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ABSTRACT

Tea is one of the principal and cheap soft drinks in the world. India is the
second largest producer of tea, manufacturing about 1137 million kg of made tea
(next to China with 1761 million kg annual production). India exports about 236
million kg tea with annual revenue of about $480 million (as per the statistics of the
year 2012) from tea processing industry. Tea industry is about 200 years old and has
about 0.58 million hectares of tea cropped land providing direct employment to about
one million people. About half of the Indian tea production is contributed by the tea
industries situated in Assam (a northeastern state of India). Black tea, which is a

specially processed made tea, dominates Assam’s tea production.

Cost of tea processing has bearing influence on economy of tea production.
Black tea processing con'sists of series of standard unit operations. They are withering
(partial removal of moisture), rolling (size reduction), fermentation (biochemical
reaction in presence of oxygen), drying, and sorting (fiber removal and grading).
Energy is one major cost contributor in tea processing. About (90 to 95) % of total
thermal energy is required in the form of hot air for tea drying. Traditionally, tea
drying oil, natural gas, and coal are used as sources of thermal energy for tea
processing in the factories located in Assam with some variation in specific energy
consumption amongst the processing units. For example, about 24, 28 and 44 MJ of
specific thermal energy were reported to be consumed by oil fired, gas fired and coal

fired tea dryer, respectively for each kg of made tea processing.

There have been some issues concerning the uses of these conventional energy
resources in tea processing such as, ever increasing cost of conventional fuel and
adverse environmental impact. For example, the volatile prices of fossil fuel have
badly affected the economy of Assam tea. Further, fossil fuel based tea processing
industries in India has reported to emit about 3252 million kg greenhouse gas
annually. Considering these issues, an alternative system of energy is essentially

required for tea processing.

There have been several attempts to search for alternative energy sources

comprising of cleaner new and renewable energy for different industrial applications.

- ]
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ABSTRACT

There are many successful examples of renewable energy adaption both in thermal
and electrical modes in industries. However, success of the application of renewable
energy depends upon several local factors, primarily due to spatially and temporally
varying availability and varying characteristics of the resources. Further, there are
many renewable energy conversion technologies and the success of these technologies

depends on appropriate research and development intervention.

Keeping in view of the above, the present research work has been directed to
explore renewable energy resources and technological feasibility for substitution of
conventional fuel in tea processing in Assam. Biomass gasification and solar thermal
are two prominent renewable energy technologies. However, both of these sources
have individual limitations with reference to uncertainty of spatial and temporal
availability as per demand. Therefore, a hybrid mode of application for tea processing
may be feasible, provided soundness of technologies is assured. The present
investigation has focused to examine the usability of the said two renewable energy
sources in three stages viz., (1) Characterization of some locally available biomass
species, generation of appropriate mode of thermal energy through gasification, and
tea drying experimentation and modelling with producer gas combustion product
mixed with air as drying medium (2) technology for harnessing adequate quantity of
solar thermal energy for tea processing and finally, (3) prospect of hybridization of

gasification and solar thermal energy for fulfilling the need of tea processing.

Ten specific type of locally available biomass samples [Bambusa tulda,
Delonix regia, Azadirachta indica, Ficus lepidosa, Dalbergia sissoo, Psidium
guajava, Samanea saman, Camellia sinensis, Moringa oleifera and Polyalthia
longifoli], were considered for proximate, ultimate analysis and determination of
calorific values. Further, experiments were conducted using a 30 kWerma (maximum
output) biomass gasifier with selected species (Camellia sinensis, uprooted shrubs) of
biomass to see technical feasibility and its performance to utilize as fuel for tea drying

in a laboratory scale drying unit.
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ABSTRACT

Laboratory scale tea drying experiments were also conducted in an attempt to
investigate the comparative drying kinetics based on producer gas fueled drying and
that of conventional mode of drying. An appropriate producer gas premixed burner
was developed by modifying and existing 5 kW diffusion type gas burner. In the
series of experiments, thin layer drying kinetics of fermented tea (Camellia sinensis)
was investigated at both varying air temperatures (80, 90,100, and 110) °C and
varying flow rates [0.50, 0.65, and 0.75) m s™'] of drying fluid using a producer gas
burner laboratory scale tea dryer. The black tea drying data could be fitted to five
different semi-theoretical models [viz., (1) Lewis, (2) Page, (3) Modified Page, (4)
Henderson and Pabis and (5) Two Terms] to identify best-fit model. The best-fit
model was further used to estimate activation energy required for tea drying while
using producer gas as a fuel. During black tea drying experiment, rate of consumption
of producer gas and fermented tea moisture loss were also recorded continuously to
estimate specific energy consumption of the dryer.

In order to explore the prospect of another renewable energy
source/technology, an attempt was made to design a suitable solar air heater for
supplementing thermal energy for tea processing. The performance of a solar air
heater mostly depends on surface geometry of absorber plate. Therefore, two types of
surface geometries (viz., hemispherical, and smooth absorber) were examined and the
best configuration was identified based on thermo hydraulic efficiency of
hemispherical protruded absorber. The performance test result of the solar air heater
with the best absorber plate configuration was further used to examine its usefulness
to substitute thermatl energy required for tea processing.

Finally, the possible hybridization of producer gas and solar hot air systems
was analyzed by mixing solar hot air with producer gas combustion products. This
was investigated based on the data assessed from laboratory scale experiments with a
view to examine overall performance of the hybrid renewable energy system.

The analysis of the biomass characteristics data indicated the prospect of using
all the ten biomass samples through gasification routes for generation of thermal

energy although they exhibit some varying degree of fuel characteristics. Based on
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ABSTRACT

their highest calorific value characteristics, Camellia sinensis (18.400 MIJ kg,
Psidium guqgjava (18.403 MJ kg") and Bambusa tulda (18.401 MJ kg™*) were selected

for further testing on gasification system for tea drying experiments.

For each atom of C, the variation of H atoms ranged between 1.866
(Delonix regia) and 1.580 (Ficus lepidosa). Such variation for N was Azadirachta
indica (0.051) to Camellia sinensis (0.03). The variation of O atom was 0.698 (Ficus
lepidosa) and 0.599 (Bambusa tulda). These results of fuel characteristics were
useful to understand the behaviour of the fuels for gasification. While fueling the
experimental downdraft gasifier using Camellia sinensis, output producer gas could
be obtained with 4.5 MJ Nm> calorific values (measured using a Junker gas
calorimeter). Further, the composition of producer gas with Camellia sinensis was
analyzed and it was found in line with characteristics of the input fuel. Since all three
fuels have almost similar calorific value, therefore, thermally all could be considered
as suitable fuel for gasification. Therefore, use of these fuels as mixture may be

recommended.

The suitability of producer gas (obtained from the mixture of Camellia
sinensis, Psidium guajava and Bambusa tulda) for tea drying was ascertained from
the drying experiments. Thin layer experimental studies of fermented tea with
producer gas as a fuel gave the modified Page model [with drying rate constant (k =
25.91x10 s') and exponent (n = 1) at 100 °C) as the best-fit model. In general, both
the temperatures of drying media and its flow velocities influenced to drying rate
constant (k) and exponent (»n). Further, the modeled data was used to compute the
diffusivity constant (D, = 0.746 x 10~ m? s) and activation energy (E, = 52.104 kJ
mol™"). Specific energy consumption of producer gas fired tea drying has been
estimated as 10.20 MJ kg™ of water removed.

As mentioned earlier, the feasibility of using solar thermal energy for tea
processing was examined through an optimally designed low cost flat plate solar air
heater at solar radiation (790 W m™). The size of the hemispherical protruded plate

solar air heater single duct was 2400 mm * 375 mm X 37.5 mm. Thermal efficiency of




ABSTRACT

roughened solar air heater was found to be a strong function of air mass flow rate.

Mass flow rate of air (0.028 kg m™ s from one duct) and with the surface roughness

geometry (hemispherical protruded) of dimensionless relative roughness height -le; =

0.035, relative roughness pitch S = 12 and around Reynolds number 12000, the best

thermo-hydraulic efficiency (74%) was recorded.

Experiment was conducted with above configuration solar air heater and up to
65 °C outlet air temperature was achieved in summer at Tezpur University campus.
Analytical studies based one experimental results showed that minimum contribution
of solar energy was 12.9% at (9.00- 9.40) a.m., while maximum contribution was
27.23% at (12.00 -12.40) p.m in solar biomass hybrid mode. By using five 1.65 m?
improved solar air heater, average 20% saving in biomass energy was possible.

Finally, based on the results of (i) gasification cum tea drying experiments and
(ii) performance results of solar air heater for the test location, a techno-economic
analysis was done to examine the prospect of hybrid mode of renewable energy use
for tea drying. It was estimated that for a 0.99 M kg made tea factory, 28% of tea
drying thermal load may be covered by plantation of 22.5 ha Bambusa tulda, through
biomass gasification in a 454 kW downdraft gasifier. It has been perceived that if 400
m? of tea factory galvanized roof were converted by using black painting, plywood
insulation and tempered glass enclosure to convert into solar air heater then average
20 % of biomass energy may be saved. The annual carbon-dioxide reduction 2189 t is
achievable. The payback period of the hybrid renewable thermal energy based system
is less than fifteen months and benefit to cost ratio is 1:1.

