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1.1 Need of drying for agricultural application

According to the Food and Agriculture Organisation (FAO), approximately two third of
the global food production is consumed and rest is wasted. With the global population
expected to reach 10.5 billion by 2050, this waste poses a serious problem. However, this
loss has the potential to supply the food needs of the future if handled and controlled
successfully. In the developing nations, substantial post-harvest losses occur in fruits and
vegetables that have less shelf-life. These losses are primarily attributed to factors that
occur on-farm and between different stages of the distribution process. They include field
losses, farmers' decisions to abandon harvesting due to challenging market conditions,
losses during the farm-to-market transition, lack of storage space, and inadequate
processing capabilities [1]. Prior to the development of canning or freezing, drying was
the primary method for long-term food preservation. The use of drying to preserve grains
became common after the advent of agriculture and a rise in human reliance on cereals [2].
Drying is necessary because agricultural products need a low moisture content during
storage to prevent deterioration, yet a high moisture level after harvesting reduces losses.
Warm temperatures and high moisture levels accelerate insect and mould growth and
product breathing. High-moisture products are more likely to grow fungus and toxic
compounds during storage. Drying of agricultural product's helps in lowering the moisture
content which suppresses yeasts, moulds, and germs growth, and allows the product to be
stored for longer duration. It additionally helps farmers with a higher market value of the
product, early harvest planning, viability of seeds maintenance, and other aspects [3].
Drying food and agricultural products in the open air under the sun is a popular and
inexpensive practise, particularly in tropical regions. There are, however, some limitations
to this approach. It takes a lot of time and effort and requires a huge area. Furthermore,
dust, rain, wind, bugs, and rodents are especially likely to damage the drying process and

reduce its effectiveness. In response to which farmers' incomes fall and their output drops.
[4].

Energy consumption in the industrial sector is typically between 12 and 20%, with the
drying process being one of the most energy-intensive processes. In response to increasing

environmental concerns, it is preferable for all industries to reduce their energy




consumption. There are numerous methods to reduce the energy consumption of dryers [5,
6]. Spray, freeze, vacuum, tray, rotary, fixed bed, fluidized bed drying, and many others
are all examples of conventional food dryers. Excessive drying or under-drying due to
lengthy or inadequate or irregular exposure to the drying platform, poor drying
performance and high operating costs, significant colour alteration, and dependence on
fossil fuel-based energy that emits greenhouse gases are few of the issues with
conventional dryers [7]. Sunlight emits energy of around 3.8x10%® kW, out of which
approximately 1.8x10%* kW is absorbed by the earth. Even transforming 0.1% of the total
of this energy with 10% efficiency would be equivalent to nearly four times the entire
world's electrical power generation of roughly 3 TW [8]. As a result, solar energy is
perhaps the most potential source of clean energy. It is ample in quantity and can be
employed to supply the world's energy demands. Due to increasing demand for energy and
the adverse environmental effects of petroleum and natural gas, industrial applications of
solar energy are more commonly acknowledged than previously as a source of alternative
energy [9]. Solar energy would provide various social, environmental, and economic
benefits, as well as promote sustainable development, job creation, and help keep energy

prices steady [10].

Overall, the importance of solar energy and its application for solar drying cannot be
overstated. The application using solar energy in drying and heating is projected to become

increasingly common in the future as demand for renewable energy sources grows.
1.2 Solar energy resource of India

India receives a lot of sunlight because it is a tropical nation that lies in the sunny belt little
above the equator. For the various regions of the country, the average daily sun radiation
ranges between 4 to 7 kwWh/m?/day as shown in Fig. 1.1. A typical year has 250-300 days
with clear skies. As a result, it receives roughly 5000 trillion kWh from the sun each year.
The annual variation in global radiation is between 1600 and 2200 kW/m? with Rajasthan
and northern Gujarat and parts of Ladakh region receiving the most radiation on an annual
basis and the least in the north-eastern part of India [11-14].




