2.1 along with their respective wattage. In Table 3.2.2 basic load distribution of the system
in an hourly basis is shown for domestic consumers. Basic load distribution for commercial and
community consumers in an hourly basis is shown in Table 3.2.3. Graphical representation of total
load demand variation is shown in Figure 3.2.4.

Summer (APR - OCT) ————Winter (JAN - MAR & NOV - DEC)

Load Demand (kW)

1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Interval (Hr)

Figure 3.2.4. Hourly Load Variation (KW) during Summer and Winter Season for Studied Area
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TABLE 3.2.1. EQUIPMENT DISTRIBUTION IN DIFFERENT CONSUMERS

Load Domestic Community

Type

Entity Household Primary Secondary

Type (606 Nos.) School School

(3 Nos.) (1 No.)
LED Fan TV Radio Refrigerator Heater LED Fan LED Fan

Item Tube Tube Tube
Wattage 20 75 90 25 160 1500 20 75 20 75
Nos. per

Entity 4 3 - - - - 15 10 30 20

Total
Number 2424 1818 300 500 100 200 45 30 30 20

of
equipment
L
T;:(: Community Commercial
Pri Health Pri Health
Entity rimary tiea rimary Liea Street Shop
Type Care 1 Care 2 Light (50 Nos.)
P (2 Nos.) (1 Nos.) g '
LED LED LED

Item Tube Fan Tube Fan Bulb LED Tube Fan
Wattage 20 75 20 75 20 20 75
Nos.per 6 5 3 i 2 1

Entity

Total
N“‘;‘fber 20 12 5 3 200 100 50

equipment
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TABLE 3.2.2. BASIC LOAD DISTRIBUTION IN HOURLY BASIS FOR DOMESTIC
CONSUMERS

Domestic (Summer / Winter) KW

Interval LED Fan TV Radio Refrigerator Heater Total
Tube
1 0/0 136.35/ 0/0 0/0 16/0 0/300 152.35/300
0
2 0/0 136.35/ 0/0 0/0 16/0 0/300 152.35/300
0
3 0/0 136.35/ 0/0 0/0 16/0 0/300 152.35/300
0
4 0/0 136.35/ 0/0 0/0 16/0 0/300 152.35/300
0
5 2424/ 0/0 0/0 0/0 0/0 0/0 24.24 /2424
24.24
6 2424/ 0/0 0/0 0/0 0/0 0/0 24.24 /2424
24.24
7 24.24/ 0/0 0/0 0/0 0/0 0/0 24.24/24.24
24.24
8 0/0 0/0 0/0 12.5/ 0/0 0/0 12.50/12.50
12.5
9 0/0 0/0 0/0 12.5/ 0/0 0/0 12.50/12.50
12.5
10 0/0 0/0 0/0 12.5/ 0/0 0/0 12.50/12.50
12.5
11 0/0 136.35/ 0/0 0/0 0/0 0/0 136.35/0
0
12 0/0 136.35/ 0/0 0/0 16/0 0/0 152.35/0
0
13 0/0 0/0 0/0 0/0 16/16 0/0 16/16
14 0/0 136.35/ 27/27 12.5/ 16/16 0/0 191.85/55.50
0 12.5
15 0/0 136.35/ 27727 12.5/ 16/16 0/0 191.85/55.50
0 12.5
16 0/0 0/0 0/0 0/0 16/0 0/0 0/0
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17
18

19

20

21

22

23

24

0/0
48.48 /
48.48
48.48 /
48.48
48.48 /
24.24
48.48 /
24.24
48.48/0

0/0

0/0

0/0
136.35/
0
136.35/
0
136.35/
0
136.35/
0
136.35/
0
136.35/
0
136.35/
0

0/0 1
27/27 1

27/27

27127

27/27

0/0

0/0

0/0

25/0
25/0

0/0

12.5/

12.5

12.5/

12.5

0/0

0/0

0/0

0/0
0/0

0/0

0/0

0/0

16/0

16/0

16/0

0/0
0/0

0/0

0/0

0/0

0/0

0/300

0/300

12.50/0
224.33 /7548

211.83/75.48

22433 /63.74

224.33/63.74

200.83/0

152.35/300

152.35 300

TABLE 3.2.3. BASIC LOAD DISTRIBUTION IN HOURLY BASIS FOR COMMUNITY
AND COMMERCIAL CONSUMERS

. Commercial
Community (Summer /
u
Summer / Winter) KW .
( ) Winter) kW
Primar Primar
Primary Secondary Y Y Street
Interval Health Health . Shop Total
School School Light
Care 1 Care 2

4325/

1 0/0 0/0 0/0 0.325/0.1 4/4 0/0 1
4325/

2 0/0 0/0 0/0 0.325/0.1 4/4 0/0 1
4.325/

3 0/0 0/0 0/0 0.325/0.1 4/4 0/0 1

4 0/0 0/0 0/0 0/0 4/4 0/0 4/4

5 0/0 0/0 0/0 0/0 0/0 0/0 0/0

6 0/0 0/0 0/0 0/0 0/0 0/0 0/0

7 0/0 0/0 0/0 0/0 0/0 0/0 0/0
4.15/

8 2.85/0.9 0/0 1.3/04 0/0 0/0 0/0 13
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4.15/

9 2.85/0.9 0/0 1.3/04 0/0 0/0 0/0 13
12.0/
10 2.85/0.9 2.1/0.6 1.3/04 0/0 0/0 5.75/2.0 19
12.0/
11 2.85/0.9 2.1/0.6 1.3/04 0/0 0/0 5.75/2.0 19
12.0/
12 2.85/0.9 2.1/0.6 1.3/0.4 0/0 0/0 5.75/2.0 39
12.0/
13 2.85/0.9 2.1/0.6 1.3/0.4 0/0 0/0 5.75/2.0 39
14 0/0 2.1/0.6 1.3/0.4 0/0 0/0 0/0 3.4/1.0
15 0/0 2.1/0.6 1.3/0.4 0/0 0/0 0/0 3.4/1.0
16 0/0 2.1/0.6 1.3/0.4 0/0 0/0 0/0 3.4/1.0
17 0/0 0/0 1.3/0.4 0/0 0/4 0/0 1.3/44
18 0/0 0/0 0/0 0/0 4/4 0/0 4/4
10.075/
19 0/0 0/0 0/0 0.325/0.1 4/4 5.75/2.0 61
10.075/
20 0/0 0/0 0/0 0.325/0.1 4/4 5.75/2.0 61
10.075/
21 0/0 0/0 0/0 0.325/0.1 4/4 5.75/2.0 61
10.075/
22 0/0 0/0 0/0 0.325/0.1 4/4 5.75/2.0 61
4325/
23 0/0 0/0 0/0 0.325/0.1 4/4 0/0 1
4325/
24 0/0 0/0 0/0 0.325/0.1 4/4 0/0 1

3.2.5.2. Solar Insolation and PV Panel Cost

Daily solar insolation data for the studied area is considered to find the PV panels output. The
studied area is at longitude 94.2167° E and latitude 25.5186° N . Solar irradiation data and
temperature data are collected from Photovoltaic Geographical Information System [131]. The
daily average solar irradiance data and average temperature profile is shown in Figure 3.2.5 and
Figure 3.2.6 respectively.
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The solar PV panels hence considered are of maximum generation capacity of 335 Watt (Wp). The
system also includes on-grid solar inverter and all allied infrastructural requirements including
installation cost [132]. Cost of Solar PV system is 549 $ / kW? without government subsidy and
384.30 $ / kW [132] with subsidy for the same. The operation and maintenance cost of solar panels
is 4$/kW and inverter 1.34$/kW [114].
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400

Solar Irradiation
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Figure 3.2.5. Daily Average Solar Irradiation Data (W/m?)

21§ =Rs. 70 (Assumed)
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Figure 3.2.6. Daily Average Temperature Profile (°C)

3.2.5.3. Biomass Generator Cost

Biomass generator installation cost is considered to be 1111.24 § /kW, inflation adjusted and
yearly maintenance cost is 4.5% of the installation cost [133]. Locally available biomass is used
as fuel to the generator and charged as 0.04 $ / kg [133]. The amount of biomass required to
generate energy is 1.2 kg / kWh [133]. In this study two biomass generators are considered.

3.2.5.4. GESS Cost

The GESS does consist of cost of the suspended weight, Motor and allied system, Ropes etc.
However, most of the investment cost consists of excavation charges for an underground vertical
tunnel and corresponding concrete structure. According to Gravitricty, the levelized cost of storage
is 141 $/ kW-year [96], which includes investment, charging, O&M & replacement cost.

3.2.5.5. Labor Cost

According to the Govt. of India norms, the studied area resides in category ‘C’. Thus, the minimum
wage for industrial worker stands at Rs. 569 / day or 8.13$ / day [134]. Therefore, the wage for
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labour is considered at 3000 $ / Year. In this study, 3 numbers of industrial worker are taken into
consideration for maintenance and allied works.

3.2.5.6. Energy transaction cost of Grid

The cost of energy transacted with the grid is considered from the data available from the website
of Indian energy Exchange (IEX). Hourly energy rate is taken from the historically available data
for 15" of each month for the entire period of the year 2019 [135]. If the 15" day is weekend or
holiday, next weekday is considered. The hourly grid price for each month of the year 2019 is
represented in Figure 3.2.7 [135]. The system operation is needed to be optimized to ensure best
operation scenario. Thus, in Section 3.2.5 two objective functions are considered to be optimized
using the Whale Optimization algorithm.
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8
8
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Interval (hr)
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Figure 3.2.7. Hourly Grid Price for Each Month of the Year 2019
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3.2.6. Objective Function for System
Optimization

This study is based on a multi-objective scenario. Two objectives with equal weightage are
considered here. The first objective is the Levelized cost of energy (LCOE) and the second
objective is the amount of energy drawn from the grid. As the aim of this study is to propose a
GESS based self-sustainable renewable energy based microgrid, it is important to minimise the
energy drawn from the grid as much as possible. Also, the LCOE of the system needs to be lower
or at par with current energy price of the location. To keep the LCOE, lower excess energy is
transacted to the grid for monetary benefit. The LCOE is calculated as:

Annual Annual Annual Annual Annual Annual Annual
_ CCapital+CO&M +CBiomass_fuel+CGESS +CGrid_P +CLabour _CGrid_S
LCOE = Annual (3214)
Load_served

The annualized capital cost ( Cg‘;;‘;;g} ) consists of solar PV ( ngé‘f[al )and Biomass generator

(CEiomass Yinstallation cost. The capital cost of solar PV ( C2op3,, ) is dependent on the solar
panel, inverter and allied services in ready to use format [132] and is shown in Eq. 3.2.15.

CSolar " PSolar % NSolar
CSolar _ Per KW STC Panel (3 2 15)
Capital — 1000 it

Where, C ggﬁ‘j@w is the cost of solar panel, inverter and allied services per kW in dollar. Solar panel

output at STC (P$2%7) in Watt. Total number of installed solar panel is represented by N5ol4.
Capital cost of biomass generator ( Cg;g'{;gfs ) is calculated in Eq. 4.16.
Clapitai’ = Cheyicy’ * PBromess (3.2.16)

Where, per kW installation cost of biomass generator is represented by CA.0"S and installed

capacity of biomass generator is PBlomass,

Hence, annualized cost of installation is represented as [114]:
A l Sol ]
Clapital = (Clapttar + Claptitar) * CRF (3.2.17)
Where, CRF is the capacity utilization factor and is represented as:

R(14+R)N

CRF = v

(3.2.18)
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Where, ‘R’ is the rate of interest and ‘N’ is the lifetime.

