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ABSTRACT

Background and Objective: An attractive and less expensive process for biomass pretreatment is
torrefaction. However, the high cost of torrefaction reactors, difficulties in providing a passive
environment, cost of production and design complexities discouraged its utilization as a viable
thermochemical alternative to other types of pretreatments. This study presents the development of a
cheap and simple design small-scale batch reactor suitable for laboratory torrefaction experiments.
Materials and Methods: The concept of co-firing in pulverized coal-fired stoves was utilized in the design
reactor, comprising two chambers (the heating chamber and the torrefaction chamber (30 L)) for heating
and torrefaction, respectively. Design considerations were such that reactor performance was optimal.
Torrefaction temperature was between 250-300°C with limited air supply at three residence times of 30,
45 and 60 min. Samples of Gmelina arborea sawdust produced from a CD4 band saw machine from a local
sawmill were used in experimentation. The results were evaluated by comparing them with international
market product standards. Results: The reactor percentage energy yield increased with torrefaction time,
(36.33, 58.10 and 69.80%), respectively and torrefaction degree varied from 10.61+0.2, 34.29+0.2 and
71.18+0.2% for 30, 45 and 60 min, respectively and increased with increase in torrefaction time.
The percentage weight loss decreased with increase in torrefaction time. The product characteristics are
comparable with those of expensive and complex reactors. The product sample characteristics obtained
with the developed reactor are comparable with products from expensive and complex reactors in terms
of elemental composition, heating value and energy yields. Conclusion: The performance characteristics
of the batch reactor and the products obtained were compared satisfactorily with standard reactors and
products in literature; hence, a useful tool for producing desired torrefied biomass.
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INTRODUCTION

Feedstock pre-heating before densification is a thermal process and a suitable option for producing
higher-quality briquettes for a given energy input. This process is known to reduce power consumption
from 15 to 30% during the high-pressure densification process'. This material process could equally
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increase the production rate up to 340 to 360 kg/hr’. Pretreatment of biomass for briquetting has been
recognized for along time*. A literature search suggested torrefaction and fermentation as more attractive
and less expensive processes for sawdust pretreatment for briquetting. Torrefaction is considered a
suitable and workable technique for converting raw biomass into a high-energy-density, hydrophobic and
grindable material for use in residential and commercial heating applications®®.

During torrefaction, drying takes place at the initial heating, followed by additional heating at over 160°C
during which more water is evaporated, culminating in the generation of CO,’. Hemicellulose degrades
at temperatures between 180 and 270°C, causing the biomass to break down and release moisture,
volatile gasses and low-energy molecules that turn brown instead of yellow’. The synthesis of extraneous
gases and other heavy products occurs when torrefaction turns completely exothermic at 280°C, resulting
in enhanced gas production®.

Torrefaction applies to the pretreatment of organic biomass and is appropriate for use in the
manufacturing of solid fuel and as a replacement for coal in thermal and metalworking processes due to
its prospective applications in the creation of high-quality feedstock®. Torrefied biomass is hydrophobic,
brittle and easily grindable. It has tremendous energy and market potential®®'®. However, large-scale
torrefaction reactors are usually very costly. Despite the attractive potentials of torrefaction and its
extensive use in co-firing and energy applications, major limitations include difficulties in providing a
passive environment, cost of production and design complexities.

Tumuluru et al.”" gave a comprehensive review of different concepts and designs of torrefiers. Several
reactors are presently available in the market, with over 100 patents and more than 50 technology
developers'; however, the choice of design for commercial applications is dependent on feedstock type.
Generically, the choice of reactor is characterized by the design, distinctly modes of heat transfer and the
gas-solid or solid-solid mixing patterns in the reactor’. Reactors are generally classified as either directly
or indirectly heated'. A comprehensive review of torrefaction reactors in three different scales and
capacities i.e. laboratory-scale (20 kg/hr)'™, pilot-scale (20-600 kg/hr)'® and commercial scale 600 kg/hr'
and 8,000-100,000 ton per year'. Several other studies on detail review of selection criteria for biomass
torrefaction reactors revealed that efficient torrefaction reactors are usually identified in terms of heat
transfer, cost and complexity of operation’® while, investigations revealed that productivity of these
reactors were constrained by the low heat intensity and mass transfer processes.

