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Optimization carries great significance in both human affairs and the laws of nature.
It refers to a positive and intrinsically human concept of minimization or maxi-
mization to achieve the best or most favorable outcome from a given situation.
Besides, as the resources are becoming scarce there is a need to develop methods
and techniques which will make the systems extract maximum from minimum use
of these resources, i.e. maximum utilization of available resources with minimum
investment or cost of any kind. The resources could be any, such as land, mate-
rials, machines, personnel, skills, time, etc. The disciplines such as mechanical,
civil, electrical, chemical, computer engineering as well as the interdisciplinary
streams such as automobile, structural, biomedical, industrial, environmental engi-
neering, etc. involve in applying scientific approaches and techniques in designing
and developing efficient systems to get the optimum and desired output. The multi-
faceted processes involved are designing, manufacturing, operations, inspection and
testing, forecasting, scheduling, costing, networking, reliability enhancement, etc.
There are several deterministic and approximation-based optimization methods that
have been developed by the researchers, such as branch-and-bound techniques,
simplex methods, approximation and Artificial Intelligence-based methods such
as evolutionary methods, Swarm-based methods, physics-based methods, socio-
inspired methods, etc. The associated examples are Genetic Algorithms, Differen-
tial Evolution, Ant Colony Optimization, Particle Swarm Optimization, Artificial
Bee Colony, Grey Wolf Optimizer, Political Optimizer, Cohort Intelligence, League
Championship Algorithm, etc. These techniques have certain advantages and limi-
tations and their performance significantly varies when dealing with a certain class
of problems including continuous, discrete, and combinatorial domains, hard and
soft constrained problems, problems with static and dynamic in nature, optimal
control, and different types of linear and nonlinear problems, etc. There are several
problem-specific heuristic methods are also existing in the literature.

This series aims to provide a platform for a broad discussion on the devel-
opment of novel optimization methods, modifications over the existing methods
including hybridization of the existing methods as well as applying existing opti-
mization methods for solving a variety of problems from engineering streams.
This series publishes authored and edited books, monographs, and textbooks. The
series will serve as an authoritative source for a broad audience of individuals
involved in research and product development and will be of value to researchers and
advanced undergraduate and graduate students in engineering optimization methods
and associated applications.
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Chapter 1 )
Artificial Intelligence Based Integrated skl
Renewable Energy Management

in Smart City

Avinash Kaldate, Amarsingh Kanase-Patil, and Shashikant Lokhande

1.1 Introduction

Problems related to the integration of Al technology into smart energy systems need
to provide a multifaceted understanding of economic and social issues using software.
This type of socio-technological integration requires a clear definition of the domain
of energy management in which the problem exists. (Kanase-Patil et al. 2011a). As
the energy sector becomes more complex in various sectors, effective mechanisms
are needed to successfully manage the available systems and make the right decisions
at the right time. Artificial Neural Networks (ANN), Genetic Algorithms (GA), Ant
Colony Algorithm, Hill Climbing Algorithm, and Particle Swarm Algorithm have
been used in Al technology to solve problems of classification, optimization, fore-
casting, and control strategy (Javed et al. 2012). Many Integrated Renewable Energy
Sources (IRES) system operations are executed at a fundamental level of automa-
tion due to lack of information on automated control resources (Kanase-Patil et al.
2011b). It would be beneficial to use Al in the system to give a new direction to
the IRES design and power grid control. Optimization of controllable loads through
Al techniques reduces the effect in the form of cost. The AI algorithm should be
systematically used for the management of IRES to optimize to satisfy controllable
loads. Al approaches give numerous effective and strong solutions to address the
constraints of traditional optimization and control methods by utilizing existing data
(Vinay and Mathews 2014).
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This chapter reviews current advances and challenges for the use of IRES in smart
cities, explaining the role of the use of Al in future energy generation in smart city
energy management. The use of Al-managed solutions will transform the energy
sector in the future. Electrical grids in the smart city are also controlled by the use of
Al, which allows them to use energy and interact bilaterally between the customer
and the energy supplier. The use of smart grids with Al responds well to rapid energy
demand changes in emergencies (Qamar and Khosravi 2015). The management of
smart meters and sensors is important in this; Al collects, analyzes, and optimizes the
information obtained from them. In order to manage energy through Al in cities, it is
necessary to first get acquainted with the essential concepts and principles of energy
management, as well as study how to integrate them in the context of smart cities.
Energy management depends on various levels such as directing, systematic supply
of energy, controlling energy consumption, increasing productivity, and reducing
energy costs through efficient use of energy (Ibrahim et al. 2011).

Energy management in the city is about energy saving, monitoring, control-
ling, and conserving energy. These include optimized energy consumption, proper
management of energy resources, and increased active energy efficiency. As urban
areas expand rapidly, the challenge is to make the most of the energy available in
the city. The rapid development of existing cities and their transformation into smart
cities has made energy management an integral part of urban transformation. Proper
adaptation of the resources available in the smart city will give a high quality of life to
the residents. Smart use of IRES will make cities more autonomous but it is expected
to be managed more effectively using Al algorithms. Smart energy management
is an integral part of smart city development that will be used to optimize energy
conservation (Rozali et al. 2015). Smart City Energy Management integrates multiple
domains through a combination of technology with information and communication
technology and ensures the sustainability of its solution (Shum and Watanabe 2009).
This chapter examines the basic structure of the Al algorithms. Moreover, each algo-
rithm case study is studied which will be useful for understanding the use of Al in
IRES field. Figure 1.1 shows dimensions of energy management. The mainstream of
the city’s energy management mainly includes proper planning of energy systems,
energy awareness, proper training in energy use and measures to be taken for energy
conservation.

1.2 Smart City

Creating a smart city means integrating existing buildings and infrastructure with
smart technology. In certain cities, for example, if the Internet of Things (IoT)-based
infrastructure and public services are created and managed, it is able to become a
smart city (Zekic-Susac et al. 2020). It will have the same facilities as before and
will have only smart technology. Another example is that the city is made smart by
using a variety of electronic sensors to collect urban area data and by connecting
it to the Internet or software, then this collected data is used for energy fulfillment
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Fig. 1.1 Dimensions of energy management

of a city. Smart technology is used to solve various challenges in the city. Data
collected in smart cities is used to control a variety of things, including traffic flow,
waste collection, smart energy use, and distribution automation. Many authors and
organizations have contributed to the development of the smart city concept (Menon
2017).

The problems of energy management and waste management in the smart city are
rapidly increasing due to the growing population. These problems are mitigated by
systematic planning and optimization, which requires the use of smart technology.
Energy planning is usually based on smart grids and other relevant energy factors
such as the design of the IRES system need to be considered in order to use energy.
The energy needs of modern cities are abundant, so modern cities need to improve
existing energy systems and better implement new solutions by harmonizing all these
energy solutions. The growing internal demands for renewable resources as well as
the growing need for energy in the electric transport system need to be consid-
ered in energy planning without being seen separately in the city’s energy planning.
These examples represent the challenges facing the energy sector. To better compre-
hend urban dynamics and assess the impact of various energy-policy alternatives,
simulation tools are utilized (Brenna et al. 2012).

This includes using Al to develop a complete smart city model that encompasses
all energy-related activities in order to satisfy the expanding energy demands of
present and future cities while also addressing their complexity. When looking at the
entire world, it is clear that more than half of the population now lives in cities, and
urbanization does not seem to be decreasing; By 2030, 60% of the population will
live in cities (Riffat et al. 2016). Therefore, as cities grow, it is imperative to find
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Fig. 1.2 Smart city energy
management using smart
grid

Power
Substation

Electric
Vehical
Charging
Station

better ways to manage this population and meet their energy needs and the services
they need. Due to this increasing urbanization, urban people consume two-thirds
of the world’s total energy and therefore global carbon emissions are increasing
at an extremely high rate. Therefore, it is necessary to find more renewable energy
sources than before and use existing renewable energy more efficiently. Proper energy
management requires smart city data collection and digital connectivity of the city
and the use of Al technology to properly analyze the information received. For this, it
is necessary to consider the concept of smart energy in the city (Qamar and Khosravi
2015). Figure 1.2 shows how it is possible to connect various establishments in the
city using smart grids to solve energy-related problems.

1.3 Energy Management

Energy management in a smart city is the process of saving in building energy
usage and optimizing the energy system with the information of energy consumption
obtained and knowing the energy cost from it. One of the few steps for energy manage-
ment is to continuously collect information and analyze the information obtained. Al
algorithms are often used to calculate the return on investment in IRES. Energy opti-
mization solutions based on Al have been implemented in many places. Proper energy
management regulates the energy consumption of a building and seeks to reduce the
cost of resources involved in energy generation. Using IRES helps reduce carbon
emissions in the city. Excessive energy consumption increases energy consumption
which leads to energy scarcity. Therefore, this risk is reduced by managing energy
and controlling it through proper energy planning. The Al system is used for energy
management to reduce energy generation costs and make optimal use of energy.
IRES is used in the size of Al to make energy-efficient, economical, and efficient
(Nge et al. 2019). Energy management involves the following things.
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e Strategy and commitment is energy management.
e Proper planning of energy use
e Proper monitoring of energy use
e Planning for energy conservation
e Monitoring energy use
e Establishing the effectiveness of energy conservation measures.

In energy management, short-term, medium, and long-term energy supply plans
need to be implemented to ensure minimum costs and minimum pollution. Using
Al it is possible to select and optimize the optimal energy for each type of energy
consumption in order to reduce energy costs and improve productivity, quality of
life, and the environment. It balances energy supply and demand for personal and
national interests. Energy management is the key to saving energy in the city (Wang
etal. 2015). This will reduce the damage to the entire earth. The use of IRES reduces
our dependence on fossil fuels, which needs to happen because its supply is limited
to a growing population. Figure 1.3 reviews the systems required in smart energy
management.

1.4 Integrated Renewable Energy System

Integrated renewable energy systems provide a number of advantages over traditional
energy systems, including decentralized energy generation and improved energy
security. In many regions of the world, renewable energy sources are extensively



6 A. Kaldate et al.

available. Other forms of renewable energy sources are not as widely available
as solar radiation (Kanase-Patil et al. 2010). Certain types of renewable energy,
such as geothermal and marine thermal energy, are only available in certain places
(Kanase-Patil et al. 2010). Solar, wind, hydropower, biomass, geothermal, and ocean
energy are all examples of renewable energy systems. These renewable resources
are converted into usable products using a variety of energy conversion technolo-
gies. For example, using PV cells, solar energy is converted into thermal or electrical
energy. Solar thermal systems are used to run many industrial processes that require
moderate to high temperatures. An integrated photovoltaic system is achieving great
solar-to-electrical efficiency. Wind energy is also widely available. The available
kinetic energy is converted into other useful forms, for which turbines are rotated
using wind speed. Hydropower is available in many different forms, including energy
from dams, kinetic energy from rivers, and ocean waves (Bansal et al. 2012).

Because all renewable energy sources have their own unique features, integrated
systems are utilized to combine all (Kanase-Patil et al. 2020). To integrate available
renewable energy sources, various alternative configurations are made, including
DC-connected configurations, AC-connected configurations, and hybrid-connected
configurations (Kaldate et al. 2020). In the DC configuration, there is only one DC
bus to which renewable energy sources are connected via an appropriate electrical
interfacing circuit (Ahmed et al. 2011). The DC bus is directly connected to DC power
sources. It entails loading DC from the DC bus via a DC/DC converter in order to
maintain the DC voltage level. It also uses a configuration inverter to supply power to
the AC load. It appears that when the inverter fails, the entire system will be unable
to supply energy for AC loading. The DC-connected configuration of the hydro-
wind-solar-based integrated system is shown in Fig. 1.4. The power frequency AC
and high-frequency AC connections are separated in the AC coupled configuration
integration configuration. The scheme diagram of power frequency AC (PFAC) bus
shown in Fig. 1.5 considers wind-solar-based integrated system. Electrical circuits
also connect power sources to the energy-frequency AC bus. At the same time, a
converter connects the storage system to the bus. The DC-AC paired configuration
hybrid scheme in the hybrid system has both DC and PFAC buses. PFAC power
sources are connected directly without any interfacing circuits shown in Fig. 1.5.
This eliminates the use of converters. The usage of converters is no longer necessary.
As a result, when compared to DC coupled and AC linked schemes, the hybrid DC-
AC coupled design has a lesser price and higher energy efficiency (Chauhan and
Saini 2014). Because the hybrid approach requires complicated control and energy
management, Al techniques appear to be required for optimization.

Distributed production, energy storage, thermal active technology integration, and
demand response in transmission systems are all areas where renewable energy inte-
gration is focused. Al algorithms are being utilized to overcome technological, finan-
cial, regulatory, and organizational constraints to renewable and distributed energy
systems. Planning, grid operations, and demand-side management are all integrated
with the AI algorithm. IRES assist in the reduction of carbon emissions through
the use of renewable energy and other environmentally friendly distributed energy
sources. It utilizes the available energy to meet peak loads by combining distributed
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systems and customer loads. Reliability, security, and flexibility are enhanced by
microgrid applications. Smart integrated renewable energy systems have the poten-
tial to overcome challenging obstacles. This helps to improve durability as well as
improve efficiency and adequacy in their energy and consumption sectors. Proper
analysis of the market value chain is done by appropriate technology and appro-
priate decisions are made regarding the structure of the market and the processing
of flexible provisions.

Financial viability is also improved by providing “demand response” information
(Bhoyar and Bharatkar 2013). Long-term planning decisions that include demand-
side flexibility resources serve as the foundation for developing new design standards
for off-grid renewable energy systems. Advanced information and communication
technology presents opportunities in addition to promoting smart integrated renew-
able energy systems as an active community resource for active customers to support
grid services. Smart integrated renewable energy systems are a viable solution to
energy issues (Kaygusuz et al. 2013).
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1.5 Artificial Intelligence (AI)

New advances are being made in the areas of computer vision, machine learning, and
deep learning, now the Al utility has added a new dimension to it. The functionality
of Al is huge. Al is equally efficient in retrieving and analyzing data from data
sources. Al analyzes the information obtained and identifies various sets of samples
and makes appropriate recommendations and estimates based on the analyzed data
(Saraiva et al. 2015). Al provides insight into the machine and therefore helps to fix
it accurately, independently, and well for applications without human intervention.
More strategies are being developed for the use of Al as well as the importance of
IRES in global energy use. In this, Al provides a good opportunity for proper energy
management and meeting demand and supply in the design of IRES. In this global
utility sector, the system based on efficient power generation Al is able to meet the
high demand for electricity from the customers (Qamar and Khosravi 2015).

Al capabilities are used by energy companies and grid operators to increase renew-
able energy use and increase energy efficiency. IoT Connected Al technology helps
to improve the management of the grid for renewable energy generation to balance
demand and supply. It helps manage energy in Al malls, hotels, and many other
sector services to improve the production and supply of renewable energy (Varshney
et al. 2008). Al is opening up a new opportunity to connect different decentralized
energy sources and make them the right size. Al capabilities are being used to opti-
mize IRES usage. When using energy systems, Al capabilities with a combination of
machine learning and deep learning algorithms easily bring insights into the operation
of energy operations. The Al algorithm analyzes the data and suggests a proactive
approach to IRES energy management while helping to save on unnecessary energy
consumption costs.

The Al algorithm offers a customized solution that works with the synchronization
of the IRES system. Al is also applied in energy production or storage. It is possible
to analyze the data obtained from there together and help IRES to run efficiently.
This includes helping to manage energy purchases at a lower cost by optimizing
Al Using Al supports managing power demand and balancing the grid. For hybrid
energy system optimization, Al has algorithms such as Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), Simulated Annealing (SA), Artificial Neural
Network (ANN), Genetic Algorithms (GA), Simulated Annealing (SA), and Particle
Swarm Optimization (PSO) related to various optimization techniques (Qamar and
Khosravi 2015). In addition, algorithms are used to help researchers for cost-effective
solutions of IRES. Al algorithms have been studied in IRES considering various case
studies. Figure 1.6 shows that classification of Al algorithms.
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1.5.1 Genetic Algorithm (GA)

GA is driven by evolution’s ability to adapt to the challenges of living in difficult
conditions. The method helps population evolution by identifying the most suit-
able individuals for reproduction. GA relies on the natural selection process and
the concept of the existence of fitness. It operates with a fixed size population of
possible solutions to the problem. There are three stages in GA: selection, crossover,
and mutation (Strasser et al. 2015). The idea of a genetic algorithm is based on
Darwin’s theory. In which strong individuals in the population are more likely to
produce offspring. Genetic Algorithms are used to perform optimization processes
that contain the principles of natural heredity and natural selection. This is done
to change the chosen solution and help the next generation choose the most suit-
able offspring to carry on. The GA algorithm considers multiple problems at once
and provides fast circulation for the best possible solution to the problem. Genetic
Algorithms are also used in conjunction with other technologies, including neural
networks, expert systems, and case-based reasoning. The solution is reached through
a multipurpose optimization method to achieve optimal solution in IRES. Figure 1.7
explains flow chart of Genetic Algorithm.

Case Study Based on Genetic Algorithm for Charge Regulation in IRES

IRES combines renewable energy sources and lead batteries using genetic algorithms
to reduce Net Present Cost (NPC). Mathematical equations should be considered to
combine PV, wind, and hydro systems (Homer software mathematical model 2021).
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PV power
Poy = Npy X Npwp X Npys X Vpy X Ty (1.1)

where, Py, solar energy output on an hourly basis of PV array 7,, PV module conver-
sion efficiency, Npypand Ny s the number of solar cells coupled in parallel and
series, V,y operating voltage, I, operating current.

Wind Power

Py, =0.5X 1, X 1g X py X Cp x Ax V? (1.2)

where p, air density, A the area of the windmill which is perpendicular to the wind, V
wind speed, C, Power Coefficient, 7,, and n, transmission efficiency and generator
efficiency.

Hydro Power System

Py =0 X pwater X & X Hyer X Q (1.3)
where 1y, Pwater » &5 Hhet » O represents efficiency, density of water, gravity, flow rate,

and head, respectively.
IRES power output

w=1

P(t):i:Ph+iPw+2Ps (1.4)
h=1 s=1
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Battery Charging

Py(t) = Pt — 1) x (1 —0) = [Pon(®)/16i — Por(?)] (1.5)

where P,(t — 1), Py(¢) the energy stored in the battery at the start and end of the
interval ¢, Py (¢) at time ¢, the load demand, Py, (¢) PV array total energy generated,
o the self-discharge factor, 7;; the battery efficiency.

Net present cost (NPC) for each component is derived using

Cann,lot

CRF

Cnpe = (1.6)

where Connor total annualized cost, Cnpc net present cost, CRF capital recovery
factor

. 1 .N
crF = XD

(4N =1 (1.7)

where N is the number of years and i is the annual real discount rate.
Step to be used by genetic algorithm to calculate NPC using genetic algorithm.

e Adjusting the number of individuals in the population, number of generations,
crossing rate, and mutation rate for genetic algorithm.

e The genetic algorithm of reproduction, crossing, and mutation is used to make
the right choice for the next generation. In this the roulette-wheel method is used,
the crossing is done using a crossing point method, and the elements of some
individuals are mutated by randomly changing.

e The genetic algorithm generates randomly component size vectors for PV, wind,
hydro turbines, and batteries. A genetic algorithm is used for this selection.

e (Calculate for each selected component meet load demand is found. Fund the
random generation of operation strategy vectors. It calculates operating cost for
each strategy.

e Battery charging or discharging will be decided on the additional energy available.
It calculates the lowest operating cost and NPC for the size of the IRES. Finally,
the solution with the lowest NPC is considered.

1.5.2 Particle Swarm Optimization (PSO)

There have been several studies related to the social behavior of animal groups
in the PSO. This shows that some of the animals, birds, and fish in the group share
information in their group and thus have a great benefit in the survival of the animals.
This is used in PSO nonlinear optimization and the solution to the problem is found.
To solve the complex problem, the behavior of the herd of animals has been studied
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to create a PSO optimization algorithm. Finding the point at which the whole flock
should land is a complex issue, as it depends on many factors. The goal of birds is
to maximize food availability and minimize the risk of predation.

In the PSO algorithm, the same mechanism is applied. PSO is a frequently used
swarm intelligence optimization technique in which the answer to a question is deter-
mined by the speed of the particles. PSO does not require any overlap and mutation
calculations, simple calculations, and fast search speeds. PSO is a population-based
search process that uses particles to change the position of particles in a problem
area. In PSO, the search location is multidimensional, with each particle’s position
being changed based on the experience of nearby particles (Jadhav et al. 2011).

Algorithm of particle swarm optimization.

e Step 1: Entering system parameters.

e Step 2: Initialize the PSO settings.

e Step 3: The iteration is set at the beginning and then the particle population is
started rapidly at random positions and dimensions.

e Step 4: For each particle, the objective function is calculated and compared with
the individual best value. Based on this, the first best value is modified with a
higher value and the current state of the particles is reported.

e Step 5: The particles corresponding to the individual best particles in all particles
are selected and the values are set as the global best.

e Step 6: The speed and position of each particle is updated.

e Step 7: If the number of iterations reaches the maximum limit. Go to Step 8;
otherwise, set the next iteration and go to Step 4.

e Step 8: The best particle denoted by global best provides the optimal solution/or
the problem.

Energy Management System using Particle Swarm Optimization.

The power management system requires production to control the flow of elec-
tricity during grid-connected operation and to match the load in the microgrid. The
PSO algorithm has been used to reduce the cost of energy extracted from the grid,
generated in the grid, and used by loads. The mathematical models of generator
functions, solar generation function, and construct functions are given below (Gaing
2003).

Functions of Generators

Fj(P;) = aj + B P; + v; P} (1.8)
where j = generating source; P = a source’s power output j; F = source’s operating

costs j, «, B, y are the cost coefficients.
Function of solar generation

F(Py) =aP; +G°P; (1.9)

where, P; solar generation, a annuitization coefficient, G° Operation and Mainte-
nance (O & M) costs per unit generated energy,
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Functions of Constraints

Pgenerated # PLoad (110)
Pgrid = Pgeneraled — Proag (1.11)
Pt < p; < PP (1.12)

Step to be used by Particle Swarm Optimization for energy management.

In this case it is necessary to first provide the necessary data for the required
algorithm. In this case, the forecasted load, solar power generation and wind
power generation should be provided.

The algorithm selects the initial parameters, including the population size.

The algorithm will start to find the fitness evaluation of each parameter.

The diesel generator is turned on using a microgrid. But this involves applying
the PSO algorithm to find the optimal way to send all available diesel generators
to meet the load demand while reducing operating costs.

The termination condition is checked and if it is satisfied, the system will output
a power reference signal for each diesel generator at intervals each time. If the
termination condition is not satisfied, the system will go back again.

1.5.3 Ant Colony Optimization (ACO)

ACO is an algorithm in the class of biologically induced heuristics. The basic idea
of ACO in this algorithm is that it works in the same way that it is collaborated in
ant colonies. Dorigo first used ACO in 1992 to solve the problems of oxidation. The
ants go out to find food and return to their nests. During this journey, ants release a
chemical pathway called pheromones to the ground. Pheromones guide other ants to
food. When facing an obstacle, the ant has an equal chance to choose the left or right
path. So this pheromone is used to choose the right path. Each ant creates a complete
solution to the food search problem according to the potential state transition rules.
The whole purpose of the scheduling problem using ACO in IRES is to reduce the
electricity bill by making optimal use of electricity from the grid. Figure 1.8 shows
working flow chart of Ant Colony Algorithm (Qamar and Khosravi 2015).

Energy Management System Using Ant Colony Optimization

It uses ACO to reduce electricity bills as well as grid and waiting time by making
optimal use of schedule issues. The cost of electricity must be reduced in each time
slot, while the waiting time for shiftable equipment must be reduced. The main
concern in this work is to increase the level of convenience of end-users by reducing
the cost of electricity. The cost of electricity must be reduced in each time slot, while
the waiting time for shiftable equipment must be reduced. This work has increased
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Fig. 1.8 Ant colony
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the level of convenience of end-users by reducing the cost of electricity (Rahim et al.
2015).
Model of energy consumption

E‘0)={E} +E.+E:+ -+ E}} (1.13)

where, E, E}, E] ... E; each appliance’s energy consumption needs at the

4
appropriate time slot

24 A
m:}ZCZam> (1.14)
t=1 \a=1

where, Et the overall energy consumption requirement for all appliances on a daily
basis.
Model for calculating energy prices

24

E(t) =) (0() + A0 +«(1) (1.15)

=1
where, E (¢) the total amount of energy used by all appliances
Ci(t) 0= E@) < Ey(0)

C(t)=1{ Cao(t) En(t) < E(t) < Ej(t) (1.16)
Cs5(t) EL(1) < E@)
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where Etlh and Etzh thresholds for power consumption, C;C, and C3, costs in these
specific circumstances.
Objective function and its solution via ACO

24 A
minz(al Y (Ea(t) x caa))) +a2<<pa(r>)> (1.17)

t=1 a=1

where, C, the cost of electricity in each time slot must be kept to a minimum, a; and a,
weights of two parts of objective.
Step to be used by Ant Colony Optimization for energy management.

1. The algorithm initializes all parameters as well as includes data related to
equipment and time slots.

2. The algorithm randomly generates a population of ants.

3. Each individual ant update evaluates pheromones and the objective function of
each individual ant.

4. Calculates electricity bill using algorithm.

5. Each ant local pheromone is updated and then the best solution is selected.

1.5.4 Hill Climbing Optimization

Hill climbing is an approximate algorithm used for optimization problems in the field
of Al This algorithm performs the right input and a good genetic function, giving
the algorithm the best possible solution to the problem in a short period of time. This
given satisfaction may not be the absolute best given every time but it is good enough
considering the time it takes to get the satisfaction. This algorithm lists all possible
options in the search algorithm based on the information available (Bhandari et al.
2015). Ithelps the algorithm to choose the shortest path possible. The average increase
in energy gain using MPPT using the Hill Climbing Algorithm has been found to
be 16-43%. To calculate the power in this algorithm, one immediately measures the
voltage (V) and the current (I) and then compares it with the last calculated power.
If the operating point difference is positive, the algorithm continuously overlaps the
system, otherwise, if the operating point difference is positive, the direction of the
object is changed. Hill Climbing (HC) is a mathematical method for optimizing a
problem that belongs to the domain of local search methods (Mhusa and Nyakoe
2015). The HC technique begins with the creation of the initial state, i.e., the initial
solution. The following steps depict the optimization process using the hill climbing
algorithm. This algorithm is used to size IRES by minimizing the Levelized cost of
energy in IRES.
The algorithm is as follows:

Step 1: Find a possible solution.
Step 2: Verify that each solution is correct.
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Step 3: If each solution is correct then move on to the next step.
Step 4: Choose the most suitable solution for each of these solutions.

Hill Climbing Algorithm for MPPT
When MPPT is performed, it uses Boost Converter as a duty cycle feedback param-
eter. The main disadvantage of this technique is that the system shuts down during
the period of continuous radiation. A very small value of the difference in the duty
cycle is required for the period of stable radiation; AD reduces the energy gained
by the PV thus reducing the strong oscillation of the force about the peak power
point. At the same time, rapidly changing radiation requires a higher charge cycle
value to increase the pursuit of peak power. This is done by measuring the values
of PV voltage and current. Also, the generated power is calculated and the result of
the comparison is seen to be complementary or unchanged compared to its value in
the previous iteration and the PWM output duty cycle is changed accordingly (Sher
et al. 2015).

The PV module’s current output is

V.
Lnpp = Kilol:exp(nNocv ) - 1} (1.18)
sc VT

where I, current in an open circuit, K; the current proportionality constant, V.
open-circuit voltage, Ny series cells,
The PV module’s voltage output is

_ Ve[exp((Voe/ Vi) — 1)]
PP (1= 1/K)exp(Voe/ Vi) — 1

Vin (1.19)

where V7 is the maximum power point voltage.

Step to Be Used by Hill Climbing Optimization Algorithm MPPT of PV

It collects data of voltage and current from PV.

Calculate power from the from voltage and current

The algorithm compares its value to the previously calculated power value.

The previous value is determined more or less and the power is added or decreased
accordingly.

1.5.5 Neural Network Algorithm

Advances in biological research have made it possible to understand the process of
natural decision-making. The brain is a sophisticated parallel computer that has the
power to make decisions faster than any advanced computer. It has the ability to
learn, remember and generalize new things. The ANN algorithm was developed in
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Fig. 1.9 Basic neuron diagram for ANN

1943 to study this ability of the brain. Mathematical models of biological neurons
are presented in the ANN algorithm (Ranganayaki et al. 2016). The model has the
ability to calculate any logical expression. The standard weight also performs a
similar function, as do the different synaptic forces of biological neurons in ANN.
For the synaptic weight of the synaptic strength of biological neurons, some
inputs are more important than others. Therefore ensures that more significant factors
have a greater impact on the process function principle when they produce nerve
responses. ANNs have adjustable coefficients of weight in the network and determine
the strength of the input signal as indicated by the artificial neuron. Weight determines
the connection strength of the input and it is possible to train on the basis of different
training sets with respect to the specific architecture of the network or its learning
rules. The individual inputs in the perceptron are multiplied by its corresponding
connection weight. Figure 1.9 shows basic neuron diagram for ANN (Ata 2015).

1.5.6 Artificial Neural Network Approach in IRES

Power management is done on a distributor hybrid grid using ANN. The problem is
that the voltage drop and power quality can be reduced, thus the power stability is
managed using ANN. In real-time monitoring, ANN algorithms are used to perform
power management based on the quality and stability of the power system. The IRES
have solar, wind or hydro time series nonlinear and static data, using ANN algorithms
to learn from data patterns and predict future behavior of weather events is possible
(Rahman et al. 2021).
Step to be used by ANN to predict renewable resource output.

e Data is collected from energy sources and the environment
e The original data is normalized and pre-processed
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e The ANN model is trained, the accuracy of the training samples is evaluated, and
the pre-trained model is certified by the verification samples.
The designed ANN model is used to estimate the power output by the test dataset.
The weather information available in it is matched with the information in the
history and it determines how much energy will be obtained from IRES.

1.6 Concluding Remarks

This chapter explores the use of Al algorithms in the architecture of public sector
energy management systems to increase energy efficiency, estimate energy consump-
tion, and be used as part of a smart city. It explains how the Al algorithm is used
to optimum sizing of parts of the IRES system. This chapter provides information
on Genetic Algorithms, Particle Swarm Optimization, Anti-Colony Algorithms, Hill
Climbing Algorithms, and Artificial Neural Networks. It turns out that many things
can be simplified in IRES using Al algorithms. This chapter explains the basic design
of Al algorithms and the various IRES problems solved by Al algorithms.

References

Ahmed NA, Al-Othman AK, Alrashidi MR (2011) Development of an efficient utility interactive
combined wind/photovoltaic/fuel cell power system with MPPT and DC bus voltage regulation.
Electr Power Syst Res 81:1096—1106. https://doi.org/10.1016/j.epsr.2010.12.015

Ata R (2015) Artificial neural networks applications in wind energy systems: a review. Renew
Sustain Energy Rev 49:534-562. https://doi.org/10.1016/j.rser.2015.04.166

Bansal M, Saini RP, Khatod DK (2012) An off-grid hybrid system scheduling for a remote area. In:
2012 IEEE students’ conference electr electronics and computer science innovation for humanity
SCEECS 2012 9-12. https://doi.org/10.1109/SCEECS.2012.6184799

Bhandari B, Lee K, Lee G, et al (2015) Optimization of hybrid renewable energy power systems :
areview. 2:99-112

Bhoyar RR, Bharatkar SS (2013) Renewable energy integration in to microgrid: powering rural
Mabharashtra State of India. In: 2013 Annual IEEE India conference INDICON 2013. https://doi.
org/10.1109/INDCON.2013.6725877

Brenna M, Falvo MC, Foiadelli F, et al (2012) Challenges in energy systems for the smart-cities of
the future. 755-762

Chauhan A, Saini RP (2014) A review on integrated renewable energy system based power gener-
ation for stand-alone applications: configurations, storage options, sizing methodologies and
control. Renew Sustain Energy Rev 38:99-120. https://doi.org/10.1016/j.rser.2014.05.079

Gaing Z (2003) Particle swarm optimization to solving the economic dispatch considering the
generator constraints. 18:1187-1195

Homer software mathematical model. https://www.homerenergy.com/. Accessed 4 Oct 2021

Ibrahim M, Khair A, Ansari S (2011) A review of hybrid renewable/alternative energy systems
for electric power generation : IEEE Trans Sustain Energy 2:392-403. https://doi.org/10.1109/
TSTE.2011.2157540

Jadhav HT, Patel J, Sharma U, Roy R (2011) An elitist artificial bee colony algorithm for combined
economic emission dispatch incorporating wind power. In: 2011 2nd International conference on


https://doi.org/10.1016/j.epsr.2010.12.015
https://doi.org/10.1016/j.rser.2015.04.166
https://doi.org/10.1109/SCEECS.2012.6184799
https://doi.org/10.1109/INDCON.2013.6725877
https://doi.org/10.1109/INDCON.2013.6725877
https://doi.org/10.1016/j.rser.2014.05.079
https://www.homerenergy.com/
https://doi.org/10.1109/TSTE.2011.2157540
https://doi.org/10.1109/TSTE.2011.2157540

1 Artificial Intelligence Based Integrated Renewable Energy Management ... 19

computer and commun technology ICCCT-2011, pp 640-645. https://doi.org/10.1109/ICCCT.
2011.6075213

Javed F, Arshad N, Wallin F et al (2012) Forecasting for demand response in smart grids: an analysis
on use of anthropologic and structural data and short term multiple loads forecasting. Appl Energy
96:150-160. https://doi.org/10.1016/j.apenergy.2012.02.027

Kaldate AP, Kanase-Patil AB, Lokhande SD (2020) Optimization and techno-economic analysis
of PV-wind power systems for rural location in India. E38 Web Conf 15:170. https://doi.org/10.
1051/c3sconf3°20201 7001015

Kanase-Patil AB, Saini RP, Sharma MP (2010) Integrated renewable energy systems for off grid
rural electrification of remote area. Renew Energy 35:1342—1349. https://doi.org/10.1016/j.ren
ene.2009.10.005

Kanase-Patil AB, Saini RP, Sharma MP (2011a) Development of IREOM model based on seasonally
varying load profile for hilly remote areas of Uttarakhand state in India. Energy 36:5690-5702.
https://doi.org/10.1016/j.energy.2011.06.057

Kanase-Patil AB, Saini RP, Sharma MP (2011b) Sizing of integrated renewable energy system
based on load profiles and reliability index for the state of Uttarakhand in India. Renew Energy
36:2809-2821. https://doi.org/10.1016/j.renene.2011.04.022

Kanase-Patil AB, Kaldate AP, Lokhande SD et al (2020) A review of artificial intelligence-based
optimization techniques for the sizing of integrated renewable energy systems in smart cities.
Environ Technol Rev 9:111-136. https://doi.org/10.1080/21622515.2020.1836035

Kaygusuz A, Keles C, Alagoz BB, Karabiber A (2013) Renewable energy integration for smart
sites. Energy Build 64:456—462. https://doi.org/10.1016/j.enbuild.2013.05.031

Menon A (2017) Smart cities, livable cities. GFK Mark Intell Rev 9:48-52. https://doi.org/10.1515/
gfkmir-2017-0008

Mhusa NJ, Nyakoe GN (2015) Power management in photovoltaic-wind hybrid system based on
artificial intelligence. 2:

Nge CL, Ranaweera IU, Midtgard OM, Norum L (2019) A real-time energy management system for
smart grid integrated photovoltaic generation with battery storage. Renew Energy 130:774-785.
https://doi.org/10.1016/j.renene.2018.06.073

Qamar M, Khosravi A (2015) A review on artificial intelligence based load demand forecasting
techniques for smart grid and buildings. Renew Sustain Energy Rev 50:1352-1372. https://doi.
org/10.1016/j.rser.2015.04.065

Rahim S, Khan SA, Javaid N, et al (2015) Towards multiple knapsack problem approach for
home energy management in smart grid. In: Proceedings—2015 18th International conference
on network-based information system NBiS 2015, pp 48-52. https://doi.org/10.1109/NBiS.201
5.11

Rahman MM, Shakeri M, Tiong SK et al (2021) Prospective methodologies in hybrid renewable
energy systems for energy prediction using artificial neural networks. Sustain 13:1-28. https://
doi.org/10.3390/su13042393

Ranganayaki V, Deepa SN, Ranganayaki V, Deepa SN (2016) An intelligent ensemble neural
network model for wind speed prediction in renewable energy systems. Sci World J 2016:1-14.
https://doi.org/10.1155/2016/9293529

Riffat S, Powell R, Aydin D (2016) Future cities and environmental sustainability. Futur Cities
Environ 2:1. https://doi.org/10.1186/s40984-016-0014-2

Rozali NEM, Wan Alwi SR, Manan ZA, et al (2015) A process integration approach for design of
hybrid power systems with energy storage. Clean Technol Environ Policy 1-18. https://doi.org/
10.1007/s10098-015-0934-9

de Saraiva FO, Bernardes WMS, Asada EN (2015) A framework for classification of non-linear
loads in smart grids using artificial neural networks and multi-agent systems. Neurocomputing
170:328-338. https://doi.org/10.1016/j.neucom.2015.02.090

Sher HA, Murtaza AF, Noman A et al (2015) A new sensorless hybrid MPPT algorithm based
on fractional short-circuit current measurement and P&O MPPT. IEEE Trans Sustain Energy
6:1426-1434. https://doi.org/10.1109/TSTE.2015.2438781


https://doi.org/10.1109/ICCCT.2011.6075213
https://doi.org/10.1109/ICCCT.2011.6075213
https://doi.org/10.1016/j.apenergy.2012.02.027
https://doi.org/10.1016/j.renene.2009.10.005
https://doi.org/10.1016/j.renene.2009.10.005
https://doi.org/10.1016/j.energy.2011.06.057
https://doi.org/10.1016/j.renene.2011.04.022
https://doi.org/10.1080/21622515.2020.1836035
https://doi.org/10.1016/j.enbuild.2013.05.031
https://doi.org/10.1515/gfkmir-2017-0008
https://doi.org/10.1515/gfkmir-2017-0008
https://doi.org/10.1016/j.renene.2018.06.073
https://doi.org/10.1016/j.rser.2015.04.065
https://doi.org/10.1016/j.rser.2015.04.065
https://doi.org/10.1109/NBiS.2015.11
https://doi.org/10.1109/NBiS.2015.11
https://doi.org/10.3390/su13042393
https://doi.org/10.3390/su13042393
https://doi.org/10.1155/2016/9293529
https://doi.org/10.1186/s40984-016-0014-2
https://doi.org/10.1007/s10098-015-0934-9
https://doi.org/10.1007/s10098-015-0934-9
https://doi.org/10.1016/j.neucom.2015.02.090
https://doi.org/10.1109/TSTE.2015.2438781

20 A. Kaldate et al.

Shum KL, Watanabe C (2009) An innovation management approach for renewable energy
deployment-the case of solar photovoltaic (PV) technology. Energy Policy 37:3535-3544. https://
doi.org/10.1016/j.enpol.2009.04.007

Strasser T, Andren F, Kathan J, et al (2015) A review of architectures and concepts for intelligence
in future electric energy systems. Ind Electron 62:2424-2438. 10.1109/TIE.2014.2361486

Varshney N, Sharma MP, Khatod DK (2008) International journal of emerging technology and
advanced engineering sizing of hybrid energy system using HOMER. Certif J 9001:436

Vinay P, Mathews MA (2014) Modelling and analysis of artificial intelligence based MPPT
techniques for PV applications. 56-65

Wang X, Palazoglu A, El-Farra NH, Dash P (2015) Operational optimization and demand response
of hybrid renewable energy systems. Appl Energy 143:324-335. https://doi.org/10.1016/j.ape
nergy.2015.01.004

Zekic-Susac M, Mitrovic S, Has A (2020) Machine learning based system for managing energy
efficiency of public sector as an approach towards smart cities. Int J Inf Manage 102074. https://
doi.org/10.1016/j.ijinfomgt.2020.102074


https://doi.org/10.1016/j.enpol.2009.04.007
https://doi.org/10.1016/j.enpol.2009.04.007
https://doi.org/10.1016/j.apenergy.2015.01.004
https://doi.org/10.1016/j.apenergy.2015.01.004
https://doi.org/10.1016/j.ijinfomgt.2020.102074
https://doi.org/10.1016/j.ijinfomgt.2020.102074

Chapter 2 M)
The Role of Lower Thermal Conductive Grack i
Refractory Material in Energy

Management Application of Heat

Treatment Furnace

Akshay Deshmukh, Virendra Talele, and Archana Chandak

2.1 Introduction

In a modern scenario of translation of technology causes more production of versa-
tile products which needs to go from the heat treatment process to increase its
working effectiveness. In this translation of the production sector where demand
had sustainably increased, the use of energy to run this heat treatment furnace is
also increased. The extensive use of power to fulfil the functional requirement of
the furnace is a typical result of an increasing number of reactive chemicals such
as CO and HC, which cause growing greenhouse gases in the atmosphere (Lisienko
et al. 2016). The cause of global warming by industrial applications is an intensive
problem, on which several national-level government bodies are working to curb
the level of emissions under control despite the strict policy no significant growth
for emission reduction is observed if companies on primary ground start to work
on energy management solution this problem can be effectively solved in upcoming
years (Kéllén 2012). The heat treatment of any product is an intensive process that
consumes a large amount of fuel to fulfil temperature requirement in the furnace,
the typical working temperature in heat treatment range from 900 C to 1200 °C
depending on the application and intensity of work the requirements of temperature
corresponding to the fuel is burned which causes an emission of harmful gases (Stal
och virmebehandling — En handbok 2010). Most of these greenhouse gases expelled
from the furnace contribute towards pollution and lowers efficiency. Methane, the
other GHG, is secondary resource energy (SER) and is used in metallurgical units
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for burning carbon dioxide. Hyl-3 processes are used in iron and steel manufac-
turing processes, such as Corex, Romelt, and Midrex. Iron or sponge iron is loaded
into steel arc furnaces (EAF) with added scrap iron (Cvinolobov and Brovkin 2004;
Yusfin and Pashkov 2007; Romenets, et al. 2005; Voskoboynikov et al. 1998). In
metallurgical furnaces, the main source of heat is natural gas combustion. Energy
costs are an integral part of manufacturing, covering costs, and energy savings in
high-temperature processes are extremely important. The chamber furnaces are part
of a group of regular furnaces commonly used to forge and warm heavy components.
For chamber furnaces, the time change in the chamber temperature should be held
in line with technical requirements. Therefore, it is very important to save energy by
reducing the heat transfer rate by isolating the furnace walls (Rusinowski and Szega
2001). The energy loss in the furnace can be calculated by correlation with energy
balance for the burning in which the furnace’s thermal condition varies over time,
and the performance of energy consumption depends heavily on the length of the
specific process step. The energy input must equate with energy production to ensure
the oven’s continuous function and a relatively straightforward calculation of heat
loss from the walls (Chen et al. 2005). In periodic chamber furnaces, the measure
of heat loss is further complicated by the deposition of energy in the furnace walls.
The loss of energy is primarily dependent upon the temperature of the insulation,
thickness of isolation, the temperature of the furnace chamber, and the mode of oper-
ation of a furnace (Han et al. 2011). In the event of transient heat piping, calculating
the heat loss from the furnace wall entails the time change in furnace walls. Heat
loss occurs during discharge or refreshment in the furnace as thermal treatment is
carried out from the interior wall surface. Obtaining exact heat loss value in fined
tuned accurate CFD simulation which was proposed by Yang et al. (2007) where they
performed time variation transient CFD simulation of product to predict the thermal
performance, in which the model consists of turbulent flow with intensive calibration
of the system. From the various literatures (Dubey and Srinivasan 2014; Kim et al.
2000; Kim and Huh 2000; Mayr et al. 2017, 2015; Jaklic et al. 2007; Quested et al.
2009), it is observed that there is a scant amount of research performed on energy
conservation system of furnace influence by lining material, so the current study
is an attempt to perform practical validation of furnace influence by lower thermal
conductive in lining refractories material. The achieved data are correlated by using
advanced neural network technique to find a correlation between input data with
conventional refractories and the target set of pyro block refractories.

2.1.1 Heat Treatment in Furnaces

The heating is carried out in the different furnaces using different heating mediums. A
large amount of energy is required to heat the components. In the total manufacturing
cost of forgings, a major share is consumed by the energy cost. Typically, the heating
furnace is used to carry out a thermophysical operation such as.
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Maximum consumption of heat is required in the operation of hardening and
tempering, normalizing, and iso annealing. The typical heat contribution is achieved
by burning fuel. The below chart shows the temperature range for the operation
(Fig. 2.1).