The annual operation and maintenance cost of equipment ( Carn¥4! ) is calculated as:

Annual Solar Solar inv Biomass Biomass
Coam®t = (Cogh™ * Pitituea) + (CO&o * Phitranea) + (CEOT™ * PHIGSY
(3.2.19)

Where, annual O&M cost per kW of solar PV, inverter and Biomass generator installed is

represented as C5old™ , CIv and CELGMaSS respectively. The installed capacity is represented as

Solar Biomass
PInstalled § PInstalled and PInstalled respectlvely

Annual fuel cost of Biomass generator may be calculated as:

Annual — (Biomass Biomass Annual
CBLomass _fuel — “Fuel * Fuel * Lpiomass (3'2'20)
Where, Cost of per kg of biomass is ‘CEL9M45S > 'Weight of biomass required to generate each kW
of energy is WA93SS and annual energy production per kW from Biomass generator is presented
Annual
as EBlOmaSS °

Levelized cost of Energy (LCOE) is considered as the objective function. The final objective
function may be defined as:
Minimize (A) = LCOE (3.2.21)

In this study, the number of solar panels in series and parallel, sizes of two biomass gasifier and
GESS storage capacity is taken as variables. The minimum and maximum ranges of each
equipment are tabulated in Table 3.2.4. The Whale Optimization Algorithm (WOA) is then applied
to determine the minimum LCOE during operation of the system while satisfying every technical
aspect. The next section discusses the mathematical modelling of Whale optimization algorithm.
The WOA is discussed in Chapter 4.

TABLE 3.2.4. MINIMUM AND MAXIMUM LIMIT OF VARIABLES

SI. No. Parameters / Variables Minimum Maximum
1 Solar PV Modules in Series (Nos.) 0 30
2 Solar PV Modules in Parallel (Nos.) 0 30
3 Biomass Generator 1 (kW) 0 100
4 Biomass Generator 2 (kW) 0 100
5 GESS Storage Capacity (kW) 0 1000
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The simulated results of this section (section 3.2) are discussed in section 5.2.

This section techno-economically optimized a hybrid micro-grid with a meta-heuristic algorithm.
Both researches depicted in section 3.1 and 3.2 have used multi renewable resources to provide
continuous flow of energy. But generating continuous electrical energy from a single renewable
resource is challenging. That challenge has been innovatively handled in section 3.3 and 3.4.

3.3. A dual mode Wind Turbine operation

with Hybrnid Energy Storage System
incorporating Vanadium Redox Flow Battery
and Pump Storage Hydro

A novel dual mode wind turbine driven hybrid energy storage scheme with electromagnet-based
mode changing operation is proposed in this section. The hybrid storage system includes a pump
storage hydro and a vanadium redox flow battery. The proposed system provides uninterrupted
energy at stable voltage to consumers in an isolated microgrid. The system is capable in handling
different effects of wind speed related uncertainties at the load end, up to a certain limit.
Advantages of the system lies in its reliability, operation simplicity, robustness and energy output
at stable voltage irrespective of normal wind speed variation. The proposed system also provides
an idea of efficient usage of renewable energy. This section deals with the proposed system
structure, operation strategy, mathematical modelling; also simulates result using real wind speed
data and shows that the system is viable, upon simulation with a variable loading pattern.

3.3.1. The Proposed Dual Mode Wind Turbine
- Pump Storage Hydro - Vanadium Redox
Flow Battery Hybrid System Description

The proposed DMWT — PSH — VRFB system has two operating modes, namely
(1) Mechanical Mode
(11) Electrical Mode.
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Mechanical mode of the system is shown in Figure 3.3.1 and Electrical mode in Figure 3.3.2. As
observed from Figure 3.3.1 and Figure 3.3.2 the DMWT is solely utilized to charge those storage
devices. In the Mechanical mode (Figure 3.3.1), the energy i.e. mechanical energy extracted from
DMWT shaft is used to operate a mechanically driven CP. The CP pumps water to UR of the PSH
from lower reservoir (LR). The LR may be a pond, well or any other similar water body. In absence
of such water body, a LR needs to get constructed with the volume of water storage at least be
equal to the volume of UR. In the Electrical mode; mechanical energy extracted from DMWT shaft
is utilized to operate a wind turbine alternator and the electrical energy generated is stored in the
VRFB. The inward and outward energy flow from VRFB is controlled through a converter.

The mode changing operation takes place at the starting of any interval. During the Electrical
mode, water stored in UR of the PSH is utilized to generate electrical energy at stable voltage and
the VRFB gets charged through the DMWT. During this mode of operation, when the water level
in UR goes below certain limit where the PSH cannot support the demand, the operation changes
to Mechanical mode. The CP operates only during the Mechanical mode, and the mode continues
till water level in the UR is above a certain limit where the PSH is able to supply the system load
for the next interval. During this interval, predominantly the VRFB supports the demand.
However, if during an interval, the water level in UR reaches above the certain limit or even the
UR is completely filled up, the operation continues in mechanical mode till the interval is finished.
In the next interval, the DMWT operation switches to Electrical mode.

In Mechanical mode, PSH and VRFB (if charge available) both may supply the load, while in
Electrical mode, PSH only can supply the load. This is due to the fact that VRFB cannot charge
and discharge at the same time. The proposed DMWT — PSH — VRFB system operates in Electrical
mode, only when the water level in UR is above the certain limit, where it can supply the load
demand for the next interval and VRFB has state — of — charge (SOC) lesser than maximum.
However, if the SOC of the VRFB is at maximum and water level in UR is above the certain limit,
where it can support the demand of the next interval, the system operates in Mechanical mode.
Details of the proposed system operation is shown in Section 3.3.3.

Several parts of the proposed system are as follows -

1. The Dual mode wind turbine (without alternator and converter) and mechanical
transmission system (efficiency = 0.8)

11. Rotating mechanical part, connecting mechanical transmission system with CP, namely:
“MR”

1il. The PSH, including CP, LR, UR, water turbine generator and pipes

1v. Rotating mechanical part, connecting mechanical transmission system with alternator,
namely: “ER”

v. The alternator (to be operated in Electrical mode), converter and VRFB

vi. Control Unit

vii.  Fixed connecting rod, connected between MR and ER, namely: “FR”
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viil.  Mode changer spring with hook, namely: “MCS”
1X. Mode changer electromagnet and magnetic material strip, namely: “MCE”

In the Electrical mode, the electromagnet “MCE” remains non-operational as shown in Figure
3.3.2 using dotted lines. Due to absence of any attractive force, the mode changer spring “MCS”
retains its normal position. The upward force exerted by “MCS” gets transmitted from “MR” to
the rotating mechanical part, connecting mechanical transmission system with alternator “ER” via
the fixed connecting rod “FR”. As a result, the assembly “MR — FR — ER” gets pulled up and “ER”
gets connected with the mechanical transmission system. This establishes the connection between
the DMWT and the alternator. This enables the alternator to start generation and the energy gets
stored in the VRFB after AC to DC conversion in converter. In this mode VRFB does not generate
any energy and the entire system load is served by the PSH. Again, at the starting of any interval,
if the water level in UR is below the certain limit, where it can support the demand of the next
interval, the proposed system operates in Mechanical mode as shown in Figure 3.3.1. In this mode,
a part of the energy generated from VRFB is utilized to activate the electromagnet. As soon as the
“MCE” becomes operational, it attracts the “ER” and the attraction force gets transmitted to
“MR” via “FR”. As a result, the assembly “ER — FR — MR” gets lowered. This results in
disconnection of “ER” from the DMWT and “MR?” gets connected. This established connection
of “MR” with the DMWT enables the CP to operate and water gets pumped. In this mode, VRFB
serves the system load. If in any case, the VRFB alone cannot serve the load, PSH serves a part of
it.

It is to be noted that, the attraction force of the electromagnet “MCE” should be equal or higher
than the force required to expand the mode changer spring “MCS” or in other words, the attraction
force of the electromagnet should compensate the force of the mode changer spring so that the MR
— FR — ER assembly comes down due to its own weight. Also, the force exerted by the mode
changer spring “MCS” should be higher than that of the force required to move the cumulative
weight / mass of the assembly “MR — FR — ER” as the MCE becomes non-operational.
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3.3.2. Operation Strategy of Different Scenarios

The proposed system operation depends on certain parameters like load demand, water level in
UR and stored charge in VRFB to operate. Figure 3.3.3 depicts the flowchart of operation

strategy of the proposed scheme.
The operation procedures in different conditions are as follows:

TABLE 3.3.1. DESCRIPTION OF SYSTEM OPERATION

SI No. Condition Mode of Operation Remarks
1 i. Water level in UR above Electrical i. PSH supports the
certain limit, where it can load demand
support the demand of the ii. VRFB gets
next interval charged
ii.  VRFB is not fully charged iii. If charging of
VRFB is
completed before
end of interval,
excess energy is
delivered to
dummy load
iv. Voltage remains
stable
2 i.  Water level in UR below a Mechanical i. VRFB  supports
certain limit, where it can the load demand
support the demand of the ii. Water gets
next interval pumped to UR
ii.  VRFB can supply the demand iii. If UR is
alone completely filled
during the interval,
water gets spilled
and collected in
LR
iv. Voltage remains
stable
3 i. Water level in UR below a Mechanical i. PSH and VRFB
certain limit, where it can together  support
the load demand
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interval
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3.3.3. Mathematical Modelling of the Proposed
DMWT - PSH - VRFB system

An elaborated concept of the proposed DMWT — PSH — VRFB system structure along with its
operation strategy is discussed in Section 3.3.2 and 3.3.3 respectively. In this section the
mathematical modelling of the proposed system is provided.

The DMWT is a modified arrangement of a wind turbine which enables an opportunity to
maximize the uninterrupted harvesting of energy from wind source. As discussed above,
depending upon the requirement, DMWT can be operated in two exclusive modes; I. Mechanical
mode and II. Electrical mode. Mathematical modelling of these two modes is discussed in section
3.3.4.1 and 3.3.4.2.

Specification of DMWT considered in this study; resembles with commercially available Aeolos
10 kW Wind turbine [136]. The length of each blade is 8 m with rated wind speed as 10 m/s, cut-
in speed as 2.5 m/s and survival wind speed as 45.5 m/s.

3.3.3.1. Mechanical Mode of Operation

As discussed in Section 3.3.2, the DMWT in mechanical mode converts wind energy into usable
mechanical energy to operate the CP. Generated mechanical power in any instant at the shaft of

the DMWT (Plf 1\%{;) can be mathematically expressed as:

Sha _ 2 3 cin cout
PDMWT - O-Sn.uppairRDMWTVair ’ Vair < Vair < Vair

=0, VR > Ve > VEUE (3.3.1)

awr

Equation (3.3.1) is the conventional mathematical expression for wind power extraction. Here,
(u4p) is the power coefficient, dependent on blade pitch angle and tip speed ratio (TSR) of the
DMWT. The value of y,, for modern wind turbine maybe around 50% as claimed in some literature
[105]. The air density and wind speed are denoted as 'p,;,-' and 'V,;,.’ respectively. The rotor radius
of the DMWT is 'Rppyr’. Cut — in and Cut — out speed of the DMWT are ' VS ' and ' VS04
respectively. The produced mechanical power is transferred through a mechanical transmission
system to the CP for pumping operation. The output ' P? ' produced from the transmission system
is limited by its efficiency 'n;'. This can be mathematically expressed as:

h
P2 = ny Ponstt (3.3.2)
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The transmission shaft directly powers the CP; the output of the transmission system is the input
' P& ' of the CP. Hence,

n — po (3.3.3)

Mechanical mode of operation commences at the starting of any interval in which water level in
UR is below a certain limit. Using which it can deliver the load of the next interval and terminates
when the water level in UR is at certain height, at which the PSH can serve the load of the next
interval. However, the operation continues until the end of the interval as no mode changeover is
allowed within a particular interval. The CP pumps water to UR of the PSH.

The Pump storage hydro (PSH) system consists of an Upper reservoir (UR) of internal height 5 m
stationed at a height of 30 m from ground. The rated head of the PSH is chosen as such to satisfy
the rated head of commercially available 3 kW hydro turbine [137]. The PSH system is broadly
divided into three subsystems, i.e. centrifugal pump, reservoirs and water turbine generator. Details
of these subsystems are discussed below.