Existing large-scale torrefaction reactors are expensive'. Other alternatives such as the earth pit reactor
formed by digging a pit in the ground with built-around ridge edges are difficult to manage in terms of
process control'®. The main objective of this study was to address the challenge of the relatively high cost
of imported reactors by developing a laboratory-scale direct heating torrefaction batch reactor and
evaluating its performance.

MATERIALS AND METHODS

Study area and duration:

The experiment was set up within the engineering workshop of the Department of Agricultural and
Bioenvironmental Engineering in Ishiagu, Ebonyi State Nigeria and lasted for 8 months from May, 2021
to December, 2021.

Feedstock collection and preparation: Gmelina arborea sawdust samples produced from a CD4 band
saw machine from a local sawmill along Amagu-Okue road in Ishiagu, which are available in large
volumes® were collected and sorted for foreign matters.

https://doi.org/10.3923/tasr.2024.61.71 | Page 62



Trends Appl. Sci. Res., 19 (1): 61-71, 2024

100

75

1200

600

—50~— —50~—

Legend

Flue vent
Reactor cover
Handle

Reactor chamber
Perforated pipe
Screen

Heating chamber
Air vents
Reactor base
Gate

Tripod stand

S 20NV kW =

- O

All dimensions in mm

Fig. 1: Direct heating batch reactor?

Batch reactor apparatus: The concept of co-firing in the pulverized coal-fired stove described by
Ma et al."® was used to develop a simple direct-heating torrefaction batch reactor (Fig. 1) constructed at
the Federal College of Agriculture Ishiagu, Ebonyi state, Nigeria. The reactor has two chambers (the
heating chamber and the torrefaction chamber), a chimney and a cover. The torrefaction chamber has a
30 L capacity with a removable chimney on top. The reactor dimensions are (600x600x1825) mm.
The reactor was the heating chamber has a diameter of 300 mm and a height is 150 mm. The chamber
was constructed with a mild steel plate and diagonally drilled 10 mm diameter holes around it for air
circulation. The base was constructed of similar material and has 3 holes (30 mm diameter) drilled per
square centimeter across it. An adjustable gate (100x200) mm regulates air intake into the combustion
chamber for torrefaction. The heat supply was managed by adjusting the metal gate to control hot air
intake through the vents leading to the torrefaction chamber.

There are two air intake opens (primary and secondary air intake) provided to supply air to the torrefaction
chamber. The primary air openings connect the torrefaction chamber and the heating chamber.
The secondary air was provided through some vents at the top lid segment of the reactor. A perforated
air duct pipe (9 mm diameter and 450 mm long) with a flat welded plate at the base end to prevent direct
feedstock heating. The reactor was mounted on a tripod stand constructed from angle iron welded around
the reactor (at 120°C angle) to each other. The stand provided support for the reactor in the standing
position. A k-type digital thermocouple (Fig. 2) with a temperature range of 50 to 1300°C, manufactured
by Digital Instrument, Italy was attached to the insulated body to monitor the operating temperature
during torrefaction.
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Fig. 2: K-type digital thermocouple for temperature monitoring

Operation: During operation, torrefaction temperature was between 250-300°C with limited air supply
at three residence times of 30, 45 and 60 min®*?'. The batch reactor chamber was filled with weighed
samples of Gmelina arborea sawdust. Charcoal fed into the heating chamber was ignited, with air supply
to the heating chamber controlled by a metal gate and air vents around the chamber. The biomass
receives heat directly from the heating chamber through primary air vents at the base. The heating
chamber gate can be adjusted to regulate the primary air supply as torrefaction progresses. The air inlet
vents at the lid provided supplemental secondary air to support feedstock torrefaction from the
top. The thermocouple monitors the temperature within the upper chamber as the sawdust roast in
limited air.