The furnace efficiency is determined by the ratio of thermal input from the furnace
to the material. All the heat applied to the furnace can be used for heating the material
or components of industrial heating furnaces. The part is heated by continuously
incorporating specific quantities of thermal energy into the product placed in the
chamber. Figure 2.2 shows a schematic of various energy losses in furnaces.

2.1.2 Refractory Material

Refractory isolation is used to decrease the heat loss rate across furnace walls. This is
due to ahigh level of porosity and the desired pore configuration of tiny, uniform pores
that are spaced uniformly throughout the entire refractory brick to reduce thermal
conductivity. Refractory material selection is conducted based on its application
where the need for material to be chemically and physically stable in the high-
temperature application. In the present investigation, typical refractory material as
fire brick used in bogie hearth furnace will be replaced with lower thermal conductive
pyro block material on which a detailed comparative energy conservation analysis
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is presented. The output data are verified and validated using the advanced data
analytics ANN technique based on the generic optimization process.

2.2 Methodology

The present investigation is performed to study the importance of refractory mate-
rial and its impact on the energy conservation system of heat treatment furnaces.
The practical validation is proposed in the study based on a comparative analysis
based on refractories with wall brick material, further replaced with the ceramic fibre
wall material. The flowing outline shows the performed detail of the investigation
(Fig. 2.3).

Investigating Conventional Refectories

g ANN Generic

Optimized Algorithm.

Fig. 2.3 Methodology flow chart
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2.2.1 Investigating Conventional Refractories

In Bogie Hearth furnaces, the conventional material used for the lining is made up of
firebricks, whose temperature rating of about 1649 C in preliminary life condition.
This material requires to make thermal insulation for the heat treatment furnace by
isolating generated heat inside the furnace. The typical advantage of thermal fire
brick offers effective working across wide temperature use; it has a lower level of
impurities and a lower level of shrinkage value. The disadvantage of this material
offer is that it has too many pores in structure, making it weaker with an increment
of the application life cycle. It does not provide soundproof coating; it is having
lower thermal resistance to the thermal properties. In the present investigation, the
Boogie Hearth furnace was initially loaded with conventional refractory brick, further
replaced with lower conductive ceramic brick classified as a pyro block. The below
table shows the comparative properties between conventional fire brick and replaced
pyro block. The mathematical modelling of thermally insulated refractories is shown
in Figs. 2.4 and 2.5.

Table 2.1 represents the properties of both fire brick and ceramic fibre (pyro block)

2.2.2 Development Scope for Existing Boogie Furnace

In the designing operation of furnaces, it is particularly beneficial to utilize the heating
value of fuel as economically as practicable in the design and operation of furnaces.
Inevitably, though, some of this heat is lost to the environment because of

1. Incomplete combustion of fuel
2. Flue gas sensible heat
3. Convection and radiation from the furnace wall.

Below is the key furnace classified resulting in heat loss.
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Table 2f'1 Refractory Parameter Firebrick Pyro block
properties
Density <2300 160-240
Chemical composition Up to 1648 °C 1260 °C
Al O3 <44% 44-50%
SiO; <78% 50-56%
Thermal conductivity 1.2 <0.340

2.2.2.1 Burner

The burner should burn its fuel efficiency by maintaining an adequate fuel-air ratio
in circulation mode. If this condition is not getting satisfied, there is a creation of
instability in the burner’s flame. Multiple burners are used to sustain flame and
achieve heat inside the furnace to keep the stability of flame creation.

2.2.2.2 Furnace

In several applications, firebricks have been phased out and replaced by cast plastic
refractories. Utilize the optimal insulation width. Reduce air and flue gas leakage
by improved furnace design. Increase the vertical depth of the furnace to allow for
increased heat transfer by radiation. Consider the likelihood of creating a temperature
profile by separating the furnace into zones to reduce the amount of fuel required,
the option of using a serial device, which often results in a reduction of energy
requirements.

The present investigation aims to increase the thermal stability of the furnace by
increasing production efficiency in lower proportionate consumption of fuel. The
replacement of conventional firebricks is done with the lower thermal conductive
pyro block material, which works as thermal insulation to store generated heat within
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the furnace only. The validation of the presented study was generated by using
thermographic plots near the furnace’s outer door compared to the furnace wall
insulated with fire bricks vs the furnace wall insulated with lower thermal conductive
pyro block material. The following achieved results multi-objective study presented
using advanced data predictive artificial neural network study.

The artificial neural network (ANN) is the most recently developed and commonly
used technique for predicting parameters for various input and output values. In the
current analysis, the association data points are used as feedback to the ANN. In ANN,
the Levenberg Med algorithm is used to consider feed-forward backpropagation.
70% of the data were used for preparation, 15% for research, and 15% for validation.
The number of neurons between the input and output layers varies, as is the degree
of neuron independence. The network with the lowest MSE error value and the
highest regression coefficient is considered. In the present study, the regressive multi-
optimization study generated between the input fuel value required to achieve the
desired output as a production quantity in a furnace in correlation with the exact
amount of energy needed.

Table 2.2 illustrates the possible areas where improvisation needs to be done along
with its priority (Table 2.3).

2.3 Implementation of Proposed Ceramic Fibre

The present investigation is carried over Boogie Hearth furnace investigated over two
types of refractory material: furnace with fire brick thermal refractory and pyro block
refractory. The practical validation is generated using thermographic plots placed on
the furnace’s door to account for the variable of heat lost in the environment between
both materials. In this investigation, replacing conventional material with pyro block,
a detailed energy account is implemented with the audit of kaizen implementation
as part of quality check and continuous improvement policy of energy conservation
approach. The below section shows the account for the implementation of kaizen
technology on the furnace refractories. Pyro block modules are ceramic fibre lining
devices explicitly developed for use in high-temperature furnaces. The module is
made from a high-purity mix of raw materials used to make standard and zirconia
type ceramic fibres. The monolithic fibre is easily sliced to match through holes
and modified in the field. Additionally, these modules are compact, have a low-heat
storage capacity, and have a long-lasting operation (Fig. 2.6).

The heat loss calculation is shown in Table 2.4. The prosed improvement of
pyro block offers versatile amounts of benefits to the working of the furnace by
keeping generated latent heat inside the furnace only, ensuring sustainability for the
production of the products. Due to the phenomenon of a pyro block, which offers
lower thermal conductivity on working furnace temperature, suggest that the storage
required in batches of output for the case of existing bricks lining gives around
2,448,236 kcal. In comparison, when the pyro block is implemented, the total heat
needed for a storage unit for batch-wise production is about 1,221,506 kcal. The
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Table 2.2 Improvement kaizen SPN chart
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Principles Questions to | Process No. | Solution Effective | The Adaptability | SPN
be asked for benefit
the process to cost
ratio
Modification | Can we Heating Furnace 5 3 3 45
modify the lining
furnace bricks
design for replaced by
energy ceramic
conservation fibre
Combustion | Used 3 5 5 75
biofuel
instead of
SKO-2
Automation | Can we Combustion | Oxygen 3 3 3 27
automate the sensor for
process to control
partially or the excess
fully with or air
without a
close loop
system?
Utilities Can we
identify the
individual
elements of
energy
consumption
by looking
at the tree
structure of
utility
Ideal running | Can we Utility Provision |3 3 3 27
record the of VFD
cycle in motor for
terms of combustion
energy blower
parameters
and reduce
the idle
running
time?
Benchmarking | Can we do a | Heating To improve | 2 2 2 8
benchmark furnace
against the efficiency
most up to 20
efficient from 13%
process

within
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Table 2.3 Solution priority
criteria chart index
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Effective Cost benefit Adaptability

Solution priority number (SPN) criteria

Low 1 1 1
Medium 3 3
High 5 5
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Fig. 2.6 Pyro block annealing to the wall section pre-processing

gross difference in value is about 52% which suggests the correct implementation of
the kaizen strategy (Fig. 2.7 and 2.8).

2.4 Validation of Results

The validation of results is generated by using thermographs to plot the thermal
visuals around the furnace door. The thermographic plot suggests how the furnace’s
thermal loss was encountered before implementing kaizen strategic pyro block where
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Table 2.4 Furnace datasheet
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Description Unit Existing Proposed Remarks

Furnace length M 5.40 5.40

Furnace width M 3.77 3.77

Furnace height M 2.55 2.30

Wall thickness M 0.45 0.4

Top thickness M 0.55 0.50

Bottom thickness M 0.75 0.55

Material Fire bricks | Ceramic bricks

Furnace working temp. °C 880 880

Ambient temp. °C 28 28

Furnace heat losses kCal/Hr 34,231 17,831 16,400
Kwh/Hr 40 21 19

Furnace heat storages Kcal 4,950,000 | 1,530,000 3,420,000
Kwh 5776 1785 3991

Considering bricks 50% heat transfer | Kwh/batch | 2888 1785 1103

Fig. 2.7 Furnace before kaizen
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Fig. 2.8 Furnace after installation of pyro block

inner refractories lines are equipped with fire bricks vs inner refractories lined with
pyro block (Tables 2.5 and 2.6).

2.4.1 Thermographs

From the above validation for comparative cases, it can be validated that when Boogie
Hearth furnace was implemented on conventional lining wall brick material, it fails
to store the maximum amount of generated heat inside the system thus, local hot stop
creation can be observed over the thermographs of furnace door in case 1, compar-
atively when the kaizen implementation allocated in strategic product development
to save the cost of burning fuel and increase the sustainability, thermograph visual
shows at the same furnace door, there is less creation of local hot spot; thus, the gener-
ated heat tends to be stored inside the furnace only. Furnace effectiveness concerning
the energy consumption to the product can be seen in Figs. 2.9 and 2.10

In heat treatment of any product, the primary intention is to generate heat and store
it inside the confined space so maximum heat can be used to treat the product. Heat
can produce by burning fuel inside the burner, so it is essential to monitor fuel spend
to achieve heat versus heat spend. In the present study, the initial furnace was loaded
with conventional fire brick refractories. The burning fuel LPG was net around 10,059
M3, compared to when the furnace loaded with strategic Kaizen implemented pyro
block specific reduction fuel consumption has achieved for around same production
rate. The total energy conservation saving achieved around 50%. The saving of fuel
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Table 2.5 Result validation
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Energy conservation

Heat losses are reduced by insulation, Implementation | Investment cost: 2.40 RML
energy saving by using high-velocity (target)

burners and furnace

Before Kaizen After Kaizen

Consumption (basic calculation): (A)

Consumption (basic calculation): (B)

Before implementation, energy

consumption

F or hardening furnace LPG consumption

was 13.34 M3/MT

After implementation, tempering furnace LPG
consumption is 7.30 M3/MT

Reduction: (A)-(B)

LPG 6.0 M3/MT, i.e. 35% energy saving

and ROl is 12% PM

CO» reduction:

190. MT/ Year/F C

Heat treatment team LPG M3>/MT Remarks
Before 13,34 Energy saving
After 6.94 45%
Saving 6.40
F or CO; calculation:1 kg LPG-2.83 kgs
CO» emits
Table 2.6 Energy LPG Production in MT | M3/MT
consumption report consumption in
M3
Before 3.023 271 11.15
3.494 215 16.25
3.542 268 13.22
10.059 754 13.34
After 1.031 146 7.08
1.204 169 7.14
1.299 198 6.56
1.593 251 6.35
5.127 763 6.72
Energy saving | M3/MT 6.62
Percentage 50%
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Fig. 2.9 Before Kaizen
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Fig. 2.10 After Kaizen

leads to saving working costs and amount of CO, emission in the environment. The
increased sustainability of the furnace is presented in Table 2.7. The expected CO,
emission for a standard 1 kg LPG tends to be a 1.5 kg/kg production value. In this,
1 M3*/MT = 1000 kg of production (https://people.exeter.ac.uk/TWDavies/energy _
conversion/Calculation%200f%20C02%20emissions %20from%20fuels.htm).

Table 2.7 Effective
o . S. No.
utilization of comparative fire

Fire brick wall

Pyro block

brick wall vs pyro block LPG

13.34 M3/MT

6.72 M3/MT

CO, estimation

13,340 kg LPG x
1.5 kg/Kg CO,

6720 kg LPG x
1.5 kg/Kg CO,

Total CO,
(tonne/MT)

20.01 tonne/MT

10.01 tonne/MT

Effectiveness

By pyro block = 45% less CO; emission
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2.5 Artificial Neural Network

The artificial neural network (ANN) is the most recently developed and commonly
used technique for predicting parameters for a range of input and output values. In the
current analysis, the association data points are used as feedback to the ANN. In ANN,
the Leverberg Med algorithm is used to consider feed-forward backpropagation.
80% of the data were used for preparation, 10% for a test, and 10% for validation
(Talele et al. 2021; Talele et al. 2021; Talele et al. 2021). The number of neurons
between the input and output layers is varied. Analysis of neuron independence is
also conducted, with the network with the lowest MSE error value and the highest
regression coefficient being regarded. The present study uses a network of ten layers,
and it is found that the contribution of the ANN is specific and reliable in predicting
the working effectiveness of the furnace. The topmost close fitting of a curve can be
observed value near the one shown in Fig. 2.11.

This is the form of multi-objective analysis where the predictive correlation is built
between both cases to determine a correlative difference in the working effectiveness
of the furnace. The data visualization is performed by Python code where the object
is set to be the production value against which fuel must burn in the specific case. The
mathematical array developed in both the comparative cases, as shown in Fig. 2.12.

Figure 2.12 represents formulated data visualization with an available mathe-
matical array. A comparative plot can be seen as in Fig. 2.12, where the burning
value of instantaneous fuel is compared with the total effectiveness of the system. A
furnace equipped with a conventional lining of fire bricks consumes more fuel, with
the strategic kaizen implementation to change material of furnace wall with pyro
block lining results conversion of energy within system and consume less amount of
burning fuel.

2.6 Conclusion

Furnaces are one of the essential tools in the steel, forging, and metallurgy indus-
tries. As evolution occurs and the world moves towards net-zero emission, it is
essential to maximize energy utilization. Replacing existing refractories, using clean
fuel, and ensuring complete burning are the primary stages. The study performed
illustrates that ceramics play a prominent role and often are efficient solutions for
energy storage-related problems. We can conclude that ceramic fibres (pyro block)
can be used as efficient furnace linings to fulfil both cost-saving and energy saving
aspects during this performed experiment. As a result of low-thermal conductivity,
the amount of heat that was dissipated through the furnace walls was drastically
reduced. This helped keep the internal combustion chamber heated for a longer time
and equal temperature distributions.

As discussed, the thermal conductivity of conventional refractories is 1.2 W/MK,
and that of ceramic is as low as 0.34. This lower thermal conductivity has reduced
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Fig. 2.11 Coefficient of regression obtained from ANN

the conduction through walls. This results in maximum heat acquisition and reduced
burner operating time. The development of smart burner technology makes it possible
to control heating and concentration on areas with low temperatures. This has drasti-
cally reduced the fuel consumption required per batch. Alongside all these industrial
benefits, these low-thermal conductivity ceramic fibres contribute significantly to
the environment. These new furnace linings have reduced fuel consumption gives
clean burning without leaving any residues. It has also reduced CO, emissions.
Furnaces are also equipped with oxygen sensor which prohibits fresh/non-polluted
air to escape through chimneys. This air is reheated using recuperators and reused for
better combustion. A multi-objective analysis is conducted based on neurons study
for practically validated data of the furnace. It can be seen that the plot of the neurons
is near to the value of 1 for the 3 cases, which predict the quality of results.
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3.1 Thermal Energy Storage Methods

3.1.1 Introduction

Thermal energy storage (TES) is an extensive technology adopted for energy conser-
vation and reutilization due to its excellent practical importance. This technology
is most suitable for especially for heating cooling applications. This can be used
for wide range of applications, such as ice storage, heat storage, building, and
agriproduct preservation applications. The TES technology showing a great impact
on modern technology due to its wide range of adaptability. In this field, a signif-
icantly strengthening actions are required in domestic and commercial sectors to
utilize the stored thermal energy up to its maximum potential. TES can considerably
reduce or completely minimize the gap between the supply and energy demand. TES
can also reduce non-renewable energy dependence from the society by fulfilling their
energy requirements, alongside it is environment friendly. TES is a prominent part of
thermal systems and desirable thermal systems should possess minimum energy loss
with time so that stored thermal energy can be retained for longer-term use (Sharma
et al. 2009). There are different modes of thermal energy storage which are shown
in Fig. 3.1 with some examples and applications.

For each storage, mode offers different possibilities depending on the available
temperature range and required application. TES through sensible heat storage mode
is generally preferred for short-term storage because as the storage material has some
surface temperature and tends to lose heat to the surrounding. One of the examples
of liquid medium sensible heat storage is domestic solar water heater and example
of solid medium sensible heat storage is spreading of pebbles in swimming pools,
which will absorb heat during day time and slowly releases the heat when water
temperature starts decreasing. Sensible heat storage capacity is relatively lower than
the latent heat storage mode.
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Fig. 3.1 Different modes of thermal energy storage with some examples (Chavan et al. 2018a)
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Latent heat storage mode is preferably used due to its large storage capacity even
at lower temperature ranges. As in latent heat, storage takes place through phase
change process and storage material surface temperature is almost constant the heat
loss is assumed to be very low. Most common example of latent heat storage is the
conversion of water to ice.

Chemical heat storage mode is not widely used due to its limited energy storage
capacity (limited heat absorption and heat rejection). It is preferred only for some
specific applications, when the heat is to be removed from surrounding space an
endothermic chemical reaction is triggered at specific temperature so the endothermic
chemical reaction absorbs the heat and reduces the surrounding temperature. Simi-
larly, when the heat supply is required exothermic reaction is triggered at specific
temperature to release the heat from the chemical reaction (Muthukumar 2005).

3.1.2 Available Thermal Energy and Its Utilization

Most of the industries involve thermal processes within it, and small part of this
thermal energy is either reused for secondary applications or it is simply left to the
sink. Several industries with heat treatment processes of different stages can utilize
it up to certain level but still, it is not been utilized up to maximum extent. For
example, a textile industry uses hot water to separate the threads and process it for
interweaving these individual threads, at later stage, these interweaved threads are
sent to the dyeing where color pigment is slightly heated. In this complete process,
the priorly heated water can be used for secondary heating application in the dyeing
section. Another industry makes use of heat to convert it into gases, liquids, solids,
evaporation of vapors, and generate heat from chemical reactions. Among others,
scientists, engineers, technologists, researchers, and others must understand the heat
transfer phenomenon and its practical application.

Solar energy is the largest source of thermal energy available the daytime available
solar thermal energy can be stored and same can be utilized for night use. For example,
a vapor absorption refrigerator (VAR) can be operated after sunset with stored solar
thermal energy. Solar thermal energy storage can reduce the non-renewable energy
dependency, especially in the rural places where availability of electricity is uncertain.
A large-scale solar thermal energy storage-based VAR can be built for a particular
public area so that they can store their agriproducts commonly without depending on
the electricity with low cost. Figure 3.2 shows thermal energy utilization for different
applications.
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Fig. 3.2 Thermal energy utilization for various applications

3.1.3 Thermal Energy Storage

TES technology is recently most trending domain with its significant impact on
modern technology. TES is more essential, especially during the energy intermit-
tency like solar thermal energy. In winter, when solar energy is much less accessible
and therefore less useful, the TES application is more important. It is important for
society to create energy sources that are more environmentally friendly, as well as
more efficient, which can then be used for heating and cooling buildings, providing
power for aerospace, and for utility services as well. Most people favor TES tech-
nology for its superior characteristics such as lower energy costs, reduced energy
consumption, enhanced indoor air quality, reduced initial and maintenance costs,
and enhanced flexibility. Along with these TES exhibits some more advantages like
condensed equipment size, supplementary efficient and active utilization of equip-
ment, preservation of fossil fuels, and reduction of pollutant emissions (Mohamed
etal. 2017). TES frameworks have a gigantic potential to build the viability of energy-
conversion equipment use and for encouraging enormous scope in fuel replacements
on the world’s economy. TES is unpredictable and can’t be assessed as expected
without a nitty gritty comprehension of energy supplies and end-use contemplations.
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Fig. 3.3 Thermal energy storage tank connected with heat source and sink

By and large, a planned arrangement of activities is required in a few areas of the
energy framework for the greatest potential benefits of TES to be figured it out. TES
execution models can help in deciding if forthcoming progressed frameworks have
execution qualities that make them valuable and alluring and, subsequently, worth
seeking after through the high-level turn of events and showing stages.

The benefits of potential TES frameworks should be estimated, in any case, as far
as the conditions that are relied upon to exist after innovative work is finished. Care
ought to be taken not to apply too restricted a scope of estimates to those conditions.
Care additionally ought to be taken to assess specific capacity framework ideas in
wording that represents their maximum capacity sway. The adaptability of some TES
innovations in various application zones ought to be represented in such appraisals
(Kant et al. 2017). Figure 3.3 shows thermal energy storage tank connected with heat
source and sink. TES utilization can be understood by observing figure as shown
below.

A generous and reliable supply of energy is essential for the present industrial
revolution. In general, this is done through heat liberation for the conversion of raw
energy into energy that can be regulated. An illustration is heat energy is obtained
through wood and coal combustion and then transferred to water to produce steam
so it can be used in industrial processes. It is becoming increasingly popular to use
electrical energy but to this electricity is derived from burning fossil fuels. When the
mismatch between the demand and supply is wider an alternative energy-conversion
system should be adopted so that this can convert available energy into the desired
form of energy.

In addition to industrial and utility applications, TES has some interesting possi-
bilities. Storage space may be necessary in structures that consume a lot of energy,
such as residential and commercial buildings, in order to reduce the peak demand for
air conditioning imposed by past electric systems. It would be possible to use TES
for replacing these peak loads and similar way many applications can be buffered
(Sivasamy et al. 2018). Increasing fuel costs, increasing difficulties in raising capital
for expansions of natural gas and nuclear power plants, as well as the emergence
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of the latest TES technologies, have led to a recent resurgence of interest in these
TES methods. Depending on the production cost as well as market demand, energy
is a product your power provider values. Energy is valued based on its role in the
creation of goods and services, as well as for the convenience and comfort of its
consumers. There is no doubt that there will be discussions on the merits of alterna-
tive power in the foreseeable future, but for now, energy decisions will be made based
on pricing data for various alternative means. The choice between using TES methods
or not will appear to be based on prospective cost reductions in either production or
consumption unless legislative or regulatory requirements are in place. The prospect
of economic viability is among the major considerations that need to be considered
for TES systems to become commercially viable (Chavan et al. 2020a).

3.1.3.1 Techniques of Thermal Energy Storage

A high rate of heat transfer makes active heat storage more effective since it is a
forced convection heat storage system. Heat transfer into the storage material from
a forced convection system identifies an active storage system. During continuous
circulation, the medium we store is heated. It is important to note that active energy
storage refers to the storage of energy during the day and its use on cloudy days,
but passive energy storage uses more light throughout the building to charge and
discharge a solid medium. There are two types of active thermal storage: a single
tank and a double tank. Heat transfer fluid (HTF) is used for charging and discharging
passive storage systems. There is no circulation in the storage medium. Systems with
passive storage (also known as regenerators) typically use two mediums. Concrete
and castable materials are the main components of passive storage systems.

3.1.4 Energy Demand

Every day, weekly, and at ground level, energy consumption varies in commer-
cial, public, and domestic sectors. Different energy-conversion systems should work
together to meet these needs. Peak hour energy generation would be the most costly
and hard to supply. Gas turbines and diesel generators are often used to meet peak
energy demands, but they are dependent on high-priced and abundant fossil fuels.
TES offers an energy solution, one, which is certainly an alternative to peak energy
demands. Systems for managing temperature and humidity can improve operation
of cogeneration, solar, wind, and hydropower facilities, too. TES can be applied to
the following projects:

e Utility: TES systems can be charged during the daytime and can be reutilized in
night or off-peak on a regular basis. This will reduce dependence on old-fashioned
gas and oil peaking generators during peak periods as the stored energy will be
used during these times.
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e Industry: Industrial processes can generate high-temperature waste heat that can
be utilized to pre-heat as well as to reheat the required components.

e (Cogeneration: With a cogeneration system, heat and electricity are closely
grouped, and since neither is always needed exactly, extra electricity or heat is
stored.

e Solar energy systems: Through TES, rising capacities can be achieved with solar
technology methods since TES can store excess energy on sunny days and use it
on cloudy or dark days.

3.1.5 Energy Storage Future aspects

Several automotive applications require lighter than current battery packs, which
researchers are devoted to making lighter and smaller. For controlling the vehicle
temperature TES can be employed over the roof or coating the phase change materials
(PCM) all over the vehicle body can minimize battery dependency. Actual heat is
used to store energy sources in these working methods. The latent heat of melting
salts and paraffins could also be used as a source of thermal energy. Latent storages
decrease the amount for the storage space unit by a greater extent but after a few
decades of analysis nearly all their problems that are practical still have not been
fixed (Singh and Ramadesigan 2017).

The study of TES technology has many encouraging aspects. It is evident that a
sustained effort to develop TES is within reach considering the cost gap and, conse-
quently, the potential benefits of TES. There is a possibility that advanced-level TES
systems will not be required for several decades with solar energy applications. Solar
power usage is likely to grow as more affordable TES options become available in
the near future. Some research this is certainly existing development areas into the
field of TES tend to be as follows: higher-level TES and transformation systems with
phase transformation, chemical, and electrochemical responses; There are several
concepts in a TES to generate and to absorb the thermal energy such as thermochem-
ical reactions. Thermochemical reactions are those where two or more chemicals start
reacting with heat liberation (Exothermic reaction) or heat absorption (Endothermic
reaction).

3.1.6 Energy Storage Methods

The storage element is an essential component of most energy technologies. Among
the many examples of fuel that we can use as examples of energy storage, oil stands
out as a particularly good one. Fuel, gasoline oil, and petrochemicals are depend-
able and economically available because of massive quantities of petroleum saved
around the world. The Thermal energy storage systems hold transferred heat in a
thermodynamically useful form before it is used in other ways. The most common



46 S. Chavan

application is the example of storage of domestic and industrial hot water. This may
make heating water or steam more convenient, but it is probably not often considered
for periods longer than a day. New innovations in storage can sometimes be made
possible by advancements in storage and are often an integral part of other new tech-
nologies. The most notable benefit of improved storage is solar power. A number
this is certainly large of techniques tend to be under development.

A substance’s energy can be maintained by increasing or decreasing its tempera-
ture by changing its phase (latent energy), or by combining the short-term storage and
long-term storage methods. Power technologies tend to create new TES applications
of both types. For later use, large- or low-temperature materials may be temporarily
stored for later use. Solar power can be stored for nighttime home heat, summertime
temperatures for winter use, winter ice for summer cooling, and electrical heat or
cool from off-peak hours can be stored for use during peak times in the evening. Like
fossil fuels, solar energy is not always available. The cooling loads are also often
present after sunset when solar radiation is less where thermal energy supply and
demand mismatch can be remedied by TES. TES can take into account the quality
of the energy being used as a function of the temperature of the goods that enter,
leave, and are stored. A greater range of jobs may be completed using a greater
heat method following discharge of the stored thermal energy. Daily, irregular, and
seasonal energy demands for manufacturing, commercial, and residential purposes
vary widely. Different TES systems must operate synergistically in such diverse
sectors, matching carefully to each application that is specifically selected for TES
based on their application areas (Chavan et al. 2020b).

In order to understand the optimum potential benefits of thermal energy and other
forms of TES, there needs to be a coordinated group of people in many sectors of
the energy system.

There are three main types of thermal storage:

1. Sensible thermal energy storage (STES)
2. Latent heat thermal energy storage (LTES)
3. Thermochemical energy storage (TCS).

The most precisely established and familiar mode of storage is sensible thermal
storage, followed by latent heat thermal storage which is still under development and
demonstration stage and then thermochemical energy storage. Table 3.1 shows the
different modes of thermal storage with capacity and efficiency data.

The energy needs of industries, commercial establishments, and the utility sector
can differ daily, weekly, or seasonally. TES methods that function synergistically
can help match these demands. Applications of TES include air conditioning, room
heating, and cooling. With commercial fields becoming increasingly effected by
electricity in the last four or five decades, TES practice has evolved into a variety
of practices. Such TES systems have actually an enormous potential to help make
the using thermal power equipment far better as well as assisting large-scale power
substitutions from a perspective that is financial. Generally speaking, a group this is
certainly coordinated of in a number of sectors regarding the energy system will
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Table 3.1 Different modes of thermal storage with capacity and efficiency data

Type of storage Development filed Storage capacity | Efficiency (%)
(kWh/ton)

Sensible heat Commercial 10-50 50-90

storage

Latent heat storage | R&D/Demonstration/Commercial | 50-150 75-90

Thermochemical | R&D only 120-250 75-100

storage

http://energystoragehub.org/technologies/thermal/thermal-storage/

become necessary if the prospective benefits of thermal storage is to be totally
realized.

This crucial energy preservation is certainly enabled by numerous types of energy
storage. It is possible to save premium fuel costs with energy storage in many indus-
trial processes that produce waste energy that can be recovered. There are different
ways in which energy can be stored, but the most feasible means is to transfer it and
create it as heat energy, the basis for thermal energy storage systems. This refers to the
process of storing energy when it is cooled, heated, melted, solidified, or vaporized;
the vital component is the heat released when the method is reversed. Its effectiveness
depends on the specific heat capacity (the heat that can be stored in a material when
it rises or falls in temperature). A form of TES called latent heat storage occurs when
a solid or liquid transitions to a fluid or vapor without noticing any noticeably higher
temperature. The main material used in sensible storage techniques is rock, surface,
or liquid as the storage medium, and in addition, the heat generated by the storage
material is used as a means to store energy. PCMs are used as latent heat storage
systems, which allow energy to be stored or released. Generally, PCMs are pack-
aged in tubes, shallow panels, synthetic bags, etc. or are enclosed in wall paneling,
ceilings, or other components of conventional buildings (Prasad et al. 2019).

In addition to solar photovoltaic applications, TES also closely works with solar
heating systems. There are a number of battery packs on the market today, chilled
water storage, hot water storage, and ice storage that fulfill a number of the func-
tions associated with it. Energy storage space applications typically receive direct
bonuses from utilities, while high time-of-day prices and needs indirectly encourage
consumers to consider these options. Short-term thermal energy storage is gener-
ally required for TES since it requires storing large- or low-temperature energy. For
instance, TES can store solar power during the day and use it at night, heat during
the summer for cold temperatures during the winter, ice during the summer for room
cooling, heat created electrically during low-peak hours, and used at peak times
(Fredi et al. 2020).

It is impossible to obtain solar energy on a regular basis, unlike fossil fuels. Solar
power radiation reaches its peak after sunset, which often coincides with soothing
loads. Therefore, solar energy produces heat that seldom escapes into the atmosphere
for as long as it takes to heat the item. Because of this, solar energy rarely releases heat
directly into the surrounding environment for an extended period of time. Due to this,
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warm air is rarely released into the surrounding environment until a long time after
solar energy has been used. TES will compensate for this mismatch between need
and availability. Commercial prosperity and technological competition rely heavily
on energy. In order to meet the future’s power requirements, it would be helpful to
possess a varied range of technologies that can be readily accessed. This is a result of
forecasts which are improving and are often imprecise. In addition, the technologies
developed should be ones that are environmentally responsible, efficient, and high
in quality (Sarbu and Sebarchievici 2018).

As TES is used to reduce complete energy consumption, it conserves petroleum
and reduces oil import prices. It is being marketed as an efficient way to reduce
the energy needs of the world. After proven performance solves the technical and
economic challenges, TES is predicted to become a mainstream option that affects
both the manufacturing and commercial sectors potentially resulting in enhanced
power efficiency and environmental benefits, among other benefits. We identify
TES as a potential method of reducing future peak-power shortages by substantially
lowering peak-power demands. A significantly significant portion of our rapidly
increasing needs for heating and cooling, particularly for production facilities and
commercial entities, can be met by the use of waste heat and climatic power. There are
numerous ecological advantages to waste-energy sources as well. There are numerous
ecological advantages to waste-energy sources as well. Waste-energy sources have
a number of ecological advantages as well. TES technologies have been incorpo-
rated into several different kinds and applications. TES are often used in refriger-
ation and/or for space heating and cooling applications and can be either sensible
(oils, molten salts) or latent (ice, phase change materials). Many laboratories are
conducting research on TES for its commercial, domestic, and industrial applications
around the world (Zhang et al. 2016).

3.2 Thermal Energy Storage Materials

3.2.1 Introduction

In recent year’s significant attempts have been put forward for efficient harnessing
of different types of energies. Constant escalation in the level of greenhouse gas
emissions and hike in fuel costs is the driving force for looking toward thermal
energy storage (Kenisarin and Mahkamov 2007). To recover the waste heat energy
available new methods and technology have to be developed (Ahmed et al. 2017).
Figure 3.4 shows classification of phase change materials.

Reutilization of low-grade available energy from lower temperature range isn’t
positive due to several technical constraints of grabbing exergy and energy from
low-grade heat. Large amount of heat energy is available between 35 and 55 °C from
numerous process industries. Various types of thermal energy are stored by changing
the energy they contain such as sensible heat, latent heat, and thermochemical storage.
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A thermal storage device’s primary component is its material. Materials decide the
amount of energy to be stored at given temperature range (Bhatt et al. 2010). These
thermal energy storage materials (TESM) are of different characteristics and ther-
mophysical properties which may be suitable for specific kinds of applications. The
TESM is divided into various categories based on the mode of heat storage like
sensible heat storage materials, latent heat storage materials, and thermochemical
storage materials.

These TESMs are further divided into sub-categories based on the medium and
mode of heat transfer, like sensible heat can be stored using solid and liquid materials,
whereas latent heat-storing materials are phase-changing materials also known as
phase change materials. These materials may change their phase after absorbing
or rejecting certain amount of heat energy. Also, TESM of low temperature can
be divided into different categories depending on the melting point, which makes
them suitable for a number of applications such as domestic liquid home heating,
direct home heating or heat pump assisted room heating, greenhouse heating, solar
cooling, among others. Medium temperature thermal storage (100-180 °C) used
for several manufacturing processes, e.g., meals, reports, substance companies, etc.
High-temperature storage materials (working temperature range above 900 °C) used
for power-plant and metallurgical applications (Akeiber et al. 2016).

Eutectic PCM

Fig. 3.4 Classification of phase change materials
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The PCMs come to be significant because of its excessive power storage ability, it
lowers the fluctuation of temperature through the day period and stabilizes conditions
within the range that is required. The limitations of TESM can be eliminated blending
with any suitable additive (such as nanoparticles), materials to form composite
thermal energy storage materials (CTESM), which allows the material to increase
the storage capacity by enhancing their thermophysical properties.

3.2.2 Types of Thermal Energy Storage Materials (TESM)

Depending on the mode of thermal energy storage TESMs are divided into different
categories different materials are chosen such as.

1. Sensible heat-storing materials
2. Thermochemical heat-storing materials
3. Latent heat storage materials.

Sensible Heat-Storing Materials These materials don’t undergo phase change
process only its surface temperature will change with energy absorption. These are
probably solids or liquid materials and gaseous materials are not feasible due to
their lower storage capacity. Solid materials used for sensible heat storage including
metals, metal alloys, concrete, rocks, sand and bricks. These materials are specially
used for both high and low-temperature energy storage because they will not boil
or freeze. Rocks piles and pebbles are majorly used due to their lower cost and
abundantly availability. Rocks are usually made of slackly packed materials and act
as porous media which is very efficient for heat transfer. Heating process involves
circulation of hot air through the gaps between the rocks, and while cooling process,
cold air is circulated. Heat transfer process is more efficient due to availability of
larger surface area through which the air interacts with rocks, Concrete and rocks
approximately store 36 kJ/kg of energy, at a temperature difference of 50 °C. Liquid
sensible heat storage materials also used the best example is domestic solar water
heater. Likewise, numerous oils or fluids are used in various industries for storing
and reutilizing the waste heat energy available from various processes (Wang et al.
2020).

3.2.3 Thermochemical Heat Storage

Thermochemical heat energy is stored in the form of chemical bonds due to their
chemical structure. As per the required applications, whether heating or cooling
is required, we can initiate the exothermal or endothermal chemical reaction using
some specific chemicals, to break the bonds in their chemical structure which releases
large amount of heat energy. Various oxides compounds are used in solar chemical
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Table 3.2 Thermal energy S. No. | Materials Temperature range (°C)
storage materials and their
working temperature range 1 Hydroxides 500
(Prasad et al. 2019) 2 Iron carbonates 180
3 Metal hydrates 200-300
4 Metal oxides (Ze and Fe) | 2000-2500
5 Methane/water 500-1000
6 Methanolation NA
7 Demethanolation 200-250

reactors, including Fe; O4/FeO, MgO/Mg. ZnO/Zn, etc. However, potentiality of ther-
mochemical energy storage is extensively encouraged the researchers to put forward
their exertions, but this method is not succeeded due to its inherent limitations, such
as chemical stability, durability, long-term reaction reversibility, etc. Table 3.2 shows
list of thermochemical energy storage materials with temperature range and change
of enthalpy.

3.2.4 Latent Heat Storage Materials/Phase Change Materials
(PCMs)

Latent heat storage is the most efficient method of storing heat even at lower tempera-
ture ranges. Latent heat storage involves absorption and rejection of heat during phase
conversion process, the phase conversion may be solid—solid, solid-liquid, or liquid—
gas. Solid—gas phase change materials are impractical for the storage mechanism.
Solid—solid phase change involves only internal lattice changes and less efficient to
store. Solid-liquid phase change materials are mostly preferable one due to their
larger storage capacity. Liquid—gas phase change materials are not preferred due to
their larger volume requirements and lower storage capacity (Chavan et al. 2018b).

3.2.5 Classification of Phase Change Materials

In phase change materials, a substance melts and solidifies at certain temperatures.
The phase change temperature identifies the temperature at which the change occurs.
The selection of suitable PCM for particular range of temperature is important,
for different temperature ranges and modes of applications an appropriate material
should be selected for achieving superior results.

PCMs are used for both short-term (daily) and long-term (seasonal) energy
storage, using different methods and materials. Some of the applications are as
follows:
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1. Enhancement of thermal energy storage capacity by implementing in gypsum
board, plaster, concrete, etc. of the building structure, which can be utilized in
peak-load shifting at working temperature range of 22-25 °C.

2. Cold storage applications in cooling plants, especially where the operating

temperature range is 7—-15 °C.

Heat storage in heating systems with working at temperature range of 40-50 °C.

4. Heat storage in solar-based heating and cooling systems working at temperature
range of 80-90 °C (Gao et al. 2015).

et

PCMs are widely classified depending on their thermophysical transformation
during heat absorption and rejection capabilities. There are several types of paraf-
fins, most of which have straight hydrocarbon chains as well as small amounts of
branching near the end. These are alkanes (C,Hy,+2). The inorganic PCMs are not
much preferred due to the effect of supercooling, corrosivity as well as other harmful
properties. However, use of paraffin can be complicated because of their leakage
and that is undesirable in molten conditions. To reach better storability with safety,
2 or 3 materials are blended to form binary or eutectics which can be ternary also
with tailored storage properties. As an example, sodium hydrate (eutectic blend) has
more storage density and higher thermal conductivity than paraffin, and it melts and
solidifies without accumulation or segregation of component materials.

3.2.6 Characteristics of Phase Change Materials

The PCMs selected for particular applications should possess the abilities as follows.

Sustain the operating temperature with correct period transition

Possess high latent heat capacity that reduces the size of the storage space
High thermal conductivity to make system charge quicker

Possess high density that provides better stability in melting and solidification
processes

The volume requirement should be less and it should not undergo supercooling
6. PCMs should be chemically stable.

bl

d

3.2.7 Thermal Energy Storage Materials and their Properties

Since TES materials have different inherent properties, they each have different
advantages and disadvantages. Some properties with their desirableness are listed in
Table 3.3.



3 Thermal Energy Storage Methods and Materials

53

Table 3.3 Classification of TESM with their desirable and undesirable properties

Material Type Desirable properties Undesirable properties
Organic materials Paraffins Non-corrosive Lower thermal
conductivity
Chemically steady up to Not suitable with plastic
500 °C container
Less expensive Moderately flammable
Reliable
Safe and predictable
Non paraffins | High heat of fusion Inflammability
No supercooling Low thermal conductivity
Fatty acids are preferred for | Low flashpoints
low—.tem.perature heat storage Variability at higher
applications temperatures
Inorganic materials | Salt Hydrate | Specific heat capacity is high | Contaminated
Higher thermal conductivity | Needs supercooling
Phase change volume is
small
Anti-corrosive
Companionable with plastics
Metallic Higher thermal conductivity | Specific heat capacity is
less
Lower specific heat capacity | Vapor pressure is low

3.2.8 Composite Thermal Energy Storage Materials

The provision of thermal energy storage using composite thermal energy storage
materials is among the best methods of enhancing the thermophysical properties of
PCMs. These materials are able to deliver excellent and appealing results with various
compositions of different base materials and additives. A wide range of thermal
storage applications benefits from materials with high storage capacity. Researchers
continuously finding new ways to enhance the storage capacity increase the efficiency
of the TES systems. One of the ways is to prepare tailored materials for specific
applications with desired characteristics, by enhancing the desired characteristics and
reducing undesired properties. For example, advancement of specific properties such
as low thermal conductivity, supercooling and incongruent melting, will significantly
influence the TES system performance.
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3.2.9 Effect of Nano-additives on Thermal-Physical
Properties Enhancement

Composite materials are the next hope for the future energy storage technology.
Achieve better thermal storage performance with any single material is a very difficult
and hence any suitable materials can be blended with different combinations of
materials. Some of the composite materials with different additive materials are listed
below to understand how these different additives affect the base material properties.
Table 3.4 shows effect of nano-additives on thermophysical properties of TESMs
with different combinations.

3.2.9.1 Conclusions and Future Trends

Sensible heat storage is appropriate to domestic water heating systems, district
heating, and industrial requirements. A well-known commercial heat storage medium
is considered to be water, due to its thermophysical properties and availability, with
large number of domestic and industrial applications. In large-scale applications,
underground storage of sensible heat is preferable, which utilizes both liquids and
solids; however, the long-term storage of sensible heat imposes limitations on the
method and is limited. Moreover, sensible heat storage systems necessitate proper
design and fabrication. Phase change materials overcome the limitations of sensible
heat storage and offer a higher storage capacity with the latent heat storage mode.

Phase change materials also allow to focus on a particular discharge temper-
ature which is generally phase change temperature of the specific material. The
most important properties of phase change materials are melting temperature, latent
heat of fusion, and thermophysical properties which greatly influence the storage
capacity. Most of the literature is attentive on repetitive and marketed materials such
as paraffin. It is suggested to focused on composite materials with a wide working
temperature range such as paraffins as base materials and carbon-based nanomaterials
are most suitable combination for various applications. Since composite materials
also suffer with some limitations like lower thermal reliability, phase-segregation,
and subcooling issues which need to be studied intensely.