There is potential benefit for application of biomass gasification and solar air
preheating technology in tea manufacturing industries in Assam. However, proper
government policy is required for long-term fast growing biomass plantation and its
assured supply at regulated prices. Factory roof integrated efficient solar air heaters
may effectively trap solar thermal energy. It is concluded that biomass gasification
and solar air heater combined renewable energy technology is feasible for partial

thermal energy substitution in tea manufacturing industries in Assam, India.
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Introduction

1.1 Importance of tea

Tea is one of the principal and cheap soft drink in the world. Per capita tea
consumption in the world (0.3 kg y', in 2009) is steadily increasing with
augmentation of prgduction in recent years. India is largest producer of tea
manufacturing about 1137 M kg next to China (1761 M kg). India exported about 236
M kg teas for revenue of about $ 480 million in the year 2012. About 20% (of total
tea production is exported rest 80% is used for domestic consumption. Indian tea
industry is about 200 years old and it has 579350 hectares total tea cropped area. Tea
plantation area covered by small grower is about 163326 ha (up to 10.12 ha) and area
under big grower is about 416024 ha (above 10.12 ha). Present average productivity
of made tea is about 2000 kg ha" in India. About 50 % of Indian tea production is
from tea estate situated in Assam. Therefore, tea processing is one of the traditional
plantation based beverage industries in India providing direct and indirect
employment to one million workforces. Tea crops provide the highest employment
per unit arable area. It génerates largest employment to the men and women of weaker
section of the society. Tea industries generate indirect employment for tea- machinery
development sector, agricultural chemicals, warehouse facilities, road transport, etc.
These are in addition to the direct employment generation in tea production and
processing sector. Moreover, tea industry is supporting machinery-manufacturing
industries for supply and maintenance of tea processing machines. It also supports
fertilizer and manure production chemical industries for tea cultivation practices.
Thus, growth and development of tea industry is essential to ensure these economic
benefits. Improved tea processing machinery development, adoption of energy
efficiency and conservation practices, intervention of renewable energy for tea
processing, etc., are the future need for sustainable development of this important
agro based industrial sector in India. Tea plays a key role in Indian economy and

society (1, 2].

It has been reported that tea productivity has increased by 60 % in last two

decades. However, internal consumption of tea has increased 7% annually. To
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maintain India’s lead in tea export and upward foreign exchange earnings, stress on
tea productivity coupled with stress on better quality and reduced production cost are
essential. Employment of improved and innovative tea processing machinery,
efficient and economic energy system are some of the key factors to be targeted to
achieve such a goal [3]. Since tea manufacturing is highly energy intensive chemical
engineering unit operation, therefore a brief description of black tea processing has

been discussed below.
1.2 Black tea processing

Black tea processing consists of five unit operations namely withering (partial
removal of moisture), rolling (size reduction), fermentation (biochemical reaction in
presence of oxygen), drying and sorting (fiber removal and grading). Thermal energy
is required in the form of hot air for withering and drying operations. Out of these two
energy requirements, drying shares the major fraction of total thermal energy while
withering requires very small amount thermal energy (5-10) % for black tea
processing [4, 5]. The main sources of thermal energy in Indian tea industries are
natural gas, coal, tea drying oil, and fuel wood. Woody biomass is more prominently
used in South Indian tea industries. Assam and Northeast India tea industries use other
three non-renewable thermal energy sources for black tea manufacturing. Specifically,
the Southeast Assam tea industries significantly use natural gas and tea drying oil
whereas Northern Assam tea industries use coal for tea drying energy requirement.
The principal unit operations with a special reference to thermal energy consumption

have been discussed below.
1.2.1 Withering

A standard tea shoot is consisted of two leaves and a terminal bud with (74-
77) % moisture (dry surface) and (23-26) % solid matter. About half the solid matter
is insoluble in water and it is made up of crude fiber, cellulose, proteins, fat, etc. Fresh
tea after plucking is spread in thin layers to dry (withering) it partially for (12-20)
hours. During first (4-8) hours, moisture loss is quite rapid and then it slows down for

next (10-12) hours until the equilibrium is reached. Green leaf is loaded over the
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trough at the rate of (25-30) kg m’* area up to 20 cm depth. About 2000 tonne of air is
required to process one tonne of made tea and 75% of this air is required during
withering. It has been reported that dryer exhaust air may be very efficiently used for
withering green leaf in very dry weather.

Optimal withering air temperature and humidity are two important factors to
determine quality of made tea and thermal energy requirement for this unit operation.
Normally best quality tea is obtained for withering air temperature near to 27 °C with
a dry bulb and wet bulb temperature difference 3 °C, at withering trough. As the air
has passed through the exhaust, the hygrometric temperature difference should not be
below 1.6 °C. Thermal energy is wasted rapidly if hygrometric temperature difference
is more than 2.2 °C, at exhaust stream. The wet bulb temperature raises approximately
0.55 °C for (1.65 — 2.2) °C increase in dry bulb temperatures [5]. Moisture is usually
reduced to (68-60) % particularly in tea factory situated in Assam. Normally, the tea
manufacturing peak time ranges from May to November over the year. From May to
September, the climate of Assam is hot and humid. Daytime room temperature is well
_ above 27 °C and therefore addition of extra heat to withering air is not recommended
for quality purpose. During rainy or winter season, additional thermal energy is
required for withering purposes. Separate tea drying oil burners are used in certain tea
factories for withering. Therefore, withering thermal energy requirement is met from

varied sources as per availability and ease of operation [5].

During physical wither; there is a change in cell permeability by losing
moisture. Bio-chemicals changes occur inside leaf during chemical wither. It is
achieved by blowing air sporadically or incessantly at low flow rate to keep leaf cool
with loss of moisture for 4-18 hours [6]. However, chemical wither is necessary for
producing full and round liquors. The duration could be reduced to 6-8 hours by
holding leaf at 30 and 37 °C temperature and airflow rate of 0.01 m® s [7].
Immediately after plucking, the fresh leaf starts to lose water vapour. The stomata of
the lower leaf surface begin to close [8-9]. The maximum initial drying rate is 0.075

kg kg'1 (water per kilogram of green leaf per hour) {10].
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1.2.2 Fermentation

During fermentation process, the most important quality property of tea is
produced. This process is carried out simply by laying the dhool” (3.75 — 7.00) cm
thickness at an average air temperature of 27 °C. On an average, fermentation takes
(2.75 - 3.50) hours for completion at a temperature of 26.7 °C. A rapid fermentation at
higher temperature suits certain tea; a longer fermentation at a lower temperature
might suitable for other variety. By shortening or lengthening the period of
fermentation, the degree of colour and quality may be varied. The compounds
responsible for tea quality, such as theaflavins (TFs) and thearubigins were found to

augment with fermentation time [11].
1.2.3 Drying

The principal objectives of drying are to arrest the fermentation process to
have desired properties and to obtain a stable finished product for preservation and
marketing. Normally hot air generated by furnace and heat exchanger or flue gas
mixed with air is used as drying medium. Multi-stage tea drying process uses different
drying medium temperature range in identified zones of dryer for fuel economy and
quality. In general, two types of tea dryer are used in black tea manufacturing. They
are endless chain pressure and vibrated fluidized bed types tea dryer. The
understanding on the working of tea dryer is essential in relation to the present work.

Therefore, both the types of dryers are briefly highlighted below.
Endless chain pressure type dryer

Conventional tea dryer is an endless chain pressure (ECP) type. This dryer is
normally double firing type and used traditionally in Northeast India tea factory for
better quality. Normal range of drying air temperature is (82-99) °C with an exhaust
temperature of (49-54) °C to stop stewing and case hardening of dhool. Exhaust air
temperature 52 °C is ideal for both economy and quality of black tea produced. For
double firing, initial temperature may be (93.3 — 104) °C whereas a temperature of (77

* Fermented tea undergoing drying is called dhool )
e ————
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— 82.2) °C is suitable for CTC' and (71-77) °C for orthodox (special type of tea) tea in
second drying depending on the moisture of first drying per batch drying. Average
drying time in endless chain pressure type varies from (30-40) minutes. Though ECP
dryer ensures better quality, to achieve better thermal efficiency and associated higher
production rate there has been a shift towérds vibrated fluidized bed dryer for
processing of bléck tea after 1990 (Fig.1.3).

Vibrated fluidized bed dryer

These dryers may have three or five zones in mixed flow or cross flow mode
in addition to a cooling section. When a fluid flows upwards through a bed of granular
particles, the pressure drop is initially proportional to the rate of flow. At a certain
increased air velocity, the frictional drag of the particles become equivalent to the
perceptible weight and bed begins to expand. This stage is known as onset of
fluidization or incipient fluidization. Further boost in velocity causes the individual
particles to separate from one another and float on stream of air. At this stage, the
system is said as a fluidized bed. Good thermal contact between the tea particles and
drying medium results in improve fuel performance. Particle to particle attrition in a
fluidized bed medium is minimized because its own fluid cushion bound each
particle. This gives rise to blacker tea with better appearance and bloom as quality
parameters. Plug flow fluidization is very much necessary for optimal energy
consumption of black tea drying. Particles look like a boiling liquid in plug flow
fluidized bed condition. The upper surface of the bed remains horizontal. The solids

rapidly mix that lead to near isothermal condition in each zone of the bed.

