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Abstract: Biomass is an excellent sustainable carbon neutral energy source, however its use as a
coal/petroleum coke substitute in thermal applications poses several challenges. Several inherent
properties of biomass including higher heating value (HHV), bulk density, and its hydrophilic
and fibrous nature, all contribute to challenges for it to be used as a solid fuel. Torrefaction or
mild pyrolysis is a well-accepted thermal pretreatment technology that solves most of the above-
mentioned challenges and results in a product with superior coal-like properties. Torrefaction
involves the heating of biomass to moderate temperatures typically between 200 °C and 300 °C
in a non-oxidizing atmosphere. This study focused on evaluating the influence of torrefaction
operating temperature (204-304 °C) and residence time (10-40 min) on properties of pine. Tests
were performed on a continuous 0.3 ton/day indirectly heated rotary reactor. The influence of
torrefaction operational conditions on pine was evaluated in terms of the composition of torrefied
solids, mass yield, energy yield, and HHV using a simulated model developed in Aspen Plus™
software. A kinetic model was established based on the experimental data generated. An increase in
torrefaction severity (increasing temperature and residence time) resulted in an increase in carbon
content, accompanied with a decrease in oxygen and hydrogen. Results from the simulated model
suggest that the solid and energy yields decreased with an increase in temperature and residence time.
Solid yield varied from 80% at 204 °C to 68% at 304 °C, and energy yield varied from 99% at 204 °C
to 70% at 304 °C, respectively. On the other hand, HHV improved from 22.8 to 25.1 MJ /kg with an
increase in temperature at 20 min residence time. Over the range of 10 to 40 min residence time at
260 °C, solid and energy yields varied from 77% to 59% and 79% to 63%, respectively; however the
HHYV increased by only 3%. Solid yield, energy yield, and HHV simulated data were within the
5% error margin when compared to the experimental data. Validation of the simulation parameters
was achieved by the conformance of the experimental and simulation data obtained under the same
testing conditions. These simulated parameters can be utilized to study other operating conditions
fundamental for the commercialization of these processes. Desirable torrefaction temperature to
achieve the highest solid fuel yield can be determined using the energy yield and mass loss data.

Keywords: torrefaction; pine; biomass; ASPEN™ simulation; chemical kinetics; pine; pilot-scale
rotary reactor; bio-coal

1. Introduction

Torrefaction is a thermochemical process used for the conversion of biomass into a
substance such as coal, which has improved fuel characteristics compared to the original
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biomass. This helps in minimizing the use of fossil fuels by developing/producing sustain-
able, renewable energy supplies [1]. At present, biomass is acknowledged as a significant
source of renewable energy, and it comprises around 11% of the global energy consump-
tion [2]. Biomass used for energy production comes from forestry, agricultural, waste, and
industrial resources. Forestry and agricultural residues are the primary sources, whereas
waste and industrial resources are considered to be secondary since they are derived from
the primary sources [3]. Woody biomass has some drawbacks that limit its applicability as a
wide-scale alternative energy source. Compared to conventional fuel such as coal, biomass
has a higher oxygen content, a lower calorific value, a lower bulk density, a higher moisture
content, and a higher hygroscopic nature, and hence, faces several technical challenges in
energy conversion systems [4]. Moreover, raw biomass, with its high moisture content,
poses issues with transportation, storage, and processing as a direct fuel.

In many countries, biomass use over fossil fuels can enhance sustainable development
and improve energy security. Heat and power can be produced from the direct use of
biomass or a blend with coal in a combustion or co-combustion system. [5]. Renewable
energy had a breakthrough year in 2019, as installed power capacity increased more
than 200 gigawatts (GW). In 2020, more than 260 GW of renewable capacity was added
globally [2]. The carbon content in the biomass is taken directly from the atmosphere, and
therefore the fuel is considered to be carbon neutral. Compared to coal, biomass contains
less nitrogen, sulfur, ash, and heavy metals, which is another added benefit. Despite these
advantages, there are still numerous drawbacks associated with biomass that prevent its
application for power production on a larger scale [6]. As a thermal pretreatment method,
torrefaction or mild pyrolysis plays an important role in improving the fuel properties by
solving the aforementioned problems. Along with this, torrefaction also helps in enhancing
the heating value, energy density, and improved grindability [1].