Fig. 1.1: Physical map of solar radiation of India [14]

1.3 Solar drying technology

Solar drying is a method of drying crops, fruits, vegetables, and other agricultural goods
by utilising solar radiation. In rural areas, where there is limited access to electricity or
fossil fuels, solar drying can be an effective and sustainable method for preserving and
processing crops. Solar drying has several advantages over traditional drying methods,
including lower operating costs, reduced dependence on fossil fuels, and improved product
quality. Solar dryers are simple to construct and operate and can be made using locally
available materials. Solar dryers are often made up of a rectangular or tilted surface
covered in a transparent material, like glass or polycarbonate or plastic material, that
enables solar radiation to pass through and warm the drying section. The drying chamber
typically is made of a heat-absorbing material, such as metal or black-painted wood, which
absorbs the heat from the sun and transfers it to the drying products. Different types of
solar dryers can be generically categorised. In general, four main types of solar dryers
(solar dryers, indirect solar dryers, mixed-mode solar dryers, and hybrid) that operates
primarily using a forced or natural air circulation mode are successfully employed to dry
agricultural goods [15,16].




The item that needs to be dry is placed inside an enclosure with a transparent cover in
direct solar dryers. The product and the interior surfaces of the drying chamber absorb
solar energy, generating heat. The item being dried is not exposed directly to the sun's light
in indirect solar dryers. The product is dried using air that are heated in a solar collector.
Solar dryers that use both direct and indirect energy are known as mixed-mode dryers.
Hybrid systems that combine solar energy with various forms of energy are one type of
specialised dryers/drying systems [3]. During controlled drying, it is common to regulate
factors including temperature of air, humidity, rate of drying, moisture content of product,
and external wind speed. The design of solar dryers is quite adaptable due to availability
of wide range of design configurations [17]. New, and more cost-effective solar dryers are
ideal for meeting the drying needs of crops, vegetables, and fruits without sacrificing
quality. Different solar dryer designs have been debated and researched for decades. Solar
dryers are typically designed for certain items and quality requirements. The greenhouse
dryer, indirect dryer, direct (active and passive) dryer, cabinet dryer, tunnel dryer,
chimney dryer, multiple pass dryer, hybrid dryer, solar auxiliary unit hybrid dryer, solar-
thermal storage hybrid dryer, the solar-geothermal hybrid dryer, the solar-heat pump
hybrid dryer, and the solar-chemical heat pump hybrid dryer are all examples of the many

ways in which solar dryers have evolved [18].
1.4 Application of PCMs in solar drying

Despite recent advancements in the field of solar drying technology, one of the primary
drawbacks for solar drying devices is the sporadic and unpredictable character of sunlight,
which necessitates the use of appropriate thermal energy storage (TES) for proper
management of solar thermal device operation by conserving extra energy during peak
times to be utilised later when the strength of sunlight is insufficient. In this context, Phase
change material (PCM) is a promising intermediate solar thermal storage media as it can
store solar power as either the sensible or latent heat within the material, or a combination
of both [19,20]. ° Among different TES techniques, PCM based latent heat storage (LHS)
is considered as an attractive option due to some advantages such as higher energy storage
density and capability to store and release thermal energy at relatively constant
temperature. However, selection of PCM is one of the critical aspects of the success of
PCM based TES. Various criteria such as thermodynamic, kinetic, chemical, and economy

governs the selection of PCM. Depending upon different applications and to determine




which PCM to be used, we look at its melting temperature, enthalpy of fusion, specific

heat, density, and thermal conductivity, among other thermophysical parameters [21-25].

The arrangement of PCM as thermal energy storage medium in solar dryers can be built-
in PCM with solar collector, separate PCM heat exchanger and sometimes integrated
inside the drying chamber [26-28]. There is currently a shortage of commercially
acceptable PCMs for solar drying applications. However, in general, the higher cost of
these materials is a significant disadvantage that limits their efficacy in TES systems. As
a result, using fatty acids (commercial grade) as form stable PCM increases their viabilities
in comparison to their low cost for TES applications. In terms of melting temperature and
latent heat of fusion, the investigated fatty acids lauric acid, myristic acid, palmitic acid,
stearic acid, and acetamide are potential, abundant, and commercial materials for heat
storage in TES systems [29]. The condition for successful solar drying is the ability to
maintaining drying temperature range of 40°C to 60°C that is found to be sufficient for
most of the food products to retain their flavour, aroma, texture, and nutrition values.
Therefore, the minimum melting temperature of the PCM should be 5-10 °C higher than
the desired temperature of the heat transfer fluid (HTF). A decent solar dryer design must
ensure that the drying air maintains a constant temperature of 10-25 °C above the ambient
temperature. This is required to prevent the dried object from reabsorbing moisture
throughout the night, when the air temperature drops, and humidity rises due to a lack of
solar radiation [30]. The storage of solar thermal energy using PCM in solar drying is
found to be beneficial in reducing heat losses, improving system heat conductivity and
reduces the time between energy supply and energy demand, thereby playing an important
role in energy conservation and improves the solar drying energy systems. Using PCM in
solar dryers improves system reliability and also ensures continuous drying of agricultural
products even after sunlight hours and improve the thermal efficiency of the drying system.
PCM ensures that products are dried faster, and the products are of higher quality in terms

of texture, colour, and nutritional value [28, 31].

