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Foreword

The heat-trapping nature of carbon dioxide and other gases was found in the mid of
nineteenth century. The current global warming trend is of particular significance
because most of it is extremely likely to be the result of the man-made activity since
the mid-twentieth century and proceeding at a rate that is recorded over several
decades. Due to the latest development in the earth-orbiting satellites and other
technological advances, which have enabled scientists to understand the image,
collecting many different types of data about our globe and its climate on a global
scale. Ice cores drawn from the mountain glaciers showed that the Earth’s climate
responds to changes in greenhouse gas levels. There is no question that increased
levels of greenhouse gases in the earth atmosphere must cause the earth to warm in
response.

Global demand for energy is increasing too fast due to the population and
economic growth, especially in emerging market economies around the globe.
While accompanied by greater prosperity, rising demand creates a lot of new
challenges to manage their energy demand in the entire world. Energy security
concerns can emerge as more consumers require ever more energy resources to
fulfil their energy demand. The higher consumption of fossil fuels leads to higher
greenhouse gas emissions, particularly carbon dioxide (CO,), which contribute to
global warming. At the same time, the number of people without access to elec-
tricity remains too high.

This climate objective (<2 °C/<450 ppm) is confirmed at every subsequent
annual United Nations climate conference, and the global climate targets are further
refined in the 2015 Paris Agreement. The Paris climate agreement is an agreement
within the United Nations Framework Convention on Climate Change (UNFCCC)
dealing with greenhouse gas emissions mitigation, adaptation and finance starting in
the year 2020. This was based on the latest scientific insights, which demonstrate
that the severity of a 2 °C rise in the average global temperature is even more
crucial than previously thought. Since the adoption of the Paris Agreement, the
consensus is that in order to avoid detrimental climate change, global warming must
be limited to well below 2 °C and preferably to 1.5 °C. This also implies a need to
remain well below 450 ppm.
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The Intergovernmental Panel on Climate Change (IPCC) had reported that the
world will have to totally phase out fossil fuels in power generation by the end
of the century and reduce their use to 20% by 2050.

These developments have, obviously, led to the search for commercially
exploitable other sources of energy that while meeting human needs do not cause
further damage to the environment for the sustenance of our planet. The return to
renewables will help mitigate climate change is an excellent way, however, needs to
be sustainable in order to ensure a sustainable future and bequeath future genera-
tions to meet their energy needs. It is also expected that energy mix of the planet
will change substantially in the coming years.

It is, indeed, a very timely effort by the editors, known to me for over ten years
now, from the Rajiv Gandhi Institute of Petroleum Technology (RGIPT) and
University of Melbourne, to have come out with a book that discusses the myriad
ways in which the natural resources of our well-endowed country can be made use
of for meeting the energy needs of our millions of citizens without damage to the
environment.

In the course of my interactions with the professors of RGIPT during their visit
to Kun Shan University, Tainan, Taiwan, R.O.C., we had often discussed the likely
energy scenarios in the days ahead. During such discussions, the need to publish a
book on low carbon energy supply was felt. I congratulate the editors for having
come out with the book which will be of immense help to students, practicing
managers and policymakers alike.

Tainan, Taiwan, R.O.C. Prof. H. M. Chou
Professor and Dean

Department of Mechanical Engineering

Kun Shan University



Preface

The major greenhouse gas (GHG) emissions have been released by the usage of
fossil-based primary fuels to produce electricity, heat or motion. This means that it
is almost certainly impossible to reduce GHG concentrations in upper atmosphere
to sustainable levels unless large quantities of low carbon energy resources can be
taken on-stream to substitute primary fossil fuels. Today, in the context of the
decent agenda of sustainable economic growth, including concerns about the global
warming, climate change are very important issues. These include environmental
and social impacts and the question of the electricity generation and fuel production
processes as well as associated emissions. The earth’s environment has been neg-
atively impacted during the production, distribution and consumption of energy
through the usage of non-renewable energy resources. Low carbon energy
supply-based criteria have been promoted in several years into the front line of
energy policy, which also showed that how we address our energy needs on a more
sustainable basis. At this moment, the whole world is continuing consuming
fossil-based energy for social upliftment, economic development, the advancement
of knowledge and improvement of the human condition.

The energy originated from various energy resources and sources have been
consumed for human's activities across every single domestic, commercial,
industrial and transport sector, across every country. The world total energy
demand is also expected to increase and the share of energy supplied in the form of
electricity is likely to rise rapidly. Meeting the needs of the present energy demand
without compromising the needs of the future, the humanity has to pay attention to
the low carbon energy supply-based technologies which harness non-exhaustible
environmentally friendly renewable energy sources.

The main renewable energy sources and resources include solar, wind, hydro,
geothermal, biomass, biogas and biofuels. They are available and distributed
worldwide to meet the expanding energy demands without negative environmental
impacts. However, the current renewable energy share is small in the worldwide
energy production. The renewable energy also offers a method to increase the
income, improves the trade balances, contributes to industrial development and
creates jobs. It is an acknowledged fact that the renewable energy share should

vii



viii Preface

have been much higher than that of current in favour of the environment, which is
an important issue globally. Almost every country pays much attention to renew-
able energy sources, due to the ongoing environmental challenges, which may be
solved only by the usage of renewables. Many countries are making significant
efforts to increase renewable energy share as much as they can within economic and
political constraints.

The aim of this book is to share the latest developments and advances in
materials and processes involved in the energy generation, transmission, distribu-
tion, storage and policies, and the chapters were contributed by researchers in the
energy and materials field, using original materials. This book may be used as a
reference for college/university/training institute/professionals. It may also be
referred in green energy-related laboratories, industries and academic libraries as
well as used as a reference book for the “Alternative Energy Sources, Renewable
Energy Resources, Climate Change, Energy Sustainability, Energy Policies, etc”.
for undergraduate and graduate students. The book presents a timely combination
of research and practice explained in a simple and comprehensive manner.

Jais, Amethi, UP, India Atul Sharma
Jais, Amethi, UP, India Amritanshu Shukla
Melbourne, Australia Lu Aye
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Applications of Solar Thermal M)

Check for

Technologies in the Built Environment

Lu Aye and Amitha Jayalath

Abstract Solar radiation reaching the Earth surface is the most abundant renew-
able energy. Solar energy can be harnessed in two types of technologies: Solar
Photovoltaics (PV) and Solar Thermal. This chapter deals with the applications of
solar thermal technologies in the built environment. The applications presented are
electricity generation, hot water production, product drying, cooking, clean water
production, space heating, space cooling and refrigeration. Fundamental principles
and recent developments and trends of these applications are presented and
discussed.

Keywords Electricity - Hot water - Drying - Cooking - Clean water
Refrigeration

1 Introduction

Solar radiation is naturally occurring and the most abundant energy source arriving
on the Earth both in direct and indirect forms. The annual solar radiation reaching
the Earth is approximately 3,400,000 EJ and nearly 7,500 times more than the
current global energy demand (Dhall 2013). The maximum magnitude of solar
energy available on earth is at the equator with an annual average of 22 MJ m™ >,
However, 80% of worldwide energy consumption is currently based on fossil fuels
(Thirugnanasambandam et al. 2010) with rising concerns on climate change as a
consequence of greenhouse gas emissions and depletion of cheap fossil fuel
resources. Thus, as a solution renewable energy sources have attracted considerable
attention worldwide. Considerable efforts have been made and are on progress
for promotion of renewable and sustainable energy among energy policy makers.
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Solar energy has been proven to be reliable, cost effective and low environmental
impact source to cater for most of the built environment applications.

Solar thermal technologies can be applied for various applications as an alter-
native to fossil energy that includes electricity generation, hot water production,
product drying, cooking, clean water production, space heating, space cooling and
refrigeration. Seasonal or short term thermal energy storage systems are required in
operation as solar energy is intermittent and can differ hourly, daily or seasonally.
Space heating and cooling of buildings can be achieved with passive or active
methods. Passive solar buildings are one of the oldest applications of solar energy
in buildings. Solar hot water is another promising application and becoming a
legislative requirement among construction of residential buildings and also in
industry applications. For example, European Solar Thermal Technology Platform
recommend that to increase the supply of solar hot water up to 50% of all heating
applications that require temperatures up to 250 °C by 2030 in European Union
(EU) (Mills and Schleich 2009). Furthermore, solar drying is proven to be an
effective and economical method used for drying and preservation of agricultural
and food products especially in developing counties and has been able to overcome
the drawbacks faced with sun drying in the past. Water purification with solar stills
is another example for use of renewable sources in thermal desalination to obtain
portable fresh water. Due to rapid population growth and industrial developments,
an imbalance has been created between portable water supply and consumption.
Thus, environment friendly, energy efficient desalination systems has been sought
after at present and is on high demand. Moreover, solar cooking can be considered
as an environmental and economical friendly option for heavily used wood and
fossil fuel based cooking in residential sector. Solar cookers provide many
advantages that includes fuel economy, reduction of greenhouse gas emissions and
help in preservation of forest and fossil fuels. Electricity generation is one of the
heavily investigated applications of solar energy and can be achieved through solar
thermal options or solar photovoltaics (PV). Concentrating solar power
(CSP) plants have become attractive in producing electricity due to its benefits
including high efficiency, scale-up opportunities, and low operating costs. It is
estimated by IEA that the contribution of CSP in global electricity production will
reach up to 11% by 2050 (Pelay et al. 2017). This chapter presents fundamental
principles, current applications of solar thermal technology, and their trends.

2 Electricity Generation

Solar thermal electricity (STE) generates electricity with zero operational green-
house gas emissions and has attracted interest recently around the world. STE
industry has gained a robust growth since 2009 mainly in Spain and United States
as one of the potential technologies in mitigating climate change (IEA 2015).
The generation of electricity using solar thermal energy mainly achieved using
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concentrating solar power (CSP) systems. In CSP, concentrated solar rays are used
to heat working fluid which directly or indirectly turns a turbine to generate elec-
tricity. Main types of CSP includes linear Fresnel reflector (LFR), solar power
tower (SPT), paraboloidal dish system (PDS) and parabolic trough collector
(PTC) (Fig. 1). CSP plants need to have thermal storage capacity for later con-
version into electricity and auxiliary fossil fuel backup system for delivering
additional heat to the system.

PTCs are most widely used CSP technology with a system efficiency about 11%.
The system uses single axis sun tracking linear receiver and concentrates solar rays
on evacuated tube collector. Paraboloid dish system uses double axis tracking
system and a central receiver with concentration ratio from 100 to 1000. High
concentration ratios of dishes facilitate efficient generation of electricity with
minimal energy losses. However, lack of heat storage which is essential require-
ment for operation in winter is a major drawback of dish concentrator (Trainer
2014). SPT has also attracted attention in recent years and possess a concentration
ratio from 150 to 1500 (Pelay et al. 2017). In SPT, heliostats focus on central
receiver and high temperature fluid heats boiler water for steam turbine-generator.
Compared with trough and disk systems, central receiver systems perform better in
direct normal irradiation (DNI) and storage capacity (Trainer 2014). LFR uses
single axis tracking system and system efficiency is less than 10%. They use long
rows of flat or slightly curved mirrors and show greater optical losses compared
with troughs in winter (IEA 2015).

Due to built-in storage capabilities, STE offers significant advantage over solar
PV and it is estimated that STE’s share of global electricity will reach 11% by 2050.
Most of the CSP components are coming to commercial maturity with increased
efficiency and lower costs. Furthermore, integration of efficient thermal energy
storage facilitates dispatchability of CSP systems. Currently sensible heat storage is
most widely used with CSP plants in operation and latent and thermochemical
storage technologies bear future promise with increased energy storage capacity
(Pelay et al. 2017).

Linear Fresnel reflector (IFR) Central receiver Parabolic dish Parabolic trough

Absorber tube

Solar tower
[ Receiver
o | —
%T IJ_ 4;51 /, 2
Y TEF
_ Reflector ~d___ |Absorber tube
Heliostats .

Fig. 1 Main CSP technologies
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3 Hot Water Production

Solar hot water systems potentially play a major role in reducing household energy
use. The main components of a water heating system include tank, pump and
controller. Either a horizontal tank or a vertical tank could be used with relative
merits attached to them. Horizontal tanks have low profile on roof while ther-
mosiphon vertical tank extends above roof if it is external or requires high ceiling
space if it is internal. Thermal stratification in the storage tank is vital for efficiency
of the solar heating system. It is a natural process where hot water ascends to the top
of the tank due to its low density compared with cold water and helps in effective
utilization of heat. Thus, the heat exchanger will be mounted near to the bottom of
the tank where the water is relatively cold and the hot water outlet will be near the
top of the tank. In a horizontal tank hot and cold water can be mixed more quickly
where vertical tank maintains temperature stratification. Stratification benefits from
low flow system, but high flow rates can be used if mixed store is of beneficial.

In a closed coupled system (Fig. 2), roof mounted tank is situated above the
collectors. The heated water moves by convection from the collector to the tank,
thus requires no pump or controller to operate. Pipework needs to be consistent
upward and downward the slope of the roof and overheating can be issue in
operation.

Split type system (Fig. 3) consists of roof mounted solar collectors and ground
mounted water storage tank, thus requires a hot water circulation pump. This
configuration facilitates improved access for installation and maintenance, but heat
losses can be evident due to long pipe runs. Electric or gas booster can be added to
the system to ensure continuous hot water supply year around.

Roof mounted hot
water storage tank

Cold water inlet —

Fig. 2 Solar hot water—closed couple. Adapted from MPMSAA (2009)
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Roof' mounted
solar collectors

ater storage tank
Tempered water
for internal fixtures
Tempering valve
Cold water inlet Electronic solar pump
& controller

Fig. 3 Solar hot water—split type. Adapted from MPMSAA (2009)

Roof mounted thermosiphon system with electricity for auxiliary boosting is
widely used in Australia (Moore et al. 2017). The collector performance is not the
sole contributor for solar hot water system performance, but depend on number of
factors including storage tank performance, booster and collector efficiency, flow
rate, applied hot water loads, inclination and orientation of the collector. Care
should be taken to reduce the damage to the system from freezing and stagnation.
High-grade insulation (evacuated tubes, double glazing), glycol antifreeze in the
collector loop, circulation of water and drain down can be considered as some
measures for freezing protection of the system. Furthermore, extreme high tem-
peratures can be build up due to stagnation and can cause collector damage.
Stagnation may be caused by pump failure and the storage tank and piping should
be able to withstand high operating temperatures. Pressure valves can be used to
allow for unwanted increase in pressure as a result of boiling and solar collectors
should be tested for high temperature resistance in deterioration due to stagnation.
Flow into the storage tank is controlled to minimize the mixing and increase
stratification.

Solar heat pump systems can also be used for provision of hot water in domestic
applications. Heat pump is a heat energy transformer from lower to higher tem-
peratures. Thus, solar heat pumps harness low temperature sources of energy stored
in the environment to achieve required temperature level for specific operations.
A vapour compression heat pump unit consists of four major components; com-
pressor, condenser, expansion device and evaporator with a working fluid suitable
for evaporation and condensation. The heat pump requires additional mechanical
energy input in upgrading the thermal energy output from low energy input stored
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in the environment. If the use of solar input is to indirectly raise evaporator tem-
perature, it is recognized as solar assisted heat pumps (SAHP) (Fig. 4). If the
evaporator performs as an evaporator/collector unit for direct capture of the solar
radiation, it is termed as solar boosted heat pump (SBHP) (Fig. 5).

SBHP capture energy from both ambient air and solar, and upgrade to a higher
temperature level for useful applications. Solar access is a necessity for operation of
SBHP and it costs more compared with standalone heat pumps due to additional
complexity. However, system does not require auxiliary back-up heating and
increased efficiency in heat collection is one of the advantages of the system.
Furthermore, location of installation plays a very significant role in the selection of
hot water heaters. Thermosyphon water heaters are most appropriate for geo-
graphical areas with high uniform solar radiation. The domestic applications of the
heat pump include space heating and swimming pool heating apart from hot water.
Commercial applications of heat pump further include drying and dehumidification,
evaporation, boiling and desalination compared with domestic applications.

4 Product Drying

Growing global population, food shortages, finite land area for food production and
increased wastage are growing concerns at current time. Drying of food and agri-
cultural products can preserve crops for out-of-season consumption, create new
products and can even be pre-processing requirement in some food categories. Solar
drying is effective and economical method of drying and preservation of food,
agricultural and many other products. Drying involves removal of bound moisture
in the product. The increase in heat during thermal drying increases moisture
vapour pressure in the product above that of surrounding air. This built-up pressure
and thermal gradients cause moisture to move to the surface of the product, and
finally water vapour transferred to surrounding air.

The traditional methods of sun drying involved increase in product temperature
by direct absorption of solar radiation. Crops are surrounded by air at ambient

/\Compressor

1 O

Hot I _{&Tplg
o loa
Solar water Evaporator Condenser
collector storage Return
from load

1 @ / Liquid
- receiver
Thermostatic

Pumps .
expansion valve

Fig. 4 Solar assisted heat pumps (SAHP). Adapted from Aye et al. (2006)
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Fig. 5 Solar boosted heat pump (SBHP). Adapted from Aye et al. (2006)

temperature, thus process parameters including heat input, moisture content, tem-
perature and air flow are difficult to control. This led to degraded product with
undesirable drying periods and quality of product was further affected by
wind-blown debris (Kumar et al. 2016). Thus, solar dryers were developed to
overcome these issues related to sun drying. It involves a devise to enhance the
capture of solar energy to increase the drying rate (Fig. 6). The air surrounding
product is higher than ambient air temperature.

Three main types of solar dryers include direct type, indirect type and mixed
mode type (Mustayen et al. 2014). In direct type the drying chamber is produce
with an insulated box covered by a transparent cover for direct impregnation of
solar radiation on the products. Holes are created to facilitate natural air circulation.
The temperature of the product is raised by absorption and convection. These are
simplest and cheapest to construct, but some of the drawbacks of direct type
involves lack of process controllability, overheating, poor product quality and
limited drying capacity.

Indirect solar driers have separate solar collector and a drying unit. Initially the
air is heated in separate solar collector and send into the drying chambers. Indirect
type is more suitable for crops that can be deteriorate in exposure to the sunlight and

Fig. 6 Direct solar dryer. g adiation
Adapted from Kumar et al. sola \

(2016) \ \

Transparent cover

A O\\\

A
Pt Drying tray
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the solar collector unit is helpful in achieving higher temperatures. Compared with
direct type solar driers, the construction cost is higher for indirect type, but provides
better control over process temperature required. In mixed mode method, direct and
indirect methods are combined where direct solar radiation heating is used with
preheating of air using auxiliary energy. Though mixed types are expensive, they
are the most effective and best alternative for the products require fast solar drying
to achieve required product quality.

5 Cooking

Solar cookers can be considered as one of the most promising thermal applications
of solar energy. In developing countries, wood is used predominantly used for
cooking along with fossil fuel based energy sources (Yettou et al. 2014). However,
difficulties in collection and shortage of fuelwood have driven the need to search for
solutions that includes improved cooking stoves, firewood plantation and solar
cookers. A solar cooker converts solar energy into heat energy which is used to
cook the food in the cooking utensil. There are different types of solar cookers; box
type, concentrating type and indirect type or steam generating (Panwar et al. 2012).
A box type solar cooker (Fig. 7, photos on the left) consists of an insulated box
with transparent glass cover. Booster mirrors are used to reflect the solar radiation
into the box. Box type solar cookers are slow to heat up, but reaches up to 100-
120 °C with heat transfer by absorption, conduction and convection. Several pots
can be heated at one time and the cookers are easy to operate. No stirring is needed
and it helps to keep food warm. Compared with other solar cookers, box type is
relatively inexpensive and easy to make and repair. Some of the disadvantages
include long cooking time, incapability to grilling or frying and restrictions for day
time cooking only.

Concentrating solar cookers (Fig. 7, photos on the right) use Fresnel lens,
parabolic or spherical collectors to focus solar radiation to the cookpot. These are
capable of achieving high temperatures about 120-180 °C that suits for most
cooking types. Heat is transferred only through absorption and facilitate faster cook
times compared with box type. Due to high temperatures, concentrating type
cookers can be used for frying, grilling and boiling. Some of the disadvantages
include high heat losses, danger of injuries, unsuitability in windy conditions and
difficulty in operation. Furthermore, concentrating type solar cookers can be used
only in day time and need constant realignment. The indirect type relates to the
non-focusing type solar cookers where flat-plate or vacuum-tube is used most of the
time. These cookers use a heat transfer fluid to carry thermal energy, thus they are
suitable for indoor applications. However, these are more complex compared to
previous categories and expensive in construction. Thermal storage has also been
used with solar cookers to facilitate cooking during insufficient sunshine.
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Fig. 7 Solar cooker; box type (left) and concentrating type (right). Photos by Bob Fuller, The
University of Melbourne

6 Clean Water Production

Portable or fresh water is a prime necessity for human beings and scarcity of fresh
water is expected to outweigh oil crisis in future. Seawater contains 35 kg of salt
per 1000 kg (~35,000 mg per litre), but drinking water should have less than
600 mg total dissolved solids (TDS) per litre. Distillation and reverse osmosis can
be considered as the two main clean water production technologies widely used in
practise today. Distillation achieves 2-50 mg per litre (TDS) and more than 17,000
desalination plants are currently in operation in 120 countries. In distillation, heat is
applied for the evaporation of water. Reverse osmosis gives 10-500 mg per litre
(TDS) and electricity is the source of power for the process. Solar still is one of the
promising applications of solar energy that can be used to convert impure water into
fresh water (Sharshir et al. 2017).

The basic solar still (Fig. 8) consists of enclosed insulated glazed box, sloping
transparent roof and black absorber base. The black absorber base holds the impure
water supplied through the inlet pipe and the water is evaporated due to the solar
radiation transmitted through the glazed surface. Then the evaporated vapour is
condensed on the inner side of the sloped surface and collected using distillate
channels (Panchal and Patel 2017).
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Fig. 8 Desalination using solar still

In a solar still, captured solar energy is mainly dissipated by evaporation, con-
vection and radiation. Water production rate in the solar still is a function of water
temperature and temperature difference between water and cover. Generally, in
operation, it is aimed to maintain water temperature above 40 °C by maintaining
shallow water depth, low heat losses and maximum solar radiation input and
absorption. The basin solar still is easy and inexpensive to construct and incur low
maintenance cost also. However large areas are usually required for construction
and usage is limited due to low productivity. Research has been carried out to
further reduce costs and improve the productivity of solar stills. Inclined and multi
effect solar stills provide more output but at more cost and added complexity.

7 Space Heating

Space heating using solar power can be considered as one of the fist applications of
solar thermal power used by humans that can be dated back to centuries.
Applications of space heating systems can be divided into two main categories,
active and passive systems. A passive system is defined as one in which thermal
energy flow is by natural means (i.e. conduction, free convection and radiation) and
integrate solar collection, storage and distribution into the building design. Passive
solar system may require minimal supply of external energy in some instances to
make the system function. In some cases, the performance can be enhanced by the
use of a fan or pump. The average temperature of the space over a day is determined
by, the amount of solar radiation collected (the quantity of equator facing glazing,



Applications of Solar Thermal Technologies ... 11

e.g. north wall glazing in southern hemisphere), the degree of insulation (to reduce
the heat loss of the building) and the outdoor climate conditions. The daily tem-
perature fluctuation of the space is determined by the size, distribution, material,
and radiation properties of the thermal mass. The main design issues of a passive
system include the storage of heat and the control of heat flows. The ultimate aim of
a passive heating system is to maintain the space at a relatively uniform temperature
in spite of the intermittent heat inputs and the varying temperatures of the storage
material. Direct gain systems, thermal storage walls, thermal storage roofs (heating
& cooling), attached sunspaces and thermosyphoning (convective loop) rock bed
are some of the passive heating systems used in practise. In direct gain system, large
areas of equator facing glass, that allow solar radiation to enter the house during the
winter, is used. The summer sun is generally excluded by the use of shading devices
and provision has been made for thermal mass. When thermal storage wall or
Trombe wall (Fig. 9) is used, incident radiation is absorbed by the dark surface of
the wall. Heat transfer to the room is achieved by two processes, free convection in
the gap between the glass and the wall where warm air is fed into the room via the
top vents. The second process is conduction through the wall, but introduces a large
time delay.

The components of the thermal storage roofs include metal roof, water ponds,
movable insulating covers ad optional glazing. It can be used for both winter
heating and summer cooling. In winter, insulating covers are pulled back when the
sun is shining. Then the solar radiation is absorbed by the dark plastic layer beneath
the water and heat is partially transmitted through the roof and stored in the water.
The covers are moved over the pond at night. During summer, the process is
reversed. Attached sunspaces relates to attachment of a greenhouse to the side of a
house. Heated air can be delivered directly to the building or may be indirectly
transferred by a thermal storage wall between the greenhouse and the living space.

An active system is a system that relies on pumps or blowers to transport the
heated working fluid from the solar collectors to either the load or a thermal storage
unit. It uses either liquid or air as the collector heat transfers fluid and must have a
continuous availability of external energy supply, in the form of mechanical power
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Fig. 9 a Composite solar wall, b Trombe wall. Adapted from Zalewski et al. (2002)
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or electricity to operate pumps or fans. A complete active system consists of solar
collectors, thermal storage units, pumps or blowers and transfers energy either to
the storage or to the load.

8 Space Cooling

Solar cooling systems are a promising alternative for conventional vapour com-
pression air-conditioning and have attracted considerable interest worldwide. The
coincidence of solar irradiation and high demand for cooling in summer periods
places solar cooling with lowest energy consumptions compared with other tech-
nologies. Solar cooling is an active system that is driven by heat generated with
solar thermal collectors or electricity generated by PV arrays (Fig. 10). Though
air-conditioning is one of the prime applications of solar cooling, other applications
include food/vaccine storage and freezing.

In solar cooling systems, heat can be generated using variety of solar collectors.
This includes flat-plate collector (FPC), evacuated tube collector (ETC) and
parabolic trough collector (PTC) (Mahesh 2017). Out of different solar driven
options for cooling, Absorption chillers (Fig. 11), Adsorption chillers and
Desiccant-evaporative cooling systems are widely used in practice (Kohlenbach and
Jakob 2014). Mode of delivery could be either using air or water. In an absorption
chiller, the continuous cycle process is based on two liquids; the refrigerant and the
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carrier fluid. During absorption the refrigerant ipermeates or dissolves into carrier
fluid. Adsorption is a surface phenomenon where molecules of solid carrier medium
adhered to the liquid surface of refrigerant. In a desiccant- evaporative system either
solid or liquid is used to remove humidity of air and then the air is chilled using
evaporation of water.