The fermented leaf is loaded in grid plate of drying chamber. The top of the
drying chamber is totally enclosed and two sets of centrifugal fans are provide with
cyclones; one for re-firing and other is for dust collection operations. Plenum is
situated beneath the bedplate where the air pressure is equalized as per requirements.
Damper controls the direction of hot air entering into the bedplate. It has dual

purposes namely direction of damper determines the residence time of tea particles as

T Curl tear and crush
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well as evacuates the dryer completely at completion of drying. The fermented leaf
enters into the drying chamber with a very high moisture contents. It is reduced
rapidly by admitting maximum volume of hot air for swift evaporation of moisture.
The rapid loss of moisture causes increase in bulk density of fermented tea. Therefore,
the material tends to move away from the feed end because it is displaced by

incoming fresh fermented tea containing high moisture.

In addition to the understanding of tea dryers, the major factors influencing the

tea drying process need also a brief discussion as below.
Factors affecting tea-drying process

The factors affecting tea drying process are, inlet air temperature, volume of
air, fermented tea feeding rate into the dryer, drying time and outlet humid air
temperature from dryer. Tea drying is normally carried out at a temperature range of
(90 -140) °C depending on various factors to reduce withered tea average moisture
from 67 % to (2.5-3) %. Normally, (1.5-2.5) kg moisture is removed against each
kilogram of made tea in drying. When the fermented leaf enters into the drying
chamber, it has very high moisture content (58-72) %. It is rapidly reduced in the first
drying zone of the dryer. In the first drying zone, maximum air volume and high
temperature is introduced. As a result, the material density is decreased and it tends to
move away from the feed end towards exit of the dryer. Moreover, it is displaced by
fresh material containing high moisture contents. As the material is fully dried, it is
expelled into a cooling chamber at ambient temperature. Cooling of tea undergoing
drying is essential for stopping case hardening as well as over drying. If only quality
aspect is considered, then endless-chain pressure type dryer for tea drying is

preferable over fluidized bed tea drying.
1.3 Thermal energy utilization for black tea drying

Black tea drying is a highly energy intensive unit operation in tea
manufacturing process. Different literature pertaining to tea drying energy

consumption, drying efficiency, and energy conservation works is available both
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international and national level. Importance of thermal energy management in tea
drying had been highlighted almost all the major tea processing regions including
China [12], India [13, 14, 16], Japan [15] and Africa [17]. Coal and biomass are the
predominant sources of thermal energy for tea processing in China. The studies
indicated the requirement of appropriate management practices including introduction
of improved drying machinery, utilization of waste heat, planning of unit operation,
etc. for tea processing in order to conserve thermal energy. This would reduce unit

cost of production.

Similarly, black tea manufacturing industries situated in Assam (India) had
been reported to have variation in specific thermal energy consumption for different
types of fuel. The minimum rate of energy consumption was 23.88 MJ kg of made
tea in oil-fired burners, 43.72 MJ kg for coal-fired furnace and, 27.49 MIJ kg for
gas-fired bumer [13]. Energy efficiency improvement in air heater of a tea-
manufacturing unit revealed that dryers were operating at very low efficiency due
age-old design and improper selection of materials. Appropriate excess air control
techniques might conserve 38 % of thermal energy in coal or biomass fired furnace
with little or no investment. Therefore, optimal selection and discharge control of
induced draft and forced draft fan was key factor for consideration. Moreover, furnace
cum cast iron air heater (Fig.1.1) might be replaced with steam boiler for hot air

generation [14].

Development of a primary drying tea roller with heat recovery devices in order
to save energy in the primary drying process in tea manufacturing had been reported
in Japan. The energy saving devices adopted were a heat exchanger that recovered
heat from the furnace exhaust gas, heat pipes that recovered heat from the dryer
exhaust air and a circulation path for the dryer exhaust air. The heat flow and energy
saving effect of these devices used singly or in combination were calculated and
discussed. A saving of between 12 and 29 % of the fuel consumption in the primary

drying process was achieved with this waste-heat recovery device [15].
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Fig.1.2 A Natural gas fired furnace for black tea manufacturing
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The energy and economic issues related to the drying of tealeaves, with focus
on the "zero physical wither system" being implemented in some areas in Africa,

specifically in Kenya had been reported [17].

Sri Lanka also produces tea and importance of electrical and thermal energy
management in tea drying is realized in that country [18]. Conservation of thermal
energy required in tea processing and search for a new and sustainable sources of

energy seem to be universal requirements.

It has been observed that almost all tea-manufacturing industries in India have
been using tradition fuel (Natural gas, Coal, Tea drying oil, and Wood) for tea drying
process. It is evident that except wood, other three thermal energy resources are fossil
origin based. Moreover, wood is burnt conventional fixed bed biomass fired furnace
to heat air. Studies shows that conventional fixed bed coal fired furnace and air
heaters have been operating at a very low overall efficiency in most of the tea
factories excluding a prominent part of upper Assam (Eastern part), India for long
time. The reasons behind very low efficiency are, age old design of furnace and air
heater, inconsistent quality of coal (low calorific value), inherently low heat transfer
coefficient from flue gas to-air in cast iron shell and tube heat exchanger. Moreover,
with increase in coal prices in international market, as well as operation of low energy
efficient fixed coal fired furnace (Fig.1.1), the cost of production of black tea is
augmented. Secondly, even though a natural gas burner (Fig.1.2) for tea drying is
energy efficient, yet natural gas is not available to most of the tea factories in Assam,
India. Natural gas being a fossil origin fuel, it is non-renewable in nature. Therefore,
for economy and sustainability for tea manufacturing urgently need to use certain
amount of green energy like biomass gasification derived producer gas, solar thermal
energy for tea drying in place of inefficient fixed bed coal fired furnace and air heater.
The details of biomass gasification, solar air heating technology and the nature of hot

fluid used to dry tea and the related drying kinesics will be discussed later.
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1.4 Black tea drying performance

The drying experiments were reported at three different inlet air temperatures
of 100, 115 and 130 °C and fluidization condition at five vibration intensity levels of
0 (no vibration), 0.063, 0.189, 0.395 and 1.184 respectively. The results showed that
bed channeling and de-fluidization problems were declined in vibration condition.
The vibration system decreased the requirement of minimum fluidization velocity of
tea particles and this velocity reduced by increasing the vibration intensity. In the
experiments, the maximum evaporation rate (13x10° kg m?s"') was experimented at
the vibration intensity of 1.184 and inlet air temperature of 130 °C. In addition, the
minimum specific energy consumption (4955 kJ kg") was observed at 1.184 vibration
intensity and inlet air temperature 100 °C. Based on lower minimum fluidization
velocity and specific energy consumption, the vibration intensity of 1.184 and inlet air

temperature of 100 °C were recommended for drying black tea particles [19].

Fig.1.3 A vibrated fluidized bed dryer
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The characteristics; performance, availability, and cost analysis of wedge wire
as an ideal dryer bedplate material in tea industry has been reported. This material
was recommended for its short drying times, found incredibly economical and
expected for a very long life. In another study reported factors influencing the
effectiveness and efficiency of fluidized b_ed dryers for tea and gave the optimum

design parameters for the three drying stages [20, 21].

Different aspects of black tea drying under Northeast Indian tea factories such
as drying medium temperature, types of dryer and drying time have been reported. Six
dust collection systems for tea dried in a vibrating fluidized bed dryer and
observations regarding their influence on tea quality was reported [22, 23]. Another
study observed that the rate of drying of tealeaves during the primary drying process
is related to the temperature and humidity of the drying air, the air and tea ratio, the
number of revolutions of the main shaft of the dryer and the physical characteristics of
the tea. In the initial stage, the tealeaves were dried at a constant rate agreeing with
the wet bulb temperature of the air. However, in the later stages, the rate of drying
tended to decrease as the surface area of the leaves changed, but overall the rate could
be considered constant. A model based on drying at a constant rate agreed well with
the experimental results. Experimental results meshed with calculated values for
drying rate, the conditions of exhaust air, and drying efficiency. It assumed adiabatic
heating and total mixing of air inside the dryer. A study on recirculation of humid
exhaust air indicated that this could increase thermal efficiency without greatly
affecting the quality of the tea [24]. A tea dryer house in which the roof space was
incorporated to form an integrated exhaust system was reported. This offered the
advantage of improved dust extraction and negligible discharge of saleable products.
The exhaust system had no moving parts, there was no obstruction to the passage of
the exhaust to the open air and a chamber formed by the roof of the building, and a
platform over the loading end of the dryer allowed all exhaust air to develop gently
and mix thoroughly [25]. Fuel burning efficiency in wood-fired furnace and heat
losses with respect to improved tea dryer efficiency and performance had been

reported [26]. A rotary dryer made from an unserviceable concrete mixer mounted on
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an iron frame over a brick fireplace was proposed. The dryer produced good quality
tea more cheaply than that of hand proccssing one [27]. Another study was observed
in Switzerland on a brief report of the work done by three dryers. These dryers were
installed by the Department of Agriculture in different parts of Switzerland in 1941.
Performance results of these three dryers were considered as exclusively satisfactory.
The material dried included grass, cereals, vegetables, and tea. The dried grass was of

a good, green colour and high quality as reported [28].