3.3.3.1.1. Centrifugal Pump of the PSH

The centrifugal pump used, should be compatible with wind turbines i.e. their speed should be
synchronous with the cut-in and cut-out speed of DMWT. However, optimal speed of DMWT
which is reflected in electrical mode of operation, has minimal significance in performance during
mechanical mode.

The rotational motion of DMWT converts into the upward motion of water by virtue of the CP
thus employed. Utilizing the energy from DMWT, CP sucks water from lower reservoir (LR) and
stores into UR, which in turn enables the PSH to operate. The amount of water being sucked
Q2. in m’/s, depends on the efficiency ncp’ of CP, rated height of UR 'HZ&¢4 ' from the
ground, maximum height of UR 'H}¢* ', the density of water 'pyqter =~ 1000 kg/m3 ' and
gravitational acceleration (g) of the place of installation (in this literature the value of gravitational

acceleration is considered to be standard). The volume of water discharged into UR is as follows:

in
dis _ NepPep
PSH — Rated Max
9IPwater (Hyg ** + Hyg

(3.3.4)

59



3.3.3.1.2. Reservoir Design of the PSH

The basic structure of PSH requires two reservoirs to store water. The LR may either be a natural
lake or a similar water body. In the absence of such, an artificial storage tank needs to be
constructed. Similarly, an UR is required to set up. The UR should be at a decent height from the
LR so that the stored water gets enough potential energy which could be converted into electrical
energy when released. It is to be noted that volume of LR should be equal or higher to that of the
UR. Reservoirs, while constructed, requires extensive planning and survey of the geographical
location. Characteristics of soil are one of the main concerns, depending on which the foundation
of reservoirs needs to be designed. Also, characterization of seismic zone of the location should
be taken into consideration as the system involves dealing with huge amount of low-density liquid.

In this study the internal height of UR is assumed as 5 m and it is at a height of 30 m from ground.
The mathematical representation of the water level at the starting of any interval is shown in
equation (3.3.6).

di n-1 1 n-1
(0851 - Q™)

AUR

Hir = Hig" + (3.3.5)

Water level at UR ' Hj, ' at the starting of any interval 'n’ is calculated by means of water level
at the starting of the preceding interval ' Hl'%z* ', Water discharge into UR ' QZS;™" ' and water

released from the UR for power generation through turbine-generator ' Qgggase"'l " during the
preceding interval. The area of UR ' Ay is assumed as 20 m?. Assumptions are considered purely
for simulation purposes.

It should also be noted that in the last interval of the mechanical mode of DMWT if UR gets
overloaded, amount of water released through the overflow vent is calculated as:

l ey n
oo T = [(Ht % Ayg) + QR — Qpekease™| — (HM x Ayp) (3.3.6)

However, from Eq. 3.3.6 it may be observed that the numerical value of water overflown from
UR 'Qggzrf tow 1 may have a negative value, which indicates that there is no overflow from UR
during that interval and a positive magnitude indicates overflow from the UR. Maximum height

of UR is represented as 'H}M¢* = 5m .
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3.3.3.1.3. Water Turbine Generator Design of the PSH

Water from UR passes through a controlling valve to the water turbine and then gets discharged
into LR. The WTG converts potential energy of water into electrical energy. The output is
controlled via the rate of water flow to the turbine.

In this literature the WTG is having a maximum capacity of 3 kW [137].

WTG/PSH output is governed by the mathematical equation as:

Plgselrll = nWTGpwatergHgl%tengg?Iaase (3-3-7)

At any given interval the PSH output 'PEE} ' depends on volume of water released from UR

" Qrelease ' and rated height of UR from ground 'HEZt®4 . The output of PSH also depends on the
efficiency of the water turbine generator ' 1y, ¢, density of water 'p,,qter and gravity ‘g’ of the
geographical location.

Assuming the load being fully resistive; the output voltage ' V, ' may be expressed as [105]:

Vo =y RroaaPo (3.3.8)

At the end of Mechanical mode of operation, the proposed system changes its mode to Electrical
mode and VRFB starts to get charged. PSH alone gets responsible to supply load in Electrical
mode.

3.3.3.2. Electrical Mode of Operation

From the next interval in which the Mechanical mode ends, the DMWT — PSH — VRFB system
starts operating in Electrical mode till the next mode changing operation takes place. In this mode
the DMWT operates the alternator and the generated electrical energy gets stored in VRFB.

Considering the efficiency ' 7,4, = 0.9 ', electrical power output 'PE¢C,.. " may be expressed as:
1 Shaft
PESr = NawPoy (3.3.9)

This mode continues till the water level of UR is above a certain limit through which it can serve
the load of the next interval. During this mode the PSH alone serves the load and VRFB gets
charged.
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3.3.3.2.1. Vanadium Redox Flow Battery

The Vanadium redox flow battery (VRFB) is a rechargeable battery having vanadium ion as
electrolyte. In comparison to Li-ion or Ni-Cd battery, VRFB has lower efficiency, which is around
60% - 70%, lower energy density of around 25 Wh/Kg but higher current density of around 10-
130 mA/cm? [138]. Comparatively lower operation and maintenance costs make it a viable option
for consideration. Choi et al. have reported the installation cost as low as 180-250 $/kWh and for
grid-connected system the cost is around 750-830 $/kWh [138] which is significantly lesser than
that of popular Li-ion or Ni-Cd battery. Due to this reason some notable researches on effectiveness
of VRFB in renewable energy application are reported in literature [139, 140, 141]. In the prposed
scheme, a VRFB is considered with a storage capacity of 7.5kW and generation capacity of
5.25kW at an output efficiency of 70%.

A VRFB consists of two cells connected by the intermediate proton exchanger membrane. In one
half cell, it contains V>+ and V*+ ions as the electrolyte and in another half-cell V*+ and V*+ ions
are used [138]. The discharge of the battery takes place due to chemical change occurred inside
the positive half-cell, which receives an electron from the negative half-cell. During this process,
one VOo+ ion receives one electron and converts into VO?+ ion. At the same time in the negative
half-cell, one V>+ ion loses one electron and converts into V>+ ion. Two pumps are used to pump
the electrolyte in the corresponding half-cells from the electrolyte tank and an open circuit voltage
of 1.0 V - 1.6 V is received at room temperature [138]. For a VRFB one of the most important
parameters is state of charge (SOC) and it can be calculated at any given interval %" as [139]:
PyrepT

dc rated
NvrrsEvVREB

S0Ch., = Soc™1 — (3.3.10)

Pn nch T
soct = soc™v — % (3.3.11)
VRFB

The SOC for discharging of a VRFB is defined in Eq. 3.3.10 and the same for charging is shown

in Eq. 3.3.11. The discharging and charging SOC are represented by 'SOC}.," and ' SOC,’

/nth !

respectively for interval. Whereas, charging and discharging efficiency is defined by

"and ' ni%rp’ respectively. ‘T’ is the duration of the time period and ' Plpp’ is the

" NPkes
dispatched power in 'n®* ' interval. Rated energy storage of the VRFB is ' ;%44 ', In charging
mode ' PJrrp < 0' and in discharging mode 'PJrrg > 0'. The operation strategy of the proposed

DMWT — PSH — VRFB method is discussed in Section 3.3.2 and 3.3.3.
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3.3.3.3. The Mode Changer Assembly Design

In this section the mode changing operation will be discussed. As shown in Figure 3.3.1 and Figure
3.3.2, the Mode Changer Assembly (MCA) consists of the mode changer spring (MCS) and mode
changer electromagnet (MCE).

When the mode changer electromagnet is powered (in Mechanical mode) the electromagnet
attracts the ER — FR — MR assembly. The spring expands and the assembly lowered. This results
in operating the system in Mechanical mode. As soon as the ‘MCE’ is terminated from being
energized (in Electrical mode), the ‘MCS’ returns to its normal position and the ER — FR — MR
assembly is drawn upward by the ‘MCS’. This results in mode change to Electrical mode from
Mechanical mode. Mathematical representation of this mode changing operation is discussed in
this section.

It is evident that from previous discussions that, the mode changer spring will retain its actual
shape without having any expansion only if the force required to expand the spring is higher than
the weight of the MR — FR — ER assembly.

Therefore, applying Hooke’s Law, if the force required to expand the spring of length " Lycs’ by
alevel 'ALycs', is "Fycs', then the force is:

FMCS = _kALMCS (3312)
FMCS > g MRA (3313)

Where, 'k’ is the spring constant, 'Mg," is the mass of MR — FR — ER assembly and 'g’ is the
gravitational acceleration. Therefore, it may be stated from Eq. 3.3.12, that the weight of the MR
— FR — ER assembly is not capable to expand the ‘MCS’ (Electrical mode).

In Mechanical mode, the spring is needed to be expanded and the force is applied by the mode
changer electromagnet (MCE). Therefore, the force of attraction should be equal to the force
'Fycs' - When the attraction force of “MCE’ i.e 'Fy g’ becomes equal to 'Fycg’, it compensates
for the opposing force exerted by the ‘MCS’ and the MR — FR — ER assembly moves downward
due to its weight. DMWT gets disconnected from CP and connection with the generator is
established. This is mathematically represented as:

FMCE = FMCS = _kALMCS (3314)

In this scheme, 100 Wh energy is assumed to be supplied to the ‘MCE’. The assumption is made
for simulation purpose only. In practical scenario the energy requirement may change, but it will
follow the same principle. In the next section, simulation results of the proposed DMWT — PSH —
VRFB system operation are discussed in details.

The results of this section are accessible in section 5.3.
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In this section a single wind turbine was operated in both electrical mode and mechanical mode to
charge two different types of storages for continuous power supply. But more restricted operation
of WT can also take place, where only mechanical power of WT can be utilized for uninterrupted
power supply. This sort of problem formulation is provided in section 3.4.

3.4. Operation of two mechanically driven

Gravity Energy Storage Systems using one
Wind Turbine

3.4.1. Objective

The main objective of this system is to charge the energy storage devices (ESD) and energy gets
discharged as required to cater the load demand in stable voltage. There are a number of ESDs
presently available with different working principles such as Mechanical type energy storage
devices - Compressed air energy storage [32], Flywheel energy storage [142], Pump storage
hydroelectricity 143, 144] etc., Electrical type energy storage devices - Superconducting magnetic
energy storage [145], Supercapacitor [146] etc. , Electrochemical type energy storage devices -
Vanadium redox flow battery [147], Lead-acid battery [148], Li-ion battery [149], Li-Po battery
[150], chemical energy storage devices - hydrogen storage with fuel cells [151] and thermal energy
storage devices - sensible heat storage [152, 153] and latent heat storage [154, 155] etc. Other than
those above mentioned ESDs, there are also several other types available at present. However,
there are several limitations associated with different ESDs such as high installation and
maintenance cost, huge land requirement etc. Depending on several factors like energy density,
response time, capital cost etc., different storage devices are used for different purposes.

In this section two mechanically driver GESS is operated using the mechanical of one wind turbine.