Solar energy is one of the heat sources for thermally driven cooling processes
and sometimes termed as solar air-conditioning. The two main physical principles
used in thermally driven cooling system include either evaporation of refrigerant by
removal of heat from liquid flow or evaporation of water by removal of heat from
airflow. Desiccant-evaporative cooling systems are categorized under solar cooling
system that provides conditioned air in an open system. Ambient air is continuously
employed to cool the building and usually flows once through the building.
Furthermore, it provides building. Consequently the ventilation at the same time.
Absorption chillers and Adsorption chillers uses water to remove the building heat
in a closed system. The heat from the building is removed using heat transfer into
water and then cooled in a water chiller. The chiller rejects the building heat to the
environment and as there is no air is drawn into the building. Consequently the
ventilation of the building need to be considered separately.

9 Refrigeration

Solar refrigeration is one of the main applications in solar cooling systems. This
deals with refrigeration in warm weather regions and remote areas for storage of
life-sustaining materials such as medicine, food and beverages. Main refrigeration
technologies include vapour compression system (Fig. 12), absorption system and
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thermoelectric system. In solar thermal cooling technologies, generally an auxiliary
heating unit is used in operation as a backup for low solar radiation and night time
(Ghafoor and Munir 2015).

Solar PV can be used to generate electricity and converted DC fed into the DC
motor to drive the compressor of the vapour compression refrigerate system. The
vapour compression systems are widely used for refrigeration, and they have very
high performances (Kalkan et al. 2012). The technology is relatively simple and
refrigeration system components available at low prices. Furthermore, little main-
tenance is required in operation and relatively low heat loss occurred compared
with other technologies. However, for standalone applications, requirement of
electricity that being fulfilled using solar PV arrays and batteries can increase the
cost of the system and the working fluid need to be sealed.

As discussed in the earlier section, absorption system for solar refrigeration use
heat collected through solar thermal collectors. Thus, in general, they incur lower
cost than PV-driven systems and require less maintenance compared with vapour
compression systems. However high collector temperatures are required and due to
higher heat rejections, the coefficients of performance (COPs) can be low.
Moreover, requirement of mechanical energy for the systems with pumps is also a
drawback of the solar absorption refrigeration.
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10 Summary/Conclusion

This chapter presents some of the main applications of solar thermal energy and
their practices. Undoubtedly the potential and benefits of using solar thermal power
in applications presented have been realized and is on high demand compared with
conventional fossil based fuels. Solar building architecture, solar hot water, solar
cooling and STE can be recognized as rising fields for solar thermal applications.
Passive solar architecture has promising benefits for heating and cooling of
buildings. The availability of solar radiation at the time that is most needed acts
favourably in development of solar cooling technologies. Due to built-in comple-
mentary thermal storage capabilities, STE shows significant benefits over solar PV.
However supportive government policies and appropriate regulatory frameworks
will positively reinforce these solar thermal applications. Furthermore, strength-
ening of research and development efforts to reduce cost, improve storage and
maximize output with minimal losses are key for sustainable development of solar
thermal applications.
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Atul Sharma, Amritanshu Shukla and Karunesh Kant

Abstract The renewable energy resources have high impending to offer the way
out to the long-standing energy shortage difficulties being confronted through the
emerging countries like India. The solar energy obtained from the sun can be an
imperative part of India’s plan not only to add new capability but also to upsurge
energy security, address ecological concerns, and lead to the huge market for
renewable energy. The electricity generated by solar thermal which is also known
as concentrating solar power is emerging renewable energy technologies and can be
developed as a future potential option for electricity generation in India. In this
chapter, authors have been summarizing the accessibility, present status, promotion
policies, strategies, viewpoints, major achievements barriers and future perspective
of solar energy opportunities in India.

Keywords Solar energy - CST

1 Introduction

India as the second largest populated nation is now subjected to a steep evolution of
the economy and successively, a rapidly rising energy demand. In 2015, India was
placed as the third highest energy (882 Mton) and electricity (1,027 TWh) con-
sumers in the world (Enerdata 2016). The yearly growing electricity demand and
overall energy consumption are presented in Fig. 1 and yearly growth of electricity
generation in Fig. 2. The economic progress and growth of any nation be governed
by the accessibility of energy resources and its consumptions. Energy resources
deliver not only financial power but also play a vital role in any present-day society.
The global energy demand in succeeding two decades is expected to upsurge by
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nearly 50%, attaining around 778 EJ by 2035 (Van der Hoeven 2013; Teske et al.
2012). The financial growth of society, the growth of industry and the increase in
new services have contributed to a sharp intensification in electricity demand. The
electricity demand is anticipated to rise even further in the near future (see Fig. 3).
The electric power generation by fossil fuel is the widespread beginnings of
greenhouse gas emissions. To reduce the greenhouse gas production, diverse
policies have made known to power sector throughout the world. The consumption
of renewable energy as sources of electrical power is one of the most operational
policies taken by the power sectors of all over the world. India lies in the good
sunniest areas where around 250-300 rich sunny days in the year. The solar energy,
if utilized, can play an energetic role in decreasing India’s power deficit. Solar
energy is cost-effective and operationally best feasible energy resource and one of
the principal power sources in terms of renewable energy sector. Numerous tech-
nologies are applied to transform solar irradiation into a usable form of energy
identical thermal and electricity (Goel 2016; Suresh and Rao 2017).

2 Potential of Solar Energy in India

India is one of the prominent countries which have good Direct Normal Irradiance
(DNI). The DNI primarily depends on the geographical location, movement of sun—
earth, the angle of earth rotational axis and atmospheric dilution due to suspended
particles. The potential of solar power is assessed numerous times of the energy
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Fig. 4 Solar potential in leading states in India (Kar et al. 2016)

requirement which is about 5,000 trillion KkWh per year. The solar radiation inci-
dent over India is equal to 4—7 kWh (Kumar et al. 2010) per metre square every day
have a yearly radiation varying from 1,200 to 2,300 kWh per m”. India is benefited
with an average of 250-300 rich sunny days and 2,300-3,200 sunshine hours per
year. The electricity needs of India’s can be encountered in a total land area of
3,000 km? which is the same to 0.1% of entire land in the country (Veeraboina and
Ratnam 2012; Pandey et al. 2012; Kapoor et al. 2014). India has an expected
potential of solar energy which is about to 749 GW to be utilized for decreasing
energy deficiency in the country (Kar and Gopakumar 2015). The Rajasthan leads
in the table with 142 GW as shown in Fig. 4 trailed by Jammu and Kashmir with
111 GW in terms of the potential capacity of solar energy. India gets sufficient solar
energy to produce in excess of 500,000 TWh per year of electricity, considering
10% efficiency of photovoltaic (PV) modules for converting solar radiation to
electricity. It is three times higher than the electricity needed to India by the year
2015 (Muneer et al. 2005). Figure 5 displays a map of India with incident solar
radiation with levels in different parts of the country. It can be perceived that even
though the maximum yearly global solar radiation is incident in Rajasthan, northern
Gujarat and portions of the Ladakh region, the parts of Maharashtra, Andhra
Pradesh and Madhya Pradesh also obtain a fairly enormous quantity of solar irra-
diation as compared to many regions of the world mainly Japan, Europe and the US
where the growth and deployment of solar technologies are supreme (Garud and
Purohit 2012).
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3 Solar Energy Status and Current Scenario in India

Till the month of January 2017, around 272,687 MW power produced in India by
means of renewable and non-renewable energy resources, and 35,776.96 MW
power produced through renewable sources, which is only 13.12% of the country’s
total power generation (Kar et al. 2016). The ministry of new and renewable energy
(MNRE), functioning with the conjunction of Indian Renewable Energy
Development Agency (IREDA) to stimulate the consumption of all forms of solar
power in addition to upsurge the portion of renewable energy in the Indian market.
This upgrade is being accomplished through R&D, demo projects, government
funding platforms, and also private sector schemes. The Prime Minister of India
released the National Action Plan on Climate Change (NAPCC) on 30 June 2008.
The proposed plan was started at eight assignments; among one of them is the
National Solar Mission (Kumar et al. 2010). The solar thermal and solar photo-
voltaic, both technologies, are included by the solar energy programme that is being
executed by the Ministry (observed as one of the biggest in the world) to exploit
India’s projected solar power potential of 20 and 35 MW/km? solar thermal. India’s
general perspective of water heating systems by solar energy has been projected to
be 140 million m* of collector area.

3.1 An Overview of Solar Power Technologies

There are various techniques that have been exploited to convert solar energy into
power. There are two kinds of technologies that have been applied to utilized solar
energy, i.e. solar photovoltaic and solar thermal.

3.1.1 Solar Photovoltaic Technology

Solar photovoltaic is the technology used for the conversion of solar radiation into
electricity directly. This implies that the solar PV systems are only effective during
the availability of sunlight due to which electricity storage is not a cost-efficient
process. The thermal energy is also known as heat energy is a far easier and
effective method, which makes solar thermal technology enchanting for large-scale
energy generation. The thermal energy can be stored throughout the day in thermal
energy storage devices and then converted into electricity by suitable conversion
devices at night in the absence of sunlight. The solar thermal power plants that have
storage capacities can significantly increase both the economics and the dispatch
ability of solar electricity. The productivity of solar cell mainly depends on the
operating conditions, such as solar radiation intensity, wind speed, operating tem-
perature, and ambient temperature. The following types of solar photovoltaic
technology are used to convert solar energy into direct electricity:
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Grid-connected solar photovoltaic (PV) systems,
Off-grid solar photovoltaic (PV) systems,
Hybrid solar photovoltaic (PV) systems,

Solar- and wind-powered water pumps, and
Battery-less solar photovoltaic (PV) systems.

3.1.2 Solar Thermal Technology

It is essential to comprehend that solar thermal technology is not the same as a solar
panel, or photovoltaic, technology. The electric energy generation by solar thermal
energy concentrates the light using the sun to produce heat, and that produced heat
is used to run a heat engine, which turns a generator to generate power. By the
concentrated sunlight, the working fluid includes water, oil, salts, air, nitrogen,
helium, etc., which is in liquid or a gas medium. The various heat engine types
include gas turbines, steam engines, sterling engines, etc. These types of engines are
very efficient, often between 30 and 40%, and are proficient at generating 10s to
100s of megawatts of power. Application-based solar thermal technologies are hot
water, cooking, steam generation, space heating, swimming pool heating, drying,
etc. Medium-based solar thermal technologies are water heating, air heating, etc.

3.2 Solar Power Scenario of India

The economic growth of any developing nation depends on energy supplied to the
nation. India is the developing nation, and therefore, it requires the energy for the
day-to-day use and also for the running industries. Though the relation concerning
the economic evolution and augmented energy plea is not every time linear, in the
current situation, the 7.5% increase in India’s GDP would cause an augmented
energy plea of 9% in the Indian energy sector. The 60% of electricity in India is
produced by coal which influences the energy mix in India. The difference has
happened in the total electrical network if the huge dissimilarity concerning the
energy supply and demand is found.

Based on a comprehensive assessment on the power and energy development in
India, it was decided that the amount of power shortage is reduced in 2015 as
compared to 2014; however, the quantity of power shortage is not insignificant.
Owing to the high power shortage between demand and supply of power, there is a
chance for shutdowns in Indian electricity generation sectors. For the reduction of
this big power shut down related to the electrical energy demand, it is necessary to
upsurge the power production. The renewable energy technology is a superior
option for setting up of new power generation source in India that have ecological,
social and commercial benefits. Table 1 shows region and resource-wise power
developments scenarios of India. The key source in India for power generation is
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coal, nuclear gas, diesel, hydro and renewable energy sources. The overall elec-
tricity generation capacity of India till 30 April 2017 is 329,204.53 MW, out of
which 22,0569.88 MW of electricity power was produced from thermal power
plants. The highest electricity is generated from Western Region among the five
different electricity boards. Around 74.4% of electricity generated in the western
region is by the thermal power plant. The nuclear power plants produced around
6,780.00 MW, and all the nuclear power plant is located in the southern, western
and northern region of India. The hydropower plants in India were producing about
42,473.42 MW electricity, while 36,470.64 MW power is generated from the
renewable energy resources.

3.2.1 State-Wise Solar Power Installed Capacity in India

Grid-connected solar power generation method is generally categorized into two
kinds, i.e. (i) standalone photovoltaic systems and (ii) rooftop photovoltaic. The
Indian government has executed several solar power projects, counting ultra-mega
solar energy power generation project under Jawaharlal Nehru national solar mis-
sion (JNNSM). The power generation based on solar energy has played most
important role towards the fulfilment of energy supply of India. The rooftop solar
photovoltaic technology is not only producing electrical energy for its individual
electricity load but also adding supplementary electrical energy generation into the
grid. Table 2 shows the commissioning prominence of a solar power generation
project in India at the end of January 2017. With 1,269.93 MW capacities,
Rajasthan has the uppermost quantity of installed solar power capacity (MNRE
2017a). Asia’s biggest solar park has been set up in Gujarat; however, biggest
concentrating solar power (CSP) plant has been installed in Rajasthan. These days,
several state governments in India have hurled rooftop solar power generation
arrangement, to sustain the rapid growth of solar power production.

3.2.2 Jawaharlal Nehru National Solar Mission (JNNSM)

JNNSM was hurled on 11 January 2010, by the Prime Minister of India under the
banner of renewable energy.' INNSM is the part of India’s NAPCC, which centres
on India’s reaction to climate change and reports miscellaneous policy matters such
as energy security and the formation of new capabilities (Sharma et al. 2015). The
goal of JNNSM is to build India as global front-runner in terms of solar energy
generation, by creating strategies for its larger scale dissemination all over the
country immediately. The JNNSM had set the motivated aim to setup 20,000 MW
of grid-connected solar power by 2022 and intended to drop the price of solar
power production in the country through (i) long-term policy; (ii) large-scale

'http://mnre.gov.in/file-manager/UserFiles/jnnsm_gridconnected_2408201 1.pdf.


http://mnre.gov.in/file-manager/UserFiles/jnnsm_gridconnected_24082011.pdf

25

Perspective of Solar Energy in India

BIPUJ JO JUSWIUIIAOLD) ‘IOMO{ JO ANSIUTA ‘Kjoyiny Ao [eNUD) 22.410S

¥SH0T6'TE vT09T'LS Tr6S Y 08L'9| 6'6950TT| €9°L£8| SE6TEST| 88°TOVH6I (re1o1) e1puf [V

LS'TS 154 0 0 soor| soor 0 0 spue[s]

61066 TI18e 9T 0| LoLsET 9t | SOTLLT T0'08G | uorSoy usseqg-yuoN

L8'TSLYE L'066 TIPEs'y 0| 0'8T6'8T 0 001 | T0'8T8'8T o3y wdsey

9’30816 LOTET'9T €06ELTT 0T€'€| 9TLIY0S| 8STIL| 99°€LF9|  TOTSEEH U013y UIYINOS

96'8T+'801 P H0E'ST SLYYL 0v8'T| €0°LT8°08 0| IPe0TI1| 29€79'69 o3y uIASIM

65 T+Z°06 9€'6£S°T1 LLTIE 6] 029°'T| 9Y'OLL'LS 0| o9zIsLS 768615 UoI39y UIGYLON
oL | [eseIq sen %)

(MIN UD) [e10L | (AN UD ST | (AN u) 0IpAH | (MIA up) JeajonN (M uD) [euay, uo13oy

(9s1m-901n0sa1 pue -uoidar) /10 [Udy (¢ uo se eipu] ur soLreuads omod ay], | dqe],



26

A. Sharma et al.

Table 2 State-wise installed capacity of solar power projects as on 31 January 2017 (MNRE
2017a) Solar Power Projects Commissioning Status as on 31 January 2017

Sr. | State/UT Total cumulative Capacity commissioned | Total cumulative
No. capacity till 31 in 2016-17 till 31 capacity till 31
March 2016 (MW) | January 2017 (MW) January 2017 (MW)

1. Manipur 0 0.01 0.01

2. Meghalaya 0 0.01 0.01

3. Sikkim 0 0.01 0.01

4. Puducherry 0.03 0 0.03

5. Goa 0 0.05 0.05

6. Mizoram 0.1 0 0.1

7. Arunachal 0.27 0 0.27
Pradesh

8. | Himachal 0.2 0.13 0.33
Pradesh

9. Nagaland 0 0.5 0.5

10. | Dadra & 0 0.6 0.6
Nagar Haveli

11. | Lakshadweep |0.75 0 0.75

12. |J&K 1 0 1

13. | Daman & 4 0 4
Diu

14. | Tripura 5 0.02 5.02

15. | Andaman & |[5.1 0.3 54
Nicobar

16. | Assam 0 11.18 11.18

17. | Kerala 13.05 2.81 15.86

18. | Chandigarh 6.81 9.4 16.2

19. | Jharkhand 16.19 1.33 17.51

20. | West Bengal | 7.77 15.3 23.07

21. | Delhi 14.28 24.5 38.78

22. | Uttarakhand | 41.15 3.95 45.1

23. | Other/MoR/ | 58.31 3.39 61.7
PSU

24. | Haryana 15.39 57.88 73.27

25. | Odisha 66.92 10.72 77.64

26. | Bihar 5.1 90.81 95.91

27. | Chhattisgarh | 93.58 41.61 135.19

28. | Uttar Pradesh | 143.5 125.76 269.26

29. | Karnataka 145.46 196.46 341.93

30. | Maharashtra | 385.76 44.7 430.46

31. | Punjab 405.06 187.29 592.35

32. | Madhya 776.37 73.98 850.35
Pradesh

(continued)
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Table 2 (continued)

Sr. | State/UT Total cumulative Capacity commissioned | Total cumulative
No. capacity till 31 in 2016-17 till 31 capacity till 31
March 2016 (MW) | January 2017 (MW) January 2017 (MW)
33. | Andhra 572.97 406.68 979.65
Pradesh
34. | Telangana 527.84 545.57 1,073.41
35. | Gujarat 1,119.17 40.58 1,159.76
36. | Rajasthan 1,269.93 47.71 1,317.64
37. | Tamil Nadu |1,061.82 529.15 1,590.97
Total 6,762.85 2,472.39 9,235.24

Table 3 JNNSM target of capacity additions (http://seci.gov.in/content/innerinitiative/jnnsm.php)

S. Section Target for Cumulative target Target for
No. phase 1 for phase 2 phase 3
1. Utility grid power 1,000— 4,000-10,000 MW 20,000 MW
including rooftop 2,000 MW
Off-grid solar applications | 200 MW 1,000 MW 2,000 MW
3. Solar collectors 7 million m? 15 million m* 20 million m?

deployment goals; (iii) aggressive R&D and (iv) in-house production of critical raw
materials, components and products, in order to achieve grid tariff parity by 2022
(Sharma et al. 2015). The mission will produce a permitting policy framework to
attain this impartial and make India as worldwide leader in the solar energy gen-
eration sector. The JNNSM was set up with a three-phase method, traversing from
the period 2011-2022. The period from 2010 to 2013 is known as I Phase, the 12th
Plan, i.e. 2013-2017 as II Phase, and 2017-2022 the 13th Plan as III Phase.? The
target of the mission under each phase is given in Table 3.

3.3 Target of Solar Power in India by 2022

In line with the Ministry of Power, 581,397 numbers of villages were electrified,
out of 597,464 numbers of villages in India in 2015 at the ending of October month.
The target of Indian government is to electrify all villages by the year 2022. By
reason of the restriction in power production from conventional sources, the Indian
government has enthused towards non-conventional energy sources, i.e. renewable
energy sources for achieving the energy demand of customers. Recently, uses of
solar photovoltaic and thermal technology have augmented considerably in all over

2http://mnre.gov.in/file-manager/UserFiles/draft-jnnsmpd-2.pdf.
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India. The government has fixed an objective to reach the total electric power
production of 175,000 MW from renewable energy resources by the year 2022, out
of which around 100,000 MW of electricity will be generated by solar energy
(MNRE 2017b).

3.4 Solar Power Institution and Association in India

The Indian government had been allied with some private and semi-government
organizations for the promotion of solar power in India. The details of institutions
are as follows:

3.4.1 Ministry of New and Renewable Energy (MNRE)

The Ministry of New and Renewable Energy (MNRE) is the nodal Ministry of the
Government of India for all matters concerning to new and renewable energy.
Creation CASE and Ministry are as follows: (I) Commission for Additional Sources
of Energy (CASE) in 1981, (II) Department of Non-Conventional Energy Sources
(DNES) in 1982, (III) Ministry of Non-Conventional Energy Sources (MNES) in
1992 and (IV) Ministry of New and Renewable Energy (MNRE) in 2006. The role
of the ministry has been presumptuous growing importance in current times with
the growing apprehension for the country’s energy security. The self-sufficiency of
energy was recognized as the main driver for renewable energy in the country in the
wake of the two oil tremors of the 1970s. The unexpected upsurge in the cost of oil,
uncertainties related with its supply and the contrary influence on the stability of
payments position directed to the founding of the Commission for Additional
Sources of Energy in the Department of Science and Technology in March 1981
(MNRE 2017c).

3.4.2 Indian Renewable Energy Development Agency (IREDA)

Indian Renewable Energy Development Agency (IREDA) is a Mini Ratna
(Category-I) Indian Government enterprise under the managerial control of
Ministry of New and Renewable Energy. IREDA is a public sector government
corporation recognized as a Non-Banking Financial Institution in 1987 involved in
encouraging, increasing and spreading monetary support for setting up projects
relating to renewable sources of energy and energy efficiency. The main objective
of IREDA is (i) to provide monetary support to the specific projects and schemes
for generating electricity, (ii) to endeavour to be economical institution through
customer gratification, (iii) to preserve its situation as a leading association to offer
effective and effective financing in renewable energy and energy efficiency projects,



Perspective of Solar Energy in India 29

and (iv) to enhancement in the efficiency of services provided to consumers through
continual advance of systems, methods and resources (IREDA 2017).

3.4.3 Solar Energy Corporation of India (SECI)

‘Solar Energy Corporation of India Ltd’ (SECI) is a CPSU under the organizational
control of the Ministry of New and Renewable Energy (MNRE), set up on 20
September 2011 to facilitate the operation of JNNSM and accomplishment of tar-
gets fixed in that. This organization is the only CPSU devoted to the solar energy
area. It was originally integrated as a Section 25 (not for profit) company under the
Companies Act, 1956.

In the present outlook of the renewable energy sector, especially solar energy,
SECI has a key role to play in the solar energy sector growth. This organization is
responsible for execution of a number of orders of MNRE, foremost ones being the
VGF schemes for significant grid-connected projects under JNNSM, solar park
scheme and grid-connected solar rooftop scheme, along with a host of other spe-
cialized arrangements such as defence scheme, canal top scheme, Indo—Pak border
scheme, etc. (SECI 2017).

3.4.4 National Institute of Solar Energy (NISE)

National Institute of Solar Energy (NISE) is a self-governing organization of
MNRE, which is the top National R&D organization in the field solar energy in
India. The Indian government has converted 25-year-old Solar Energy Centre
(SEC) under MNRE to a self-governing organization in September 2013 to support
the Ministry in executing the National Solar Mission and to manage research,
technology and other associated works. National Institute of Solar Energy as an
apex institute of the Ministry of New and Renewable Energy, in the area of solar
energy, is undertaking activities related to research and development, testing, cer-
tification, standardization, skill development, resource assessment and awareness in
the field of solar energy and associated technologies (CERC 2012).

4 Concentrating Solar Power (CSP)

The CSP technologies only utilize direct sunlight which incident on the solar
concentrator surface. The incident solar irradiation focused on heat transfer fluid by
solar concentrator and thus produces higher temperatures when the light is absorbed
by some material surface. Presently, the CSP systems have four main categories
which can be classified by the way, that is, they focus the sun’s rays and the
technology castoff to collect the sun’s energy. The CSP systems are categorized by
their focus geometry as either line-focus concentrators (which includes parabolic
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trough collectors and linear Fresnel collectors) or as point-focus concentrators
(which includes central receiver systems, parabolic dishes and Scheffler systems).

4.1 Godawari CSP Plant

The power production by Godawari CSP Plant has started in June 2013, coinciding
with World Environment Day. Godawari CSP Plant is the nation’s first Solar
Thermal Power Plant under JNNSM, Phase-I. This solar thermal power plant has
used parabolic trough CSP technology with state-of-the-art SKAL-ET 150 trough
structure. Upon reaching full capacity, the project featuring a solar field aperture
area of almost 400,000 m?, produces up to 118,000 MW hours of electricity per
year. Godawari plant is one of the finest examples of successful installation and
operation of CSP technology in India. Being a first-ever CSP plant in India, it had
created assurance among industries to implement cleaner and highly proficient
technology.

4.2 Thermal Energy Storage and Applications

Thermal energy storage (TES) systems allow the storage of heat or cold for later
use. TES is useful for applications where there is a mismatch between supply and
demand of energy. TES systems can be extremely useful for integration with
renewable energy sources which are intermittent and whose availability is further
reduced by weather perturbation. Solar thermal energy is available only during the
day, and hence, its application requires efficient thermal energy storage so that the
excess heat collected during sunshine hours can be stored for later use during the
night.

4.2.1 Phase Change Materials and Their Properties

In the recent times, a lot of research is being conducted in the high-temperature
thermal energy storage system. They can be primarily divided into three types,
namely sensible, latent and thermochemical energy storage system. The traditional
two-tank sensible heat storage system (sensible heat storage), which uses molten
salts, are not as efficient as latent heat energy storage system (LHES), which store a
greater amount of heat per unit volume. The materials used for LHES are called
phase change materials (PCM). They store a large amount of heat as the heat of
fusion and can provide the stored heat when required by the system.
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4.3 Integrated Solar Thermal Power Plant
at DADRI (U.P.) India

National Thermal Power Corporation (NTPC) Dadri is the power project to come
across the power plea of National Capital Region (NCR) in India. It has 1,820 MW
coal-fired thermal power plant and 817 MW gas-fired plants. This power plant is
installed in Gautam Budh Nagar in Uttar Pradesh, which is 9 km from Dadri and
about to 25 km from Ghaziabad. The project at NTPC DADRI is the first integrated
solar thermal power plant project in India. In this project, a solar field is going to
supply heat to the existing power plant. The heat will be supplied to the
high-pressure heater which will offset the steam which is currently being used for
this purpose. This steam which is saved will go through the high-pressure and the
low-pressure turbine and deliver work with a high efficiency of 42%.