The use of PCM resulted in a 6.25-21.87% reduction in the drying time of tomato slices.
For the final stages of the drying process, the drying rate of the slices increased. Higher
thermal efficiency (40.20%) and overall drying efficiency (25.72%) were obtained at
certain placements (d) of PCM at the collector due to the amount of stored thermal energy
and shorter drying time. Specific energy consumption for drying tomato slices with PCM
was reduced by 7.29-18.97% when compared to drying without PCM [32].




In general, PCMs have significant potential to increase efficiency in energy use and
decrease GHG emissions across a wide range of sectors. Overall, PCMs have great
potential in improving energy efficiency and reducing greenhouse gas (GHG) emissions
in various industries. The potential of PCM integrated solar collectors to increase the
energy efficiency of solar thermal systems has garnered a lot of interest lately. Integrating
PCM into solar collectors can help to reduce heat loss and boost TES capacity due to the
material's ability to store substantial amounts of thermal energy during phase transition
processes.

1.5 Importance of sustainable technology in agricultural product processing

Currently, 7-8% of global GHG emissions come from the agri-food industry's usage of
fossil fuel inputs (with agricultural methane and nitrous oxide emissions making up nearly
double this proportion). Many processing plants use more than half as much energy as they
need to because of inadequate energy efficiency measures, antiquated technology, and a
lack of understanding. This is an excellent opportunity to cut back on energy consumption
and production of GHG [33]. Large amounts of energy are often needed in the processing
of agricultural products for purposes like drying, heating, chilling, and running machinery.
Using renewable energy sources, we may create environmentally friendly alternatives to
conventional farming methods. Investors should be current on all technological
developments. Using renewable energy sources in farming and feeding the world can lead
to cost savings, efficiency gains, and government subsidies [34]. The typical food drying
process consumes a lot of high-quality energy, which can be saved by adopting solar food
drying techniques, which reduces greenhouse gas emissions in the atmosphere. The widely
utilised open sun-drying process produces low-quality dried products and some food
product loss owing to a variety of environmental variables, which can be reduced by using

solar dryers for food drying [35].

Use of renewable energy sources for process heating is increasing due to concern for
environmental sustainability. Commercial solar dryers are such an example resulted by
intensive research and development efforts in the areas of solar thermal applications. There
are also successful research efforts on solar drying of agricultural products. Drying of
agricultural produces helps in increasing the shelf life, reduction of post-harvest loss and
valorisation of agricultural products to create scope for farm-based entrepreneurship. There

are several advancements in agricultural solar dryers including application of thermal




energy management. Promising features of phase change materials (PCM) based solar
dryer including additional gain of heat are conclusively evidenced through earlier research.
Use of PCM for solar thermal energy management has been relatively a new but promising
concept. However, it requires further attention as evidenced by limited availability of PCM

integrated solar dryer.
1.6 Motivation and gap of research

Despite the growing interest in PCM integrated solar collectors, there are research gaps
that needs to be addressed. The research area left for further investigations may include

the following.
(a) PCM selection and optimization

PCMs are versatile materials that can be utilised to improve energy efficiency, reduce
emission of greenhouse gases, and boost the performance of various solar
technologies. However, there has been limited research conducted on the use of various
types of PCM in solar drying application. Most of the previous studies used only
paraffin wax serving as PCM due to its advantageous properties. There are a variety
of PCMs available, each with distinct properties that influence their suitability for use
in solar dryers. To optimise the performance of solar dryers, it is crucial to identify

several numbers of PCMs that are suitable for use in solar collectors/dryers.
(b) Long-term stability and compatibility

The inadequate information on PCM’s long-term thermal stability, may lead to
selection of PCM that degrade and lose TES capacity, and reduces solar collector
efficiency. Because of discrepancies between published data on PCM thermophysical
properties and actual chemical properties, characterising PCM for thermal stability is
crucial during the selection process of PCM. The best metal container for integration
with the solar dryer/collectors must be tested for PCM compatibility through corrosion
tests as corrosive metal may lead to shorter lifetime of PCM based solar collectors.
Thus, more investigation is required to evaluate the reliability and compatibility of
PCM for solar collectors in real-world operating conditions to explore the
comprehensive information about the potential PCM candidates for use in solar

collectors/dryers.