The scheme intends to provide a idea of maximum utilization of wind energy, also eradicating its
intermittency related issues which negatively affects the voltage of the load in a standalone
microgrid.
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3.4.2. The Proposed Wind Turbme Driven
Dual GESS System

Gravitricity proposed the utilization of same DC motor and converter for both the operation of
charging and discharging of GESS. Therefore, for two GESS systems; two DC motor-converter
assembly is required. The proposed system works differently from the GESS designed by
Gravitricity [96]. It utilizes wind turbine (WT) generated mechanical energy to charge GESS and
during discharge, it uses reverse braking of a DC motor to generate electricity. The generated
electrical energy is converted through an inverter for distribution. The proposed system operation
is divided broadly into two sections:
(1) The charging Section

(i1) The generating section

3.4.2.1. Description of the Charging Section

The charging section of the proposed Wind Turbine driven dual Gravity energy storage system is
divided into several parts as shown in Figure 3.4.1 and Figure 3.4.2:

(1) The Wind Turbine (without wind turbine generator and converter) and mechanical
transmission (n = 0.8) [123]

(i1) Charging side rotating mechanical connection between WT mechanical transmission
and GESS 1 namely “M 1”

(111) Charging side rotating mechanical connection between WT mechanical transmission
and GESS 2 namely “M 2”

(iv) Fixed mechanical connection with brush between ‘M 1’ and ‘M 2’ namely “F 1”
(v) Mode changer spring with brush connected to ‘M 1° namely “SP 1”

(vi) Mode changer weight (suspended) above ‘M 2’ namely “MCW 1”

(vii) Required gears

As shown in Figure 3.4.1 and Figure 3.4.2, the wind turbine transmits generated mechanical energy
through the mechanical transmission system to ‘M 1’ through a gear assembly of the transmission
system. There are two GESS systems that is driven (charged)
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by one WT and they are intended to charge one at a time. Therefore, there is a switchover
mechanism in place to operate these GESS alternatively. This switchover mechanism is achieved
by using the mode changer spring ‘SP 1’ and mode changer weight ‘MCW 1°. The ‘SP 1’ and
‘MCW 1’ are used to switch connection between ‘M 1’ and ‘M 2° with WT — GESS 1 and WT —
GESS 2 correspondingly. When the weight ‘MCW 1’ rests on ‘M 2’, it applies a downward force
which in turn transfers to ‘M 1 / M 2’ and the mode changer spring ‘SP 1° through the fixed
mechanical connection ‘F 1°. One end of ‘SP 1’ is connected with ‘M 1’ through a brush and one
end is connected to a fixed plate. Thus, the downward vertical force exerted by ‘MCW 1” directly
transmits to the spring ‘SP 1°.

As one end of ‘SP 1’ is connected to a fixed plate, the downward force on ‘SP 1’ results into
contraction of the spring. Thus, due to the applied force of ‘MCW 1’ the whole assembly i.e. ‘M
2—F 1-M 1’ gets lowered. This lowering of the assembly results in connection of ‘M 2’ with the
wind turbine and disconnection of ‘M 1° from the wind turbine as observed from Figure. 3.4.2.
Now when the weight ‘MCW 1’ gets gradually pulled above ‘M 2°, the downward force gets
released and the spring ‘SP 1’ comes into its original state, results in an upward thrust to the whole
assembly ie. ‘M 1 — F 1 — M 2°. Due to the upward force provided by ‘SP 1°, ‘M 2’ gets
disconnected from the wind turbine and ‘M 1’ gets connected with the same as shown in Figure.
1. Therefore, it is evident from the above discussion that while ‘MCW 1’ hangs above ‘M 2°, the
spring ‘SP 1’ retains its normal state, ‘M 1’ gets connected with the wind turbine and ‘GESS 1’
which is driven by ‘M 1’ gets charged. In this condition as ‘M 2’ is out of function and ‘GESS 2’
cannot be charged; thus, it is free to generate if required as shown in Figure. 1. The exactly opposite
scenario occurs when the weight ‘MCW 1’ rests on ‘M 2°. Then ‘GESS 2’ gets charged and ‘GESS
1’ 1s free to generate if required (Figure 3.4.2). Thus, it is clear from the above discussion that
either ‘GESS 1’ or ‘GESS 2’ can be charged at any particular interval.

3.4.2.2. Description of the Generating Section

GESS being a mechanical device cannot charge and discharge at the same time. From the
discussion in Section 3.4.2.1, it is to be observed that at any point of time either ‘GESS 1° or
‘GESS 2’ is free to generate electricity i.e. whichever GESS is getting charged, the other one is
free to generate electricity. The generating section of the proposed system comprises of several
parts as shown in Figure 3.4.1 and Figure 3.4.2:
(1) Generating side rotating mechanical connection between GESS 1 and DC motor namely
“M 3”.
(i1)) Generating side rotating mechanical connection between GESS 2 and DC motor namely
“M 4”.
(ii1)) Fixed mechanical connection with brush between ‘M 3’ and ‘M 4’ namely “F 2”.
(iv) Mode changer spring with brush connected to ‘M 3’ namely “SP 2”.
(v) Mode changer weight (suspended) above ‘M 4’ namely “MCW 2”
(vi) DC Motor Assembly with Inverter
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(vil) Required gears

In the generating section as shown in Figure 3.4.1 and Figure 3.4.2, GESS 2 and GESS 1 is
generating alternatively. From Figure. 3.4.1 it is observable that GESS 1 is charging, thus GESS
2 is free to generate. The mode changer weight ‘MCW 2’ rests on ‘M 4°, which applies a
downwards force on it (Figure. 3.4.1). The applied force gets transmitted to ‘M 3’ through °F 2°,
which forces the mode changer spring ‘SP 2’ to contract. This results in lowering of the assembly
‘M4-F2-M 3’ and ‘M 4’ gets connected with the DC motor assembly, thus GESS 2 generates
energy. Similarly, when the mode changer weight ‘MCW 2’ is pulled up, the downwards force
gets released and the spring returns to its original position, making the assembly ‘M4 -F 2 - M
3’ to move upwards. In this condition GESS 2 gets disconnected from DC motor and GESS 1 gets
connected with the same as shown in Figure. 3.4.2. Hereby it is also to be noted that mode changer
weights ‘MCW 1’ and ‘MCW 2’ are lowered alternatively. When ‘MCW 1 gets lowered on ‘M
2’ at the same time ‘MCW 2’ is pulled up from ‘M 4’ and vice versa. This enables continuous
operation of the system i.e. at any given interval either GESS 1 or GESS 2 is generating, making
energy available to load continuously. When one GESS is generating the other one is getting
charged. Operation strategy of the proposed system in an isolated microgrid is discussed in Section
3.4.3.
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3.4.3. Operation Strategy

The wind turbine driven dual GESS system generates at stable voltage and in a cost-effective
manner. Two GESS are operated from a single wind turbine and one DC motor-inverter assembly.
GESS being a mechanical storage device; can either charge or discharge at any particular interval.
Thus, to ensure continuous energy generation at fixed voltage; two GESSs are required. The
combined operation of GESS 1 and GESS 2 is divided into two modes:

1. Mode 1: GESS 1 Charges and GESS 2 Generates
2. Mode 2: GESS 1 Generates and GESS 2 Charges

The system operation is designed as such that, it can deliver required energy demand at any given
interval in an isolated microgrid. An entire day of operation is divided into 24 intervals of 1 hour
each. The system operates as follows:

(i11) At starting of any interval, the system checks the system load and determines which
one of the two GESS can deliver the entire load. If GESS 1 is capable to supply the load,
it is assigned as such and for that interval GESS 2 is charged via the wind turbine. In
another interval if it is determined that GESS 2 can supply the entire load, it is assigned
as such and GESS 1 is charged via wind turbine.

(iv) If in any case it is found that any of the two GESS is capable to supply the full load,
GESS 1 is assigned to supply the load and other one is charged via the wind turbine i.e.
GESS 1 continues to generate till it holds enough charge to supply the entire load of any
particular interval.

(v) If in any case, it is estimated that none of the two GESS is capable to supply the full
load; then it is evaluated that which one of these two GESS is having higher energy
storage currently; that one is assigned to supply a part of the load till it is fully
discharged, rest of the load is delivered by the Diesel generator connected with the
microgrid. The other GESS is connected to WT for charging.

These conditions are followed throughout the day to ensure continuous power supply to the
microgrid. Diesel generator only comes into operation if there is no other way left to supply the
load. Mathematical design of the proposed system is discussed in Section 3.4.4.

3.4.4. Mathematical Design

The proposed system is divided into two distinct sections; charging and generating. Wind turbine
is the source of mechanical energy required to charge the dual GESS. Mechanical energy extracted
from wind turbine is mathematically represented in Eq. 3.4.1. Generated mechanical energy at the

shaft of the WT (vavf}af ") can be mathematically expressed as [123]:
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Shaft  _ i 3 ¢
PWT - O-SH#ppAerﬁ/TVAir ’ VAer < VALT‘ < VACLrou

=0, Vir™ > Var > ViZo (3.4.1)

Equation (3.4.1) is the numerical expression for energy extraction from WT. Here, ', is the
power coefficient. It is dependent on tip speed ratio (TSR) and blade pitch angle of the WT, valued

around 50% [105]. Air density and wind speed is shown as ' pA4"" " and ' V;, ' respectively. The
wind turbine rotor radius, cut-in and cut-out speed is represented as ' Ryyp ', ' Vo™ "and ' V04t

respectively. Produced mechanical power is transferred through a mechanical transmission system
to GESS for charging operation. The output ' P2, ' produced from the mechanical transmission
system is limited by its efficiency ' 7rqns = 0.8'. This is mathematically expressed as [123]:

h
PTQrans = Nrrans Pmiraft (3.4.2)

The transmission shaft powers the GESS through a gear arrangement. Considering gear efficiency
"néh . = 0.9'; the input mechanical power to GESS ' P&c ' is:

PGESS = 77GearPTrans (3.4.3)

For a cylindrical suspended weight of a GESS with radius '‘Rqgy ' , perpendicular length 'H gy, '
and density of the material 'p,qteriar 5 the volume Vg, and mass "Mgy, ' is:

Vesw = T[Rg'SWHCSW (3.4.4)

Mcsw = PmateriatVesw (34.5)
Now, if the vertical tunnel depth of the GESS is 'Dy;'; then the maximum usable depth of the
GESS 'DMax! is:

DGESS = Dyr — Hcsw (3.4.6)

Therefore, during any interval, if the WT provides a mechanical energy of P2.,,,s (as in Eq. 3.4.2)
and final available energy to the GESS for charging P& (as in Eq. 3.4.3); then the cylindrical
suspended weight is pulled up against gravity ‘g’ at a height of ‘D¢’ from the end point of the
tunnel. This height of the suspended weight depicts the amount of stored energy of the GESS and
is shown in Eq. 6.7.

P&
DGESS = _CESS (3.4.7)
9 MCSW
The maximum storage capacity of a GESS 'E/jvs’ is:
Emax Max __ M cSwW
cess = McswDggss = gMcsw | Dyr — 2 (3.4.8)
7TpmaterialRCSW

While discharging, the cylindrical suspended weight is lowered with gravity assistance. The GESS
enables the DC motor to run at a speed more than its no-load speed. This reverses the polarity of

71



the current and energy generates using regenerative braking principle. This downward motion of
the suspended weight translates into rotation of the DC motor thorough gear assembly.

If the terminal Voltage of the motor is 'V;" and 'K,,,” is the motor torque constant, then motor speed
during regenerative braking ‘wg’ is [156]:
TpRq

K&

WR = a)g+

(3.4.9)

Where, ' w% ' is the no-load speed, ' Ty ' is the braking torque and 'R, is the rotor armature
resistance.