The reactor cover was opened intermittently to release some of the volatile materials in the form of misty
gases and trace quantities of coagulated organic compounds that were visible as condensed black crystals
on the cover. At the expiration of residence period, the remaining solid material with higher fixed carbon
and fewer volatile matters recovered from the reactor. After torrefaction, the char obtained was stored in
bags for densification.

Reactor design considerations and calculations: In the development of the reactor, the following

parameters were taken into consideration and determined with appropriate equations given by El-Sheikha

and Hegazy* and Bello and Nebo® below:

« Size of reactor: The reactor chamber is the frustum of a conical cylinder with a closed lower end
perforated as air vents for heated primary air to penetrate the biomass in the reactor. The volume of

the cylindrical chamber is expressed by Bello and Nebo® formula below:

V:%H(Rz—rz).h(m3) (1

where, h is height (300 mm), R, r (140 and 100 mm) = Radii of upper and lower radii of the reactor:
V= %n (0.14%-0.10%).0.30 = 0.003 m®
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+ Size of combustion chamber: The combustion chamber is cylindrical with air vents and a gate for

charcoal feed. The size of the chamber is evaluated by the volume of the cylindrical chamber expressed

as?;

1
V= gnrz), h(m?) 2

where, h is the height (200 mm) and is the radius of the cylinder:

V= %1‘[0.102.0.2 =0.0021m’

The area of the combustion chamber is:
A =mr? (m*) =mx0.10%. = 0.0.031m’ (3)

« Air required for combustion: The airflow per unit mass of charcoal can be computed using
the Eq. (4):

e xFCR xSA
AFR=——"—"— A
Pa “)

where, AFR is air flow rate, (m?/hr), € is equivalence ratio, (0.3-0.4), FCR is fuel consumption rate, (kg/hr),
SA is theoretical air: Fuel ratio required to burn 1 kg of charcoal is ~7:1 and p, is air density, (1.25 kg/m?)*.

AFR = %;:X” =0.432m’ /hr

 Apparent air velocity: This is the rate of airflow within the fuel, computed using Eq. (5) below®*:

~ AFR
Area of inner combustion chamber (5)

s

where, V. is apparent air velocity (m/sec) and AFR is airflow rate (m*/hr):

\'A =w=13,93m/sec
0.031

« Energy input: This is the fuel energy input into the reactor, computed using Eq. (6):
Q, = Hv.FCR,, (6)

where, Q, is heat energy needed, MJ/hr, HV,is heating value of fuel (charcoal), (28 MJ/kg), FCR is fuel
consumption rate, ~0.19 kg/hr and h is stove efficiency (80%):

Q, = 28x0.19%x0.8 = 4.26 MJ/hr

Torrefaction reactor performance variables
Mass yield (MY): The ratio of final to initial mass (M, M,) of torrefied product and raw feedstock (daf)
expressed by Nhuchhen et al.%:
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MY (%) = Mest 100 (7)

i,daf

Energy density enhancement factor (EDEF): Expressed as a ratio of torrefied product on a dry and ash
free (daf) basis using the expression (8) below®:

HHYV,
EDEF = tp,daf
HHV, ()

raw,daf

where, (HHV,, 4. is the torrefied product HHV, (HHV,,, .. is raw biomass HHV.

Energy density enhancement (EDE): The EDE is expressed mathematically as percentage increase in
torrefied energy density and raw feedstock®:

HHYV, HHYV,

EDEF (%) = —‘Plja;' \‘/ & 100 )

raw,daf

Energy yield (EY): This is energy recoverry after torrefaction® expressed mathematically in terms of mass
yield (MY) and energy density enhancement factor (EDEF)as:

EY = MYxEDEF (%) (10)

RESULTS AND DISCUSSION

Reactor design and performance: The laboratory batch reactor was successfully developed (Fig. 3) using
engineering principles and locally sorted materials. Table 1 shows the designed parameters of the
direct-heating torrefier batch reactor. The performance of the batch reactor was evaluated by percentage
energy yield (EY), percentage loss in mass and torrefaction degree. Energy yield explains the quantitative
performance of torrefaction process; this is the energy recovery after torrefaction, which is dependent on
moisture and ash contents of the biomass. The energy yield increased with a reduction in these elements®.
Energy yield is temperature and torrefaction time-dependent and determines the effectiveness of
torrefaction'". Volatile organic matter loss during torrefaction results in energy loss”’, however, it increases
the energy yield, usually greater than unity. The Torrefier Reactor (TR) percentage energy yields obtained
during the experiments at 30, 45 and 60 min were 36.33, 58.10 and 69.80%, respectively.