L5 Tea drying Kinetics studies

A study on modelling and simulation of fluidized bed tea drying was reported
for both batch and continuous process. It was observed that for thin layer drying of
tea, constant rate drying period did not exist. However, a constant rate-drying period
may exist for batch fluid bed tea-drying experiments. Constant rate period exist if
there is more saturated air per unit mass of tea particles. Therefore, constant rate
period is not the property of tea drying, but of saturated air [29]. The heat and mass
ransfer theory of tea drying had been reported with development of one leaf
temperature moisture content model to describe the drying process of rolled tealeaves.
The average difference between the predicted and experimental moisture contents of
output leaves was 2.43% (w.b.) for rolled tealeaves in the primary drying process
under various conditions. Leaf layer thickness: (3-4) cm, hot air temperature: (91-116)
°C, rotary speed: (2.0-5.1) rev min") respectively had been considered [30]. At
constant temperature drying conditions, the moisture diffusion coefficient of tea
leaves and stems (Yabukita variety, second cut) had increased from (1.24 x 10” and
2.07 x 10%) to (1.14x10% and 1.17 x 107 m? h'"). The drying constants increased
from (0.288, 0.155) to (2.089, and 1.273 h) respectively as drying temperature
increased from (30 to 70) °C. Under crude drying conditions, drying time
significantly affected the diffusion coefficient and drying constants of stems in
particular. Agitation was reported to have no significant effect on diffusion
coefficient, but it was clearly at least partly responsible for the drying rate of stems

that was greater than leaves drying rate under these conditions [31].
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Similarly, quality of black tea that is dried to variable moisture assessed by
spreading tealeavcs on troughs (25.75 kg m?) and withered by a combination of hot
and cold air for 12-18 hours. The withered leaves were macerated in a spiral rotor-
vane followed by a triplex CTC (cutting, tearing, and curling) to achieve fine cuts.
The green dhool was fed into trolleys and fermented for (90 + 2) minutes. The
temperatures were controlled by manual forking and air volume adjustment from
(30.8 = 1.4) °C at the start to (23.1 + 0.8) °C at the end of fermentation. The
fermented dhool was dried in a 3-stage fluidized bed dryer with temperatures set at
the standard firing regime of (145 + 2 ) °C (wet end), (135 + 2) °C (mid chamber) and
(105 £ 2 ) °C (dry end). The dryer was set to fire teas to three different moisture
content levels of (3.1-3.3) percentage (low), (3.4-3.6) percentage (medium), and (3.7-
3.9) percentage (high). The results showed that optimum quality of black tea fired in a
fluidized bed dryer was achieved at a moisture content of (3.0-3.4) percentage
However, tea fired to high moisture content level of (3.5-3.9) percentage was also
found to be of acceptable quality and with a higher throughput. This study
demonstrates that the keeping quality of tea fired to high moisture content is similar to
the tea fired to Jow moisture content for a period of up to 2 years [32]. Another study
reported drying durations and quality parameters for orthodox and CTC tea in hot air,
radio frequency, and hybrid hot air-radio frequency (RF) dryers. Drying duration was
the shortest for RF drying at 60 min for orthodox tea whereas for CTC tea it was 90
min. Hybrid drying for CTC tea took total of 55 minutes and the same for orthodox at
20 kW power was 85 minutes. Aroma index of made liquor increased at 16 kW

compared to 20 kW RF power applied [33].
1.6 Energy efficiency in processing industries

Different research, development and application based works are available
regarding energy conservation, efficiency and renewable energy application in
processing industries. Prospect of low-grade energy heat recovery had been reported
in United Kingdom food processing industries. An estimated 11.4 TWh of

recoverable heat was wasted each year, a quarter of that was from the food and drinks
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processing sectors. The most economical recuperation of the waste heat was by heat
exchange/direct re-use to a nearby heat sink. This might be preferably from within the
same process; numbers of different heat exchange systems were well developed and
ecdnomically available for such projects. They observed that increasing energy costs
and the drive towards energy efficiency and associated carbon reductions should
increase motivation for such projects. Additional government funding towards
demonstration of novel waste-heat recovery project highlighting successful cases
were major factor in reducing the perceived risk and uncertainty of such projects
amongst UK engineers [34]. The authors beautifully represent different type of
possible combination of heat exchanger for waste heat recovery and low temperature
thermodynamic cycle. However, authors fail to conclude about the most appropriate
technology solution for food processing industry with waste-heat recovery. Another
studies revealed possible Organic Rankine Cycle to generate power with waste heat in
a crisps processing industry with five options. The first two options (A and B) made
use of the waste heat from the foul gas and exhaust to stack respectively for power
generation using a single ORC system each while the third option (option C) made
use of a novel dual heat source single ORC system. Here the low temperature waste
heat from the foul gas was used to provide preheating. The high temperature waste
from the exhaust to the stack was used to provide the evaporation. Option D also
showed a dual heat source ORC system where the high temperature waste heat to the
exhaust stack was used to provide the preheating the lower temperature foul gas for
the evaporation (reverse of option C in terms of waste heat usage). Option E made
use of a reheat cycle where the waste heat from the foul gas was used to provide the
reheating of the working fluid exiting the turbine [35]. It is really an appreciable work
for waste heat utilization. However, the authors have not highlighted details technical
specification and appropriate hardware for such an energy system. Energy
requirement in cashew (Anacardium occidentale L.) nut processing operation had
been reported and results of application test of the equations showed thermal energy
intensity varied from (0.085 to 1.064) MJ kg, Cashew nut drying and cashew nut

roasting are two energy intensive operations. Both altogether accounted for over 85%
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of the total energy consumption in all the three mill categories. They developed
appropriate correlation for different unit operations of cashew nut processing is a
commendable work. Diesel fired burner thermal energy represented about 90 % of the
unit energy cost for cashew nut processing [36]. However, the analysis assumed the
data provided by cashew nut processing milling that was not directly measured by the

authors and it is only limitation of the work.

It has been seen that con\;entional thermal energy requirement for black tea
drying is non-renewable fossil fuel (Coal, Tea Drying Oil, and Natural Gas) in the tea
factories located in Assam, India. The variation of fossil fuels uses range from
inefficient indirectly heated old coal fired furnace air heater to improved coal fired
steam generator, furnace oil and natural gas fired furnace, etc. However, site specific
improved solar air heater and locally available fuel specific gasifer performance study
for black tea drying in Assam is necessary for sustainable development. The
application of renewable sources of energy and technologies such as biomass
gasification, solar thermal air heating have not been explored individually or hybrid
mode yet for black tea processing in Assam. It was noticed that knowledge of material
characteristics ' related to tea drying kinetics is essential for understanding and
assessing drying performance using the existing theory of drying by incorporation of
renewable thermal energy (producer gas combustion products mixed with air) as
drying medium. However, there exists knowledge gaps, with reference to biomass
gasification and solar air heating technology applied for black tea drying kinetics, for
local varieties grown in Assam (India). Innovation in renewable energy resources and
technologies based tea drying should be conceptualized and experimented to generate
appropriate knowledge for selecting and characterization of appropriate local biomass
samples, low cost and energy efficient solar air heater development, hybridization
analysis, drying kinetics, conventional energy substitution potential and overall

performance of the system. The above discussion is summarized with the following

observations.

. .. . __ . ___ .. .. . . . __.]
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Tea is an important beverage product manufactured in Assam (India) and
drying is a significant processing step that requires (85 to 90) % conventional thermal
energy. This necessitates urgent research attention with reference to locally available
renewable energy technology intervention for tea drying. The characterization of
some locally available biomass as potential gasification feedstock for tea drying is
necessary to study suitability for black tea drying. The existing theory of drying
implies the requirement of information on fundamental material characteristics
pertaining to drying and drying kinetics that are material and system dependent. Such
information is not available for local variety of tea with intervention of renewable
energy. Therefore, this is important to determine local variety tea drying kinetics
through precise experimentation in producer gas fired dryer. Therefore, hybridization
studies of biomass gasification technology and solar air heater for partial substitution
tea drying thermal energy is necessary for optimal and assured utilization and reliable

supply of above mentioned renewable energy sources in local tea industries.

1.7 Objectives of research work

Considering the discussion made in this Chapter, the focus of the present study
has been to investigate the prospect of a new tea drying technique based on biomass
gasification and solar thermal (Air heater) technology for supplying hot air.
Therefore, this research work has been undertaken through a systematic procedure
with the following objectives:

% Fuel characterization of some locally available biomass samples through
proximate, ultimate analysis and calorific value determination to access
potential feedstock for gasification in a downdraft woody biomass gasifier.