The torrefaction process usually occurs within the temperature range of 250-300 °C
under anaerobic conditions [1]. The resulting product from torrefaction contains solids
with reduced moisture, lower volatile matter, and an improved fixed carbon content. The
energy densification of biomass occurs during torrefaction by losing 30% of mass but
still retaining 90% of the energy in the solid products. The end product is usually called
bio-coal, torrefied biomass, or green coal [6]. The extent and quality (characteristics) of the
products generated depend on the biomass species and torrefaction process conditions. The
lignocellulosic composition of biomass varies widely with the type of biomass species. For
example, the hemicellulose content for pine is 20.5% compared to 25.4% for straw. Under the
torrefaction regime, hemicellulose, which is the most reactive component of lignocellulosic
biomass, undergoes extensive degradation to produce a solid product (bio-coal) along
with volatiles and gases. Lignin and cellulose contents, which also vary with the type of
biomass, undergo limited devolatilization during the process. Thus, biomass with higher
hemicellulose typically produces lower bio-coal yields accompanied by higher volatile
and gas contents. Furthermore, with an increase in torrefaction temperature, the yield
of the condensable and non-condensable gases increases, resulting in lower carbon-rich
solid yields. Thus, the distribution of torrefaction products, namely bio-coal, condensable
volatiles, and gases vary with the biomass species and the operating conditions utilized.
The condensable volatiles and gases can be combusted and reutilized to generate the
thermal energy required /necessary for the drying and torrefaction processes [7].

Biomass is composed of hemicellulose, cellulose, and lignin. These complex structures
are also responsible for the existence of the various conflicting models of the thermal
degradation pathway for biomass. At present, all the kinetic studies on torrefaction are
restricted to isothermal conditions. The most used torrefaction model established by
Colomba Di Blasi, and Mario Lanzetta (1997) initially described the degradation of xylans
under an inert atmosphere in the temperature range of 200-340 °F [8]. Thurner and Mann
(1981) investigated the pyrolysis of oak sawdust over the range of 300-400 °C using reaction
kinetics. The kinetic parameters established from the Arrhenius plots were 88.6, 112.7,
106.5 k] /mol, 8.61 x 10°, 2.47 x 108, and 4.43 x 10” min—! for the activation energies and
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frequency factors, respectively for wood decomposition into gas, tar, and char defined
by three parallel first-order reactions [9]. Shang et al. (2013) studied the decomposition
kinetics and devolatilization of wheat straw in a thermogravimetric analyzer coupled with
a mass spectrometer. They applied a two-step reaction kinetic model considering the initial
dynamic heating period. This helped them obtain precise data that matched with the
experimental results at different temperatures. The activation energy and pre-exponential
factors established for these two reactions were 71.0 and 76.6 k] mol~!, and 3.48 x 10*
and 4.34 x 10% s71, respectively. These parameters and model successfully predicted the
residual mass of wheat straw on a batch torrefaction reactor [10].

Research involving kinetic parameters were mostly successful in studying the effects
of temperature, but information is limited when it comes to the effects of residence/reaction
time. Wilk et al. (2017) used kinetic parameters to find that conducting torrefaction at a
higher temperature helped in decreasing the activation energy of the combustion process
of miscanthus pine with improved fuel properties [11]. Moreover, results on composition,
mass yield, energy yield, and higher heating values were not always reported and/or
validated with experimental results, which is a critical part of ensuring the success of
a model.

Lately, there has been an increase in the number of studies focusing on torrefaction
characteristics for a wide varieties of biomass species. The primary focus of the research has
been on the fuel properties of torrefied products obtained using different process parame-
ters [6,12-17]. Although there are several torrefaction studies available, the majority of them
focus on experimental approaches. These studies therefore provide limited information
on process scale-up [6]. For instance, lab-scale experiments pose challenges in obtaining
information on process energy requirement, which is critical for industrialization and
commercialization of the process. These reasons might have hindered implementation of
torrefaction technology to produce solid biofuel on an industrial scale to an extent. [18,19].
In order to minimize the gap between academia and industry, more process modeling
studies are required. There is a scarcity of torrefaction process-modeling works in the
literature. [20-23]. In a simple torrefaction model by Hardianto et al. [20] and Dudgeon [24],
they estimated the yield and the heating value of torrefied biomass. Nikolopoulos et al. [21]
studied the torrefaction of wheat straw using a combination of an Aspen Plus [25] model
and chemical kinetics. However, none of these works provided any information on energy
consumption and process energy efficiency.