4.4 CST Plant for Cloth Processing at Navkar Textiles

Navkar Textiles is a process industry, wherein they purchase grey material (cloths)
prepared in various looms, the cloth is then stitched together and sent for bleaching
and various chemical processes so as to remove impurities during the cloth-making
process. After various bleaching and chemical processes, the cloth is passed
through a closed chamber where it is passed through the steam to clean various
chemical agents during the bleaching process. Further, the cloth is coloured as per
required order before dispatch.

5 The Initiatives and Acts for Promotion Solar Energy

To encourage solar energy generation and utilization in India, with wind, biomass,
small hydro, etc., the government of India has started numerous electricity policies
as well as missions in the recent past like National Electricity Policy 2005, National
Rural Electrification Policy 2006, Electricity Act 2003, National Tariff Policy 2006,
etc. The particulars of guidelines brought by State and Central Government to
develop renewable energy are discussed as follows:

5.1 National Electricity Policy 2005

The ‘National Electricity Policy 2005’ shapes that constantly the part of electricity
from renewable energy technology would need to be augmented in terms of sus-
tainable growth; such procurement by scattering corporations will be done by
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bidding process. Proportion of purchased power from renewable energy sources
essentially finished substantially for the prices to be resolute by SERC. The fol-
lowing sections of National Electricity Policy 2005 aim to enhance generation and
utilization of electricity produces from renewable energy sources.

e Section 5.2.20 encourages private contribution in renewable energy electricity
generation sector.

e Section 5.12.1 aims to reduce the capital cost of renewable energy technology
through competition.

e Section 5.12.2 shapes that SERCs must recognize suitable charges to encourage
renewable energy and identify goals for this technology.

5.2 National Rural Electrification Policy 2006

India is gifted with the prosperity of rich natural resources, i.e. gas, coal, oil, etc.
and some non-conventional energy resources like wind, solar, biomass, small
hydro, tidal, geothermal, etc. These energy resources can be appropriately and
effectively used to make accessible consistent source of electricity to each and every
ménage. The supply of electricity at worldwide reasonable tariffs would also make
economic movement in the nation reasonable in the globalized atmosphere. Users,
predominantly individuals who are prepared to pay a price which imitates effective
costs, have the right to get continuous 24 h supply of quality power.

6 Obstructions and Challenges

India is one of the developing countries in relation to the solar energy industries by
developing large solar power plant to meet the current energy demands. The
obstructions and challenges related to the solar energy development have been
divided into several factors, that is, further extended into different variables and
their opinions.

6.1 Technical Obstructions

The solar energy technology is bounded by numerous technical matters and
uncertainties, such as energy storage issues, the hazard related to technology and
the system, the deficiency and reliability of the direct normal irradiation (DNI) data
available, and many others that have always been a matter of debate. The technical
obstacles to solar energy vary across the type of technology used (Kumar 2016).
The main drawback of photovoltaic systems is its low electrical conversion
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efficiencies, performance limitations of system elements such as batteries and
inverters, and inadequate supply of raw materials.

6.2 Policy and Regulatory Obstructions

To develop steadily solar energy sector needs compassionating policies and
promising conventions. The financiers show unwillingness and insecurity if they
observe high risk in the sector, which can only be guaranteed by durable and
attractive policies for emerging a market. The lack of clearness in the policies and
guidelines can unfavourably affect the long-standing growth planning of nations.

6.3 Socio-economic Challenges

The socio-economic challenges have a strong influence on the growth of solar
electricity generation in India, as these challenges can tend to less implementation
and acceptance of the technology. It is a hard fact that solar energy technology
needs huge capital cost which alone cannot be satisfied through independent funds,
so there is a need to inducement of private investments, which can only be fasci-
nated when there are favourable incentives to capitalize in this type of technology.

7 Conclusions

India has a severe electricity deficiency. It needs considerable trappings in ability to
meet the demand of its rapidly growing economy of the country. The progress of
solar energy, which is original and scattered and has the low peripheral cost of
generation, can upsurge energy security by expanding supply, decreasing import
requirement and justifying fuel price instability. Solar energy growth in India can
also be a significant tool for encouraging local economic growth, mainly for
numerous underdeveloped states, that have the highest possible for emerging solar
power systems which is an unconstrained and clean source of energy. It can provide
secure power supply to substitute national industrial growth. Consequently, it can
be established that photovoltaic power generation systems will have a significant
contribution to the electricity generation of the future not only in India but all over
the world.
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Fundamentals and Performance M)
Evaluation Parameters of Solar Dryer Shmes

Mukul Sharma, Om Prakash, Atul Sharma and Anil Kumar

Abstract Solar energy is freely available clean and renewable energy, and avail-
able to all. Researchers have developed various technologies to utilize it in various
ways such as solar PV technology to generate electricity from solar radiation, solar
dryers for drying crops, solar desalination, and solar thermal technology for elec-
tricity generation, cooking, etc. This chapter focuses on the utilization of solar
energy for vegetable/crop drying. Crop drying is essential for developing countries
so that they can provide food security to their citizen in adverse climatic conditions.
The solar drying technology is economical and useful for all the developing nations.
It has various advantages over open sun drying practices, which are generally
performed in various developing nations from an ancient era. This piece of work
provides access to various factors and parameters such as dryer efficiency, collector
efficiency, moisture ratio, drying period, SMER, etc., which are important in the
evaluation of the performance of different types of solar dryers.
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1 Introduction

Sun is the center of our solar system. It is a source of light and heat energy for the
residents of the planet earth. The solar energy is used for various natural processes
like photosynthesis, evaporation, etc., and some other processes like electricity
generation and drying. Human beings had explored the use of solar energy from the
ancient era for cloth drying, water desalination, navigation, drying of fruits and
vegetables, preparation of spices, etc. These practices are being carried out pre-
sently. Energy crisis also encouraged humans to explore new ways of utilizing solar
energy for their purposes like electricity generation, food drying, etc.

Food drying is an energy-intensive process and can be costly in case, if electrical
and mechanical equipment are used for food drying. The cost of electricity is the
main factor which made the conventional technology to be replaced by some other
cost-effective technologies of food drying. Researchers have developed some new
ways to overcome this factor. They had analyzed and redeveloped the ancient
method of food drying, i.e., solar food drying.

The technology of solar food drying is very economical and efficient. In
developing countries like India, it has been practiced from the ancient period. The
solar food drying is used for drying of spices, vegetables, and fruits so that they can
be used in the season in which they are not available. Open sun drying is the most
economical method of solar drying in underdeveloped countries to evaporate
moisture content from the food products which in turn increase their shelf life and
decrease moisture activity (Vijayan et al. 2016). But open sun drying has various
demerits such as degradation of food product due to dust, rain, and insects, over or
under drying of food, contamination of food products due to human and animals,
labor-intensive process, poor quality of drying, large area requirement for drying,
etc. (Prakash et al. 2016). To remove these disadvantages, the researchers had
developed various solar dryers which can be used for domestic as well as industrial
purposes. These solar dryers are classified into various types, viz., indirect type,
direct type, and mixed type solar dryers (Prakash et al. 2016). These dryers can also
be divided into two types on the basis of mode of operation, viz., active type (forced
convection) and passive type dryer (natural convection). The various classifications
are shown in Fig. 1.

2 Types of Solar Dryers

Solar dryers are divided into three types on the basis of utilization of solar radiation
for the purpose of food drying. The various types of solar dryers are discussed
below.
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Fig. 1 Classification of solar dryers (Kumar 2006)

2.1 Direct Type Solar Dryer

Direct type solar dryers use direct solar radiation for drying. In these, two prominent
types of dryers are being used all around the world. First one is cabinet type dryer,
and another is greenhouse dryer (Prakash et al. 2016). These dryers are economic as
well as these are easy to manufacture. The material of construction is easily locally
available. Both the dryers can be operated in both the modes of heat transfer, i.e.,
active and passive modes. These dryers are most suitable for low-level thermal
drying as their inside temperature reaches to 45-70 °C, and the relative humidity
inside the dryer is very low (<50%) (Prakash et al. 2016) (Fig. 2).

2.2 Indirect Type Solar Dryers

In the indirect type solar dryer, a separate box which is known as drying chamber is
used to keep food products. The collector of the dryer is kept under the solar
radiation, and with the help of air, the heat is transferred to the drying chamber
where the drying of food products is carried out by air through the removal of
moisture when it comes in contact with food product. The indirect type solar dryers
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can be operated in passive as well as active mode. The crops with low moisture
content are dried with passive indirect solar dryer while the crops with higher
moisture content are dried using the active indirect solar dryer (Prakash et al. 2016)
(Fig. 3).
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2.3 Mixed Mode Type Solar Dryers

Mixed mode type solar dryers work on both drying mode concepts, i.e., indirect and
direct mode. In this, the food products are directly exposed to sunlight as well as it
also gets heat from solar air heating collector, which reduces the drying period. The
drying chamber is exposed to solar radiation, and solar thermal energy is transferred
to it by air using either forced or passive convection mode.

3 Performance Evaluation Parameters of Various Solar
Dryers

The performance of solar dryers depends on various factors such as moisture
content, drying period, dryer efficiency, etc. For the different types of solar dryers,
there are different parameters which affect the performance of these dryers. The
different factors which are essential to evaluate the performance of various solar
dryers are discussed below.

3.1 Direct Solar Dryer

Wankhade et al. (2014) discussed the method to evaluate the performance of direct
type solar dryer. The performance of direct type solar dryer is evaluated by various
factors. These factors are moisture content, moisture ratio, drying efficiency, and
drying rate. The factors are given as follows.

3.1.1 Moisture Content

The quantity of water present in a material, such as fruits, is known as moisture
content or water content. The moisture content in percentage can be determined
using the following relation (Wankhade et al. 2014):

M- My

M. x 100

i
where

M; mass of food product before drying, and
My mass of food product after drying.
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3.1.2 Moisture Ratio

The moisture ratio of the food product is calculated by using equilibrium moisture
content and initial moisture content. The relation of the moisture ratio is given as
follows (Wankhade et al. 2014):

M — M,
MR =——°¢
M, — M.

where

MR moisture ratio,

M  moisture content at any time,

M, equilibrium moisture content, and

M, initial moisture content of the food material.

[}

3.1.3 Drying Rate

Drying rate is indicated using the graphical representation with time and moisture
content as its coordinates. The drying rate of the food sample will be determined as
(Wankhade et al. 2014)

(M; — Mq)

Ry =
d t

where

¢t time interval of readings taken during the drying period.

3.1.4 Drying Efficiency

The ratio of total heat consumed by the product for evaporating the moisture present
inside it to the total amount of solar radiation on the collector surface is known as
drying efficiency (Wankhade et al. 2014). It can be written as

N (WXAH])
la = Ae X I,

where

W moisture evaporated from food product in kg,
AH; latent heat of vaporization of water, 2320 kJ/kg,
1. total hourly isolation upon collector, sz, and

A. area of the collector, m>.
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3.2 Indirect Solar Dryer

The performance of the indirect type solar dryer is evaluated on the basis of
following factors: moisture content, drying rate, drying efficiency, collector effi-
ciency, flow velocity of air, and drying period. The factors moisture content and
drying rate were already discussed. The other factors are determined as follows.

3.2.1 Drying Period

It is the duration during which drying of the food product is carried out inside the
dryer. It is a most important parameter which is considered for evaluation of dryers.
The drying time is taken into estimation from the time when the food product is
kept in the dryer until when it dries to a certain moisture content level. The drying
period is estimated in hours or days.

3.2.2 Flow Velocity of Air

It is the velocity of air (in m/s) which is provided inside the drying chamber by active
(Forced flow) or passive (natural flow) medium. In active indirect type solar dryer,
the food product is dried in higher air velocity than passive indirect type solar dryer.

3.2.3 Collector Efficiency

The collector efficiency is described by conversion of sun’s radiation into usable
heat gain and losses. The heat gain and losses are calculated by performing thermal
analysis. In this analysis, heat gain and losses for top flow (between absorber plate
and glass cover) and bottom flow (between absorber plate and bottom insulation)
are calculated (Hegde et al. 2015). The relation for collector efficiency is as follows
(Gatea 2011):

_ pVC,AT
AL

where

0 air density, kg/m3 s

I.  insolation on the collector,

AT difference of temperature, K,

C, specific heat capacity of air at constant pressure, J/kgK,
V  volumetric flow rate, m3/s, and

A collector’s effective area facing the sun, m’.
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3.2.4 Dryer Efficiency (1,)
The dryer efficiency gives the performance of the dryer. It shows that how effec-

tively the energy input is used to dry the food product. Dryer efficiency is given as
(Gatea 2011)

where

L latent heat of vaporization of water,
M mass of food material, and
t drying period.

3.3 Mixed Mode Solar Dryer

Mixed mode solar dryer works on the principle of direct and indirect solar dryer.
Various factors calculated for evaluating the performance of solar dryers are as
follows: pressure drop calculation, mass flow measurement, velocity measurement,
Reynolds number, heat gained by air, thermal efficiency, drying rate, and moisture
content.

3.3.1 Pressure Drop Calculation

The pressure drop is defined as the difference in pressure between two points of a
fluid carrying network. The pressure drop across the orifice plate has measured by
the following relationship (Pardhi and Bhagoria 2013):

AP, = Ah x 9.81 x p,, xé

where

AP, pressure difference,
Ah  difference of liquid head in manometer, and
pm  density of mercury, 13.6 x 10°.
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3.3.2 Mass Flow Measurement
Mass flow rate of air is the mass of airflow per unit of time, and it is calculated by

measuring pressure difference across the orifice plate by following relation (Pardhi
and Bhagoria 2013):

20AP, 0.5
m= Cq X Ay X 7

1-p
where

m  mass flow rate of air, kg/s,

Cq coefficient of discharge of orifice, 0.62,
A, area of orifice plate in m?,

p density of air, 1.157 kg/m®, and

p  ratio of diameter (Do/Dp).

3.3.3 Reynolds Number

Reynolds number is determined as the ratio of viscous force and inertia force. It is
given as (Pardhi and Bhagoria 2013):

where

V air velocity, m/s,
D hydraulic diameter in meter, and
¥ kinematic viscosity, 16.70 x 107% m?%s.

3.3.4 Heat Gained by Air
The heat gained by the air is calculated using inlet and outlet temperature of the air.
The heat transfer rate inside solar air heat collector is given by the following
relations (Pardhi and Bhagoria 2013):

Q.= me(To - Ti)

where
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mass flow rate of air, kg/s,
specific heat of air, kl/kg,
outlet temperature, °C, and
inlet temperature, °C.

NSNS

3.3.5 Thermal Efficiency

It is the ratio of heat gained by the air inside collector to the product of the area of
collector and solar insolation. It is a dimensionless parameter. The thermal effi-
ciency of a mixed mode dryer is given as (Pardhi and Bhagoria 2013)

_ 9
T 1A,

where

Q. heat gain by air, watts,
A, area of collector plate, m?, and
I  solar insolation, W/m?2.

4 General Parameters Considered for Performance
Evaluation of Solar Dryers

Leon et al. (2002) described various general parameters which are considered for
performance evaluation of solar dryers. The commonly measured parameters are as
follows:

e Physical parameters of dryer
— Type, size, and shape of dryer,

— Drying capacity/loading density of dryer, and
— Area of tray and number of trays (as per dryer).

e Thermal performance parameters

— Drying rate,

— Drying air temperature,
— Airflow rate, and

— Dryer efficiency.
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e Quality of dried product

— Sensory quality (taste, color, aroma, etc.),
— Nutritional attributes, and
— Rehydration capacity.

e Payback period and cost of dryer

4.1 Physical Parameters of the Dryer

This refers to the physical features of the solar dryers, i.e., its type, dimensions, the
material used for fabrication, and weight of the dryer. Some common materials for
construction of dryer are wood, metals, fiber sheets, etc. Apart from these materials,
cement and mortar are also used for the construction of solar dryer (Ekechukwu and
Norton 1999). Solar collectors are usually fabricated with GI or steel, aluminum,
and painted with a matt finish (non-reflecting) black paint. Common glazing
materials which are used for the construction of solar dryer are glass, transparent
plastic sheet, polyethylene, etc. Insulating materials include glass wool, rock wool,
plywood, etc. Trays are fabricated from stainless steel, GI steel, and nylon wire
mesh.

The size of the dryer is a measure of its capacity, i.e., the quantity of food
product which can be loaded in the dryer in a single batch for drying. For a
particular dryer, the drying capacity varies with the type and shape of food material
which is kept in it for drying. For efficient drying of the food product, the food
material should be spread in a single layer. So in this case, total tray area available
is the most important factor in the calculation of capacity. In cabinet type and shelf
type dryers which consist of more than one tray, the no. of layers of the tray and
their area are considered in determining the capacity of the solar dryer. The capacity
of the dryer also depends on the size of collector and size of drying chamber in
indirect and mixed mode solar dryers (Leon et al. 2002).

Loading density is defined as the total capacity of the dryer (with total tray area
and drying time). The concept of placing the food material one over another tends
to limit the exposure of the food product to drying air, and this results in poor
drying of the food product. Overloading of the food product also results in poor
quality of drying. Apart from this, part loading leads to non-optimal utilization of
the dryer area which results in low dryer efficiency. The loading density depends on
product type, its moisture content, and rate of airflow.
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4.2 Thermal Performance Parameters of the Dryer

The drying duration is most important parameter considered in the evaluation of a
dryer. The drying duration (in hours or minutes) is estimated from the time of
loading of the dryer to the time when the moisture content of the product is reduced
to a certain defined (depends on food crop) level. The time duration when sun’s
radiation is not obtained is also included in the drying time. Higher temperature can
reduce the drying duration but could also lead to deterioration of the food product
quality (loss of flavor, vitamins, and color). Drying time also reduced by reducing
the dimensions of the food material, i.e., by slicing the product (Sodha et al. 1985).

Drying rate can be increased significantly by increasing the air temperature in
two ways: First, it results in increasing the ability to dry air to hold moisture
content. Second, the vapor pressure can be increased by in heating the food product
by hot air. But the temperature of air in a dryer can increase up to a certain limit.
The thermal sensitivity of most food products (fruits and vegetables) is the common
constraint to the operation of dryers at high temperature. If the air temperature is
very high at the beginning of drying process, then the food material can develop
hard shell on the outside, and the moisture will remain trapped inside the food
material (Leon et al. 2002).

Another important factor for drying process is relative humidity of drying air.
Heating of air before entering the drying chamber can result in increase in the
ability to hold the moisture from the food materials. To improve dryer’s thermal
efficiency, the exit hot air from drying chamber can be mixed with some warm air
and then again recirculate it in the drying chamber. Soponronnarit et al. (1992)
observe a reduction of 50% in drying energy consumption in banana drying. About
95% of the air gets recycled.

Airflow rate is an important thermal parameter which affects the performance of
a dryer. As there is an increase in the airflow rate, there will be significant reduction
in the conduction and radiation losses due to small temperature rise. But this can
also reduce the evaporating capacity of air due to the contact time of air with the
food material is significantly reduced and hence results in reduction of drying
efficiency.

The efficiency of dryer system consists of dryer efficiency, collector efficiency,
pickup efficiency, and SMER (specific moisture extraction rate). The collector
efficiency is the measure of the performance of collector of a solar dryer.

The pickup efficiency is the measure of the efficiency of moisture removal by the
air from the food material (Tiris et al. 1995). Pickup efficiency decreases with the
reduction in moisture content in the food material.

ho—hi W
hfax - hi B th(hm - hz)

=

Dryer efficiency is the measure of throughout effectiveness of the drying system.
It usually represents the performance of dryer by showing how the food drying
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process effectively utilized the input energy (Vijayan et al. 2016). Leon et al. (2002)
mentioned that major factors which affect the dryer efficiency are air temperature
rise in drying chamber, wind speed, airflow rate, and dryer/collector design.

SMER is the total amount of moisture (water) removed from the food product
per unit energy consumed during the drying process (Vijayan et al. 2016). SMER is
the inverse of specific energy consumption (Leon et al. 2002). It is given by
following relation (Fudholi et al. 2014; Vijayan et al. 2016):

SMER — Total moisture removed from the product

Total energy input

4.3 Quality of Dried Products

The physical properties are basically affected by the drying process, and these result
in a change in shape, size, texture, and color of food material. Dehydration during
drying of food products causes various enzymatic and chemical conversions in them
(Leon et al. 2002). Some of these conversions can make the food unpleasant in taste
but not all the changes are undesirable. Quality of drying totally depends upon the
type of dryer used, dryer temperature, drying period, and mode of drying.
Assessment of nutritional and sensory parameters and rehydration capacity is
considered in the quality assessment of dried food products.

Sensory assessment includes assessment of shape, size, taste, smell, and absence
of defects. Loss of flavors in the dried food material occurs due to unpredictable
losses and chemical reactions (oxidation, browning, etc.) (Leon et al. 2002).

Nutritional attributes contain chemical parameters such as vitamin C, ash and
sugar content, and acidity content before and after drying. Contamination of food
products by dust indicates higher ash content; lower level of vitamin C indicates
loss of nutrients due to high-temperature drying; and fermentation in food products
indicates the higher acidity level in dried food products.

Some food products are consumed after rehydration. The original flavor, texture,
and appearance of food products are regained when water is added to the food
products. However, the food products cannot attain its original moisture level after
rehydration. Drying process affects the tissues of the food products which affect
their rehydration capacity (Oliveira and Ilincanu 1999).

5 Conclusion

Solar drying technologies are economic as well as efficient food drying technolo-
gies developed by various researchers. These technologies can be used in any
season and in various climatic conditions by performing minor changes in the
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structure and orientation of the dryer. The performance evaluation parameters and
the factors affecting performance of solar dryers are discussed in this chapter. The
performance parameters such as dryer efficiency, collector efficiency, drying period,
etc., can be calculated using relations discussed in the chapter for different types of
solar dryers. Based on these results, further graphs can be drawn using simulation
software.
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Role of Solar Drying Systems to Mitigate M)
CO, Emissions in Food Processing Gesiia
Industries

K. Rajarajeswari, B. Hemalatha and A. Sreekumar

Abstract This chapter sheds light on the role of solar drying systems in food
processing industries to mitigate carbon dioxide emissions. The industrializing
world is encircled by scads of environmental problems. Greenhouse gas emission
leading to climate change is a major concern for which there are many policies
emerging among the countries. India, ranking sixth in the world in energy-related
carbon dioxide emission, pledged to decrease the emission in Nationally
Determined Contributions (NDC). Industries gobble major portion of the energy
produced in a country. Food processing is the largest sector in India, which has
segments like dairy, fruit and vegetable processing, grain processing, meat pro-
cessing, poultry processing, fisheries, etc. Drying is an important processing
method for food preservation. A conventional type of drying process in industries
uses electricity and fossil fuels. Replacing the existing drying systems to alternate
energy-driven drying systems helps to reduce the total energy consumption.
Solar drying system is remarkable in energy efficiency and product quality.
A considerable amount of carbon dioxide emission reduction can be attained by
using solar drying systems since they derive energy from the sun, a freely available
source of energy. Details on energy consumed by food sectors, energy consumed by
other drying systems, and solar drying systems are discussed in this chapter.

Keywords Solar dryer - Greenhouse gas - Carbon dioxide - Food quality
Energy

K. Rajarajeswari - A. Sreekumar (D<)
Centre for Green Energy Technology, Pondicherry University, Puducherry 605014, India
e-mail: sreekmra@gmail.com

B. Hemalatha
Department of Biotechnology, Bharathidasan University, Tiruchirappalli 620024, India

© Springer Nature Singapore Pte Ltd. 2018 51
A. Sharma et al. (eds.), Low Carbon Energy Supply, Green Energy and Technology,
https://doi.org/10.1007/978-981-10-7326-7_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7326-7_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7326-7_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-7326-7_4&amp;domain=pdf

52 K. Rajarajeswari et al.

1 Energy-Related CO, Emission

Global warming is a widely spoken problem since last few decades. The emission
of greenhouse gases like CO,, N,O, CHy, CO, etc., into the atmosphere resulted in
heating up the Earth. The infrared absorption per molecule is more for greenhouse
gases (GHG). The increase in temperature of the globe provides away to climate
change and melting of glaciers. Out of all the GHG, 80% of contribution to global
warming is by carbon dioxide (Lashof and Ahuja 1990). To mitigate CO, emission
the world countries have adopted the global warming limit of 2 °C or below. But
the probability of exceeding 2 °C is 53—87% if the emission of GHGs is increasing
more (Meinshausen et al. 2009). The fossil fuel resource that accumulates carbon
for years together, when burnt releases an enormous amount of carbon into the
atmosphere. Combustion of coal is the major source of electricity across the globe
which is also the source of carbon dioxide emissions into the atmosphere. India
relies on coal reserves for its 70% of electricity generation. The carbon dioxide
emission factor for electricity production in India was 901.7 gCO,/kWh in 2005
and increased to 926 gCO,/kWh in 2012. The emission factor is much higher than
the global average energy-related CO, emission which was 542 and 533 gCO,/
kWh in the year 2005 and 2012, respectively (IEA 2015). The growing population
and energy demand may increase the trace of carbon in the atmosphere. India
pledged to reduce the overall emission intensity by 35% in its NDC (Nationally
Determined Contributions) (Shearer et al. 2017).

The average carbon dioxide emission factor for different parts of the world is
given in Table 1. In India, the emission factor varies with different states, among
which Jharkhand has the highest emission factor of 1.21 kgCO,e/kWh and the
average electricity generation emission factor of India is 0.89 kgCO,e/kWh
(cBalance Solutions Pvt. Ltd. 2009). The emission factor varies with different
energy sources. It is obvious from Table 2 that the emission is high for lignite and
coal-based thermal power plants. The renewable energy resources emit less carbon
into the atmosphere compared to conventional energy resources.