The braking torque of the motor for armature current ' I, ' is:

Ty = — Kol (3.4.10)
The no-load speed of the motor is:
V,
0 t
= — 3.4.11
WR K, ( )
During regenerative braking condition the emf of the motor ' Ex " and current ' I ' is represented
as:
Ep = K,wg (3.4.12)
K
I = = (w9 — wg) (3.4.13)
Rq

The corresponding power generated from the DC motor during regenerative braking ' Py  is:

PR = ERIR (3414)
Considering efficiency of gear assembly %" = 0.8’ and DC motor — inverter assembly
"Mpc—iny = 0.9'; if the generated energy in any interval is 'ESZ.’ and the suspended weight is
released for a height of 'DFESS .., then the height released of the weight is:

dc
NGear Mpc—in 9 Mcsw
Dgglseflsed = = E(;;Z (3.4.15)
GESS
Possible maximum energy generation from a GESS ' Eggglsmx "is:
Max
EGgSs = Néear Npc-inv 9 Mcsw (Dyr — Hesw) (3.4.16)

In practical scenario, the energy generation from a GESS is also dependent on the mass of the wire
/ rope, which connects the suspended weight to the main pulley. However, the mass of the wire /
rope is negligible as compared to the mass of the suspended weight itself, although considering it
is important in practical case. If 'Gy, , py , Ly ' are the tensile strength, density of the material and
length of the rope respectively, then the minimum cross-sectional area of the rope, " Ay, ' required
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to draw the suspended weight with a maximum acceleration ' A’ and corresponding mass of the
rope ' My, ' are:

M, +A
4y = —Meswlg+4) (3.4.17)
ow — Lwpw(g + A)

The proposed system of this article operates two GESSs using single WT and One DC motor
inverter. For this operation, a mode changer assembly is conceptualized, as shown in Figure 3.4.1
and Figure 3.4.2. The mode changer assembly consists of a suspended weight (MCW 1) and one
spring (SP 1) for charging section and similar arrangement, MCW 2 and SP 2 for generating
section. The operation of this assembly is also discussed in Section 3.4.2. Now to contract the
spring of Length ' Lg' by a desired level " ALg" , the force required is supplied by the mode changer
suspended weight of mass " Mycy,’. Applying Hooke’s Law, the force required 'Fy ' is:

Fyc = —kALg (3.4.19)
Fyec = g(Mycw + M), For charging Side (3.4.20)
Fye = g(Mycew + Mg) ,For generating Side (3.4.21)

Where, " k ' is the spring constant and is dependent on the Young’s modulus of the material used,
'"Mc and Mg' are mass of the charging and generating side assembly including mass of gears etc.
respectively.

This section depicts a design of a mechanism where a WT can single handedly operate two GESSs
to supply electricity incessantly. The simulated results of this section are represented in section
54.

Various forms of designs are given in the previous sections along with required data. To analyze
the optimality of technical and economical aspect of one of the design, Whale Optimization
Algorithm is used, details of which is discussed in Chapter 4. Details discussion regarding the
algorithm operation is described in the next chapter. Results thus, obtained are given in Chapter 5.
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CHAPTER 4



4.  Algorthm used for System Optimization

As discussed in section 2.3 there are several meta-heuristic algorithms available for system
optimization. Whale optimization algorithm (WOA) is one of the promising algorithms available.
According to [157, 158] a good number of publications have taken place from the development of
WOA. Researches have used this algorithm in different field of electrical engineering like -
Voltage Source Inverters [159], Economic Load Dispatch [160], Optimal Power Flow [161],
Economic Load Dispatch [162], Hydrothermal Scheduling [163], Radial Distribution Systems
[164, 165], Distribution Networks [166, 167], Power System Stability [168], Economic Dispatch
Problem [169], Optimal Reactive Power Dispatch [ 170], Optimal capacitor allocation in
distribution system [166] etc. In this work WOA is utilized for the optimization processes.

4.1. Whale Optimization Algorithm (WOQOA)

In this section detail of WOA is discussed. The objective function discussed in section 3.2.5 is
implemented in Matlab to determine the optimal solution. This optimization algorithm is used to
determine the effects of sizing and size variation of different resources on the objective function.
WOA is based on hunting behaviour of humpback whales [115]. These mammals tend to hunt
school of fish near sea surface. According to Goldbogen et al. humpback whales create a
distinctive ‘9’ shaped bubble path underwater to encircle their prey, called ‘upward spiral’ [171].
Mirjalili and Lewis mathematically formulated this hunting behaviour of humpback whales,
named Whale Optimization Algorithm.

4.1.1. Mathematical Formulation of WOA

Mathematical modelling of WOA is characterized using the search and encircling of prey, bubble-
net feeding method [115]. Humpback whales can recognize the location of prey and encircle them.
The random search criteria are characterized as [115] follows:

D =y.Yrana (t) — Yc(t) 4.1)
YC(t +1) = Yrand(t) —pB.D 4.2)

Where, Y,.,n4 1 @ randomly selected position vector and Y, is the current position vector. The
coefficient vectors B and y may be represented as:

B=2cw-—c (4.3)
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y = 2w (4.4)

Where ‘c’ decreases linearly from 2 to 0. ‘w’ is a random number in [0,1]. While declining the
value of ‘c’, the net value of ‘f’ does steadily decreases. This reduction in value of ‘B’ achieves
‘The shrinking encircling mechanism’ for bubble-net attack. WOA assumes the present best
solution as the target and best agent is defined accordingly. Other solutions update their positions
towards the best one. This is represented as [171] follows:

D =y.Yp(t) — Yc(b) (4.5)
Yo(t +1) = Yg(t) — B.D (4.6)

In case the value of f > 1, the searching of target is performed according to Eq. 4.1 & Eq. 4.2,
else the encircling of prey is achieved using Eq. 4.5 & Eq. 4.6. The location vector of the best
result obtained so far is ‘Y’ .

It is also to be taken into consideration that a humpback whale encircles its prey simultaneously in
a shrinking circle and a spiral-shaped path to update its existing location. Thus, both methods hold
equal probability (‘p”) of 0.5. The spiral-shaped path is mathematically represented elsewhere
[171]:

Ye(t+1) = |Yp(t) — Ye(t)|.ePlocos2ml + Yg(t)  if p=05 (4.7)

Ye(t+1) =|Ys(t)|—B.D if p<0.5 (4.8)
Where ‘b’ is a constant to provide the spiral shape and ‘I’ is a random number in [-1,1].
The microgrid system is optimized using following steps:

Step 1.  Initialize the parameters of the microgrid (Series and Parallel Solar PV module,
Generation capacity of Biomass generator 1 & 2, GESS maximum storage capacity)
& WOA parameters.

Step 2.  Calculate the LCOE and total energy purchase from central grid (fitness) for each
set of microgrid parameters (search agent).

Step 3.  Determine the best search agent

Step 4.  Iteration i =1

Step 5.  Update ‘c,y,B,l,p ' for each search agent

Step 6. 1If, (p < 0.5)& (|B]| < 1), update the position of the current search agent according
to Eq. 22

Step7. If, (p < 0.5)& (|B| = 1), Select a random search agent and update the position of
the current search agent according to Eq. 4.6

Step 8. If, (p = 0.5), update the position of current search agent according to Eq. 4.7

Step 9.  Calculate for any maximum and minimum limit violation by the search agents and
update them accordingly

Step 10. Calculate LCOE and total energy purchase from central grid for each search agents

Step 11.  Update the best search agent, if there is a better solution
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Step 12. Iteration 1 =i+1

Step 13. Repeat Step 5 to Step 12, till the maximum number of iterations is completed

Step 14. Display the best search agent and corresponding LCOE and total energy purchase
from grid

In this chapter, details optimization procedure using WOA is discussed. This leads to the results
of the system operation, which is discussed in chapter 5. Taken into consideration different loading
patterns and different operation conditions results have been derived, to provide a clear picture of
effectiveness of proposed systems.
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CHAPTER 5



5. Results and Discussion

The results with proper discussion of the four design approaches as developed in sections 3.1,
3.2, 3.3 and 3.4 are represented in sections 5.1, 5.2, 5.3 and 5.4 respectively.

5.1.Results of Standalone Renewable-based
Micrognd with Optional Gnid Sales

The objective of the work presented in section 3.1.1, is to design a micro-grid fully renewable
energy based at constant voltage, while prioritizing the energy resources and having grid supply
potential to reduce the tariff for backward areas of Assam. Due to abundant water availability in the
state of Assam we have kept the water flow rate fixed in this literature. The system thus designed
is tested in several platforms to validate its viability. The test platforms are:

(1) Three different characteristics of variable wind speeds.
(i1) Three different load patterns.

Variable wind speed platform is checked while keeping the water flow rate and load platform fixed.

5 w=Type 1l e==Type2 Type3 =—Optimal e=—Cutin
4.5
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: . i
i 4 ~ V \/
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Interval (Hr)

Figure 5.1. Different Types of Wind Speed
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Figure 5.2. Different Types of Load Pattern

Three types of wind speed are considered with different profile. Type 1 amongst them as shown in
Figure 5.1 is the base wind speed. Type 2 is of comparatively lower wind speed whereas Type 3
shows the wind speed on higher side. Optimal and cut-in wind speed is also shown and accordingly
output from wind turbine is calculated and used. From Figure 5.2 we can observer three different
load patterns. While Type 1 is the base pattern, Type 2 idealizes a load pattern in accordance with
worker’s colony of a tea estate. Type 3 may be considered as an area with a comparatively better
development; thus, the load demand is on the higher side than the rest. The results of the proposed
method can be observed below.

The data of Wind speed shown in Figure 5.1 has been taken from Indian Metrological Department
website. Figure 5.2 described a load pattern which is designed keeping in mind a small cluster of
load for basic amenities for Tea Garden workers colony in Assam.
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Figure 5.5. Generated Power at Type 3 Load

As discussed at the beginning of this section distribution of generated power may be observed from
Figure 5.3 to Figure 5.5 for different load pattern. It is well observed that usage of wind turbine
power as well as battery stored energy is used as the power demand increased. With the
prioritization of micro-hydro based generation, we have actually made sure that minimal
disturbance related to frequency of the system can be maintained. This is the reason that micro-
hydro generation is fully utilized first, then focus is diverted to wind turbine and finally to battery,
if required. Also prioritizing micro-hydro generation, wind turbine gets ample scope to charge the
battery as required. From Figure 5.6 and Figure 5.7, we will observe the generation pattern in two
different wind speed profile for base load, while for the wind profile of Type 1 is already shown in
Figure 5.3.
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FIGURE 5.6. Generation Pattern for Wind Speed Profile Type 2
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It is well observed that for Type 2 of wind profile battery stored energy is used most of the times
due to low wind speed whereas in case of Type 3, battery is used much lesser intervals
comparatively due to relatively high wind speed as in Figure 5.6 & Figure 5.7 respectively. At 7%,
8" & 14" interval during wind profile of Type 2 battery has fully supplied the residue load as seen
in Figure 5.6 due to wind speed below cut-in speed as seen in Figure 5.1, whereas no such
phenomenon is observable at 1% interval due to lower load demand which is entirely supplied by
micro-hydro unit. The amount of excess energy available for sale is shown in Table 5.1.

TABLE 5.1. AMOUNT OF EXCESS ENERGY GENERATED

Varying load profile

Base Load 228.8657
Type 2 110.0657
Type 3 281.3562

Varying wind speed profile

Type 1 228.8657
Type 2 377.0101
Type 3 170.7892

83



Table 5.1 provides a comparatively clear idea about the energy sale capability outside of the micro-
grid. As observable, during higher wind speed or lower load considerable amount energy is left
unused, which upon properly utilized may bring down the energy tariff for the internal customers
of the micro-grid itself. Also due to the load is entirely served, it may be stated that within the
micro-grid constant voltage gets maintained throughout the operating.

5.2. Results of Techno-economic Analysis of
a Renewable-based Hybrid Micrognd

incorporating Gravity Energy Storage
System

The proposed system in section 3.2 is a hybrid RE based microgrid to supply electricity at equal
or lower than current rate (Rs. / kWh) in the Nagaland state of India. The proposed microgrid is
powered with locally available renewable resources. Considering all the essential amenities
required for the livelihood of the people of the region, the system is tested on a load demand with
basic annual per capita energy consumption of 1151.27 kWh. Whereas, the actual annual energy
consumption of 345 kWh per capita, for the state of Nagaland has been reported in 2016-2017
[172]. Therefore, the proposed system is future ready. The hybrid system incorporating a GESS,
enables minimal / nil inward transaction from the grid towards the microgrid. In India, major share
of energy supplied through central grid is generated from thermal resources. Thus, due to energy
selling capacity of the microgrid to the central grid, the proposed renewable based system is
beneficial in terms of emission reduction. As it is discussed in the introduction, that as per the
government of India, there is an establishment of 100% electrification in India, so it is evident that
there should be a nearby grid.