In future greenhouses, thermal energy storage systems can be combined with
heating/cooling or humidification/dehumidification processes and also can be
attached to poly-generation systems. Further research can be conducted on finding
the possible candidate materials for different modes of storage that can be extensively
implemented in a more cost-effective method.
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Table 3.4 TESM'’s with different combinations of nano-additives
Refs. TESMs combination Constraints analyzed | Result
Base materials | Blends
Tang et al. Lithium and MgO and CNTs* | Thermal K=43
(2016) Sodium conductivity (K) and | (W/m K), TSD
carbonates thermal storage =530 kJ/kg
(43%) and density (TSD)
(57%),
respectively
Bailey (2010) Na;CO3/MgO | MWCNTs* TES, and constancy | Enhanced*
André et al. Polyurethane Graphene* Thermal and Enhanced*
(2016) chemical stability
Zhou et al. GA (30%) and | Graphite and Heat of fusion Enhanced up to
(2014) MA (70%) silver iodide (0.5 34%
wt%)
Yeetal (2014) |PEG Acrylic polymers* | K and TSD Enhanced*
Pielichowska PEG Cellulose and K, and enthalpy K enhanced by
et al. (2016) GNPs (5.3 wt%) 463%
Paul et al. (2015) | MA PA and SL* Thermal stability Enhanced*
Torkkeli (2003) | Sodium and Alumina Specific heat Improved up to
potassium nanoparticle 30.6%
nitrate (60:40) | (0.78%)
Yang et al. Paraffin wax CNTs K K enhanced
(2016a) (S-MWCNTSs), 164%
L-MWCNTs,
CNFs, and GNPs
(5wt%.)
Fan et al. (2013) | PDMS PDMS-G-NF * | Enthalpy 65.72%
Enhanced
Wang et al. SA EG* K K enhanced by
(2016) four folds
Sahan and PA-SA GnPs and EG* K K enhanced 2.7
Paksoy (2017) folds
Zheng (1995) OA GA* K K enhanced 14
folds
Audichon etal. | n-Tricosane GNFs* Phase change Solidification
(2017) time reduced
by 61%
Yuan et al. Paraffin wax NG* K K enhanced
(2016) 70%
Sanusi et al. Epoxy Graphene oxide Thermo-mechanical | Enhanced*
(2011) and graphene* properties
Arthur and Aluminate Nano-MgO (NM) | K K enhanced
Karim (2016) cement paste and 40.8%

Polycarboxylate*

(continued)
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Table 3.4 (continued)
Refs. TESMs combination Constraints analyzed | Result
Base materials | Blends
Yuan et al. Paraffin Cu nanoparticles | Phase change Melting time
(2014) (1 wt%) characteristics abridged by
13.1%
Liu et al. (2017a) | Clathrate Water* Thermal Enhanced*
hydrates characteristic
Ferrao (2017) Paraffin Water* Heat transfer Heat release
mechanism rate (HRR)
enhanced 25%
Wang et al. Water Octadecane* TSD Cp condensed
(2017)
Liu et al. (2017b) | Water Copper Phase change Shorten the
nanoparticles* characteristics melting time*
Pina et al. (2017) | Fatty acid EG*
Xu et al. (2016) | Paraffin Alumina
nanoparticles
(3-8%)
Wu et al. (2012) |Ba Cu nanoparticles* | Heat transfer rate Enhanced*
(OH),-8H,0
Delgado et al. NaNO;3 Porous copper Heat transfer K and HRR
(2012) matrix* characteristics improved*
Rao et al. (2012) | Water CuO nano Phase change Melting period
particles* characteristics reduced*
Khodadadi and | CaCl,-6H,O | Cu, Al,O3 and Energy capacity Energy
Hosseinizadeh CuO consumption
(2007) nanoparticles* condensed 43%
Luetal. (2014) |NaNO3/KNOs3 | Metallic foam and | K Enhanced*
sponge*
Lvetal. 2016a) | Erythritol EG * Thermal properties | Melting time
condensed
16.7%
Parsazadeh and | Water Copper K and HRR
Duan (2017) nanoparticles™* Improved*
Yang et al. Paraffin wax xGnP-1 and
(2018) xGnP-15%
Alkan (2006) Docosane And | Sulfuric Acid*

Hexacosane

(continued)



3 Thermal Energy Storage Methods and Materials

Table 3.4 (continued)

57

Refs. TESMs combination Constraints analyzed | Result
Base materials | Blends
Jegadheeswaran | Hydrated salt | Micro-copper
et al. (2012) particles*
Karaipekli et al. | Eicosane (C20) | CNTs (1 wt%) K K enhanced
(2017) 113.3%
Wang et al. OPI10E Graphite K K improved*
(2014) (30%)/water nanoparticles
(70%) (5 wt%)
Lietal. (2017) | Paraffin (RT 42) | EG Powder K and TSD K enhanced 7.5
(20 wt%) folds
Lee et al. (2016) | Epoxy Graphene* Thermal Enhanced*
Yang et al. Paraffin Copper foam* characteristics Abridges
(2016b) melting time*
Lv et al. (2016b) | Paraffin Kaolin* K TSD and HRR
enhanced*
Lvetal. (2016¢) | Polyethylene EG* Thermal Enhanced TSD
glycol characteristics 46.52%,
Luo et al. (2015) | Paraffin Condense
melting time*
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Chapter 4 )
Heat Flow Management in Portable ekl
Electronic Devices

Sagar Mane Deshmukh and Virendra Bhojwani

4.1 Introduction

The recent developments in the technologies help to reduce the size of the electronic
devices. The electronic devices are very compact, which are prepared from assembly
of more number of small components (dense arrangement). The devices mentioned
come into the category of the portable electronics devices/components. The applica-
tions of which are mentioned as follows: (a) cassette players, (b) audio devices, (c)
radios, (d) telephones, (e) mobile phones, (f) laptop computers, (g) pagers, (h) wrist
watches with remind capabilities, (i) small toys, (j) switches and (k) resonators, etc.
The power back up to the systems is generally provided by the batteries (Yeatman
2007) and or fuel cells (Ali et al. 2014). The power supplied to the different locations
must be conditioned. The small components consuming the power in the electronic
devices generate heat. Because of the space constraint dissipation of the heat from
the devices becomes very difficult and hence heat flow management is key concern
in the small electronic devices.

The maximum allowable temperature on the electronic component would be
between 80 and 120 °C (Mjallal 2017). The hand-held devices should be main-
tained with temperature in the range of 42-45 °C. The conventional cooling tech-
niques cannot be used at small scale because of different issues related to transfer of
the heat, e.g. heat transferring media (air) has poor thermal conductivity, no space
available for the movement of the heat-carrying media, placement-related issues, etc.

In case if the heat is not removed from the system, it may lead to following
shortcomings (Mjallal 2017), (a) decreased life of the electronic components, (b) low
voltage problems, (c) power conversion issues, power leakage issues and degradation
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of the chip life, (d) poor overall efficiency of the device, etc. It is very essential to
maintain proper heat balance in the portable electronic devices.

In order to achieve a proper heat balance and/or to avoid the locally observed
hotspots, diffusion of the heat should be done at fast rate and in large amounts. Heat
flow management in the micro-electronic systems is based on cooling techniques
used to remove the heat. This chapter explains the different cooling techniques used
in the electronics cooling.

4.2 Recent Techniques Used to Get the Heat Flow
Management in Electronics Systems (Cooling
Technologies)

Following are the technologies used for heat flow management in the electronic
systems,

Heat Sinks

Cold plates for the electronics cooling
The natural air cooling

Forced air cooling

Use of the heat pipes

Use of the Peltier effect for cooling
Use of the synthetic jets for cooling
Electrostatic fluid acceleration cooling
Immersion cooling

Use of the phase change materials.

All the above cooling technologies used to cool the micro-electronics systems are
discussed in detail below.

4.2.1 Heat Sink Designs

Heat sink is a device often called as heat exchanger which is made up of metallic
surfaces like copper or aluminium, etc. The simple heat sink with rectangular fins is
shown in Fig. 4.1. It collects heat from the electronic device (location or platform
where heat is generated) and transfers it to the transferring media (generally fluids
like air, water, etc.). The main purpose of using the heat sinks in the electronic devices
is to increase the area of surface for heat sharing. Sometimes the surface on which
the heat sink is to be placed is not similar to the surface of the heat sink and heat
spreaders are used. Heat spreaders are the connections between the heat sinks and
the electronic device from which heat is to be removed.
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Heat sink

Heat spreader / plate

Electronic component to
be cooled

Heat flow from the
Electronics component to
Heat spreader and then to
Heat sink

Fig. 4.1 Heat Sink with rectangular fins

Three types of heat transfers are generally involved in the process (as shown in
Fig. 4.1) viz. (a) Conduction of the heat from electronic device to heat spreader and
(b) conduction of the heat from heat spreader to surface of the heat sink and (c)
convection and radiation from heat sink to cooling media.

4.2.1.1 Heat Conduction

The heat conduction is a phenomenon that occurs because of the energy sharing
between the molecules with higher energy levels and lower energy levels. The energy
transfer occurs from the higher energy level to lower energy level. Following equation
can be used to calculate the heat by conduction:

B KAdT
1= dx

where,

g Heat transfer from electronic chip to the heat sink through heat spreader in
‘Watt’.

K  Thermal conductivity of the heat spreader and heat sink (it varies from metal to
metal), “W/mK’.

A Surface area used for heat transfer, ‘m
dr
ax

2

)

The temperature gradient existing along ‘X’ direction, ‘K/m’.

The general equation for heat conduction in all the three directions can be written
as:
q=—-KAVT,
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where,

vT ;0 —i—'(S -|—k5
=1 — —_— _—
8x ](Sy 8z

where,
i, j and k are the unit vectors along x, y and s directions.

4.2.1.2 Convection

The convection of heat occurs generally between solid surfaces (e.g. heat sink surface)
to the fluids (e.g. air) which are in the motion. The equation used is as follows:

q = hA(Tsurface — Thuia)

where,

h Heat transfer coefficient for convection, W/m?k,
Turtace Temperature of the surface (e.g. Surface of heat sink), K
Thuia  Temperature of the fluid in motion (e.g. Temperature of air), K,

4.2.1.3 Radiation

The energy transferred through the electromagnetic waves is called as radiation heat
transfer.

4 4
q=0¢ A (Tsurface - Tﬂuid)

where,

o Stefan Boltzmann constant,
¢ Emissivity.

4.2.2 Cold Plates for Portable Electronic Cooling

The method allows use of the metal plate (cold plate) between electronic component
(source of the heat) and the working fluid which collects the heat from metal plate. The
method is used to cool the micro-electronic circuits require higher thermal conduc-
tivity and higher heat flux carrying capacity. The liquids have a higher capacity to
carry heat compared to the air. The method which facilitates to use liquids in cooling
of the electronic systems is use of cold plates. The simple sketch of the cold plates
used in the cooling applications is shown in Fig. 4.2. The cold plates are very simple
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in construction which includes cold plate surface/s (either on one side or both side),
which are mounted on the hot zones created by the system (e.g. Electronic compo-
nents generating heat) from which heat is to be removed. The heat collected by the
surface of the cold plate is supplied to the working fluid flowing through the passages
by convection mainly. Depending on the nature of the working fluid, the temperature
is increasing or it is converted into the vapour phase. Figure 4.2 shows following
locations, entry for the cold working fluid, front side and back side surfaces for
collecting heat from system and outlet for the hot working fluid. The collected heat
by working fluid can then be rejected at a required place. The working fluids used in
the cold plates are single-phase or two-phase substances. The single-phase working
fluids are oil-based fluids. The two-phase working fluids are mainly dielectric fluids
and different refrigerant series.

The different arrangements of the cold plates are shown in Figs. 4.3, 4.4, 4.5
and 4.6. Figure 4.4 shows the arrangement of batteries combined together without
addition of the cold plates in between them.

Figure 4.5 gives the clear picture of how cold plates are arranged between the
batteries. It also shows the holding supports required in the arrangement.

This arrangement includes the use of cold plates between the batteries and fans
placed on both the sides of the module. The performance of this system is better than
the first module because it includes the heat collection from the hot battery surfaces
by working fluid in the cold plate and the air circulation by the fan. The air used in

Cold working Pipes/tube Hot working
fluid In s carrying fluid out
fluid to and

from the
cold plates

Back side surface

Front side surface

Fig. 4.2 Simple cold plates used in the cooling applications
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Fig. 4.3 Silicon cold plates Silicon cold plates

sandwiched between the -
batteries (Li et al. 2019) saﬂdWlChEd between

batteries

Batteries

Fig. 4.4 Normal module
(without cold plates) (Li
et al. 2019)

Fig. 4.5 Cold plates of
silicon material are placed in
between batteries (Li et al.
2019)
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Fig. 4.6 Cold plates of
silicon material and air flow
circulation over it by fans (Li
et al. 2019)

the system has a low thermal conductivity and hence the heat dissipation rates can
be decreased.

Figure 4.7 shows the module in which the cold plates made from silicon are
connected to the copper tubes. The performance of the system is improved because
of the higher heat dissipation by copper tubes. Table 4.1 presents the data related to
different types of the cold plate designs and related data.

The working fluids used in the cold plates should have following properties:

(a) Higher thermal conductivity (required to carry maximum possible heat from the
hot zones)

(b) Higher specific heat (required to raise the temperature of the working fluid at the
fast rate and to ensure the collection of the heat is performed at faster possible
rates.

(c) Lower viscosity (This property is important for the faster fluid movement and
to allow the lowest possible size of the tubes used for cold plates)

(d) Freezing point should be as low as possible (to avoid its freezing on the inner
surface of the pipes)

(e) Higher flash point (to avoid explosions in the system)

(f) Low toxicity

(g) Low corrosion

Fig. 4.7 Cold plates of
silicon material connected to
the copper tubes (Li et al.
2019)
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(h) Higher thermal stability (to maintain the required properties in the fluid)
(i) Higher chemical stability

(G) Low cost

(k) Easily available.

The commonly used working fluids in the cold plates are as follows:

(a) Water

(b) Deionized water

(c) Inhibited Glycol and water solutions
(d) Dielectric fluid.

Some of the commonly used working fluids in cold plates along with their
properties have mentioned in Table 4.2.

Advantages

(a) Simple in construction

(b) This method does not require the additional power to cool the system

(c) The additional surface area needed to enhance the heat transfer is not required
(e.g. in case of heat sinks it is required)

(d) It can be directly connected to the electronic components

(e) Localized cooling of the electronic components is possible

(f) The heat transfer capacity is higher compared to the air cooling system

(g) Because of number of cold plate materials available in the market, weight of
the system can be reduced by proper selection of the material

(h) Less space is required for its installation

(i) Can be operated in any orientation by setting the required flow direction

() No moving parts and hence less maintenance is required

(k) No noise and vibrations are generated in the system.

Disadvantages

(a) Because of more number of connected parts, chances of failure increases

(b) It needs working fluid to carry away heat from the electronic system (water
cannot be used all the time)

(c) This system needs the micro channels for the flow of liquid which are to be
fabricated by precise techniques and hence cost increases

(d) Pressure drop in the micro channels is main trouble (maintaining required flow
rate is problematic).

Applications

(a) Cooling of the computer CPU
(b) Cooling of the micro-electronics (IGBT)
(c) Cooling of transistor
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Table 4.2 Common working fluids suitable to use in cold plates and their properties (Rowe 1995,
Thermal systems manual)

Working fluid in | Freezing Flash Viscosity in | Thermal Specific | Density,

cold plate pointin °C | pointin |kg/ms conductivity | heat, J/kg | kg/cu. m
°C In W/m K K

Aromatic (DEB) | < —80 57 0.001 0.14 1700 880

Silicate ester < =50 >175 0.009 0.132 1750 900

(Coolanol 25 R)

Aliphatic (PAO) | < —50 >175 0.009 0.137 2150 770

Silicon <—110 46 0.0014 0.11 1600 850

Fluorocarbon < —100 None 0.0011 0.06 1100 1800

EG/Water (50% | —37.8 None 0.0038 0.37 3285 1087

EG by volume

and 50% water

by volume)

PG/Water (50% | —35 None 0.0064 0.36 3400 1062

EG by volume

and 50% water

by volume)

Methanol/water | —40 29 0.002 04 3560 935

(40% methanol

by wt. and 60%

water by wt.)

Ethanol/water -32 27 0.003 0.38 3500 927

(44% by wt.

Ethanol and

56% by wt.

water)

Potassium =35 None 0.0022 0.53 3200 1250

format/water

(Potassium 40%

by wt. and Water

60% by wt.)

Ga-In-Sn —10 None 0.0022 39 365 6363

(d) Cooling of the battery
(e) Cooling of higher power lasers

(f) Cooling of fuel cells

(g) Cooling of medical equipments

(h) Cooling of motor drives.
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4.2.3 Convective Air Cooling

This is the old and simple method used to cool the electronic systems. In this method,
the naturally available air is used to cool the electronic systems. This method utilizes
the concept of density difference to carry away heat from the systems. The cold
air (with more density) is supplied to the system (to be cooled), it absorbs heat and
becomes hot (with less density). The buoyancy effect pushes the less dense air upward
and the fresh air can again be supplied at the bottom or the side of the system. This
process of supplying the air at the bottom and its removal at the top or side of the
system will be continued constantly to remove heat. Looking at the requirement of
the system vents are provided at the top or the side of the electronic systems (for
outgoing air) and at the bottom or side (for incoming fresh air). The heat flux carried
in this method depends on the amount air supplied and the space which is available
to carry the heat flux from the system. The distribution of temperatures on IC chips
was analyzed using the ANSYS FLUENT in mixed convection mode (Mathew et.
al. 2018).

The Newton’s law of cooling can be used to find out how much heat flux is carried
by air. The following is the equation to find out the heat flux (Incropera 2007 Edition)

Q = hA(Ts — Ta)®

where,

Q Heat carried away by the air, W

h  Heat transfer coefficient, W/m2K

A Cross-sectional area of the surface, m
Ts Temperature of the source of heat or electronic surface, K
Ta Temperature of the air, K

b scaling exponent

2

Advantages

(a) Easy air availability and
(b) No power required to run this cooling system.

Disadvantages

1. The heat-carrying capacity depends on the natural air movement
2. It cannot be used when large amount of heat is to be carried
3. It cannot be used in micro-electronic systems because of space constraints.

Applications

(a) Electronic board cooling (comparatively large size)
(b) Condenser cooling in absence of the forced air draught.



76 S. M. Deshmukh and V. Bhojwani

4.2.4 Forced Air Cooling

This method includes creation of the forced draught of the air through external agency
(e.g. Fans or blowers). This is very common method used to cool the electronic
systems. The air is used as media to remove the heat from the electronic components.

Advantages

(a) The heat flux carrying capacity is more compared to natural type air cooling

(b) The size of the system can be reduced for the same heat flux carrying capacity

(c) The air supply and removal vents location can be changed based on orientation
and space availability

(d) Easy air availability.

Disadvantages

(a) It needs power to drive the fans or blowers, etc.

(b) Cost increases because of the additional accessories

(c) The amount of heat carried is less compared to other recently developed cooling
techniques which use the liquid coolants.

Applications

(a) Computer CPU cooling

(b) Laptop battery cooling

(c) Cooling of an electronic chip
(d) Cooling of the LEDs

(e) Cooling of the Inverters.

4.2.5 Heat Pipes

Heat pipes have found to be the best method for portable electronic cooling devices.
The heat pipe technology is used because of its simple structure, high efficiency, cost-
effective and flexibility. The heat pipe uses the working fluids whose phase change
can be used to collect the heat from one location and to transfer it to the another
location. It is effectively used in the portable electronic devices for cooling purposes
because of its capacity to handle the heat is more than the generally used heat sinks
of higher thermal conductivity (e.g. Copper or Aluminium). The heat pipe facilitates
large amount of heat transfer with minimum temperature drop.
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4.2.5.1 Principle of Operation of the Heat Pipe

The operation of the heat pipes depends on collection of the heat at the evaporator’s
location (Working fluid collects the heat from the electronic device which is heated)
and discharging the heat at the condenser’s location (working fluid rejects the heat in
the cooling media or to the environment). The simple construction of the heat pipe
is shown in Fig. 4.8. In the construction of the heat pipe following components play
a significant role (a) Evaporator—The heat transfer takes place from the electronic
device (hot spot) to the heat pipe and then it’s given to the working fluid which helps
in the evaporation of the fluid (Heat collection process).

(b) The working fluid in the vapor form is transferred from the evaporator to the
condenser by pressure drop in the fluid.

(c) Condenser—The working fluid reaching in the vapour form is converted into
liquid form (Heat rejection process).

(d) Wick —The working fluid in the liquid form returns from condenser to the
evaporator through wick by the influence of the capillary action and pressure drop.

The main condition to get the movement of the working fluid in the heat pipes is

APcapillary > APliquid + APvapour + APgravity

where,

AP pitlary  The maximum capillary force inside the wick or structure
APjqia  Pressure drop required to transfer the fluid from condenser to evaporator
AP yapour  Pressure drop required to transfer the fluid from evaporator to condenser

Condenser section:
Heat rejection
Metal wick by working fluid

Evaporator section:
Heat addition

into working fluid Liquid flow

Vapour flow

Isothermal section separating
evaporator and condenser

Fig. 4.8 Principle of operation of the heat pipe
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APgayiy  Pressure drop because of the gravity force (it depends on the orientation
of the heat pipe)

Miquid L O

APjiguiqg = —— W€ =X
T pliquiaK Awhfg

where,

Miiquid  Viscosity of the working fluid in the liquid form

L Effective length used for the transfer of the fluid in heat pipe,
Q Fluid flow rate

Pliquia  Density of the working fluid

K Permeability of the wick structure

Aw  Wick cross-sectional area

hfg Latent heat of vaporization of the liquid.

The vapour pressure drop can be calculated from the following formulae

1 6MvapourLeffective 0

AP, vapour — 2
Vapour
2 4p Avapourpvapourhfg

where,

Mvapour  Viscosity of the vapour phase of the working fluid
Lefrecive  Effective length

Ayapour  Cross-sectional area of the vapour chamber
Pvapour  Density of the vapour

hrq Latent heat

Q Fluid flow rate

Dyapour  Distance of the vapour chamber

The maximum pressure drop in capillary is calculated as follows

2U]iquid

AP, capillary =
Teffective
where,

A Pegpitlary  Maximum pressure drop in the capillary
Oliquid Surface tension
Teffective Effective radius of the wick pores

The maximum allowable heat transfer is

PliquidTliquid/ £¢ AyK 2 Pliquid& Lettective SN ¥
Qmax - -

Mliquid L frective Teffective Oliquid




4 Heat Flow Management in Portable Electronic Devices 79

where,

¢ The angle between heat pipe axis and horizontal (This is considered to be positive
when the evaporator is installed above the condenser and it is negative for opposite
case)

If, =0,
Then the equation is modified as follows,

PliquidOliquid fg AyK 2
Qmax =
Miliquid Leffective FVeffective

4.2.5.2 Heat Pipe Structural Details

The structure of the heat pipe includes three parts which are, (a) The container used
in the pipe, (b) wick structure used and (c) working fluid used for handling the heat
(may be heat collection or heat rejection).

The Container Used in the Heat Pipe

The container of the heat pipe is a metallic body that allows flow of heat through
its structure from and to working fluid. Generally, it is selected based on following
parameters,

(a) High thermal conductivity

(b) Good wettability

(c) Good machinability

(d) Ability to get welded easily

(e) High strength to weight ratio

(f) Good compatibility with the surrounding

(g) Good compatibility with the working fluid

(h) Less porous

(i) Ability to maintain minimum temperature difference between wick structure
and the heat source.

Wick Structure Used

This is very important part of the heat pipe which helps to transfer the fluid from
condenser to the evaporator by capillary action in any required orientation/position
of the heat pipe.
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Fig. 4.9 Wick with sintered structure (Elnaggar 2016)

The wick structures are observed in following types.

(a) Wick with sintered structure
(b) Wick with grooves
(c) Wick with screen mesh.

All these wicks are discussed in detail below,
(a) Wick with sintered structure

Figure 4.9 shows wick with sintered structure. In this type of wick, very small pore
size increases capillarity force generated in the process, which is essential during the
antigravity applications. The permeability is low. This type of wick helps to maintain
the very small temperature differences between condenser and the evaporator. The
lower thermal resistance in the arrangement leads to improve the thermal conductivity
of the heat pipe. The cylindrical wicks are shown in Fig. 4.9 The Permeability values
of the rectangular heat pipes were similar to the cylindrical ones. The copper powder
can be sintered at a temperature of 800—1000 °C.

(b) Wick with grooves

Figure 4.10 shows the wick picture with grooves fabricated on the internal surface of
the channel carrying the working fluids. This can be used in any orientation but with
low capillary force used to drive the fluids. It’s used for the small-capacity power
applications. The different parameters which are important while designing this type
of wick is size of the grooves and its material.

(¢) Screen mesh wick

The screen mesh wick is shown in Fig. 4.11. This wick shows very good character-
istics when more power is to be handled at any random orientation. In this type of
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Fig. 4.11 Screen mesh wick (Elnaggar 2016)

the wick structure major role is played by the wick thickness, number of layers of
fiber, material of the fiber used and type of the fluid used.

Characteristics of the working fluids used in the heat pipes.

The working fluid which is circulated in the flow channels plays a very important
role in heat pipes. It has to carry heat from one location and drop it to the other
location. The working fluid must have following characteristics.

1. It must not react with the wick structure and materials of the walls
2. Lower viscosities

3. It should have higher thermal conductivity

4. Tt should have higher latent heat
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Table' 4.3 Prop ertie§ of the Working fluid | Boiling points | Melting points | Useful

working fluids used in the o o .

heat pipe (Elnaggar 2016) O O z}z(ér)kmg range
Helium —261 —271 —271 to—269
Nitrogen —196 —210 —203 to—160
Ammonia -33 —78 —60 to 100
Acetone 57 -95 0-120
Methanol 64 —98 10-130
Flutec PP2 76 -50 10-160
Ethanol 78 —112 0-130
Water 100 0 30-200
Toluene 110 -95 50-200
Mercury 361 -39 250-650

5. It should possess good wet ability with the wick structure and material of the
wall

6. It should be thermally stable

7. It should have good surface tension.

The properties of the working fluids used in the heat pips are presented in Table 4.3.
The distilled water is used as a working fluid normally but many scientists have
conducted trials by adding the nano-particles in the water to check the performance.
Other fluids listed in the table have been also used for electronic cooling.

4.2.5.3 Types of the Heat Pipes
Cylindrical Heat Pipe

In this type of the heat pipe, the arrangement to circulate the working fluid is provided
in the structure (through wicks). This is one of the old types of the heat pipe and it
is simple in construction.

Figure 4.12 shows the cylindrical heat pipe which involves three sections mainly
(a) evaporator section, (b) middle section (adiabatic zone) and (c) condenser section.

The studies conducted earlier show that design of the cylindrical heat pipe with
very less heat loss at the middle section is possible. The cylindrical copper heat pipe
with working fluid water was tested. The two layers of the wicks were used with 150
meshes. The temperature drops of less than 5 K were observed in their studies. The
steady-state value of the temperature of the vapour was found to be increasing with
either increasing the heat input or decreasing the water flow rate.
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Fig. 4.12 Cylindrical heat pipe (Elnaggar 2016)

Flat Heat Pipe

The flat heat pipe consists of the evaporator section and the condenser section which
is rectangular in shape. One section of the evaporator can be maintained at the
middle of the device and remaining three sections of condenser placed surrounding
the evaporator section. Figure 4.13 shows the flat type of the heat pipe. The model
in the figure was prepared by the Wang and Vafai (2000). Temperature difference
was found to be uniform on the surfaces. The coefficient of the heat transfer was
calculated and it was 12.4 W/m? °C and the fluxes was varying between 425 and
1780 W/m?.

Micro Heat Pipe

Figure 4.14 shows the micro heat pipes. Micro heat pipes have fabricated as wick
with groove of sharp edges. The sharp edges provided improve the capillary pressure
to force the liquid. Figure shows the different shapes of the micro heat pipe which
were fabricated and tested by (Hung and Seng 2011). Micro heat pipes with different
designs were fabricated square star (4 corners), hexagonal star (6 corners), octagonal
star (8 corners) grooves and corners with width ‘w’ were tested. The configuration
included apex angles which were varied between 20° and 60°. The following impor-
tant parameters play very important role in the design of the micro heat pipe, which
were total length, area of the cross-section, shape of the cross-section, number of
corners and acuteness in the angles at corners.

Oscillating/Pulsating Heat Pipe

The schematic diagram of the oscillating heat pipe is shown in Fig. 4.15. The
construction of this type of the heat pipe does not include the wick structure to
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Fig. 4.13 Flat heat pipe (Elnaggar 2016)

transport the condensate back to heating section and hence there is no scope for coun-
tercurrent movement of liquid and vapour in pipeline. The fluctuation of the pressure
waves drives the self-exciting oscillation inside the channels/passages, the oscillation
creator accelerates the heat transfer from end to end. The heat transfer is enhanced
with the oscillating mechanism in this type of the heat pipe. The changes in the pres-
sure results into the increasing the volume and the contraction during the change of
phase from vapour to liquid results into thermally excited oscillating motion of the
liquid plugs and vapour bubbles between evaporator section and condenser section.
This was a result of the flow of both liquid and vapour in the same direction. The
important parameters which control the performance of this type of the heat pipe are
diameter of the tube, number of turns provided, filling ratio, nano fluids, etc.

4.2.54 General Design Consideration for Heat Pipes

The analytical and numerical methods can be used for designing the heat pipes. The
measurement of the pressure and the velocity inside the heat pipe is not possible
because of its smaller size. The calculations by analytical approach give an idea
about these parameters. The numerical approach is very useful in understanding the
thermal resistances and the heat flow conditions in the heat pipes by knowing the
temperature profiles generated at various locations. The successful running of the
cooling systems used in the electronic devices depends on the characteristics of the
flowing fluid in the system.
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Fig. 4.14 micro heat pipes (Elnaggar 2016). (a) Different cross-sectional areas of the heat pipes (i)
square star grooves, (ii) hexagonal star groove, (iii) Octagonal star groove, (iv) equilateral triangle.
(b) Optimally charged equilateral triangle and star groove micro heat pipes (Lt-total length, Le-
Evaporator length, Lc-Condenser section length, Lm-length of the middle section, gin-heat in the
system, qout-heat out from the system, ul-liquid velocity, uv-vapour velocity)

Considerations While Designing the Heat Pipe Systems

(a) The fluid used in the system is incompressible, it is at steady state, 2D analysis
is accurate and flow is laminar.

(b) The working fluid is ideal gas

(c) Phase change does not lead to heat generation
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Fig. 4.15 Oscillating heat pipe (Elnaggar 2016)

(d
(e)
®

No chemical reaction

Physical properties are supposed to be constant

Proper coupling between liquid—vapour, liquid-surface and vapour surface
interfaces.

Advantages

(@)

(b)
(©)
(d)

(e)
®

Ability to transfer large amount of heat at very small temperature difference
between the condenser and evaporator section, because of very high thermal
conductivity (cycle operated on two-phase cycle)

No moving components and hence its maintenance-free, noise-free, vibrations
free and more life

Size of the heat pipe can be very small and easily installed in the portable
electronic devices

The device can be operated at any orientation and hence can be used in portable
electronic devices.

It can be fitted at a location where conventional fans can’t be placed

The sizes of the condenser and evaporator could be different with controlled
evaporation and condensation rates. It helps to accommodate the heat pipes in
available space.
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Disadvantages

(a) Less suitable for the applications with less space availability

(b) The configurations of the heat pipes with multiple pipe design need more space
and it is costlier

(c) Not suitable for high-power micro-electronic systems

(d) Less flexibility compared to the vapour chambers (cannot be placed in the
systems which have uneven platforms).

Applications
The heat pipes have been used in the following applications mainly:

(a) Refrigerator systems for cooling purposes

(b) Air conditioning systems for cooling purposes

(c) Heat exchanger systems for heat collection and rejection
(d) Capacitor cooling

(e) Transistor cooling

(f) Desktop cooling

(g) Laptop cooling.

4.2.5.5 Heat Pipes for Computer Applications

The biggest benefit of higher thermal conductivity of the heat pipes leads to increases
its applications in electronic cooling systems. In heat pipes, heat transfer rate is very
fast. The scientists have suggested a perfect match of heat pipes in electronic cooling
systems, notebooks, personal computers, etc. The systems which include integration
of the fins and the heat pipes to cool the high power and high-temperature systems
were developed by Ligierski and Wiecek (2001). The heat pipe system used to cool
the desktop PC is shown in Fig. 4.16.

The simple cooling systems with due modifications (heat pipes with cooling fins)
were compared with the basic systems by Kim et al (2003). The system showed
reduced noise levels and increased cooling effect.

The systems proposed by the Yu and Harvey (2000) designed heat pipe for the
Pentium II machine and found that the performance of the machine in terms of the
mechanical and thermal management systems was improved.

The system of heat pipes with heat sink was fabricated to reduce the noise level
in cooling system of the PC CPU which includes heat sink with fan.

The design (as shown in Fig. 4.17) which includes the close-end oscillating heat
pipes which were used for cooling of the CPU of the of PC, fabricated by Wang et al.
(2007).

The diagram included the evaporator Sect. (0.05 m) and the condenser
Sects. (0.16 m) with vertical orientation. The working fluid used was R134a. The
model was developed to take a load of 70 W. The system performance was improved
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Fig. 4.16 Cooling systems (heat sinks with heat pipes) used to cool the desktop PCs (Elnaggar
2016)
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N

Fig. 4.18 Heat sink with and without heat pipe integration (Elnaggar 2016)

compared to the conventional heat sink system. The design of heat sink with and
without heat pipe integration is shown in Fig. 4.18.

The heat pipe with U shape fitted in the fins (as shown in Fig. 4.19) was developed
to cool the high-frequency processors (Intel core 2 duo, Intel core 2 Quad, AMD
Athlon 64 series, AMD phenomenon series). This system included the phenomenon
of transfer of the heat from the CPU to the flat base plate and then to the heat sinks
and heat pipes. The calculation of the thermal resistance was the main target in the
study conducted by Wang (2008). The lowest thermal resistance value of 0.27 °C/W
was observed during their studies.

!!l

Fig. 4.19 U-shaped heat pipes used in cooling system of desktop a Multiple heat pipes and, b Twin
heat pipes (Elnaggar 2016)
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Table 4.4 Different heat pipe designs (Elnaggar 2016)

. M. Deshmukh and V. Bhojwani

Sr. No | Type of the heat | Number of heat | Arrangement of | The total Authors
pipe pipes used in the | the heat pipe thermal
system resistance
obtained

01 L-type 3 Horizontal 0.475 °C/W | Kim et al.
(2003)

02 U-type 2 Horizontal 0.27 °C/W | Wang et al.
(2007)

03 U-type 2 and 4 Horizontal 0.24 °C/W | Wang (2008)

04 U-type 1 Horizontal 0.5 °C/W Liang and
Hung, (2010)

05 L-type 6 Vertical 0.22 °C/W | Wang (2011)

06 U-type 4 Vertical 0.181 °C/W | Elnaggar et al
(2011a, b)

07 U-type 2 Vertical 0.2 °C/'W Elnaggar et al
(2011a, b)

The velocity and heat input played a significant role in controlling the thermal
resistance in the cooling systems designed above. The cooling system performance of
the vertical arrangement was found to be superior to the horizontal arrangement. The
lowest value of the thermal resistance was observed to be 0.181 °C/W for heat load
equal to 24 W and velocity of coolant equal to 3 m/s. The second cooling system was
designed to increase the effective thermal conductivity to improve the performance
of the system. The data related to the different types of the heat pipes is presented in
Table 4.4.

Important Points
(a) The heat sinks with heat pipes are more efficient systems compared to
conventional systems.

The orientation of the system plays a significant role in deciding the performance
of the cooling system.

Vertical orientation is superior in performance compared to the horizontal one
Multi-heat pipe’s performance is better than the single heat pipes.

(b)

(©)
(d)

The system which uses heat pipes to cool the laptop system is shown in Fig. 4.20.
Elnaggaretal. (2013) developed system which was implemented to cool the processor
(size 10 mm X 10 mm) of the laptop. In the system, the heat pipe was fixed on the
processor surface where heat is picked up by the evaporator section and transferred
to the condenser section where it is rejected by conventional methods.
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Fig. 4.20 Laptop cooling through the heat pipe system (Elnaggar 2016)

4.2.6 Peltier Cooling Devices

The Peltier cooling devices work on the principle of the Peltier effect. The Peltier
effect was first introduced in the market in 1834. As per this effect when two dissim-
ilar metals are connected together to form the junctions and if DC current is applied
at these junctions, this causes a temperature difference across these junctions. The
Peltier effect is also called as thermoelectric effect. The device which produces the
Peltier effect is shown in Fig. 4.21. In this device the P- and N-type semiconductor
material is sandwiched between these ceramic wafers. The ceramic material acts as
a good electric insulator and increases the strength and rigidity of the system. The
N-type semiconductor material has excess of the electrons and the P-type semicon-
ductor material has deficit of it. The couple formed by N- and P-type semiconductors
is shown in Fig. 4.21. The thermoelectric system used in cooling applications may
have several hundreds of the couples working to generate cooling effect. The electrons
from the P-type semiconductor material move to the N-type semiconductor mate-
rial through the electric wires/connectors and the electrons attain the high energy
absorbing state which is used to collect the heat from heat source (e.g. Electronic
component). The electrons will continue its flow through the lattice structure and
move from the N-type semiconductor material to the P-type semiconductor material
and lower the energy level by dropping the heat at heat sink (location where heat is
to be rejected).

The performance of the Peltier cooling device depends mainly on the temperature
of the heat source (electronic component to be cooled), temperature of the heat sink



92 S. M. Deshmukh and V. Bhojwani

Electronic component whichisto be cooled

Electron camier collecting'
heat fromthe electronic
componentand rejecting
that inthe Heatsink

Electnc
connector

Thin ceramic wafers

which acts asinsulatorof
electricity (Good conductor
ofthe heat)

P-Type
Semiconductor

N-Type !
Semi conductor

Location where heatisto berejected (Heat Sink)

o= |
i

Fig. 4.21 Basic working principle of the Peltier cooling device

Power source (DC)

(location of the heat rejection) and amount of heat that is to be transferred/handled
by the cooling system. The temperature and heat of the location (heat sink) where
heat is to be rejected is calculated by using following mathematical Eqs. (4.1) and
4.2)

Thot,side = Tambiem + Rthermal Qhot,side (41)

Qhot,side = Qcold,side + Pinpul (42)

The temperature difference across the Peltier cooling module is calculated by the
following Eq. (3).

ATPeltier device =— Thot,side — Lcold,side (43)
where,
Thotside The temperature of the hot side or sink side, K
Teold side The temperature of the cold side or electronic component side, K
Tambient The temperature of the surrounding, K
Riermal The thermal resistance offered by the heat exchanger, K/W.
Ohotside The amount of the heat rejected by thermoelectric device at its hot

side or sink side, W
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Table 4.5 Allowable temperature rise above surrounding

Sr. No | Modes of heat transfer | Allowable temperature rise at heat sink °C

1 Natural convection 20-40

2 Forced convection 10-15

3 Cooling by liquids 2-5 (this rise is considered above the coolant temperature)

O cold side The amount of the heat collected by thermoelectric device at its cold
side or electronic component side, W

Piput The input electrical power supplied to the Peltier cooling device, W

ATpeltier device ' The temperature difference across the Peltier cooling device, K

The heat sink temperature close to ambient temperature helps in retaining the
performance of the Peltier cooling device and in maintaining the required temperature
on the cold side of the cooling device. If the thermal resistance of the heat sink is
increasing because of any reason in that case, following are the allowable rise in the
temperatures of heat sink above surrounding for different modes of heat transfer.
The data of the Allowable temperature rise above surrounding for different modes
in presented in Table 4.5.

The total heat load on the device includes following

(a) Heat load from the electronic components, because of its power consumption

(b) Heat load generated because of chemical reaction at various locations

(c) Heatload because of two close electronic or other components with temperature
difference because of radiation

(d) Heat load because of convection

(e) Heat load because of the insulation losses

(f) Heat load because of the conduction losses through the metallic components
(accessories used for connecting the parts screws, nuts, bolts, etc.)

(g) Heat load because of the transient response of the system (accumulated load).

Advantages

(a) No moving parts involved in the cooling system
(b) Two-fold use (Can be used as heater or cooler)
(¢) No noise

(d) No vibrations

(e) No cooling fluids used in the circuits

(f) Less maintenance

(g) More life

(h) Leak proof

(i) Can be produced easily with small size

(G) Very much flexible.
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Table 4.6 The materials
used for preparing the Peltier

device (Chanyoung et al.

S. M. Deshmukh and V. Bhojwani

Material of the Peltier
device

Working temperature
range, K

2015) 1 Bismuth telluride Near to 300
2 Lead telluride 600-900
3 Silicon germanium Up to 1300
4 Bismuth-antimony alloys | Near to 300

Disadvantage

(a) Costly for the same cooling capacities
(b) Lower cooling efficiency
(c) Needs power supply.

Applications of the Peltier Cooling Device
These devices are generally used for following purposes (a) heating, (b) cooling and
(c) maintaining temperature.

(a) Cameras (Charge coupling devices also called as CCDs)
(b) The micro-processors used in electronic circuits

(c) The laser diodes

(d) The blood analyzing device

(e) The portable coolers used during picnics, etc.

The different materials used for fabricating the Peltier device and their working
temperature ranges are mentioned in Table 4.6.

4.2.7 Synthetic Jet Air Cooling

The synthetic jet technology is well-proven technology in which flow of the air is
generated with the help of the diaphragm (or actuator) movement in the cavity. The
movement of the diaphragm is periodic and it is confined to one of the walls of the
cavity. The simple sketch of the synthetic jet formation is shown in Fig. 4.22.

The different devices used for actuation are mentioned below,

Mechanical Drivers

Mainly pistons are widely used as an actuator under this category. This type of
actuator can be used for producing the round synthetic jets. Important features of the
mechanical drivers are as follows:

(a) These actuators are rigid and sturdy

(b) It cannot be used in small systems (limitation on size)

(c) Noise and vibrations is a big problem under fast running of the system
(d) Response time is more compared to other systems.
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Fig. 4.22 Simple sketch of the synthetic jet actuator

Electromagnetic

The electromagnetic type of actuators is mainly solenoid actuators. Important
features of electromagnetic type of actuators are as follows:

(a)
(b)
(©)
(d)
(e)

Quick in response time
Less vibrations and noise
Flow control is easy

More reliable.

Piezoelectric Actuator

Actuator movement control is precise

The Bimorphs, thunder actuators, plasma actuators are the piezoelectric actuators
used to generate the synthetic jets. The important features of the actuator are as

follows:

(a) Quick response,
(b) Suitable for micro systems,
(c) Lightin weight,

(d) Capability to get a very small displacement in given response time,
() Minimum energy consumption for the required output.

Acoustic Actuator

The best example of the acoustic actuator is the loudspeaker. This was used for
underwater vehicle propulsion. Following are the important features of the acoustic

actuator.
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(a) Can be used in small systems
(b) The displacement of the actuator can be controlled easily
(c) Light in weight.

The most widely used diaphragms in this system are piezoelectric (preferred
because of its less weight and power consumption abilities) and electromagnetic
(preferred because of its reliability and low noise characteristics). The following
main two strokes are performed to supply the required cooling air in this technique.

Compression Stroke

The upward movement of the diaphragm creates the compression stroke because of
which the air collected in the cavity will be forced through the orifice present at the top
of the system and vortices are generated in the downstream direction because of the
boundary separation (Didden 1979). The vortices generated in the zones near to the
orifice will be smaller in dimensions compared to the vortices in the zones away from
the orifice. During this stroke, the vortices will vanish after some particular length in
the downstream direction and continuous jet will be formed. The compression stroke
working is shown in Fig. 4.23.

Suction Stroke

Figure 4.24 shows the suction stroke performed by the diaphragm. The downward
movement of the diaphragm creates the suction of the air from ambient (zone near
to the orifice) in the cavity. During this movement of the air the previously formed
vortices during the compression stroke are pushed away from the orifice. If system is
not running as per the design conditions, the vortex formed during the compression
stroke is carried back to the orifice and required jet characteristics will not be obtained
(Rampunggoon 2001).

Downstream direction

Vortex ring formed away from
the orifice (large)

' ¢ jortex ring formed
Diaphragm forcing the ! near the orifice (small)

air in the orifice g
: 2 Orifice

Cavity

Wall =—> Wall

Diaphragm performing the
compression stroke

Fig. 4.23 Diaphragm performing the compression stroke
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Fig. 4.24 Diaphragm performing the suction stroke

Advantages

(a) It has capacity to carry the higher heat flux from the electronics components
even with the lower air flow rates

(b) The noise produced in this system is comparatively less

(c) High reliability of the system (Mahalingam et al. 2007)

(d) Itcan be connected to the electronic systems without the aid of any complicated
fixtures (can be designed as per the requirement of the space)

(e) Construction costs are less

(f) Operated with less noise

(g) The size of the system is less compared to conventional cooling systems where
natural convection is used

(h) More number of options available for the actuators

(i) It can be operated in any orientation (Cheung et al. 2009)

(j) Preparation of multiple orifices is easy to increase the flow rates.

Disadvantages

(a) The most of the actuators operated with electric power

(b) The cost increases when the synthetic jet cooling system is to be produced
precisely in the small size as per the shape of the electronic system

(c) The cooling system with mechanical type of the actuators has less response

(d) The control of the flow rate increases the complexity of the design.
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Applications

(a) Cooling of the electronic systems, e.g. Laptop, handheld PCs, controllers, etc.

(b) The transfer of the thermal energy (Gil and Wilk 2020; Arshad et al. 2020)

(c) Flow control (Gil 2019)

(d) For mixing of the fluids, e.g. automobile, medical, chemical, plastic industries
(Le Van 2019).

4.2.8 Electrostatic Fluid Acceleration

The method involves the use of device called as electrostatic fluid accelerator to get
the movement of the targeted fluid (e.g. air) in the required direction. This technique
uses the Coulomb force to accelerate the electrically charged molecules of the fluid
(e.g. air). There are mainly three steps that are important in order to get the movement
of the fluid in this technique and these are mentioned below:

(a) Ionization of the working fluid particle

(b) Movement of the ionized and non-ionized working fluid particles in the
downstream direction (through ion-ion or ion-neutral particle collisions)

(c) Deionization of the working fluid particle.