% Investigation of the best-fit tea-drying model and activation energy with
producer gas fired tea-drying setup.

% To stuay an improved solar air heater to assist biomass gasification in hybrid
energy based tea drying to substitute thermal energy partially in tea drying,.

< Economic analysis of solar air heater assisted producer gas fired tea dryer over

conventional inefficient coal fired furnace cum air heater.
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1.8 Organization of report

w Chapter 1
This chapter discusses importance -of tea industry in Assam, different tea

drying unit operations, thermal energy consumption pattern, and different type
of industrial tea dryer performance, and energy efficiency. The problem
statement and objectives of the research work have been defined.
© Chapter 2
This chapter is consisted of literatures pertaining to renewable energy
applications for different process industries with its potential for tea drying.
Reason for selection biomass gasification cum improved solar air heater
technology over other renewable energy system for tea drying, biomass
gasification, drying kinetics, solar air heater technologies, and hybridization of
biomass and solar energy for drying and a critical review have been presented.
@ Chapter 3
This chapter covers methodology adopted for characterization of some locally
available biomass samples. The results of gasification studies of a selected
biomass sample and gasifier performance have been presented in this chapter.
© Chapter 4
This chapter covers detailed methodology of thin layer tea drying kinetics with
producer gas as a fuel. The results of best thin layer drying kinetics model and
activation energy from experimental data of tea drying had been presented.
Chapter 5
This chapter discusses detailed methodology of analysis of improved solar air
heater. An analysis of improved low cost air heater and hybrid (solar assisted
biomass gasifier performance) had been presented.
Chapter 6
This chapter enlists the summary of the results obtained to achieve the
objectives of the thesis and concluding remarks. It also discusses the

limitations and possible future extensions of the present work.

I
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2.1 Renewable and non-renewable energy application for process industries

Solar and biomass are two renewable energy resources considered for present
black tea drying studies for local tea industries. Therefore, the different relevant
literature are presented in the following sections. Solar air preheating for Longan
drying had been reported in North Thailand and liquefied petroleum gas (LPG) was
used conventionally for its drying purpose. It was observed that solar collectors could
replace up to 19.6% of the thermal energy demand during the drying season. Bigger
collectors and smaller air channels resulted in more useful heat, but attention was paid
to both costs and pressure drop in air channels. Moreover, they observed that
monetary savings varied greatly among different facilities. A higher solar fraction did
not mean higher absolute savings. Therefore, maximizing use of the equipment was
more important than the size. Some facilities could save significant amounts of money
by substituting part of the fossil fuel requirement with solar energy. Longan drying
lasted less than two months each year. Appropriate utilization of solar energy
necessitated more feasibility of the system. Therefore, the drying facilities should
operate a longer period over the year. The use of these facilities for drying alternative
crops during other seasons might be a feasible solution [37]. Another study revealed
the potential of solar industrial process heat application with five solar collectors,
varying from the simple stationary flat-plate to movable parabolic trough ones. An
estimation of the system efficiency of solar process heat plants operating in the
Mediterranean climate were given for the different collector technologies. The annual
energy gains of such systems were from (550 to 1100) kWh m™. The resulting energy
costs obtained for solar heat were from (0.015 to 0.028) C£ kWh'' depending on the
collector type applied [38]. Energy demand and supply options for primary processing
of rice in India had been reported and feasibility of using rice husk for meeting
mechanical energy demand through gasification in dual fuel engine-generation route
was explored. Moreover, the solar water heater for soaking of parboiled rice was
accessed. For meeting the thermal energy demand, husk would continue as energy

source until it was available as a free resource [39]. Another study reported technical

~
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and economic evolution of solar dryer. They observed resources saving with such
system by avoiding environmental pollution, product quality improvement, and

increased energy effectiveness [40].

Wine industry wastes through thermal processing had been reported by
proximate, ultimate, and calorimetric analysis (LHV 19.73 kJ kg™') of grape marc. It
improved its fuel properties and revealed that their characteristics was similar to wood
biomass, even higher energy impending. The product activation energy was 111.5 kJ
mol’, and this was experimentally determined for industrial pyrolysis process
conditions to provide a reliable value for real scale applications. The product
equivalent chemical formula was established as C4H;03 and it could be used for
thermal-chemical processes simulations. The pyrolysis solid, liquid, and gas products
were investigated along with their formation mechanisms. For all treatment
temperatures, the process energy balance was positive, and the process was self-
sustained by the pyrolysis gas energy alone. The maximum net energy content found

in pyrolysis products were achieved at 550 °C [41].
2.1.1 Knergy conservation and efficiency

Energy use and energy efficiency in the European dairy industry had been
reported and changes in energy efficiency were monitored in two different ways. One
way was to look at the energy use by tonne of milk processed by dairies. Another way
was by comparing the actual energy use with the energy that would have been used if
no changes in energy efﬁ'ciency had taken place. German, British, and Dutch dairy
industries had achieved considerable improvements in energy efficiency, contrary to
the developments showed by the French industry. Furthermore, by the end of the
1990s, Germany, Netherlands, and the United Kingdom were converging in their
energy efficiency values [42]. Desiccated coconut industry of Sri Lanka for
opportunities, energy efficiency, and environmental protection has been reported and
it was estimated that the desiccated coconut sector in Sri Lanka consumed about
21,660 tons of firewood, 16.5 million liters of furnace oil and 10 GWh of electricity

annually. This constituted about 0.16 % of the total energy consumptionof 0.3 PJ of
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Sri Lanka and about 0.2 % of the annual national electricity production. The
implementation of energy saving devices and better energy management might lead to
a reduction of CO, emission and reduced the cost of environmental cleanup [43].
Another study reported energy management method for the food industry by top-
down modelling approach. This method was especially appropriate for non-energy
intensive industry where the resources for energy management were often limited.
The top-down approach had permitted to model the energy consumptions with multi-
linear regression models [44]. Thermal energy management in the bread baking
industry was reported using a system modelling approach. It quantified the energy
required to bake the dough, and conducted a detailed analysis of the breakdown of
losses from the oven. A computational fluid dynamics (CFD) optimization study was
undertaken, resulting in improved operating conditions for bread baking with reduced
energy usage and baking time. Overall, by combining the two approaches, the
analyses suggested that bake time may be reduced by up to 10% and the specific
energy required for baking each loaf reduced by approximately 2%. For UK industry,

these savings equate to more than £0.5 million cost and carbon reduction of more than

5000 tonnes CO; per year [45].

A framework for estimation of speciﬁc energy consumption and carbon
dioxide mitigation with solar drying was reported considering fossil fuels as coal,
diesel, natural gas, and LPG. The results of investigation indicated that for all drying
test conditions, the given dryer was capable to mitigate the maximum CO; emissions
with the replacement of coal by solar energy. Larger values of absorbed energy and
load density caused increased specific energy consumption and CO, mitigation
potential whereas reverse trend was observed for sample thickness. However, the
influence of airflow rate on these parameters was found to be quite different. In order
to establish functional relationship between specific energy consumption and process
variables, a correlation was developed using Levenberge Marquart algorithm. The
statistical error analysis revealed that the proposed correlation was capable of

satisfactory prediction of experimental results [46].
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Food industry in Taiwan was labour intensive, cost of raw materials was high,
and there was much product diversification. Although this industry was primarily
small and medium scale, it was a large user of electricity in Taiwan’s manufacturing
sector. The concentration of greenhouse gases (GHGs) from manufacturing activities
had increased remarkably. Energy audits were a basic and direct means by which
energy efficiency could be improved, energy consumption reduced, and carbon
dioxide emissions inhibited. This work summarized the energy saving potential of 76
firms and the energy savings implemented by 23 firms as determined by energy audit
tracking and from the on-line energy declaration system in Taiwan’s food industry. -
The results of this study can serve as a benchmark for developing a quantified list in
terms of potential energy savings and opportunities for improving the efficiency of the
food indusﬁy [47]. Another study observed that industrial sector used more energy
than any other end-use sectors and currently this sector was consuming about 37 % of
the world’s total delivered energy. Energy was consumed in the industrial sector by a
diverse group of industries including manufacturing, agriculture, mining, and
construction and for a wide range of activities, such as processing and assembly,
space conditioning, and lighting. Energy saving technologies, such as use of high
efficiency motors (HEMs), variable speed drives (VSDs), economizers, leak
prevention and reducing pressure drop has been reviewed. Based on energy saving
technologies results, it has been found that in the industrial sectors, a sizeable amount
of electric energy, emissions and utility bill can be saved using these technologies.
Payback periods for different energy savings measures had been identified, and it was

found economically viable in most cases [48].