The system is optimized to determine optimal sizing of different resources and compared with
respect to LCOE and energy drawn from the central grid. The system is optimized for the Base
case scenario with load as shown in Figure 3.2.4. The final settings of parameters / variables
obtained through optimization are shown in Table 5.2. Comparing the values obtained during the
optimization process (Table 5.2) with the range of variables shown in Table 3.2.4, it is observed
that the output settings of variables lie within the maximum and minimum range of the same.
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TABLE 5.2. PARAMETER SETTINGS FOR THE BASE CASE

S1. No. Parameters / Variables Final Settings
1 Number of Solar Panels in Series 30
2 Number of Solar Panels in Parallel 30
3 Capacity of Biomass Generator 1(kW) 100
4 Capacity of Biomass Generator 2 (kW) 14.07
5 GESS Storage Capacity (kW) 1000

The system operation during winter and summer season is shown in Table 5.3 and Table 5.4
respectively. The system is optimized in a year ahead model to determine the LCOE of the system
and the related optimization curve is shown in Figure 5.8.

There are several aspects in which the system s has also been tested other than the base case
scenario. The system has been tested on different combinations of load demand and GESS initial
storage availability and results are reported in Table 5.5.

Table 5.3 presents the daily energy served by different resources along with GESS charging, Grid
sale and purchase during winter season (January to March and November to December). Whereas,
the same for summer season has been presented in Table 5.4. From Table 5.3, it may be observed
during 1 to 6™ interval, there is no solar insolation available. During 1*' to 4™ interval, the load is
supplied by Biomass Generator 1, Biomass Generator 2 and GESS. During 5™ and 6™ interval the
load alone is supplied by Biomass Generator 1 as the load due to heater in households are switched
off. However, as the Biomass generator is always operated in its maximum capacity, the excess
energy is utilised to charge the GESS. During the 7™ interval load remains same as the previous
interval and the solar insolation becomes available, but only 2.72 kWh energy is generated from
it, which is not enough to supply the load demand. Therefore, the Biomass Generator 1 continues
to operate and the excess energy is used to charge the GESS. During the 8" interval, load goes
down and energy available from solar panels increases. Thus, the Biomass Generator 1 has to be
switched off. From 8" to 11™ intervals the energy availability from Solar panels gradually
increases with the increment in solar insolation and excess energy continues to charge the GESS.
During the 12 interval, GESS gets completely charged and the rest of the excess energy is sold
to the grid. From 13™ to 17" intervals energy is continuously sold to grid, as the load is
comparatively lower due to weather conditions.
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TABLE 5.3. SYSTEM OPERATION DURING WINTER (JANUARY TO MARCH &
NOVEMBER TO DECEMBER)

Load: 1 p.u. & GESS charge availability at the starting of the day: 1 p.u. (Base Case)

Load Load Load Load ]?nergy
Served Served intake )
Served -y ough through 0 for  GridSale _ On¢
Interval  through ous ous through y °  Purchase

GESS  (kWh)

Biomass Biomass

S?g;/;\] Generator  Generator (if;hs) Charging (kWh)
1 (kWh) 2 (kWh) (kWh)
1 0 100 14.07 190.03 0 0 0
2 0 100 14.07 190.03 0 0 0
3 0 100 14.07 190.03 0 0 0
4 0 100 14.07 189.93 0 0 0
5 0 24.24 0 0 68.184 0 0
6 0 24.24 0 0 68.184 0 0
7 2.72 21.52 0 0 70.63 0 0
8 13.8 0 0 0 61.91 0 0
9 13.8 0 0 0 122.38 0 0
10 16.4 0 0 0 167.15 0 0
11 3.9 0 0 0 207.36 0 0
12 3.9 0 0 0 87.38 142.75 0
13 19.9 0 0 0 0 198.19 0
14 56.5 0 0 0 0 126.43 0
15 56.5 0 0 0 0 82.56 0
16 1.0 0 0 0 0 21.54 0
17 4.4 0 0 0 0 1.31 0
18 0 79.4 0 0 0 20.6 0
19 0 81.5 0 0 0 18.5 0
20 0 69.84 0 0 0 30.16 0
21 0 69.84 0 0 0 30.16 0
22 0 6.1 0 0 0 93.9 0
23 0 0 14.07 290.03 0 0 0
24 0 0 14.07 290.03 0 0 0

The night phase begins from the 18" interval, which means solar insolation becomes zero. During
18" to 22" interval the load is served by Biomass Generator 1 alone and GESS being fully charged,
the excess energy is sold to the grid. This may be observed from Table 5.3, that at the 22" interval,
Biomass Generator 1 completes its operation of 12 hours per day, so it has been switched off.
During 23" and 24" interval, Biomass generator 2 operates. As the load demand during night
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hours, are comparatively high and solar or Biomass Generator 1 is not available GESS serves the
load along with Biomass Generator 2. It has to be observed that during those two hours, no energy
is sold to the grid, as entire energy generated from Biomass Generator 2 is utilised and there is a
restriction in place for energy sell from GESS to grid. During the 24 hours of operation, energy
from solar panels is available for 11 hours, Biomass generator 1 operates for 12 hours, Biomass
Generator 2 and GESS operates for 6 hours each. There is no energy required to be brought from
the grid. The microgrid has been operated completely using local RE resources.

Table 5.4 represents the system operation during the month of April to October (Summer Season).
Solar PV panels remain non-operational from 1 to 5" interval, which is 1 hour lesser than the
winter season (Table 5.3). During 1° to 4™ interval BG1, BG2 and GESS together serves the load
demand. As compared to the winter season (Table 5.3) the output of GESS is lower, as the use of
domestic heater is obsolete during summer time. The operation of 5" interval is similar to that of
the winter season, only BG1 serves the load and excess energy is used to charge the GESS. During
the 6 interval, energy from solar PV becomes available but not sufficient to supply the complete
load demand of the load demand. Therefore, BG1 also operates in the 6 interval and the generated
excess energy is used to charge GESS. During 7™ interval BG1 is switched off, as energy from
solar PV becomes adequate to deliver the load as well as charge the GESS. During the 8" interval
GESS becomes completely charged and the excess energy is sold to the grid. From 9 to 11
interval solar PV alone delivers the load with excess energy being sold to the grid. During the 12
interval, solar PV alone is unable to deliver the entire load, which invites BG2 to deliver the
remaining load, and after load supply, the extra generation is sold to the grid. With the decrement
in load demand at 13™ interval, energy generated from solar PV only, becomes excess after
supplying the demand. This excess energy is again sold to the grid to earn monetary benefit. During
14" and 15 interval, BG2 operates at its maximum but solar PV and BG2 could not deliver the
full load together. So, the GESS delivers the excess load. It may be observed that during these two
intervals, energy sold to grid is zero. During 16™ and 17" interval, solar PV delivers the load alone
and excess energy is used to charge the GESS, grid sale is zero. During the 18" interval, solar
insolation becomes very low. So, it only supplies a little amount of load. BG1 and BG2 operate at
their maximum but remain unable to supply the full load demand. Therefore, the balance load is
delivered through the GESS. From 19" to 22" interval, BG1, BG2 and GESS together delivers the
load. During 23" interval BG2 is shutdown, as its operation duration of 12 hours in a day gets
completed. Due to same reason, in the next interval i.e. 24", BG1 is turned off and the GESS alone
serves the load. From 18" interval onwards, there has been no energy sold to the grid.
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TABLE 5.4. SYSTEM OPERATION DURING SUMMER (APRIL TO OCTOBER)

Load: 1 p.u. & GESS charge availability at the starting of the day: 1 p.u. (Base Case)

Load Load Load Load Energy
Served Served intake )
Served Served . Grid
through through for Grid Sale
Interval ~ through Biomass  Biomass through GESS (kWh) Purchase
Solar PV GESS . (kWh)
(kWh) Generator  Generator (kWh) Charging
1 (kWh) 2 (kWh) (kWh)
1 0 100 14.07 42.6 0 0 0
2 0 100 14.07 42.6 0 0 0
3 0 100 14.07 42.6 0 0 0
4 0 100 14.07 42.28 0 0 0
5 0 24.24 0 0 68.184 0 0
6 11.41 12.82 0 0 78.46 0 0
7 24.24 0 0 0 4.33 0 0
8 16.65 0 0 0 42.22 8.61 0
9 16.65 0 0 0 0 91.53 0
10 24.5 0 0 0 0 115.1 0
11 148.35 0 0 0 0 3.57 0
12 158.61 0 5.74 0 0 8.34 0
13 28 0 0 0 0 112.13 0
14 124.03 0 14.07 57.14 0 0 0
15 93.37 0 14.07 87.8 0 0 0
16 19.4 0 0 38.89 0 0
17 13.8 0 0 0 14.44 0 0
18 6.8 100 14.07 107.46 0 0 0
19 0 100 14.07 107.83 0 0 0
20 0 100 14.07 120.33 0 0 0
21 0 100 14.07 120.33 0 0 0
22 0 100 14.07 96.83 0 0 0
23 0 100 0 56.675 0 0 0
24 0 0 0 156.675 0 0 0

During 12, 14" and 15™ interval, BG2 operates instead of BG1 even when BG1 has operated for
only 6 intervals before that. This is due to the fact that, after the supply from solar PV the remaining
load demand is lower than 100 kWh in the 12" and 14™ interval and only 1.87 kWh more than the
capacity of BG1 in the 15" interval and there is also a provision of GESS recharging from solar
PV in 16" and 17" interval. So, if BG1 is operated in 12" and 14" interval, there would have been
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excess energy which ultimately would be sold to the grid at lower price (Figure 3.2.7) and if
operated in the 15" interval then only 1.87 kWh would have been used from GESS, which could
have been easily recovered from the 16™ interval, creating more grid sale at lower price in the two
consecutive intervals (16" and 17%). Again, after operating for those 3 intervals, there would be
only 3 operating hours left to BG1 and 8 hours to BG2. In this situation BG1 would have operated
during 18", 19" and 20" interval. During 21%, 22" and 23" intervals GESS would have supported
those 100 kWh load in each interval. After 21% interval there would have been 382.26 kWh stored
energy left in GESS. After 22™ interval it would have been 163.57 kWh. During 23" interval,
GESS could deliver 147.213 kWh and 9.462 kWh energy would have to be bought from the grid.
During 24" interval 156.675 kWh energy had to be bought from the grid at much higher price than
the selling price to the grid at 12, 14® 16" or 17" interval. Moreover, during the 1% interval of
the next day the served energy from GESS would have to be bought from the grid, as a result the
overall energy cost (LCOE) for the consumers would have increased.