The major energy consumption is by industrial and transport sectors. The
industries use different forms of energy like heat, light, water, etc. The heating

Table 1 Carbon dioxide emission factor (IEA 2015)

CO, emission factor from electricity (kgCO,e/kWh)
Africa 0.70
Asia 0.77
Europe 0.36
Latin America 0.18
Middle East 0.67
North America 0.567
Pacific 0.46
Former USSR 0.36
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Table 2 Carbon dioxide Source Carbon dioxide emission (tons CO,e/GWh)

emission of different sources —

(World Nuclear Association Lignite 1,054

2011) Coal 888
Oil 733
Natural gas 499
Solar PV 85
Biomass 45
Nuclear 29
Hydroelectric 26
Wind 26

sector is one of the potential consumers of energy. Heat generation consumes more
than 50% of global energy consumption. Heating sector uses a considerable per-
centage of total energy and it is met with the fossil fuel reserves. This production of
heat accounts for one-third of energy-related carbon dioxide emissions according to
International Energy Agency (IEA). One-third of energy accounts for 10 Gtonne
emission of carbon dioxide per year (Eisentraut and Adam 2014). Despite its huge
energy consumption, the heating sector receives less attention. Heat production
using alternative energy provides a way to boost energy security and turn down
energy-related CO, emissions in the economically viable way. Heat generation is a
very important process in many industries for processing, melting, boiling, evap-
oration, etc., among which food processing industries rely on heat generation for
producing quality food products.

2 Energy Consumed by Food Sector

Industrial sector uses more energy amounting to 54% of world’s total energy
consumption. Industries are classified into two according to their energy usage,
namely, energy-intensive manufacturing, non-energy-intensive manufacturing, and
nonmanufacturing (U.S. Energy Information Administration 2014). Industrial sec-
tor uses energy for different applications such as assembly, cogeneration, steam,
lighting, heating, air-conditioning, process heating, and cooling. Food and beverage
production falls under energy-intensive manufacturing sector. The different food
processing industries in India are dairy, fruits, vegetables, grain, meat, poultry
processing, and fisheries. The country produces a large number of food products out
of which only 2% undergoes processing (I. Brand Equity Foundation). This is due
to lack of food processing techniques and the high cost of existing techniques.
A packed food or processed food undergoes many stages from the day of culti-
vation till it reaches consumers. Each and every stage requires energy in the form of
electricity, thermal energy, and water. The food industry in Taiwan is the largest
consumer of electricity among the manufacturing sectors. 95% of total energy used
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is petroleum and electricity. The intensity of GHG emission is increased due to
large amount energy consumption among of food sectors. The energy consumption
of 76 food sectors in Taiwan is 685,002 MWh of electricity, 69,540 L of fuel oil,
2,136 ton of LPG and 2,853 km? of natural gas (Ma et al. 2012). The food industry
was the fifth largest energy-consuming sector in the USA in the year 1994
(Drescher et al. 1997). The energy requirement was mainly met with electricity.
Food sector depends on energy for food processing, safe package, and storage.
Heating processes such as roasting, cooking, frying, and boiling use fuels and
electricity. Cooling and refrigeration process depend on electricity. Packaging is a
very important step, which is more energy-consuming process. Freezing and drying
are the most pivotal methods of food storage. Freezing requires more energy and
drying is mostly met with fossil fuel reserves.

Atmospheric forced hot air dryers are the commonly used method for drying
food products. The major problem that deals with the hot air drying is the large
energy requirement and low drying efficiency. During the drying process, the
evaporation occurs at a rapid rate and the outer skin gets dried faster with wet
interior leading to case-hardening which is a quality defect. If the products are
exposed to high temperature for longer time, the color and flavor of the product
degrade. So the conventional method of drying does not result in good quality. The
methods that result in high-quality food products consume more energy and the
traditional open sun drying consumes zero energy but suffers from food loss and
low quality.

3 Fundamentals of Drying

Drying is one of the oldest methods of food preservation. Drying prevents the
growth of microbes in the food and helps the food for longer storage. This is
because the microbial growth and multiplication get deteriorated in the absence of
water. Drying of the food product is removing excess moisture content by vapor-
izing the water present in the product. This process of drying requires energy to
vaporize the water. There are two processes that are responsible for the unit
operation of energy required for drying:

e The energy required to remove the bound water from the product, i.e., heat
transfer to provide necessary latent heat of fusion.

e The energy required to remove the water vapor from the product, i.e., flow of
hot air to remove the moisture.

The drying systems are mostly provided with electricity and another fossil fuel
has driven systems to generate the heat required for drying. There are many types of
drying. They are:

Hot air drying: In this type of drying the moisture is removed by supplying hot air.
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Freeze drying: This is the process in which the product is frozen and the moisture is
removed by the process of sublimation. The food structure is maintained superior in
this type of drying.

Vacuum drying: In this type, the pressure is reduced by means of the vacuum pump,
and the heat transfer is done by conduction by passing the steam over the products.

The phase diagram of water shown in Fig. 1 gives the physical states at different
temperatures and pressures. At room temperature and pressure, it takes the liquid
form. It becomes solid when the temperature is lowered below 273 K and above
373 K, it gets vaporized at the same pressure. The point at which all the three

phases coexist is called triple point. The energy required to evaporate a particular
mass of water (m,,) is given as

E (kJ) = m,, x Latent heat of vaporization of water

M(mi — mf)
100 — ms

ny, =

where m,, is the mass of water to be removed (kg), m; is the initial moisture content
(%), mg is the final moisture content (%), and M is the total mass of product (kg).
The percentage moisture content of a sample can be given as

weight of wet sample — weight of dried sample
weight of wet sample

% moisture =

x 100
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Drying of food products is more energy consuming due to the high moisture
content. The moisture content varies with different products. The product has to be
dried to equivalent moisture content for storage. Low moisture content tends to
prevent the microbial attack and preserve the product for a longer duration. The
major parameters that are concerned about drying process are:

Time period: The products with high moisture content require more time to be
dried. This may invite the microbial attack during the process of drying.

Energy: It requires more energy to remove water that is bound to the food products
than the liquid water due to the high latent heat of vaporization. Hence, drying is a
more energy-consuming process.

Economics: The storage process is most expensive than the cost required for pro-
ducing the food products, particularly the food producers cannot afford.

Quality: The quality of dried products enables the consumer to attract toward the
market. So quality is the most important parameter which cannot be compromised.

The drying technology must be able to meet the above parameters of the drying
process. There are many technological advances in recent times to produce
high-quality products.

4 Energy Consumed by Different Drying Technology

Microwave drying is a technique in which microwave energy is applied to the
products to increase the temperature of the product which increases the rate of water
removal. Soysal et al. used microwave convective drying to enhance the quality of
dried red pepper. Color, texture, and sensory properties were analyzed and pre-
sented. The drying system comprised of two 900 W microwave oven, a 100 W
radial fan with volume flow rate 180 m> h™" (Soysal et al. 2009). If the operation of
the equipment is for 2 h, then it requires 1.8 kWh of energy. This process releases
1.6 kg of carbon dioxide into the atmosphere for 2 h if the average emission is
considered to be 0.89 kgCO,e/kWh. If the equipment is operated continuously in a
food processing industry, it leads to 529 kg of CO, emissions per year for drying
single product. The energy-related carbon dioxide emission changes with different
products. Mortaza et al. developed a laboratory-scale hot air dryer for drying ber-
beris fruit and compared it to the sun drying. The specific energy requirement for
thin drying of berries is given as 20.93—1,110.07 (kWh/kg) (Aghbashlo et al. 2008).
The energy-related carbon dioxide emission is 17 kg to 910 kg per kg of fresh
product.

Lucio et al. investigated the energy consumption and analysis of industrial
drying plants for fresh pasta process. They discussed the energy needs and CO,
emissions resulting from a small factory producing fresh pasta located in Molise,
Italy. According to the study, 50% of electricity is consumed by two processes,
namely, pasteurization, and drying. There are five steps in processing before the
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product is packed: (i) picking up and storage of raw materials, (ii) mixing of
ingredients, (iii) shaping, (iv) pasteurization and pre-drying of pasta, and (v) drying.
Energy resources like electricity, thermal, and water were used. Electrical energy is
used in the whole plant and thermal energy is used for pasteurization and drying.
Monthly pasta production consists of 5,846 kg of pasta, 175 kg of dry pasta. The
amount of energy used is (i) 1,100 kWh of electricity, 44.77 kWh of which was
used for dry pasta, (ii) 6,231.8 kWh of thermal energy, 366.2 kWh was used for the
production of dry pasta. Every kg of monthly produced pasta requires 0.18 kWh of
electricity, equivalent to almost 78 g of CO, emission and 1.1 kWh thermal energy
equivalent to almost 220 g of CO, emissions.

Firouzi S et al. analyzed energy consumption for drying paddy using the newly
designed horizontal rotary dryer. Two types of the dryers, namely, industrial hor-
izontal rotary dryer (IHRD) and industrial batch type bed dryer (IBBD), are ana-
lyzed in terms of energy consumption and drying performance. Specific energy is
defined as the energy used to evaporate unit mass of water from the bulk grain in a
dryer. Specific electrical energy consumption (SEEC) and specific thermal energy
consumption (STEC) are studied for both the dryers. SEEC varied between 2.64
and 7.48 MJ/kg for IBBD and 5.50 and 17.41 MJ/kg for IHRD for different levels
of moisture content. It was reported that the energy requirement increased with
decreasing moisture content. It required more energy to remove the moisture from
the inside of grains that is bound to the solid. Specific thermal energy consumption
varied from 7.78 to 22.09 MJ/kg and 11.5 to 36.44 MJ/kg of water removed while
drying with IBBD and IHRD, respectively. The total specific energy consumption
is given in Fig. 2, which shows that the energy consumption varied between 10.41
and 29.58 MJ/kg and 17.00-53.86 MJ/kg while drying with IBBD and IHRD,
respectively. In this case, the CO, emission is a maximum of 7,289 gCO,e per kg
of water removed using IBBD and 13,261 gCO,e/kg of water removed using
IHRD.
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Fig. 2 Total energy consumption during drying of paddy with industrial batch dryer and
industrial horizontal rotary dryer in Northern Iran (Firouzi et al. 2017)
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A laboratory-scale microwave-vacuum oven was developed for drying cran-
berries by Yongswatdigul and Gunasekaran. Cranberries were pretreated and dried
to bring down the moisture to 15% (wet basis). Drying efficiency was calculated
using the parameters: total energy input which is the multiplication of microwave
power and total power-on time, energy absorbed which is calculated by changes in
sensible and latent heat, and heat of vaporization of water. The drying process was
operated in continuous mode and a pulsed microwave-vacuum drying mode.
Drying efficiency in continuous mode ranges from 3.59 to 5.02 MJ/kg of water
which emits a maximum of 1,237 gCO,e/kg of water removed and drying effi-
ciency in pulsed microwave-vacuum drying is 2.51-4.49 MJ/kg which contributes
a maximum of 1,103 gCO,e/kg of water removed. Pulsed microwave-vacuum
drying consumes less energy than the continuous mode drying (Yongsawatdigul
and Gunasekaran 1996). The specific energy consumption for batch drying, spray
drying, freeze drying, fluidized bed drying is 40, 5,300, 18,000, and 11,400 kJ/kg,
respectively (Huang et al. 2017).

Tohidi et al. studied energy and quality aspects of deep bed drying of paddy
grains. Drying experiment of paddy with different temperatures and velocities was
performed. The total energy consumption ranged between 0.37 and 1.85 kWh at
temperatures 80 and 40 °C, respectively. The corresponding carbon dioxide
emissions would be between 329.3 and 1,646 gCO,. It was found that energy
efficiency was more at higher drying temperatures, lower velocity, and lower rel-
ative humidity (Tohidi et al. 2017).

Microwave, vacuum, and convective drying of nettle leaves were compared in
terms of energy consumption and color characteristics. The energy consumption at
different conditions and different drying methods is shown in Fig. 3. The maximum
energy consumed during convective drying is 0.35 kWh at the lowest temperature
which corresponds to 311.5 gCO, emission. The maximum energy consumed
during vacuum drying is 0.9 kWh at highest pressure and lowest temperature which
corresponds to 801 gCO, emissions. The maximum energy consumed during
microwave drying is 0.06 kWh which corresponds to 53 gCO, emissions. Among
different drying methods, microwave drying is energy efficient for drying nettle
leaves. The color change was less in microwave drying followed by vacuum and
convective drying methods (Alibas 2007).

Solar Drying

Sun is the major source of energy for the Earth. The solar intensity outside the
atmosphere is 1,367 W/m>. On an average, the radiation falling on the ground is
between 800 and 1,000 W/m?. This huge amount of energy can be more effectively
utilized by the intervention of appropriate technology (Rajarajeswari and
Sreekumar 2016; Aravindh and Sreekumar 2016). The solar energy sector is
growing rapidly with innovative technology and materials in recent years for
generating electrical energy and thermal energy from Sun. Solar drying technology
is the one that utilizes heat radiation from the sun for drying variety of food
products, marine products, agricultural products, meat, poultry products, etc. This
method of food drying is a better replacement for the traditional method of drying
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which suffers from poor quality of dried products. Electrical drying results in a good
quality product, but it consumes more energy even though. The energy consump-
tion is almost zero in a solar dryer.

Advantages of solar drying over open sun drying are

e Higher temperature and lower humidity increase the rate of drying.

e The casing protects the food from weathering, dust, and birds, and hence, the
postharvest loss is low.

e The drying area is small as compared to open sun drying area due to high drying
rate.

e The shelf life is longer due to complete drying.

e The product quality is very high as compared to the branded products.

The three important parts of a solar collector are glazing that transmits the solar
radiation, absorber plate which absorbs the incoming radiation, and insulation that
suppresses the heat losses. Solar dryers are classified into

Direct solar dryer: In this type, the food products are exposed to solar radiation. The
moisture is removed by the incoming solar radiation and also by the hot air that is
allowed to pass through the drying chamber.

Indirect solar dryer: In indirect solar drier, the moisture is removed only by passing
hot air through the drying chamber. The atmospheric air is passed through the solar
collector; the absorber plate which is heated by the solar radiation transfers the heat
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to the flowing fluid. The air temperature thus increases and passed on to drying
chamber (Aravindh and Sreekumar 2014; Aravindh and Sreekumar 2015;
Sreekumar and Aravindh 2014; Rajarajeswari and Sreekumar 2014).

Mixed mode dryer: In this type, food is dried by both the solar radiation and by the
hot air.

Hybrid dryer: Both solar energy and conventional energy are used for drying in the
hybrid dryer.

5 Solar Dryers—A Case Study

Commercial solar dryers
SEED (Society for Energy, Environment and Development) developed various
solar food processing dryers.

The dehydrated food products using developed solar dryers include fruits,
vegetables, green leafy vegetables, spices, forest products, medicinal products,
herbal products, food items, and chemicals. The products can be dehydrated with
pretreatment for longer shelf life with zero energy cost using the developed solar
dryers. The specifications of various capacity solar dryers are shown in Table 3. All
the dryers are completely solar driven with electrical energy backup that can be
utilized during nonsolar hours. The photograph of the commercially developed
solar dryer is shown in Fig. 4.

Frito lay, a chip manufacturing company in the USA, uses concentrated solar
collectors for five acres, which consist of 384 solar collectors. The solar collectors
are designed to absorb sunlight which produces steam that is used to heat the
cooking oil used for frying chips. This predominantly reduced the use of natural
gas. The company contributes in mitigating 1.7 million pounds of CO, emissions
every year (Eswara and Ramakrishnarao 2012).

Abhay et al. developed an indirect solar dryer for drying banana slices. Solar air
heater with corrugated absorber plate connected with the drying chamber forms the
drying system. The moisture content of banana reduced from 56% (db) to 16.3%,
19.4%, 21.15%, 31.15%, and 42.3% in tray 1, tray 2, tray 3, tray 4, and open sun.
The drying time was more in the open sun than the solar dryer. It was concluded
that the solar drying was more efficient than open sun drying (Lingayat et al. 2017,
Rajarajeswari 2016).

Table 3 Specification of solar dryers developed by SEED (TERI 2014)

Model Loading Drying Solar photovoltaic panel Electrical
capacity (kg) area (mz) 12 VDC (W) backup (kW)

SDM-8 8 0.56 3.5 1

SDM-50 50 3.6 20 4

SDM-100 | 100 7.2 50 8

SDM-200 | 200 14.4 100 16
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Fig. 4 Commercial solar dryer developed by SEED (Eswara and Ramakrishnarao 2012)

Fig. 5 Direct type solar dryer
(Castillo-T¢llez et al. 2017)

Direct and indirect dryer

Solar dryers for chili drying shown in Figs. 5 and 6 were designed and installed in
Mexico. Drying experiment was carried at solar radiation between 200 and
950 W/m?* with the ambient air temperature ranging from 26 to 33 °C and drying
temperature ranged from 31 to 45 °C. Drying air velocity ranged between 0.7 and
2.6 m/s. The initial moisture content of chilies varied between 80.65 and 88.83%.
The final moisture content of dried chilies varied between 5.46 and 8.29% wet
basis. The total drying time was 16 h. The thermal efficiency of solar dryer ranged
from 67 to 72%. The energy required for drying was taken from solar radiation.
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Fig. 6 Indirect type solar dryer (Castillo-T¢llez et al. 2017)

I Cost

Fig. 7 Chilli in solar dryer at different drying stages (Castillo-T¢éllez et al. 2017)

The energy consumed was only for running centrifugal blowers. The product at
different stages of drying is shown in Fig. 7 (Castillo-T¢éllez et al. 2017).

Greenhouse type solar dryer

The greenhouse type solar dryer shown in Fig. 8 is installed at a small-scale food
industry in Thailand. The loading capacity is 1,000 kg of fruits. The size of the
dryer is 20 m length, 8 m width, and 3.5 m height. DC fans with three 50 W solar
panels were used to circulate the air. A 100 kW LPG burner was present to heat the
air during nonsolar hours. Tomatoes were chosen for drying experiment. The
moisture content of 57% (wet basis) reduced to 17% (wet basis) in 4 days while in
the open sun drying it was 29% for the same period. The drying time is reduced in a
solar dryer. Retention of original color in the solar dryer was appreciable as
compared to open sun drying which had a pale yellow color whereas in the solar
dryer it occurred in reddish brown color. The total electricity consumed was
252 kWh per year (Janjai 2012). The carbon dioxide emissions will be 148 kg CO,
per year if conventional fuel was used. Since the fuel consumed is zero, the CO,
emission due to the fuel consumption is zero. For drying 1,000 kg of tomatoes, the
electricity required would emit 269.67 kgCO,. For a year, it would emit 53,934 kg
CO, if 200 days of operation and 0.89 kgCO,e per kWh is considered.

Direct type solar tunnel dryer

A prototype of solar tunnel dryer of 12 kg capacity of fresh product shown in Fig. 9
was installed in the Centre for Green Energy Technology, Pondicherry University.
The dryer is of direct type, where the products are exposed to sunlight. The energy
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Fig. 8 Greenhouse solar
drying system (Janjai 2012)

Fig. 9 Solar tunnel dryer
(Rajarajeswari et al. 2016)

for vaporization of water is taken directly from solar radiation and also from the
heated air inside the chamber. The DC fans that circulate air inside the chamber are
powered by solar panels. The drying experiments were carried at latitude 11.91°N
and longitude 79.81°E between 9:30 a.m. and 5:30 p.m. in the month of April
where the solar radiation ranged between 300 and 900 W/m?. The temperature
profile of solar dryer is shown in Fig. 10. The drying temperature was between 35
and 48 °C. The ambient temperature ranged from 30 to 35 °C.

The products selected for drying are apple, tapioca, pineapple, and tomato. The
initial moisture content of each product was found by hot air oven method. The
products were kept for drying in the hot air oven at 110 °C for 24 h. The difference
in the initial and final weight gives the percentage water content present in the
products. The initial moisture content of apple, onion, and tomato are 86.2, 82.7,
and 93.1%, respectively. Three types of drying were compared in terms of drying
efficiency, energy consumed, and quality of dried products. The moisture content of
apple dried in solar drier got reduced to 10.3% from 86.2% in three solar hours.
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Fig. 10 Drying temperature and solar radiation on day of experiment
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Fig. 11 Moisture reduction curve for apple

The same time was taken in the electrical drier. In open sun drying, it took a little
longer for drying as shown in Fig. 11. The moisture content of onion got reduced to
10.4% from 82.7% in four solar hours in a solar tunnel dryer. The drying was faster
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Fig. 12 Moisture reduction curve for onion
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Fig. 14 Images of fresh and dried products: a solar dryer, b electric dryer, and ¢ open sun

in electrical drying and in four hours the moisture percentage in open sun drying
was 45%. The drying duration was longer in open sun drying as shown in Fig. 12.
The moisture content of tomato reduced to 20% in three drying hours in the solar
dryer. In electrical drying, the drying was faster as compared to the solar dryer as
shown in Fig. 13. The drying duration was reduced in solar dryer comparing to
open sun drying while in the electric dryer, it was faster than solar dryer due to a
constant temperature. The images of fresh and dried products are shown in Fig. 14.

6 Reduction of CO, Emission

The solar dryer uses the energy from the solar radiation to vaporize the water
present in the products. In the electric dryer, the energy is supplied by electricity.
The energy required to remove per kg of water from each product is given in
Table 4. Using solar dryers prevents 434 gCO,e/kg of drying fresh apple,
467 gCO,e/kg of fresh tomato, 410 gCO,e/kg of onion, 480 gCOye/kg of
pineapple, and 382 gCO,e/kg of tapioca.

Table 4 Carbon dioxide mitigation using solar dryer

Product Initial moisture Final moisture Energy required CO,
content (%) content (%) per kg (kWh) mitigation
(9]
Apple 86.2 10.3 0.53 434
Tomato 93.1 20 0.57 467
Onion 82.7 10.4 0.50 410
Pineapple | 86.5 23.5 0.54 480
Tapioca 72.4 6.8 0.43 382
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7 Conclusion

Realizing the adverse impact of climate change each country must tread toward in
mitigating the emission of greenhouse gases. This can be done by adopting clean
and green energy resources that are less harmful to the environment. Since food
industry is a major consumer of electricity and other conventional fuels, it is
endorsed to stick to technology that is run by alternate energy. Solar dryer is an
intriguing, ancient, and alternate technology that consumes zero fuel for the drying
process. Large-scale promotion of solar drying technology helps to reduce CO,
emissions up to a certain extent in food processing industries. The environmental
cost of fuel also should be considered while making the economics of conventional
and renewable energy systems. Influential amount of energy-related carbon dioxide
emissions can be mitigated by proclaiming the technology among the food pro-
cessing industries and small-scale food producers.
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Salwa Bouadila and Rim Ben Ali

Abstract Tunisia is one of the several countries where the agricultural greenhouses
are used for maintaining the inside climate on its favorable environmental condition
for production and plant growth. The agricultural greenhouse presents a compli-
cated procedure because of the strong perturbations and the important number of its
input parameters, which have a great potential and capacity to influence the climate
inside it. A Fuzzy Logic Controller (FLC) is developed in order to promote a
suitable microclimate by acting on the appropriate actuators installed inside the
greenhouse such as the ventilation, the heating system, the humidifying, and the
dehumidifying systems with the appropriate rate. The dynamic modeling of the
studied greenhouse is presented and experimentally validated in the Research and
Technology Center of Energy (CRTEn) in Tunisia and it is simulated using
MATLAB/Simulink environment. Agricultural greenhouse presents an important
number of its inputs; which have a great potential and capacity to influence the
variation of the output parameters such as the internal temperature and the relative
humidity. For this purpose, a contribution to combine a small wind turbine system
to a greenhouse in order to power the actuators allows reducing the cost of the
agricultural production.
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Nomenclature

C.,  Specific heat of air J kg™' K™")

d, Air density (kg m )

H Relative humidity

h Heat transfer coefficient (W m 2 K1)
1 Solar radiation (W m™?)

LAI Leaf area index

l Characteristic length of the leaf canopy (m)
m Measured parameters

n Number of variables

N,  Number of heaters

T Temperature (K)

Ta Aerodynamic resistance (s m_l)

T Stomatal resistance (s m ')

RE Rate of air infiltration (m> s™})

S Surface area (m?)

P(T) Water vapor pressure at temperature 7 (kPa)
(0] Heat rate (W)

\%4 Volume (rn3 )

|74 Ventilation rate (m s )

w Wind velocity (m s

Z Depth of the soil

Greek Symbols

[ Pitch angle

o Absorptivity for solar radiations

oy Absorptivity for thermal radiations
Emissivity
Psychometric constant (kPa K™
Thermal conductivity (W m 'K

Stefan—Boltzmann constant 5.670 x 10°® W m 2 K™
Transmissivity

€
Y
A
p Reflectivity
g
T

Subscripts

av Average
c Cover
ca Canopy
i Inside

0 Outside
S Soil

sky Sky

S. Bouadila and R. Ben Ali



Low-Cost Systems for Agriculture Energy Management in Tunisia 71

inf Infiltration
ventilation Ventilation
heating Heating

Exponents

A Absorbed heat
C  Convective heat
Cd Conductive

L  Latent heat

R Radiation heat

1 Introduction

By 2050, the global demand of energy will approximately double, while food and
water demand is set to increase by over 50%, where the International Renewable
Energy Agency (IRENA) (I. Renewable and E. Agency 2015) has projected that
food production will be increased by 60%, water availability by 55%, and energy
production by 80%. Food security is a global issue in order to meet the future global
demand, which is defined as being achieved “when all people at all times have
access to sufficient, safe, nutritious food to maintain a healthy and active life”
(World Health Organization (WHO) 2014); It is a “complex sustainable develop-
ment issue”, linked to water and energy through the Water-Energy-Food Security
Nexus; and to issues such as economic development, the environment, and health
(World Health Organization (WHO) 2014). The issue of food security is gaining
momentum around the world, especially for the developing countries in sunbelt or
arid regions have strong population and consumption growth requiring expansion
of food production. The scarcity of arable land and water limits crop production,
and climate change is reducing the productivity of traditional agriculture.

All MENA countries have to cope with a water deficit, while they strive to
achieve a self-sustaining agriculture at the same time. Furthermore, water is
becoming a major source of concern in this region, as the exploitation of freshwater
has surpassed the available renewable surface and groundwater sources, and the
deficit is poorly covered by overexploiting the groundwater resources.

The relationship between water and food systems is among the most widely
covered elements of the nexus. Generally, the accessibility and availability of water
resources have greatly influenced the evolution of agricultural practices globally.
The type of crops grown, the crop cycles, and the irrigation method adopted all vary
from arid to wet parts of the MENA region.

Today, the fossil energy situation indicated several weakness aspects due to its
limited and pollutant character. Therefore, the investment in the renewable energy
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sector seems to be one of the potential solutions. Because energy costs often
account for the largest share of a water operation budget reliance on expensive
energy sources, several utilities are introducing renewable energy solutions along
different stages of the supply chain.