The air available is abundant and most of the times the working fluid used in
the micro-electronic systems are air. Let us discuss the working principle with the
help of air as a working fluid. The principle of the working of the electrostatic fluid
accelerator is shown in Fig. 4.25.

(a) Ionization of the working fluid particle
In this step the air is ionized (also called as process of charging the air). The
ions produced in these processes possess the effective/net electrical charge. The
process used to ionize the air molecules is called as corona discharge. This
process of corona discharge is very simple which does not require extreme
conditions (e.g., high temperatures, low pressures, etc.).

(b) The movement of the ionized particles in downstream direction
The ionized particles will have a net charge because of which they will be
repelled by the same charge electrode and attracted by the opposite electrode.
The driving force is mainly created by creating the electric field across the
electrodes. Out of all air molecules, some may not get ionized. So, when
ionized particles are moving towards the oppositely charged electrodes, they
travel to carry non-ionized particles with them. This process generates a thrust.
The propelling of the ions from the electrode will bump these ions on neutral
molecules and accelerate them. It is possible because of the electric field applied.
The ions during this process supply the potent energy and generate kinetic energy
in the molecules of the air (that is a process of accelerating the air molecules).
Part of the energy is wasted to increase the air temperature or driving force is
not created in the required direction.
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Fig. 4.25 The working principle of the electrostatic fluid accelerator

(c) Losing the charge to electrode
Once the ions reach to the electrode of opposite charge they will lose their charge
by receiving the electrons from electrode. During this process, those ions which
are not colliding with the electrode will be moving back upstream in towards the
attracting electrode. In such situation addition electric field needs to be created
to minimize this effect.

Advantages

(a) The generation of the near laminar profiles of the air with required control over
flow velocity (Michael 2006)

(b) Flexibility in designing the system (very simple electrode geometry in solid-
state)

(c) Manufacture is easy

(d) The amount of power consumption is low (Michael 2006)

(e) Benefit of carrying large amount of heat compared to conventional system and

(f) The ability to decrease the boundary layer formed between the solid—liquid
interface within the closed structure (Michael 2006)

(g) No rotary parts and hence no vibrations and noise in the system

(h) The temperature of the working fluid (air) will be maintained.
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Disadvantages

(a) Electric power consumption for ionization

(b) Limitations on the air flow rate because of the restriction on size of the device

(c) This system has the problem of the reverse air flow

(d) The chances of the sparking in the device are more if the electronic components
(layers) are placed very near to each other

(e) The voltage supplied needs to be carefully controlled in order to get required
corona strength.

Applications

(a) Cooling of the micro-electronics (e.g. micro-processor cooling by thorn
technologies)

(b) Development of fluid flow pattern

(c) To filter the air (Michael 2006)

(d) To add the moisture content in the air (humidification) (Michael 2006)

(e) Audio speakers

(f) Propulsion of the small vehicles (Michael 2006).

4.2.9 Immersion Cooling Technology

The emersion cooling technology involves the use of liquids to collect the heat from
the source (location where heat is generated). This technique is useful to remove
more heat flux compared to the conventional method of removing heat with the help
of heat sinks.

There are mainly two types available in this category; (a) Direct cooling and (b)
Indirect cooling.

4.29.1 Direct Cooling

In this method, the liquid coolant supplied in the channels makes direct contact with
the electronic component. The direct cooling arrangement is shown in Fig. 4.26. In
this arrangement the cooling liquid is supplied at the bottom (right side) and it comes
into contact with the heat-generating sources (e.g. chips, substrates, etc.) during its
path in the upward direction (as shown Fig. 4.26) and the hot liquid exits at the top on
the right side. Because of the direct contact of the liquid coolant and the heat sources,
the thermal resistance offered in the direct contact type method is removed and the
heat flux carrying capacity of this method increases. The liquid coolants used in this
type should not be conductive type (e.g. Mineral oils should be used).

This method offers the temperature of the electronic component maintained
always below the liquid coolant temperature because of the high heat transfer coef-
ficient. The amount of heat collected by the liquid coolant depends upon the coolant
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Liquid coolant out (It becomes
hot after collecting heat from
the electronic component)

Liquid makes direct contact with
the components to be cooled

Pin fins Liquid coolant in

(Generally with temperature less

Substrate than the component temperature)

Fig. 4.26 Immersion cooling through direct contact of liquid coolant with the component to be
cooled

type and the type of the heat transfer mode. The modes of the heat transfer are mainly
forced convection, natural convection and boiling. The boiling mode always carries
the highest heat through the liquid coolants because of its higher heat transfer coeffi-
cients. Figure 4.27 shows the comparison of the different modes of the heat transfer
and their heat transfer coefficients.

The heat-carrying capacity of this method is more than the air cooling methods.
The water cannot be used as liquid coolant in this method, because of its incompat-
ibility with the hardware used in micro-electronic systems. The most widely used
liquid coolants in direct type of the immersion cooling are the (a) FC-72, (b) FC-77
and (c) FC-86.

Important thermo-physical properties comparison for different liquid coolants
is presented in Table 4.7. From Table 4.7 it is very much clear that the thermos-
physical properties (mainly boiling point, specific heat, thermal conductivity and
heat of vaporization) of water is superior compared to FC-72, FC-77 and FC-86.
Because of their compatibility with the electronic components, these are used in the
direct immersion cooling technology.

4.2.9.2 Indirect Cooling

This method involves the cooling of the electronic components with the indirect
contact between liquid coolant and the electronic components. The principle of the
working of indirect method of cooling of the electronic components is shown in
Fig. 4.28. The liquid coolant is supplied through the channel at its one end (Fig. 4.28



102 S. M. Deshmukh and V. Bhojwani

Boiling

Heat transfer

. Forced convection
Coefficient

Natural convection

Modes of heat transfer

—

Fig. 4.27 Comparison of the different modes of the heat transfer and their heat transfer coefficients

Table 4.7 Thermo- physical properties of the liquid coolant (Danielson et al. 1987)

Thermo-physical property H,O FC-77 FC-72 FC-87
Boling point in °C 100 97 56 30

(at 1.013 bar)

Density (kg/m®) 1000 1780 1680 1633
Specific Heat KJ/kg K) 4.179 1.172 1.088 1.088
Thermal Conductivity (w/m K) 0.613 0.057 0.0545 0.0551
Heat of vaporization x 10™* (w s/kg) 243.8 8.37 8.79 8.79

at the bottom right side) and it moves through the channel to collect the heat from
the cap/cover plate and exits from its other end of the channel (Fig. 4.28 at the top
right side). The cap is receiving the heat from the various electronic components
(e.g. chips, substrates, etc.). Because of the indirect contact between liquid coolant
and the electronic components the thermal resistance increases and the heat-carrying
capacity of this type is less than the direct type. Water can be used very easily as a
liquid coolant because of its good thermo-physical properties.

4.2.9.3 Single-Phase Immersion Cooling
In this type of cooling the working fluid does not change its phase while collecting

the heat from the electronic components/system and hence it is called single-phase
immersion cooling. The simple working principle of the single-phase immersion
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Thermal energy carried towards the cap

Liquid coolant out
(It becomes hot after collecting heat
From the electronic component)

} Liquid coolant in

Pin fins (Generally with temperature less
than the component temperature)

Cap/Cover plate  Liquid cooled cold plate

Substrate

Fig. 4.28 Immersion cooling through the indirect contact of the liquid with the electronic
components to be cooled

cooling system is shown in Fig. 4.29. The system used to cool the IT equipment
is shown in Fig. 4.30. The most widely used phase of the working fluid is liquid,
because of its high heat-carrying capacity. The amount of heat carried in this type of
method is more than the air type of cooling. Because of no phase conversion (liquid
to gas), chances of explosion are avoided.

4.2.9.4 Two-Phase Immersion Cooling

In this method, the working fluid used in the circuit changes its phase from liquid to
gas after collecting the heat from the electronic components and hence it is called
as two-phase immersion cooling system. The heat-carrying capacity of this type is
more than the single-phase type, which helps to increase the power density up to 10
times as that of the power density of single-phase systems. It has simple construction
and less cost. Figure 4.31 shows the two-phase immersion cooling system.

Advantages

(a) More heat-carrying capacity compared to the air cooling methods

(b) Water can be used as coolant which is easily available

(c) Costis less with water-cooled systems

(d) Can be used in different-sized electronic systems

(e) Two-phase immersion cooling system allows to increase the power density
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Electronic

components Liquid coolant out (hot)

Liquid flowing through
Passage and not changing
its phase

Liquid coolant in (cold)

Fig. 4.29 Single-phase immersion cooling system

Fig. 4.30 Single-phase immersion cooling system used to cool IT equipment (Levin 2016)

Disadvantage

(a) The basic structure of the electronics needs to be modified as per the cooling
system

(b) The cost of the system increases with coolants other than water

(c) The space required is more
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Fig. 4.31 Two-phase immersion cooling system (Kuncoro et al. 2019)

(d) The chances of leakage cannot be tolerated after some usage
(e) The weight of the system may increase.

Applications

(a) Cooling of the super computers

(b) Cooling of the commodity server (Kuncoro 2019)

(c) Cooling of the server clusters

(d) Cooling of the data centres (this is targeted application recently)

(e) Cooling of the solar cell through single-phase method (Sun et al. 2014)

(f) Cooling of the transformer through single-phase method (Testi 2018)

(g) Cooling of the IT equipment through single-phase method (Shah et al. 2016;
Levin 2016)

(h) Cooling of the server through two-phase method (Lamaison et al. 2017)

4.2.10 Use of the Phase Change Material

The use of the phase change materials in the heat flow management of the micro-
electronics cooling is increased because of its easy availability and flexibility in
design. This cooling method includes two important steps,

(a) Collection of the heat from the electronics components and
(b) Rejection of the collected heat.
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(a) Collection of the heat from the electronics components
This process involves absorption of the sensible heat and latent heat. Initially,
phase change material absorbs the sensible heat from the electronic components
(source of the heat) and its temperature increases without changing its phase
(its state is solid). The process involves storing of heat in the phase change
material. When the temperature reaches to the melting point of the phase change
material it starts absorbing latent heat from the electronic components and it
starts melting. The large amount of latent heat is absorbed by the phase change
material at constant temperature and the procedure is continued till the complete
melting of the phase change material occurs. Hence before selecting the phase
change material, one should have idea about amount of heat that is to be removed
from the electronic components. The latent heat absorbed is generally higher
than the regular materials (which cannot be reinstated by addition and removal
of the heat).

(b) Rejection of the collected heat

During this process, the heat is rejected by the phase change material when the
temperature of the surrounding drops. The heat rejection process converts the
phase change of material from liquid into solid state and it is ready for the next
cycle of the heat collection.

This type of cooling method is called as passive way of heat flow management
in the electronic system. The phase change materials which include gas phases (e.g.
liquid to gas or solid to gas) increase the volume of the cooling systems and hence
these are not preferred in the micro-electronic cooling systems. The phase change
materials can be used for continuous heat storage and intermittent heat storage. The
details of the different phase change materials and their benefits and drawbacks for
different applications are mentioned in Table 4.8.

Advantages

(a) These systems can be fabricated with low cost

(b) Systems are flexible in design because of different materials availability

(c) It gives more reliability in the cooling process

(d) This system can be used for both the intermittent and continuous cooling
operations

(e) These systems can be fabricated in the smaller size (well below the size of
electronic device)

(f) The capacity to absorb the heat (latent heat mainly) is more than other materials
and hence effective way of cooling the systems

(g) These materials are readily available in the market

(h) These materials are chemically and thermally stable and hence can be connected
directly in the electronic systems

(i) No electrical energy is required to operate the cooling system.
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Table 4.8 Summary of phase change materials
Sr. | PCM Design Benefits Drawback Reference
No
1 | paraffin wax The aluminium The good The design of | Kandasamy
enclosure with transient the phase et al. (2008)
128 mm X 10 mm response with | change
dimensions and intermittent material with
internal cavity operation heat sinks was
reduced the also tried and
weight and size | no significant
of the system | change was
observed
2 | n-eicosane The heat storage It was possible Tan and Tso
systems with cavity | to stabilize the (2004)
(filled with temperature
n-eicosane) and extend the
duration of the
operation of the
system
3 | n-eicosane The heat sinks filled | Decreases the | only Tan and Tso
with the PCM rate of increase | applicable for | (2004)
(n-eicosane) of the the
The heat sinks with | temperature intermittent
fins (21 mm height) operations,
and without fins e.g. Mobiles
4 | Thermal energy | PCM with filled Was able to Alawadhi and
storage Thermal energy control the Amon (2003)
storage devices temperature of
(size -101 mm X the electronic
62 mm X 12 mm) components
5 | Paraffin PCM for intermittent | Increase in the Gharbi et al.
and continuous critical time by (2017)
operation 320%
The critical
time is the time
required to
reach 77 °C
6 | Heat Pipe with The heat PCM can lower Weng et al.
tricosane pipes charged with the temperature (2011)

both (a) tricosane
and (b) water

of heater
significantly
(almost by
17 °C)

(continued)
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Sr. | PCM
No

Design

Benefits

Drawback

Reference

7 | (PMCD-32SP)
paraffin) in
polyethylene in a
composite sheet
form

The
MPCM/polyethylene
PCM used in tablets
with sheet of 1.6 mm
in thickness

It is possible to
reduce the
temperature
and only
polyethylene is
sufficient to get
delay in
temperature
rise by 50 °C in
the study

Tomizawa
et al. (2016)

8 |PCMTES

PCM with TES with
sheet thickness less
than 2 mm

The delay in
temperature
observed for
electronic
system and its
cover by 34%
compared to
the case of
without PCM
The PCMs with
the melting
temperature
below 39 °C is
suitable for the
heat flow
management in
the electronic
systems

Sponagle
et al. (2017)

9 |PCMTES

Use of the PCM for
the tablets and tested
for different heat
inputs 3 W, 4 W,

6 W and 8 W)

PCMs can be
used for
continuous
operations up
to 60 min and
temperatures
were reduced
substantially
compared to
case of without
PCM

Ahmed et al.
(2018)

Disadvantages

(a)
(b)
(©)

and all the time

The materials are corrosive in nature (Inorganic phase change materials)
Problem of the instability of the material
The complete conversion of the liquid to solid is not achieved in all the materials
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(d) Some materials show a tendency of the super cool (Inorganic phase change
materials)

(e) Phase change materials with conversion of solid to gas or liquid to gas cannot be
used because of the restrictions on the volume in the micro-electronics cooling
systems

(f) Less experience with long-term operation of the phase change material and
cycles of operation.

Applications

(a) The thermal energy storage and its release based on systems requirements in
micro-electronics cooling

(b) The use of the phase change material is in the storing the solar energy and using
it as per requirement during cooking of food

(c) Cooling of the batteries

(d) Cooling of the electrical and the heat engines

(e) Food storage by maintain the cold space temperature (heat removal from the
space)

(f) Cooling of the human body under heavily worn clothes

(g) Heatbalance in the micro-electronic systems (computer cooling, laptop cooling,
other portable electronics cooling).

4.3 Summary

This chapter emphasizes mainly on the heat flow management required in the micro-
electronic systems. The old and recently developed cooling techniques are discussed
in detail. The working principle of all the recently developed cooling techniques along
with advantages, disadvantages and the specific applications of particular techniques
are presented under every single cooling technique. The different electronics cooling
techniques such as heat sinks, cold plates, natural air cooling, forced air cooling, use
of the heat pipes, Peltier effect for cooling, synthetic jets cooling, electrostatic fluid
acceleration cooling, immersion cooling, phase change materials are compared and
presented below in tabular form to understand their significance, dependence on
parameters and use for specific application.
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Comparison of the cooling techniques:

4.4 Future Scope/Recommendations

There is lot of scope to work in the following fields,

(a) Development of the Peltier materials

(b) Development of the cold plate designs which can be very easily connected to
the micro-electronic systems

(c) Development of the heat pipes or vapours chambers in micro-electronic
components (e.g. mobiles, laptops, etc.)

(d) Developments in the synthetic jet techniques

(e) Scope to check the compatibility of different working coolants used in the
different cooling techniques

(f) Scope to minimize the losses in the connectivity of micro-electronic structures

(g) Scope to minimize the pressure losses and improve flow characteristics in the
micro channels.

References

Ahmed T, Bhouri M, Groulx D, White MA (2018) Passive thermal management of tablet PCs using
phase change materials: continuous operation. Int J Thermal Sci 134:101-115

Alawadhi EM, Amon CH (2003) PCM thermal control unit for portable electronic devices:
experimental and numerical studies. IEEE Trans Compon Packag Technol 26:116-125

Ali MS, Kamarudin SK, Masdar MS, Mohamed A (2014) An overview of power electronics
applications in fuel cell systems: DC and AC converters. Sci World J 2014(103709)

Arshad A, Jabbal M, Yan Y (2020) Synthetic jet actuators for heat transfer enhancement—a critical
review. Int J Heat Mass Transfer 146:118815

Chanyoung K, Hongchao W, Je-Hyeong B, Hoon K, Woochul K (2015) Thermoelectric materials
and devices. Hierarchical Nanostruct Energy Devices 35

Cheung C, Noska B, Van der Heide K (2009) Comparison of passive and active cooling effectiveness.
LED Prof Rev Mag

Danielson RD, Tousignant L, Bar-Cohen A (1987) Saturated pool boiling characteristics of commer-
cially available perfluorinated liquids. In: Proceedings of ASME/JSME thermal engineering joint
conference

Didden N (1979) On the Formation of Vortex Rings: Rolling-up and Production of Circulation. J
Appl Math Phys (ZAMP) 30:101-116

Elnaggar MH, Abdullah MZ, Abdul Mujeebu M (201 1a) Experimental analysis and FEM simulation
of finned U-shaped multi heat pipe for desktop PC cooling. Energy Convers Manag 52(8-9):2937—
2944

Elnaggar MHA, Abdullah MZ, Mujeebu M (2011b) Experimental investigation and optimization
of heat input and coolant velocity of finned twin U-shaped heat pipe for CPU cooling. Exp Tech.

Elnaggar MH, Abdullah MZ, Munusamy SR (2013) Experimental and numerical studies of finned
L-shape heat pipe for notebook-PC cooling. IEEE Trans Compon Packag Manuf Technol 3(6):
978-988



4 Heat Flow Management in Portable Electronic Devices 113

Elnaggar MH, Edwan E (2016) Heat pipes for computer cooling applications. Electron Cooling

Gharbi S, Harmand S, Jabrallah SB (2017) Experimental study of the cooling performance of phase
change material with discrete heat sources—continuous and intermittent regimes. Appl Therm
Eng 111:103-111

Gil P (2019) Bluff body drag control using synthetic jet. J Appl Fluid Mech 12:293-302

Gil P, Wilk J (2020) Heat transfer coefficients during the impingement cooling with the use of
synthetic jet. Int J Therm Sci 147:106132

http://www.nordichardware.com/news-archive/112-archive/18645.html

Hung YM, Seng QB (2011) Effects of the geometric design on the thermal performance of star
groove micro heat pipes. Int J] Heat Mass Transf 54(5-6):1198-1209

Incropera, DeWitt, Bergham, Lavine (2007) Introduction to heat transfer, 5th edn., p 6. ISBN
978-0-471-45727-5

Kandasamy R, Wang XQ,Mujumdar AS (2008) Transient cooling of electronics using phase change
material (PCM)-based heat sinks. Appl Therm Eng 28(8-9):1047-1057

Kim KS, Won MH, Kim JW, Back BJ (2003) Heat pipe cooling technology for desktop PC CPU.
Appl Therm Eng 23(9):11371144

Kuncoro IW, Pambudi NA, Biddinika MK, Widiastuti I, Hijriawan M, Wibowo KM (2019)
Immersion cooling as a next technology for data center cooling: a review. J Phys Conf Ser
1402:044057

Lamaison N, Ong CL, Marcinichen JB, Thome JR (2017) Two-phase mini-thermosyphon elec-
tronics cooling: dynamic modeling, experimental validation and application to 2U servers. Appl
Therm Eng 110:481-494

Legierski J, Wiecek B (2001) Steady state analysis of cooling electronic circuits using heat pipes.
IEEE Trans Compon Packag Technol 24(4):549-553

Levi C, Phillip T (2012) Numerical prediction of the junction-to-fluid thermal resistance of a 2-phase
immersion-cooled IBM dual core POWERG processor. In: 28th IEEE SEMI-THERM symposium

Levin III, Dordopulo AIl, Doronchenko YII, Raskladkin MKK, Fedorov AMM, Kalyaev ZVV
(2016) Immersion liquid cooling FPGA-based reconfigurable computer system. IFAC-Papers On
Line vol 49 (Elsevier B.V.), pp 366-71

Levine MA (1989) Solid state cooling with thermoelectric. Electron Packag Prod

LiY, Zhou W, He J, Yan Y, Li B, Zeng Z (2019) Thermal performance of ultra-thin flattened heat
pipes with composite wick structure. Appl Therm Eng 102:487-499

Liang TS, Hung YM (2010) Experimental investigations on the thermal performance and
optimization of the heat sink with U-shape heat pipes. Energy Convers Manage 51(11):2109-2116

Mabhalingam R, Huffington S, Jones L, Williams R (2007) Synthetic jets for the forced air cooling
of electronics. Electron Cooling

Mark M (1958) Cold plate design for airborne electronic equipment. IRE Trans Aeronaut
Navigational Electron

Mathew VK, Hotta TK (2018) Numerical investigation on optimal arrangement of IC chips mounted
on a SMPS board cooled under mixed convection. Therm Sci Eng Progress

Melcor Corporation (1995) Thermoelectric Handbook

Michael JF (2006) Design and testing of micro-fabricated electrostatic fluid accelerator.
ELECTRONICS-NNIN REU 2006, Research Accomplishments

Mjallal I, Farhat H, Hammoud M, Ali S, Shaer AA, Assi A (2017) Cooling performance of heat
sinks used in electronic devices. ISBN 978-1-5090-5173-1 © 2017 IEEE

Mohammad E, Ezzaldeen E (2016) Heat pipes for the computer cooling applications

Rampunggoon P (2001) Interaction of a synthetic jet with a flat-plate boundary layer, PhD thesis,
Department of Mechanical Engineering, University of Florida, Gainesville

Rowe DM (1995) CRC handbook of thermoelectrics. CRC Press, Inc.

Shah JM, Eiland R, Siddarth A, Agonafer D (2016) Effects of mineral oil immersion cooling on
IT equipment reliability and reliability enhancements to data center operations. In: Proceedings
of the 15th InterSociety conference on thermal and thermomechanical phenomena in electronic
systems, ITherm, pp 316-325


http://www.nordichardware.com/news-archive/112-archive/18645.html

114 S. M. Deshmukh and V. Bhojwani

Smythe R (1995) Thermoelectric coolers take the heat out of today’s hotchips. Electronic Products

Sponagle B, Maranda S, Groulx D (2017) investigation of the thermal behaviour of thin phase
change material packages as a solution to temperature control in electronics. In: Proceedings of
the ASME 2017 summer heat transfer conference, Bellevue, WA, USA, 9-14 July 2017

Sukhvinder K, David M, John C (2007) Closed loop liquid cooling for high performance computer
systems. ASME InterPACK ’07, July 8-12, Vancouver, British Columbia, CANADA

Sukhvinder SK (2012) Advanced cooling for power electronics. Presented by invitation at interna-
tional conference on integrated power electronics systems CIPS 2012, March 6-8, Nuremberg,
Germany

Sun Y, Wang Y, Zhu L, Yin B, Xiang H, Huang Q (2014) Direct liquid-immersion cooling of
concentrator silicon solar cells in a linear concentrating photovoltaic receiver. Energy 65:264-271

Tan F, Tso CP (2004) Cooling of mobile electronic devices using phase change materials. Appl
Therm Eng 24:159-169

Testi D (2018) Heat transfer enhancement by an impinging ionic jetin a viscous transformer coolant.
Int Commun Heat Mass Transf 91:256-261

Thermal management system for portable electronic devices, US Patent.

Tomizawa Y, Sasaki K, Kuroda A, Takeda R, Kaito Y (2016) Experimental and numerical study
on phase change material (PCM) for thermal management of mobile devices. Appl Therm Eng
98:320-329

Tousif A, Maha B, Dominic G, Mary AW (2019) Passive thermal management of tablet PCs using
phase change materials: intermittent operation. Appl Sci 9:902. https://doi.org/10.3390/app905
0902

Van Le L, Nhu CN, Tai TN, Dinh TX, Tran C, Bao LD, Bui TT, Dau VT, Duc TC (2019) Liquid
pimping and mixing by PZT synthetic jet. In: 20th international conference on solid-state sensors,
actuators microsystems, transducers EUROSENSORS XXXIII. IEEE, Berlin, pp 198-201

Wang JC (2008) Novel thermal resistance network analysis of heat sink with embedded heat pipes.
Jordan J Mech Indust Eng 2(1):23-30

Wang JC (2011) L-type heat pipes application in electronic cooling systems. Int J Thermal Sci
50(1):97-105

Wang Y, Vafai K (2000) An experimental investigation of the thermal performance of an
asymmetrical flat plate heat pipe. Int J Heat Mass Transf 43(15):2657-2668

Wang JC, Huang HS, Chen SL (2007) Experimental investigations of thermal resistance of a heat
sink with horizontal embedded heat pipes. Int Commun Heat Mass Transfer 34(8):958-970

Weng YC, Cho HP, Chang CC, Chen SL (2011) Heat pipe with PCM for electronic cooling. Appl
Energy 88:1825-1833

Xinxi L, Dequan Z, Guoqing Z, Cong W, Ruheng L, Zhaoda Z (2019) Experimental investigation
of the thermal performance of silicon cold plate for battery thermal management system. Appl
Therm Eng 155:331-340

Yeatman EM (2007) Applications of MEMS in power sources and circuits. ] Micro-Mech Micro-Eng
17:184-188

YuZZ, Harvey T (2000) The precision engineered heat pipe for cooling Pentium II in Compact PCI
design. Thermal and Thermo-Mechanical Phenomena in Electronic Systems, ITHERM 2000 The
Seventh Intersociety Conference, vol 102, pp 102-105


https://doi.org/10.3390/app9050902
https://doi.org/10.3390/app9050902

Chapter 5 M)
A Review on Phase Change ek
Material-metal Foam Combinations

for Li-Ion Battery Thermal Management
Systems

S. Babu Sanker and Rajesh Baby

Abbreviations

BTMS Battery thermal management system

EVs Electric vehicles

GceN Graphene-coated nickel foam

kpcMm Thermal conductivity of phase change materials

kceem Thermal conductivity of composite phase change materials
Li-ion  Lithium-ion

HEVs  Hybrid electric vehicles

PHEV  Plugin hybrid electric vehicles

PCMs  Phase change materials

PPI Pores per inch.

TCE Thermal conductivity enhancers
List of symbols

0 Density (kg/m?)

k Thermal conductivity (W/m-K)
T, Melting temperature (°C)

S. Babu Sanker - R. Baby (<)

Department of Mechanical Engineering, St. Joseph’s College of Engineering and Technology,
Palai, Choondacherry P.O., Kerala 686579, India

e-mail: rajeshbaby @sjcetpalai.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 115
V. K. Mathew et al. (eds.), Energy Storage Systems, Engineering Optimization: Methods
and Applications, https://doi.org/10.1007/978-981-19-4502-1_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4502-1_5\&domain=pdf
mailto:rajeshbaby@sjcetpalai.ac.in
https://doi.org/10.1007/978-981-19-4502-1_5

116 S. Babu Sanker and R. Baby

5.1 Introduction

The increasing pollution of the environment and the issues of global warming trig-
gered the policy makers, environmentalists and researchers to find a clean and appro-
priate alternative to fossil fuels. About 80% global energy consumption is fuelled by
fossil fuels (Vidadili et al. 2017). The transportation industry, such as road, railway,
marine, and aviation sectors are one of the largest consumers of fossil fuels. Energy
shortage and serious environmental pollutions issues are booming all over the world,
by replacing of fossil-fuelled vehicles, to those types using renewable energy, it is
possible to reduce greenhouse emissions. Recently by the introduction of various
types EVs such as HEVs, PHEV and fuel cell vehicles, greatly helps in reducing
pollution, greenhouse gases as well as noise levels to a great extent. Anderson et al.
(2009) reported that the use of EVs might result in a measurable reduction in emission
of greenhouse gases by 40%. Hence, they are more fuel-efficient and environmen-
tally clean than conventional internal combustion engines. The battery is the main
component of the EVs and is used to store renewable energy.

Though various types of batteries are commercially available in the market, Li-
ion batteries have emerged as the potential source of energy storage for electric
vehicles by virtue of their superior features such as high specific power, long-cycle
life, low auto discharge rate, no memory effect, high nominal voltage (Zou et al.
2019; Panchal et al. 2016) and so on. However, the main deficiency of these batteries
is the excessive heat generation, especially whilst they work at high discharge rate.
Heat generated inside the battery will cause increase in temperature and can adversely
affect the reliability and durability of these systems. The sudden temperature rise may
lead to battery overheating, resulting in safety concerns, performance degradation
and thermal runoff (Wang et al. 2018). In order to circumvent these issues, numerous
research designs have been proposed for effective ways to develop a high performance
BTMS.

5.1.1 Battery Thermal Management System (BTMS)

One of the major challenges in the battery pack design is to the management of heat
accumulation inside the battery, during charging and discharging as well. When the
temperature of the battery is too high, there will be an undesirable, non-uniform
temperature distribution within the cell. Function of BTMS is to maintain a working
temperature range and consistent distribution throughout the cell, module and the
battery pack at various discharging rates.

Permissible operating temperature range of a Li-ion battery is in the range of —
20-60 “C (Viyrynen and Salminen 2012). Furthermore, to get maximum output of
the battery, it is recommended to be operated between 15 “C and 35 °C. It is also
reported that the expected temperature difference between cell to cell and module
to module should not exceed 5 'C (Pesaran and Nrel 2013; Siddique et al. 2018). If
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the temperature falls below 15 °C, there will be a reduction in capacity and perfor-
mance. Also, when the temperature exceeds 35 °C, irreversible reactions can lead to
deterioration in the battery lifetime.

The degradation of battery performance at elevated temperature is due to reversible
and irreversible reactions taking place inside the battery. The heat produced in the
reversible reactions (entropy heat) comes from reversible entropy change that occurs
during chemical reaction in the cells. There are mainly four irreversible reactions
generating heat during charging and discharging cycle (Ma et al. 2018).

1. Ohmic heating

2. heating due to mixing
3. Enthalpy change

4. Activation polarization.

According to Bernardi et al., and Gu et al. (1985; 2000) the following simplified
equations can be used to compute the heat generation of the entire cell

=I1U-V ITdU 5.1
q—(—)—(d—T) 5.1)

q is the heat generation, / indicate the charge/discharge current passing through
the cell, where U is the open circuit voltage and V represents the cell voltage. The
expression I (U — V) indicates the irreversible heat caused by the resistance in the
cell. The term (U — V) is overpotential of the cell caused by charge transfer reactions
at the electrodes and electrolyte interfaces, the diffusion and migration of Li-ion
through electrodes and electrolyte and the ohmic losses. The reversible entropy heat
during the electrochemical reactions is denoted by the second expression / (T g—[TJ).
The term % is the entropy coefficient and the term T is the instantaneous temperature.

Various active and passive cooling strategies are used in practise to mitigate the
thermal management issues. Active BTMS require an external energy source to boost
the heat transfer rate. These systems include air-cooling (Ling et al. 2015; Lazrak
et al. 2018; Jiagiang et al. 2018a), liquid-cooling (Rao et al. 2017; Jiaqiang et al.
2018b; Cao et al. 2020) and thermoelectric-cooling (Jiang et al. 2019) and so on.
In active cooling systems, the use of cooling fluids, need for various components
like pumps, pipes and valves are in use which will increase the weight, noise levels,
thereby higher energy requirements.

A passive system is any mechanism that does not require additional heating
or cooling. Heat—pipe-based methods (Wang et al. 2014; Wu et al. 2017), cooling
with fins and PCM incorporated cooling are examples of these systems. Compared
with active cooling systems, passive cooling systems are popular because of their
simplicity, lightweight, high efficiency and less maintenance requirements. PCMs,
on the other hand, are a promising concept that is still in the early stages of research
amongst the passive systems described.

The application of phase change material to battery thermal management system
can result a very reliable and efficient solution for the thermal management of power
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batteries and related systems. In recent years, researchers have investigated the perfor-
mance enhancement using metal foam composite PCMs. A good combination of
phase change material in tandem with metal foam is an attractive option to maintain
the batteries within a predefined temperature.

5.1.2 Battery C-rating

An important characteristic of the battery is C-rate. The C-rate can be defined as the
rate at which the battery discharged or charged relative to its capacity. 1C, means
that a fully charged battery with a capacity of 1Ah can provide 1A for 1 h.

1 C rate-Discharge or charge in 1 h.

2 C rate-Discharge or charge in 1/2 h.

5 C rate-Discharge or charge in 1/5 h.

0.1 C rate—Discharge or charge in 10 h.

5.1.2.1 Phase Change Materials

In sensible heat storage, the addition or removal of heat result in rise of temperature,
whereas the storage medium undergoes a change in phase at constant temperature
in latent heat storage systems. The latent heat capacity of the PCMs are utilized for
thermal management purposes.

Phase change materials are substances, which stores and retrieves sufficient
thermal energy at phase transition in order to provide useful heating and cooling
the phase transition process of phase change materials is shown in Fig. 5.1.

As the temperature increases, the chemical bonds break up which leads to the
phase transformation. Phase transformation having wide applications are mainly
solid to liquid form.

Over the last two decades, numerous researchers have been intensively investi-
gated PCM-based thermal management systems because of their desired thermal,
physical, chemical, kinetic and economical properties. These desirable properties
for various application of PCM are summarized in Table 5.1. Recently, it received
greater attention in the areas of battery thermal management systems for electric

vehicles.

Melting (Charging)

2

- BT )
Solid Liquid

Solidification Discharging)

Fig. 5.1 Phase transition in phase change process
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Table 5.1 Desirable properties for various application of PCM (Chen et al. 2013; Ibrahim et al.

2017)
Physical Chemical Kinetics Economical Thermal
Small Chemically No-sub cooling | Availability in large quantities | Large latent
volume stable Non during freezing | In expensive in nature heat of fusion
change on | toxic Sufficient High thermal
phase Non crystallisation cyclic stability
change flammable rate High specific
Low Non explosive heat
vapour High thermal
pressure conductivity
High
energy
density
Table 5.2 Pros and cons of PCM
Pros Cons
1.Higher storage density than sensible heating 1. High cost

2.Small volume change during the phase change

2. Corrosiveness

3.Smaller temperature change during storing and releasing energy
4.Congruent melting

3. Density changes

4. Low thermal conductivity

5. Phase segregation

6. Super cooling

Major applications of PCMs are (a) thermal storage units (b) heating (c) spacecraft
(d) building (e) textiles and (f) BTMS. Pros and cons associated with the use of PCMs
are given in Table. 5.2. PCM thermal management depends on latent heat storage.
Though, theoretically no temperature change associated with phase change, there
may be small temperature change in practise. This fact is mentioned as smaller
temperature change during storing and releasing energy in Table 5.2.

5.1.2.2 Classification of PCMs

PCMs are categorised as organic, inorganic and eutectic materials. A schematic
diagram on the different categories of PCMs are shown in Fig. 5.2.
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Paraffin
Non-paraffins
Salt Hydrates
Generalized -
categories Molten Salts
of PCMs
Metallic

Inorganic- Inorganic

Organic- Inorganic

Organic-Organic

Fig. 5.2 Various categories of PCMs

5.1.2.3 Organic PCM

Organic PCMs having mainly paraffins, fatty acids and polyethylene glycol (PEG).
Broadly it can be categorized as paraffin and non-paraffin. Examples are wax, hydro-
quinone, salicylic acid, alpha glucose, acetamide and so on. Compounds with chem-
ical formula of C, Hy,4 are categorized as paraffins. Paraffin wax is mainly composed
of straight chain n-alkanes containing 8 to 40 carbon atoms with the common formula
CHj3-(CH,) ,-CHj3 (Voronin et al. 2020). Heat of fusion and melting point increases
with increasing carbon atom count. For example, C, is with lesser heat of fusion and
melting point than C4 (Sharma and Sagara 2005).

5.1.2.4 Inorganic PCM

Inorganic PCM consists of salt hydrates, nitrates and metallics. They are having a
high heat of fusion and is used for higher temperature applications. Metallic inorganic
types include low melting point metals and eutectic metals. Most of these metals have
high thermal conductivity. These are rarely used in PCM applications due to weight
penalties. Molten salts are extensively used for solar power plants, which rely on
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energy to produce steam or electricity. In solar power plant, the molten salt is used
as heat transfer medium. NaNOj3, NaCl and KNO; are examples of inorganic PCM.

5.1.2.5 Eutectic

A Eutectic PCMs are mixtures of two or more components at a certain composition.
Itis a minimum melting composition of these components. Details of various eutectic
combinations are given in Fig. 5.2. Eutectics melt and freeze congruently. The merits
and demerits of various PCMs discussed are shown in Table 5.3.

Though, PCMs are having a number of merits associated as described earlier, low
thermal conductivity of the PCM is certainly a demerit to be used in thermal manage-
ment applications. However, using PCM in conjunction with thermal conductivity
enhancers can change this situation. Various thermal enhancement techniques are
detailed in the following section.

5.1.3 Thermal Conductivity Enhancement Techniques

Thermal Conductivity Enhancers (TCE) such as fin, expanded graphite, carbon-based
nanoparticles and metal foams (Copper, aluminium and nickel foams) are widely
used in a number of applications. Details of various TCEs are given in Fig. 5.3.

Table 5.3 Merits and

; . Types Merits Demerits
demerits of organic and
inorganic, and eutectic Phase Organic Chemically stable Low thermal
change materials (Ghani et al. High latent heat of conductivity
2020) fusion Mildly corrosive in
No tendency of super nature
cooling Material cost is too

high

Inorganic Thermal conductivity | Material degradation
high Corrosive
High latent heat of Low specific heat
fusion Less cyclic stability
Lower volume change | Segregation
Sharp melting point
Low cost and easily
available

Eutectic Wide range of phase Leakage during the

change temperature
Good thermal and
chemical stability
Large heat capacity
Little supercoiling

phase transition
Less thermal
conductivity
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Fig. 5.3 Various thermal conductivity enhancement techniques in PCMs

High thermal conductivity, porosity, surface area to volume ratio, complicated three-
dimensional network, good thermos-physical properties and mechanical strength
made the use of metal foam popular, especially in the BTMS. Various types of these
metal foams are essential to enhance the effective thermal conductivity of PCMs
thereby maintaining the uniformity of the temperature distribution with in the battery.

Adequate thermal management system is essential for proper heat dissipation
from batteries during discharge. In recent years, researchers have investigated heat
transfer characteristics of various metal foams in conjunction with PCMs.

5.2 Metal Foams: Research Progress, Prospects
and Challenges

Metal foam is a cellular structure made up of a solid metal, with cells generated by
ligaments that are randomly oriented and distributed. It also consists of a solid metal,
large volume fraction of gas or fluid filled open and closed pores. In general, metal
foams can be categorized into (1) open cell metal foam (2) Closed cell metal foam
(pore can be sealed).

These pores can either be sealed (closed cell foam) or an interconnected network
is not closed (open cell foam) each other and gas or fluid can easily flow through one
cell to another the cells. PPI and relative density are the key parameters to classify
the open—cell foam. PPI is the number of pores that can be counted in a linear inch.
Higher PPI shows a high number of pores, meaning the average diameter of the pore
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METAL FOAM
\4
Copper Aluminium Nickel
3
p (kg/m®) | 8933 p (kg/m?) 12700 p (kg/m%) 8907
k (W/m-K) | 350-401 k (W/m-K) | 205-230 K(W/m-K) |89
Tm (°C) 1086 Tm (°C) 660 Tm (°C) 1455
Cost ($/ton) | 6685 Cost ($/ton) | 1996 Cost ($/ton) | 11,089

Fig. 5.5 Properties of different metal foam materials (adapted from Rehman et al. (2019))

is smaller. The relative density is the ratio between the density of the foam and the
density of the material, which the foam is made of.

Porosity is another parameter of interest in porous medium. It is the ratio of the
volume of free space to the total volume of the porous media. Copper, aluminium
and nickel are some of the metal forms used. Large contact area to volume ratio, high
thermal conductivity, low apparent density, lightweight and high structural strength
are the merits of metal foams for various applications. Porous materials offer gap for
PCM and the high thermal conductivity of porous materials support more effective
heat transfer in metal form PCM combinations.

Metal foam are widely used for PCM-based BTMS can be used for the following
types (1) Copper metal foam, (2) Aluminium metal form, (3) Nickel metal foam. A
block diagram of various metal foams and their properties are shown in Fig. 5.5.

Following sections details the research progress, prospects and challenges asso-
ciated with various metal forms namely copper, aluminium, nickel and combination
of metal foams and other thermal conductivity enhancers.

5.2.1 Review on Copper Foam—PCM Combinations

Details of some of the recent papers on experimental, numerical and Combined
experimental and numerical techniques of PCM with copper foam is detailed in the
following section.

5.2.1.1 Experimental: metal foam—-PCM combinations
Many experimental works are available on copper metal foam—PCM combinations

employed in Li-ion battery thermal management. Li et al. (2014) experimentally eval-
uated PCM-based thermal management system of Li-ion battery using composite
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PCM with copper foam and tested at 0.5 C, 1 C and 3 C discharge rate, respec-
tively. The result showed that the temperature of the battery was reduced by 3 to
10 °C compared to the pure PCM, in accordance with foam porosity and discharge
rates. Rao et al. (2015) conducted an experimental study on a cylindrical 42,110-
size (42 mm in diameter and 110 mm in height) LiFePO, battery, using paraffin
/copper foam that was installed into an electric vehicle and worked on the lane. The
experiment was carried out at 3C and 5C discharge rates. When the battery at a
high discharge rate, the temperature difference of the module and the individual cell
were 45 °C and 5 °C, respectively. When the battery module is at constant discharge
(5C), the maximum local temperature of battery module was 40.89 and 42.33 °C
corresponding to the ambient temperatures of 29 °C and 33 °C, respectively.

Zhang and Li (2017) experimentally analysed the thermal performance of
LiFePO, battery for PCM-based BTMS using copper metal foam saturated with
PCM at discharge rates of 2C, 3C and 5C. It was observed that at high discharge of 5
C, the maximum temperature of the battery managed by PCM composite and copper
foam was is much lower than that of pure PCM. Wang et al. (2017) investigated the
performance study of copper foam/phase change material combined thermal manage-
ment system for three different types of batteries like square (105 mm x 28 mm X
71 mm) 26,650 (26 mm diameter 650 mm height) and 42,110 (42 mm diameter and
110 mm height) were examined experimentally under different discharge rates of
1C, 3C and 5 C, respectively. It was observed that at 1C, 3C and 5C discharge rate
the battery surface temperature of 26,650 has been enhanced by 34.7 °C, 41.68 °C
and 62.77 °C, respectively. And also observed that the at the discharge rate of 5C,
maximum temperature of the three different batteries of 26,650, 42,110 and square
batteries with a Copper foam/ composite PCM integrated battery management system
was controlled to below 44.37 °C, 51.45 °C and 50.69 °C, respectively.

He et al. (2019) investigated the thermal performance of Li-ion battery using a
novel composite PCM with expanded graphite and copper foam at 1C, 3C and 5C,
respectively. Bending, tensile, impact and compressive strength of the composite
PCM was analysed after adding EG and copper foam to the composite PCM. It is
found that with the addition of EG and copper foam, the temperature of the battery has
been lowered by 8.37% as compared to pure PCM. Kermani et al. (2019) designed a
novel thermal management system for pouch Li-ion battery using integrated copper
foam-based PCM and forced air-cooling. The thermal performance of combined
battery thermal management system has been compared with that of active air-
based battery thermal management system and passive PCM-based battery thermal
management system. The maximum temperature of the battery was decreased by
18.6%, 22.3% and 40.3%, respectively, as compared to natural convection using
passive, active and integrate BTMS.

5.2.1.2 Numerical: Metal Foam—-PCM Combinations

Qu et al. (2014) numerically investigated on 2-D transient model for a PCM-based
battery thermal management system using copper foam saturated PCM at 1C and



5 A Review on Phase Change Material-metal Foam Combinations ... 125

3C discharge rates. The battery efficiency of composite PCM-based BTMS was
compared to natural convection. It was observed that, at discharge rate of 1C and 3C,
the temperature of the battery was decreased by 33% and 35%, respectively.