Therefore, it may be stated that the system operation is optimized as such, that, the consumer gets
electricity at lowest possible rate. Whale optimization algorithm has been used to find the optimal
size and operation strategy (minimization of LCOE) of Solar PV, BG1, BG2 and GESS.
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Figure 5.8. Optimization Curve for Minimization of the Objective Function
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5.2.1. Comparative Techno-economic Study on
Load and GESS Initial Storage Variation

The system is verified with different combinations of load and GESS initial charge availability
settings. Optimal sizing of solar PV, BG1, BG2 and GESS is obtained upon optimizing the system
Grid sale, Grid purchase and LCOE is also included in the verification process. Along with that, a
comparative study on LCOE with current local energy price is also performed. Load demand of
the system is considered in four different patterns and they are denoted as:

1. L1: Load demand at 0.9 pu

2. L2: Load demand at 1.0 pu

3. L3: Load demand at 1.1 pu

4. L4: Load demand at 1.2 pu

Available charge of GESS at the starting of the day may be different under different
circumstances. Three initial energy availability value of GESS is taken under consideration. They
are denoted as:

1. GI1: GESS initial storage at 0.5 pu

2. G2: GESS initial storage at 0.75 pu

3. G3: GESS initial storage at 1.0 pu

As may be observed from Table 5.5, the LCOEs for same load patterns decrease with increasing
initial storage of GESS at the starting of the day. As compared to L1/G1 and L1/G2 the LCOE of
L1/G3 is much lower as Biomass Generator 2 is entirely non-operational and GESS compensates
the load, obviously at cheaper rate. Only in two cases L3/G1 and L4/G1, energy is bought from
the grid and in both the cases initial storage of GESS is at 0.5pu and the load is comparatively
higher. In all the cases, LCOE is lower if the GESS is initially at maximum capacity, which
enables the system to minimize energy drawn from the grid as well as lowering the energy drawn
from Biomass generators.
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TABLE 5.5. COMPARISON OF LCOE ON DIFFERENT COMBINATIONS OF
LOAD AND GESS INITIAL ENERGY

Parameter

L1/G1

L1/G2

L1/G3

L2/G1

L2/G2

L2/G3

L3/G1

L3/G2

L3/G3

L4/G1

L4/G2

L4/G3

No. of
Solar
Panel

900

900

900

900

900

900

900

900

900

900

900

900

Max
capacity
of BG 1

(kW)

100

100

100

100

69.84

100

100

76.82

76.82

100

97.80

95.28

Max
capacity
of BG 2

(kW)

100

100

100

100

14.07

100

100

100

100

100

94.27

Max
Storage
capacity
of GESS

(kW)

654.82

436.55

1000

925.11

795.47

1000

1000

934.27

948.99

1000

990.16

1000

Total
Load
Served
(KWh)

896326

896326

896326

995917

995917

995917

1095509

1095509

1095509

1195101

1195101

1195101

Total
load
Served
through
Solar
(kWh)

164687

164687

164687

175102

175102

175102

183352

183352

183352

190077

190077

190077

Total
load
Served
through
BG1
(kWh)

332125

332125

332125

338849

252885

338849

345573

278453

278453

352296

346260

338964

Total
load
Served
through
BG 2
(kWh)

266523

266523

274166

304092

47229

290992

315050

315050

301263

303146

293533

Total
load
Served
through
GESS
(kKWh)

132991

132991

399514

207800

263838

434737

262315

318654

318654

319821

355618

372527

Total
Grid
Purchase
(kWh)

13277

31644
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Total

Grid Sale 309208 397106 222061 209346 279018 194805 153141 229996 323556 124743 195880 286628
(kWh)
LCOE
©) 0.0473 0.0429 0.0388 0.0487 0.0430 0.0392 0.0478 0.0431 0.0393 0.0463 0.0435 0.040
LCOE
3.31 3.00 2.71 341 3.01 2.74 3.35 3.02 2.75 3.24 3.05 2.76
(INR)
Decrease
in Energy 6.76 % 15.49 % | 36.90 % 3.94% 1521 % | 22.82% 5.63 % 14.93 % 22.54 % 8.73 % 14.09 % 22.25%

price (%)

Whenever GESS energy storage is at maximum during the starting of the day, energy drawn from
biomass generators is tending to be lower for load demand at 0.9 pu and 1.0 pu. However, much
difference may not be observed if the load demand is higher. In this proposed microgrid, the overall
LCOE does depend on the energy sale to the grid. As in L1/G2, in spite of initial GESS storage
capacity is lower, the LCOE is reduced eventually, due to lower load demand and higher grid sale.
Therefore, if there is no nearby grid connectivity available, there may be a shortage of energy in
some cases and also LCOE is bound to increase. However, in all the cases in spite of inward energy
transaction from the grid (in some cases), the overall reported LCOE is comparable and somewhat
lesser than the existing energy price of the Nagaland State, which is minimum @ Rs.3.55/kWh for
up to 30 kWh for domestic and @Rs.6.50/kWh for up to 60 kWh for commercial loads [173].

5.3.Results of a Dual Mode Wind Turbine
Operation with Hybrid Energy Storage
System

The proposed DMWT — PSH — VRFB system structure and operation strategy is discussed in
section 3.3.3. The system operation is simulated in an isolated microgrid scenario to determine its
effectiveness. A 48 hours continuous operation of 48 equal intervals with variable system loads
are considered for the simulation (Figure 5.9). The PSH is considered to be at its maximum storage
capacity and VRFB is considered to be empty at the starting of the 1% interval in this simulation.
The wind speed considered (Figure 5.10) is the real wind speed data of October 15, 2017 of
Barmer, Rajasthan, India [105]. It is assumed that the wind speed remains similar on the next 24
hours to that of the previous day.
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Figure 5.9. System Load in Each Interval in a Day Ahead Scenario
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Figure 5.10. Wind Speed of Barmer, Rajasthan on October 15,2017 [105]

As discussed throughout the section 3.3.3, the system load is supplied by either the PSH or the
VREFB or both together if required, as the main purpose of this system is to serve the load as much
as possible. Being an isolated microgrid system, there is limitation of non-connectivity of the main
grid. Output of the PSH and VRFB for first 24 hours is shown in Figure 5.11 whereas that for the
next 24 hours is shown in Figure 5.12. The corresponding water level and VRFB stored charge at
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the end of each interval for 1% to 24" interval and for 25" to 48" interval are shown in Figure 5.13

and Figure 5.14 respectively. In Figure 5.11 and Figure 5.12, | E | and denotes the Electrical and
Mechanical mode of operation respectively.

In this scheme it is assumed that at the starting of the 1* interval, water level in the UR is at
maximum ie. 5 m and the VRFB is completely discharged. Therefore, in the 1% interval the
proposed system operates in Electrical mode, PSH delivers the load and VRFB gets charged
(Figure 5.11). At the end of 1% interval stored water level in UR reduces to 3.32 m and stored
charge in VRFB stands at 3735 Wh which is shown in Figure 5.13.

At the starting of the 2" interval, it is observed that with the stored water in UR, the PSH can serve
the load demand. Therefore, the system continues to operate in Electrical mode, PSH delivers the
load and VRFB gets charged. At the end of 2" interval the water level in UR has reduced to 1.81
m and VRFB gets fully charged (Figure 5.13).

At the starting of the 3" interval, it is observed that with the stored water in UR, the PSH cannot
support the demand, thus, the mode changeover takes place and the system starts to operate in
Mechanical mode. During this interval the VRFB delivers the load and water gets pumped to the
UR (Figure 5.11). At the end of this interval, water level in UR reaches 3.75 m and stored charge
in VRFB reduces to 5440 Wh as depicted in Figure 5.13.
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Figure 5.11. Energy Supplied to Load from PSH and VRFB along with Energy Supplied to
Electromagnet for Mode Changing Operation (Interval 1 —24)
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Figure 5.12. Energy Supplied to Load from PSH and VRFB along with Energy Supplied to
Electromagnet for Mode Changing Operation (Interval 25 — 48)

At the starting of 4™ interval, it is detected that with the stored water in the UR, PSH can deliver
the load, therefore the system operation changes to Electrical mode. At the end of this interval
VREFB reaches its maximum storage limit and water level in UR reduces to 2.4 m (Figure 5.13).
As observed from Figure 5.9, the system load is lower than previous intervals, water utilization is
also lower as compared to 1° and 2" interval. Due to lower demand in 4" interval, the stored water
in UR is enough to supply the demand of the next interval (Figure 5.13). Thus, the system
continuous to operate in Electrical mode as the stored water can supply the lower demand in 5%
interval. At the end of 4™ interval, VRFB has reached its maximum storage whereas the system is
still operating in Electrical mode (Figure 5.13). Thus, the generated energy from DMWT is
delivered to dump load during the 5" interval, as the water level of UR is on the higher side, PSH
keeps on generating with no requirement of mode changeover. Similar situation is observed during
12" interval, which is evident from Figure 5.13.

A sort of opposite scenario is observed during the 19" and 20™ interval. At the end of 18" interval
due to higher load demand the water level in UR reduces to 1.06 m. Further, due to lower wind
speed [105], the water level reaches only up to 1.72 m by the end of 19'" interval, which is not
sufficient to deliver the load of the next interval. It took one more interval i.e. 20" interval for the
water level to reach above the limit, in which the stored water of UR is sufficient to deliver the
load of the next interval. Therefore, mode changeover took place at the beginning of the 21%
interval.
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At the starting of 24" interval, the water level was 0.33 m which finally reached to 2.73 m at the
end of 24" interval. This is an increase of 2.4m, due to comparatively higher wind speed as
compared to 19" interval. In the 19™ interval, the water level in UR increased by only 0.66 m due
to lower wind speed. Due to this lower wind speed during 19" and 20" interval, the water pumped
in UR is of small volume. Thus, during these intervals, VRFB supplies the load and the system
was operated in Mechanical Mode. This was possible as the stored energy in VRFB, at the end of
18 interval reached to 7182 Wh and the cumulative output during 19" and 20" interval was 3126
Wh. At the end of 20™ interval the stored energy in the VRFB reduced to 3024 Wh.

It may be observed that at the end of the 24" interval, water level in UR was at 2.73 m and SOC
of the VRFB was around 43 % (3226 Wh).

The next interval i.e. 1% interval of the next day or the 25" interval of the 48 hour operation, started
with PSH delivering the load demand. Mode changeover took place at the starting of the 25%
interval as stored water in UR was enough to deliver the load of this interval (Figure 5.12).
However, at the strating of the next interval i.e. 26 interval again mode changeover took place.
During the 25" interval VRFB has got charged as the system was operated in Electrical mode. At
the end of this interval, stored charge in VRFB stood at 6961 Wh and water level in the UR at 0.59
m (Figure 5.14). Therefore, in the 26" interval, VRFB delivered the load and water was pumped
in the UR, as the system was operated in Mechanical mode. From 25" to 33" interval, mode
changeover took place in every interval (Figure 5.12) as compared to 1% to 10" interval. This is
due to the fact that, initially in the 1% interval, UR was completely filled (5 m) and VRFB was
completely discharged (0 Wh) but during the 25" interval UR stood at 2.73 m and VRFB stored
charge at 3326 Wh. It is also to be noted that during first day of operation (1% to 24™ interval) PSH
was found to be operated in 13 intervals whereas VRFB was observed to be operated in 11
intervals. As compared to the next day of operation (25" to 48" interval) where each PSH and
VRFB was operated in 12 intervals each. Also, mode changeover took place 19 times on the first
day as compared to 20 times (including the mode changeover at the starting of 25" interval) during
the second day. Therefore, it is established that, the initial stored volume of water and SOC of
VRFB at the starting of the 1% interval of any given day (24 hr) affected the system operation
scenarios.

At the end of 48" interval stored water in UR was at 3.04 m and VRFB stored energy was 1175
Wh (Figure 5.14). This established that the system was ready to be deployed in the next interval
or the 1% interval of the next day. Therefore, it may be stated that the system provided uninterrupted
energy to the consumer end and normal fluctuations in wind speed did not affect the voltage at the
consumer end. However, extreme fluctuation in wind speed (storm, extremely low speed etc.) may
affect the voltage of the consumer end, but even then, the proposed system as designed can
maintain the stable voltage at the consumer end for some intervals depending on the microgrid
load demand.
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Figure 5.13. VRFB Stored Charge and UR Water Level at the end of Each Interval
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Figure 5.14. VRFB Stored Charge and UR Water Level at the end of Each Interval
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Figure 5.15 and Figure 5.16 shows the change in water level i.e. the amount of water pumped to

UR through CP and released to generate electricity from UR at every slot of 48 intervals.
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Figure 5.15. Water Pumped in UR and Discharge from UR throughout the day in Each Interval
(Interval 1-24)
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Figure 5.16. Water Pumped in UR and Discharge from UR throughout the day in Each Interval
(Interval 25-48)
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5.3.1. Voltage Stabilization of the Proposed
DMWT - PSH - VRFB System

Figure 5.17 displays the output voltage of the proposed system across various intervals,
demonstrating consistent and stable performance without any noticeable voltage deviation. This
indicates that the proposed system is reliable and capable of maintaining a steady output voltage.
The stability shown in Figure 5.17 reinforces the effectiveness of the system in meeting its intended
objectives. Overall, the results presented in Figure 5.17 support the conclusion that the proposed
system is stable and suitable for its intended application.
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Figure 5.17. Output Voltage of the Proposed DMWT — PSH — VRFB System
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5.4. Results of Operation of two mechanically
driven Gravity Energy Storage Systems
using one Wind Turbine

This section deals with the results generated from the simulation of the system, consisting of two
mechanically driven GESSs by one WT, discussed in section 3.4. The wind turbine specification
under consideration for the simulation of the proposed system in section 3.4 is similar to
commercially available wind turbine Aeolos-H 5000 W wind turbine [174]. The rotor blade
diameter is 6.4 meter, cut-in speed and rated wind speed are 3 m/s and 10 m/s respectively. The
location of the microgrid is considered to be in Barmer, Rajasthan and the wind speed considered
is the actual wind speed of the location dated 15" October, 2017 [105]. This wind turbine is
considered due to its specifications which is actually in accordance with the wind speed of the
considered location. A smaller wind turbine may not fulfill the proposed requirements or an
incorporation of larger wind turbine in this microgrid may result in wastage of energy.