Fig. 3: Developed batch torrefier showing the heating chamber
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Fig. 4: Samples of untreated and torrefied sawdust produced at 30, 45, and 60 min

Table 1: Designed values of direct-heating torrefier batch reactor

Parameters Values

Overall dimension D =280,d = 200 and H = 600 mm
Volume of the reactor 0.003 m?

Volume of the fuel chamber 0.0021 m?

Air flow rate within the combustion chamber 0.432 m?/hr

Air velocity within the combustion chamber 13.93 m/sec

Energy input in the reactor 4.26 MJ/hr

Ultimate mass and energy balance are attained in torrefaction when the process consumes 30 and 10%
of its initial dry mass and energy content®
(100-10%)/(100-30%), implying that the net thermal efficiency of the process is less than one and
dependent on both the heat and the chemical energy recovery”. The percentage weight loss and energy
densification ratio increased as torrefaction time increased. The reactor's total energy input was
4.26 MJ/hr. This is the amount of stored-up energy in a unit mass of material. Torrefied energy density

is determined by comparing the raw biomass energy with torrefied product. Phanphanich and Mani®
1.31

. The energy yield therefore corresponds to ratio

reported low energy densities, typically 8-14 MJ/kg for raw biomass, while Medic et al.’' reported a 19%
increase in energy density due to mass loss in raw material at elevated temperatures. The torrefaction
degree varied from 10.61+0.2, 34.29+0.2 and 71.18+0.2% for 30, 45 and 60 min, respectively. The
performance characteristics of the batch reactor are satisfactorily compared with literature results

performance.

Physical and proximate characteristics of raw and torrefied sawdust: The particle distribution,
proximate and ultimate analysis of feedstock utilized were described and presented by Bello et al?,
Mainkaew et al.**. The samples of untreated and torrefied sample products at different torrefaction time
is shown in Fig. 4, with colour and weight changes being the most significant torrefied samples
characteristics. There was colour change from light brown to golden brown with specks of black at 30 min
(mild torrefaction) to darkish brown at 45 min and dark colour at 60 min (severe torrefaction).
Beyond 60 min, the colour turned char. These results are comparable with those obtained by
Cahyanti et al.*>, Gul et al** and Akanni et al..
Torrefaction time has significant effects on removed volatile matter and fixed carbon contents, which was
consequential on the product. For instance, at a constant mean temperature of 250-280°C, an increase
in torrefaction time from 30 to 45 min increases the fixed carbon from 17.63 to 21.02% and reduces the
volatile matter from 65.19 to 47.92%. This trend could be explained by the facts that sawdust is composed
of a substantial amount of volatile and that oxygenated compounds were expelled from the hemicellulosic
fractions through thermochemical reactions, consequently, as torrefaction time increases, the volatile
matter decreased while the fixed carbon increased. These findings agreed with those of other studies, like
Gul et al*, Li et al.*®* and Adegoke et al.*® in torrefying sawdust at 200 to 300°C and 20 min residence
period. The untreated HHV increased from 17.23 to 26.28 kJ/kg at 60 min of torrefaction time. These

observed results agreed well with the findings of the studies by Gul et al.**.
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Table 2: Performance of untreated and torrefied products at different residence time

Performance indicators Untreated TS 30 min TS 45 min TS 60 min
Weight loss (%) - 233 66.36 71.78
Mass yield (%) - 76.7 33.64 28.22
Energy yield (%) - 36.33 58.1 69.8