Previous studies have used known compositions of the feed obtained from exper-
imental studies and these results were incorporated into a stoichiometric (RStoic) or a
conversion reactor (Ryield), or both reactor types in tandem [20,26,27]. As stated by
Bach et al. (2017) [28], the issue was that these pre-defined reactors could not model the
actual torrefaction reaction successfully. In order to address this issue, in this study, a
simplified kinetic model using the Arrhenius equation has been developed for carbon,
oxygen, and hydrogen separately based on experimental data obtained at various temper-
atures and residence times. The novelty of this study lies in the fact that this model was
simulated using Aspen Plus™ through a CSTR reactor that can account for changes in both
the temperature and the residence time, and the reaction kinetics has been developed based
on results obtained from a pilot-scale torrefaction. A CSTR (continuous stirred tank reactor)
is commonly used in industrial processing operations. The advantages associated with
CSTR are effective mixing and well-maintained and controlled reactor temperatures. Under
steady-state conditions, the output composition is identical to composition of the material
inside the reactor, which is a function of the residence time and the reaction rate [29].
These properties of the CSTR reactor were found to be suitable for the simulation of the
torrefaction conditions with the assumption of steady-state and the uniform mixing of the
materials within the reactor.

In addition to predicting the yields, the proposed simulation model can also provide
valuable information and insights into managing energy consumption, scale-up, and
optimization of the reactor conditions.
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2. Materials and Methods
2.1. Pilot-Scale Experiments
2.1.1. Materials and Experimental Procedure

Pine wood chips were procured from Winn Timber depot, Winnfield, LA, USA (Febru-
ary 2018) for further processing and experimentation. The pine chips obtained had an
initial moisture content of 50 wt.% and were approximately 45 x 25 x 10 mm in size on
an as-received basis. Pine chips were processed through a commercial chipper (one pass)
to reduce the size to approximately 25 x 13 x 6 mm and smaller and stored for further
analysis and experimentation. Torrefaction tests were performed on a 15 kg/h natural gas
fired indirectly heated rotary reactor. The dimensions and details of the reactor system
are provided in detail [30]. The effects of temperature and residence times on mass yield,
energy yield, higher heating values, proximate and ultimate analysis, and the energy yield
in the off-gases on various feedstocks on a simulated torrefaction unit were all evaluated in
this study.

2.1.2. Pilot-Scale Experimental Procedure

A schematic of the torrefaction reactor set up is presented in Figure 1. Pine chips were
loaded into a hopper (1), which were dropped via rotary air lock (2) into a mechanically
vibrated hopper (3) and continuously fed into the rotary reactor (5) through a screw
conveyer (4). As the reactor rotates, chips were transported along the heated section of the
reactor (5) which was located within the heating chamber (10). Chips were torrefied as
they passed the reactor. Torrefied pine was dropped into a sampling drum (7), which was
hermitically sealed to the discharge end of the reactor (6) and cooled by purging nitrogen
continuously. The volatile gas stream released during the process leaves the reactor from
the process side gas exit (9), while the combustion flue gases exit the heating chamber at
the flue gas exit (8). The torrefaction temperature referred throughout this document was
based on the thermocouple located in the center zone of the reactor, which was controlled
by adjusting the natural gas flow rates. The residence times were controlled by adjusting
the rotary reactor rpm’s. The inert atmosphere was maintained by purging nitrogen and
maintaining a positive pressure inside the reactor system. The detailed experimental
procedure can be found in the thesis [30], where a total of 12 experiments were conducted
using pine at various temperatures and residence times ranging between 232-315 °C and
16-24 min, respectively. The tolerance for process temperatures was £7 °C, and £10% for
residence times, respectively.

@
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Figure 1. Schematic side view of the torrefaction reactor. (1) Hopper, (2) rotary air lock, (3) agitated
hopper, (4) screw feeder, (5) retort, (6) discharge section, (7) sampling barrel, (8) heating chamber flue
gas exit, (9) process gases exit, and (10) heating chamber.
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2.1.3. Post-Experimental Analysis

All the analytical methods used in this study such as the higher heating value, and
the ultimate and proximate values of raw biomass and torrefied biomass samples were
performed strictly adhering to ASTM procedures. All samples were analyzed at least in
duplicates to ensure accuracy.