(c) System integration and design

PCM integrated solar collectors require specialized design considerations to maximize
their performance. More research is needed to develop optimal system designs that
integrate PCM materials into solar collectors in the most efficient and effective way.
PCM integrated solar dryers require specialized design considerations to maximize
their performance. Many researchers have investigated the design, development, and
performance of many types of solar air heater (SAH); however, further research is
required for precise design of SAHs with integrated PCM based on variables such as
standard absorber area, desirable mass flow rate of air, and preferred PCM sizing to
design highly efficient solar collector/dryer.

(d) Techno economic and environmental performance

The solar dryer or collector systems based on PCM need to be energy and exergy
efficient. The design should be economical for the specific purpose and the material
used should be environment friendly. The energy analysis is essential to study system
efficiency since it is important for evaluating the real behaviour of system containing
varying energy losses and internal irreversible effects. Exergy analysis is a highly
significant tool for determining the best configuration of solar dryers for efficient
utilisation of solar energy. The exergy study has been very important to overcome or
bypass many design and operational failures. The economic and environmental study
of solar dryer also remains important aspects to develop techno- economically efficient

PCM based solar dryers.
1.7 Objectives of research

Following objectives are set based on the need for comprehensive understanding of PCM

integrated solar dryer for agricultural product.

1. PCM for solar drying application: Selection and assessment for thermal stability
and compatibility.

2. Design, development, and performance analysis of PCM integrated solar air heater
(SAH).

3. Performance study of phase change material solar dryer (PCMSD): Energy, exergy,

economic and environmental analysis.




1.8 Organization of the Thesis
The text of the thesis is organized as below.
Chapter 1: Introduction

This Chapter highlights general introduction of the need of solar drying for agricultural
application, solar energy resource of India, solar drying technology, application of PCMs
in solar drying, importance of sustainable technology in agricultural product processing,

significance and motivation of the research and objectives of the research.
Chapter 2: Literature review

This Chapter includes literatures on the relevant aspects of the current research work viz.,
Characterization of PCM and its importance for selection vis-a-vis applications,
arrangement for integration of PCMs in solar heating applications, thermal stability: A
critical parameter for selection of PCMs, compatibility of PCMs with construction material
of storage device, applications of PCMs in solar air heaters and solar dryer, application of
modelling and simulation software for SAH design and economic and environmental
analysis solar dryer are presented.

Chapter 3: PCMs for solar drying application: Selection and assessment for thermal
stability and corrosivity

The study in the Chapter includes identification and selection of PCM through multi
attribute decision matrix, long-term thermal stability of the selected PCMs investigated
using thermogravimetry analysis (TGA) and differential scanning calorimeter (DSC)
techniques, compatibility of the selected PCMs with the container material or the metal
specimens were studied by corrosion test, microscopic imaging, and surface roughness

profiling.
Chapter 4: Design, development, and performance analysis of PCMSAH

This Chapter includes study to estimate the design (length of absorber, PCM sizing) and
operational parameters (air mass flow rate) for design of PCMSAH, parametric
investigation based on the energy analysis, PCM properties, shape of the proposed SAH,
and climatic conditions of the testing location. Development of the SAH system and
comparison of the performance between SAH with and without PCM. It also includes
uncertainty analysis for thermal efficiency of PCMSAH.




Chapter 5: Energy, exergy, economic and environmental analysis of the PCMSD

This Chapter involves the study of the developed PCMSAH from the previous chapter by
integrating a drying chamber in detail. The study involves performance of developed phase
change material solar dryer (PCMSD) by executing tomato drying experiments with three
different PCMs. The detailed study on drying characteristics of tomato is presented.
PCMSD collector and drying section energy and exergy analyses are presented. To
determine whether the PCMSD is economically and environmentally feasible for
technology transfer to end users like farmers and other beneficiaries, an annualized cost
method and payback time economic analysis and an embodied energy, annual CO:

mitigation, and carbon credit environmental analysis are performed.
Chapter 6: Summary and conclusions

This chapter provides a basic summary of the overall findings and conclusions, including
new directions that have developed from this work to address in future work. These new

directions are addressed in this chapter.

Following the appendix and the list of publications comes at the end of conclusion of the
Thesis.
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1.9 Graphical representation of the Thesis
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