2 Integration of Renewable Energy in Greenhouse
Applications

A greenhouse is an enclosure that allows owners to control climatic, nutrition,
biotic, and cultural variables that influence crop growth. The greenhouses recog-
nized as off-season horticultural solution to protect the canopy against diseases and
develop the optimal conditions at different stages of crop growth. Cultivation in
greenhouses can continually provide vegetable produces of high quality.

The control of the climate inside the greenhouse is an important step to provide
cultivation with less risk and to reach a comfortable microclimate for the plant
growth. Several control strategies have been technologically advanced to enhance the
climate inside the greenhouse, such as adaptive predictive control, the neural net-
work, nonlinear adaptive control, optimal control, genetic algorithm, adaptive
neuro-fuzzy controller, and the fuzzy logic controller (Fourati 2014; Taki et al. 2016;
Pawlowski et al. 2016; Zeng et al. 2012; van Beveren et al. 2015; Hasni et al. 2011;
Mohamed and Hameed 2016; Khoshnevisan et al. 2014). The control of the micro-
climate inside the greenhouse by fuzzy logic controller membership represents useful
tools to solve the nonlinearity problem of the greenhouse. Many researchers studied,
developed, and demonstrated the controller membership of the actuators related to the
inside greenhouse optimization (such as, ventilation actors, heating/cooling system
and humidifying/dehumidifying system) and presented its advantages and disad-
vantages (Lafont et al. 2015; Lafont and Balmat 2002; Revathi and Sivakumaran
2016; Marquez-Vera et al. 2016; Atia and El-madany 2016; Salgado and Cunha
2005; Fitz-Rodriguez et al. 2010; Longo and Gasparella 2015; Joudi and Farhan
2015; Abdel-Ghany and Kozai 2006; Fatnassi et al. 2013; Mesmoudi et al. 2010).

Today, the fossil energy situation indicated several weakness aspects due to its
limited character. Thus, the needs for energy alternatives become inevitable. The
exploitation of different renewable energy resources seems to be one of the potential
solutions. Alternate sources of energy like the solar energy, geothermal energy, or
wind energy have been proposed for conditioning greenhouses and providing the
optimum climatic conditions.

Solar energy is a universally available source, but its practical use still presents
some technical, and most importantly, economic problems. Some solar systems
have been developed but they are too expensive for commercial use. Several
experimental studies presented in the Research and Technology Centre of Energy
(CRTEn) in Tunisia, we can mention Lazaar et al. (2015) evaluate an experimental
comparison between two tunnel greenhouses, the first one is equipped with a buried
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and suspended heat exchanger and the other not. They used two heating sources in
order to increase the nocturnal air temperature under greenhouse. An electrical
heating system, and a solar heating system. An economic analysis shows that the
use of a system of 3 evacuated tube solar collectors for greenhouse heating is
rentable since the payback period of the solar system is 3 years. Also, Kooli et al.
(2015) also presented an experimental comparison between two identical green-
houses to examine the effect of the nocturnal shutter on reducing the energy con-
sumption in the greenhouse during the night. The results show that the nocturnal
variations of temperature inside the greenhouses with shutter exceed 2 °C the one
without nocturnal shutter. Bouadila et al. (2014a, b) conducted an experimental
study to evaluate the nighttime recovered heat of the performance of a new solar air
heater collector using a packed bed of spherical capsules with a latent heat storage
system in the east—west-oriented greenhouse.

The solar system is used for storing the excess of the transmitted solar irradiation
in the packed bed absorber and to provide it at night. As a result of this system, the
amount of the nighttime recovered heat of this system attains 31% of the total
requirements of heating. The relative humidity was found to be on average 10-20%
lower at night time inside the heated the greenhouse. The nocturnal variation of
temperature inside the heated greenhouse exceeds the temperature inside conven-
tional one with a difference of 5 °C. The solar collector remains a uniform useful
heat all the night varied between 550 and 300 W.

Photovoltaics come along as the most prospective solar energy conversion
system, the solar energy shining is converted into usable electricity. The photo-
voltaic systems can be a more economic choice to provide the solar electrical
energy needs of the equipment installed in an agricultural greenhouse to improve
plants productivity and energy efficiency. PV systems applications are more
developed in many countries in the world like Italy, China, India, Norway, and
Thailand such as electric fencing, area or building lighting, and water pumping
either for livestock watering or crop irrigation (Marucci and Cappuccini 2016; Li
et al. 2017; Nayak and Tiwari 2010; Nookuea et al. 2016; Kristjansdottir et al.
2016; Mabher et al. 2016; Hassan et al. 2016).

Geothermal energy is present everywhere, it is one of the numerous renewable
energies that could be very useful in farming and agriculture production. The
exploitation of the geothermal surface energy usually requires the use of a
geothermal heat pump. In Tunisia, Boughanmi et al. (2015) examine experimentally
the performance of a novel buried conic geothermal basket heat exchanger for
greenhouse cooling. The configuration typically consists of a series of parallel coil
implanted in 3-m depth. The experimental system can be used in the Mediterranean
regions for greenhouse cooling. The maximum obtained cooling capacity of the
transferred heat quantity to the ground for the system is 8 kW. The coefficients of
the performances of the ground-source heat pumps, COPhp, and the overall system,
COPsys, are, respectively 3.9 and 2.82 for basket heat exchanger.

Other renewable energy sources such as wind energy are less commonly used in
agriculture sector. Small wind systems can be provided to improve the agricultural
productivity in the windy regions.
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Wind turbine has significant benefit in the areas where there is a shorter rainy
season and hence there is a demand for pumped water. Diaz-Méndez et al. (2014)
studied the economic feasibility of the three systems to produce energy for pumping
irrigation water in commercial greenhouses in Spain, Cuba, and Pakistan: wind
pump technology, solar photovoltaic pumping, diesel generators, and connection to
the electrical grid. The results reveal that the energy management decisions differ
between countries. Cuce et al. (2016) analyzed a review on cost-effective,
energy-efficient, and environmentally friendly technologies for potential utilization
in greenhouses. They considered in this research renewable technologies solutions
and concluded that up to 80% energy saving can be achieved through appropriate
retrofit of conventional greenhouses with a payback period of 4-8 years depending
on climatic conditions and crop type.

Ozgener (2010) evaluated the hybrid solar-assisted geothermal heat pump and a
small wind turbine system utilization for heating greenhouse in Turkey. This study
displayed that 3.13% of the total electricity energy consumption of the greenhouse
during the year can be theoretically supplied by a small wind turbine system. The
author suggested that the renewable combined systems can be economically used
for space heating/cooling systems in agricultural in a windy region. Peillona et al.
(2013) presented a case study of a wind pumps for crop irrigation under several
factors which include three-hourly wind velocity, flow supplied by the wind pump
as a function of the elevation height, and daily greenhouse evapotranspiration as a
function of crop planting date. The result shows that November is the optimum
period of wind pump driven irrigation for 0.2 ha cultivated areas and using wind
pumps at 15 m of height elevation. The wind turbine system has several environ-
mental and economic advantages, Rasheed et al. (2016) evaluated the wind energy
as an alternative energy source for the irrigation of greenhouse crops at four dif-
ferent locations in Asia; Shouguang (China), Sargodha (Pakistan), Buan and
Gimhae (South Korea). The results indicate that the wind resources for Shouguang
and Buan achieve the irrigation requirement of the large area. The internal return
rate of using a wind pumping system at each location, Gimhae, Buan, Shouguang
and Sargodha are 4.4, 10.0, 5.2% and below 1.0% respectively.

3 Geographical Situation and Agriculture Greenhouses
Potential of Tunisia

Tunisia is the smallest and northernmost country in Africa along the Atlas mountain
range. It is bordered by Algeria to the west and Libya to the southeast, with the
following coordinates: Latitude 36° 43'N and Longitude 10° 25'E with a surface of
163,610 km?>. It is divided into three zones: the shoreline of Tunisia which extends
to the East from Bizerte to the Sahel (Sfax) gives Tunisia two faces on the
Mediterranean Sea (with 1298 km coastline), composed primarily of hills and
plains; the interior of Tunisia composed essentially of mountains and valleys; the
Tunisian desert, which represents 55% of the whole of the Tunisian territory.
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Surrounded by the Mediterranean, Tunisia has a Mediterranean climate to the
North of the country and desert to the South. The climate is generally soft. The
annual temperature varies between 10° and 20° in winter and between 20° and 36°
in summer. The temperature can reach 45° in summer for the Tunisian South area.

The wind speed values during March to June, in Tunisia exceed 7 m/s and the
maximum wind speed reaches 20.6 m/s measured at the altitude of 30 m. However,
in September and October, the wind speed attains its minimum values. The assess-
ment of wind energy potential in Tunisia was evaluated by Dahmouni et al. (2011)
with a comparative simulation in order to facilitate the choice of the best wind turbine
system adapted to the studied site conditions. They have evaluated the characteristics
of wind speed and the potential of wind power at a height of 30, 20 and 10 m above
ground level. They confirm also that the Gulf of Tunis has promising wind energy
potential (Dahmouni et al. 2010). We can found also the investigation of Maatallah
et al. (2013), which is focused on the determination of the available wind speed and
the assessment of the capacity factor and the generated electricity at different hub
heights for eight commercial turbines on the central coast of the Gulf of Tunis.

The agricultural production is a moderate contributor to the economy in Tunisia
and the use of the agricultural greenhouse continues to rise in order to increase the
agricultural production yield, which are installed in all regions in Tunisia at varying
degrees and are distributed at 36% in the northern region, 46% in the central region
and 18% in the south (Ministere de I’Agriculture et des Ressources Hydrauliques
(Hrsg.) 2006).

4 Thermal Modeling of an Agricultural Greenhouse

The greenhouse environment is generally divided into four homogeneous parts: the
cover, the internal air, the canopy, and the soil. The various thermodynamic
exchanges between the components of the greenhouse contribute to determining the
inside climate evolution. The energy balance of each component of the greenhouse
includes the conduction, the convection, the short and long wave radiation fluxes,
and the infiltration.

The following assumptions are made for the heat exchange between greenhouse
components:

e Radiation heat exchange between the greenhouse walls and the roofs are
neglected.

e Storage capacity of the walls and roof material is neglected.
Absorptivity and heat capacity of the enclosed air is neglected.
Conduction heat exchange between air and walls of the greenhouse is neglected.

Figure 1 presents the heat transfer interaction between greenhouse components.
The thermal balance is developed to describe the dynamic evolution of the air
temperature inside the greenhouse by taking into account the interaction between
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Fig. 1 Heat transfer
interaction between
greenhouse components

the different components. That ensures the heat transfer of the internal air, which is
computed using the following equation.

dT;
o (06 i+ 06 i+ 0 — 0f) /dCaV (1)

The term Q€ ; in Eq. (1) is the convective heat transfer between the cover and
the internal air, which is defined by

ngi = QCA + ngc + le{c - Qccfo + Qchsky + QE,C + Q?a—c (2)

Q2 is the heat absorbed by the cover, Q% . and Q2 . are, respectively, the
reflected solar radiations by the canopy and absorbed by the cover and the reflected
solar radiations by the soil surface of the greenhouse and absorbed by the cover.

QCC_O is the convective heat transfer from the cover to the outside air. le_sky, Q?_C

and an_c are, respectively, the radiation heat transfer from the cover to the sky, the
radiation heat transfer from the soil to the cover, and the radiation heat transfer from
the canopy to the cover.

The convective heat transfer between the inside air and the cover can be written
using Eq. (3).

O, = ISctte + ItetePeaSea + ITettepSs + HE_oSe(Ty — Te) + 0ecSe(Tay — T2

+ Ssaoct,cssTs4 + Scaaoct7cscana
3)

where 7. is the cover transmissivity and / is the solar irradiation.

Ty is the sky temperature that is suggested by Swinbank and calculated using
Eq. (4), as cited in (Abdel-Ghany and Kozai 2006).
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Ty = 0.0552 T (4)

hS  is the coefficient of the convective heat transfer between the outside
greenhouse cover and the outside wind velocity is given by the empirical relation of
Hottel and Woertz cited by Duffie and Beckman (1991). It is determined using

Eq. (5).
W, =57+38W (5)

The terms Qcca_i in the Eq. (1), an_i, is the convective heat transfer between the

canopy and the indoor air. It is calculated using Eq. (6).
Q&(::a—i = Q?a + QcR—ca - an - QcRa—s - Q];a (6)

where Q2 is the heat absorbed by the canopy, QS ; is the convective heat transfer

ca—1
from the canopy to the indoor air, QcR_ca, and le are, respectively, the thermal

radiations radiated by the cover to the canopy and the thermal radiation emitted from
the canopy. OR, __ is the solar radiations reflected by the canopy and absorbed by the

soil and Q&a is the latent heat emitted from the canopy, QCC%i can be written as

an—i = ITcacaSca + SCO-T?SC(XLCH - gcaUTgaSca - TC'AOCSTSSSI
dyC.LAI (P'(Tea) — P(T)) ™)
- Sca
Y Fa+ 75

where C, is the specific heat of air, d, is the density of air, and LAI is the Leaf Area
Index.

The saturated water vapor pressure P*(T,) at the temperature of the canopy is
calculated using Eq. (8) (Boulard and Wang 2000).

(8)

17.27 Tea
P*(Tca) =0.6108 exXp (m)
ca .

The aerodynamic resistance r, and the stomatal resistance rg of the canopy are
determined using Eqgs. (9) and (10) (Boulard and Wang 2000).
lO 2

W0.8

1

ry = 220 9)

1
rs =200+ (exp(0.0S (tel — 50))) (10)

with, [ is the characteristic length of the leaf canopy and W; is the speed of the inside
air.
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The terms QSC_]» in the Eq. (1) are the convective heat transfer between the soil
surface and the indoor air. It is computed using Eq. (11).

0F ;=08 — 07— OF + 08 (11)
where Q? is the heat absorbed by the soil, Q§ and Q?_s are, respectively, the

radiation heat transferred from the soil and the radiation heat transfer from the cover
to the soil.

QF . can be written as

Q&:BQ%—%MR—U—&wﬁw&ﬁMﬁ (12)
where A is the thermal conductivity of soil and Z is the soil depth.
The terms Qﬁlf in Eq. (1) are the thermal energy loss by infiltration:
05 = diC.RE(T; — Ty (13)

The dynamic model of the relative humidity inside the greenhouse can be
determined using Eq. (14) (Fitz-Rodriguez et al. 2010).

dH;, 1

dr daV<E - Vr(Hi - H0>) (14)

with, H; and H, are, respectively, the inside and outside relative humidity and E is
the evapotranspiration rate resulting by the evaporation of soil and the crop
transpiration.

In case to control the internal air of the greenhouse and to activate of the
actuators inside the greenhouse (activate the heating system or/and the ventilation
system), Eq. (1) becomes:

ar, 1
dt  d,C,V

(Qccfi + Qccaq + Qscfi - lef - Qvemilation + Qheating) (16)

Oventilation (W m_2) is the rate of heat loss from the greenhouse by activating the
ventilation and it is expressed in Eq. (17) (Fitz-Rodriguez et al. 2010).

Qventi]ation - Vrcada(To - Tl) (17)

where V; is the ventilation rate.
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Oheating (W m 2) is the thermal energy provided by the heating system and is
defined as in Eq. (18) (Fitz-Rodriguez et al. 2010).

NnRy
Qheating = S—

S

(18)

where Ny, is the number of heaters and Ry, is the capacity of the heating system.

Furthermore, the humidity rate Ry, provided by the humidifying system and the
rate of humidity loses by the dehumidifying system Rgenum Will be taken into
account in the dynamic model of the relative humidity, which can be rewritten
using the following equation:

dH; 1

de  d)V

(E - Vr(Hi - Ho)) +Rhum - Rdehum (19)

5 Materials and Methods

The studied agricultural greenhouse is a small chapel-shaped greenhouse designed
and implemented at the Research and Technology Center of Energy of Borj Cedria
in Tunisia. The external view of the greenhouse is presented in Fig. 2. The
experimental greenhouse occupied a floor area equal to 14.8 m? (length = 4 m,
width = 3.7 m and height = 3 m). The specific design of the insulated greenhouse
maximizes the input of solar irradiation and reduces the heat losses, which is used
to plant a tomato crop. It is built by a sandwich panel with 0.4 m of thickness at the

Fig. 2 External view of the greenhouse



80 S. Bouadila and R. Ben Ali

(HhFan @ b

(2) Diverging section <

(3) Glass cover @& — ~
(4) Air inlet Sl

(5) Packed bed (PCM) ()
(6) Collector box

(7) Insulating material ®
(8) Fixing steel matrix
(9) Air outlet
(a) Real photo (b) Schematic view

Fig. 3 Solar heating system

sidewalls and 0.6 m of thickness at the northern roof. It is specified by a wall and
roof oriented to the south and covered by plexiglass with 0.003 m of thickness.

The heating system Fig. 3 is installed inside the greenhouse which is used to
provide an additional heat to inside air of the greenhouse during the night. This
system consists of a packed bed absorber with spherical capsules with a black
coating and fixed with steel matrix. The nodules have an outer diameter of 0.077 m
and are blow molded from a blend of polyolefin with an average thickness of
0.002 m. The nodule is filled with the phase change materials. The absorber is the
most important component of this solar system which absorbs the sun radiations
and stores the solar thermal energy as sensible heat and latent heat.

The studied agricultural greenhouse is equipped with the following actuators:
One (1) water pump; One (1) small extractor is used to extract the stored heat from
the solar air collector with phase change materials and two (2) identical exhaust
extractors are used to refresh the inside climate by exchanging the air between the
inside and outside the greenhouse. The exhaust fan is located at 2 m height from the
soil in the east wall of the greenhouse and the second one is installed at 0.5 m in
the west wall.

Several K-type thermocouples are used to measure the variation of temperatures,
at the top, the bottom of the cover, and at the sandwich panel inside and outside the
greenhouse.

e (2) two HMPI55A sensors were used: the first one is installed at a height of
1.5 m above the roof of the greenhouse to measure the ambient parameters. The
second sensor is installed at a height of 1.5 m above the soil into the greenhouse
to measure the inside parameters such as the temperature and the relative
humidity. They are protected and designed with a louvered construction to allow
the air spread out freely through the shield.



Low-Cost Systems for Agriculture Energy Management in Tunisia 81

e Kipp and Zonen pyranometer is used to measure the solar irradiation, which is
situated at 1.5 m above the soil into the greenhouse and an anemometer is used
to measure the wind velocity at 3 m above the ground.

e Three PT-107 sensors, located under the soil, are used to measure the soil
temperature inside the greenhouse at the surface of the soil, 0.25 m at depth and
0.5 m at depth. The surface temperature of the canopy is measured using an
infrared temperature sensor IR120, which is protected by the IR-SS Solar Shield
from direct solar irradiation.

e NRG weather station is located in the Research and Technology Center of
Energy which is used in order to provide the internal and external weather
conditions.

e CR5000 data logger (Campbell Scientific Inc) which is used to measure the
inside and outside climatic parameters with a sample time equal to 10 min.

The outside parameters such as the solar irradiation, wind speed, temperature,
and the relative humidity are measured with appropriate instruments to carry out the
experimental measurements. The uncertainty analysis of the various measured and
calculated parameters are estimated according to Holman correlation (Holman
1993). The sensitiveness was obtained from datasheets of the instruments. The
experimental results are highly acceptable if they presented very small values of
uncertainties.

The reflectivity and transmissivity spectra recorded in the wavelength range
(380-900 nm) of the soil, cover and canopy layer are plotted in Fig. 4. They are
realized using LAMBDA950 UV-vis—NIR spectrometer equipped with an inte-
grating sphere.
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Fig. 4 Physical characteristics of the greenhouse
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6 Control Strategies

An FLC controller is used to hold the internal temperature at its set point value by
turning on/off the actuators installed inside the greenhouse, with the appropriate rate
and at the right time. This technique is characterized by its simplicity, where it is
necessary to create a membership function based on the expertise of a human deep
as well the knowledge of the indoor climate conditions of the greenhouse and the
various decisions to activate the greenhouse actuators to achieve the optimal
microclimate. Thus, its user instructions depend on the set point value and the
inside and outside weather conditions. The membership functions of the used FLC
controller are given in Table 1.

The input variables of the temperature fuzzy controller are the temperature
error AT.

AT = Tsetpoint — Tinside (20)

where

BN negative big

MN negative medium
zZ Zero

MP positive medium
BP positive big.

The output variables are the ventilation and the heating rate,
where

Z zero
M medium
H high.

The rules present the decisions will be applied to the air temperature inside the
greenhouse in order to have a desirable internal temperature. The membership
function of the input variable (the temperature error) is plotted in Fig. 5 and the
membership functions of the output variables (the ventilation and the heating rates)
are shown in Fig. 6.

The temperature error AT presents the input parameter of the FLC controller and
the actuators started to work when its value is different to zero.

Table 1 Fuzzy rules of the

i Temperature error Ventilation rate Heating rate
air temperature BN i 7z
MN M zZ
z zZ zZ
MP z M
BP z H
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[ function plots 25
H

0s

30 -20 10 o 10
° 0s 1 15 2 25 3 s Erer,
output vadable “Ventilation™
B e .
350
1
200
250
H
FE
93 150
100
5
L) 0
0 50 100 150 200 250 300 350 400 450 500 » @ w0 ¢ W e
output vadable "Heater" Gty

Fig. 6 Membership functions of the ventilation rate



84 S. Bouadila and R. Ben Ali

The dynamic model of the agricultural greenhouse was performed using
MATLAB/Simulink environment (Fig. 7). The fuzzy rules of the inside air tem-
perature are selected in order to ensure the desired internal temperature. The ven-
tilation system will be activated when the inside temperature exceeds the fixed
favourable value Fig. 6a and the heating system will be activated if the inside
temperature is lower than the set-point value Fig. 6b.

The MATLAB/Simulink environment is used in several studies to predict the
microclimate inside the greenhouse (Kiyan et al. 2013; Ben Ali et al. 2015) and it is
used in this study to perform a comparative analysis between the measured and
predicted values of the internal air temperature (Fig. 8), where the predicted tem-
perature can be calculated by applying Eq. (1).

As can be seen in Fig. 8, there is a fair agreement between the inside predicted
and measured temperature, which are varied, respectively, between 10 and 44 °C
and between 13 and 40 °C. That proves the effectiveness of the proposed physical
model to predict the temperature inside the agricultural greenhouse with a
low percentage error of the Root Mean Squared Error (RMSE), which is equal to

ar ‘f"""“‘
Te|
SO0 >
Setpoint_T Fuzzy Logic
Controlier

i :.}-vq';;\f Ny

Greenhouse

Fig. 7 Simulink model of the controlled greenhouse

1 —e— Predicted'temperature '+ — Measured t'emperature

Temperature (°C)

21/3 22/3 23/3 24/3 25/3
Time (days)

Fig. 8 Predicted and measured air temperatures into the greenhouse
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Fig. 9 The evolution of the air temperature with the FLC controller

0.02 °C and a high coefficient of determination (R*) equal to 1. They were also
calculated using MATLAB environment. However, the temperature inside the
greenhouse is not always favourable for the canopy growth. For this reason, an FLC
controller is applied to reach the predefined set point value by activating the
appropriate actuator installed inside the greenhouse (ventilation or heating system).
Thus, the simulation results of the air temperature inside the studied greenhouse
with the FLC controller is presented in Fig. 9.

7 Modeling of the Wind Turbine System

Figure 10 presented schematically the mathematical model of the small wind tur-
bine system linked to PMSG generator which is simulated using MATLAB/
Simulink environment.

The wind turbine is considered as one of the important renewable energy sys-
tems (Grisales and Lemus 2014). Generally, it is composed by

— Wind turbine.
— PMSG generator.

— Power electronic converter.
— Load.

AC load is applied that is why the studied wind turbine is linked to a PMSG
generator without power electronic converter.
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Fig. 10 Control scheme of the PMSG generator using ZDC control
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Fig. 11 Variation of the wind speed

It is simulated using MATLAB/Simulink environment with a database carried
out in the CRTEn center in Tunisia during 4 days in spring.

The wind speed velocity presents the most important parameter and the sus-
tainable source of energy for the wind turbine system. Its variation is shown in
Fig. 11.

The variation of the torque T,, (N m) generated by the wind turbine is plotted in
Fig. 12.
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Fig. 12 Variation of the torque supplied by the Wind turbine
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electromagnetic torque.

Fig. 13 Variation of the output parameters delivered by the PMSG generator

Figure 13 presents the variation of the output parameters delivered by the PMSG
generator such as the rotor speed and the electromagnetic torque (Fig. 13a); the
variation of the current and the voltage generated (Fig. 13b).

In addition, the variation of the output mechanical, active, and reactive power is
shown in Fig. 14.

The simulation results show that the voltage is increased to achieve 700 V and
the variation of the mechanical, active and reactive power, and current vary
according to the variation of the wind velocity. They reach their maximum value
during 23/03 when the wind velocity achieves 22 m s~ '. Thus, the current varies
between 0 and 6 A. Nonetheless, the mechanical and active power varies between 0
and 16 KW and the reactive power varies between 0 and 1.5 KW, for which the AC
voltage generated by the Wind turbine system reaches 800 V.
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Fig. 14 Variation of the output mechanical, active and reactive power

8 Conclusion

Actually, the exploitation of the renewable energy is the aim of several research
studies regarding its advantages in terms of efficiency, cost, and reliability. The
wind turbine system is one of several power supply systems that can be used not
only to produce the electricity but also to reduce the pollution. This paper aims to
develop a dynamic model of a small wind turbine system by estimating its dynamic
behaviors, in addition to the modeling and the experimental validation of the
agricultural greenhouse. They are modeled using the MATLAB/Simulink envi-
ronment. The simulation results of the numerical validation showed the effective-
ness of the proposed model of the greenhouse to predict the temperature inside the
greenhouse which is instilled in the Research and Technology Center of Energy
(CRTEn) in Tunisia. Moreover, in order to reach a suitable microclimate inside
the greenhouse, it is necessary to equip it by actuators such as the heating and the
cooling systems, controlled by a fuzzy logic controller (FLC). Furthermore, the
wind turbine system can be used to power these actuators.
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Design and Selection Criteria of Biogas M)
Digester it

Anirshu Dev Roy, Om Prakash, Anil Kumar, A. K. Kaviti
and Anukul Pandey

Abstract Biogas, produced from animal or kitchen waste, is possibly the only
energy source that allows farmers to produce their own electricity. There is an
added advantage of reducing the contamination and pollution of water, bad odor,
and global warming emissions caused due to animal waste. Biogas is generated
when bacteria decompose organic waste anaerobically. The biogas is a combination
of gases containing about 60—70% CHy, 20-30% CO,, and few of other gases like
CO, H,S, NH3, O,, H,, N5, and water vapor, etc. The gas produced can be used not
only for cooking but also for rural electrification where grid connection is not
viable. The remaining digested slurry can be used as manure. The idea behind this
chapter is to prepare a document which can help in the installation of biogas units
and reduce the size of the biogas plant. This communication discusses the various
design aspects of the most common types of biogas digesters used today. It takes
into account the design aspects of Fixed dome type and Floating drum type.
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Mathematical equations for measuring the amount of biogas digester volume have
been discussed. The selection criterion for biogas digesters has also been discussed.