5.2.1.3 Combined Experimental and Numerical Investigations

Wang et al. (2018) performed combined experimental and numerical studies on
lithium-ion titanate battery with cell dimensions of 6.1 mm x 203 mm x 127 mm
using copper foam and composite PCM at the discharge rate of 3C and 4C, respec-
tively. The findings suggested that at 4C discharge rate the BTMS was able to main-
tain the battery temperature at 42 °C. Kiani et al. (2020) conducted experimental and
numerical investigation on BTMS of a Li-ion battery using paraffin, copper metal
foam (porosity of 0.9 and 20 PPI) combined with active cooling system with nano
fluid (Table 5.4).

5.2.2 Review on Aluminium Foam—-PCM Combinations

Details of investigations on aluminium foam—PCM combinations are discussed in
this section. Khateeb et al. (2005) designed BTMS of 18,650 Li-ion batteries used in
electric scooters using aluminium foam paraffin composite to handle the temperature
of the Li-ion battery. It was observed that the temperature of the battery surface
was further reduced by 4 °C in comparison to that of the pure PCM. Wang et al.
(2015) conducted experiments at a heat flux of 7000 and 12,000 W/m?. According
to the experimental results with heat fluxes of 7000 and 12,000 W/m?, the addition
of aluminium foam decreases the time of phase transition by 26.4% and 25.6%,
respectively.

The numerical investigations on the Li-ion battery thermal management system
made from pure octadecane, gallium and octadecane-aluminium foam composite
materials were carried out by Alipanah and Li (2016). When aluminium foam of 0.88
porosity is used in tandem with octadecane led to 7.3 times longer discharge time in
comparison with pure octadecane. Saw et al. (2017) used CFD model (ANSYS-CFX)
to investigate the thermal response of LiFePO4 pouch cell battery pack using al foam
with different types. Pore size (10, 20, 40 PPI) and porosity of (0.918, 0.794, 0.682,
0.924,0.774,0.679 and 0.93), respectively. According to the numerical results, it was
observed that Al foam (10 PP, 0.918 porosity) offered decreasing flow resistance and
also provides largest thermal performance under the discharge rate of 3C. Summary
of various investigations using aluminium metal foam—PCM combinations is given
in Table 5.5.
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Table 5.5 Summary of the various investigations using aluminium metal foam—PCM combinations

PCM Thermal Porosity | Pores | Battery Nature of Authors/year
melting conductivity (k) per | layout/dimensions | work/battery | of
point (T (W/m-K) inch | (mm) load publications
in °C) kpcm | kepem
Paraffin 0.29 43.80 |0.80 40 18,650 cylindrical | Experimental | Khateeb
41-44 Li-ion battery et al. (2005)
paraffin 0.21(1) | 46.06 |0.70 Rectangular Experimental | Wang et al.
0.29(s) 0.90 LiFeP04 1C,2C (2015)
Li-ion battery (L)
xWxH=119
x 70 x 27
16.5 Ah
Octadecane | 0.358 | 6.56 0.97 Rectangular Numerical Alipanah
1586 |0.92.5 Li-ion battery and Li
thickness (L) of (2016)
25.15 1088 12.5 and height
(H) of 200 mm
0.918 10 LiFePo4 pouch Numerical Saw et al.
module 160 x
0.924 20 19.5Ah.,33V
0.774 20
0.79 20
0.923 40

5.2.3 Review on Nickel Foam—PCM Combinations

As the melting point of nickel is high (1455 °C), it is also used in conjunction with
PCMs for BTMS. The thermal conductivity of nickel is only 89 W/ m—-K, much lower
than that of copper and aluminium. Hussain et al. (2016) experimentally investigated
on passive thermal management system of 18,650 Li-ion batteries using composite
PCM with nickel foam. The experiment was carried out and compared with natural
convection mode and cooling mode with pure paraffin at various discharge rates
of 0.5C, 1.5C and 2C, respectively. It was found that at discharge rate of 2C, the
surface temperate of the battery managed by PCM composite and nickel foam was
reduced by 31 and 24% as compared to natural convection and pure paraffin. Hussain
etal. (2018) experimentally investigated thermal performance of Li-ion battery using
graphene—coated nickel foam (GcN) saturated with PCM. The result showed that,
the thermal conductivity of pure paraffin wax is increased by 23 times when using
GcN foam, whereas with nickel foam, it has been raised only six times.
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5.2.4 Combination of Metal Foam and Other Thermal
Conductivity Enhancers

Deng et al. (2016) studied experimentally the thermal characteristics of cylindrical
18,650 (18 mm in diameter, 65 mm in length) lithium-ion battery using phase change
materials combined with metallic foams and fins, at different power levels of 6.6, 8.8
and13.2 W, respectively, corresponding to high discharge rates of 8 to 11C and the
heating time for each corresponding power was controlled so that the housing temper-
ature reached the peak temperature of 53.8 "C. Paraffin was used as a phase change
materials with a melting temperature range between 47 and 53.8 "C. The experi-
ment has been designed and tested different cases with pure PCM, PCM combined
with metallic foam, and PCM combined with fins and metallic foams. The results
showed that the addition of metal foam improves the heat conduction and reduces
the battery temperature when the temperature of the housing was reached at 53.8 °C,
the battery temperature was 65.9 "C which dropped by 3.4 “C compared to pure
paraffin at heat input of 6.6 W. the similarly decreased battery temperature with
the addition of copper foam can be found at an increased heating power of 8.8 and
13.2 W, respectively. The temperature of the battery at the moment when the fully
fused PCM is 3.4-6.6 "C lower than that of the pure PCM at a heating power of 6.66
to 13.2 W. Mallow et al. (2018) experimentally studied the thermal performance of
Li-ion battery using aluminium foam with different pore size of 10, 20 and 40 PPI
saturated with PCM. The result finding showed that using 40 PPI metal foam give the
temperature decreased was 85%, compared with 10 PPI. Moreover, they compared
aluminium foam with compressed natural expanded graphite foam (CENG) and it
was observed that CENG gave better performance than aluminium foam because of
their low density, small pore size and high thermal conductivity.

Barnes and Li (2020) carried out a combined experimental and numerical study
of passive thermal management system of LiFe PO, using different types of coolant
such as water, air, PCM, PCM /Aluminium foam with pore size of (5 PPI and 40
PPI) and PCM /carbon foam with pore size of (45 PPI), at discharge rates of 1C,
3C and 5C, respectively. It was observed that at 3C discharge rate, the average
battery surface temperature was enhanced at a level of 25 °C. Heyhat et al. (2020)
numerically investigated the thermal performance of phase change materials (PCM)
based battery thermal management system (BTMS) of the 18,650 (18 mm in diameter
and 65 mm in length) Li-ion battery. They also studied the effect of various fin count
1, 2 and 5 numbers and found that having more fins were no longer beneficial. The
result show that the maximum temperature of the battery was reduced from 2 "C
and 4°C at discharge rate of 4.6 W and 9.2 W, respectively. To improve the thermal
performance of battery systems, nanoparticles, fins and metal foam are used with
PCM combinations to enhance thermal management performance and their effects
on system performance. It was observed that the metal foam was more effective than
fins, but the fins were more efficient than the nanoparticles.

For a single battery application, Ghalambaz and Zhang (2020) numerically and
experimentally investigated the conjugate flow of phase change materials embedded
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in nickel foam with a pore size of 10 PPI and porosity of 0.975 and also saturated
with paraffin wax in the annular space of the heatsink. The inner surface of annuli
is subjected to a pulse heat load, whilst the outside surface is cooled by convection.
During the pulse load, heat sink with PCM results in four times the cooling power
in comparison with pure external convection. Veismoradi et al. (2020) numerically
investigated the heat transfer and thermal characteristics of a Li-ion battery cell
filled with paraffin wax embedded in copper metal foam for various heat loads. They
found that efficiency ins proportional to the heat pulse given. Ranjbaran et al. (2020)
investigated numerically, nine passive Li-ion BTMS based on paraffin wax as pure
PCM, and copper foam as conductive additive. Copper is added from 1 to 9 vol%
in steps of 1%. It is found that adding 6% copper foam to the cell has the optimal
cooling effect and keeps the cell within the specified temperature range.

5.3 Conclusions

From the preceding discussions, it can be seen that several works are available on
the thermal management of PCM-based metal foam combinations.

e Majority of the experimental investigations on the BTMS is employed using
copper and aluminium foams. Use of nickel foam / paraffin composite as a
passive thermal management system for Li-ion batteries have rarely explored.
Furthermore, nickel foam is cheaper than that of copper and aluminium foams
and also shows a better thermal stability since it is more resistant to corrosion
than copper and aluminium foams, thus providing another attractive PCM—metal
foam combination for battery thermal management solutions.

e The foam with large pore density is suitable for the BTMS applications due to
increased surface area at the same porosity. In order to have greater conduction
heat transfer, low porosity foam is better, but low porosity of foam is retarding
convection heat transfer.

e The effective thermal conductivities of the composite PCMs are drastically
enhanced with the use of metal foams, compared to that of pure paraffin in all
cases.

¢ Toincrease the heat transfer rate, the foam with low porosity is preferred, similarly
foam with high porosity is suitable for increasing the heat storage capacity. Small
pore size and thicker ligament leads to higher diffusivity. Larger pore size and
thinner ligament leads to larger heat storage unit.

e Though many studies are available for the BTMS with the use of metal foam—
PCM combinations, investigations pertaining to the optimization of the amount
of PCM used, power level, quantity of metal foam required for maintaining the
optimum temperature limits are still scarce in the literature.
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Chapter 6 M)
Performance Enhancement of Thermal Grack i
Energy Storage Systems Using Nanofluid

Vednath P. Kalbande, Pramod V. Walke, Kishor Rambhad, Man Mohan,
and Abhishek Sharma

6.1 Introduction

Due to upsurge in the energy demand the usage of fossil fuel has increased dramat-
ically. Search of alternative and pollution free energy sources are the prime task of
the scientist and researchers. One of the potential substitutes is to store the avail-
able energy by thermal energy storage (TES) systems with the help of phase change
materials (PCM). There are different forms of energy such as solar, industrial waste
heat, heat energy available in IC engine exhaust, etc. are available, and particularly
solar which can be stored and used for different applications. Nature has provided
sun energy freely and that can be kept with the help of TES systems. In the growth
of interest in wind energy, TES system would be a promising technique storing wind
energy due to its intermittent nature (Yamaki et al. 2020). Thermal energy storage
using PCM to store energy is the essential requirement of the current scenario. The
important properties such as thermal conductivity, melting point, heat of fusion etc.
are considered for selection of PCM. Phase change material such as Paraffin wax,
Erythritol, and Nitrate salt can be used to store thermal energy. So, it is required to
explore the performance of TES systems using different types of PCM through the
literature in details. The fusion during change of phase from solid to liquid absorbs
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energy when it solidified. The sensible heat of materials is nearly same about 110 °C
temperature so the (PCM) is important for the potential of heat storage. Generally,
stearic acid, tin, nitrate salt mixture etc. are promising latent heat storage material.
A single material cannot fulfil all the requirement of latent heat storage system.
Hence, optimization of the latent heat storage system such as operational range of
melting temperature, preferred thermal performance, and cost analysis has been done
in recent past (Rathod and Banerjee 2013; Mussard 2013).

Renewable energy in various forms such as solar, wind, energy from biomass,
ocean is available generously but few challenges such as efficient conversion tech-
nology, its intermittent in nature need to be tackled in appropriate way. In this regard,
TES system can be considered one of the possible solutions to store the available
energy and use it when required. Best many research investigations have been carried
out to enhance the performance of TES system using nanofluid (A solution in which
nano-sized particles are dispersed in base fluid) (Jouhara et al. 2020; Ahmed et al.
2017). Thermal conductivity depends upon size and shape of the nanomaterial, base
fluid, operating temperature rage, and volume fraction etc. (Shima et al. 2009).
Different models have also been developed to find the effect of size and surface
adsorption of nanomaterial on the thermal conductivity (Wang et al. 2003).

The problem related while using different types of PCM in the latent heat storage
system and methods of PCM insertion in the storage was studied and discussed in this
chapter. The shell and tube, pipe, and cylinder model for filling PCM, comparison
between various PCM and charging and discharging methods of TES systems have
also been covered in this chapter. The heat transfer solutions related to PCMs and
numerical methods were elaborated in further section (Agyenim et al. 2010). The
commonly used PCM can be categorized as solid-liquid, liquid—gas, solid—gas, and
solid—solid and is depicted in Fig. 6.1.

Properties enhancement of the Paraffin wax has been carried out with the help
of nano-additives for the applications of thermal storage system. The nano-additives
are the iron, copper, zinc, and aluminum at the concentrations of 0.5, 1.0, and 1.5
wt.% of each nano-additives. The thermal conductivity of nanocomposite enhanced
up to 20.6% and 61.5% by using copper and zinc nano-additives respectively in the
Paraffin wax. This nanocomposite was tested for charging and discharging in thermal
storage using flat plate solar collector. It was noticed that the capacity of the thermal
energy storage has been improved (Owolabi et al. 2016).

A latent heat TES of vertical shell and tube type heat exchanger was used to
determine the melting and solidification of the Erythritol as PCM. The heat transfer
fluid as air was taken in the system. During the charging increase in mass flow rate
and inlet temperature, enhanced the charging of PCM-based thermal storage (Wang
et al. 2016). The charging of thermal storage with Erythritol as PCM using parabolic
through solar collector was investigated. The Al,Os/soybean oil nanofluid was used
as heat transfer fluid (Kalbande et al. 2019). To enhance the heat capacity of nitrate
salt (mixture of KNO3; and NaNOj; with 40:60 ratio), the nanoparticles such as Al,O3
and SiO, with 1.0 wt.% were dispersed at higher temperature i.e. 300 °C in PCM.
Specific heat of this type of PCM was enhanced by 52.1% at solid state and 18.6%
at liquid state (Chieruzzi et al. 2017).



6 Performance Enhancement of Thermal Energy Storage Systems ... 137

] [ T ; v
Solid-liquid Liquid-gas Solid-gas Solid-solid
] . v
Low molecul Low molecul.
compound Polyraers i compound.

|

!
e o
Poly (ethylene
glycol)

Paraffins
L, Alloys i

(—» Fatty acids

> salts
— Esters

|, sais
L L+ Alcohol
L—p Hydroxides Ly  Other

Fig. 6.1 Classification of phase change materials (Pielichowska and Pielichowski 2014; Kancane
et al. 2016)

6.2 Thermal Energy Storage

The general types of solar TES are shown in Fig. 6.2. The chemical type of energy
storages is heat pump, thermal chemical and due to heat of reaction. The chemical
energy depends on the dissociation of the reaction, source of energy, and various
thermo-physical properties of the energy storage system. Nowadays the PCM-based
thermal storage is used to collect solar energy. Basically, the solar energy thermal
storage is divided into following two groups.

1. Sensible heat storage
2. Latent heat storage.

Both the heat storage has its own importance and identification. Latent and sensible
heat storage are more dominant energy storage as compared to reaction-based energy
storage for storing the solar energy.

6.2.1 Sensible Heat Storage

Sensible heat storage depends on to the decreasing or increasing temperature limit of
the storage materials. The variables such as volume and pressure do not change during
the change in temperature. The sensible heat principle of storing thermal energy is
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Fig. 6.2 Types of different solar energy thermal storage (Frank 1979; Sharma et al. 2009)

very simple and widely used. Charging and discharging of storage is occurred due
to change in temperature of the storage materials. Heat capacity of the system also
depends on charging and discharging of storage. The operations of charging and
discharging are reversible for the number of cycles (Garg and Mullick 1985).

The capacity of heat storage by material due to change in temperature is given by
formula:

0= ?medT 6.1)
T

where, Q is total capacity of heat storage (J); m is mass of storage materials (kg); C,
is specific heat of heat storage material, and dT is the temperature difference between
temperature 7 and 7', (K).

6.2.2 Latent Heat Storage

Latent heat is the isothermal process system in which the storage gained or released its
thermal energy during the process of phase transition. The phase transition of material
from solid to liquid (melting) or the liquid to solid (freezing) is the important process
for the thermal energy storage system (Lane 1983; Kalaiselvam and Parameshwaran
2014).

The capacity of heat storage by material at given melting point for a range of
temperature is given by formula:
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T T
0 = [ mC,dT +mh + [ mC,dT (6.2)
T, T

where, Q is total capacity of heat storage (J); m is mass of storage materials (kg);
C, is specific heat of heat storage material dependent on temperature, and dT is the
temperature difference between temperature 7'y to 7, and 7', to T (K).

The mixture of nitrate salt i.e. NaNO3; and KNO3 with the molar ratio of 60:40
was studied by mussard (Mussard 2013; Mussard and Nydal 2013a, 2013b) at NTNU
for oil-based and aluminum-based thermal storage system.

6.3 Nanofluid

The term nanofluid was used by Choi (Choi and Eastman 1995; Lee et al. 1999) who
has used nanoparticles to enhance thermal conductivity of base fluid. The nanofluid
is basically the nanoparticle suspension in base fluid. The summary of the thermo-
physical properties of the word done in past on the use of different nanoparticles
with base fluid thermo-physical properties are given in Table 6.1.

A comparative study on the enhancement in thermal performance of TES, with
and without addition of nanoparticles in the PCM is presented in Table 6.2.

6.3.1 Preparation of Nanofluid

The nanometers size tiny particles known as nanoparticles uniformly suspended in
the fluid, called as nanofluid. One basic fluid is for suspension of nanoparticles
is known as base fluid. Nanoparticles or nanotubes are added into base fluid with
some proportion (Kasaeian et al. 2015). Nanoparticles are suspended in base fluid
for example water, oil, glycol etc. by using magnetic stirring or ultrasonic stirring.
Generally, nanoparticles are metallic or non-metallic in nature. The nanoparticles
have high value of thermal conductivity which enhances the heat transfer rate through
convection when added with base fluid. The applications of nanofluid in heating,
cooling systems are due to the enhanced properties of nanofluid (Kasaeian et al.
2015; Lomascolo et al. 2015). The preparation method of nanofluid is described in
Fig. 6.3.

6.3.2 Hybrid Nanofluid

The nanofluid is prepared using single nanoparticles and multiple nanoparticles.
Single nanoparticles-based nanofluid is termed as mono nanofluid and multiple
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Table 6.1 Thermo-physical properties such as density, thermal conductivity, and specific heat of
some base fluid and nanoparticles (Kamyar et al. 2012; Namburu et al. 2007; Collins and Avouris
2000; Kumar et al. 2018; Yuan et al. 2016; Pop et al. 2012; Faizal et al. 2013; Turkyilmazoglu 2015;
Jamshed and Aziz 2018; Cardenas Contreras et al. 2019)

Name of nanoparticles and | Density (kg/m?>) Thermal conductivity Specific heat in

base fluid/formula (W/m-K) (kJ/kg K)
Copper Oxide/CuO 5999 34 0.554
(Kamyar et al. 2012; Faizal

etal. 2013)

Titanium di Oxide/TiO, 4229 8.400 0.689
Ferro/Fe3O4 (Jamshed and | 5181 9.700 0.672
Aziz 2018)

Silver/Ag (Kamyar et al. 10,486 429 0.236
2012; Turkyilmazoglu

2015)

Carbon nanotubes (Collins | 1351 2999 0.739
and Avouris 2000; Yuan

etal. 2016)

Alumina/Al, O3 (Kamyar 3959 39 0.775

et al. 2012; Faizal et al.
2013; Kalbande et al.

2021a)

Graphene (Cérdenas 2099 4999 0.710
Contreras et al. 2019)

Graphite (Kamyar et al. 2158 122 0.704
2012; Yuan et al. 2016)

Silicon di Oxide/SiO, 3967 38 0.767

(Namburu et al. 2007;
Faizal et al. 2013)

Ethylene Glycol/EG 1113 0.254 2414
(Jamshed and Aziz 2018)
Water (H,O) base fluid 998 0.602 4.183

(Faizal et al. 2013;
Turkyilmazoglu 2015)

Methanol/methyl (Jamshed | 795 0.206 2.544
and Aziz 2018)

nanoparticles-based nanofluids are termed as hybrid nanofluid. In recent years, it was
noticed that hybrid nanofluid enhances the performance of TES system (Kalbande
et al. 2021b).

Sidik et al. (2016) a review was discussed for heat transfer applications by using
hybrid nanofluid. The hybrid nanofluid was suitable for the higher temperature range
of working fluid. The review mainly discussed about the preparation on hybrid
nanofluid and, experimental and numerical results by using hybrid nanofluid. It was
concluded that the hybrid nanofluid can be a new generation of working fluid but there
was requirement to find thermo-physical characteristics such as viscosity, density,
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Table 6.2 Comparative study on the enhancement in thermal performance of TES, with and without
addition of nanoparticles in the PCM

Author PCM Nanoparticles Remarks for Remarks for with
without nanoparticles
nanoparticles

Owolabi et al. Paraffin wax Al, Cu, Zn, Fe | The energy The energy

(2016) absorbed factor | absorbed factor
rate was 0.5908 | rate was 0.5892
and efficiency of | and efficiency of
the system was | the system was
reported 53.5% | reported 58.5%

Al-Kayiem et al. | Paraffin wax Cu The overall The overall

(2014) efficiency of the | efficiency of the
system was system was

51.1%. Thermal
conductivity of

52.0%. Thermal
conductivity of

PCM was PCM was

0.172 W/m °C 0.226 W/m °C
Prado et al. Stearate PCM MgO and GnPs | The thermal Results indicated
(2020) diffusivity was that, when GnPs

found less as
compared to

and MgO were
distributed in the

nanocomposite | PCM, the thermal
PCM diffusivity was
increased
Avid et al. (2020) | Paraffin wax MWCNT Thermal The thermal
conductivity was | conductivity of
less than the nano-PCM
nano-PCM improved by
about 30% when
the MWCNTSs
content was
increased to its
maximum
Elarem et al. Pure paraffin wax | Cu Heat transfer Optimal heat
(2021) fluid temperature | transfer fluid
recorded less temperature
than to obtained at 1%
nanocomposite | mass
PCM concentration of
nanoparticles
Prabhu et al. Paraffin wax TiOy-Ag Before Thermal | Before Thermal

(2020)

cycling process
the latent heat
storage capacity
at melting stage
was 124.7 J/g

cycling process
the latent heat
storage capacity
at melting stage
was 139.9 J/g
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Fig. 6.3 Preparation of nanofluid (Yang and Du 2017; Kalbande et al. 2020)

thermal conductivity etc. and the physical parameter such as concentration range of
hybrid nanoparticles, shape, and size. Zahan et al. (2019) numerically studied the
flow of hybrid nanofluid in sinusoidal triangular enclosure with combined convective
lid-driven. A wavy bottom surface of sinusoidal is used in triangular enclosure to
investigate performance of hybrid nanofluid of Cu and Al203 with water as base
fluid. It was noticed that heat transfer enhancement was obtained by using combina-
tions of two or more nanoparticles for nanofluid preparations. The enhancement was
achieved in Nusselt number for the hybrid nanofluid as compared to conventional
nanofluid.

Dinarvand et al. (2019) have investigated the effect of hybrid nanofluid of CuO-
TiO,/water flow over the static or moving wedge/corner. The thermal performance
of the hybrid nanofluid was higher than the base fluid and mono-nanofluid. The
cylinder, sphere, and brick shape of nanoparticles were less effective for enhancement
in local Nusselt number as compared to platelet shape of TiO, and CuO nanoparti-
cles. Dalkilic et al. (2019) studied experimentally the performance of various quad-
channel twisted tape inserts in horizontal tube to predict heat transfer analysis of
graphite-SiO2/water hybrid nanofluid. As the volume concentration and mass flow
rate increased, the Nusselt number also increased. The Re number was in the range
of 3400-11,000. The longer tape inserts were preferred for the increasing Reynolds
number and pressure drop with higher concentrations.

Shah et al. (2020) studied the various properties of hybrid nanofluid effect
on the performance of thermal and heat transfer system. The rheological and
thermo-physical characteristics were studied. Those characteristics were nanopar-
ticle concentration, nanoparticle size, base fluid, sonication period, surfactant, pH
value, temperature, clustering, and nanoparticles Brownian motion were studied.
Author concluded that the higher concentration of nanoparticle results into the higher
thermal conductivity of the hybrid nanofluid and hydraulic diameter increases due to
the clustering of nanoparticles. Babu et al. (2017) summarized the study on thermo-
physical properties, synthesis, heat transfer characteristics, fluid flow characteristics,
and hydrodynamic behavior of the hybrid nanofluid which was carried by several
researchers. Due to synergistic effect the hybrid nanofluid possesses better rheolog-
ical properties and thermo-physical properties. Nanoclusters in base fluid result into
the increasing relative viscosity of hybrid nanofluid.
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From the above discussion it can be understood that hybrid nanofluid can be
prepared similar to mono nanofluid. Also, it is seen that hybrid nanofluid enhanced
the heat transfer in the thermal system. The research work done in past revealed that
hybrid nanofluid is efficient way to boost the performance of TES system. From
above literature of hybrid nanofluid says that it is future heat transfer fluid for the
heat transfer and thermal systems.

6.4 Phase Change Materials

In this section, the research study on Paraffin wax, Erythritol, and Nitrate salt has
been studied in detail with properties and their melting point.

6.4.1 Paraffin Wax

Paraffin wax as a PCM material is one of the good options for the TES system. Paraffin
wax is readily available at lowest cost so it is very useful in the thermal storage system
to store energy. The paraffin wax was used in the solar-based TES system to store
solar energy. The Paraffin wax was filled in the tube of triple concentric horizontal
heat exchanger which is heated from the solar energy through solar collector (Ravi
and Rajasekaran 2018). The thermo-physical properties of Paraffin wax are given in
Table 6.3. The properties of Paraffin wax can be used for thermal storage.

6.4.2 Erythritol (C4H1904)

Erythritol (C4H;0O4) as a PCM in thermal storage system is another option. Many
authors used Erythritol as PCM in solar-based thermal storage. The thermo-physical
properties of Erythritol are given in Table 6.3. Charging and discharging of thermal
storage using Erythritol as PCM is carried out, thermal storage was based on solar
energy (Sharma et al. 2005).

Energy release has been carried out through heat exchanger with direct contact to
PCM (Erythritol). A vertical cylinder was used for the heat storage system to energy
in PCM. The PCM-based heat storage unit was heated with the help of heat transfer
oil through the heater. The effectiveness of 0.83 was achieved at high temperature
and at height of cylinder 0.2 m. As the flow rate of heat transfer oil increases, the
average volume heat transfer coefficient also increases with decreasing the PCM
height (Nomura et al. 2013).
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Table 6.3 Thermo-physical properties of the Paraffin wax, Erythritol (C4H;9O4), and Nitrate Salt

S. No. | Properties paraffin wax Erythritol Nitrate Salts (KNO3 and
(C4H1004) NaNO3)
1 Melting 58-60 °C (Ravi and 118 °C (Sharma | 220 °C (Mussard and
point Rajasekaran 2018) et al. 2005; Nydal 2013a, 2013b;
Honguntikar and | Foong et al. 2011;
Pawar 2019) Okello et al. 2014;
Mussard et al. 2013)
2 Heat of 214 kJ/kg (Ravi and 339 kl/kg 108.67 kl/kg (Foong
fusion Rajasekaran 2018) (Sharma et al. et al. 2011; Okello et al.
2005; 2014)
Honguntikar and
Pawar 2019)
3 Density 845-925 kg/m> (Al-Waeli | 1480 kg/m®> @ | 1800 kg/m> @ T <
etal. 2019) 20 °C and 220 °C and 1700 kg/m?
1300 kg/m® @ @ T > 220 °C (Mussard
140 °C (Sharma | 2013; Foong et al. 2011;
et al. 2005; Okello et al. 2014)
Honguntikar and
Pawar 2019)
4 Heat 0.24 W/m-K (Ravi and 264WmK @ |0.8 W/m-K (Foong
conductivity | Rajasekaran 2018) 20 °C and etal. 2011; Okello et al.
1.L1I7W/mK @ |2014)
140 °C (Sharma
et al. 2005;
Honguntikar and
Pawar 2019)
5 Specific heat | 1.85 kJ/kgK (Ravi and 1.38kl/kg °C @ | 0.75 kJ/kgKif T <
Rajasekaran 2018) 20 °C and 105 °C
2.76 kl/kg °C @ | 4.1 kJ/kgK if 105 °C <
140 °C (Sharma | T <115°C
et al. 2005; 1.4 kJ/kgK if 115 °C <
Honguntikar and | T <215 °C
Pawar 2019) 12 kJ/kgKif215°C <T
<225°C
1.6 kJ/kgK if T >225 °C
(Mussard and Nydal
2013a, 2013b; Foong
et al. 2011; Mussard
et al. 2013)
6 Viscosity 0.003 Pa-s (Ravi and 2.9 x 102 Pa-s | 2.59 x 1073 Pa-s (Tiari
Rajasekaran 2018) @ 120 °C and and Qiu 2015)
1.6 x 1072 Pa-s
@ 140 °C

(Nomura et al.
2013)
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6.4.3 Nitrate Salts (KNO3 and NaNO3)

The thermal storage system is working at higher temperature than Nitrate Salt as
PCM is the best option to store energy. The nitrate salt has melting point in the range
of 210-220 °C. So, it can be useful for the higher temperature ranges and to store
energy at elevated temperature. The thermo-physical properties of the Nitrate Salt
are given in Table 6.3 (Foong et al. 2011; Okello et al. 2014).

Solar energy-based thermal storage using Nitrate Salt of KNO3; and NaNOj3
mixture in molar ratio of 40:60 as a phase change material has been studied and
charging and discharging of thermal storage was carried out. The parabolic trough
solar collector was used to transfer solar energy to thermal storage. The PCM cavity
was used to fill nitrate salt in thermal storage. The heat transfer fluid was high temper-
ature oil such as Duratherm etc. Two types of thermal storages were used in that study
one was Aluminum-based thermal storage and second was oil-based thermal storage.
The PCM melting in storage was achieved at higher temperature using solar collector
(Mussard and Nydal 2013a, 2013Db).

Kamimoto et al. (1980) investigated the use of nitrate salts as phase change mate-
rials, among heat storage options latent heat storage is most suitable for applications
which require temperature stability as due to high energy storage density it can offer
reliable buffer during off peak hours. Another characteristic is constant temperature
during charging and discharging which makes latent heat storage better option for
both small and large application. But it is not easy to apply it as it has various factors
involved. Most important being temperature of phase change. The use of sodium
hydroxide, potassium hydroxide, and mixed salts was evaluated in that work. The
experimental results indicated that NaNO; and other nitrates showed temperature
history similar for charging and discharging thus it is suitable to be used in thermal
storage.

Zhangetal. (2016) studied numerically and experimentally molten salt in the latent
heat storage system for retrieval characteristics analysis. Oil as a heat transfer fluid
was chosen to investigate retrieval characteristics of thermal storage. A composite
foam of nickel and PCM was developed. The detailed study of solidification/melting
was carried out for the behavior of PCM. The pure molten salt was less effective in
performance than the pure molten salt as the flow rate of heat transfer fluid increases.

6.5 Conclusion

The use of nanoparticle for enhancement of performance of TES systems is one
of the promising techniques. In recent past, variety of nanoparticles materials have
been used for thermal storage applications. The nanomaterials such as Al,O3, CuO,
Si0;, TiO,, Fe, Au, Ag, Cu, Graphene, Graphite, CNT, and MWCNT have been used
frequently with different base fluid. Also, the use of hybrid nanofluid is one of options
for the performance improvement of the TES systems. The previous work done by
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researchers suggested that the hybrid nanofluid improves the heat transfer rate which
improves the performance of TES systems. The past research work revealed that the
Paraffin wax, Erythritol, and Nitrate salt, have the properties which can be used in
lower temperature range TES systems. The Erythritol and Nitrate salt is a suitable
PCM for the higher temperature ranges thermal storage applications. But Erythritol
can be used for only temperature range around 150 °C. For the temperature range of
200-230 °C a Nitrate salt as PCM in thermal storage is better option. So Erythritol
and Nitrate salt can be used for the higher heat gain medium.
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Chapter 7 )
Inoculum Ratio Optimization ek
in Anaerobic Digestion of Food Waste

for Methane Gas Production

Parag K. Talukdar, Varsha Karnani, and Palash Saikia

Nomenclatures

AC Ash Content

AD Anaerobic Digestion

BMP  Biochemical Methane Potential
CD Cow Dung

CcvV Calorific Value

F/M  Food to Microorganisms ratio
Fw Food Waste

MC Moisture Content

TS Total Solid

VFA  Volatile Fatty Acid

VS Volatile Solid

7.1 Introduction

According to the Food and Agricultural Organization (FAO) of United Nations, the
food waste (FW) is any healthy or edible substance, such as fresh vegetables, fruit,
fish, meat, bakery and dairy products, etc., which is wasted, lost, or degraded at
every stage of the food supply chain (Yang et al. 2018; Pecar et al. 2020; Chen et al.
2017). Out of the total food produced in the world, around one-third (amounting to
1.3 billion tonnes) gets wasted every year. This accounts for nearly US$ 680 billion
in industrialized countries and US$ 310 billion in developing countries (Barua et al.
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2018; FAO 2011). Most of the generated is either directly dumped in landfills or
used as feedstock in animal husbandries; but these practices have created serious
environmental and health issues (Mir et al. 2016).

The physiochemical characteristics of FW are affected by its composition. For
instance, the FW comprising of rice, pasta and vegetables is enriched with carbo-
hydrates, while the FW consisting of meat, fish and eggs has abundant amount of
proteins (Pecar et al. 2020). But in general, FW can be considered to have moisture
content (MC) of around 74-90%, volatile solids (VS) of around 85 + 5%, and mean
pH of around 5.1 & 0.7 (Pecar et al. 2020; Fisgativa et al. 2016; Zhang et al. 2007).
The high MC and perishable nature of FW makes the treatment by traditional methods
(incineration, pyrolysis and composting) to be less effective (Li et al. 2018; Zhao
et al. 2019). However, AD involves multiphase and multistage chains of complex
biological process and produces biogas from organic waste (Zhao et al. 2019; Ren
et al. 2018; Xu et al. 2018). It has emerged as a promising technique where FW can
be used to produce large amount of energy.

Of late, India has emerged as world’s second largest LPG importer after China
and the demand for LPG is projected to rise 34% from 2014 to 2025. LPG is used
by 59% of Indian houses for their cooking needs (Apte et al. 2013). However, the
importance of non-conventional energy resources is slowly increasing because of
sharp rise in energy demand and depletion of conventional resources of the country
at a large scale. Further, replacing even 20% of LPG by biogas produced from FW as
feedstock can result in significant saving of foreign exchange, thereby upgrading the
economy of the nation (Desai and Jadhav 2016). Biogas is a clean renewable energy
resource that can be obtained through biological degradation of organic waste during
AD process (Mir et al. 2016; Appels et al. 2011). The biogas obtained through this
process mostly contains 60-75% of methane and 20—40% of carbon dioxide as well
as traces of other gases. Further, the several operating parameters such as solid
concentration, temperature, pH, and retention period influence the typical gas yield
during AD.

The AD is a biological process that produces biogas by degrading and stabi-
lizing complex organic matter in an anaerobic environment with the help of a
consortium of microbes (Akyol 2020). According to various studies, AD proceeds
through four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis as
shown in Fig. 7.1 (Senthilkumar et al. 2016; Deepanraj et al. 2015; Achinas
and Euverink 2019). During hydrolysis, conversion of complex organic molecules
(proteins, polysaccharides and fat) into simpler ones (peptides, saccharides and fatty
acids) occurs with the help of exoenzymes (cellulose, protease, lipase) produced by
hydrolytic and fermentative bacteria. In acidogenesis, the products of hydrolysis are
broken down into smaller molecules of low molecular weight (organic acid alcohols,
carbon dioxide, hydrogen and ammonium), which are then converted into acetic
acid, hydrogen and carbon dioxide by acetate bacteria. The products of the aceto-
genesis are converted into methane gas in the final step by two groups of microbes-
acetoclastic methanogens. It converts the acetate into carbon dioxide, methane and
hydrogen-utilizing methanogens, which reduces the hydrogen and carbon dioxide
into methane (Mir et al. 2016).
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Fig. 7.1 Anaerobic degradation process (Bouallagui et al. 2005; Madigan et al. 1997; Ray et al.
2013)

It is critical to have prior understanding of the methane potential of the feedstock
for any digestion facility to work properly in the long run (Deepanraj et al. 2015;
Koch and Drewes 2014; Koch et al. 2017). The Biochemical Methane Potential
(BMP) test was developed by Owen et al. (Owen et al. 1979), and is an important
tool for the study of potential of methane generation from different wastes as this
test determines the maximum quantity of methane that can be produced from a
substrate (Elbeshbishy et al. 2012; Owens and Chynoweth 1993; Wang and Barlaz
2016; Krause et al. 2018). Castellon-Zelaya et al. (Castellén-Zelaya and Gonzélez-
Martinez 2021) studied the effects of solids concentration and substrate to inoculum
ratio on production of methane from organic municipal solid waste. The methane
production from fermented organic fraction of municipal solid waste was found to be
increased by 32% when compared to fresh organic fraction of municipal solid waste.
Furthermore, the substrate to inoculum ratio for optimum production of methane
from the fermented organic part of municipal solid waste was reported to be 1.0.
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Fig. 7.2 Unmanaged landfill > »
site at Garmur, Jorhat, s
Assam, India (26.7498° N, ]
94.2353° E) %

7.1.1 Motivation

Figure 7.2 shows the scenario of the unmanaged landfill site at Garmur, Jorhat,
Assam, India. The waste generated in the town is dumped directly into this landfill
and burnt, situated alongside Tocklai rivulet which falls in the Bhogdoi river, Assam
without any treatment process, like incineration or composting. The condition is
deplorable with stray animals, foul odors, and flies, thereby raising serious concerns
among the residents. Also, there is a municipality water supplier plant nearby. As
a result, these wastes have the potential to damage all of the living environment’s
essential components: air, land and water. The Jorhat Municipal Board (JMB) oper-
ates and handles waste from 19 wards in the town, which spreads across 9.25 km?.
The total waste generated per day in the town is around 60 tonnes, which is picked
up every day from 121 collection points located across the town. FW makes up a
large component of the municipal solid waste organic fraction, which can be easily
separated at the source (residences, restaurants, school canteens, etc.) and treated
anaerobically to produce energy-rich biogas. This will not only help in managing
food waste efficiently, but will also provide an alternative source of energy to meet the
increasing energy requirements coupled with rapidly depleting coal and petroleum
resources.

7.1.2  Present Objective

Considering the energy deficit and waste management problem in Jorhat, Assam,
an attempt has been made to determine the potential of kitchen waste to produce
biogas through AD. The present study aims to optimize the F/M ratio in order to
obtain maximum methane gas, during AD of FW using cow dung as inoculum. This
kind of investigation is unique because no such study has been reported for Jorhat,
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Assam, India. For this, initial characterization of the kitchen waste and inoculum
(cow dung) has been done to evaluate the MC, volatile matter content, ash content,
fixed carbon content and calorific value. Further, BMP test is conducted on different
Food to Microorganisms ratios (F/M) viz. 1:1, 1.5:1, 2:1 and 2.5:1 to identify the
optimum F/M ratio for maximum production of methane using cow dung (CD) as
inoculum.

7.2 Materials and Methods

7.2.1 Initial Characterization of Substrate and Inoculum

In the present study, FW is used as the substrate and fresh cow dung is used as the
inoculum. Cow dung is found to be the best inoculum, as reported by Dhamodharan
et al. (2015). The FW was collected from hostels of Jorhat Engineering College,
Jorhat, Assam, India as shown in Fig. 7.3, while fresh cow dung is sourced from a
nearby goshala in Jorhat, Assam, India. The FW used mainly consists of cooked rice,
vegetables, chapattis and uncooked vegetables peels. The waste is mixed thoroughly
and grinded in a mixer grinder. The homogenously mixed samples of substrate and
inoculum is then evaluated for determination of basic characteristics, viz. Moisture
content (MC), Total solids (TS), Volatile solid (VS), Ash content (AC), Fixed carbon
content (FC) and pH. The hot air oven and furnace for initial characterization are
shown in Fig. 7.4. APHA (APHA 2005) standards were used to measure MC, TS
and VS. AC is measured using standard procedure as per ASTM D 2974-87 (ASTM
D 2974-87 1993). The pH meter is used to determine the pH of the samples.

(a) FW before grinding; (b) Homogenously mixed
FW after grinding

Fig. 7.3 Food waste (FW)
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(a) Hot air oven (for moisture determination) (b) Furnace (for VS and AC determination)

Fig. 7.4 Hot air oven and furnace for initial characterization

7.2.2 Data Measurement

7.2.2.1 Moisture Content (MC) and Total Solid (TS)

At first a known weight of the sample was dried in hot air oven at 105 + 5 °C for
24 h. The weight of the oven dried sample is measured.

weight of the sample after drying at 105 £ 5°C

BTS = x 100 (7.1)

weight of the sample taken

loss in weight of the sample

%MC = 100 (7.2)

weight of the sample taken

7.2.2.2 Volatile Solid (VS)

The oven dried sample was then covered with a lid and heated in a furnace at 550 +
10 °C for around 2 h.

loss in weight of the oven dried sample at 550 4= 10 "C

%VS = x 100 (7.3)

weight of the oven dried sample

7.2.2.3 Ash Content (AC)

Oven dried sample is uncovered and heated in a furnace at 440 £ 10 °C until the
specimen is completely ashed.
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weight of the residue left in the crucible

%AC = - - x 100 (7.4)
weight of the oven dried sample
7.2.2.4 Fixed Carbon (FC)
%FC = 100 — (% Moisture + % Volatile Content + % Ash) (7.5)

7.2.3 BMP Test Setup

The methodology employed for carrying out the BMP test is followed as described
by Owen et al. (Owen et al. 1979). The overall testing has been conducted for 35 days,
using four different F/M ratios (VS basis), namely 1:1, 1.5:1, 2:1, 2.5:1 and a control
(cow dung only). On the basis of VS content, the different quantities of FW and
cow dung to be mixed to get the required F/M ratios is as shown in Table 7.1. The
accurately weighed samples were put in 1000 mL reagent bottles. The level of all the
batch reactors was maintained 600 £ 10 mL by adding distilled water. To maintain
the anaerobic state, nitrogen gas was purged into the reactor bottles. The bottles were
made air-tight using rubber corks, and then connected to aspirator bottles as shown
in Fig. 7.5. To measure the amount of biogas production water displacement method
has been used. In place of water, the aspirator bottles are filled with 1.5 N NaOH
solution, so that the CO, produced reacts with NaOH to form sodium carbonate
(Na,COs3), and thus can be separated from methane gas (Saha et al. 2018; Walker
et al. 2009). Thus, the amount of solution displaced in the aspirator bottles indicates
the volume of methane gas produced. At different stages of anaerobic digestion, the
pH value varies because of change in concentrations of volatile fatty acids (VFA),
bicarbonates, alkalinity and CO, (Mir et al. 2016). With increase in the amount of
VFA produced, the pH drops and below a pH = 6.0, the methane production is
significantly inhibited. During this study, NaHCO; has been added to keep the pH
value in the range of 6.5-7.5 (Owen et al. 1979; Saha et al. 2018; Singh et al. 2017).

et Vet ol fnimio e ow
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Fig. 7.5 BMP test setup

7.2.4 Analysis of Different Parameters

The volume of methane production has been measured on daily basis using water
displacement method. In place of water, 1.5 N NaOH was used to separate CO,
from methane. When the biogas generated passed from the reagent bottles into the
aspirator bottles containing NaOH, the CO; reacted with NaOH, and the pressure
of the methane gas displaced the NaOH solution out of the aspirator bottles. The
volume of NaOH displaced has been measured by using a measuring cylinder and
this indicated the amount of methane gas produced (Saha et al. 2018). The MC, TS,
VS are examined weekly according to the method described in APHA (APHA 2005)
standards. At first, a known weight of the sample is dried in hot air oven at 105 +
5 °C for 24 h. The weight of the oven dried sample expressed as a percentage of
the original weight is the TS. The loss in weight due to drying in hot air oven is
expressed as a percentage of the original weight is the MC. The oven dried sample
is then covered with a lid and heated in a furnace at 550 £ 10 °C for around 2 h.
The loss in weight is expressed as a percentage of the weight of the oven dried
sample indicated the VS. The room temperature is measured on daily basis using a
thermometer.