EDR - 0.91 1.08 135

EDEF - 1.01 1.21 1.51

EDE (%) - 142 20.95 51.2

Fuel ratio 0.23 0.33 0.8 3.1

HHV (MJ/kg) 17.38 17.63 21.02 26.28
Torrefaction degree (%) - 10.61+0.2 34.29+0.2 71.18+0.2

EDR: Energy densification ratio, EDEF: Energy density enhancement factor and HHV: Higher heating value

Table 3: Cost and material analysis of construction of batch-reactor

Parts Description and dimensions Amount (NGN)
Reactor cover 2 mm thick MS plate 5, 000.00
Reactor chamber 1219.2x609.6 mm 27, 000.00
Heating chamber 2 mm thick MS plate,

609.6x304 .8 mm
Air duct pipe Assembly 10,000.00
Temperature control K-type Digital thermocouple 25,000.00
Tripod stand 5 mm dia MS rod 1, 800.00
Labour 24, 000.00
Total 92, 800.00

Table 2 represents the comparative performances of the untreated and torrefied products. The solid mass
yield of the products at 30, 45 and 60 min residence times were 76.7,33.6% 45 min and 28.2, respectively.
Expectedly, the solid mass decreased appreciably with an increase in torrefaction time. Similar studies by
Chen et al.'’ and Lasode et al.*’ found that torrefied woody biomass yielded 80% weight after 30 min
whereas, non-wood torrefied biomass yielded 50 weight percent at 240 and 300°C, respectively.
The energy yield, which described the energy contents of material (determined by mathematical
expression), retained after torrefaction increased from 36.33, 58.10 and 69.89 wt.% with increase in
torrefaction time from 30, 45 and 60 min, respectively. The energy yield at 30min time was found below
the limits of literature values of 55-93 wt.% for energy woods**. This implied that energy yield of sawdust
is not significantly affected by 30 min torrefaction time as evident in the values of Energy Density
Enhancement (EDE).

Furthermore, the Energy Densification Ratio (EDR) (determined by mathematical expression) at 30, 45 and
60 min (0.91, 1.08 and 1.35) and Energy Density Enhancement Factor (EDEF) 1.01, 1.21 and 1.51,
respectively increased due to anincrease in torrefaction time and consequently increased the energy yield.
Weight loss was associated with volatile matter decomposition as well as moisture. These observations
were similar to results obtained by Chen et al.”® in the thermal pretreatment of cylindrical-shaped poplar
wood and loblolly pine samples, respectively.

Batch reactor performance and cost analysis: The cost analysis of the laboratory-scale direct heating
torrefaction batch reactor is presented in Table 3. The total unit cost of the reactor NGN 92, 800.00
($12.00) is relatively cheap compared with the cost of commercial reactors (above $500.00). There is
significant profitability in terms of product energy density, storage, costs and efficiency®.

CONCLUSION

A laboratory batch reactor based on the principles of co-firing was developed as an attractive alternative
to the expensive and complex designed reactors for torrefaction experiments and the results presented
in this paper. Evaluating the reactor, the physical, combustion and performance characteristics of the
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products were satisfactorily comparable with literature reports. The costs of development of the reactor
were cheaper and the torrefied products exhibited comparable characteristics with international market
standards, with assurance that its positive characteristics translate to economic advantage over high cost
of torrefier reactors. However, for effective temperature control and heat optimization within the reactor,
further studies on the temperature control device and the products discharge systems are recommended.

SIGNIFICANCE STATEMENT

Torrefaction of biomass is an attractive technology considered a viable bioenergy replacement to fossil
fuel. The unfavorably high cost of torrefaction reactors, difficulties in providing a passive environment and
design complexities are some limitations to their utilization. A cheap laboratory-scale reactor was
developed as a sustainable solution to solving these problems. The reactor percentage energy yield and
torrefaction degree increased with torrefaction time, respectively, while percentage weight loss decreased
with anincrease in torrefaction time. The reactor performance and product characteristics are comparable
with those of expensive and complex reactors. This study presents viable contribution to reactor
development and torrefaction studies.
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