The higher heating value (HHV) was measured using a bomb calorimeter according to
the ASTM standard D-2015. A PARR 6200 Bomb Calorimeter (Parr calorimeter Model No.
A1290DDEB, Parr Instrument Company, Moline, IL, USA) was used for the determination
of the HHV.

The moisture content of the samples was determined as per the ASTM Method 4442.
Two different instruments were used to analyze the moisture content independently: (1) a
moisture analyzer (HB43-S Halogen Mettler Toledo), and (2) the oven dry method. A Vario
Micro Cube Elemental Analyzer was used to determine the elemental composition of pine
and torrefied pine samples. Volatile matter and ash content of the samples were determined
in accordance with the STM standards D-3175-11 and ASTM E-1755-01, respectively. Analy-
sis was carried out using a high-temperature vertical tube furnace (MTI GSL-1100X-S MTI,
USA) and a box furnace (Lindberg Blue BF51828C-1, Ashville, NC, USA). Fixed carbon
was calculated based on the measured moisture content, volatile matter, and ash content of
the samples.

2.2. Aspen Plus™ Simulation

Aspen Plus™ was used to simulate the torrefaction process. This flow-sheeting
software was developed by AspenTech, that permits the simulation of the industrial
processes by incorporating chemical and physical transformations in a comprehensive
way [31]. This simulation technique uses the principle of a sequential modular approach
to calculate the steady-state heat and mass balance, scale-up, sizing, and cost analysis for
a chemical process. There are certain limitations associated with the traditional modular
approach due to the flow of information being unalterable, as it is pre-determined in the
process flow structure. On the other hand, the biggest advantage of the sequential modular
approach lies in its robustness, flexibility, and reliability [32]. Aspen Plus™ modeling
was conducted using block units that can simulate the inter-connected steps involving
material streams and energy flows in unit operations and sub processes. This software has
an enormous list of chemical compounds with their properties. It also supports the use
of non-conventional components such as coal and biomass via ultimate, proximate, and
sulfate analysis [33]. Aspen Plus™ also provides calculator blocks to incorporate a Fortran
code and change the design conditions. This software utilizes an iterative solution method
to achieve convergence with a string of calculating streams blocks [34].

Simulation of torrefaction of pine using Aspen Plus™ was divided into two sections
in series-drying and torrefaction. The simulation design is shown in Figure 2. Biomass
contains a significant amount of moisture, and hence was first dried prior to entering the
torrefaction reactor. Drying is typically a high energy demanding step [35]. Pre-drying of
biomass is a crucial step for successful torrefaction application where it can generate greater
than 80% of the process heat required by combusting the volatile organic compounds from
the biomass. This was demonstrated at North Carolina State University [36]. However, the
amount of energy available from process volatiles is dictated by the torrefaction processing
conditions such as temperature and residence time. Commercial applications have followed
this step and incorporated pre-drying methods in their designs. The Biomass Technology
Group used this principle, and utilized the gases released in the reactor as a heat source for
drying by burning them in a combustion chamber [36]. The design shown in this study has
a recycled heat source from the exhaust gases utilized in drying.

Various components, including condensable and non-condensable species added to
the simulation, were identified from the pilot-scale experimental studies and the literature
review provided in the supplementary material (Table S1) [10,13,14,37-45]. The general
input parameters used for the simulation are shown in Table 1.
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Figure 2. Aspen Plus™ simulation design.

Table 1. Processing conditions and input parameters used in the Aspen Plus™ simulation.

Capacity 10,000 tons/year
Plant type Stand alone
Feed stock Pine, 11% moisture content

Torrefaction conditions

Residence time: 10-40 min
Torrefaction temperature: 204-304 °C (400-580 °F)
Flow rate: 8760 ton/year

Production rates

7000-8000 ton/year

Available utilities

Natural gas, water, air

Raw pine softwood HHV (M]/kg) (db) 20.5
Apparent density of raw pinewood (kg/m?3) 440
Density of dry pine wood (kg/m3) 250

Process Flow Sheeting

The following general assumptions were held while constructing the simulation:

The process being continuous and steady-state, with the mechanical aspects of the
equipment being disregarded. The model does not consider the movement of the
material within the dryer or reactor.

The simulation process was conducted at atmospheric pressure (1 atm).

The air used for drying and combustion was at a temperature of 250 °C and 25 °C,
respectively.