For the simulation purpose of the proposed system, two GESS of 8.0 kWh each, have been
considered. The main objective for considering two number of GESS, is to ensure uninterrupted
energy supply without incorporation of any conventional resources. The storage capacity
considered as such; one GESS can supply the demand over a period of time when the other gets
charged. This also ensures uninterrupted energy supply. A smaller capacity GESS may not fulfill
this clause whereas a larger GESS may result in wastage of energy. Moreover, a larger GESS
requires a larger height of the tunnel, which in turn requires higher mechanical power delivered
from the wind turbine for charging and results in larger wind turbine, which finally indicates more
wastage economically, technically and environmentally. At the beginning of the dayj, it is assumed
that GESS 1 is fully charged and GESS 2 is fully discharged. Two GESSs considered here are
identical in all aspects. Their suspended weights are made of steel with diameter of 4 meter and
height of 2 meter each. Taking into consideration the dimensions and maximum energy storage
capacity of GESS 1 and GESS 2, the underground vertical tunnel height of each GESS is calculated
as 16.50 meter.

The proposed system is designed to be completely operated through wind resource to deliver
uninterrupted energy at a constant voltage in an isolated microgrid. In this section, detailed
discussion on system output for a loading pattern has been carried out. The system load for each
interval is shown in Figure 5.18. The peak demand is considered as 2073 W, whereas the off-peak
load demand is 949.44 W only. A day ahead operation is performed to validate the feasibility of
the system. An entire day of operation is divided into 24 intervals of 1(One) hour each. Output of
GESS 1 and GESS 2 are shown in Figure 5.19. It is to be observed that for each interval, energy
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to the load is fully supplied by either GESS 1 or GESS 2. The proposed system can handle regular
wind speed variation but any extreme fluctuation of wind speed for a long time may impact its
operation capability.
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Figure 5.18. System Load per Interval in a Day Ahead Scenario

Energy generated from GESS 1 and GESS 2 in each interval for 24 hours has been depicted in
Figure 5.19, which shows the supply of the entire load demand. As discussed in Section 3.4.3, until
and unless GESS 1 is incapable of supplying the entire load of a particular interval, it continues to
generate for consecutive intervals while GESS 2 continues to get charged or remains idle. Thus,
the GESS 1 gets first priority while delivering the load.

At the starting of the day, GESS 1 starts supplying the energy requirement of the load and continues
till 3" interval (Mode 2). At the end of the 3™ interval its charge/stored energy drops to 9.74% i.e.
779.2 Wh, whereas GESS 2 gets fully charged by the end of the 3™ interval (as shown in Figure
5.20) Therefore, during the 4" interval, GESS 1 becomes incapable of supplying the full load,
which enables the GESS 2 to supply the load demand. Thus, at the starting of the 4™ interval, the
mode of operation changes from Mode 2 to Mode 1 and GESS 2 starts supplying the system load
while GESS 1 starts to get charged. At the end of 4™ interval GESS 1 gets charged to 50.77% i.e.
4061.6 Wh (Figure 5.20), which is sufficient enough to supply the load of 5™ interval. Again, the
mode of operation changes and the system starts operating in Mode 2, enabling GESS 1 to supply
the load of 5™ interval (Figure 5.19) and GESS 2 to get charged. At the end of the 5" interval stored
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energy in GESS 1 reduces to 1977.2 Wh and in GESS 2 stored energy increases to 8000Wh. In the
6 interval load demand goes 19.38% higher to 1848 Wh as compared to 5 interval load demand
of 1548 Wh (Figure. 5.18). GESS 1 does not possess enough charge to supply the full load, thus,
the mode changes from Mode 2 to Mode 1 and GESS 2 supplies the load. During 6™ interval GESS
1 gets charged and stored energy reaches around 60 % i.e. 4656.6 Wh (Figure 5.20), which is
enough to deliver the load of 7™ and 8™ interval (Figure 5.19) due to lower demand in those
intervals. While at the end of 6™ interval energy stored in GESS 2 reduces to 5433.6 Wh.

|

Figure 5.19. Generated Energy from GESS 1 and GESS 2 in Each Interval
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As per the set operation strategy (refer to section 3.4.3), GESS 1 keeps on generating during 7%
and 8" interval and refraining GESS 2 from charging during 8" interval as at the end of 7" interval
GESS 2 gets fully charged. This same situation is also observed in 10" and 13™ interval. This
scenario has occurred due to comparatively lower energy demand and GESS 1 holding enough
charge to deliver the energy demand during 10" — 11" and 13% — 14" interval.

At the end of 11" and 14" interval GESS 1 becomes almost fully discharged (Figure 5.20). Thus,
in 12" and 15" interval GESS 2 supplies the load (Figure 5.19). The load in the 16™ interval is
again supplied through GESS 1.

However, due to low wind speed during 17" — 18" and 20™ — 21 intervals, GESS 1 has to get
charged for two consecutive intervals to possess enough charge to supply the full load of the 19
and 22" intervals respectively.

At the end of the 24" interval it is observed that the GESS 2 holds around 40% of charge and is
capable to supply during the 1% interval of the next day, while GESS 1 got almost discharged
(Figure 5.20).
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Figure 5.20. Stored Energy Percentage of GESS 1 And GESS 2 at the End of Each Intervals

During the day of operation, wind speed varies in different intervals resulting in different amount
of energy available to charge the GESSs. The charging variations are depicted in Figure 5.21.
Stored energy at starting of any interval and charging during any interval of GESS 1 and GESS 2
are presented in Figure 5.21 (a) and 5.21 (b) respectively. As discussed earlier, for 1 — 3™ interval,
GESS 1 keeps on supplying the load and GESS 2 gets fully charged from fully discharged
condition. In the 1% interval GESS 2 gets charged around 2918 Wh, whereas, due to higher wind
speed, in the 2™ interval the GESS 2 stores 12.49% more energy than the previous interval. The
lowest charging of 1044.31 Wh can be observed in the 18™ interval (when the wind speed is 3.55
m/s), for GESS 1, which is around 70% lower than the highest energy available for charging during
any interval, which is for GESS 2 at 24™ interval. Although the wind speed (Figure A.1) is same
in both the 3™ and 24" interval i.e. 5.3 m/s, but the charging of GESS 2 is much lower in the 3™
interval as GESS 2 gets fully charged after absorbing 1800.12 Wh of energy. Whereas, at the
starting of 24™ interval the charge of GESS 2 is 69.6 Wh only, therefore, the wind energy gets
fully utilized by charging the GESS 2 by 43.44% (3475.12 Wh). Comparing Figure 5.21 (a) and
5.21 (b), it can be observed that, no charging took place at 8" interval, as GESS 2 is fully charged
and GESS 1 is on generating mode. Similar scenario occurred in 11" and 14" interval. Interval
number 25 shown in Figure. 5.21 (a) and 5.21 (b) is the stored energy of the respective GESS 1
and GESS 2 available for the 1% interval of the next day.
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Figure 5.21 (a). Stored Energy at the Starting of Interval and Charged Energy During Interval in
GESS 1 throughout the Day
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Table 5.6 ECONOMIC ANALYSIS OF WIND TURBINE DRIVEN DUAL GESS SYSTEM

Total Load throughout a year 356017.92 kWh
GESS Cost for each one (80KW) [174, 175] | 40000 $

Wind Turbine Cost (5kW) [173] 4117 $

Other Equipment cost (assumed) [176] 1051.46 $

Labour Cost [132] 2823.53 § Per Year
Life Time 25 Years

Energy Charge 0.031 $/ kWh

Economic analysis of the operation strategy of two mechanically driven GESS using one wind
turbine is depicted in Table 5.6. The unit energy cost analysis is performed taking into
consideration of total serviceable energy of the microgrid throughout a year, GESS installation
cost, wind turbine installation cost, other ancillary equipment cost, Salary of Labour and lifetime
of the project. Ancillary equipment cost is assumed to be 25% of the total project cost and yearly

salary is assumed as per industry standards.

The unit energy cost of the system is calculated to be 0.031$/kWh or Rs.2.6/kWh. The derived
energy cost is much lower than the current cost of energy of the assumed location which is around

Rs.7/kWh.

Moreover, the system is completely free from environmental damage, requires smaller installation

area and does not affect the ecology of the geographical area.

Thus, it may be stated that the system is economical, pollution free, stable and safe for

environment.

Further modification of the proposed system may result in better operation standards and can be

operated autonomously, also more economical aspects will be investigated in the future work.
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CHAPTER 6



6. Conclusion and Future Work

The researches undertaken throughout the course of PhD is solely dedicated to technically bring
renewable-based electricity generation at par the electricity generated from thermal power plants,
in terms of voltage stability and consistency.

In the first study, a self-sustainable microgrid with stable voltage has been designed for the
backward areas of Assam utilizing the locally available renewable resources like hydro and wind.
A Li-ion battery system has also been incorporated to maintain the stability and enhance the
reliability of the system. The robustness of the system has also been examined by simulating the
system under three different types of varying load and three different types of varying wind speed
conditions.

Apart from only analyzing the technical feasibility of the proposed RE-based hybrid system, a
techno-economic analysis has also been performed in the second study. Where the hybrid system
consists of solar PV, biomass generator and GESS and simulated considering the real data of the
state of Nagaland. These results of the analysis depict that along with being consistent, in terms of
supply and voltage stability the generated electricity is also very cost-effective. The LCOE
calculated from this hybrid system is found to be lower than the domestic tariff of the Nagaland,
which strengthens the main focus of the undertaken researches throughout the PhD tenure.

In the third study, a novel system has been designed where a single wind turbine can operate in
both mechanical mode and electrical mode to store energy in PSH and VRFB respectively. An
innovative electromagnet-based mode changer assembly has also been designed to provide the
mode changing operation of the wind turbine. Furthermore, it has been observed that the combined
operation of Dual mode wind turbine — Pump Storage hydro — Vanadium redox flow battery hybrid
system is able to provide uninterrupted and stable power supply.

In the fourth study, another novel idea has been introduced for the supply of uninterrupted
electricity at stable voltage. Here, a single wind turbine has been used to charge and discharge two
GESSs at the same time for continuous power supply with the help of a mode changer assembly.
The design of mode changer assembly provided in this scheme has also been an innovative idea
which is quite different from the third study. The system further depicts its cost effectiveness. The
novel hybrid system is found to be able to supply electricity at Rs. 2.6/kWh which is much lower
than the present electricity unit price of Rs. 7 of the considered location.

Therefore, it can be stated that if a renewable-based system can be designed properly, it can supply
electricity at much lower than the thermal power generation both in terms of technicality and
economy.

The novel designs provided for two hybrid systems comprising of — (i) Dual mode wind turbine —
Pump storage hydro — Vanadium redox flow battery and (ii) Single Wind turbine — Two Gravity
energy storage systems require further studies before practical executions, like the effects of
incorporation of high starting current loads (water pump, air-conditioner etc.) in the system. From
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the construction view-point, both the system requires an extensive study over the materials and
equipment sizing. Furthermore, the systems require techno-economic optimizations to go for a
pilot project followed by commercial applications.
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