7.3 Results and Discussion

7.3.1 Characterization of Food Waste and Inoculum (Cow
Dung)

The characterization of FW and inoculum (cow dung) is enumerated in Table 7.1 and
7.2, respectively and the results obtained in the present study are compared with the
results reported by Zhang et al. (Zhang et al. 2007) (for FW) and Saha et al. (Saha
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Table 7.2 Characterization of FW

Parameter Unit Present study Results obtained by Zhang et al. (2007)
MC % (w.b.) 71.1 69.1

TS % (w.b.) 29.9 30.9

VS % (w.b.) 20.65 26.4

VS/TS ratio % 69.1 85.3

AC % (w.b.) 6.91 -

FC % (w.b.) 1.34 -

pH - 6.02 -

Table 7.3 Characterization of CD

Parameter Unit Present study Results obtained by Saha et al. (2018)
MC % (w.b.) 78.74% 80+ 2.0
TS % (w.b.) 21.26% 18.98 £0.2
AN % (w.b.) 15.90 82+ 04
% (d.b.) 75.86
VS /TS % 74.8 -
AC % (w.b.) 3.24% -
FC % (w.b.) 2.12% -
pH - 7.11 7.13

etal. 2018) (for cow dung). The MC, TS, VS, AC, FC, VS/TS ratio, and pH of the FW
and inoculum (cow dung) are listed in the Table 7.2 and 7.3, respectively. The MC
of FW is found to be high (around 71.1%) which makes it a potential feedstock for
AD. The VS/TS percentage of both FW and cow dung is high, indicating that their
consumable organic fraction is high, thereby producing more energy (Dhamodharan
et al. 2015). The pH value of the FW is obtained to be slightly acidic (pH = 6.02)
while the pH value of cow dung is 7.11.

7.3.2 Biogas / Methane Production

In AD, the most vital parameter to be optimized is the quantity of methane gas
production, which depends on various factors like inoculum source and quantity, TS,
VS, VFA and temperature etc. (Dhamodharan et al. 2015). In the present study, the
BMP test of different F/M ratios (g VS FW/g VS CD), namely 1:1, 1.5:1, 2:1, 2.5:1
and a control (only CD) is done, to determine the optimum F/M ratio, corresponding
to the maximum production of methane gas. The daily methane production and
the cumulative methane production from each of the ratios have been plotted in
Fig. 7.6. The experimental observation showed that for AD of FW with cow dung
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Fig. 7.6 Biogas production

as inoculum, the F/M ratio of 2:1 yielded the maximum amount of methane, with
ratios 2.5:1 and 1.5:1 following it. At F/M = 2:1, the total methane yield is 3428 mL
for a period of 35 days, while for F/M = 2.5:1 and 1.5:1, the methane yields are
2850 mL and 2582 mL, respectively. Further, F/M = 1:1, the cumulative methane
yield is 2210.5 mL and in the control, it was around 1789 mL. From the methane
production trend, it can be observed that as the F/M is increased from 1 to 2, the
methane production also increased. After F/M = 2:1, the methane production started
decreasing. Thus, the optimum order of F/M ratios with respect to methane gas
production from AD of FW is 2:1 >2.5:1 >1.5:1 >1:1.

7.3.3 Volatile Solids

From Fig. 7.7, it can be observed that for all F/M ratios, VS follows a decreasing
pattern over time. These decreasing trends of VS indicate the decreasing mass, which
can be correlated to biogas production. The inoculum activity and its adaptability
toward the substrate influence the VS reduction. Therefore, in order to improve
the microbial activity, it is necessary to maintain a balanced combination between
inoculum and substrate (Dhamodharan et al. 2015). In the present BMP test, at F/M
ratio of 2:1, a maximum of 40% VS reduction is observed. At F/M ratios of 2.5 and
1.5, the VS reduction of 36.15% and 33.36% respectively is observed. Further, the
F/M = 1:1 is having a VS reduction of 32.32%, followed by control having 26.81%.
This order of VS reduction (2:1 >2.5:1 >1.5:1 >1:1) is found to be in order with the
cumulative methane production.
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7.3.4 Variation of Room Temperature Outside the Digester

The operating temperature has a vital role for sustaining the microorganisms of AD.
The microorganisms that are taking part in AD process can be classified into three
categories (Singh et al. 2017):

e Cryophiles (Psychrophiles), occupying the area of cryophilic digestive regime
(operating temperature range 12-24 °C).

e Mesophiles, occupying the area of mesophilic digestive regime (operating
temperature range 2240 °C).

e Thermophiles, occupying the area of thermophilic digestive regime (operating
temperature range 50-60 °C).

Figure 7.8 depicts the variation of room temperature outside the digesters during
the test period of 35 days. As the BMP test is performed during the month of March,
the operating temperature was on a lower side. The temperature fluctuated in between
17 °C and 29 °C, which lies in between cryophilic and mesophilic conditions. As the
thermophilic condition has high conversion rate and biogas productivity, so higher
methane yield can be expected during summer when temperature is higher.

7.4 Conclusions

Pollution is caused by wastes, and the form and extent of pollution is determined
by the nature of the wastes. It also aids in the selection of the required management
application, engineering design, and technology. Furthermore, the composition of
waste is influenced by community’s socioeconomic status, living style, composition
pattern and cultural behavior. Here, an effort has been made to tackle the increasing
problem of waste management in Jorhat, Assam, India. The production of biogas
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from AD of FW has been investigated using cow dung as inoculum. To check the
potential of FW to be used as substrate for AD process, initial characterization of FW
has been done. Along with this, characterization of inoculum (CD) is also performed.
The moisture content and volatile solid content of FW is found to be high and thus
suitable for biological degradation. On the basis of VS of the substrate and inoculum,
four F/M ratios varying from 1.0 to 2.5 are chosen, and BMP test have been carried
out for these ratios for five weeks. The daily methane production, cumulative methane
production, and weekly VS degradation are discussed.

From the experiments, the F/M ratio of 2:1 has been found to be most suitable
for AD of FW with cow dung. At this F/M ratio a volume of 3428 mL methane
gas has been produced at duration of 35 days. Thus, with around 60 tonnes/day of
waste material, the Jorhat town has a good potential of biogas generation. It can be
used in cooking, biogas-based small-scale electricity generation system. For F/M
ratios lower and higher than 2:1, the methane yield is observed to be decreased.
As the temperature during the study was fluctuating in between 17 °C and 29 °C
(in between cryophilic and mesophilic conditions), therefore, the biogas yield was
found to be slightly low. Future studies can be performed taking F/M ratio of 2:1
as optimum, by maintaining high temperature bath, so as to observe the enhanced
methane production at high temperature. In addition, the effect of pre-treatment of
the FW on biogas production can be analyzed. Based on the composition of the
biogas produced, future study may be pursued on purification of the FW so as to
remove the impurities and increase the methane percentage and thus, obtain higher
calorific value of the gas. The co-digestion of the FW with other potential feed stocks
can also be studied.
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Chapter 8 ®
Nano-Mixed Phase Change Material ek
for Solar Cooker Application

C. V. Papade and A. B. Kanase-Patil

8.1 Introduction

The solar energy is stowed in the various forms like sensible heat and latent heat
stowage etc. Well-organized and consistent heat storage systems are essential for
solar based applications to overcome their present irregular wildlife and unexpected
variation in climate conditions. Thermal stowage units that operate PCM as latent
based heat stowage material have received better kindness in current years (Buddhi
et al. 2000; Sharma et al. 2009a, 2005, 2009b; Patel and Krunal 2015; Joudi and
Ahmed 2012; Pankaj et al. 2014; Saxena et al. 2013; Chaudhary et al. 2013; Tian
and Zhao 2013; Muthusivagami et al. 2010; Hussein et al. 2008; Bauer et al. 2010;
Miqgdam et al. 2015; Purohit 2010; Chen et al. 2009; Yuan et al. 2018; Lietal. 2017a;
Kabiretal.2018; Dheep and Sreekumar 2018). It has more heat stowage capacity with
large cycle time and isothermal wildlife during accusing and discharging process.
The stowage of heat energy is achieved by revampment of the core energy of a
quantifiable by way of sensible heat, dormant heat, and thermo-chemical hotness,
or mixture of these. Workable heat stowage structure uses the specific heat bulk of
the ingredient and the temperature of a quantifiable. PCM review article is available
for many applications but the review related to solar cookers are mission therefore
in this chapter, an attempt has been made to recap the examination of the solar
cooking technology incorporating nano-mixed PCMs. This chapter helps to find the
design and development of suitable nano-mixed PCM storage unit for solar based
cooking applications. Temperature of the element upsurges through charging and
decreases through discharging. Latent heat storage (LHS) is based on captivation or
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proclamation of heat when a stowing material suffers a phase change. Again, there
are nearly disadvantages of the PCM used for the stowage of the sun energy such
as the less thermal conductivity with large melting point and less specific heat etc.
The improvement of thermal chattels such as latent heat and thermal conductivity
of PCMs is discussed (Karunamurthy et al. 2012; Obaid et al. 2013; Ahmad and
Sharma 2012; Polvongsri and Tanongkit 2011; Hajare et al. 2014; Saw et al. 2013;
Li et al. 2017b). Because of this, there is a need of mixing nano particles in to the
base PCM to progress the chattels of PCM. Nano elements play an important role in
this situation because of their unique chattels at the nano level. By combination of
the PCM and nanoparticles the properties of PCM can be refurbished by mixing the
nano elements in exact proportion. Hence the effective, efficient and user-friendly
energy storage option need to be investigated or developed done.

8.2 Phase Change Materials

There are huge number of different types of PCMs (organic, inorganic and eutectic)
existing in somewhat required temperature series. Here are a huge number of organic
and inorganic natural materials, which can be recognized as PCM from the opinion
of assessment melting temperature and dormant heat of mixture. Though, but for
the melting argument in the working range, common of PCMs does not content the
criteria mandatory for a satisfactory storage media as conversed earlier. As no sole
material can have wholly the required chattels for perfect thermal-storage media, one
has to use the obtainable materials and effort to kind up for the unfortunate physical
stuff by a satisfactory arrangement design. The PCM to be used in the thermal stowage
arrangements should permit wanted thermo physical, kinetics and chemical chattels
which are as follows (Obaid et al. 2013). There are an enormous number of inorganic
and organic chemical materials, PCM known from point of view various thermal
properties such as melting temperature and latent heat of fusion. Various types of
PCMs along with thermal properties such as heat of fusion, melting temperature,
density and thermal conductivity have mentions in Table 8.1. During solar based
cooking applications there is used PCM for energy stowage, so cooking is done after
sunset and selection is based on different properties of PCM with respective types
of solar cookers or any solar based systems.

8.3 Selection of PCM

The choice of the PCM to stay used is a vital idea which depends on a specific
application and its effective temperature (Kumar and Shukla 2015; Harmim et al.
2010). The PCM to be selected in a particular thermal energy stowage system need
to study passes of desirable properties such as kinetics, thermal, physical, kinetics
organic which are shown in Fig. 8.1.
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Table 8.1 Different types of PCM (Saxena et al. 2011; Nandwani et al. 1997; Li et al. 2017b)

Compound/types | Heat of fusion | Melting temp. (° | Density (kg/m?) Thermal
of PCM (kJ/kg) C) conductivity
(W/m K)
i.MgCl, & 6H,O | 168.6 117 1450 (liquid, 120 | 0.570 (liquid,
‘0 120°C)
1569 (solid, 20 °C) | 0.694 (solid,
90 °C)
ii.NaNO3 107.67 (KJ/Kg) | 308 2257 (solid.18 °C) |0.514
(solid,316 "C)
iii. KNO3 108.67 (KJ/Kg) | 330 2109 (solis, 16 °C) |0.411
(solid,339 °C)
Paraffin wax 173.6 64 790 (liquid, 65°C) | 0.167(liquid,
63.5°C)
916 (solid, 24 “C) | 0.346 (solid,
33.6°C)
Polyglycol E600 | 127.2 22 1126 (liquid, 25 0.189 (liquid,
°C) 38.6 °C)
1232 (solid, 4 °C) |-
Palmitic acid 185.4 64 850 (liquid, 65 °C) |0.162 (liquid,
68.4°C)
989 (solid, 24 'C) |-
Capric acid 152.7 32 878 (liquid, 45 °C) |0.153 (liquid,
38.5°C)
1004 (solid, 24 °C) | -
Caprylic acid 148.5 16 901 (liquid, 30 °C) | 0.149 (liquid,
38.6°C)
981(solid, 13 °C) |-
Naphthalene 147.7 80 976 (liquid, 84 °C) | 0.132 (liquid,
83.8°C)
1145(solid, 20 °C) | 0.341 (solid,
49.9 °C)
I Selection of PCM I
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Fig. 8.1 Selection of PCM
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8.3.1 Thermal Properties

Choosing PCM for demanding bid depends upon the working temperature of the
heating or cooling must be synchronized to the change temperature of the PCM. The
latent heat must be as high as probable, particularly on a volumetric basis, to lessen
the substantial scope of the store. Thermal conductivity advanced would help the
energy storage during accusing and squaring (Sharma et al. 2009b).

8.3.2 Physical Properties

These properties during phase immovability and throughout chilly melting would
assist near setting heat stowage and high density is popular to allow a lesser size
of storage pot. Minor volume changes on phase change and minor vapor pressure
at working temperatures to decrease the repression problem (Sharma et al. 2009b).
Table 8.1 presents data of the investigational thermo physical chattels of both the
liquid and solid states for several PCMs as stated by Lane (Amer 2003) and Farid
et al. (Saxena et al. 2011).

8.3.3 Kinetic Properties

Kinetic properties of PCM are very important. Great freezing has been a difficult
feature of PCM growth, mostly for salt hydrates. Super cooling of additional than
only some degrees are hamper with correct heat removal from the accumulate, and
5-10 8 °C great cooling stop it completely (Sharma et al. 2009b).

8.3.4 Chemical Properties

PCM hurt from squalor by damage of water of hydration, chemical decomposition
or mismatch with materials of creation. PCMs must be non-toxic, non-flammable
and non-explosive for security (Sharma et al. 2009b).

8.3.5 Economics

Very low price and large-scale accessibility of the PCMs is also extremely significant.
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8.4 Nano-Mixed Phase Change Material

Latent heat stowage is found on incorporation or discharge of heat when a storage
material undertakes a stage modify. There are a few drawbacks of the phase change
material used for the storage of the solar energy such as the less thermal conductivity,
high melting point, less specific heat etc. (Karunamurthy et al. 2012; Obaid et al.
2013; Ahmad and Sharma 2012; Polvongsri and Tanongkit 2011; Hajare et al. 2014;
Saw et al. 2013). Because of this, there is a need to mix nano particles in to the
base PCM to develop its properties. Nano particles play a vital role in this condition
because of their unique properties at the nano stage. The properties of PCM can be
revamped by mixing the nanoparticles in accurate proportion. Hence thermal energy
storage investigation nano-mixed PCM is required.

PCMs are used for various applications, limited investigations have been done
regarding the use of their materials for sun energy applications. Therefore, in this
chapter, an endeavor has been made to abridge the study of the solar cooking gadgets
incorporating nano-mixed PCMs. This review helps summarizing the procedure for
design and development of proper nano-mixed PCM stowage unit for solar based
cooker gadgets.

8.5 Selection of Nanoparticles

Choice of nanoparticles is built on several constraints such as cost, element size,
thermal conductivity, size part and kind of base material etc. Part size is a signif-
icant constraint because reduction particles down to nano scale rises the outward
area virtual to size and provides well spreading into the base PCM. While selecting
the nanoparticle, consider the above flow diagram of Fig. 8.2. The application of
nanofluids in solar based application such as collectors and water heaters are studied
for the effectiveness, monetary and environmental features. Some studies showed on
thermal conductivity and visual properties of nanofluids are also temporarily studied,
because these constraints can limit the ability of nanofluids to improve the concert
of solar based systems. Collectors and solar based water heaters, Solar based stills,
Solar PV panels, Solar cells, Thermal energy stowage, Photovoltaic/Thermal based
systems, Solar based thermoelectric cells etc., (Nandwani et al. 1997).

Reliant upon all these principle nano elements are nominated for the diffusion in
the base PCM. Table 8.2 displays the dissimilar types of nano elements with chattels.

8.6 Types of Solar Cookers

Many researchers developed different types of solar based cookers such as box type
and focused type which are capable to make cooking operations. Normally in solar
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Table 8.2 Different types of nano particles (Nandwani et al. 1997)

Sr. No. |Name of nano | Color | Nanoparticles | Thermal Density in | Specific heat
particles approximate | conductivity |kg/m3 in kJ/kg. k
crystalline size | in w/m k
in (nm)
1 SiOs White | 20-30 1.38 2200 0.740
2 TiO, White | 30 8.95 4250 0.686
3 AL O3 White | 20 35 3890 0.880
4 Zn0O White | 30 29 5600 0.710
5 CuO Black |50 33 6400 0.540
6 Graphene Black |4-20 3000 3600 0.765
Oxide

cookers are used PCM for thermal energy storing for performing cooking operation.
Many researchers have tried to explore a moderately simple technique for scheming
parabolic dish collector incorporated through PCM.
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8.6.1 Box Type Solar Cooker Systems

Solar operated cooking was started with box cookers (Buddhi et al. 2000) especially in
the twentieth period, box type of solar based cooker gadget demonstrated a substantial
progress in surroundings of design and concert limits. A large amount expansion and
change has been ended in various types of solar operated cookers except naturally,
expansion has been made in the box type cookers due to its immediate ease and users
approachable. Particularly the works done on box type solar cooker is inadequate to
only for research determination. A very few projects have been able to resolve the
setback with objective i.e., use solar energy for cooking operation.

Buddhi et al. (2000) developed that the box type solar based cooker with PCM
and melting temperature of PCM would be between 105 and 110 "C for cooking for
cloudy atmosphere and after sunset. There was to find after sunset cooking need a
stowage material through proper melting idea and quality for cooking in the evening.
Performance of box type solar cooker was calculated with PCM and three reflectors
were used. The commercial grade acetanilides PCM with melting point —118 °C,
fusion heat of latent —222 kJ/kg are used for thermal energy storage. The cooker
performance was experimentally tested under different loading conditions. Sharma
et al. (2009a) discussed the research of PCM integrated solar cooking technology.
This chapter is an anthology of ample of useful information on limited selected
PCMs used in a box type solar based cooker and concentrated solar based cooker.
Telkes (1959) observed on box type solar based cooker are shown to heat awake, but
effort finds even wherever there are diffuse rays, convective heat beating is caused
by squall, irregular cloud wrap and short ambient temperature. Harmim et al. (2010)
inspected a box-type solar based cooker using finned surface absorber dish. Tests
were conducted in Saharan situation of Algeria at Adrar on the trial stand of the
solar energies examine unit. The outcomes indicated that by using fins with box type
solar cooker was 7% additionally capable than the usual cookers. By using finned
absorber plate heating water was reduced 12%.

8.6.2 Parabolic Concentrator Solar Cooker Systems

The initial solar functioned parabolic type cooker was settled by Ghai in 1950. After
that few researchers (Lof and Fester 1961) designed a variety of geometries and
swelling shapes of solar powered parabolic cookers. Parabolic types of solar based
cookers paying attention to people without delay all over the world due to their
wonderful performance. The solar operated parabolic cookers attain high tempera-
tures with less time and not like solar operated box cookers; they prepare, not require
a unique cooking pot. The system performance assessment procedure was devel-
oping by Purohit (2010). Studies show the rustic and metropolitan people depend
primarily, on non-commercial energies to gather their energy requirements. Solar
based cooking is one potential result but its approval has been restricted somewhat
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due to some difficulties. Solar cooker cannot cook the food after sunset and cloudy
atmosphere. That difficulty is solved by thermal energy storage material. So that
food cooks at late evening (Chen et al. 2009; Abhay and Yogesh 2013; Saman 1997,
Gary et al. 1994). Presented results of cooking through the sun have become a hypo-
thetically practical replacement for fuel-wood in food homework in much of the
emergent world. Vigor necessities for catering account for 36% of entire primary
energy utilization in India. Mohammed (2013) developed a parabolic type dish solar
cooker for native cooking has been offered, jointly with the predicted and actual
recital of the system. The calculated different design factors related to the collector
for cooking purpose, even though no detailed thermal recital study is accessible,
the cooking experiment outcomes illustrate that the cooker is all the time capable
of cooking food correspondent of 3 kg of dry rice at a time, within the predictable
length of time and solar energy levels.

Soud et al. (2010) designed a parabolic type solar based cooker with involun-
tary with trailing system. The trial outcomes presented that the water temperature
privileged the cooker’s tube reached 90 °C when the extreme indicated ambient
temperature remained at 36 °C. Arenas (2007) developed a moveable solar based
kitchen with parabolic type solar reflector that pleated up addicted to a little size.
The investigational study designated that power effectiveness of 26.6% with power
output 175 W. This control scale provides sufficient power to cook a meek meal
for two persons in a normal time of 2 h. Lecuonaa et al. (2013) discussed inven-
tive layout of moveable solar operated concentrating parabolic cooker with TES.
The utmost use of solar rays was achieved by using an inventive type of a solar
collector that is concentrated parabolic collector. The situation has verified ability to
boil and cook fast also which is robust one. This idea infers a bulky heating power
and a top cooking temperature for boiling, frying and burning in sunny time. Suple
and Thombre (2013) studied solar power for cooking applications. Aim is to create
the solar operated cooking as at ease as feasible and it is related to conservative
cooking system. In solar operated box cooker by using flat collectors only boiling
and steaming was achievable. However, use of solar operated concentrating collector
permits every one operation like boiling, steaming, roasting and frying with compar-
ative capacity. Ibrahim (2013) designed and developed solar operated thermal cooker
with parabolic dish having aperture diameter 1.8 m. The cooker remained intended
to cook food comparable of 12 kg of dehydrated rice per day, for a relatively average
size domestic. The cooker was able of cooking 3.0 kg of rice in 90—100 min, and this
muscularly agreed with the expected period of 91 min.
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8.7 Conclusion

In spite of the existing one, there is requirement of solar energy which should be
able to accumulate the sun thermal energy in satisfactory amount effectively and
efficiently with the help of PCM for solar cooker applications. Again, there are almost
some disadvantages of PCM such as high melting point, less thermal conductivity.
Such chattels of energy stowage materials have to be refurbished with the help of the
nano materials. So that immense amount of solar energy stored in the energy stowing
materials and the solar based cooker applications work properly and efficiently.
By revampment of properties of PCM with the aid of nanoparticles energy storing
capacity increased and also other thermal properties improved.
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EV Electric Vehicle

PHEV Plug-in hybrid electric vehicles
BEV Battery electric vehicle
Li-ion Lithium-ion
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Li-MnO, Lithium manganese dioxide
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Li-(CF)x Lithium carbon monofluoride

Li-SOCl, Lithium tetra chloroaluminate

Li-SO,Cl, Lithium tetra chloroaluminate in sulfuryl chloride
Li-FePOy4 Lithium iron phosphate

LiNiMnCoO,  Lithium-Nickel-Manganese-Cobalt-Oxide
PEMFC Proton Exchange Membrane Fuel Cell
PCM Phase change material

CAE Computer-aided engineering

TIM Thermal Interference Material

TR Thermal runaway

LIB Lithium-ion battery

BTMS Battery thermal management system
GRK Greenhouse gases

TEC Thermoelectric coolers

9.1 Introduction

The primary challenges to the deployment of large fleets of cars equipped with
lithium-ion batteries on public roads are safety, costs associated with cycle and
calendar life, and performance. These difficulties are compounded by thermal
phenomena in the battery, such as capacity/power fading, thermal runaway, electrical
imbalance between several cells in a battery pack, and low-temperature performance.
Most batteries should ideally function at an optimal average temperature with a rela-
tively limited differential range. When constructing a battery cell, pack, or system,
the rate of heat dissipation must be quick enough to prevent the battery from reaching
thermal runaway temperature.

Interest in electric vehicles (EV), which HEVs (hybrid electric vehicles), PHEVs
(plug-in hybrid electric cars), and BEVs (battery electric vehicles) are examples of
hybrid electric vehicles (BEV), has increased significantly in recent years as environ-
mental regulations regulate greenhouse gases. (GRK) emissions become more severe.
Since the turn of the twentieth century, environmental degradation and energy scarcity
have become a global problem, with the transportation industry playing an impor-
tant role. The government has made great efforts to promote electric cars (EVs) for
environmental and energy-saving benefits (Johnson et al. 1997), including a number
of preferential regulations. The increasing electric vehicle industry requires high
specific power and high specific energy density batteries to suit the operational needs
of electric cars (Khateeb et al. 2004). Lead-acid, zinc/halogen, metal/air, sodium beta,
nickel-metal hydride (NiMH), and lithium-ion batteries are all available for electric
cars and HEVs (Li-ion). For FCEV, a proton exchange membrane fuel cell (PEMFC)
is also an option. On the one hand, because the battery controls the performance of
electric cars, battery safety is an important issue for electric vehicle applications. On
the other hand, price is a significant obstacle to the continuity of electric cars for
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Table 9.1 Types of cells

Battery type Nominal | Specific | Energy | Overview
voltage |energy |density
\" Wh/kg | Whilit
Lead acid 2.0 30-40 60-75 May et al. 2018)
Nickel-Cadmium 1.2 40-60 15-150 | Valgen and
Shoesmith 2007)
Nickel-metal Hydride 1.2 30-80 140-300 | https://www.pow
erstream.com,
NiMH.htm
Lithium-ion—Classified based on chemistry
Li-MnO; (Lithium manganese dioxide) 3 280 580 Johnson et al.
1997)
Li-(CF)x 3 360-500 | 1000 Greatbatch et al.
(Lithium carbon monofluoride) 1996 )
Li-SOCl, 3.5 500-700 | 1200 Morrison and
(Lithium tetra chloroaluminate) Marincic 1993)
Li-SO,Cl, 3.7 330 720 Hall and Koch
(Lithium tetra chloroaluminate in sulfuryl 1982)
chloride)
Li-FePOy4 3-32 90-160 | 325 Safoutin et al.
(Lithium iron phosphate) 2015)
LiNiMnCoO2 3.6-3.7 | 150-220 | 300 Liu et al. 2020)

(Lithium-Nickel-Manganese-Cobalt-Oxide)

both producers and consumers. Therefore, it is very important to optimize battery
power and cycle time. In battery-electric cars, lithium-ion batteries are commonly
used because of their high specific energy, specific power, energy density (Etacheri
etal. 2011; Cosley and Garcia 2004; Huber and Kuhn 2015; George and Bower xxxx;
Kim et al. 2019) (Table 9.1).

Because of its better energy density, higher specific power, and lower weight,
rechargeable lithium-ion (Li-ion) batteries have been universally acknowledged as
the best energy storage solution for electric vehicles (EVs) since the early 2000s.
Other rechargeable batteries, such as lead-acid, nickel-cadmium (NiCad), and nickel-
metal hydride (NiMH) batteries, have lower rates, lower self-discharge rates, faster
recycling, and longer cycle life (Keyser et al. 1999; Bukhari etal. 2015; Liet al. 2014).
To improve cycle life, energy storage capacity, and overall performance, it is critical to
keep the battery temperature within an acceptable range. This is because lithium-ion
batteries are very susceptible to thermal runaway when exposed to high temperatures.
This type of lithium-ion battery is very sensitive to temperature, which affects its
performance, life, and safety (Scrosati 2011; Zia et al. 2019; Lyu et al. 2019; Liang
etal.2017). In part, this is due to the large variety of electrode materials and electrolyte
mixtures used in commercial batteries, making it difficult to establish a consistent
and comprehensive process that causes lithium-ion battery performance and safety
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to deteriorate. On the other hand, it is undeniable that the performance and due to the
fact that batteries are influenced by external conditions and emit heat as the result of a
series of chemical processes that occur during charging and discharging, temperature
changes are almost always unavoidable. As a result, an effective battery thermal
management system (BTMS) is needed to maintain the appropriate temperature
range of these batteries and to reduce the temperature gradient of these batteries
in order to avoid detrimental consequences from temperature fluctuations (Selman
et al. 2001; Lin et al. 1995; Saito 2005; Katoch et al. 2020). Elevated temperatures
have the potential to ignite very flammable electrolytes, resulting in explosions,
fires, capacity loss, and short circuits in lithium batteries. As a result, one of the
most essential elements of lithium-ion batteries is the battery thermal management
system (BTMS). Battery thermal management may be accomplished via the use
of a variety of cooling techniques, including natural or forced air cooling, liquid
cooling, and PCM cooling. In electric cars, liquid cooling is often used, while air
cooling is more cost-effective in two-wheeler segments, the detailed classification
of cooling strategy is given in two types as such (Holzman 2005; Zhao et al. 2015;
Liaw et al. 2003)—(a) active cooling strategy and (b) passive cooling strategy. In
thermal management systems degradation of cells with increasing temperature can be
numerically correlated based on Arrhenius correlation which suggests temperature-
dependent physical chemistry profile as the exact relation of electrochemistry with
the temperature-dependent design of battery (Qin et al. 2014; Pearce 2015; Lewerenz
et al. 2017; Wang et al. 2011; Zhao et al. 2020).

(A) Active cooling strategy—In an active thermal management system to shed out
heat from the source an external aid of power is required. Forced convection (Fan
cooling), Cold plate cooling, Direct immersion cooling are examples of active
thermal management systems. The first active thermal management system
was developed in the late 19°s which was based on force convection cooling
using fans for an electronic application. Over the years with the development
of verification and CAE tools active thermal management has become more
efficient by using strategic product development such as customized cold plates
for avionics application, direct contact dielectric immersion cooling. The active
thermal management system has capabilities for a variety of customization to
increase conjugate heat transfer characteristics for heat sources (Patil and Hotta
2018; Hotta and Patil 2018; Panchal et al. 2016; Panchal et al. 2016; Panchal
et al. 2016; Kurhade et al. 2021; Sun et al. 2019)

(B) Passive cooling strategy—In the passive cooling strategy there is external power
required to cool down electronic elements, this system involves utilizing the
availability of latent heat from the heat source to cool down the element with
ambient temperature. This cooling strategy involves for variety of applications
ranging from electronic cooling up to the battery and engine cooling. Extended
surface fins cooling, PCM cooling, two two-phasing heat pipes, etc. are some of
the examples of the passive thermal management system. Passive systems can be
easily customized according to the availability of design space and requirement
to pull out the generated amount of heat by making thermal equilibrium. Passive
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thermal strategy is a very cost-effective approach for economically constrained
design since it doesn’t require any aid of external power requirement to cool
down heat source (Safdari et al. 2020; Chen et al. 2019; Ranjbaran et al. 2020;
Ramadass et al. 2002; Liu et al. 2019; Mathew and Hotta 2019; Mathew and
Hotta 2020; Mathew and Hotta 2021; Kurhade et al. 2021; Talele et al. 2021).

It should be noted that there are no thorough studies on battery temperature control
in the literature. This article discusses the evolution of power battery, including
the implications for clean cars and power battery, as well as mathematical models
of battery thermal behavior. In the present paper the details of different thermal
management techniques are reviewed and contrasted, particularly the PCMs battery
thermal management system and the thermal conductivity of materials. This study is
anticipated to be beneficial to electric car manufacturers, researchers, and aspirants
in the scientific community.

9.2 Battery Thermal Management Systems

9.2.1 Temperature Effect on Battery Performance

The battery cell after 800 cycles at 50 °C, the battery cell loses more than 60% of
its original power and 70% at 55 °C after 500 cycles. Lithium-ion batteries have a
cycle life of 3323 cycles at 45 °C but drop to 1037 cycles at 60 °C (Hu et al. 2016
Jan 1; Ran et al. 2020; Das et al. 2018). This shows that temperature has a significant
effect on battery cycle time and energy capacity. The impact of temperature on
the battery life cycle is shown in Fig. 9.1. Automotive batteries are classified into
three categories: cells, modules, and packs. Thousands of lithium-ion batteries are
connected in various configurations such as series, parallel, or a combination of both
to create large-capacity, large-scale battery packs (Wang et al. 2020; Wen et al. 2018;
Kim et al. 2012). During the charging and discharging of the battery, a series of
chemical processes occur and a large amount of heat is generated, resulting in an
unavoidable change in battery temperature (Liang, etal. 2017; Ke et al. 2015; Nagpure
et al. 2010). The majority of temperature impacts are caused by chemical processes
inside the batteries and also by the materials utilized within the batteries. In the case of
chemical processes, the connection between rate and reaction temperature follows the
Arrhenius equation, and temperature fluctuation may result in a change in the rate of
electrochemical reactions in batteries. Apart from chemical processes, temperature
influences the ionic conductivities of electrodes and electrolytes. For example, at
low temperatures, the ionic conductivity of lithium salt-based electrolytes diminishes
(Jow et al. 2018; Bandhauer et al. 2011; Lisbona and Snee 201 1; Finegan 2017). With
these impacts in mind, the LIBs used in EVs and HEVs are unlikely to fulfill the
United States Advanced Battery Consortium’s (USABC) 10-year life expectation.
The next sections will address the impacts of low temperature on LIBs as well as the
effects of high temperature on LIBs. At elevated temperatures, the consequences are
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much more complicated than at low temperatures. Heat is produced within the LIBs
during operation and knowing how this heat is generated is important for reducing
the high temperature impacts in LIBs (Fig. 9.2).

9.2.2 Thermal Runaway Propagation in Lithium-Ion
Batteries

Thermal runaway in lithium-ion (Li-ion) battery occurs when a cell, or aregion inside
a cell, reaches dangerously high temperatures as a result of thermal breakdown,
mechanical failure, internal/external short-circuiting, or electrochemical abuse,
among other causes. Exothermic breakdown of the cell components starts when
the temperature is raised over a certain point. At some point, the cell’s self-heating
rate exceeds the rate at which heat can be dispersed to its surroundings, causing the
temperature of the cell to increase exponentially and the cell to lose its capacity to
maintain its stability. As a consequence of the loss of stability, all of the remaining
thermal and electrochemical energy is released into the surrounding environment.
Thermal runaway events may be triggered by a variety of factors. It is possible for
a thermal runaway to be triggered by mechanical or thermal problems. Thermal
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runaway may also be triggered by electro-chemical abuse, such as overcharging or
over-discharging battery cells. Additionally, there is the potential of an internal short
circuit occurring inside the cell, which may result in thermal runaway (Blomgren
2017; Kim et al. 2007; Liu et al. 2020). The occurrence of any of these events may
result in increased temperatures that are high enough to cause the rapid exothermic
breakdown of the cell’s constituent components. To understand why we observe
such fast heating rates, we must first get a better understanding of the breakdown
processes that are taking on. A Li-ion cell, or a tiny area inside a Li-ion cell, reaches
a specific critical temperature range, at which point the components contained within
the cell begin to break down and break down. In nature, these breakdown processes
are exothermic, which is why we see self-heating behavior as a result of them.
The decomposition rates, which are directly related to the exothermic self-heating
rates, also follow the Arrhenius form, which implies that the decomposition rate,
therefore, the self-heating rate increases exponentially as the temperature increases.
Simply said, when the temperature rises, the rate of decomposition accelerates, and
the rate of self-heating accelerates in the same way. The consequence is a rise in
the self-feeding heating rate inside the cell, which continues to grow until the cell
loses stability and ruptures, releasing all the remaining thermal and electrochemical
energy into the surrounding environment (Feng et al. 2018). Although over the past
years research importance for thermal runaway was not given so much over the recent
application of lithium battery for energy storage increases for heavy-duty applica-
tions such as Buses, Heavy trucks, Cranes, etc. which demand a higher amount of
power to propel the application which causes certain infield failure in the system as if
one of the cells goes in thermal runaways, it causes interaction of the whole module
which causes serial breakdown of desired application hence due to safety concern
in strategy product design thermal runaway must give importance. In recent years
several academic, as well as industrial research initiates, were taken to account the
behavior of thermal runaway condition which is summarized in Table 9.2.

Over the years the problem of thermal runaway causes severe breakdown in
working operation of automotive, Table 9.3 shows some examples of recent accidents
caused by thermal runaway of automotive.

The abuse condition in Lithium-ion battery can be unpredictable from the Table
9.3, it is reviewed that causing field failure of the a lithium-ion battery can be any
which leady cell causing thermal runaway for example vehicle leading to the crash
causes mechanical abuse which leads to the thermal runaway, overcharge of battery
also causes local thermal runaway of the cell which spreads wide over the pack,
internal short circuit also leads to thermal runaway conditions. The categorization of
thermal runaway can be classified as below.

9.2.2.1 Mechanical Abuse

Mechanical abuse is characterized by destructive deformation and displacement
produced by an applied force. Mechanical damage often occurs as aresult of a vehicle
accident, crushing or penetrating the battery pack (Xia et al. 2014b). During a vehicle
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Table 9.3 Thermal runaway propagation through accident
Location Picture Accident cause | Reference
Chogging Spontaneous Lambert
China ignition causing | (2017)
a fire
Thailand Fire peak due to | Zhang et al.
overcharge (2015)
Seattle, A Model S Tesla | Xia et al.
USA caught fire after | (2014a)
aroad collision.
Mechanical
abuse thermal
runaway
Austria Tesla Model S | Maleki and
crashed into a Howard
semi trailer (2009)
causing a fire.
Mechanical
abuse post-crash
thermal
runaway
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accident, it is very likely that the battery pack may be deformed. The arrangement
of the battery pack onboard the electric vehicle has an impact on the battery pack’s
collision reaction. The deformation of the battery pack may have the following poten-
tially hazardous consequences: It is possible that: (1) the battery separator may be
ripped, resulting in an internal short circuit (ISC); (2) the flammable electrolyte will
spill, with the potential for the battery to catch fire. Studying the crush behavior of a
battery pack at several scales, from the material level to the cell level and finally to
the pack level, is required. To verify the design under durability conditions several
CAE investigations perform on battery packs such as frequency responses, NVH,
deformation, etc. G, WHABH, B, B2IEH. oh 1 #4245 GB, T
31485 5 IEC 62660-3 [IHHE. WOEL. 2018;11; bk, “BiGHE, & A%, ¥ E7R 2019;
Menale et al. 2021).

Penetration is another frequent occurrence that may occur after a vehicle accident
and is difficult to predict. When compared to the crush circumstances, severe ISC
may be initiated very instantly after penetration begins to take place. Penetration
is controlled in certain mandatory lithium-ion battery test standards, such as GB/T
31,485-2015, SAE J2464-2009, and others, in order to mimic the ISC in the abuse
test, for example. Mechanical destruction and electrical shorting take place at the
same time, and the abused state of penetration is more severe than the abuse condition
of simple mechanical or electric abuse alone. On the nail penetration test of lithium-
ion batteries for electric vehicles, difficult issues are being presented. Previously,
the nail penetration test method was considered to be a replacement for the ISC’s
other test approaches. The reproducibility of the nail penetration test, on the other
hand, is being called into question by battery makers. Some think that the lithium-
ion battery with greater energy density would never pass the nail penetration test in
standards, and as a result, a revolution is taking place in the battery industry. The
issue of whether to improve the repeatability of the penetration test or to look for a
replacement test method remains an open and difficult one in the field of lithium-ion
battery safety research (Roth and Doughty 2004; Bugryniec et al. 2018; Leising et al.
2001; An et al. 2019; Zhao et al. 2016).

9.2.2.2 Electrical Abuse

In lithium-ion batteries thermal runaway propagation due to electrical abuse can be
classified in 3 main types such as—(a) External short circuit, (b) Internal short circuit
(ISC), (c) Overcharge and (d) Over discharge.

(a) External short circuit—an external short circuit can occur if two electrodes with a
voltage difference are connected to each other through conductors. Deformation
after a vehicle accident, immersion in water, contamination with conductors, or
an electrical shock during maintenance are examples of external shorts that can
occur with battery packs. The heat generated in the circuit of an external short
circuit does not usually heat the cell in the same way compared to penetration.
For the most part, external shorting behaves more like a rapid discharge process,
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(b)

(©)

with the peak current limited by the material transport rate of the lithium ions.
The use of electrical protection devices can minimize the risk of an external short
circuit. The main function of protection devices is to disconnect the circuit in
the event of a short circuit with high current. When it comes to preventing
external short circuits, fuses are the most effective option. However, devices
with a positive thermal coefficient (PTC) can also shut down the circuit if the
temperature rises excessively. According to the manufacturer, magnetic switches
and bimetallic thermostats are other options to avoid the risk of an external short
(Lee et al. 2015; Ren et al. 2021; Huang et al. 2021; Zhang et al. 2017).
Internal short circuit—The ISC is the most frequently seen element of TR. There
are CSIs associated with almost all abusive conditions. In general, ISC occurs
when the cathode and anode come into direct contact with each other due to
the failure of the battery separator. When ISC is activated, the electrochem-
ical energy contained in materials is released spontaneously, creating heat. ISC
can be classified into three types based on the failure mechanism of the sepa-
rator. These are: (1) Mechanical abuse, such as deformation and breakage of the
spacer caused by penetration or crushing of the nails; (2) electrical abuse, such
as dendrites that pierce the separator, whose growth can be induced by over-
load/over discharge; (3) Thermal abuse, such as the shrinkage and collapse of the
separator with massive ISC caused by extremely high temperatures; (4) Thermal
abuse, such as the shrinkage and collapse of the separator with massive ISC
caused by extremely high temperatures. Massive ISC, which is often produced
by mechanical and thermal abuse, will immediately cause TR to occur. As an
alternative, moderate ISC produces minimal heat and does not result in TR being
triggered. As the degree of the separator fracture increases, so does the amount
of time between the ISC and TR required for energy release. As a result, the
likelihood of ISC resulting from misuse is very minimal since all cell products
must pass the appropriate testing requirements before they can be sold. However,
there is still one kind of ISC, known as spontaneous ISC or self-induced ISC,
that cannot be adequately controlled by existing test criteria since it occurs
spontaneously. It is thought that the spontaneous ISC is caused by contamina-
tion or flaws during the production process. The ISC, which is the most frequent
characteristic of TR, deserves more investigation. The following research are
encouraged: (1) investigation of the processes behind the progressive growth
of the spontaneous ISC; (2) development of a more reliable replacement ISC
test; and (3) development of an easy-to-use ISC simulation model. Furthermore,
the connection between the ISC and the TR has to be explained and defined.
Section 9.4 will examine the function of the International Standards Committee
(ISC) in the TR process (Zhu et al. 2020; Chen et al. 2020; Ren et al. 2017;
Huang et al. 2019; Mendoza-Hernandez et al. 2015).
Overcharge—Overcharge is one of the root causes of the battery pack going
under thermal runaway conditions (Finegan et al. 2016). Overcharge can be one
of the most disastrous reasons for the failure of cells which is typically form due
to the failure of the battery management system to withhold the required amount
of energy in the battery pack. Overcharging is characterized by the production
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of heat and gas, which are two qualities that are frequent. The ohmic heat and
side reactions that generate the heat are responsible for heat production. First,
the lithium dendrite develops at the surface of the anode because of excessive
lithium intercalation on the surface of the anode. The stoichiometric ratio of the
cathode and anode may influence the onset of lithium dendrite development.
Lithium dendrite growth is a slow process. Second, excessive de-intercalation
of lithium results in the collapse of the cathode structure, which results in heat
production and the release of oxygen into the atmosphere. Increased oxygen
availability expedites electrolyte degradation, which results in the emission of
large amounts of gas. Because of the rise in internal pressure, the cell may
begin to vent. The interaction between the active elements inside the cell and
the surrounding air may result in increased heat production after the cell has
been vented. The result of an overcharge experiment is dependent on the test
circumstances. The cell burst when exposed to high current, while it merely
swelled when exposed to low current (Wang et al. 2020a; Wang et al. 2020b;
Lopez et al. 2015; Feng et al. 2018).

Over discharge—Over-discharge is another potential electrical abuse issue to be
aware of. It is inevitable, in most cases, for the voltage discrepancy between the
cells in a battery pack to exist. Consequently, if the battery management system
(BMS) fails to monitor the voltage of a single cell, the cell with the lowest voltage
will be over-discharged as a result. The process of over-discharge abuse differs
from that of other types of misuse, and the potential danger may be overestimated
as a result. During an over-discharge, the cells linked in series with the lowest
voltage in the battery pack may cause the cell with the lowest voltage in the
battery pack to be forcefully discharged. While under forceful discharge, the
pole of the cell reverses, and the voltage of the cell drops to a negative value,
causing anomalous heat production at the overloaded cell. The over-discharge
of the cell has the potential to cause the cell’s capacity to degrade. During the
process of over-discharge, the excessive delithiation of the anode results in the
breakdown of SEI, which results in the production of gases such as CO or CO,,
which causes the cell to expand. The discharging is less likely to result in cell
fires or explosions, and it is thus less dangerous than overcharging. The little
amount of current research on over-discharging is mainly concerned with the
effects of shallow over-discharge on the number of battery cycles that may be
used (Wang et al. 2019; Yuan et al. 2019).