Environmental policies are largely devoted to nurturing the development and
implementation of renewable energy technologies. One important aspect of this
transition was the increased use of biomass to generate renewable energy.
Agricultural residues were produced in huge amounts worldwide, and most of this
residue was composed of biomass that could be used for energy generation. As a
result, converting this residue into energy could increase the value of waste materials

and reduced the environmental impact of waste disposal. Studies analysed the

Chapter 2 21



. Literature Review
situation of biomass energy resources in Andalusia, an autonomous community in the
south of Spain. More specifically, biomass is a renewable source that prominently
contributes to Andalusian energy infrastructure. The residual biomass produced in the
olive sector is the result of the large quantity of olive groves and olive oil
manufacturers that generate byproducts with a potentially high-energy content. The
generation of agricultural and industrial residues from the olive sector produced in
Andalusia was an important source of different types of residual biomass. They were
suitable for thermal and electric energy since it reduced the negative environmental

effects of emissions from fossil fuels, such as the production of carbon dioxide [49].

Thermal energy loss in the process industry was reported as a significant issue
due to the high temperatures and multiple heat intensive processes involved. High-
grade thermal energy was typically recovered within processes. However, lower grade
heat was often rejected to the environment. The temperature of the low-grade heat
stream was the most important parameter, as the effective use of the residual heat or
the efficiency of energy recovery from the low-grade heat sources would mainly
depend on the temperature difference between the source and a suitable sink. High
and low-grade heat sources were defined according to the viability of recovery within
the processes. Finally, different aspects that influenced the decision making for low-
grade heat recovery in the process industry were discussed. It was concluded that
organizational, financial, and economic barriers might be overcome and benefits from
a holistic vision could be gained with stronger governmental policy and regulation

incentives [50].

Fluid-milk processing industry around the world processes approximately 60
% of total unprocessed milk production to create various fresh fluid-milk products.
Fluid-milk processing data across number of countries and regions were compiled and
analysed. The study had found that the average final energy intensity of individual
plants exhibited significant large variations, ranging from 0.2 to 12.6 MJ kg™ fluid-
milk products across various plants in different countries and regions. In addition, .it

was observed that while the majority of larger plants tended to exhibit higher energy

)
~
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efficiency, some exceptions existed for smaller plants with higher efficiency. These
significant differences had indicated large potential energy-savings opportunities in
the sector across many countries. Furthermore, this study illustrated a positive
correlation between implementing energy-monitoring programs and curbing the
increasing trend in energy demand per equivalent fluid- milk product over time in the
fluid-milk sector. It was opined that developing an energy-benchmarking framework,
along with promulgating new policy options should be pursued for improving energy

leﬁciency in global fluid-milk processing industry [51}.

Energy saving opportunitics in the food-processing industry through a
combination of top-down and bottom-up approaches was reported. On the one hand,
the top-down modelling method aimed at correlating the measured energy
consumptions with the final products and auxiliaries as well as at allocating the
energy bills among major consumers. This approach might set priorities for energy
saving actions. On the other hand, the bottom-up approach, which was based on the
thermodynamic requirements of the process operations, was used to define the energy
requirements of these consumers. A comparison of the measured consumptions and
the energy requirements enabled the identification of energy saving opportunities. In
the case study presented in this article, these opportunities had been evaluated using
thermo-economic modelling tools and range from good housekeeping measured and

optimized process operations to energy saving investments [52].

An indicator to monitor energy efficiency developments in the food and
tobacco industry based on physical production data at the firm level provided by the
statistics office of the Netherlands in a confidential basis was reported. They
measured energy efficiency by using an energy efficiency indicator that was the
aggregate specific energy consumption. The results showed that the food and tobacco
industry had improved their energy efficiency indicator in primary terms by about 1
% per year (uncertainty range between 0.9 and 1.3). In terms of final energy, there
had been a decrease on the indicator for final demand of fuels of about 1.8% per

annum while there had been no improvement in the indicator for final demand of
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electricity. The development in energy efficiency was coherent with the reported
implementation rate of energy conservation projects. They concluded that the type
and the quality of the data compiled by Statistics Netherlands for the food sector was

sufficient to develop indicators as required by energy and climate policy [53].

Global cheese-making industry was reported to process approximately one
quarter of total raw milk production to create a variety of consumer cheeses.
Characterizing energy usage in existing cheese markets and plants might provide
baseline information to allow comparisons of energy performance of individual plants
and systems. The study had found that the magnitudes of average final energy
intensity exhibited significant variations, ranging from 4.9 to 8.9 MJ kg cheese
across the few countries. Energy intensity variation ranged from 1.8 to 68.2 MJ kg
of cheese from the countries in this study. These significant differences had indicated
large potential energy savings opportunities in the sector. Development and
dissemination of an energy-benchmarking framework including a process step
approach and efficiency measures might be recommended for evaluating energy

performance and improving energy efficiency in cheese-making industry [54].

Tea processing is energy intensive operation i.e., withering, drying, grading,
and packing tea requires 4 to 18 kWh kg'l of made tea, which compares to 6.3 kWh
for a kilogram of steel. Energy cost is about 30 % of total cost therefore less
importance is put for energy efficiency and conservation in tea manufacturing sectors.
Total specific thermal energy consumption varies between 4.45-6.84 kWh kg
processed teas. Environment and climate impact show that total fuel consumption by

the tea sector in India contributes annual CO; emissions of 1,352,000 tons [55].
2.1.2 Justification for renewable energy resources for tea industries

Energy in general and thermal energy in particular has been a critical input to
the tea processing sector which is one of the important food industries in Assam
(India). Renewable energy has been identified as the alternative to the conventional
fossil based energy system mostly for electrical generation as well as thermal
application all over the world. The attempts to use renewable energy sources for tea
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processing have been limited almost to research and development. The application of
solar air heater to save about 25 % of the conventional energy in tea processing has
been reported for a specific case in Tamil Nadu (India) [56). There are also simiiar
reports on prospects of solar thermal energy to preheat combustion air that saved (25-
34) % conventional fuel. Computer model was developed to evaluate the performance
of a solar-powered drying system in relation to sunshine hours and air relative
humidity and temperature [57, 58]. Biomass generated producer gas in tea processing
based on analytical study and experiment concerning a specific case in Sri Lanka has
been reported [59]. Principles and field experience on the open top biomass
gasification technology developed at Indian Institute of Science has reported diesel
savings in the range of 80% for dual fuel mode of operation in the entire power range.
Thermal applications for low and high temperature uses in the range of (0.2 to 5)
MWierma for drying and heat treatment applications were in operation. Cumulative
experience of 80,000 h over a dozen systems has resulted in a fossil fuel saving of
350 tonnes; typical daily saving was approximately 18 m® of fossil fuels. This
replacement had resulted in a net reduction of approximately 1120 tonnes of CO, and

this was a promising candidate for clean development mechanism [60].

The present studies consider prospect of biomass gasifier and solar thermal
hybrid renewable thermal energy based tea-drying system in Assam. Biomass
gasification is considered because tea industry is an agro based unit with own
generation of waste biomass. Moreover, solar thermal energy is available except the a
few summer and winter months (about 30-35% time over the year). Generation of
electrical power from biomass gasifier and then use it for electric dryer is not
recommended for higher overall cost and low overall efficiency. Cogeneration system
with fluidized bed boiler or combined heat and power system are not consider because
of complexity of technology for local tea industry to convince even though overall
efficiency of the system is higher. Moreover, biomass preparation for fluidized bed
boiler would increase fuel preparation cost. Therefore, a simple downdraft biomass

gasifier and improved solar air heater technologies are considered for present studies.
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2.2 Biomass gasification

Biomass gasification is a thermo chemical energy conversion technology that
converts especially solid, liquid, and gaseous fuel (both fossil and non-fossil) into
combustible gaseous products and useful chemicals. The primary objectives of
gasification are to increase heating value of product fuel by rejecting non-combustible
components like nitrogen, water, etc. As a result, it does not release these products to
atmosphere. Moreover, gasification reduces carbon to hydrogen mass ratio in the fuel.
Carbon to hydrogen ratio for anthracite coal is about 44, whereas for synthetic gas
(CO: Hy) this value is 02 only. Normally gasification takes place in limited supply of
air (sub-stoichiometric, ¢ = 0.20-0.35). Four overlapping biochemical processes take
place inside a gasifier (reactor). They are namely drying, pyrolysis, combustion, and
reduction reactions. The principal attraction of gasification is evident from following
discussion. A gasified fuel is useful in wide range of energy applications.
Downstream cleaning in gasification is less expensive than coal fired plant, with flue
gas desulphurization, selective catalytic reducers, and electrostatic precipitator, etc.
Poly-generation is effectively possible with a gasification plant. It can supply steam
for process heat generation, electricity to grid and gas for synthesis of chemicals. If
the gasification feedstock has high sulphur, elemental sulphur is produced as
byproduct, for high ash fuel slag or fly ash is recovered that may be used for cement
manufacturing. Integrated gasification combined cycle plant achieve higher overall
efficiency (38-41) percentage and therefore gasification provides lower power
production cost. Moreover, transportation of synthetic fuel or liquid produced from it
is less expensive than that solid fuel. Carbon dioxide capture and sequestration cost
for integrated gasification combined cycle (IGCC) plant is half to that of pulverized
coal fired system. The total water consumption in gasification-based power plant is
much lower than coal fired plants. Moreover, the same water may be recycled for
gasification both in thermal and electrical generation. Gasification plant produces
lower amount of sulphur dioxide, oxides of nitrogen, and particulate matter. Its

emission is similar to a natural gas fired plant [61, 62].
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2.2.1 Drying