Keywords Biogas - Digester types - Selection - Design - Parameter

1 Introduction

The production of biogas takes place by the anaerobic digestion of the
bio-degradable materials with the help of bacteria. The biogas is an important
source of renewable/non-conventional energy (Martins das Neves et al. 2009). The
energy obtained from biogas has some advantages over other energy sources.
Optimizing the use of biogas technology can result not only in the production of
energy resources and fertilizers production but also other economic and environ-
mental profit counting sanitation, reforestation, and decrease the demand of natural
gas and oil (Walekhwa et al. 2009). Like many developing countries of the world,
India also faces major problem due to the petroleum products price hike in the
international market. Also, the rising demand for energy from urban as well as rural
sector implies that newer sources of energy need to be focused on. Not only this,
but these newer and alternative sources of energy have to be made available to the
common people at a sustainable amount and at an affordable price. For this reason,
conversion of agricultural, cattle, and kitchen wastes into biogas will provide a
scope for solving some of the mentioned energy crisis. Most of the developing
countries face the problem of the dearth of adequate access to cooking gas and
electricity for their rural and suburban population (Beall et al. 2002). Conventional
stoves generally made of cow dung cause the major producers of greenhouse gases
(GHG) (Smith 1994). Generally, there is the formation of CO, methane, and other
nitrogen compounds such as nitric oxide and nitrogen dioxide (Ndiema et al. 1998).
In developed countries when rising convenience and lessening prices of fossil fuel
during 1950-1970, the attractiveness of biogas got down and made less attractive
biogas energy (Deublein and Steinhauser 2008). From the 1970s and continuing,
there are now 27 million biogas plants in India and China (Bond and Templeton
2011). Production of methane by anaerobic digestion of bio-degradable materials
has been experienced since early times of civilization. In the 10 BC, the usage of
biogas was for heating tubs in Assyria (Deublein and Steinhauser 2008). In the
twentieth century, Louis Pasteur produced 100 L of the gas by fermenting horse
dung. The establishment of biogas (methane) plants in these communities is
expected to greatly ameliorate these problems and help preserve the environment.
Biogas is composed of CH, (40-75%) and CO, (15-60%) and the rest is other
gases in small quantities, i.e., N, (0-2%), CO (<0.6%), H,S (0.005-2%), O,
(0-1%), NHj (<1%), traces of siloxanes (0-0.02%), halogenated hydrocarbons
(<0.65%), and other hydrocarbons which have no methane content like aromatic
hydrocarbons, alkanes, alkenes, etc. (Bailon Allegue et al. 2012). The waste gen-
erated from this has high levels of inorganic elements like nitrogen and phosphorus
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which are essential for growth of plants and also improves the process, commonly
called bio-fertilizer which increases the soil quality and provides no harmful
property to the surroundings (Purwono et al. 2013). A biogas plant is an airtight
storage place where biogenic wastes when diluted with water are fermented by
bacteria in the absence of oxygen (Weiland 2010). Municipal solid waste can be the
input raw material of the biogas digester. A detailed study on the anaerobic-based
biogas digester was presented (Appels et al. 2008; Hilkiah et al. 2008). The cattle
dung digesters can be improved by adding soya sludge/mustard cake. It increases
the amount of gas generated and nitrogen and phosphorus content, and further
improves the time for capillary suction. The study shows that the performance of
digester was enhanced. Methane content in biogas was also risen by adding of soya
sludge/mustard cake. Manorial value (N, and PO43-) denoted enhancement in the
quality of sludge. The addition does not have any negative effect on the digester
performance (Satyanarayan et al. 2008, 2010). Simultaneous anaerobic digestion of
press water and food products in a biogas digester improves its buffer capacity
(Nayono et al. 2010). A performance of the anaerobic process used mixed fruit and
vegetable wastes as substrates in a single stage fed-batch anaerobic digester for
biogas production has been carried out (Sitorus et al. 2013). Anaerobic digestion of
a mix of fruit and vegetable wastes was done in a 200-L digester within 14 weeks at
ambient temperature. Chemical analyses based on standard methods were con-
ducted for the initial waste and for the bio-reactor slurry. The biogas was having a
methane content of 65% which is the maximum, with the biogas flow of 20-40 ml/
min. The biogas plants are taken into consideration, i.e., the family size plants
(capacity from 1 to 6 m®), where there are generally three models like KVIC, Janta,
and Deenbandhu, where the comparison had taken place, based on cost. However,
by comparison, Deenbandhu model was found to be the most economic and useful
model (Singh and Sooch 2004). Investments in domestic bio-digester had overall
profit and variety of discounts available. It is projected that domestic bio-digester
implementation at the national level could be a good source for accessing signifi-
cant amount in carbon emissions reduction (CER) yearly financing through the
Clean Development Mechanism (Laramee and Davis 2013). The plants are gen-
erally made of plastic, concrete sometimes steel, and even bricks materials. They
could also be in shapes like silos, troughs, basins, or ponds and may be placed
underground (pit) or on the surface. Many countries such as India, China, Taiwan,
and Nigeria among others have built biogas plants (bio-digesters) based on cow
dung. However, the sizes, shapes, constructional materials, etc., vary. Hence there
is need to characterize the different bio-digesters with objectives of; to generate
energy and provide rich-nutrients manure (EIS et al. 2011).

In this chapter; Sect. 1 deals with the introduction part, Sects. 2 and 3 present the
studies about components of a biogas plant, biogas production methodology, under
biogas production methodology Hydrolysis, Acidogenesis, Acetogenesis, and
Methanogenesis. Sections 4 present the design of biomass digester Sects. 5 and 6
present the effect of working parameters on the performance of biogas digester,
under the effect of working parameters on the performance of biogas digester
various parameters, required for a successful digester. In Sects. 7-9, the studies
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Fig. 1 A simple diagram of the biogas and its utilities 1: livestock house, 2: initial tank, 3: waste
from agriculture and livestock, 4: mixing tank, 5: bio-reactor, 6: accumulation of the
co-generation, 7: tank for keeping the remaining materials after fermentation, 8: fertilizer obtained
from the post-fermentation, 9: maize silage, 10: offices, and 11: Electrical grid for energy supply.
Iglinski et al. (2012)

about biogas development in some developed countries, biogas development in
some developing countries is discussed. A diagrammatic representation of the
biogas plant is given in Fig. 1.

2 Components of a Biogas Plant

To produce the biogas, an air-tight enclosed chamber is required. This chamber is
called a biogas digester. Digestion process takes place anaerobically inside the
digester. The major components of bio-digester are: Waste inlet, Digester chamber,
Gas collecting chamber, Gas outlet and tube, Slurry outlet. The brief discussion of
each component is as follows:

(a) Waste inlet: The organic solid waste is mixed with water in a 1:1 ratio to
achieve a homogenous mixture and poured in through this inlet. For obtaining
the right bacteria to digest this waste, a one-time dumping of cow dung is
required and the bacteria within is allowed to multiply after which the organic
waste can be put in everyday.
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(b) Digester chamber: Anaerobic decomposition takes place and methane gas
rises within the chamber while the solid and liquid settle at the bottom.

(c) Gas collecting chamber: In case of the floating drum type biogas digester, the
gas rises into a fiber drum or fiber-coated metal drum placed above the
digestion chamber that constantly floats in a small pool of water. As the gas
rises into the dome, the dome also rises and exerts pressure on the internal gas
and slurry. It is a constant pressure type biogas digester. In case of the fixed
dome type biogas digester, the chamber is static, and it is a constant volume
type biogas digester. The pressure varies, and care should be taken that pressure
build-up should not exceed permissible limit.

(d) Gas outlet and tube: The pressure from the dome causes the gas to pass
through the gas outlet into a tube which is connected to a gas stove placed in a
kitchen.

(e) Slurry outlet: The solid and liquid waste that collects in the digester chamber
will rise into the slurry outlet and can be collected with a buck (Tanskanen
2016).

3 Biogas Production Methodology

The pH value of the digester slurry is an important parameter. This should be
monitored on weekly basis and should lie between 5.93 and 7.73. Slurry temper-
ature, slurry pressure, and ambient temperature are needed to observed on daily
basis for proper functioning of digester. The slurry temperature and ambient tem-
perature should lie between 20 and 45 °C. The slurry pressure should lie between
the 0-0.6 bar and the pressure of the outlet biogas is varying 0-0.25 bar (Ezekoye
and Okeke 2006). Batch anaerobic digestion experiments using manure from dairy
products as feedstocks were experimented at psychrophilic (20-25 °C), mesophilic
(37 °C), and thermophilic (52.5 °C) temperatures (Pandey and Soupir 2011). The
mesophilic reactors (3745 °C) produced a less than 30% biogas from the actual
rate and less than 23.3% methane, followed by psychrophilic (20-25 °C) which
given output of less than 41% biogas and 39.7% less methane (Vanegas and Bartlett
2012). The methane gas obtained is a form of energy which can be utilized and
stored for different domestic purposes.

3.1 Hydrolysis/Liquefaction

Hydrolysis is the first step in the process of conversion of the biomass/bio-waste to
the biogas. It is also called liquefaction process. In this stage, with the help of the
fermentative bacteria, the unsolvable complex organic substance is being converted
to the soluble substance. The common unsolvable complex organic substance is
cellulose, and common soluble substances are; sugars, amino acids, and fatty acids.
In order to enhance the process, some chemical is being used to reduce the digestion
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time and increase the methane yield (Bansal et al. 2013). The governing chemical
reaction of this stage is given below (Arsova 2010):

Ce¢H 004 +2H,0 = C¢H,0¢ + 2H,

3.2 Acidogenesis

Acidogenesis process also known as the first process of fermentation. In this pro-
cess, there is a continuous breakdown of small sub-units from larger unit due to
hydrolysis process. This leads to forms varieties of acids of organic nature along
with H, and CO,. This part is the generally the fastest part in the digestion process
and has high output energy for the microorganisms (Beam 2011). Degradation to
methane and carbon occurs with a short or no time lag when the additional substrate
is fed to the respective cultures. On the other hand, some time is needed normally
for the acclimation of every aromatic compound, nevertheless, when the culture is
used to process one aromatic compound and another similar is feed, it may not need
any acclimation time (Peris et al. 2011). The acidogenic fermentation resulted in the
formation of fermented products of maize silage as the main substrate in a leach bed
process was determined by gas and liquid chromatography. The dynamics of
bacterial community was monitored by terminal restriction fragment length poly-
morphism analysis (Strduber et al. 2012).

The main output of acidogenesis is acetic (lactic, and propionic acids). The pH
of the slurry falls as the rate of the generation of these compound increases. In order
to accomplish this process, acidogenic bacteria, organic acid, alcohol, and other
compounds are required in the biogas digester (Bansal et al. 2013).

3.3 Acetogenesis

Acetogenesis is a process of production of acetate by anaerobic bacteria obtained
from a variety of sources of energy and carbon. The species of bacteria that are
capable of acetogenesis are collectively termed acetogenesis. Acetogenic bacteria
which produces H, are capable of producing acetate and H, from heavier fatty acids
(Merlin Christy et al. 2014). Acetogenic bacteria employing the Wood-Ljungdahl
pathway act as biocatalysts in syngas fermentation during the production of biofuels
such as ethanol or butanol as well bio-products such as acetate, lactate, butyrate, 2,
3 butanediol, and acetone (Bertsch and Miiller 2015). The ability of such processes
can be obtained by the global syngas output, which was 70,817 MW thermal in
2010 and is expected to rise to 72% in 2016. Till date, for acetogen is used for the
syngas fermentation for industrial purpose and demonstration. The potential for a
number of fermentative products obtained is promising. Synthetic biology will now
play a major role in constructing a pathway for commercial operations. In such way,
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a cheap and abundant carbon producing material will mostly replace, processes
where it is obtained from crude oil or sugar in the upcoming future (Bengelsdorf
et al. 2013).

3.4 Methanogenesis

Methanogenesis process involves the production of methane from the waste
material during the final stage. The production of methane is by acetate-degrading
methanogen in two ways: either by means of cleavage of acetic acid molecules to
generate carbon dioxide and methane or by reduction of carbon dioxide with
hydrogen. Methane produced is higher when obtained by reduction of carbon
dioxide and is limited when hydrogen is present in digesters resulting in acetate
reaction is the primary producer of methane. Methanogens can also be divided into
two groups: acetate and H,/CO, consumers. The reactions of methanogenesis are
shown below:

CH3COOH — CH4 + CO;
2C,Hs0H + CO, — CH4 +2CH3;COOH
CO, +4H, — CH4 +2H,O

Methanogenesis is sensitive to pH, it is in the mildly acidic range (6.6—7.0)
(Bansal et al. 2013). Biogas technology among other processes has made their way
into emerging sustainable technologies for waste treatment since waste disposal is a
major issue in the developing countries. The matter obtained from this process is a
material rich in highly useful inorganic elements like nitrogen and phosphorus
required for the growth of plants commonly known as the bio-fertilizer, this
increases the soil quality without affecting other components in the soil (Ofoefule
et al. 2010).

4 Biogas Plants Types

Biogas plants are mainly of three types based on their shapes (Sasse et al. 1988).
They are (1) Balloon plants (2) Fixed dome plants (3) Floating drum plants. As
represented in Fig. 2.
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Fig. 2 Fixed dome (top left), floating cover (top right), and balloon type (bottom). Bond et al.
(2011)

4.1 Balloon Plants

This digester is made of plastic in the upper region of the digester where the gas is
stored. The inlet and the outlet are directly attached to the balloon skin. When the
space for holding the gas is full, it works like a fixed dome plant. The fermentation
of slurry gets activated due to the movement of the skin of the balloon. This helps in
the digestion process. Even different materials for feed such as water hyacinths can
be used. The materials of the balloon plant should be UV resistant. Red Mud Plastic
material (RMP) is also used in fabrication of this type of digester.

The advantages of the balloon plant are: low cost, can be easily transported from
one place to another and easy in construction. Also, it has less complexity of
cleaning and maintenance issues. The disadvantages associated with this plant are:
has a very small life span and is prone to damage. It is mainly used where it is less
prone to damage.

4.2 Fixed Dome Plant

A fixed dome plant consists of a digester enclosed with a fixed, non-movable gas
space. The upper part contains the gas of the digester. When gas production is
stopped, the slurry is sent into the compensating tank. Gas pressure rises according
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to the volume of gas stored, hence the digester volume should not be more than
20 m’. The gas pressure becomes low if there is some gas present in the holder.

The advantages of this plant are: it is very cheap and has no moving parts hence
there is less chance of oxidation and so the lifespan is very long. It also creates a
source of employment. The disadvantages associated with this are: it is full of
porosity and cracks, there is a pressure drop of the gas. This plant is usually used
where easy availability of supervising members or technicians.

4.3 Floating Drum Plants

Floating drum plants contain a container for holding the moving gas and the
digester. The holder stays float due to the fermentation slurry or due to a water
jacket. The gas collects in the drum, resulting in the rising of the drum. If gas is
taken away, it falls again. The drum is prevented from tilting by a guiding frame.

The advantages of these types of plants are: easy to operate due to their simple
design and very few errors in construction. However, the disadvantages are being
the high cost of construction of the floating drum, also steels parts have chance of
corrosion, hence a shortage of lifespan. It also has a constant maintenance cost due
to repeated painting.

Further, the anaerobic digesters again can be classified into (Appels et al. 2008):

(1) Standard rate (cold digester)—It is a very simple type digester which can be
used for a lengthy period of digestion of 30-60 days. It has four stages (a) scum
layer (b) a liquid layer (c) a region of digesting solid (d) a region of digested
solid.

(2) Higher rate digester—It is a modified version of the generalized rate digester. In
such digester, there is continuous feeding. The sludge is mixed and thickened.
All the mixing creates a uniformity reducing the tank volume and casing a
stable efficient process. There are heat exchangers included in this type of
digester it is because of maintenance of constant temperature.

(3) Two-stage digester—In this type of digester a secondary digester is attached
with the high rate digester. The purpose of the secondary digester is to store the
digested solid. Sometimes the secondary and the primary digester both have
heat exchangers and are of similar design to serve as a standby digester.

(4) Mesophilic and Thermophilic digestion—The high rate digesters are operated
at a particular range of temperature. It is said to be a mesophilic digester if the
temperature is around 30-38 °C. When the temperature is in the range of
50-57 °C, it is known as thermophilic.
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5 Effect of Operational Parameters on Biogas Digester

A study on the effect of operational parameters on anaerobic digestion based biogas
digester was being studied (Appels et al. 2008). In this study, pH value, temperature
of the solid and the hydraulic retention time were considered for observation. Each
bacteria function better at certain range of pH such as the methanogenic bacteria
functions at a pH range of 6.5-7.2. The fermentative bacteria functions at 4.5-8.2.
Acetic and butyric are produced at low pH. However, at high pH value such as 8,
the propionic and acetic acid are produced.

Temperature affects the growth rate and the metabolism of the microorganism in
the digester. It also affects the production of the acid (propionate and butyrate). The
increase in temperature is very useful in the digester as it increases the rate of the
reaction, kills pathogens, and increases the solubility of few organic compounds.
However, too much increase in temperature can cause the production of ammonia
which inhibits the functioning of microorganisms. Solid retention time (SRT) is the
average stay time of activated-sludge solids in the system. The reduction in the SRT
decreases the reaction. Retention time less than 5 days is not healthy for as proper
digestion. For 5-8 days the volatile fatty acid (VFA) concentration is quite high.
For 8-10 a proper digestion is obtained. Hence, SRT is a very important factor.

Various design parameters were taken into account during design of municipal
solid waste based anaerobic digester (Hilkiah et al. 2008). The first parameter
considered was temperature. The temperature had direct impacts on the decom-
position rate and the amount of the gas produced. It was seen that higher temper-
ature has a high impact on the digester. However, too much increase in temperature
caused instability. Moreover, if the bacteria used were thermophilic then it is very
sensitive to small change in temperature. Hence mesophilic bacterium is being
proposed to use in practice. Researchers have recommended that a constant tem-
perature should be kept inside the digester for optimum production. After tem-
perature, pH is taken into consideration. The pH value of 6-8 is the best for
continuing production. But during the long process, the pH gets unstable hence it
was proposed that lime or sodium bicarbonate is to be used for increasing the pH.
The carbon—nitrogen (C/N) ratio is another factor which affects the production of
biogas. The carbon—nitrogen content should be in the ratio of 30:1 for any material.
To increase the decomposition process, moisture should be present hence it plays an
important role in the production of the biogas. For municipal solid waste (MSW),
material is also an important factor for the biogas production. The MSW provide in
the digester should be small in nature. Due to small size, the surface area increases,
which increasing the decomposition for MSW because decomposition entirely takes
place on the surface of the material. Finally, the last part which is taken into account
is the mixing. It creates a uniform concentration, temperature, and other factors
such as regaining of any valuable gases lost etc.
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A serious monitoring of the biogas digester was done (Ward et al. 2011). The
various concentrations of the gases such as H,, CO,, H,S, CH, and N, were
monitored. Figure 3 shows the results of monitoring of various gases of the digester.

Figure 4 illustrates a variation of CH, and H,S concentration in p-GC and
MIMS for 33 days of operational time. Figure 5 shows the variation of dimethyl
sulfide and methanethiol measured in MIMS during the operational time.

A review on household-based biogas plant was being presented by authors
(Rajendran et al. 2012). The authors took an account of few parameters which affect
the biogas production. The materials used in the digester plant had an important part
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Fig. 3 Results of monitoring of the gases using u-GC as a function of time. Ward et al. (2011)
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Fig. 4 Concentration of CH4 and H,S using y-GC and MIMS for 33 days. Ward et al. (2011)
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Fig. 5 Variation of dimethyl sulfide and methanethiol measured in MIMS during the operational
time. Ward et al. (2011)

in the production of the biogas. Previously biogas digesters were made of stone and
bricks but now with technological advancements, PVC and polyethylene are used
which are light in weight and economic. The next important parameter to be
considered is the temperature. High temperatures are useful for increase the pro-
duction, but it is not applicable for all cases as with increasing temperature there is a
decrease in production in some cases. The substrate selection primarily depends on
the type of digesters used and its raw materials. The kitchen waste is a useful
substrate as it contains a high amount of fat which increase the productivity of the
biogas. Solid concentration and the material of the feedstock are also important
parameters. The increase in solid concentration decreases the biogas production.
The feedstock material C/N ratio and digestion time together affects the biogas
production.

6 Productivity Enhancement of Biogas Digester

A study on the effects of the parameters and the substrates of a biogas digester in
presence of sulfate-reducing bacteria was conducted (Moestedt et al. 2013). Study
revealed that the temperature and the sulfate concentration significantly affected the
productivity when there are any changes due to any of these two parameters.

An enhancement of biogas production using solid substrates is carried out using
different technique (Sreekrishnan et al. 2004). The different techniques used for
biogas production are:
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(i) Use of additional materials to enhance the process of digestion.
(i) Reusing of the slurry obtained and its filtrate.
(iii) Varying the working parameters such as the temperature, size of the parti-
cles, etc.
(iv) Use of films or biofilters.

Increase the production of the biogas, by adding various additives of the bio-
logical and chemical composition. At first, green biomass was used where the
production rate increased in the range of 18—40%. On using the microbial strains,
the production rate increased about 8.4-44%. The maximum production was
obtained for inorganic additives which was around 54%. The recycling of slurry
filtrate takes place. The slurry shows a 10% rise in obtained biogas. Any change in
working parameters had drastic changes in the productivity of the biogas. For films
and biofilters, various modifications are being made till now and the latest results
show a 17% rise in the obtained biogas.

A study on the optimization of the biogas for anaerobic digestion was conducted
in Zimbabwe (Jingura and Matengaifa 2009). The following techniques were
adopted for the improvement of the biogas production.

(a) Anaerobic digestion of MSW—As MSW is produced in large quantities in
Zimbabwe hence it is useful material.

(b) Anaerobic digestion of sewage sludge and wastewater—In Zimbabwe, the
gases produced in the sewage plants are mostly lost. Hence in order to reduce
the loss and to increase the power generation, this product should be used for
the biogas production. This will lead to increase in overall production of the
biogas in the country.

(c) Co-digestion—Co-digestions helps in the places where an adequate amount of
resources are not available for the biogas production.

(d) Centralized anaerobic digestion—This is also a useful technology for
improving the biogas production by decreasing the raw materials and
enhancing the process.

7 Enhancement of Biogas Production

A test was conducted for a semi-continuously mixed tubular digester (Bouallagui
et al. 2003). Fruits and vegetable waste was used for the preparation of biogas.
There was a reduction in performance due to the change in concentration of the feed
from 8-10%. The final conversion of the fruit and vegetable waste was 75% and
methane content of 64% in the produced biogas.
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An investigation of the digestion process from products based on fat, oil, and
grease were conducted (Li et al. 2015). A two-stage thermophilic semi-continuous
flow co-digestion system was used. Among the digesters, one of the two-stage
co-digestion was made, using a pretreatment based on thermo-chemical process
having pH 10 at 55 °C. Another two-stage digestion have no pretreatment process.
Each of the two systems had a hydraulic retention time of 24 days. The result
showed that the process involved pretreatment had a better yield than the second
one which did not include any pretreatment.

Biogas productivity of cassava peels mixed with various types of livestock waste
was compared (Adelekan and Bamgboye 2009). The livestock waste were poultry,
piggery, cattle waste according to the input of 1:1, 2:1, 3:1, 4:1 by mass in
anaerobic digesters. There was a significant influence of the mixing of the waste
from the livestock with the tapioca peels. The obtained value had increased to 13.7,
12.3, 10.4, 9.0 L/kg-TS on mixing with poultry waste for the ratio of 1:1, 2:1, 3:1,
4:1. The yield on piggery waste had increased to 35.0, 26.5, 17.1, 9.3 L/kg-TS for
the ratio of 1:1, 2:1, 3:1, 4:1. The yield on mixing cattle waste had increased to
21.3, 19.5, 15.8, 11.2 L/kg-TS for the ratio of 1:1, 2:1, 3:1, 4:1. Hence, the results
show that the mixing the livestock waste in the ratio of 1:1 produced the maximum
yield.

An experiment was conducted to increase biogas productivity by using Brassica
compestris (mustard oil cake) in cattle dung digesters (Satyanarayan et al. 2008).
The mustard oil cake was added to the digester in different ratios. The result showed
a 12.2-13.08% increase which 30% mustard cake. Hence, there is a 63.44%
increase in comparison to only cattle dung. The biogas production increased 13.38,
25.27, 39.16, 52.26, 63.44% with 10, 15, 20, 25, 30% of mustard cake respectively.

Neves et al. have developed the methods to increase the production of methane
from industrial waste composed of 100% barley (2006). In the first process, the
barley waste was treated with alkaline solution resulting in water formation pre-
treatment before activated-sludge co-digestion process. The methane production
was 224 L. The second process involved co-digestion with 40% barley waste and
60% kitchen waste. The result methane obtained was 363 L.