The ultimate and proximate analysis data were used to define the non-conventional
biomass feedstock. For the enthalpy and density calculations, the solid property
models of HCOALGEN and DCOALIGT for coal were used.

Due to the low or near atmospheric processing pressures (1 atm) and the presence
of conventional gaseous compounds (such as HyO, CO, and CO,), the ideal gas law
equation was adopted for calculating thermodynamic properties.

The sequential modular simulation of the process of torrefaction of the dried biomass

with the utilization of Aspen Plus™ blocks is shown in the “torrefaction” section as:

1.

B2 is a first stage torrefaction with a RYield block to ensure the final drying of pine to
0% wt. moisture.
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2. DRYER block separates the moisture from the biomass, which is subsequently released
through the exhaust stream along with air.

3. B3 uses the elemental composition of the biomass to convert the incoming non-
conventional dry biomass into a conventional form.

4. The reactor is a RCSTR block with a specified temperature and residence time. In
this block, the kinetic model that was developed based on the experimental data was
used to determine the yield of torrefied solid product. Reaction kinetic parameters
are shown in Table 2.

5. SEP separates the solid torrefied product (TOSOLID) from torrefied gas (TOGAS).

6. RGIBBS2 recomposes the gaseous products in stream TOGAS from its elemental
constituents.

7. B4, RGIBBS3, and B6 are used in the combustion section. Exhaust gases after tor-
refaction are mixed with air to ensure the complete combustion of the torrefied gases.
The heat generated from combustion is then recycled into the dryer to minimize the
energy requirement for the drying process.

8.  Final step involves the cooling of both TOGAS and torrefied solids. This section is
implemented in Aspen Plus™ by means of conventional “heat exchanger” blocks
(Figure 2). After combustion, the torrefied gases are mixed with air. This dilutes
the exhaust gases and decreases the temperature before releasing them into the
atmosphere.

Table 2. Kinetic parameters for torrefaction temperature at 232, 260, and 288 °C for three different
residence times-16, 20, and 24 min, respectively.

Parameters Carbon Oxygen Hydrogen

Reaction order () 1.05 1.98 1.97

Activation energy (( E,) ( %)) 6378.501 68,334.5 26,457.6
Pre-exponential factor 0.00184 (min~1) 2799.52 (grmol~min~1)  22.64 (g:mol~!-min—1)

2.3. Torrefaction Kinetic Modelling
2.3.1. Differential Method of Rate Law

Differential rate laws express the rate of reaction as a function of a change in the
concentration of one or more reactants over a specified time interval. These rate laws help
in determining the reaction (or process) by which the reactants turn into products. The
differential form of reaction is expressed as:

A =k M

In the kinetic modelling, it was assumed only solids were present at the initial con-
dition of torrefaction and the kinetic rates are based on the ultimate analysis of the feed.
The kinetic reaction rates were represented by the Arrhenius equation where it consists of
two parameters, namely the pre-exponential factor (A) and the activation energy (E,). The
kinetic models were implemented as power-law type kinetic expressions with the reaction
rate calculated in Aspen Plus™ by Equation (1), where r is the rate of reaction, A is the
pre-exponential factor, T the absolute temperature, E, the activation energy, and R is the
gas constant. The value of k (reaction rate constant) and « (reaction order) were predicted
using polymath non-linear regression (L-M) at each temperature. For each temperature,
the value of & was fixed and the value of k was predicted. The method was repeated until a
constant value of k with adjusted R? value above 0.9 was obtained. The kinetic parameters
for the reaction temperatures 232-288 °C (450-550 °F) are shown in Table 2. The Arrhenius
plots of these data are shown in Figure 3a—c. The slopes and intercepts were calculated by
linear regression using excel and were utilized for obtaining the values of the activation
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energy and the pre-exponential factor. Polymath regression analysis data are provided in
the supplementary material (Figures S1-56).