9.2.2.3 Thermal Abuse

Thermal abuse is the direct cause of thermal runaway in the battery pack. The cause
of local heating in a battery pack with a cell spreads out over the pack with localized
heating of contact cell. In battery pack overheat of localized cell in thermal abuse
condition has not only happened by mechanical/electrical abuse but also by loss
contacts with connectors, this may typically cause due to manufacturing defects.
With the loss of contact when the pack gets in operational work on road condition,
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it causes localized heating over the cell which spread in module causing thermal
runaway condition (Abada et al. 2018). Thermal abuse can also actuate in hot ambient
working conditions for the battery as such when the requirement on delivery power
for the vehicle is more, battery pack gets heated at the same time if thermal stability
over the cooling system is not sufficient it causes coupling of hot ambient temperature
with a thermal load of battery pack, hence cell faces the problem of TR for high C-
rate requirement (Kong et al. 2021; Zhang et al. 2020; Lai et al. 2020; Tian et al.
2020).

9.2.3 Thermal Runaway Preventive Strategy

The safety issues associated with lithium-ion batteries (LIBs) have been the most
significant barriers to their widespread use in portable electronic gadgets, electric
cars, and energy storage systems, among other uses. This kind of issue is caused by
flammable solvent-containing liquid electrolytes that may be readily oxidized when
exposed to high temperatures, resulting in additional heat buildup and, ultimately,
thermal runaway (Yang et al. 2020; Wilke et al. 2017). In concern with the issue
of thermal runaway, recently there are several research that has been developed to
prevent thermal runaway in highly flammable LIBs which is shown in Table 9.4.

From the literature it is seen that thermal runaway is very stagnant process which
can initiate in number of different scenarios, recently several research is developed
on electrochemistry, mechanical and thermal mode to prevent cell from going into
thermal runaway condition (Jindal et al. 2021; Yukse et al.; Yang et al. 2016; Al-
Zareer et al. 2017).

9.3 Active and Passive Cooling Strategy

In BTMS, the primary goal is to maintain stated temperature of cell below 50 °C for
efficient working and utilized every cent of available energy from it. In concern with
thermal abuse and overheat cell condition, it is essential to design stable thermal
management system which increases the thermal stability of cell by preventing it
undergoing in overshoot temperature and post-gas dynamic condition in which gas
out of the burn cell gets entrap in the enclosure. In the present section, a detailed
breakdown of recent research and methodology developed by BTMS is reviewed.

9.3.1 Need of Battery Thermal Management

Electrochemical operation and joule heating due to the passage of electrons within a
battery cell are the two main sources of heat creation in a battery cell. The temperature
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range of 25-40 °C is excellent for Li-ion batteries, whereas temperatures beyond
50 °C are hazardous to the batteries’ lifespan. The immaturity of even a single cell
is a deterrent, can significantly affect the overall performance and efficiency of the
battery pack, the major goal of the BTMS is to regulate the temperature of the
battery’s cells and hence extend the battery’s lifespan. Active systems and passive
systems are the two primary forms of BTMS. The active system is mostly reliant on
the forced circulation of a specific coolant, such as air or water. A passive system is
one that does not require any action on the part of the user. A passive system, which
uses methods such as heat pipes, hydrogels, and phase change materials to have zero
power consumption, enhances the vehicle’s net efficiency. In this publication, a full
evaluation of BTMS is presented based on accessible literature, with research for
future advancement highlighted.

9.3.2 Active Cooling Strategy

Active cooling refers to a cooling technology that relies on external equipment to
improve heat transfer. Active cooling strategy increases the fluid flow rate in the
convection process, thereby significantly increasing the heat dissipation rate. The
active cooling solution includes forced air supply by fans or blowers, forced liquid,
and thermoelectric coolers (TEC), which can be used to optimize thermal manage-
ment at all levels when natural convection is not enough to dissipate heat use of a
fan is recommended (Table 9.5).

9.3.3 Passive Cooling Strategy

Passive cooling maximizes radiation and convection heat transfer modes by using
a radiator or heat sink, thereby achieving a high level of natural convection and
heat dissipation. By keeping the electronic products below the maximum allowable
operating temperature, can provide adequate cooling and thermal comfort for the
electronic products in the home or office building. This growth trend can be observed
in Battery Technology commonly referred to as passive Cooling in the industry (Table
9.6).

9.3.4 Hybrid Thermal Management Approach

Over the recent years as the demand for energy storage to fulfill power requirement
is increased for which the present form of thermal management system cannot fulfill
the exact cooling requirement hence hybrid thermal management system approach is
widely adaptable for the desired application. In the hybrid approach basic two or more
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BTMS is combined to generate the maximum amount of heat transfer coefficient to
wipe out the desired temperature from the source. To overcome the obstacles and
maximize the effectiveness of BTMS, several researchers have suggested a combi-
nation of BTMS. This kind of BTMS combines active and passive BTMS, or two
passive BTMS, which is referred to as hybrid BTMS. PCMs with air circulation,
PCMs with liquid circulation, and PCMs with heat pipes are all often utilized in
the modern-day. The below table shows recent research developed in combination
strategy for hybrid BTMS (An et al. 2017; Zhao et al. 2020; Bamdezh et al. 2020;
Patel and Rathod 2020; Al-Zareer et al. 2017; Hekmat and Molaeimanesh 2020; Jin
et al. 2021; Yue et al. 2021; Zhang et al. 2021; Qin et al. 2019) (Table 9.7).

9.4 Conclusion and Future Recommendation

Power cells having big capacity, high energy density, and quick charging are
becoming more popular in electric cars, resulting in a broad range of temperature
distribution. As a result of the rise in the rate of heat production, batteries have safety
issues such as life span ageing, degradation acceleration, and loss of stability. This
article examines the thermal model of a battery pack and categorizes the battery
thermal management system for battery pack cooling. The need and scope of having
a battery thermal management system is also covered in a manuscript. The general
classification of BTMS is divided in three segments as shown in Fig. 9.1 Hier-
archy. The selection of battery thermal management system is totally dependable on
various customization and end-user need, from regressive literature it is found that
selection criteria for BTMS depend on associated factors such as cost (if its lower
budget application generally passive BTMS is proven as best selection), feasibility
to increase HTC, robustness as preventing it undergoing thermal runaway condi-
tion which covers in safety functional aspect. Furthermore, regressive literature is
developed on the cause of thermal runaway and preventive strategies which can save
battery packs from going in a thermal runaway condition. Recent development in
BTMS in terms of a hybrid approach to come up with the limitation of the passive
thermal management system is also reviewed.

Concluding remark future recommendations are suggested in terms of techno-
commercial aspect as of the BTMS which primarily takes into account the rela-
tionship between beneficial work production by BTMS and its electric consump-
tions, may improve the overall economic efficiency of the system predicting the
driving environment using the vehicle to everything (V2X) technology that can accu-
rately forecast the output power of the LIB, which has a major impact on tempera-
ture increase. To manage the multi-physical BTMS, which includes the preheating
system and cooling system, an intelligent control strategy that is self-adaptive and
takes economic considerations into account should be developed. Several emerging
cooling techniques, such as thermoelectric cooling, hydrogel-based cooling, thermo-
acoustic cooling, and magnetic cooling, are emerging today and have the potential
to provide many advantages over air cooling or liquid cooling methods, including
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significant energy and potential savings cost, as well as high potential for scalability
and scalability. Then, sensors are used to monitor the operating status of the battery
pack, such as its temperature, current, and voltage, which can be used to interact
with the temperature prediction model to correct errors in the model. Furthermore,
we recommend using data predictive modeling based on multi objective analysis in
which the upper bound limit must need to set as per the desired output constraint
from end customer to turn a research concept in an actual feasible product that can
be easily implemented from a paper to application.
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Chapter 10 M)

Battery Thermal Management System ek
for EVs: A Review

Amit Jomde, Prashant Patane, Anand Nadgire, Chetan Patil, Kshitij Kolas,
and Virendra Bhojwani

10.1 Introduction

With the rapid reduction in fossil fuels, increasing crude oil prices, and environmental
pollution, the demand for electric vehicles (EVs) and hybrid electric vehicles (HEVs),
has been increasing significantly. Nowadays many countries are setting up policies
and assist financially to support the development of EVs to overcome the demand
and environmental pollution regulations on greenhouse gas (GHG) emissions [1-6]
Keiner et al. (2019); Nazari et al. (2019); Chen et al. (2019a); Sun et al. (2020);
Kim et al. (2019a). These policies show strong support for the healthy growth of
EVs over this decade. According to Global EV Outlook 2021, with Sustainable
Development Scenario, predicts that, the global EVs can reache up to 230 million
vehicles excluding two and three wheelers by the end of this decade with a stock
share of 12%. However, one of the critical challenges in developing EVs is a high-
density energy storage system that could support fast charging, high mileage, and
high-performance driving with lighter weight. Compared among all energy storage
currently used, lithium-ion batteries are being widely used owing to their high energy
density, high power capacity, low self-discharge rate, and long service life Smas et al.
(2015); Lowe et al. (2010). The Li-ion batteries include Li-Co, Li-Fe, Li-Mn, and Li-
NiCoMn batteries Vazquez-Arenas et al. (2014). These Li-ion batteries also do not
have the memory effect. The memory effects are commonly found in nickel-metal
hydride and nickel-cadmium batteries. The memory effect in the batteries occurs if
the batteries are recharged continuously if it gets discharged partially which slowly
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decreases the usable capacity of battery leading to reduced working voltage. These
batteries suppressed the energy density of all earlier competing batteries, due to
which these batteries are extensively used for automobiles.

However, thermal management and safety are still significant challenges in the
development of lithium-ion batteries. The thermal management of the battery is more
challenging with fast charging and high-performance driving as there is rapid heat
generation. These Li-ion batteries’ capacity, service life, performance, and safety
are susceptible to temperature Bandhauer et al. (2011). The temperature change in
any battery is inevitable as heat is released during charging and discharging due to
chemical reactions, which highly depend on the rate of these processes Smith and
Wang (2006). In addition to this, resistive heating also affects the thermal behavior
of the batteries. The operating and even storage temperature can harm the perfor-
mance and lifespan of batteries. The lower temperature will significantly reduce the
battery capacity; however, the high temperature negatively impacts battery life and
capacity. It is essential to study the characteristics of the specific battery to optimize
its performance.

Generally, the operational temperature for EV batteries ranges from — 40 to 60 °C
Ma et al. (2018). However, to obtain the EV’s optimal performance and prolonged
lifespan, the battery is to be operated in the range of 15 to 35 °C, and the temperature
gradient within the battery pack needs to be maintained below 5 °C Kitoh and Nemoto
(1999); Ramadass et al. (2002); Rugh et al. (2011). The operating temperature outside
this range harms the performance of the battery. The lifespan of Li-ion batteries drops
by two months for each temperature degree rise Zhao et al. (2015). In a hot climate
without battery cooling, aggressive driving may decrease battery life by 2/3 Yuksel
etal. (2017).

If a Li-ion battery is operated at a lower ambient temperature for a long term may
also result in a considerable decrease in battery life due to dendrites formed on the
battery’s anode Friesen et al. (2016). Safety is the main concern in the large-scale
Li-ion batteries, but the formation of lithium dendrites hampers the safe working of
Li-ion batteries with graphite anodes Wang et al. (2017). The electrolytes react with
lithium dendrites violently at higher temperature to generate gases which increase
the internal pressure of the battery continuously leading to problems like electrolyte
leakage and battery explosion. The growth of lithium dendrites destroys the thermal
stability of solid electrolyte interphase (SEI) film. In addition, the reaction between
electrolytes and lithium dendrites increases the decomposition of SEI films, reducing
the thermal run away temperature of the battery Yamaki et al. (1998). The perfor-
mance of Li-ion batteries is seriously affected if operated below subzero temperatures
as their internal resistance increases drastically below — 20 °C, which ultimately leads
to a reduction in their lifespan and performance Hu et al. (2020).

Another significant aspect of the battery safety is a thermal runaway, caused
mainly by local overheating. Thermal runaway is a severe safety issue, which refers
to an uncontrolled chain reaction in the battery that is very difficult to stop once
started and may result in smoke, fire, and even explosion. The total heat released
from the batteries of about 12% is sufficient to trigger thermal runaway in adjacent
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batteries Feng et al. (2015). The local overheating due to mechanical, electrical, or
thermal abuse can trigger the thermal runaway Feng et al. (2018).

Therefore, the battery thermal management system (BTMS) is essential for main-
taining the appropriate temperature range, reducing the temperature gradient within
the battery pack, and preventing thermal runaway. There are two main parameters
to be considered to evaluate the performance of BTMS: the maximum temperature
rise and temperature gradient within the battery pack. Numerous methods for BTMS
have been proposed by researchers, which can be classified as shown in Fig. 10.1.

The pre-heating BTMSs are used to pre-heat the battery pack, which is used in cold
operating conditions. In cold climates the performance of Li-ion batteries decreases
leading to decrease in battery capacity, sudden increase in battery resistance, diffi-
culty in charging and discharging and severe degradation leading to decrease in life
cycle. Thus there is need of battery heating equipments to keep Li-ion batteries
working satisfactorily under low temperature environment. There are three ways of
battery heating: self-internal heating, convective heating, and mutual phase heating
Khan et al. (2017). Self-internal heating is most simple and efficient and it gains
the heat during battery charging and discharging. In convective heating method, the
battery can be heated both internally and externally. In this methodology, the fan and
resist heaters are used and heat generated by resist heaters is passed convectively
using fan. The mutual phase heating method is rarely used and in this methodology
the battery output power is used for heating itself Ji et al. (2013). Cooling BTMSs
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Fig. 10.1 Classification of BTMS
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are used for effective cooling of the battery, operating at higher ambient tempera-
ture, whereas the ETBT are designed to suppress the potential hazard of the thermal
runaway. This chapter presents the heat generation phenomenon, different and signif-
icant BTM systems available with pros and cons. In this chapter, the approach is to
have qualitative analysis only; and the quantitative analysis can be a future scope.

10.2 Heat Generation in Batteries

Heat generation in batteries is a significant con of battery systems. Two types
of heat generation occur in batteries: 1. Irreversible Qi (through resistance
offered to flow of electrons], 2. Reversible Q. [through chemical reactions while
charging/discharging) Arora et al. (2017). This phenomenon can be presented in
equation format as

0 = Qinr + Orev

where,

dE,,

Oirr = IzRint; Orey = —IT " dT

In these equations, [ is current, Ry, is internal resistance, T is temperature. The
Rin is a function of SoC (state of charge) and temperature. Through many numerical
and experimental analyses, it has been found that the heat generation in the batteries
depends on multiple factors, out of which the significant factors are Current, Temper-
ature, SoC, SoH (state of health), and Electrochemistry. One can find an ample
amount of literature discussing the methods to reduce heat generation and strate-
gies to increase the dissipation of heat generated from the batteries. While designing
lithium-ion batteries, two significant parameters need to be considered, i.e., heat
capacity and thermal conductivity Buidin and Mariasiu (2021); Kim et al. (2019b).
The coming sections will discuss the methods to increase the dissipation of heat
generated from batteries.

10.3 Air Cooling

Air-cooled BTM systems use air as a working fluid to cool the batteries. Many
configurations of air-cooled BTMS are proposed till date depending upon the criteria
mentioned in Table 10.1. Each configuration has its pros and cons, so one must select
the best suitable configuration for a defined application. Battery conditioning, i.e.,
maintaining battery temperature, can be done by cooling or heating the battery and



10 Battery Thermal Management System for EVs: A Review 231

Table 10.1 Classification of the air-cooling system

SN. | Ceriteria for classification Classification

1 Air driving mechanism Natural cooling Forced cooling

2 Source of air supplied Active cooling Passive cooling

3 Cooling structure Parallel cooling Serial cooling Mixed cooling
4 Contact type Direct cooling Indirect cooling

5 Thermal cycle BTMS with VCC | BTMS without VCC
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Fig. 10.2 Typical air-cooled BTM system.

providing ventilation through the system Kim et al. (2019b); Lin et al. (2021a).
The BTM systems using air as working fluid have the advantage that the same air
maintains the ventilation. The typical air-cooled BTM system is shown in Fig. 10.2.

Various researchers presented many other air-cooled BTM systems [refer to
Fig. 10.1] along with this typical system. The air-cooled BTM systems are simple in
construction and are low-cost systems. Air’s heat carrying capacity is much less than
most conventional liquids used for liquid-cooled BTM systems; hence liquid-cooled
BTM systems have higher efficiency Lin et al. (2021a). The liquid BTM systems are
discussed in the next section in detail (Fig. 10.3).

10.4 Liquid Cooling

As discussed in the previous section, liquids have higher heat carrying capacity, and
hence liquid-cooled systems perform better than air-cooled systems. These systems
compact, achieve, maintain a low temperature, and are uniformly distributed. Because
of all these advantageous characteristics, it has been accepted widely in electrical
vehicle EV applications. With these pros, the liquid-cooled systems also have cons
like; more weight, complex structure, leakage, and additional power for liquid circu-
lation. Prismatic battery systems adopted liquid-cooled systems due to their simple
construction compared to cylindrical battery systems. The most commonly used
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working fluids are water and ethylene glycol. The indirect contact type liquid-cooled
systems are preferred over direct contact type systems due to their more practical

approach Lin et al. (2021a). The typical liquid-cooled BTM system is shown in
Fig. 10.4.
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Fig. 10.4 Typical
liquid-cooled BTM system
Lin et al. (2021a)

10.5 Phase Change Material Cooling

The load on batteries goes on increasing day by day; thus, the BTMS is using
multi-channel liquid cooling loops as a powerful cooling technique. However, this
technique is complex and consumes more power. So to overcome these difficulties,
cooling using phase change material (PCM) is one of the good options Sharma et al.
(2009). The PCM is a promising alternative to conventional air and liquid cooling
due to its easy coupling with passive cooling Buidin and Mariasiu (2021). The phase
change material (PCM) technique is used in many industries to absorb or dissipate
the heat through the phase change technique without energy consumption Elefsini-
otis et al. (2014), Kuznik et al. (2011), Jaguemont et al. (2018). Sharma et al. (2015)
have extensively investigated and classified phase change materials. There is a lot of
different material available which can be used as PCM for the BTMS application.
It includes organic materials such as organic acid, paraffin wax, and alkane, and
some inorganic materials such as salt hydrate, aqueous solution, and eutectic Chen
et al. (2019b). The different PCM materials with the properties required for thermal
management system are given in Table 10.2. The critical parameter that needs to
be considered for PCM application to BTMS is selecting appropriate phase change
material. The PCM chosen should have large heat carrying capacity, latent heat,
thermal conductivity, and temperature range during phase change within the battery’s
operating temperature range. Also, the PCM must be non-toxic, stable chemically,
and has a shallow sub-cooling effect during the process of freezing Jaguemont et al.
(2018).

PCM stores or releases heat as its phase changes from one state to another at a
particular temperature. The PCM schematic is used for battery cooling, as shown
in Fig. 10.5 by Kim et al. (2019b). As shown in Fig. 10.1, the cells are in direct
contact with the phase change material (PCM), and these are solid material blocks
either modeled or machined such that the cells can be inserted easily. Four plates
surround the PCM, one on the top and bottom side each and one on the right and
left side each, which is used to release the heat gained by the PCM. A tremendous
amount of heat generation occurs during the battery charging or discharging process.
The heat generated is passed to phase change material, as they are in direct contact
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Table 10.2 Different PCM materials with its characteristics
Property or Paraffin | Non-paraffin | Metallics | Hydrated | Sugar alcohol | Polyethylene
characteristics | wax organics salts glycol
Heat of fusion | High High Medium | High High High
Thermal Very Low Very High High High
conductivity | Low high
Melt —20to | 5to 100+ 150 to 0 to 100+ | 70 to 180 —50t0 62.5
temperature | 100+ 800 +
O
Latent heat 200-280 |90-250 25-100 | 60-300 |290-350 105-183
(kJ/kg)
Corrosive Non Mildly Varies Corrosive | Non-corrosive | Corrosive
corrosive | corrosive
Cost Moderate | High cost Costly Low cost | Low cost Low
cost
Thermal Stable At higher Stable Unstable | Stable Stable
cycling temperature, over
decomposition repeated
can take place cycles
Weight Medium | Medium Heavy Light Medium Medium

with the battery cells via conduction mode of heat transfer depending upon the
temperature difference. The phase change material initially absorbs the heat as latent
heat. As the phase change process starts, it absorbs a considerable amount of latent
heat at a constant temperature and will absorb the heat until it reaches the melting
point temperature. Thus, PCM can work under sudden battery temperature variation
without sudden temperature rising and temperature unevenness Wilke et al. (2017).

Numerous research works have been carried out to enhance the low thermal
conductivity of PCM Azizi et al. Azizi and Sadrameli (2016) developed a BTMS
using wire mesh plates of aluminium and PCM to increase thermal efficiency conduc-
tivity. The wire mesh plates with higher voltage values are considered over the

Fig. 10.5 Phase change
material (PCM) cooling
technique Kim et al. (2019b)
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aluminium foams to quickly fill pores during PCM phase change. Yan et al. Yan
et al. (2016) have designed and developed a sandwich model of PCM for the battery
pack cooling. The PCM board has an excellent ability during normal and abusing
conditions over normal air or cooling board. Yan et al. have also summarized that as
the heat capacity of PCM increases, it also increases the rate of heat dissipation of the
battery pack. Zhao et al. (2017b, 2018) used a compact structure of PCM cores into
the cylindrical batteries, resulting in high heat transfer efficiency. It has been observed
from the experimental result that such construction consumes less PCM and achieves
a smaller rise in the temperature of the battery and higher temperature uniformity
compared to external BTMS. A research carried out by Al-Hallaj et al. Kizilel et al.
(2008) summarized that if a battery pack is working at 45 °C atmospheric tempera-
ture and 2C discharge rate, 90% PCM pack capacity can be utilized; however, 50%
utilization can take place without PCM before the temperature of battery increased
above safety limits. Paraffin wax as PCM is the most appropriate material. Still, it has
the limitation of lower thermal conductivity as other phase change material Wang
etal. (2015),1.e., itresponds slowly during high-demand applications. Several studies
are going on to enhance the thermal conductivity of PCM without disturbing their
good properties. There are three ways to enhance PCM’s thermal conductivity: first
by using metal fins, second by using thermally conductive materials such as nano-
powdered carbon, and third by using porous materials such as an expanded graphite
matrix (EGM) Kim et al. (2019b). Though many efforts are taken to improve PCM’s
thermal conductivity, it is still challenging to use for automobile BTMS due to a few
limitations like poor mechanical properties, leakage, and a very low heat transfer
rate between PCM and the surroundings.

The use of BTMS shows a significant enhancement in the overall performance
of BTMS. Due to its fluidity, the PCM technique improves thermal uniformity, like
observed in the direct liquid cooling technique. In addition, the unique benefit of the
PCM technique is that the energy utilization efficiency is higher due to the latent
heat of PCM. The PCM is extensively used to pre-heat EVs for energy-saving Zhao
et al. (2020). PCM technique is more flexible as the melting point of PCMs can
be varied with various components. Thus, the BTMS can work well in different
conditions by varying its melting point. The latent of PCM will help BTMS work
in extreme cases for a more extended period. Thus, PCM is a practical approach
over forced air cooling, and it simplifies the BTMS structure Kizilel et al. (2009).
However, one of the difficulties of using only PCM for BTMS is that the PCM cannot
be operated continuously because it may melt entirely due to hot environmental
conditions or continuous charging and discharging of batteries Ling et al. (2015).
Hence, an extra cooling system that can transfer the PCM heat to the surrounding
is essential. Also, adding PCM mass increases the phase change completion time,
improving the overall weight, and hampers EV performance. Therefore, the mass
of PCM should be determined appropriately. Thus, the PCM technique is generally
combined with active cooling methods to overcome these difficulties, gaining PCM’s
thermal energy storage capacity.
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The conventional cooling systems like air-cooling BTMS require extra power and
liquid-cooling BTMS requires complicated equipments to assure the effect. There-
fore, PCM-based BTMS is nowadays becoming more popular. PCM-based cooling
can absorb the heat and the battery pack temperature can be kept under normal
working temperature range for longer duration without any external power supply.
The PCM-based cooling system has simple structure and operation, no need of addi-
tional equipment, excellent temperature control performance without any energy
consumption and low cost. PCM-based cooling can enhance the heat dissipation
efficiency by using in combination with fillers like expanded graphite (EG) and
metal foams for their higher thermal conductivity. In last few years, the trend on new
energy development and environment protection has rapidly developed PCMs. The
unique feature of PCM of keeping temperature constant during the phase change
process, allows it be used for building and solar energy storage, thermal equipment
management Alimohammadi et al. (2017), Dyer et al. (2002), Krishna et al. (2017),
Alshaer et al. (2015), Salimpour et al. (2016) and other related fields. The large
amount of phase change latent heat allows PCM to absorb and loose heat to work
within the normal working temperature for longer duration. The use of PCM also
reduces the temperature difference between each battery more efficiently. The rapid
development in PCM since last few years the different composite PCMs has appli-
cation in power battery packs and showed an effective solution to overheating of
batteries and can maintain the temperature within 45° during discharging of battery.

In addition, the PCM shows very good performance of providing quick response
to temperature and efficient control of temperature but still there are few difficulties
that cannot be neglected such as low thermal conductivity, leaking problem, and
lower strength. Many researchers used various techniques such as addition of fillers
of higher thermal conductivity into the PCM or using PCM matrix impregnated with
EG Mills and Al-Hallaj (2005) to overcome these difficulties. But still there are few
difficulties to be overcome in the future like super cooling and is the major difficulty
which will affect the thermal performance and PCMs stability and it is important
to be improved and investigated further. Further the unbalanced requirement and
availability of PCM, higher average cost of PCM and therefore how to manufacture
PCM at lower cost is the major problem that needs to be addressed.

10.6 Hybrid Thermal Management System

The combined use of two or more basic BTMSs is considered a hybrid BTMS
technique. The various basic BTMS has their benefits and limitations, respectively.
The hybrid BTMS can use the help of basic BTMS and improve thermal performance
Zhao et al. (2020). However, the hybrid BTMS has a few drawbacks with its energy
consumption, volume, and weight Zhao et al. (2020). The hybrid BTMS is classified
into different types and is listed in Table 10.3 and is discussed.

A hybrid BTMS is always shown higher thermal performance using higher power
consumption but possesses a complex structure. In such systems, HP is always
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Table 10.3 The primary classification of hybrid BTMS

Sr.No. | Type Hybrid BTMS
1 HP combined with either liquid or air HP + liquid
cooling HP + air PCM + HP
2 PCM combined with HP CM + HP + Air PCM + HP + liquid
PCM combined with Liquid or air active | PCM + liquid
cooling PCM + air
4 TEC combined with other BTMS TEC + liquid + Air
PCM + TEC
5 Liquid combined with air Liquid + air

provided with forced-air cooling as shown in Fig. 10.6a and liquid cooling as shown
in Fig. 10.6b. The HP coupled with forced-air cooling BTMS uses an ultra-thin
micro heat pipe (UMHP) connected to a fan. In this the individual cell of the pack
is numbered from cell 1 to 5 in y-direction. All the UMPH of sintered copper—water
is fixed between the cell cavity and it forms a sandwiched like structure. There are
total 3 groups of pipes with spacing in between in z-direction and all the groups
have 4 pipes arranged parallel with spacing in y-direction. The heat generated by
cells is conducted more efficiently; the evaporator of all the pipes is attached to the
cell surface by using silicone. The cooling system is provided with air convection
on each side of condenser pipe and aluminium fins with spacing in-between in x-
direction and are attached to condenser pipe with silicone. It has been observed that
the use of UMHP decreases the maximum temperature by 7.10 C from the starting
of discharging at a 2C rate over without HP system. Also, the maximum temperature
can be maintained below 400 C with 4 m/s speed Liu et al. (2016). As observed in
Fig. 10.2b, the heat pipes are inserted into the cavity of each battery cell and condenser
and evaporator of it is attached to aluminium plate for temperature flattening. Below
the battery pack the liquid channel acts as a heat exchanger to supply and remove the
heat from battery as per requirement. This will result in bi-directional advantage by
the heat pipe so that system will provide either heating or cooling without moving
parts.

The BTMS using only PCM or composite PCM (CPCM) cannot maintain the
battery pack temperature in a required range due to accumulation of heat caused due
to poor natural air-cooling technique. Thus, active cooling methods are required to
recover the thermal energy storage capacity of PCMs. Figure 10.7a shows a BTMS
system that uses CPCM (expanded graphite/enhanced paraffin and copper mesh) and
copper fins exposed from the CPCM to improve heat transfer rate Wu et al. (2016).
The battery pack composed of 5 batteries and 6 CM-PCMP is arranged in a compact
sandwich structure. All the batteries were arranged in series connection and a fan was
used to such that the air flows into the channel from one side of pack. The two battery
packs of same configurations with and without PCMP were assembled for compar-
ison purpose. The experimental result shows that the CP-PCMP shows improved
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Fig. 10.6 Hybrid BTMS combined with a ultra-thin micro heat pipe and b liquid cooling Liu et al.
(2016)

performance for dissipation of heat and temperature uniformity over PCMP and
traditional ANC technology under harsh working environment. However, the BTMS
shown in Fig. 10.3b uses PCM and cooling water pipes Hekmat and Molaeimanesh
(2020). The experimental setup operates in three modes of active, passive, and hybrid
with small modifications. The battery module consists of 5 prismatic Li-ion cells of
148 x 129 x 4 mm3 and 3.8 V normal voltage and of 5000 mA h nominal capacity.
All the cells are held vertically in a glass box with 14 mm distance in-between them.
Each cell surface is provided with sensor for temperature measurement. The cells are
fixed in the module and are sealed and separate six zones are created for employing
aluminium cooling pipes. Meanwhile, the zones can be filled with silicone oil or
PCM or can be left with free air. It has been observed that, the use of silicone oil
or PCM in-between cells decreases the maximum temperature to 450 C and 320 C
respectively; however maximum temperature difference decreases to 5.10 C and 1.20
Crespectively compared to atmospheric air. However, the BTMS shown in Fig. 10.7b
uses PCM and cooling water pipes Hekmat and Molaeimanesh (2020).

Ling et al. have compared the battery’s performance with the PCM technique and
PCM combined with forced air convection cooling Ling et al. (2015). The experi-
mental setup has 20 Li-ion cells of cylindrical geometry with five and four cells in

Aluminum pipe

Temperature
wnsor

(a) (b)

Fig. 10.7 Hybrid BTMS using PCM with a air Wu et al. (2016) b liquid Hekmat and Molaeimanesh
(2020)
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series and parallels, respectively. They used RT44HC/expanded graphite (EG) with
appropriate melting point temperature and high specific phase change enthalpy. It has
been observed that the maximum temperature of the battery pack using PCM only
increases above 60 °C in two cycles. However, PCM coupled with forced air convec-
tion cooling controlled the maximum temperature below 50 °C in all processes.
Further, Wu et al. have studied the cooling performance of battery modules using
para- fin/E.G. composites with pyrolytic graphite sheet (PGS) and without PGS by
varying the convective heat transfer coefficient Wu et al. (2017). It has been observed
that PCM with PGS module shows better temperature uniformity and heat dissipation
performance for last charge/discharge cycles.

The PCM is easy to combine with hybrid BTMS, and PCM can enhance thermal
uniformity Zhao et al. (2020). In a similar way of coupling the PCM with active
cooling like air and liquid, HP can also be associated with the PCM because of its
quick response and improved efficiency. The PCM can be filled between HP and HTF
or battery cells, as shown in Fig. 10.8a Zhang et al. (2020). In this experimentation
prismatic LiFePO4 batteries having capacity of 2.7 Ah are used. The battery pack
has total 18 cells, 3 cells are arranged in parallel and 6 cells in series. The system
is provided with a protection board to avoid overcharge or over discharge. Total
10 heat pipes are used in the system. The evaporation sections of heat pipes are
placed in between every two batteries however the condenser is extended outside
the battery pack and compactly placed with metal foams. In order to reduce the
thermal contact resistance, the contact surface is coated with the layer of thermally
conductive adhesives. It has been observed that, the maximum temperature of battery
pack without auxiliary fan with 1C, 3C, and 4C discharge rates are under 45 °C.
Also at higher discharge rate of 5 °C, the maximum temperature difference can be
controlled within 5 °C.

Lei et al. (2020) coupled PCM, spray cooling, and HP to control the battery
pack’s temperature, as shown in Fig. 10.8b. In this hydrated salt is for battery thermal
management and is filled in and around the batteries. The hydrated salt is used due to
its high specific latent heat, appropriate melting point, and large density. It has been
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Battery
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Fig. 10.8 Hybrid BTMS a HP provided with PCM as BTMS. Zhang et al. (2020), b HP provided
with PCM associated with spray cooling Lei et al. (2020)
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observed that, this technique holds the battery surface temperature rise below 8 °C,
at a discharge current of 24 A and a high atmospheric temperature (40 °C).

Zhao et al. (2017a) tested the PCM and heat pipe (HP) coupled BTM module
experimentally. It has been observed that PCM and HP as a BTMS can maintain
the maximum temperature below 50 °C for a more extended period compared to air
and PCM-based BTMS techniques. Hemery et al. Hémery et al. (2014) designed
and developed a PCM and active liquid coupled hybrid BTMS to cool the melted
PCM. They used the two water-cooled plates above and below the PCM in the
experimentation’s aluminum cans. The electric heaters are used instead of cells. It
has been observed that PCM was completely solidified when the battery charging
was done at a 2C rate after discharge three driving cycles where the temperature of
the water was maintained constant at 22 °C.

Thermoelectric cooling (TEC) is not generally considered for BTM of EV because
of its poor efficiency. But it is mainly used in electronics cooling applications due
to its compact construction Zhao et al. (2020). Few of the researchers have coupled
TEC with hybrid BTMS for improving the rate of heat transfer. Figure 10.9 shows the
typical layout of TEC coupled with hybrid BTMS Lietal. (2019). Lyu et al. Lyu et al.
(2019) have coupled the TEC with active cooling techniques. The condenser side heat
is transferred using TEC, and the forced air helps the TEC pass the heat to the outer
side. It has been observed that the battery surface temperature reduces by 12 °C from
55 °C. Song et al. Song et al. (2018) designed and developed a BTMS for standby
batteries with thermoelectric semiconductor device coupled with PCM, as shown in
Fig. 10.10. The experimental setup was tested to study the heat preservation time
(4.15 days), cooling time (14 h) circularly under atmospheric temperature (323 K).
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Fig. 10.9 The schematic layout of TEC in hybrid BTMS Li et al. (2019)
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Some of the researchers used forced-air and liquid cooling technique simultane-
ously. Wang et al. designed a BTMS, as shown in Fig. 10.11, by combining an LCP
and the gas circle Wang et al. (2017). They studied the effect of various structures,
the intensity of the liquid and gas cycles on the thermal performance of BTMS. It has
been observed that the system with a fan under LCP could make a fully developed
flow field. Compared to cooling with LCP only in the vacuum-packed battery, the
maximum temperature and temperature difference are lowered by 3.88 and 3.45 K
under the condition of total heat generation of 576 W.
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10.7 Heat Pipe Cooling

Temperature is the most critical parameter which directly affects battery efficiency.
The BTM system is a system which ensures the overall performance of the battery
along with its life, reliability and prevents economic loss. This is the best system to
control the temperature of battery thermal management systems and has lightweight,
portable size, flexible geometry, and low cost. This is a passive system because it
does not consume power. The heat pipe is a heat conduction device that usually
works by keeping the partial vacuum in the casing and transporting the maximum
heat even at minimal temperature differences. An aluminum fin to the heat pipe
section efficiently enhanced the heat dissipation rate. The utilization of heat pipe has
migrated into various applications because of its wide range of working temperature.
It is expanded in various sectors to invent a more structured system that improves
thermal efficiency. The enhancement in the efficiency of heat pipes containing the
Nanofluids can be increased because of having a high heat transfer rate compared to
conventional fluids. In this case, efficiency is depending on the type of nanoparticles
and their concentrations. But for a certain application, it may create complexities for
high-temperature applications. Thermal conductivity is the most important param-
eter to enhance the heat transfer performance of a fluid. The flat, micro heat pipe
reduces weight, high heat flow density, space and improves the heat transfer rate when
subjected to forced convection and better temperature uniformity. Figure 10.12 shows
the working of a heat pipe.

The different phase change materials are used in lithium-ion battery along with a
heat pipe such as paraffin copper foam, paraffin, EG composite, meliorate paraffin
with composite paraffin with nanoparticles, carbon fiber, Cu mesh, refrigerant R404a,
paraffin expanded graphite, and hydrated salt is the coupled cooling methods, i.e., heat
pipe cooling method Lin et al. (2021a). Because of the higher thermal conductivity,
the heat transfer rate of the heat pipes is more efficient than the phase change material.
It works on the pooled effect of phase change and thermal conductivity. They generate
heat transferred to the heat pipe through the battery’s modules and then absorbed by
the phase change material. In the system, the heat source is coupled to the evaporator
section. The operating fluid moved to the condenser by absorbing heat from the
heating side. The working fluid condenses in the condenser with the help of an
external heat exchanger, i.e., it can be air or liquid and finally comes to the evaporator
section. This system doesn’t require an external power source as it’s an utterly natural

Fig. 10.12 Heat pipe Evaporator Condenser
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circulation method. Still, this method’s disadvantage is that it cannot be adequately
cooled during the discharge of the cycle.

In some cases, forced convection cooling should be applied to have better cooling
performance. Heat pipe cooling methods have excellent heat transfer efficiency work
on the principle of evaporation. For better thermal performance, the BTM module
uses air to control the temperature by changing air velocity. The coolant flow rate also
enhances the performance of the heat pipe. In recent years pulsating pipe or oscillating
heat pipe gives the high thermal performance. It is combined with a multi-physical
system to control the temperature and its optimum range, i.e., from 20 to 45 °C,
ensuring low battery temperature for long-time cycling Zhao et al. (2020).

The comparison between the basic and hybrid battery thermal management
techniques is given in Tables 10.4 and 10.5 respectively.

10.8 Battery Heating Strategies

The temperature variation inside the battery is the critical parameter in the battery’s
overall performance, life, and reliability. Lithium ion batteries play a crucial role
as a power source in the electric vehicle field due to their high-power density. At
low temperatures, its performance is drastically degraded because of low diffusivity
and poor conductivity, and finally, it tends to damage the battery life. There are
various strategies of battery heating methods shown in Fig. 10.1. These strategies
are essential for the functioning of an effective battery management system. In the
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Table 10.4 Comparison between basic BTMSs

A. Jomde et al.

System characteristics Air Liquid Liquid PCM CPCM Heat
(direct) (indirect) pipe
Cooling capacity Very High Medium | Very Small Medium
small small
Energy consumption Low High Medium | None None None
Temperature distribution | Uneven |Uneven |Uneven |Even Even Uneven
Size Large Medium | Compact | Large Large Compact
Weight Light Heavy Medium | Heavy Heavy Light
Complexity Simple Medium | Complex | Medium |Medium | Simple
Cost Low Medium | Medium | Low Medium | High
Reliability High Medium | Medium | Very low | Low High
Adaptability | Cylindrical | Easy Moderate | Difficult | Easy Easy Difficult
Prismatic | Moderate | Difficult | Easy Easy Easy Easy
Pouch Moderate | Difficult | Easy Moderate | Moderate | Easy
Table 10.5 Comparison between hybrid BTMSs
System characteristics PCM + Air | PCM + HP + air | HP + liquid | PCM + HP
Liquid + air
Cooling capacity Medium High High Very high High
Energy consumption Low Medium | Low Medium Low
Temperature distribution Even Even Uneven | Uneven Even
Size Large Very large | Large Medium Very large
Weight Heavy Very Light Medium Heavy
heavy
Complexity Medium Complex |Medium | Complex Very
complex
Cost Medium High High Very high High
Reliability Low Very low | High Medium Low
Adaptability | Cylindrical | Easy Easy Difficult | Difficult Easy
Prismatic Easy Easy Easy Moderate Easy
Pouch Moderate Moderate | Easy Moderate Moderate

convective heating strategy method, battery heat both internally and externally. The
power source, i.e., fan, produces a convective flow, and this heating process occurs.
It requires the battery, cell, fan, and other components in a closed-loop system Ji
et al. (2013). The air or liquid can be used for convective heat transfer. Heat creation
occurs in the self-internal heating process while the charging and discharging process
heats the cell through internal resistance. Heating performance can be improved by
adjusting the frequency and amplitude through pulse charging and discharging.
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In some cases, heat generation devices are used in batteries such as nickel foil
for heating purposes. The heating performance can be increased from — 20 to 0 °C
in 12.5 s without consuming more battery energy. These can be achieved by using
suitable electrolytes and modified anode material to restore the thermal performance
of the battery. There are four criteria for heating strategy evaluations: electric energy
consumption or driving range, heating time, the durability of the battery, and overall
system cost. So different heating strategies can be compared with the above four
criteria. The convective heating process takes minimum time for heating, and mutual
pulse heating requires the least battery capacity.

Battery degradation, cost, enhancement of thermal performance, and durability
are the most critical factors in the electric battery. The main objective of the battery
is to work efficiently for the stated period for different operating ambient temper-
atures. The experimental implementation and verification of all strategies will be a
challenging task in the future.

10.9 Conclusions

The objective of the chapter is to discuss different BTM systems and their pros
and cons; the following qualitative conclusions can be drawn based on the literature
available.

1. Air-cooled BTM systems are simple in construction and cheap too, but those are
low efficient.

2. The liquid-cooled BTM systems are also more efficient and compact, but these
are heavy and have leakage issues.

3. The PCM cooling technique is a good choice for BTMS as it can absorb battery
heat at a constant temperature with a minimal amount of energy consump-
tion. However, the significant hurdles of PCM are its low thermal conductivity,
leakage, and battery heat load management after complete phase change of
PCM. The composite PCM can overcome these hurdles and requires further
investigations.

4. Hybrid BTMS is an emerging trend in developing BTM systems, and it has shown
great potential and feasibility, specifically for extreme working environments.
Hybrid BTMS are more flexible and efficient and can overcome the hurdles of
basic BTMS.
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Chapter 11 M)
Design and Development =t
of a Water-Cooled Proton Exchange

Membrane Fuel Cell Stack for Domestic
Applications

Justin Jose, Rincemon Reji, and Rajesh Baby

11.1 Introduction

Energy production, storage and conversion are the buzz words today in the global
energy scenario and will be the focus in the coming years also. The ever-decreasing
fossil fuel reserves is the main triggering factor in the development of renewable
energy technologies. Energy technologies, that are replenishable on use are generally
termed as renewable energy source. These energy sources like wind, solar are highly
reliable if they are distributed over a large geographical location. Moreover, these
technologies are highly helpful in stabilizing energy prices at the global level. Many of
the renewable technologies with few or no moving parts makes operation cost at lower
levels. Clamor for reducing the carbon footprint globally is also a motivating factor
for the countries to switch to new and renewable energy sources and technologies.

In the recent past, due to advances in the hydrogen storage and handling, fuel cell
technology is very popular and widely used. It can be used in both stationary and
portable power applications as well as transportation sector. Fuel cells work similar
to batteries without consuming the electrode and these cells are capable of producing
electricity as long as the fuel (hydrogen or a source of hydrogen) and oxidizer (air
or oxygen) is available. Efficient, quiet and no harmful emissions (only heat and
water), in comparison with internal combustion engines are the reasons for the wide
acceptance of fuel cells globally. Often times, a single fuel is incapable of producing
the required power output and this necessitates the use of fuel cell stacks.

Many researchers worked extensively on fuel cell stacks and in this chapter, focus
is given on Proton Exchange Membrane Fuel Cell (PEMFC) stacks. Luo et al. (2019)
experimentally studied on PEM fuel cell stack employed air cooling. They found
that distribution of temperature in the cells is greatly affected by the cooling air flow
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and uneven water distribution. Syampurwadi et al. (2017) studied the influence of
number of cells and stack on the fuel cell performance. In this study, experiment was
conducted in two steps. In the first step, the gas flow rate is varied and the number
of cells was kept constant at one. Subsequently, number of cells was varied. When
the number of cells is on increase, current density also increased, thereby causing an
increase in fuel cell temperature. Due to the increase in temperature, the performance
of the cell was increased but the risk of failure was also on increase. Chen et al. (2016)
developed a 2 kW, 4 cell high power air cooled PEMFC stack. Youssef et al. (2018)
developed and analyzed performance of PEMFC stack based on different bipolar
plate designs. The maximum power output is 70 W from 11 cell stack. Karthikeyan
etal. (2014) conducted experiments on PEMFC based on various flow channel design
for an active area of 25 cm? and 70 cm?, for single and two cell stacks. The flow
channel with Landing:Channel (L:C) ratio of 1:1 gives maximum output for all cases
compared to all other flow channels. Wan et al. (2014) measured the temperature on
each cell of a 5 k W PEMFC stack by using situ temperature measurement technique
using 36 T-type thermocouples. Due to temperature difference across each cell of
the stack, it is found that the overall performance was decreased. Neto et al. (2013)
developed and described the thermal and experimental characterization of 1 k W
PEMEFC stack which contains 24 cells.