Gasification comprises of four energy conversion processes namely drying,
pyrolysis, char gasification, and combustion. However, there is no separate boundary
for each reaction and they are mostly overlapping with each other. Drying of biomass
is utmost important for subsequent appropriate gasification reaction. For production
of producer gas with reasonable calorific value, the moisture of the feedstock must be
within the range (10 — 20) percentage. The complete drying of biomass takes place
when it enters into the gasifier. The heat available from combustion zone is utilized
for drying purposes. Above 100 °C temperature, the loosely bound water removes
irreversibly. As the temperature rises, low molecular weight extractives start to

volatilize and the process continues until temperature reaches 200 °C [61].
2.2.2 Pyrolysis

After drying, next thermo chemical process is pyrolysis that takes place in
absence of air. It involves thermal breakdown of large hydrocarbon molecules of large
biomass into smaller gas molecules (condensable and non-condensable). There is no
major chemical reaction with air, gas or any gasifying medium. Tar forms by
condensation of vapour produced by pyrolysis. Tar is a sticky liquid that must be
combusted for production of producer gas in subsequent process. The products of

pyrolysis are solid, liquid and gas as given by following reaction [61].
CxHyO, + Heat — leqwd CaHp O, + Zgas Cn Hy Op + Xsona C (2.1)
2.2.3 Gasification reactions

The following chemical reactions take place inside a gasifier when it is

operated at appropriate condition [61].
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Reaction Type Reactions

Carbon reaction

R1 (Boudouard) C+ 0, e 2CO + 172 kJ mol”

R2 (Water gas or steam) C + H,0 & CO + Hy+ 131 kJ mol”’

R3 (Hydro gasification) C + 2H, & CHy - 74.8 kJ mol”

R4 C + %0; — CO -111 kJ mol’
Oxidation reaction .

R5 C + 0;—~ CO;— 394 kJ mol”!

R6 CO + %0, — CO; -284 kJ mol”’

R7 CHy + 20; « CO; + H0 -803 kJ mol”
R8 H, + % Op & Hy0 -242 kJ mol”!

Shift Reaction

R9 CO + Hy0 e CO; +H; -41.2 kJ mol”’
Methanation Reaction ‘

R10 2CO + 2H, — CHy + CO,; -247 kJ mol”
R11 CO + 3H; — CHy+ H,0 -206 kJ mol”
R14 CO; + 4H; — CH, + 2H,0 -165 kJ mol”’
Steam Reforming Reaction

R12 CH, + H,0 — CO + 3H;+ 206 kJ mol”!
R13 CH,+ %0, — CO + 2H; -36 kJ mol”!
Charcoal gasification

Charcoal produced by pyrolysis of biomass is not necessarily a pure carbon. It
may contain certain amount of hydrocarbon, hydrogen, and oxygen. Biomass char is
normally more porous and reactive than coke. Gasification of biomass charcoal
involves several reactions with carbon, carbon dioxide, steam, hydrogen, methane,

etc., as discussed below.

Charcoal + CO; — CO; + CO (2.2a)
Charcoal + CO; — 2CO (2.2b)
Charcoal + H,O — CHs+ CO (2.2¢)
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Charcoal + H, — CH, (2.2d)
Gasification reactions are generally endothermic, but some of them are
exothermic also. Reactions R3, R4 and RS are exothermic and reactibn R1 and R2 are
endothermic. The rate of gasification depends on its reactivity and reaction potential
of gasifying medium. The rate of charcoal oxygen reaction is fastest among (R1 — R4)
and it consumes oxygen immediately. The Boudouard reaction or char carbon dioxide
reaction is six to seven orders slower [62]. The rate of water gas or water-steam
gasification reaction (R2) is about two to five times faster than the Boudouard
reaction [63]. The charcoal hydrogen that forms methane is slowest of all reactions.
Walker estimated relative rate of four reactions at 800 °C and 10 kPa pressure, as 10°

for oxygen, 10° for steam, 10! for carbon dioxide, 3x10° for hydrogen {64].

Boudouard reaction

According to Blasi [63], CO; dissociates at a carbon free active site. It releases
carbon monoxide and forms a carbon-oxygen surface complex. This reaction can
move in the opposite direction as well forming carbon active site and CO, in second

step. In the third stage, carbon-oxygen molecules produce molecules of CO.
Water gas shift reaction

The gasification of charcoal in steam is known as water gas reaction. The first
step involves the dissociation of water on free active site of carbon. It releases
hydrogen and forms a surface oxide form of carbon. In second and third step, surface
oxide complex produces a free new active site and a molecule of carbon monoxide.
Balsi [63] suggested the possibility of hydrogen inhibition by C (H) or C (Hy)
complexes. The presence of hydrogen has a strong inhibition effect on charcoal

gasification rate in water.
Shift reaction

The shift reaction is an important gas phase reaction. It increases hydrogen
content of gasification product at the expense of carbon monoxide. Reaction (R9)

represents the syngas production downstream of gasifier, where ratio of hydrogen and
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carbon monoxide in the product gas is critical. The shift reaction is slightly
exothermic, and its equilibrium yield decreases slowly with temperature. Depending
on the temperature, it may proceed in either direction of product or reactant. However,
it is not sensitive to change in pressure [65]. Above 1000 °C, the shift reaction (R9)
rapidly reaches equilibrium. Probestien and Hicks [66] showed that this reaction had a
higher equilibrium constant at a lower temperature that is high yield of hydrogen at
lower temperature. With increase in temperature, yield decreases, but reaction rate

increases. Optimal yield takes place at 225 °C.

Hydrogasification reaction

This reaction takes place with gasification of charcoal in a hydrogen
environment that leads to production of methane. The rate of this reaction is much

slower than that of other reaction.
Charcoal combustion reaction

Most of the gasification reactions are endothermic. To provide the required
heat of reaction as well as required drying, heating and pyrolysis, a certain amount of
exothermic combustion reactions are allowed inside gasifier. Reaction (RS5) yields
highest amount of heat (394 kJ) per kilo-mole of carbon consumed. The reaction (R4)
takes place with production CO (111 kJ) per kilo-mole carbon. Combustion reactions
rates are about one order magnitude faster than gasification reaction. Fine charcoal

particles react faster due to its high pore diffusion rate.
2.3 Characterization of biomass

Biomass refers to any organic materials that are derived from plants or animal
[67]. The United Nations Framework Convention on Climate Change defines biomass
as a non-fossilized and biodegradable organic material originating from plant, animal,
and microorganisms. This shall also include product, byproducts, residues, and waste
from agﬁculture, forestry, and related industries as well as non-fossilized
biodegradable organic fraction of industrial and municipality waste [68]. This

includes both primary biomass and derived biomass. Primary biomass directly comes
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from plants and elements. Primary biomass includes woods, plants, and leaves (ligno-
cellulose), crops, and vegetables (carbohydrates). Derived biomass includes solid and

liquid waste, sewage human, and animals waste, gas derived from landfilling and

agricultural waste.

Ligno-cellulosic biomass is non-starch fibrous part of the plant materials.
Cellulose, hemicellulose, and lignin are its three principal constituents. Woody plants
are lingo-cellulosic biomass and they may be of two types namely herbaceous and
non-herbaceous. An herbaceous plant is one with leaves and stems that die annually at
the end of the growing season. These plants do not have bark. Non-herbaceous
perennials like wood plants have stem above the ground. The trunk and leaves of tree
plants form the biggest group of biomass. Energy crops such as miscanthus, willow,
switch grass, and poplar may be considered as very effective lingo-cellulesic woody

biomass.
2.3.1 Constituents of biomass cell

The polymeric composition of the cell wall and other constituents of a biomass
vary widely [69]. However, they are composed of three polymers hemicellulose,
cellulose, and lignin. Cellulose is primary structural component of biomass and it
varies from 90% in cotton to 33% in most other plants. The generic formula of
cellulose is (C¢ Hjp Os), that has long polymeric chain with high degree of
polymerization (=10000) and a molecular weight (=500000). It has crystalline
structure of thousand units that are made of many glucose molecules. This gives
cellulose high strength, permitting it skeletal structure of most terrestrial biomass
[70].

Hemicellulose is another constituent of cell wall of the plant. The structure of
hemicellulose is amorphous, random, and with little strength. It is a group of
carbohydrates with branched chain structure and lower degree of polymerization
(=100-200). It may be represented by empirical formula (Cs Hg O4), [70].
Hemicellulose tends to yield more gases and less tar than cellulose. It constitutes

about (20-30) percentage of the dry weight of wood [71].
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Lignin is a complex highly branched polymer of phenyl-propane and it is an integral
part of secondary cell wall of plants. This is a three dimensional polymer of 4
propenyl phenol, 4-propenyl-2- methoxy phenol, and 4 propenyl-2.5- dimethoxyl
phenol [72]. Lignin is cementing agent for cellulose fibers holding adjacent cells
together. Lignin is insoluble even in sulphuric acid. An average lignin content of
hardwood is (18-25) percentage and that soft wood is (25-35) percentage of dry
weight,

2.3.2 Physical properties of biomass

True density

True density is weight per unit volume occupied by the solid constituents of
biomass. True density of most of the woody biomass cell wall is 1530 kg m™ [73].