Ln(k) = f% +In(A) %)

Reactant s Product 3)

Reaction Time, tyin = [Cho ) = '™ ] /ffcx (1 - w) @)
(=7carbon) = k1(Cearbon)” ®)

(—70xygen) = k2(Coxygen)" (6)

(—VHydmgen) = k3(Crydrogen)” @)

2.3.2. Integral Method of Rate Law

Integrated rate laws express the rate of reaction as a function of the initial concentration
and a measured concentration of one or more reactants after a specific amount of time
(t) has passed. They are used to determine the rate constant and the reaction order from
experimental data (Kissinger, 1957). The concentration in terms of mole fractions of each
component were calculated on a basis of 1 g of biomass, and the final value was obtained
after multiplying with the solid yield. In this study, an integral method was utilized to
determine the reaction order. Experimental results for carbon, oxygen, and hydrogen were
studied, and results were fitted to zero-order, 1st order, 2nd order, and 3rd order reactions.
The value of R? for the linear regression was used to determine which reaction order was
most applicable to the tested dataset. The equations for each reaction order are shown in
Table 3. The Arrhenius plots for the corresponding reactions are shown in Figure 4a—c.
The Arrhenius plots for the other reaction orders (zero—2nd order) are provided in the
supplementary materials (Figures S7-59).
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Table 3. Integral forms of the reaction equations (Equations (8)—(12)) [29].
Reaction Order Integral Form of the Equation
Zero-order Cys = —kt+Cyp (8)
First-order InCy, = —kt +1nCgy 9)
Second-order Ci =kt + % (10)
Third-order Ciz =kt + # (11)

BTU
HV (lb, db

The reaction kinetics for the formation of torrefied solid products, and experimental
correlations (Equation (11)) providing the dependence of torrefaction operating conditions
on the conversion of the elemental constituents carbon, hydrogen, and oxygen, as well
as the HHV, was derived from experimental data. The correlation parameters for the
HHYV were predicted using polymath non-linear regression (L-M), and Equation (12) was
developed.

) = 237.4014 * C — 505.1785  H + 19.69328 x O — 5805.122 * N(Adjusted R = 0.9434) (12)

Mass Yield (MY) = 0.0221 % C + 0.071 % H + 0.098 + O — 11.057 N(Adjusted R? = 0.9146) (13)

HHYV of torrefied biomass
HHYV of raw biomass

Energy yield (EY) = MYy, * (14)

2.4. Simulation Runs and Data Validation

The simulation data generated was compared with the experimental results obtained
from the torrefaction pilot-scale unit at four different temperatures—232, 260, and 288 °C,
respectively, and three residence times—16, 20, and 24 min, respectively. A standard
error of 5% was applied on the experimental data to clearly distinguish the deviations
between the simulation results and the experimental data. Both the differential and integral
methods were used to determine the reaction order for each elemental species. The results
presented are based on the predicted activation energy and the pre-exponential factors
shown in Table 2 using the differential method of rate law. These parameters were found
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to be the most suited for this study based on the data fitting and comparison to the
experimental results.
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Figure 4. (a) Arrhenius plot for the first-order reaction of carbon; (b) Arrhenius plot for the second-
order reaction of oxygen; and (c) the Arrhenius plot for the third-order reaction of hydrogen.

3. Results
3.1. Proximate and Ultimate Analysis of Pine

Proximate and ultimate analysis of pine used in this study are presented in Table 4.
This compositional data was used in the Aspen simulation. Proximate and ultimate analysis
of torrefied pine obtained at various operational conditions are presented in Tables S2-54.

Table 4. Properties of pine obtained from experimental studies.

Proximate analysis—pine
Volatile matter (%) 82.5
Fixed carbon (%) 17.0
Ash (%) 0.45
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Table 4. Cont.

Ultimate analysis—pine

C (%) 50
H (%) 6.6
O (%) 43.2
N (%) 0.1
S (%) 0.0
higher heating value (M]J/Kg) * db (Btu/Ib) 20.3 (8680)
Biomass type Softwood