An enhancement process of digestion in anaerobic process of waste
activated-sludge (WAS) using bio-cremation process was examined (Jih-Gaw et al.
1997). The WAS pretreated with NaOH and its examination occurred. There were 4
reactors A, B, C, D. A was given untreated WAS and total solid (1% TS). The other
3 reactors B, C and D were given WAS which was pretreated but of different
percentage of TS with 20 meq/l NaOH and WAS (1% TS), 40 meq/l NaOH and
WAS (1% TS), 20 meq/l NaOH with WAS (2% TS). The production of the B, C,
and D reactors increased to 33, 30 and 163%.
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8 Development of Biogas in Developed Countries

The development of biogas was mostly seen in the northern European countries like
Sweden, Denmark, Germany, Austria, and Switzerland (Plochl and Heiermann
2006). Initially, the idea of biogas plant was to clear the odor of, livestock waste
and a supply of electricity to the farms. Later, the main idea of the biogas plant was
to generate electricity. In Europe, the digester was made of concrete and steel. The
digesters have insulation and heating system to control the temperature. Propellers
are installed for the stirring of the materials.

The technology used was for wet anaerobic digestion, but recent developments
have made in for dry anaerobic digestion. Also, the feedstock used in biogas plants
was another factor. In countries like Germany and Austria, agricultural biogas
plants only used agricultural waste as feedstock in the biogas plants. Some the
materials of the feedstock are maize, sugar beet, barley, etc. Each crop has a
different amount of yield for biogas.

The setting of biogas plants in countries like Denmark started during early 1970
(Raven and Gregersen 2007). The development and the usage of biogas had started
during the 1970s. The first type of biogas plants was at farm scale levels. These
plants were not constructed on technical knowledge hence the plants failed. This
lead to another development which was the centralized biogas plants took place in
the 1980s. After 1980 there was no new type of plants until the mid of 1990 when
the centralized plants and the farm scale plants were improved in technology.

A case study conducted on the Dutch biogas plants (Geels and Raven 2006). The
case study shows that previous biogas plants had a single usage but after 1990 the
biogas plants were constructed with the idea of multiple usages such as (1) in-
creasing the agricultural sustainability by reducing artificial fertilizers. (2) decrease
the amount of methane emitted into the atmosphere. (3) good source of alternative
energy. Many improvements were made during the mid of the 1990s. The learning
are:

Co-digestion can increase biogas production.

e New purification system can remove the hydrogen sulfide.

e Process manure was more homogenous and can be used for fertilizer
application.

e Process manure was much more feasible for crops hence reduction in the arti-
ficial fertilizer.

e The manure which was processed had less affecting germs or pathogens and
weed.

e The accumulation and usage of the methane reduced the methane quantity in the
air reducing greenhouse effect.

Finally, two changes in government policy made the way for developing new
projects for the next 10 years.
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The countries like Ukraine and Poland technical aspects of biogas plants were
studied (Chasnyk et al. 2015). The beginning of biogas plant in Poland was in 1928.
Since then there were many technological changes. The latest biogas plants from
2011 to 2015 produced methane under mesophilic conditions. In 2014 the biogas
plants produced 222, 856, 466-m> of biogas, 59.6 MW electric power and
61.26 MW of thermal power. In Ukraine, it all started in 1933. Now there exist ten
landfill plants, six agricultural plants, and three plants of sewage treatment.

9 Development of Biogas in Developing Countries

In the developing countries, three types of biogas digesters are used (Plochl and
Heiermann 2006). They are Chinese fixed dome, Indian floating drum, and the tube
digesters. The floating digesters are manufactured using steel and materials of
concrete. The Chinese digester is made of local materials. The Tube digesters are
made of polyethylene foils. The inlet and the outlet are made of porcelain. Even
though their design is different, but all are based on the same idea. The feedstock
enters through an inlet after mixing with the digester.

The tube shape digester, floating over digester, Chinese dome digester have
many advantages such as: inexpensive, locally available, can be handled easily and
less moving parts hence less prone to failure. China and India have a massive
impact on domestic biogas technology (Bond and Templeton 2011). As per sur-
veys, the working biogas plant in India are 40 to 81%. The floating drum plants
have better working than the fixed dome biogas plants. The reasons for massive
developments in the biogas technology were because of government support pro-
viding free servicing, maintenance and provids subsidies. Also, many other factors
were involved as: an abundance of cattle manure and other materials for feedstock
for the biogas plant. As per the survey in Bangladesh, only 3% biogas plants were
properly functioning. 76% of the plants were defective and 21% were not functions.
In rural China, only 19% of the biogas potential is used (Chen et al. 2010). In
China, Luo Guo Rui type biogas digester was used. This is a hydraulic type biogas
digester made of concrete and brick. After 2000 commercial household biogas
digester came into action. These were made of glass reinforced plastic. These have
several advantages over the previously biogas digesters such as low maintenance
cost, less time in construction and a long period of operation. As per survey in Sri
Lanka there survey in 1986 and 1996, only 303 and 369 plants were functioning out
of 5000 (de Alwis 2002). This shows that there is not much development in the
biogas area. In Pakistan, the reports show that presently there are 5357 biogas
plants throughout the country. The estimated production biogas production is
12-16 million m> per day (Mirza et al. 2008). In Nepal, fixed dome digesters are
used (Gautam et al. 2009). It was a modification of the Indian and the
Chinese model. As per the survey, Nepal uses only 9% of its biogas potential
(Akinbami et al. 2001).
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10 Biogas Development in the Underdeveloped Countries

In the Sub-Saharan countries, very less development in the biogas technology. The
reason for such low development is due to the lack of basic research and awareness
(Mshandete and Parawira 2009).

Nigeria does not have much developments in the biogas gas technology, but the
design and research activities were conducted. For instance, a plastic bio-digester
plant was designed, constructed and tested (Ezekoye and Okeke 2006).

Various digester were designed based on different type of waste to be treated
(Hilkiah et al. 2008). A covered lagoon digester is used for the treatment of liquid
manures. The semi-solid digester was used for partly solid manure. Plug flow
digesters are used for materials which have solid contents of 11-13%. Also, high
solid digesters are being implemented for non-fluid and solid materials.

In Sudan, the biogas technology is very much used (Mshandete and Parawira
2009). It is because of Sudan is widely dependent on agriculture. Mainly anaerobic
digesters are used for the biogas production. A suggestion was made to use water
hyacinth as a feedstock material. In Tanzania, due to government involvement,
there is a usages of biogas technology. In 1993 polythene tubular digesters were
used which is continued till now. Since there is lack of research in this area there is
no such development in the biogas production.

Another study of biogas use in Nigeria was conducted (Akinbami et al. 2001).
The country has very less production of biogas due to the poor financial condition
of the country. If proper steps are not taken then biogas will be another fuel for
high-income groups. Proper planning is needed for entering biogas in the Nigerian
energy market.

11 A Case Study on Biogas Digester

A horizontal continuous based digester was used for conducting experiments of 12"
ID PVC pipe having length 4, 5, 6 m (Budhijanto et al. 2012). Mathematical model
was developed to obtain the rate of production.

11.1 Mechanism

The first stage of making biogas is the conversion of organic matter into carboxylic
acids. After this, the carboxylic acids get converted into CH,4 or into CO. However,
proper carbon dioxide and methane ratio are required. The digesters are designed to
increase the amount of CH,4 and decrease the amount of CO,. Now the organic
matter, CH4 and CO, are obtained at a rate of &y, k,, and k3 respectively. These rates
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are entirely dependent on the concentration of the nutrients, temperature, pH, etc.
Optimization of these properties leads to an increase in the production of methane.
The mathematical equations used for the simulation are as follows:

The following equation is the mass balance equation for the digester:

1 1
0.0y — 0.0y yay — HOCZ AV, —PrCZ

c/o p/o

AVy (1)

Here, Q = amount of feed flow by volume (m*/day), O = organic content in the
feed expressed as volatile solids (kg/m?), po = specific rate of growth of bacteria
(1/day), C = amount of microorganism of the basis of mass per unit volume
(kg/m3), Zjo = the amount of cell obtained per unit mass of bio-degradable
materials consumed (kg cell/kg mass), Vo = digester volume (m?), p; = Is a con-
stant denoting the amount of products formed (1/day), Z,,, = product obtained per
unit mass of bio-degradable materials consumed (kg obtained/kg mass).

Equation (1) can be written as below

do k O"
o (2)
y M;

Equation (2) is an empirical equation, does not take into the consideration of
microorganisms’ population during the process and the mechanisms behind the
conversion of the organic matter. Here, k; is a constant denoting the rate constants
of O conversion to new cells and biogas (1/day), M; is the rate of flow of mass at a
linear rate of digester materials (m/s), and n is a constant denoting the order of a
reaction of O consumption (dimensionless).

The expression for the amount of CO, and CH4 formation is being represented
by Egs. (3) and (4).

dCH,
= k,N¢! 3
dr 2 (3)
dCO,
= kaN“ 4
dr 3 )

Here, Egs. (3) and (4) d%92 is the rate of CO, formation (kmol/day). d%?“ is the

rate of CH, (kmol/day). N is the volatile fatty acid concentrations. The c1 and c2
are the value of the constant representing the reactions of empirical order.
Equation (5) represents the selectivity

ko
T (5)
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11.2 Experiment

The experiments were conducted on six digesters. The inlet was fed with slurry
consisting of cattle manure mixed with water. It filled 80% of the digester by
volume. The surface of the mixture did not have any holes to avoid the contact of
air getting into the digester. The gas valve is open after this and was kept for
20 days which was the intermediate period since there was no input or output of the
gas. A regular measurement was done for taking in account of the volume of the gas
produced. A sample of the gas was taken to find the amount of methane present. At
first, the gas obtained was mainly composed of carbon dioxide. The feed concen-
trations were varied for every 2 months. Again, after one month, after changing the
feed concentration the methane content was obtained. The data obtained from the
experiments had fitted in the mathematical model.

11.3 Results and Discussions

The results showed that the digester consumed good amount of organic matter.
From the experimental data and the mathematical model, a simulation of the
digester was conducted. The simulation results revealed that the amount of CH,4 and
CO, obtained was less. 50% of the organic matters were digested initially. The
biogas production was dependent on the various types of microorganism present in
the manure. Hence, an increase the amount of manure would increase the
microorganisms which increase in the production. Another simulation result
showed that even with the increase in the feed there would be very fewer changes in
the production rate. Hence, the alternative pathway was taken which was increasing
the remaining time and also increasing the stability of digester. There was 30%
increase in the CH,; compared to the previous case. It was noticed that drastic
decrease in the residence time after three times recycling the organic matter.

The rate constants k; is need to increase for increasing biogas production.
However, the slight increase in k; will not affect the biogas production rate. The
increase in k; can be done by increasing the amount of organic matter, but, too
much increase in the organic matter would result in a drawback in a continuous
digester. Therefore, to increase the production rate of a biogas digester a combi-
nation of increasing the rate constant and a method of recycling is to be done.

12 Overall Conclusion

Global increase in energy demand is leading to efficient management of energy. The
continue rise in the LPG price and other fuel made it necessary substitute for
cooking and other domestic purposes. In developing countries, implementation of
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biogas digester plants as a renewable source of energy has great potential. An
inclusive review of the various designs, details of structure, and operational phi-
losophy of the wide variety of biogas digesters designs have been described. Two
major groups of biogas digester can be identified, viz., fixed dome and floating
drum. The introduction of low-cost plastic drum type biogas digesters has made it
very attractive for domestic application. The retention period is low and gas yield is
also higher than the conventional types. Its portability is an added advantage. Some
digester easy to construct and user-friendly that can be suitably employed at small
as well as the large scale at rural domestic purposes. Scientifically designed biogas
digesters are found to be more effective and controllable than the ordinary instal-
lation. It makes rural population independent from the dependency over fossil fuel/
electricity. Therefore, biogas digester is agreed to be suitable for remote rural
village cooking lighting and other applications in most developing countries.
Considerable research and field level design of the biogas digester has been done in
all over the world. Mathematical equations for fixed and floating drum types of
biogas digester are developed to design the optimal digester. As per observations,
the size of biogas digester increases and the production cost decreases. The aim in
the future is to decrease the production cost to a very affordable level. Hence, it is
important to design, development, high-tech, and low-cost biogas digester.
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Abstract In the developing nations, biofuels emerge as a best possible alternative
fuel option. Energy obtained from biomass is an attractive source of energy due to
several numbers of reasons such as it is a renewable source of energy and a large
amount of biomass are available on the Earth’s surface, it is cheap and may be
utilized using environmentally friendly solutions. With the help of biochemical or
thermochemical processes, raw materials or feedstocks can be converted into bio-
fuels such as ethanol, methanol, biodiesel, bio-crude, and methane which can be
used as transportation fuels. The energy use in the transport sector is mainly
governed by fossil fuels. In order to reach sustainability targets, it is important to
replace the use of fossil fuels by renewables.

Keywords Biomass - Biofuels - Fossil fuels - Transportation

1 Introduction

Biomass is defined as living or dead organisms or any byproducts of those
organisms, plant, or animal. It can be utilized to produce renewable energy,
biofuels, or thermal energy, which is used as transportation fuels. Utilization of
biofuels in transportation instead of traditional fossil fuels (Oil, petroleum, and
coal) helps in reducing the dependency on these traditional fuels; minimizes climate
change impact; reduce the emissions coming from the transportation sector. In the
developing nations, biofuels emerge as a best possible alternative fuel option.
Biofuels are of the three types first, second and third generation. The
first-generation biofuels mainly rule the market of biofuels and include ethanol
production from rapeseed, oil palm, corn, and sugarcane. But with the advancement
in technologies a number of improved second-generation biofuels are obtained from
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Fig. 1 Biofuels contribution to emission reductions in the transport sector (http://www.iea.org/
publications/freepublications/publication/technology-roadmap-biofuels-for-transport.html)

nonfood feedstocks, e.g., algae, municipal waste, perennial grasses, and wood chips
and several companies are doing a great work towards developing market for these
second-generation  biofuels. Second-generation biofuels mainly involve
bio-butanol, cellulosic ethanol, methanol and a number of synthetic equivalents of
the gasoline/diesel. First-generation biofuels have many limitations due to food-fuel
issues, pressure on land use, higher resource consumption, high particulates
emissions, and others. Besides having number of other benefits, e.g., energy
security and reduced carbon footprint (Pant et al. 2011). IEA technology roadmap
on the future use of biofuels stated that by 2050 biofuels will provide 27% of total
transport fuel. I will be able to reduce around 2.1 Gt CO, emissions per year if
production is sustainable (Fig. 1).

Algae can grow very fast, are able to produce many times higher biomass with
compare to terrestrial trees and crops, require little land and other resources, pro-
ducing more lipid and carbohydrate biofuels. Therefore, algal biofuels are very
much beneficial and could be an alternative for first-generation biofuels (Singh et al.
2012). With the increase in population, demands for fossil fuels also increasing day
by day so in order to replace these fossil fuels with biofuels, there is a requirement
to research a range of sustainable biofuel resources and also, there is a demand to
produce a large amount of electric vehicles which can run smoothly using these
energy sources or necessary modifications can be done in vehicle’s engine
according to the biofuels, with these implementations, biofuels can be exploited in
the transportation sector and thus, we get a clean, pollution free environment and
also reduces over-exploitation of natural resources, i.e., coal and petroleum.

Energy obtained from biomass is an attractive source of energy due to several
numbers of reasons such as it is a renewable source of energy and a large amount of
biomass are available on the Earth’s surface, it is cheap and can be utilized using
more environment-friendly solutions. It provides the option for increased
self-sufficiency locally as well as across the planet. With the help of biochemical or
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thermochemical processes, raw materials or feedstocks can be converted into bio-
fuels such as ethanol, methanol, biodiesel, bio-crude, and methane which can be
used as transportation fuels.

2 Ethanol

Different types of crop residues like wheat straw, rice straw, corn cob, corn stover,
bagasse are used for the production of ethanol through the process of fermentation.
This is an anaerobic biological process which requires sugars to be converted to
alcohol through the action of microorganisms, e.g., yeast. Finally, the distilled form
is used in the engines. Ethanol made from cellulosic biomass materials as an
alternative of traditional feedstocks (starch crops) is called bioethanol (Singh et al.
2014). Ethanol may be used in its pure form, as a blend with gasoline, or as a fuel
for fuel cells. In the United States each year, more than 1.5 billion gallons are
supplementary to gasoline as an oxygenate agent, to improve vehicle performance
and decrease air pollution.’

3 Methanol

Methanol is also an alcohol that can be utilized as a transport fuel and it is obtained
through thermochemical process firstly, gasification of biomass is done to obtained
hydrogen and carbon monoxide and then, these gases are retorted to produce
methanol. It can be employed in its pure form, as a feedstock for the gasoline
additive methyl tertiary butyl ether (MTBE), or as fuel for fuel cells. In the United
States, approximately 1.2 billion gallons of methanol is produced annually, out of
which 38% is consumed in the transport sector.

4 Biodiesel

One of the best alternatives that can be used as a diesel in vehicles is biodiesel. It is
gained by the breakdown of plant oils obtained from plants or are transformed
synthetically. The biodiesels have the same composition is just like mineral diesel.
Biodiesel is a renewable fuel and a best diesel fuel substitute that can be derived
chemically through combining any natural oil or fat with an alcohol (usually
methanol). Blended biodiesel derives from lipids (fats) from both grains as well as
from animals, chemically reacted with an alcohol. Biodiesel can be mixed with

'www.ott.doe.gov/biofuels.
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petroleum products without processing, making it a practical transition fuel.
Biodiesel can be utilized as a diesel additive and mainly consumed as a fuel additive
in 20% blends (B20) with petroleum diesel in compression ignition (diesel)
engines. Blending levels of biodiesel usually depend on the cost of the fuel and the
desired benefits (www.ott.doe.gov/biofuels).

5 Bio-crude

Bio-crude is very similar to petroleum crude and can be derived from biomass
through fast pyrolysis process. Bio-crude is produced by condensation of the
biomass-derived oil vapors. It is further converted into fuel through the process of
catalytic cracking (www.ott.doe.gov/biofuels).

6 Methane

Methane is an important component of compressed natural gas and it is one of the
best alternative transportation fuels. In 2000, approximately 100 million gallons
will be sold in the United States. It can be produced from biomass by a biochemical
process called anaerobic digestion, in a blend with other gases (www.ott.doe.gov/
biofuels).

7 Need for Environment

In any country, due to dependency on traditional fuels, the transportation sector is a
main reason to a number of environmental difficulties. Harmful gases such as
nitrogen dioxide, sulfur dioxide, carbon monoxide, carbon dioxide, etc., releases
from the vehicles lead to a bad impact on plants, human beings, and environment.
Increase in the emission of Greenhouse gases causes global warming which in turn
causes climate change. In the present scenario, every nation is dealing with the
issues related to the excessive exploitation of natural resources, pollution, and
climate change. In the United States, one-third of CO, emission is only from the
transportation sector (www.ott.doe.gov/biofuels). CO, is a major greenhouse gas
which may lead to global climate change. Employment of biofuels in transportation
sector not only offers substitutes to fossil fuels but also help in providing answers to
many environmental difficulties. Biofuels are cheap, sustainable, and renewable and
pollution free source of energy. Biofuels address global concern by mitigating
carbon emissions as compared to fossil fuels. Biofuels on combustion emit reduced
pollutants like, e.g., 99% reduction of SO,, 20% of CO, 32% of HC, 59% of soot,
39% of particulate matter (Sams 1996), CO, (78%) (Srivastava et al. 2007) etc.
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Application of biofuels for transport can help in minimizing CO, buildup mean-
ingfully. Fossil fuels lead to the emission of CO,, by displacing the use of fossil
fuels, this emission can be avoided, and the CO, content of fossil fuels is allowed to
remain in storage. Biofuels emit a very small amount of CO, which is further
absorbed by the plants and trees that serve as feedstocks for biofuels and required
CO, during the process of photosynthesis. Biofuels usage reduces public health
risks and other environmental factors borne diseases. Bioethanol has been utilized
very effectively as an oxygenate additive in gasoline so as to minimize emissions
from vehicles. In the coming up years, as biofuels come to the forefront as sub-
stitutes for gasoline, we anticipate additional improvements in air quality; whether
these fuels are used in internal combustion engines or in new clean automobile
technologies such as fuel cells. Usage of biofuels also leads to the employment
regeneration and improvement in the economy (especially rural/agriculture area that
is prone to land degradation and natural calamities).

8 Transportation Sector Energy Consumption by Fuel

Today, the world mainly depends on petroleum and other fuels for the sources of
transport energy, although their contributions in total transport energy turns
downcast over the IEO (2016) projection period, from 96% in 2012 to 88% in 2040.
Every nation mainly depends mainly on petroleum, coal, and oil in order to fulfill
their transportation energy demands. A study depicted that liquid fuels consumption
in transportation sector all over the world raises by 36 quadrillion Btu in the
reference case forecast, with diesel (including biodiesel) presenting the largest
increase (13 quadrillion Btu), jet fuel intake increasing by 10 quadrillion Btu, and
motor gasoline (including ethanol blends) increasing by 9 quadrillion Btu (Fig. 2)
(IEO 2016). Although, automobile gasoline is the principal transport fuel, its share
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of total transportation energy consumption reduces from 39% in 2012 to 33% in
2040. Diesel fuel is the second-largest transportation fuel, the total transport market
share of diesel fuel (including biodiesel), turn down from 36 to 33% from 2012 to
2040 respectively and the jet fuel share increases from 12 to 14% in 2040. The
natural gas consumption as a transportation fuel grows from 3% in 2012 to 11% in
2040. In 2012, pipelines reported for 66% of transportation sector natural gas use,
light-duty automobiles 28%, and buses 4%. Due to the promising fuel economics,
the share of natural gas used for transport types of travel other than pipelines are
cumulative and the strong increase is found for the natural gas portion of total
energy use by large trucks in the base case, from 1% in 2012 to 15% in 2040. It is
expected in 2040 intake of natural gas will be 50% in the bus, as well as 17%
freight rail, 7% light-duty vehicles and 6% domestic marine vessels respectively.
For the world’s transportation energy use, electricity is relatively an insignificant
fuel, although it is essential in passenger rail transportation system and for this, its
requirement remains high, about 40% of the total passenger rail energy consump-
tion requirement is fulfilled through electricity in 2040. The electricity contribution
of total light-duty automobile energy consumption grows to 1% in 2040 in the
reference case; due to the increased sales of new plug-in electric automobiles enter
the total light-duty stock (IEO 2016).

9 Transport Sector Energy Consumption by Type

The transport sector consists of both freight and passenger. The passenger modes
involved light-duty trucks, airplanes, cars and buses, two- and three-wheel vehicles,
and passenger trains. The freight modes, which are utilized in the movement of raw,
intermediate, and finished goods to consumers, involved trucks (heavy-, medium-,
and light-duty), marine vessels (international and domestic), rail, and pipelines. For
all transportation modes, energy consumption rises from 2012 to 2040 world
widely. For passenger travel modes, total energy consumption increases by an
average of 1.4%/year, from 63 quadrillions Btu in 2012 to 94 quadrillion Btu in
2040 (Fig. 3) (IEO 2016). Light-duty vehicles depict the largest absolute increase
(15 quadrillions Btu) from 2012 to 2040 among the passenger modes of travel but
the slowest growth (1.0%/year) among all the transport modes. In the world, from
2012 to 2040, energy consumption for aircraft growths by a total of 10 quadrillion
Btu, however, the combined energy use for buses, two- and three-wheel vehicles
and rail grows by 6 quadrillions Btu (IEO 2016).
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10 Application of Biofuels in Transport Sector
in Different Countries

Currently, the European Commission published a package for climate and energy in
the period from 2020 to 2030 (COM (2014) 15 final), to supplement the current
2020 policy goals. The new framework endorses a global EU policy based on a
40% decrease in total greenhouse gas emissions in 2030 compared to 1990 and this
is assisted up by the target to reach a 27% indicative share of renewables in the total
energy mix. These stimulating goals help in improving the energy security and
controlling the impact of Europe towards climate change. The transport sector is
one of the critical element on which more emphasis is given in this new policy plan.
The transport sector is mainly ruled by liquid fossil fuels and therefore, replacement
of these fuels with renewable energy will significantly contribute in success the
overarching energy and sustainability goals. Biofuels have played the utmost
important role in the substitution of fossil fuels, accounting for 4% of total energy
usages in transport by 2010, their contribution in transportation sector rises by each
year. The need of essential investments with respect to the production of feedstock,
processing, and distribution of biofuels, advancement in technologies and innova-
tions has already done. Thus, the whole area has been developed and has been
competently working for a several years.

China is also facing the challenges regarding how to decarbonize its transport
area. Biofuels projects as one of the decarbonization choices and will reduce 0.43
Gt of CO, emissions in 2050 in the CM30 (Cumulative CO, emissions in 2010—
2050 reduced by 30% scenario) and contribute to 35% of the total decrease (Zhang
and Chen 2015). However, the growth of biofuels in China will still be examined
by food safekeeping concern and facing the land readiness issues and the extent to
which the biomass potential can be transformed into energy still involve more
argumentation to be determined (Zhang and Chen 2015).
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The government in Sweden had confirmed that the automobile fleet should be
free of fossil fuels by 2030 while Swedish total emissions of GHGs should be zero
by 2050 (Swedish Government 2008). Ong et al. (2012) described that there is
steady need to adopt appropriate energy policy so as to balance energy demand and
reduces emissions in Malaysia transportation sector. Kemausuor et al. (2015)
reported the extent to which upcoming energy demands in Ghana that could fulfill
by energy from biomass sources, through the creation of biogas, liquid biofuels, and
electricity and an investigation was done based on the moderate and high use of
bioenergy for transportation, electricity generation, and residential fuel. Tsita and
Pilavachi (2013), examined next generation biomass-derived fuels for the transport
sector ultimate that a stable, economically sound and environmentally friendly
source of transport fuel can potentially be a mix of bio-synthetic natural gas and
electricity from biomass burning.

11 Current Scenario in India

India has inadequate reserves of fossil fuels and relies on import oil in order to
achieve its energy demands. In 2012, imports 75% of India’s oil demand is coming
from import; it is expected that the import dependency will rise to 92% of demand
in 2035 (IEA 2012). Out of total oil demand, about 50% is used up in the transport
sector trailed by 18% in agriculture and 11% in the industry sector. In recent years,
the economic growth rate of India has been improved; the commercial energy
usages of the country have also been growing fast, keeping pace with its economic
growth. Therefore, it is essential to reduce dependency on oil for minimizing its
energy import bill, improving energy security and reducing greenhouse gas
(GHG) emissions. Endorsing the use of biofuels in the transport sector is thus very
significant for the sustainable growth of India.