True density of selected biomass was determined with ultimate analysis data.
Apparent density

Apparent density of biomass is measured with volume displacement method.
It includes the internal pores of biomass particles but not the interstitial volume of

biomass particles packed together.
Bulk density

Computation of space occupied by a defined weight of biomass gives its bulk
density. Bulk density may be measured as per ASTM (E-873-06). This involves
pouring biomass samples into a standard size box (305 mm x 305 mm x 305 mm)
from a height of 610 mm. The box is then dropped from a height of 150 mm three
times for settlement. These three densities may be related by following two equations

where €, is porosity of biomass and €, is bulk porosity.

Papparent = Prrue (1 — €p) (2.3)

Pbuik = Papparent (1 -¢p) 24

S =
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2.3.3 Thermodynamic property
Thermal conductivity

Thermal conductivity of biomass changes with its moisture and density. Based
on large number of samples the following correlation was proposed by MacLean,

Kitani and Hall [74, 75], where S.G. is specific gravity of biomass.

Kefs (—n%) =5.G.(0.2 + 0.004m,) + 0.0238  for my > 40% 2.5)
Kegs (%) = $.G.(0.2 + 0.0055my) +0.0238  for my < 40% (2.6)
Specific heat

Specific heat is an indication of heat capacity of a substance. Both moisture
and temperature affect the specific heat of biomass. Specific heat of large number of
wood species (dry) may be expressed as following expression within temperature

range of (0- 106) °C [76]. T is temperature in degree Celsius.

Cor = 0.266 + 0.00116T 2.7
The effect of moisture on specific heat is expressed as follows.

Cor =Myer Cpy + (1 — My )T (2.8)
Heat of formation

Heat of formation or enthalpy of formation is enthalpy change when one mole
of compound is formed at 25 °C and one atmosphere pressure from its constituent’s
elements in their standard state. One mole water is formed by combining one mole of
hydrogen and half mole of oxygen, one mole of water is formed with release of (-421

kJ mol™) thermal energy.
Heat of combustion

Heat of combustion is defined as amount of heat released or absorbed in a
chemical reaction without change in temperature. The following table gives heat

formation for different compounds [77].
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Table.2.1 Heat of formation of different compounds

Compounds + H;O CO; CO CHy O; CaCOs NH;

Heat of formation at 25°C  -241.5 -393.5 -110.6 -74.8 0 -1211.8 -82.5
(kJ mole ")

Heat of reaction may be calculated from following relationship with heat of
formation.
Heat of reaction = [Sum of heat of reaction of all products] — [Sum of heat of

formation of all reactant] 2.9)

2.4 Biomass gasification for process heat generation

Dutta and Baruah [78), observed that biomass gasification derived producer
gas applications for process heat generation and purely electrical generation are now
established technologies although there is sufficient deration in former mode of
operation. However, it has been observed that optimum application of biomass
gasification technology as a source of thermal energy for tea drying is on research and
development stage until now. Tea manufacturing industry is a plantation product
based unit. Thus, biomass is generated by shading trees, uprooted tea shrubs, etc.,
itself within tea estate. Thus, uprooted tea shrubs gasification had been considered an
appropriate conversion technology for gaseous fuel production and substitution of
conventional fuel in black tea industries in Assam, India. Singh et al. [79], observed
that combustion of cashew nut shells in furnace, semi open pit and other open burning
was poor with lower combustion efficiency, high smoke emission, therefore efficient
process control was not convenient in such situation. Jayah et al. [80] investigated the
prospect of using producer gas for processing heat generation in tea drying. Rubber
wood feedstock was used for an 80 kW thermal output downdraft gasifier. The
moisture content of rubber wood was considered as an important parameter that in
turn affected gasifier performance through reactor temperature and heat loss. Bhoi et

al. [81] observed that optimum gasification zones length was a governing factor for
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maximum output in a given range of operating parameters. The principal gasification
reactions were pyrolysis, oxidation, and reduction and they produced combustible
gases like CO, Hy, CHy, etc., with average calorific values of (4.18-4.62) MJ m™ as
reported by researchers. The use of producer gas for other industrial process heat
generation was also reported. The generation of combustible producer gas from solid
biomass makes gasification most suitable for diversified thermal energy applications
[82]. Woody biomass gasifier energy balance was also performed for 454 kW gasifier
and average cold gasification efficiency of 70 % was recorded using waste wood with

moisture content (<20 %) [83].

Masek et al., [84] studied pyrolytic gasification of coffee grounds and its
implication to allothermal gasification kinetics. They observed a high conversion rate
(88 %) of coffee grounds into gaseous and volatile matter by fast pyrolysis at a
temperature of 1073, K. Tar separation in allothermal gasification was done by
combustion to produce additional process heat. Wilson et al., [85] reported coffee
husk gasification using high temperature air steam in a batch facility that was
maintained at three different gasification temperatures 900 °C, 800 °C, and 700 °C
respectively. They observed that increased gasification temperatures led to a linear
increment of CO concentration in syngas for all gasification conditions. They reported
that kinetic parameters established the reaction mechanism of zero order with

apparent activation energy of 161 kJ mol ™ and frequency factor of 6.48x10% 5™,

Zainal, et al., [86] made an experimental investigation of a downdraft biomass
gasifier using furniture wood chip as feedstock to measure equivalence ratio, gas
composition, calorific value, and gas production rate. A peak was seen at about 0.38
equivalence ratios for optimum CO and CHj yields; it showed first increasing then
decreasing trends of these constituents. At equivalence ratio 0.38, they observed best
performance of the downdraft biomass gasifier. They also observed that gas
production per unit weight of fuel increased linearly with equivalence ratio and a
maximum cold gas efficiency of 80 % was achievable. Tippayawong et al., [87]

performed an experimental study on gasification of cashew nut shells for hot water
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generation in a local food-processing factory. They found that cashew nut shells were
excellent feedstock for gasification and it had high-energy content and similar
composition as fuel wood. An economic analysis with the incorporation available
literatures suitable to prospective renewable energy system was performed. Most of
such studies estimated the probable saving in resources over existing technology as
well as payback period for additional investment made in plant and machinery.
Dasappa et al., [88] developed an open top gasifier that could replace 2,000-liter
diesel per day completely. This system operated over 140 h per week on a nearly
nonstop mode and over 4,000 h of operation for complete replacement of fossil fuel.
Therefore, biomass fuels have important role in domestic and agricultural sectors in
India. The substitution of fossil fuel with biomass for useful energy production results
in reduction of greenhouse gas emission [89]. Patel et al., [90], studied on Sardar
Patel Renewable Energy Research Institute, India (SPRERI’s) open core gasifier
(1.25 GJ h™") for steam generation in a dual fuel burner. Duel fuel burner was used
with 60 % light diesel oil and 40 % producer gas. They observed that wood
consumption was (70 — 80) kg h™' that replaced 40 % (20 1 h™") light diesel oil. The
system was tested for a cumulative period of 600 h using sawmill woody waste as
feedstock in test runs of 15-18 h. Panwer et al., [91], studied low temperature food
processing industrial thermal application through an open core biomass gasifier. The
gasification system was essentially consisted of an open top down draft reactor lined
with ceramic. The experiment reveals that 6.5 kg of liquefied petroleum gas (LPG)
was fully replaced by 38 kg of sized wood on hourly basis. The maximum
temperature attained was 367°C in 130 min at 100.7 Nm>h™ flow rates. Singh et al.,

[92] evaluated performance of a biomass gasifier as solar dryer back up heater.
2.5 Drying modelling

The hot drying air removes moisture from the core of the fermented tealeaves
by diffusion process. The products colour change from coppery red to black to arrest
the fermentation process. The final moisture content of black tea (3 % w.b.) is a

crucial aspect to get the stable product quality for preservation. Botheju et al., [93]
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observed wide variation of the critical moisture content of the black tea that promoted
reactivation of hydrolytic enzymes such as peroxidase, catechol oxidase, etc. These
hydrolyse lipids and heat might accelerate biochemical reactions. On the other hand,
deactivation of catechol oxidase occurs during the drying of fermented dhool.
Therefore, tea drying is not a simple moisture removal operation. Many associated
quality parameters are involved during drying process. Incorrect selection of drying
conditions and equipment might adversely affect dryer performance, predominantly in

quality of made tea.

It has been observed that many theoretical and empirical models are available
in literatures for various foods and agro based materials [94-96]. The design and
control of a tea dryer fired with producer gas necessitated modelling of the actual
drying process in term of mathematical relationships. It helped to define optimum tea
drying process parameters. Therefore, black tea drying kinetics data were obtained by
operating a producer gas fired tea dryer. The process state parameters such as drying
air temperature, moisture content, etc., were derived from heat and mass balance of
the drying process. It was reported by thin layer drying and modelling of Assam
varjety black tea especially by combustion of producer gas as a source of thermal

energy [97].