Zhang et al. (2010) developed a 100 W PEM fuel cell and tested at elevated
temperature under various humidity. It was found that adequate anode humidification
is indispensable for elevated temperature of PEMFC. Wen et al. (2009) studied and
compared the effects of clamping on the performance of a single cell and a ten-cell
PEMEFC stack. From the experiment, they found that power density is proportional
to the bolt number, when the clamping torque is same. The mix of 6-bolt with 16 Nm
clamping torque gave maximum power output. Kim and Hong (2008) discussed the
effect of humidity and temperature on 10 stack PEM fuel cell. Compared to change in
temperature, change in humidity is seriously affected by the performance of fuel cell.
Chen and Zhou (2008) explained the steady and dynamic behavior of commercial
10 stack PEM fuel cell. The pressure drop signal is used to predict the power. Yim
et al. (2008) operated 40 W PEM fuel cell under low humidifying condition. Husar
et al (2007) explained failure of 7 stack PEM fuel cell due to gasket degradation.
Leakage of reactants causes the degradation and other issues in the gaskets and
as a result a dip in performance of fuel cells is found. Yan el al. (2007) studied on
unsteady characteristics of PEM FC during dynamic loading. In dynamic loading, air
stoichiometry, humidity, loading rates are significantly influencing the temperature
inside the fuel cell.

Santarelli et al. (2007) studied the variations in the electrical performance of a
PEMEC stack under the influence of different cathode flow rates. Water flooding is
the major issue in PEM fuel cell when air stoichiometry value decreases. The current
density increases with increase in air stoichiometry value due to the higher rate of
electrochemical reaction. Higher rate of electrochemical reaction will increase the
cell temperature and this in turn will reduce the flooding effect. Park and Li (2006)
analyzed the performance of PEMFC stack under different flow rates and operating
temperatures. From their results it is very clear that the effect of temperature is more
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significant than the flow rate. Rodatz et al. (2004) developed 6 kW, 100 cell PEM
stack and studied the operational aspects of stack under practical conditions. The
major issues in large fuel cell are uneven flow distributions of the reactant gases
and non-uniform temperature distribution due to the leakage of membrane. The
membrane leaks due to hot spots, as well as large pressure difference. Scholta et al
(2004) developed and tested 10 kW PEMFC stack. In order to achieve cost reduction,
a stack concept using graphite composite bipolar plates was developed. Johnson
et al (2001) assembled a 3-kW cell and tested under different loading conditions
as well as carried out a thermodynamic analysis. Murphy et al. (1998) analyzed a
light weight PEM fuel cell stack. For manufacturing of fuel cell parts, they used
a metal conductive element together with nonconductive elements fabricated from
thermoplastics through an inexpensive mass production technique. The maximum
power output from the cell was 520 W.

Siddiqui and Dincer (2019) developed a direct ammonia fuel cell stack. Authors
improved energy and exergy efficiencies of fuel cells at higher humidifier tempera-
tures. Zhang and Kandlikar (2012) presented a review on various cooling techniques
in PEMFC stacks. They reviewed the pros and cons of heat spreaders, liquid and air
cooling. Details of phase change cooling were also presented. In comparison with air
cooling, water cooling is very much effective to counter the variation in temperature
across different cells in the stack.

From the proceeding review, it is clear that many investigators were studied in
detail, about fuel cell stacks employing air and water cooling. As water cooling is very
efficient in comparison with the air-cooling strategies, the present chapter, details of
the design, fabrication and testing of a water-cooled PEMFC stack employing 10 cells
each having an active area of 50 cm?. Usually, detailed description of the design and
fabrication is missing in most of the literature, but in this chapter the relevant details
of the components used, including the design and fabrication of the water plate,
details of mono polar and bipolar plates, gaskets, current collector, flow channels,
arrangement of major components used and so on are described for the benefit of
researchers in this area.

11.2 Design and Fabrication Details of PEMFC Stack

The details regarding the design of various components in the fuel cell stack and
the fabrication details are given in this section. Table 11.1 gives the details of the
major components used in the development of the PEMFC stack in the present study.
Schematic arrangement of the major components used in the PEMFC stack is shown
in Fig. 11.1.

Details of the design and fabrication of some of the major components are
explained in the following section.
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Taple 111" Details of the SI. No Name of the | Represented in Quantity (nos.)
major components used in the component | Fie. 11.1
PEMFC stack P &=
1 Membrane MEA 10
electrode
assembly
2 End plate Endplate
Current CC
collector
4 Cathode with | CA-WP 5
water plate
5 Bipolar CA-AN 5
plates
6 Water plate | WP-AN 1
with anode
7 Monopolar | AN 4
(anode)
8 Support Support graphite | 2
graphite plate | plate

CE
MEA CA WP AN MEA
MEA CA WP AN MEA
MEA CA WP AN MEA
MEA CA WP AN MEA

Fig. 11.1 Schematic arrangement of major components used in the development of the PEMFC
stack

11.2.1 Design and Fabrication of Cathode Flow Channel

Figure 11.2 shows a photograph of the cathode 3 pass serpentine flow channel. The
channel to landing ratio for this flow channel is 1:1. The channels are made on the
graphite plate by Computer Numerical Control (CNC) machining. Generally, the
graphite material is used for the manufacturing of flow channels due to the high
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Fig. 11.2 A photograph of cathode 3 pass serpentine flow channel

1mm Rib width £0.70mm Channel Depth, 1mm Channel width

70.00
41.00

-6.00

‘ 125.00 3.00

180.00

Fig. 11.3 Design of anode 5 pass flow channel

machinability and less corrosiveness. On the other side of the cathode plate contain
water channel.

Figure 11.3 shows details of anode 5 pass flow channel. The plate is having an
overall dimensions of 180 mm x 70 mm. The flow field is with dimensions of 125 mm
x 41 mm. The channel to landing ratio is kept at 1:1. The channel depth is 0.70 mm.
These are also made of graphite plate by CNC machining process.

11.2.2 Design and Fabrication of Water Plate

Figure 11.4a shows the detailed design of the water plated used in fuel cell. Water
plates will be useful for the effective flow of cooling water. Due to the reactions
occurring in the fuel cell, temperature build up is present and it can deteriorate the
performance of the fuel cell. Also, for the working of the fuel cell initially, hot water
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r1.5mm Rib width 70.80mm Channel Depth, 1.5mm Channel width

70.00
4350

‘ 125.00 4,00
180.00

(b)

Fig. 11.4 a Design of water plate used in the present study. b A photograph of water plate used in
the present study

is supplied through the water channel. The channel to landing (rib width) ratio used
for this flow channel is 1:1. The channel width is 1.5 mm and the rib width is 1.5 mm.
The channel depth is 0.80 mm. A photograph of the water plate used in the present
study is shown in Fig. 11.4b.

11.2.3 Nafion Membrane Preparation

Commercially available Nafion 115 membrane is treated before the use in PEMFC.
The pre-treatment is done using a standard procedure:

(1) The membrane is boiled in 5 wt% H,0O, solution at 80 °C for 1 h
(2) Rinsed with de-ionized (DI) water at 80 °C for 1 h
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(3) Boiling membrane in 0.5 M H,SO,4 at 80 °C for 1 h
(4) Rinsing with DI water at 80 °C for 1 h.

11.2.4 Catalyst Layer Fabrication

Catalyst fabrication is done using colloidal procedure based on the modification of
the Photoetch methods. The procedure of modified Photoetch method is as described
below:

(1) Sulfite complexes of Pt are decomposed by hydrogen peroxide at 80-90 °C to
form aqueous colloidal solution of Pt.

(2) The colloidal Pt particles are absorbed on carbon black to form the catalyst.

(3) Any amorphous oxide formed is reduced in Hydrogen steam.

11.2.5 Membrane Electrode Assembly (MEA)

Commercially available MEA are five layered which consists of: Anode gas diffusion
layer, anode catalyst layer, Nafion 115, cathode catalyst layer and cathode gas diffu-
sion layer. For manufacturing MEA the gas diffusion layer (GDL), catalyst layer and
the polymer electrolyte membrane is done at 135 °C and 4 MPa under a hydraulic
hot press for 2 min.

11.2.6 Gaskets

Gaskets are the important part in fuel cell. It acts as an insulator and leakage protector.
In the development of the present fuel cell stack, two different gaskets with different
thickness, 0.2 mm and 0.1 mm are made with the same material. Normally gaskets
are used in 3 places, between the anode flow channel and MEA, cathode flow channel
and MEA and between current collector and flow channels. Here, 0.2 mm thickness
gasket is used between the anode flow channel and MEA as shown in Fig. 11.5 and
between the current collector and flow channel as shown in Fig. 11.6. The gasket
has thickness of 0.1 mm is used in between the cathode flow channel and MEA as
shown in Fig. 11.7.

11.2.7 Current Collector

Current collector plate is used to collect the electrons that are produced in the fuel
cell.
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Fig. 11.5 Gasket used between anode flow channel and MEA

Fig. 11.6 Gasket used between current collector and flow channel

Fig. 11.7 Gasket with thickness 0.1 mm

Normally, it is made up of copper material. The electrons move to the external
circuit from current collector. Here one side of the current collector is coated with
carbon for increasing the number of electrons. Figure 11.8 is a photograph of the
current collector without carbon coating and Fig. 11.9 is the current collector with
carbon coating.
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Fig. 11.8 A photograph of the current collector without carbon coating

Fig. 11.9 A photograph of the current collector with carbon coating

11.2.8 Fuel Cell Assembly: Ten Stack Fuel Cell

One cell consists of a membrane electrolyte assembly sandwiched between two
graphite plates machined with 1:1 serpentine flow field. Here, similar ten cells are
used to make the stack. The assembly was clamped by two aluminium fixtures using
MS screws, with a torque of 4 Nm by using torque wrench. A photograph of the fuel
cell stack used in the present study is shown in Fig. 11.10.

11.2.9 Monopolar Plates

In the monopole cell pack, the monopolar plate has only one flow channel on each
side to supply of fuel or oxidant.

A computer aided design (CAD) model of the monopolar stack configuration is
shown in Fig. 11.11. Monopole design is mainly applied to low power and high
voltage devices.
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Fig. 11.10 A photograph of the PEMFC stack used in the present study

Aluminium End plate
Copper plate
Anode with water plate
MEA
Cathode with water plate
Anode plate
MEA
Cathode with water plate
Copper Current Collector plate
Aluminium End plate

Fig. 11.11 CAD model of the monopolar plates stack configuration

11.2.10 Bipolar Plates

A CAD model of the stack configuration using bipolar plates is shown Fig. 11.12.
In order to supply the fuel and the oxidant, flow channels are made on both sides
of the graphite plate, so the plate becomes a bipolar plate. Though many shapes are
used to make the flow channel, a serpentine design is used in the present case. For
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1. Aluminium Plate

2. Copper Plate

3. Cathode with water channel
4. MEA

5. Bipolar (Anode & Cathode)
6. Anode monopolar

7. Anode with water Channel

Fig. 11.12 CAD model of the bipolar plates stack configuration

the present experimental investigations, both monopolar and bipolar plates are used
to develop the 10 stack PEMFC.

11.2.11 Test Rig

The test station consists of electronic load box and control system. Electronic load
box is used to measure voltage produced corresponding to the given input. Electronic
load box is connected with the monitoring system for the performance analysis of
the fuel cell. Anode side of the cell is connected to the negative side of the load box
and cathode side with positive side. In inside the loading box change in resistance
gives the corresponding loads. In the present work, BK PRECISION loading box,
model no: 8518, made in India is used for the loading purpose. Figure 11.13 shows
the loading box.

The controlling system consists of temperature control, humidity control, reactant
flow rate control, cooling water flow control and temperature controls. Cooling water
is supplied to the cell by using peristaltic pump as shown in Fig. 11.14. The peristaltic
pump is by M/s Ravel Hitechs Pvt. Ltd with model no: RH120S, made in India.

For the best performance and avoiding the damage to the membrane electrode
assembly, the humidity control is essential. In the present study, 80% relative
humidity is given for both hydrogen and oxygen. For hydrogen and oxygen, two sepa-
rate humidity controller systems are used. A photograph of the humidity controller
arrangement is shown in Fig. 11.15.
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Fig. 11.13 Electronic load box

Fig. 11.14 Peristaltic pump used in the present study

11.3 Experimental Investigations

Results of the experimental investigations carried out on single cell, two cell stack
and the 10-cell stack are detailed in the following section. Experiments are carried
out to assess the performance of the PEMFC under various conditions by changing
different parameters such as operating temperatures and oxygen flow rates. All the
experiments are done at atmospheric pressure. These experiments helped to study
the behavior of the fuel cell and understand how the performance of the fuel cell
varies with changes in different operating conditions. It is observed that the results
obtained through the experiments are in good agreement with the behavior of fuel
cells in the literature.
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Fig. 11.15 Humidity controller

11.3.1 Single Cell Fuel Cell

Experiments are conducted on single cell. Power density of single cell at various
temperatures are measured. A photograph of the single cell on test station is shown
in the Fig. 11.16. The maximum open circuit voltage produced on the cell is 0.9 V.
The maximum power output from the cell is 30.5 W (50 A, 0.61 V) at a hydrogen
flow rate at 720 ccm and Oxygen flow rate at 500 ccm.

11.3.1.1 Effect of Operating Temperature

The performance of PEMFC at various temperatures 40 °C, 50 °C and 60 °C is
shown in Fig. 11.17. PEMFC showed an increasing performance (increase in power

Fig. 11.16 Single cell fuel
cell on test station
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Fig. 11.17 Effect of operating temperature on the performance of a single fuel cell

density) as the operating temperature is increased. This is because of the fact that
the increase in the temperature contributed to the improvement of chemical kinetics
of reactions. Hence the performance was increased due to the increase in electron
productivity. When the temperature is increased beyond 60 °C, it is found that the
membrane is getting damaged, so the temperature is controlled such that it should
not rise more than 60 °C.

11.3.2 Two Stack PEM Fuel Cell

Power density of the fuel cell with two stacks is also reported. The open cell voltage
is 1.89. Two stack PEMFC on test station is shown in the Fig. 11.18. The maximum
power output from the cell is 66.5 W at a temperature of 60 °C (50 A, 1.33 V) when
the hydrogen flow rate at 1700 ccm and oxygen flow rate at 1400 ccm. A comparison
of the power density at 40, 50 and 60 °C is shown in Fig. 11.19. Power density is
found to be better at 60 °C in comparison with the other operating temperatures.

11.3.3 Ten Stack Proton Exchange Membrane Fuel Cell

Power density of ten stacks fuel cell at various temperature and flow rate is measured.
Ten stack PEMFC on test station is shown in the Fig. 11.20. The open circuit voltage
is 9.6 V. The maximum power output from the cell is 303 W (50 A, 6.06 V) when
the hydrogen flow rate at 5000 ccm and Oxygen flow rate at 2700 ccm.

The performance of PEMFC at various temperatures 40 °C, 50 °C and 60 °C for the
10 stack fuel cell is given in Table 11.2. The cell showed an increasing performance
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Fig. 11.19 Performance of two stack PEMFC

trend as the operating temperature is increased. The ten stack PEMFC showed a
maximum power of 303 W at an operating temperature of 60 °C.

11.3.3.1 Influence of Flow Rate
Figure 11.21 shows the variation of cell voltage and power density with different flow

rate of oxygen and hydrogen (2500/1400 cc/m, 4200/2400 cc/m and 5000/2700 cc/m)
at 60 °C. The flow rate is increased as the current density is increased.
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Fig. 11.20 Ten stack PEMFC on test station

Table 11.2 Performance of ten stack PEMFC at various temperatures

SI. No Temperature (°C) Current density (A/em?) Voltage (V) Power (W)
1 40 0.96 5.88 282.5
2 50 1 5.94 297
3 60 1 6.06 303
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Fig. 11.21 Performance of PEMFC at various flow rates
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11.4 Conclusions

A ten-stack water-cooled PEMFC stack is designed, fabricated and tested. Each cell
is having an active area of 50 cm?. Salient features of this work can be summarized
as follows:

e The stack performed better at 60 °C, in order to deliver maximum power output.
When the temperature is increased from 40 to 60 °C, the output power increased
by 20.5 W.

e The maximum power output from the single cell is 30.5 W (50 A and 0.61 V) at
a hydrogen flow rate at 720 ccm and Oxygen flow rate at 500 ccm.

e The maximum power output from the two-cell stack is 66.5 W at a temperature
of 60 °C (50A and 1.33 V) when the hydrogen flow rate at 1700 ccm and Oxygen
flow rate at 1400 ccm.

e The maximum power output from the 10 stack PEM fuel cell is 303 W (50 A and
6.06 V) when the hydrogen flow rate at 5000 ccm and Oxygen flow rate at 2700
ccm.
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Chapter 12 M)
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and Performance Characteristics
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Nomenclature

aTDC  After top dead centre

B10 10% Volume blend of biodiesel with diesel
B20 20% Volume blend of biodiesel with diesel
BMEP  Brake mean effective pressure

BSEC  Brake specific energy consumption

BTE Brake thermal efficiency

CA Crank angle

CIE Compression ignition engine
CP Cylinder pressure

CO Carbon monoxide

CO, Carbon dioxide

CR Compression ratio

CV Calorific value

DAS Data acquiring system

DF Dual fuel

HC Hydrocarbon

KOH Potassium hydroxide

KOME Karanja oil methyl ester

MCT Mean combustion temperature
NHRR Net heat release rate
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NOy Oxides of nitrogen
PG Producer gas

12.1 Introduction

Air pollution is a cause of some major respiratory diseases like asthma and several
health complications. Oxides of nitrogen (NOy) emissions cause pneumonia, irrita-
tion of lungs and bronchitis. Again, prediction suggests that 8.6 billion metric tons of
carbon dioxide (CO;) will be emitted during 2020 to 2035 that will further increase
the green house emission (Sahoo et al. 2021). Keeping in view the worldwide energy
emergency, reliance on petroleum fuels and its effect on environment and human, the
attention is calling towards finding out the feasible alternative fuels (Dewangan et al.
2020; Jena and Acharya 2019). Developing countries like India require a very large
amount of energy to maintain their growth. Considering the rising oil consumption
those countries rely more on the imports for fulfilling the demand of petroleum. To
combat with the present crisis of energy the researchers must take some innovative
steps. One of the important prospects could possibly be the adoption of suitable
technology for utilization of non-traditional renewable energy resources to gratify
energy requirement. As a source of renewable gaseous fuel, many researchers exper-
imented with hydrogen, compressed natural gas, producer gas and biogas. Producer
gas (PG) can be considered as a suitable combustible gaseous fuel synthesized by
flowing controlled air stream through the bed of coal or hot coke, with the purpose
of completely gasifying the feed material in the gasifier. Diesel engines with very
minute modifications can run on gaseous fuels. The gaseous fuel mix with air outside
the cylinder in an intake manifold prior to entering through the inlet valve. The dual
fuel (DF) engines can be a revolutionary way out as they reduce the dependency
on the conventional petroleum fuels thus eliminating the problems arising due to its
use. PG operates more efficiently with diesel engines in DF mode due to its high
compression ratio. It also plays a very crucial role in reducing NOx emissions, smoke
and particulate matter. Researchers have used PG as inducted fuel in DF engine with
various alternative pilot fuels. Nayak and Mishra (2019) experimented to accom-
plish higher thermal efficiency and lower engine exhausts in a DF engine. They
found that biodiesel-PG showed proficient result for overall engine performance,
emission. It showed lower brake thermal efficiency and minimal exhaust emission of
hydrocarbon (HC), NOx and smoke opacity. Caliguiri and Renzi (2017) examined
the combustion modelling of a diesel engine using PG as inducted fuel. Based on the
observation, they concluded that it can be very helpful in determining the in-cylinder
pressure and mechanical power for different substitutions of diesel. Chunkaew et al.
(2016) observed the influence of compression ratio (CR) on brake power. They used
a petrol engine running on PG for this experiment. They found that CR 9.3:1 gave
a maximum brake power of 1443.6 W at 3800 rpm and CR 7.5:1 gave 1101.7 W
at 2900 rpm. The maximum speed of 4500 rpm was achieved at 75% with unload
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opened air inlet valve and 3100 rpm at 30% without load. Bates and Dolle ( 2018)
experimented on a DF engine using PG derived from woodchips. They found that
approximately 75% of the diesel fuel can be saved by using PG to operate a genset.
Akkoli et al. (2021) experimented the influence of variation in injector nozzle diam-
eter, number of nozzle holes on brake thermal efficiency (BTE) of the CIE running
in DF mode. They concluded that, 0.25 mm nozzle diameter along with 6 number
of nozzle holes gave 5.8% enhancement in BTE. Yaliwal and Banapurmath (2021)
performed experiment using biodiesel-PG in DF mode with and without hydrogen
enrichment. They found that, hydrogen enrichment has improved the net heat release
and combustion pressure with reduction in exhaust emissions during biodiesel-PG
operation. Suryawanshi and Yarasu (2021) studied the effect of different angle of
Y-shape carburetors on PG-air mixing. They found that, 90° angle of mixing gave
best reduction in engine emissions with PG induction.

Very few works were found in the literature exploring combustion trends of DF
engine operated with PG. In the current work we tried to analyze the combustion and
performance attributes of twin cylinder engine running with standard diesel, and its
blends with Karanja oil biodiesel as pilot fuel along with PG induction.

12.2 Experimental Method

Figure 12.1 shows the schematic diagram of the DF engine, chosen for experimen-
tation. A downdraft gasifier was utilized to deliver PG from woodchip of eucalyptus
with moisture percentage 10.21% was chopped into desired size is utilized as feed-
stock in the gasifier. The constituents in PG sample were tested through a Gas Chro-
matograph (model GC2010 Chromatography and Instrument Co, India). The gas
constituents of PG is presented in Table 12.1.

The specifications of the selected engine are 14hp, 4-stroke, twin cylinder, 50.27
J deg—1 observed CIE with rated speed of 1500 rpm and 16.5:1 compression ratio.
A 3-phase, 415 V AC alternator was used to apply and vary the engine load. A water
manometer, orifice meter, and flow control valve are attached to the gas surge tank to
regulate and measure the substitution rate of PG. An injector was fitted into the inlet
pipeline to inject the PG with the intake air. A data acquiring system (DAS) is fitted
to collect, record, and investigate the observed results. Before allowing the PG to gas
surge tank its flammability test was performed at the burner, where a bluish flame
was observed. The CV of the PG used was found to be 5.64 MJ Nm~2. Software
package “Engine Soft LV” of version 9 was used for online performance analysis.
The crude Karanja oil was first obtained from the crusher mill and was treated with
phosphoric acid at a concentration of 1% volume ratio during this process. The
Karanja oil is degummed before being processed for biodiesel synthesis using the
transesterification method. The esterification of crude oil was performed, in which
degummed Karanja oil was blended properly with 22% volume of methanol and 1%
volume ratio of sulphuric acid. Then it is heated for one hour at 65 °C in a constant
temperature bath with continuous stirring. Then in transesterification, methanol of
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Fig. 12.1 Block diagram of the engine setup. 1. Engine, 2. Coupling, 3. Alternator, 4. Loading
unit, 5. Air box, 6. Fuel tank, 7. Burette, 8. Valve, 9. Manometer, 10. Air filter, 11. Orifice meter,
12. Manometer, 13.DAS, 14. Gas surge tant, 15. Orifice meter, 16. Gas control valve, 17. Burner,
18. Gasifier, 19. Cooling unit, 20. Passive filter, 21. Fine filter, 22. Bed

Table 12.1 Constituents and CV of PG
Gas composition H, CO, CO CHy N,
PG, %volume 19.22 10.5 20.03 2.75 46.49

volume ratio 22% and potassium hydroxide (KOH) base catalyst (0.5% volume ratio)
were used to make a reagent combination. The combined charge was then swirled at
a speed of 80 rpm for about 2 h at 60 °C. The churning and heating were then turned
off, and the mixture was left to settle for around 24 h. Then the collected Karanja oil
methyl ester (KOME) was water washed and heated at 70 °C for 30 min to evaporate
unreacted methanol and moisture present in it. The studies were carried out using
two volume fractions (10 and 20%) of KOME with diesel were prepared to run the
CIE in DF mode at full loading condition with gradual hike in PG substitution. At
maximum load run when PG flow rate increased beyond 21.49 kg h~!, huge engine
vibration with high noise was observed. Hence the PG flow rate was fixed at 21.
49 kg h~! to record the further dual fuel observations. The physical properties of all
the selected pilot fuels were represented in Table 12.2.

12.3 Results and Discussion

The experimentation and study of the observed findings entirely relies upon the appro-
priate subject understanding and the association with the obtained results published
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Table 1,2'2 Pl.lysical Fuels Viscosity (cSt, | Cetane number | CV (MJ kg*l)
properties of pilot fuels 40 °C)

Diesel 1.902 45-55 42.21

KOME 4.5 56.61 36.12

B10 2.181 - 41.5

B20 2418 - 40.1

in literature. To identify the irreversibility taking place during combustion of the
selected alternative fuel following parameters were considered for discussion.

12.3.1 Cylinder Pressure

Figure 12.2 represents the graphical trend of CP with crank angle (CA) at 100%
engine load for all the tested fuel combinations. The CP graph reveals that, a late
start of ignition was seen in case of dual fuel runs with all the selected pilot fuels,
where the CA50 was observed at10° for Diesel + PG and B20 + PG, while for B10
+ PG it appeared at 13° after top dead centre (aTDC) respectively. For standard
diesel operation, the CA50 was observed at 7° aTDC. This finding can be associated
to the comparatively low adiabatic flame temperature of PG and its poor burning
tendency that influences the combustion process. CA50 value shifted to right from
top dead centre in case of PG operation, indicating a drop in specific power yield. DF
operation with PG have shown marginally higher peak value of CP. A sharp ascent in
the CP graph was observed at the top dead centre, whereas the highest reading of CP
for standard diesel operation was recorded to be 6.11 MPa at 9° aTDC and 6.45 MPa
for Diesel + PG run at 15° aTDC. Similarly, the peak value of CP during B10 alone
operation was noticed to be 5.9 MPa at 15° aTDC and for that of B10 4+ PG the
highest CP was observed to be 6.4 MPa which further shifted by 5° away i.e. 20°
aTDC. Similarly, in case of B20 + PG the highest CP was noticed to be 6.25 MPa
which is located at 20° aTDC. B10 and B20 as pilot fuels have showed slightly higher
ignition lag as compared to diesel. This may be described as the comparatively higher
density and specific gravity of B10 and B20 that requires comparatively higher time
for atomization and vapourization leading to ignition lag.

12.3.2 Neat Heat Release Rate

Figure 12.3 represents the deviation in NHRR trend with CA at 100% engine load.
At the initial stage of the cycle, a negative value of NHRR was seen for all the tested
fuel combinations. The latent heat of vapourization taken by the pilot fuel reflects as
the negative value of NHRR. A quick ascent in NHRR was observed nearly 5° before
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Fig. 12.2 Variation of CP with respect to CA

top dead centre, where the peak reading of NHRR for standard diesel operation was
found to be 53.23 J deg~'observed at 1° aTDC and that for Diesel + PG the highest
value of NHRR found to be 50.27 J deg~! observed at 8° aTDC. While the peak value
of NHRR for B10 was found to be 44.32 J deg~! located at 1° aTDC and in similar
trend for B10 + PG the maximum value of NHRR was found to be 48.03 J deg~! at
8° aTDC. Similarly, the peak value of NHRR for B20 was found to be 40.65 J deg™!
located at 2° aTDC and in similar trend for B20 4+ PG the maximum value of NHRR
was found to be 48.26 J deg™! observed at 10° aTDC. Presence of B10 and B20 as
pilot fuel has showed a prominent second peak of NHRR observed in case of dual
fuel operation that indicates the delayed combustion tendency of PG.

This demonstrates that, heat released was comparatively lower in rapid combus-
tion phase and progressed towards the after burning stage of the cycle for PG operation
as compared to engine operation with standard diesel run. The combustion trend of
PG result to higher value of second peak of NHRR as noticed for dual-fuel activity.
The inhomogeneity in air—fuel mixture formation due to PG induction causes an
inefficient conversion of fuel energy into brake power (Yaliwal and Banapurmath
2021).

12.3.3 Mean Combustion Temperature

The change in MCT in line with CA was presented in Fig. 12.4. At the point during
end of compression stroke a rapid climb in MCT graph is observed 5° before top
dead centre. When the CIE was operated without PG induction, a sharp rise in MCT
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Fig. 12.3 Variation of NHRR with respect to CA

curve was observed where B20 alone operation reached highest MCT. Whereas,
with PG induction the slope of MCT curve slightly falls. This could be referred to
the lower flame velocity of PG that affects the spread of flame in the combustion
chamber leading to comparatively slow combustion process. The maximum value
of MCT was observed with standard diesel operation was recorded to be 1426.5 °C
at 30° aTDC and for B10 the same was found to be 1417.2 °C at 35° after TDC.
Similarly, during diesel + PG and B10 + PG operation the maximum MCT value
was recorded to be 1406 °C noted at 40° after TDC and 1410.4° C at 45° after TDC
respectively. Similarly in case of B20 the maximum reading of MCT was recorded
to be 1456.1 °C at 35° aTDC, and for that of B20 + PG it was noticed at 45° after
TDC with a lower value (1422.4 °C). This shows a slow climb in MCT for engine
run with PG and relatively reduced value of MCT was noticed while using biodiesel
blends as pilot fuel.

The incomplete combustion caused by blends of KOME-PG affected rate of heat
release in premixed combustion phase results in further drop in slope of MCT curve.

12.3.4 BTE

Figure 12.5 represents the BTE of the DF engine with change in brake mean effec-
tive pressure (BMEP). The BTE of an engine represents the effective compression of
heat energy into useful brake power. BTE increases with rise in BMEP, showing the
enhanced rate of conversion of fuel energy into useful brake power. Diesel alone oper-
ation have showed highest BTE 27.65% followed by B10 (26.6%), B20 (25.95%),
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Fig. 12.4 Variation of MCT with respect to CA

Diesel + PG (24.2), B10 + PG (23.75%) and lowest BTE was observed for B20
+ PG (23.26%) as observed at 80% engine loading. It is obvious that, diesel alone
operation has showed best BTE than all the combinations of PG operation. It can be
referred to the difference in fuel properties and the poor combustion characteristics
of PG that again comparatively become poorer when B10 and B20 was considered
as pilot fuel in place of diesel (Yaliwal and Banapurmath 2021). The lower CV of PG
requires higher fuel supply rate to compensate for same rate of power output. Similar
trends of result were also reported by Nayak and Mishra (2016) experimented with
PG in DF mode.

30
25
. 20
X —o— Diesel
E 15 —e— Diesel+PG
/® B10
10
—eo— B10+PG
5 —o—B20
B20+PG
0
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Fig. 12.5 Change in BTE with respect to BMEP
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Fig. 12.6 Variation in BSEC with respect to BMEP

12.3.5 Brake Specific Energy Consumption (BSEC)

The BSEC represents the measurement of effective utilization of supplied fuel energy
per unit power output (Raman and Kumar 2020). Figure 12.6 illustrates the change in
BSEC trend with variation in BMEP. The observations indicate decreasing trend of
BSEC with increase in BMEP for all the tested fuel combinations. May be owing to
the increase of in-cylinder temperature and pressure at higher engine load resulting
enhanced heat release rate. The induction of PG in dual fuel operation have showed
higher BSEC. The reason behind this could be the lower CV of PG, its combustion
characteristics low flame speed, low cetane index, and presence of CO also inhibits
the combustion process (Yaliwal and Banapurmath 2021). Again, higher viscosity
and low volatility of biodiesel blends also affects the vapourization process leading
to retarded combustion process as compared to base result. At full engine load Diesel
+ PG, B10 + PG and B20 + PG required 17.67, 18.43 and 18.93 kJ kWh~! BSEC
respectively to give the same power output as that of diesel alone operation (14.6 kJ
kWh~!). At the same engine loading B10 has shown 14.65 k] kWh~! and B20 has
shown 15.47 k] kWh~! BSEC.

12.4 Conclusions

The experimentation was purposeful to assess the engine combustion and perfor-
mance attributes of a DF engine. The subsequent findings were strained from the
analysis:
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e The peak value of NHRR and CP curve moved away from the TDC during DF
operation for all the tested pilot fuels. This indicates an increase in ignition lag in
case of PG induction.

e The MCT curve reveals that, diesel, B10 and B20 mode operation without PG
induction showed comparatively sharp rise in combustion temperature while the
slope of MCT curve slightly falls for all the pilot fuels in DF mode operation.

e The BSEC increased by 21, 26.2 and 29.6% for Diesel + PG, B10 + PG, and
B20 + PG respectively as compared to base result (standard diesel), while the
BTE decreased by 12.4, 14, 15.8% for Diesel + PG, B10 + PG, and B20 + PG
respectively as compared to base result.

Hence, PG as inducted fuel can be considered to run small scale gensets for power
generation in rural areas. While B10 and B20 blend of KOME can be used as a partial
substitution of diesel. The combustion characteristics of dual-fuel run indicates that
combustion improving techniques like use of a suitable cetane enhancer as fuel
additive, preheating of intake air can be considered as an option to suppress the
negative combustion characteristics of PG.
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13.1 Introduction

Diesel engines are being used as the key lifeline of the human race for transportation,
agriculture, construction, and small-scale power production. In general, the majority
of the CIE operates on standard diesel, which is getting exhausted more rapidly,
which insists the researchers all over the globe to discover a suitable and renewable
source of energy to fit in as a substitute (Jena et al. 2015; Jena and Acharya 2020).
The use of renewable gaseous fuel in dual-fuel engines can be an innovative way, as
they reduce the dependency on the conventional fuels. Different researchers exper-
imented with hydrogen, compressed natural gas, producer gas, biogas as a source
of renewable gaseous fuel. Biogas is produced from organic wastes through anaer-
obic digestion could be considered as a source of green energy. Researchers exper-
imented on different biomass to optimize the production rate of biogas. Crocamo
et al. (2015) produced biogas from Vestiveria Zizanoides, a type of rapidly growing
grass by anaerobic digestion in a cost-effective way. Liu et al. (2015) studied the
impact of urea dosage up to 2% weight of the grass feedstock. They observed 18%
higher methane enriched biogas during the ensilage process in the presence of urea.
Jena et al. (Crocamo et al. 2015) carried out experimentation to generate biogas
using semi-dried banana leaves and reported 65.28% methane enriched biogas. Jena
et al. (2020) performed an experimentation on the impact of additives on biogas
production from banana leaves. They noticed that presence of ferrous additives has
reduced the lag-phase of methane production drastically in the anaerobic diges-
tion process. Different researchers observed the emission and performance trends of
diesel engines in dual-fuel run operating on biogas. For example, (Ambarita 2017)
performed experimentation on a diesel engine taking biogas and noticed that biogas
with 70% methane (CHy4) percentage can replace up to 87.51% of diesel consump-
tion. Verma et al. (2017) experimented to observe the influence of CH,4 concentration
in biogas on dual-fuel performance. They concluded that by increasing CH4 concen-
tration in supplied biogas the dual-fuel mode performance parameters improved
with suppression in HC and CO emissions. Barik and Murugan (2014) performed an
experiment to produce biogas on large scale and achieved 73% methane content in
the produced biogas and used it as inducted fuel in a CIE. Their findings reveal that
dual-fuel run exhibited higher HC and CO emissions in the exhaust with a decrease
in NO and soot formation.

To improve the performance of dual-fuel engines using biogas few researchers
have also worked on the purification of biogas by removing CO, and hydrogen
sulfide (H,S) present in the raw biogas. As H,S is corrosive, it can cause corrosion to
biogas storing tanks as well as the engine components. Tippayawong and Thanom-
pongchart (2010) performed the purification of biogas by using 0.1 mol concentration
of three different chemical solutions mono ethanol amine (MEA ), NaOH, and calcium
hydroxide (Ca(OH),). The saturation point of absorption was determined when the
pH level reached in between 7 and 8. They found that Ca(OH), reached saturation
after around 50 min as compared to 100 min observed for NaOH and MEA. Maile
et al. (2007) studied the absorption rate of CO; from the biogas using different molar
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concentration of NaOH solution. They observed that increasing NaOH concentration
in the solution increases the CO, removal efficiency. Barik et al. (2017) performed
purification of raw biogas using NaOH solution and achieved upgraded biogas with
90.6% methane content.

Besides purification of biogas further advanced combustion techniques need to be
adopted to minimize the exhaust emission parameters of the diesel engines running
with biogas. Thermal barrier coating (TBC) on components of the combustion
chamber was employed by different researchers to suppress the heat loss within
the combustion chamber. As a result, this will lead to an increase in mean combus-
tion temperature that would improve the performance and emission characteristics.
Taymaz (2020) used a mixture of CaZrO3 and MgZrO; as topcoat and NiCrAl as bond
coat for thermal barrier coating. The results indicated a reduction in fuel consumption
as well as engine emissions for coated engine (CE) operation. While the oxides of
nitrogen emissions were increased because of a leap in mean combustion temperature
due to coating. Karthikeyan (2018) performed experimentation on the CIE with TBC
to run upon different blends of neem biodiesel. He noticed a decreasing trend in HC
emission for the coated engine as referred to base results. Mohapatra et al. (2018)
experimented on YSZ coated CIE accompanied with an injection of steam to reduce
NO emissions from the CE. Elumalai et al. (2021) used partially stabilized zirconia
as coating on piston top to improve the emission characteristics. The HC emission
decreased by 22.42% and CO emission reduced by 31.98%. Fei et al. (2021) applied
YSZ coating on piston of marine diesel engine to improve the performance at part
load operation. They achieved 5% increase in brake thermal efficiency during part
load run.

In this experiment, we have selected semi-dried banana leaves as the feedstock
for biogas production using sewage water as the reacting medium in the digestor. To
improve the combustion quality of the produced biogas by CO, removal, a scrubbing
unit was used to purify the biogas produced from the digestor. A diesel engine with
YSZ coating was selected to run in dual-fuel mode at different substitution rates of
biogas to investigate the influence of coating over exhaust emissions.

13.2 Experimental Methodology

13.2.1 Biogas Production and Purification

Anaerobic digestion is an appropriate process to generate biogas from biomass. Semi-
dried banana leaves were collected from local farms and chopped into the required
size (10-20 mm). Sewage water after pre-treatment was brought from the local
sewage water recycling plant. A floating dome biogas plant was used for large scale
biogas production, which is divided into 2 parts: dome and digester. The specifications
of the biogas digester are represented in Table 13.1. Based on the dry weight of banana
leaves, 2% of urea was mixed with sewage water and stirred properly. In each batch,
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’tlf‘lzblifozz.slplig fciﬁcations of Specifications Details
Digester diameter, (m) 1.2
Digester height, (m) 1.96
Dome diameter, (m) 1.03
Dome height, (m) 1.22
Digester volume, (m?) 2.22
Dome volume, (m?) 1.02
;Il‘ltbslce:rllli:t?er Specification of Specifications Values
Material Polyvinyl chloride
Types Vertical
Height, (mm) 1370
Diameter, (mm) 160
Packing material Iron chips
Biogas induction pressure, (MPa) 0.14-0.18
Biogas flow rates, (kg h™!) 1
Scrubber solution NaOH + water
Solution flow rates, (kg hh 900

10 kg of semi-dried banana leaves mixed with sewage water solution before feeding
to the digester. A 1.2 cm hose pipe was connecting the dome with the inlet of the
cylindrical column packed bed scrubber along with accessories like flow control
valve, gas flow meter and pressure gauge to control and measure the biogas flow rate
during experimentation.

Table 13.2 presents the complete specification of the scrubber fabricated for the
experimentation. Prior to the purification process, 15 L of 1 N NaOH solution was
prepared and stored in a container.

The outlet of the scrubber was connected to a bladder with storing limit of 1
m? (Material: Synthetic rubber) for biogas collection. The schematic diagram of the
biogas plant with the scrubbing unit is shown in Fig. 13.1. Raw biogas from the
digester was steadily supplied at 1 kg h™! to the scrubber at a pressure range of
0.14-0.18 MPa. The 1 N NaOH solution was sprayed from the top of the scrubber
at 900 kg h~! using a circulation pump. Four layers of iron chips were used in the
scrubber to improve the contact of biogas with the solution. A trace amount of H,S
gas present in the raw biogas (RBG) will react with the iron chip to form ferrous
sulfide; as a result, the H,S will be eliminated from the upgraded biogas (UBG). The
chemical reaction of purification can be expressed as:

CO, + H,0 - H,COs (13.1)
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H,CO3 + NaOH — NaHCO;+ H,O
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(13.2)

A layer of jute material is provided above the sprinkler to remove moisture

from the purified biogas. The composition of RBG and UBG was verified by a

Gas Chromatograph (model GC2010 Chromatography and Instrument Co, India).

The compositions and calorific values of RBG and UBG were shown in Table

13.3.

> Flow of shury
Flow of biogas
Flow of NaOH solution

1. Feed funnel 6. Pressure gauge

2. Feed pipe 7. Gas flow meter

3. Digester 8. Scrubber

4. Slurry drainage 9. Solution drainage
5. Flow control valve 10. Solution container

11. Pump
12. Storage bladder
13. Flow control valve

Fig. 13.1 Schematic diagram of a biogas plant with the scrubbing unit

Table 13.3 Concentration G ..
as compositions

RBG, (%vol)

UBG, (%Vol)

and higher heating value of

RBG and UBG CH4 68.08 87.02
CO, 28.82 04.85
H 0.0642 1.122
co 0.8338 0.075
H,S 0.21 0.0
Calorific value, (MJ kg_l) 24.62 31.46
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Table 1.3.4 Specifications of Manufacturer Kirloskar
the engine setup
Engine details 4- stroke, water-cooled diesel engine
Engine speed 1500 rpm
Rated power 3.5kW
Compression ratio 18:1
Bore 87.5 mm
Stroke 110 mm

13.2.2 Experimental Setup

A single cylinder water-cooled 4-stroke CIE was modified to run in dual-fuel mode.
The detailed specifications of the selected diesel engine are shown in Table 13.4.
A biogas injector was drilled in the inlet piping 3 m away from the inlet valve to
facilitate proper mixing of inducted biogas with the intake air. The engine emissions
were recorded through an online AVL DIGAS (model 444N, India) exhaust gas
analyzer, used to check the composition such as CO,, CO, HC, and NO in the engine
exhaust. The smoke opacity was recorded by an AVL (model 437C, India) smoke
meter. A data acquiring system (DAS) was employed for recording the purpose of
the experimental observations.

13.2.3 Experimental Procedure

The schematic layout of the diesel engine was given in Fig. 13.2. The detail of
coating synthesis by plasma spray method was documented by the authors in earlier
articles (Elumalai et al. 2021; Jena and Acharya 2019). The engine was first run with
diesel and after reaching the steady exhaust temperature during each engine loading;
observations were recorded to generate base results. Then the YSZ coated piston and
valves were assembled in place of the base piston and valves to record the emissions
of the CE with standard diesel. During the dual-fuel run, RBG was supplied at 3
variations in substitution rate (0.6, 0.8 and 1 kg h™!) to record observations of the
engine emissions. Again, the same procedure was repeated by inducting UBG to
investigate the consequence of purification over engine emissions. The snapshot of
the uncoated and coated piston and valves are shown in Fig. 13.3.

13.3 Results and Discussion

Experimentation was carried out to inspect the influence of the coating on exhaust
emissions of a dual-fuel test setup operating with RBG and UBG.
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1. Engine 7. Fuel tank 13. Gas flow meter
2. Loadingunit 8. Manometer 14. Pressure gauge
3. Pizeosensor 9. Air box 15. Flow control valve
4. Burette 10. Weighing machine 16. Biogas cylinder
5. Rotary encoder 11. Smoke meter
6. DAS 12. Multi gas analyzer

Fig. 13.2 Block diagram of engine setup

Fig. 13.3 Snapshot of valves and piston before coating (left) and after coating (right) (Jena et al.
2017b)
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13.3.1 CO Emission

Figure 13.4 represents the trend of CO emission with change in engine load. As
observed with augment in engine loading the CO emissions decrease, maybe because
of an increase in diesel injection at higher engine loads increased the heat release
rate that leading to improved ox