In 2001, India started 5% ethanol blending (ES) trial program and formulated
the National Mission on Biodiesel in 2003 to realize 20% biodiesel blends by
2011-2012 (Blanchard et al. 2015). This initiative differs from other nations’ in its
choice of raw material for biofuel creation molasses for bioethanol and nonedible
oil for biodiesel. There are numerous issues such as cyclicality of sugar, molasses,
and ethanol production that resulted in a fuel ethanol program which suffered from
unreliable making and supply. The preventive policies, availability of molasses, and
cost hampered the fuel ethanol program. Inconsistent policies, availability of land,
selection of nonnative crops, yield, and market value have been major obstructions
for biodiesel implementation. However, a clear, reliable, and dedicated policy with
long-term vision can endure India’s biofuel effort and this will ensure energy
security, economic development, and success and ensure a higher quality of life for
people.

There are a several challenges in the development of biofuels as a transport fuel
in India as well as other parts of the world. The major market limitations explicit to
biofuels can be reviewed by eight main market hurdles, which are economic
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barriers, technical barriers, trade barriers, infrastructure barriers, ethical barriers,
knowledge barriers, political barriers, and conflict of interests (Blanchard et al.
2015). Economic barrier mostly deals with the production of biofuels which are still
costly, beneficial externalities are not costed. Technical obstacles include quality of
fuel which is not yet continuous and preservation expertise for certain biofuels are
still in very primary stages (e.g., for synthetic biofuels). Trade hurdles involved that
in the market, for some biofuels still, no quality criteria exists. Infrastructure,
challenge the issues of the obligation of new or adapted infrastructures depending
on the type of biofuels, especially the use of bio-hydrogen and bio-methane. Ethical
barriers comprise a rivalry of biomass feedstock sources with the food supply.
Knowledge barriers include that not only the general community but also decision
makers and representatives are absent knowledge on biofuels. Political obstacles
include that the governments continuing subsidy to kerosene promoting is the
inefficient and occasionally illegal use of this fossil fuel through with the use of
available technologies the target people could have been likewise or more bene-
fitted with the use of biofuels but for political will and policy. Lastly, conflict of
interest which includes that variance between “promoters” of first and
second-generation biofuels may deteriorate the overall growth of biofuels
(Blanchard et al. 2015).

12 Conclusion

Biomass can play a big and significant part in future sustainable energy resource for
modern energy carriers as electricity and transport fuels. The introduction of bio-
fuels from biomass is good because it is one of the very few choices for low CO,
emission systems against (eventually) reasonable costs and it reductions or spreads
fuel reliance. The justification for taking up main program for the production of
biofuels for blending with gasoline and diesel originates from a variety of issues
i.e., firstly, nonavailability of ready-to-use alternative to the petroleum-based fuels
(gasoline/HSD/motor spirit); secondly, biofuels are environmentally superior fuels
and policymakers should compel government for stringent emission norms and
regulations and for a necessary usage of biofuels; thirdly global concern for climate
change and ensuring energy security. There is a requirement that in planning the
energy and transport strategies importance should be given on the contribution of
all stakeholders, taking into account the connections with the economy, society,
environment, and policy. Policy development procedure must be participating and
complete to be accepted and promoted by all. For each country, a possible
preparation should be done for the safeguard of natural resources and a sustainable
development, without harmfully disturbing the next generations.
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Arun Kumar Sharma and Prashant Baredar

Abstract A major part of energy generated is being consumed by transport sector
creating an imbalance in the atmosphere by releasing the emissions resulting in
global warming which is the biggest threat to living beings and the environment.
Therefore, it is importance and need of biodiesel as a replacement for diesel and
other conventional fuels. The various sources of biodiesel production comprise of
obtaining raw oil from the seeds and are converted to biodiesel through various
techniques of transesterification that utilizes catalysts to increase the yield. The
newly available techniques have been discussed with primarily focusing on the
various catalysts that affect the yield keeping in view the policies related to curtail
down the global warming.
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1 Introduction

The energy plays an important role and its demand is increasing for the fulfillment
of the basic needs and sustainment of life, almost at 1.8% since 2011, in developing
nations as compared to developed country (World Energy Outlook 2017). Energy is
being consumed either in the form of electricity and fuel and for cooking and
transport. The transport industry alone is accounted for 25% consumption (EASAC
2012) (Fig. 1).

In the rapidly developing countries like China and India, the demand for energy
is growing rapidly (Darzins et al. 2010). The new millennium has set up the
challenge by generating biofuel for developed as well as developing nations to
solve the problem of global warming and generating new opportunities for the
peoples to meet up the demand of fossil fuel (supplied by limited countries) (ABN
2010; Tadele et al. 2013). The mixing of available biodiesel, liquid biofuels, and
ethanol to existing fossil fuels is being done as a renewable fuel, with United States
and Brazil being the leader in producing about nearly 80% (Miguel et al. 2010).
Global energy demand in transport accounts for about 28% of overall energy
consumption and emitting 23% of related greenhouse gases.

The impact on environment of a locality depends upon social, cultural, topo-
graphic, political, and economic issues. All of these factors decide the energy
supplied and energy consumed. At present, energy production is quite easy but
more emphasis is being laid on its conservation and proper utilization as the energy
required produces an adverse impact on climate resulting in global warming. This
global warming is the biggest threat as it causes the sea level to rise due to melting
of ice from glaciers. Keeping all these views in mind, most of the governments are
making policies so as to protect the environment from global warming. These
targets are being monitored on regular basis.

Primary energy transformation | Secondary enengy tramsformation Tertiary energy transformation
(from wood to coal) (from coal 1o hydrocarhon sources) (from hydrocarbon 1o new energy sources)
g 130 4 B New energy sources
< ) Natural gas
= 1501 B o
£ [ Coal
s B Fuel wood
E 1204
3
E
° %01
o
8
5 97
2
T:’..I KR = The .|I.'II_I. i\Ii__{\i:_
= oal
1800 1850 1900 1950 2000 2050 2100
Year
Fig. 1 Trends and forecasts of global energy consumption (Zou et al. 2016)
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The transport sector is responsible up to a greater extent by emitting carbon
dioxide (CO,), carbon monoxide (CO), NO,, CH,4, C¢Fg, and heat. As a result, the
use of renewable fuels is being promoted such as biofuels, biodiesel, etc.

2 Biodiesel

The biodiesel is obtained from edible oil, nonedible oil, and waste cooking oil. The
process used is centrifugation or transesterification. The mono-alkyl esters derived
from lipid feedstocks such as vegetable oils or animal fats are termed as biodiesel
(Marchetti 2010).

The triglycerides are the esters of fatty acid and glycerol consists of different
fatty acids that influence both chemical and physical properties of plant oils and
animal fats along with the quality of biodiesel. The saturated (carbon—carbon single
bond) and unsaturated (carbon—carbon single bond or more) are the kinds of fatty
acids. The most common fatty acids found in the lipid feedstocks are linoleic,
palmitic, stearic, oleic, and linolenic acid. Various plant oils include myristic,
arachidic, palmitoleic, and erucic acid. They also contain phospholipids, carotenes,
tocopherols, sulfur compounds, and water (Marchetti 2012; Ong et al. 2013).
Figure 2 shows the categorization of variously available fuels.

3 Extraction of Oil

Consistent performance and high oil yield were the criteria for using chemical oil
extraction was used (Bhuiya et al. 2016). Various Extraction methods are shown in
Fig. 3.

3.1 Chemical Methods

3.1.1 Solvent Extraction

Leaching is a solvent extraction process, n-hexane method yields are high, and uses
liquid solvent for extracting constituent from solid mass. The type of liquid, particle
size, agitation of solvent, temperature, and particle size affects the rate of extraction.
The small particle size is preferred for greater contact area between liquid and solid.
The solvent extraction from the seeds Jatropha curcas and Pongamia pinnata using
n-hexane (viscosity is low) can produce up to 50 t of biodiesel per day (Bhuiya
et al. 2016). The preparatory of seed for biodiesel is shown in Fig. 4 and the
transesterification process is shown in Fig. 5.
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Fig. 2 Classification of biodiesel and catalysis routes for its production (Montero et al. 2015)
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Fig. 3 Oil extraction methods (Stefan et al. 2013)
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Fig. 5 Generation of biodiesel (Paryanto et al. 2017)

3.1.2 Enzymatic Oil Extraction

Although the time consumed being high in aqueous enzymatic oil extraction
(AEOE), from plant, method is being used as it is eco-friendly without producing
volatile organic compound and reduces the problems of solvent extraction tech-
nique (Bhuiya et al. 2016).
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Fig. 6 Supercritical (using CO,) for biodiesel extraction (Temelli and Ciftci 2015)

3.2 High Pressure CO,

The supercritical-fluid (SCF) extraction is a process in which fluid is considered
supercritical when it presents diffusivity similar to gas and density comparable to
liquids. The results showed that the oil yields were 38.8% to solvent extraction,
35.3% for the supercritical extraction, and 25.5% for expelling. In terms of
extracting the components omega-6-fatty acid and omega-3-fatty acid, supercritical
extraction was more efficient than solvent and expelling extractions. The chemical
composition of oil obtained from expelling is similar to that obtained by super-
critical extraction, although the yield was lower. The quality of oil was lower in
terms of its acid value and peroxide values using extraction with hexane but
resulted higher in yield and presenting a lower concentration of omega fatty acids
(Pradhan et al. 2010). Figure 6 shows the supercritical process of biodiesel
extraction using CO,.

3.3 Distillation

The design of a continuous reactive distillation process for biodiesel production
comparing the homogeneous and heterogeneous catalyst was prepared. Sodium
hydroxide (the homogeneous catalyst) and magnesium methoxide (the heteroge-
neous catalyst) are used for the transesterification of triglycerides with methanol
into the reactive distillation column. The conclusions from these simulations were
that the reactive distillation process with the heterogeneous catalyst offers advan-
tages over the conventional process because it could eliminate the requirement of
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postprocessing separation and purification at cost-effective column design and
operating conditions. Despite these relevant results, a pure vegetable oil is assumed
to perform the simulations and a waste vegetable oil could not be managed. In
distillation process, extraction of oil depends upon sensitivity, volatility and water
solubility (Boon-Anuwat et al. 2015).

3.4 Mechanical Press

The mechanical presses, manual ram press, or engine drive screw press are capable
of extracting oil within the range of 60-80% because seeds are subjected to
repeated extractions through the expeller. The extracted oil is subjected to further
treatment of filtering process and degumming. The yield can be increased by
cooking of seeds and then pressed up to 89% after single press and 91% after dual
press depending upon the design of the mechanical press (Bhuiya et al. 2016).

3.4.1 Hydraulic Press

Figure 7 shows a labeled diagram of hydraulic press and in hydraulic pressing,
there are three stages:

e Initial stage
e Dynamic stage
e Final stage (Mrema and McNulty 1985; Owolarafe et al. 2008).

3.4.2 Screw Press

The food products use raw vegetable oil (Soybean oil, corn oil, sunflower oil,
canola oil, peanut oil, olive oil, and safflower oil, etc.), either as food product or an
industrial product for dressing, pan frying, and deep frying. These are obtained
from screw press as shown in Fig. 8.

The screw press produces oil and meal (residual left after oil extraction). The oil
to meal ratio varies from seed to seed. The presses are categorized as per the seeds
processed per hour (Schaufler and Schaufler 2013).

3.5 Sources of Biodiesel Production

There are numerous sources of production of biodiesel. They are categorized under
three categories, edible oil, nonedible oil, and other oils and are listed in Table 1.



132 A. K. Sharma and P. Baredar

=

Hydraulic piston
Plunger
. Pressingchamber
. Heating jacket
. Sample
. FineSS mesh (100 mesh)
. Perforated plate (1 mm)
. Holdingframe
Oil collecting bottle
10. Support
P =Pressuregauge
T = Thermo-controller
D = Displacement measurement

D

)
py
VLNV AW

@

!

Fig. 7 Hydraulic press (Subroto et al. 2015)

Walers ,;.,‘ Adjustable

L Al |

CROSS SECTION VIEW

Worm shaft ‘ ‘ ‘ N OF THE BARREL
i Seedcake
Barrel Crude oil - 171, Solids discharge
— 3
u' 5 m‘t

m{m-m

Fig. 8 Expeller press (Chapuis et al. 2014)



Biodiesel: Sources, Production, Emissions, and Policies 133

Table 1 Oil sources for biodiesel production (Verma and Sharma 2016)

Oils Edible oils Nonedible oil Other oils
Sources | Cottonseed, Coconut, Jatropha, Karanja Microalgae, Spirulina
Sunflower, Canola, (Pongamia), Mahua, platensis algae, Waste
Soybean, Castor, Neem, Eucalyptus, cooking, Animal fats,
Mustard, Peanut, Palm, Linseed, Rubber seed, Beef tallow, Poultry fat,
Rapeseed Polanga, Yellow Fish, Chicken fat,
oleander Chlorella protothecoides
microalgae

3.6 Various Parameters Used for Biodiesel Production

Various parameters are shown in Table 2.

4 Biodiesel Production

Biodiesel is produced by centrifugation or transesterification process. In which
methanol is added before the base catalyst. Methanol is mixed with starting oil
stirring and heating. After this heating, the mixture is being added by catalyst such
as NaOH, KOH, and H,SO, (Priambodo et al. 2015).

4.1 Straight Vegetable Oil (Nonedible Oil)

Straight vegetable is obtained from plants that are inconsumable by humans. The oil is
extracted from different kernels of seeds of nonedible crops by the processes discussed
above. The various sources for biodiesel production from nonedible oils are Jatropha
(Jatropha curcas), Karanjaorhongeor Korochseed (Pongamia pinnata or
Pongamiaglabra), Aleurites moluccana, tobacco seed (Nicotiana tabacum),
Pachiraglabra, desert date (Balanites aegyptiaca), Nagchampa
(Calophylluminophyllum), rubber tree (Hevea brasiliensis), Jojoba (Simmondsia
chinensis), Croton megalocarpus, rice bran, sea mango (Cerbara odollam),
Terminalia belerica, Neem (Azadirachta indica), Mahua (Madhuca indica and
Madhuca longifolia), soapnut (Sapindus mukorossi), Sterculia feotida, Chinese tal-
low (Sapium sebiferum Roxb.), silk-cotton tree (Ceiba pentandra), Babassu tree,
Euphorbia tirucalli, and microalgae (Bhuiya et al. 2016).
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4.2 Edible Oil

Refined edible oils with less than 1 wt% free fatty acids (FFA) are mainly used as
feedstocks for industrial biodiesel production and the feedstock price is one of the
important factors affecting fuel production. The by-products, such as soapstock,
acid oils, and deodorized distillates obtained during the refining of edible oils have
been suggested as alternative and cheaper feedstocks for biodiesel The main
components of acid oils are FFA, the remaining comprise of triglycerides, and
hence the oils are almost solid at room temperature owing to the higher melting
points of FFA (Kitakawa et al. 2015).

4.3 Waste Vegetable Oil

Mostly, the biodiesel is not in practice as the raw material is not continuous, the
search is on for substitutes with low prices and continuous. In case if waste veg-
etable oil/ waste cooking oil are released in the running water or sewage water, it
can kill the useful bacteria and the fisheries. Figure 9 shows extraction of biodiesel
obtained from waste vegetable oil. This utilization of waste cooking oils instead of
virgin oils for the production of biodiesel can solve the problems mentioned above
which will be cheaper (Nurfitri et al. 2013). Some of the WCO is used in soap
preparation, but mostly is illegally dumped into landfills and rivers. The cost of
waste frying oil is estimated as half the price of virgin oil (Encinar et al. 2005). The
cost of production is reduced using these wastes as a reactant for biodiesel synthesis
(Canakci and Gerpen 2001). The biofuels are biogenic and renewable and thus help
in maintaining greenhouse gases along with the reduction of CO, using WCO as a
biodiesel (Chhetri et al. 2008). Figure 9 shows the extraction of biodiesel obtained
from waste vegetable oil.

4.4 Algae

The comparative evaluation of heterogeneous tungstated zirconia catalyst has
yielded 94.58% conversion and less conversion efficiency for synthesis of
microalgal biodiesel. The study revealed that heterogeneous catalyst the advantage
of higher conversion than enzyme catalyst and lower reaction time, reusability and
low methanol requirement over the homogeneous catalyst. The process of extrac-
tion of biodiesel from algae is shown in Fig. 10. The fuel properties of microalgal
biodiesel are in accordance with the specifications set by ASTM 6751 and EN
14214 for standard biodiesel with tungstated zirconia as a heterogeneous catalyst
(Guldhe et al. 2017).
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Fig. 9 Biodiesel obtained from waste vegetable oil (Moecke et al. 2016)

The transesterification of edible vegetable oils and animal fats using homoge-
neous acids is considered unsustainable by industries, food versus fuel competition,
environmental challenges and economics for feedstocks, and catalyst systems.
Figure 10 shows flowchart for the production of biodiesel from micro- and
macroalgae.

The algae species capable of producing high-grade biodiesel abundant and can
be cultivated with limited environmental challenges and are comparable to those of
regular edible crops. Algae can be grown in salty environments and is known for
CO, consumption during their growth period. Zeolite catalysts must possess
desirable porosity and acidity/basicity properties. Avoid pore blockage while
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Fig. 10 Flowchart for production of biodiesel from algae (Galadima and Muraza 2014)

doping which can result in competitive transesterification versus cracking process.
Heteropoly acids are also promising due to free fatty acid tolerance.

The heterogeneous transesterification of algae oil yielding high purity glycerol
has strong potential to reduce industrial dependence on nonrenewable petrochem-
icals as raw materials.

Capability of oxides and zeolites for the formulation of many liquids and gas-
eous products such as formaldehyde, allyl alcohols, olefins, methane, diols, and
hydrogen fuel, as well as other liquid hydrocarbons like diesel and light naphtha
(Galadima and Muraza 2014).

5 Catalyst

5.1 Homogeneous Catalysts

Transesterification is a kind of acid or base-catalyzed intermolecular reaction.
Liquid mineral acid and base have been first used for the production of liquid
biodiesel.

5.1.1 Homogeneous Acid Catalysts

According to Bronsted and Lowry, an acid is a molecule or ion that is able to lose, or
“donate”, a proton (H*) and according to Lewis which can take an electron lone pair
from another molecule in attaining stability. The great number of free fatty acids of
waste vegetable oil increases its suitability of acid catalysts which is more for
biodiesel production. In transesterification reactions carried out with homogeneous
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acid catalysts, there are two reagents, like alcohol and a free acid (FFA), reacting to
form an ester as the product of the reaction. Therefore, acid catalysts were preferred
in cases when FFA content of vegetable oil is greater than 1 wt%. The most com-
monly used homogeneous acid catalysts in biodiesel production process include
HCI, BF3, H,SO,4, H3PO,4, and FeSO, (Maity 2015). Biodiesel production from the
transesterification of animal fats (dairy cow and beef) yields were 94.1 + 2.43 and
98.4 + 2.3%, respectively, for the dairy cow and beef tallow. 2.5 g of concentrated
(conc.) H,SOy4, 24 h of reaction time and 50 °C for dairy cow fat and 2.5 g of
concentrated H,SOy, 6 h of reaction time and 60 °C for beef fat were the optimum
conditions.

Several times, the acid-catalyzed transesterification initiated slower than the
base-catalyzed one due to the formation of intermediate molecules which are sus-
ceptible to nucleophilic attack. Whereas, the base-catalyzed reaction proceeds
created initially and directly as a strong nucleophile on the straight route at which
alkoxide ion is.

The protonation of the carbonyl group of the ester leads to the carbonation and
producing tetrahedral intermediate proceeded by acid-catalyzed esterification
reactions. This, in turn, regenerates the catalyst when glycerol is eliminated to form
a new ester and may be extended to di and triglycerides. The utilization of Bronsted
acids like H,SO, has some common drawbacks, such as their corrosive nature,
difficult laborious removal from the mixture by neutralization, and low reaction
rates results in higher cost of biodiesel production process (Doyle et al. 2016;
Likozar and Levec 2014a). Figure 11 shows mechanism of transesterification via
acid catalysis.

0 OH* OH
[l H | |
RI—C—OR! «——»RI— C— ORI «—»RI— C—ORI

| | | -H/RUOH I
RI—C—OR'+HO —R +*R—C—0" «——> R'—C
* | |
ORT R

RI= |: OH: Glyceride
OH

R! = Carbon chain of fatty acids
R = Alkyl group of the alcohol

o) OH H (o]

ORT

Fig. 11 Mechanism of Transesterification via acid catalysis (Doyle et al. 2016; Likozar and Levec
2014a)



Biodiesel: Sources, Production, Emissions, and Policies 141
5.1.2 Homogeneous Base Catalysts

A base is a species which accepts a proton or the ability to gain as per Bronsted—
Lowry theory, and Lewis theory, a base is one that can provide an electron lone pair
to help other molecules from the stable group of atoms. For faster, less corrosive,
more effective and reliable biodiesel production, homogeneous base catalysts
(sodium hydroxide, potassium hydroxide, barium hydroxide and potassium car-
bonate and so on) are preferred to homogeneous acid catalysts. The most commonly
used base catalysts in biodiesel production include alkaline metal hydroxides and
carbonates. (Kumar et al. 2013).

The transesterification reaction with homogeneous base catalysts occurs in four
consecutive steps:

e Base reacts with alcohol.

e Alkoxide attacks the carbonyl group of the triglyceride forming tetrahedral
intermediate.
The formation of alkyl ester and diglyceride anion.
Finally, the catalyst is deprotonated and thus the active species which react with
another molecule of the respective alcohol are regenerated and then another
catalytic cycle is started.

Free fatty acids present in the vegetable oil might react with the catalysts (NaOH,
KOH and/or their methoxide) and result in the formation of soap that causes a loss
in biodiesel yield. The water molecule so produced interfered with the transester-
ification reaction.

The NaOH or KOH catalyzed transesterification reaction is also affected by
reaction temperature and time, the molar ratio of oil to methanol, catalyst type, and
concentration, and the stirring intensity. The major loss in biodiesel yield was due
to saponification of triglycerides and dissolution of alkyl esters in glycerol phase.
To avoid this saponification of triglycerides in base-catalyzed transesterification
reaction, a two-step reaction was investigated. In the first phase, the triglycerides
were treated with acid catalysts to produce methyl esters of FFAs in the vegetable
oil and in the second phase, the same base-catalyzed reaction was preceded.
However, the utilization of liquid acid catalysts along with base catalysts further
leads to a higher cost of biodiesel production and the process becomes further
complicated because the homogeneous acid catalyst has to be removed prior to
base-catalyzed transesterification.

5.1.3 Biocatalysts for Biodiesel Production

To make biodiesel production process more economical and sustainable, enzyme
lipase was focused on transesterification of vegetable oil for limitations associated
with homogeneous acid and base catalysts. Both extracellular and intracellular
lipases were utilized for methanolysis of vegetable oil. Lipases are more suitable for
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transesterification of waste vegetable oil because they can also work with free fatty
acids. The mechanism of lipase-mediated alcoholysis of triglycerides involves two
steps: in the first step, ester bond is hydrolyzed with the release of an alcohol
moiety. Esterification took place during the second step, esterification of second
substrate takes place (Guo et al. 2015).

Compared with classical homogeneous catalysts, heterogeneous solid catalysts
are used for biodiesel production as it gets separated easily with fewer wastes.
However, the yield of methyl esters is lower compared with commonly utilized
homogeneous catalysts catalyzed with biodiesel production reactions. The deacti-
vation with the passage of time is due to many reasons, like poisoning, leaching,
and coking. Therefore, it is essential for the development of heterogeneous catalysts
with better stability, selectivity, activity at a low temperature and pressure during
the reaction, which is also economical and sustainable (Yang et al. 2015).

5.2 Heterogeneous Solid Acid Catalysts

During transesterification preventing of saponification, waste vegetable oil (high
FFA), the solid waste catalyst is used. They are normally less active at a lower
temperature, and to obtain higher conversion rates, reaction temperature above
170 °C is needed.

5.2.1 Strong Acid Resins

The acid resins are composed of exchangeable H" cations which impart the resins to
become insoluble but highly acidic. They are composed of cross-linked polystyrene
matrix with active sites for esterification as sulfonic acid groups. These resins easily
get ionized not only in acidic but also a salt form of the sulfonic acid group and are
therefore nowadays utilized as strong acid catalysts in a number of reactions in
place of common homogeneous acids like H,SO,.

The conversion rate of the cation exchange resin was not higher compared with
its anion exchange counterparts. The main reason was the efficient adsorption of
alcohol on anion exchange resins which was not achieved for cation exchange
resins.

5.2.2 Heteropoly Acids

Heteropoly acids (HPAs) for the operations of liquid phase esterification reactions
are important solid acids. It is observed that strong Bronsted acidity was exhibited
compared with conventional acid catalysts, like acidic resins and H,SOy. It depends
on three factors, the acidity, the structure of heteropoly anion, and the nature of
reagents used in the reaction, heterogeneous and homogeneous phase.
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5.2.3 Acidic Zeolites

The inorganic solid catalysts are more suitable for biodiesel production than ion
exchange resins. Among these inorganic solid acid catalysts, the zeolite is highly
important as it has been widely used in current chemical industry as it is microp-
orous (<2 nm) material composed of silicon and aluminum linked by oxygen atoms
in crystal framework. When single aluminum (Al; 1) replaces single silicon (Sig ™)
in the framework, oxygen shows negative charge. When one proton contacts this
oxygen, the Bronsted acid site is produced. The acidity, acidic strength, and density
can be controlled by its SiO,/Al,O5;. The advantages of zeolites for catalytic
reactions are the shape and size of pores, acid site strength, and their distribution as
well as surface hydrophobicity, which can be obtained by the synthesis of a variety
of crystal structures and Si/Al ratios with the various exchange levels of proton.
Zeolites with large pores have been used successfully for transesterification of
vegetable oil for large molecular size FFAs. Based on zeolites Y, beta, mordenite,
and ZSM-5, the reaction pathways have been significantly changed due to their
various pore sizes. Zeolites with large pores give significant amounts of bicyclic
reaction products, whereas the medium pore size ZSM-5 gives almost no bicyclic
products. The formation of undesirable by-products also happens because zeolites
catalyzed reactions occur at high temperatures (Zhong et al. 2016) (Fig. 12).

The efficiency of zeolites in transesterification is highly dependent on strength of
acid sites and hydrophobicity along with adsorption characteristics, geometrical
factors, the dimensionality of the channel system, and aluminum content of the

ROH+B <«—*RO" +BH"

RICOO — CH,
RECOO — CH+-OR <+—> RICOO — CH,
CH,