3.2. Effect of Temperature and Residence Time on the Composition of Bio-Coal

Torrefaction reaction was successfully simulated through the RCSTR reactor while
taking the variation of both the temperature and the residence times into consideration.
Figure 5a,b show the composition of torrefied solid obtained from the simulation at various
temperatures for 16 min and 20 min residence time, respectively. Figure 6a,b show the
composition of torrefied solid obtained from the simulation at 260 °C and 288 °C, respec-
tively, with the residence time varying from 10 min to 40 min. Figures 5 and 6 also present
experimental data in comparison to the simulated values. Carbon content in the torrefied
biomass was found to have increased with an increase in temperature, while oxygen and
hydrogen content decreased. Carbon content increased from 53% at 204 °C to 56% at 304 °C,
respectively. An increase of 5.6% was observed over a range of 100 °C temperature change,
and the rate of increase was about 0.056% for a 10 °C rise in temperature. Oxygen decreased
from 43% to 38%, and the decline in hydrogen content was from 5.6% to 5.2%, respectively.
The total decrease in oxygen and hydrogen were about 11.6% and 0.3%, respectively. Simi-
lar trends were observed by Strandberg, et al. (2015). This loss of oxygen and hydrogen
contributes to the mass loss of pine with increasing temperatures [6,46]. A similar trend
was also observed for 20 min residence time, however the increase in carbon content was
higher, and the loss of hydrogen and oxygen was higher as well compared to the 16 min run.
Also, the corresponding increase in the carbon content and the rapid removal of oxygen
from the biomass contributed to the resulting increase in the higher heating value. This
decrease in the hydrogen and the oxygen content with the temperature could be attributed
to the devolatilization reactions, during which the hydrogen and the oxygen were lost in
the form of water, CO, and CO, [47]. Similar trends were observed when the residence time
was changed keeping the temperature constant. At 260 °C (500 °F), the residence time was
varied from 10-40 min. Carbon content in the torrefied material increased, while hydrogen
and oxygen contents decreased with increasing residence time. Carbon content increased
from 54% to 59% at 40 min, respectively, which is about a 9.2% total increase. The rate of
increase was about 0.23% for every 2.5 min increase in residence time. At 288 °C, the carbon
content increased from 55% to 68%, respectively. Oxygen content decreased from 40% to
33%, respectively, while hydrogen content decreased from 5.6% to 4.5%, respectively, over
the range from 10 min to 40 min residence time. The total decrease in oxygen content was
about 17.5%, and that of hydrogen was 19.6%. The total changes for the elements showed
that the temperature had a more pronounced effect on carbon than the residence time. On
the other hand, for hydrogen, the influence of the residence time was higher than that of
the temperature. For oxygen, temperature, and residence time both had similar effects,
however temperature was more pronounced. Although temperature has a greater influence
on torrefaction compared to residence time, both parameters are critical to obtain a product
with the desired specifications.
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Figure 5. Comparison (experimental and simulated) of variation in the elemental composition of
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Figure 6. Comparison (experimental and simulated) of variation in the elemental composition of
pine at various residence times: (a) residence time (1040 min) at 260 °C, and (b) residence time
(1040 min) at 288 °C.

The elemental composition obtained from the simulation was compared to the ex-
perimental results with a 5% standard error. Simulated results and experimental results
for carbon and oxygen were within the 5% error margin. In the case of hydrogen, the
simulated results followed the same trend as the experimental results, however a 5-8%
deviation was observed at 232 °C. The simulated and experimental data for carbon, oxygen,
and hydrogen were all within the 5% error margin when the residence time was varied.
Observed deviations, although small between the simulated and the experimental data,
could be contributed to limited data at higher temperatures.
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3.3. Van Krevelen Plot

An increase in torrefaction severity, from 204-304 °C, over 10 to 40 min, caused the
decomposition of biomass in terms of oxygen and hydrogen loss that can be seen from
Figure 7, which is a van Krevelen diagram that provides an insight into the differences in the
elemental compositions of biomass, torrefied pine, and coal. Volatiles have high H/C and
O/C ratios, which implies a decrease in the H/C and O/C atomic ratios of the remaining
solid after torrefaction. The simulated results indicated the same. As the torrefaction
severity of pine increased above 302 °C (575 °F), the H/C vs. O/C ratio decreased from 1.2
to 0.6, respectively, and the elemental composition of pine fell under [48] the range of peat.
This indicated that collecting more experimental data over a narrower range of temperature
and residence time can improve the modeling parameters, consequently helping in the
improvement of the model. Similar results were reported by Manouchehrinejad and Mani
(2019), where they simulated the torrefaction of pine wood chips over a range of 230-290 °C
with 30 min residence time using reaction kinetics and compared their results with the
experimental data. The O/C and H/C ratios declined with increased temperature due
to the dehydrogenation and deoxygenation reactions happening during the torrefaction
process. This resulted in an increased HHV [49].
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Figure 7. Experimental and simulated torrefaction data overlay on a van Krevelen diagram. Adapted
from [50].

3.4. Effect of Temperature and Residence Time on the Properties of Bio-Coal in Terms of Mass Yield,
Energy Yield, and HHV

The results of solid mass yield, energy yield, and torrefied solid HHV from the
simulation model compared with the experimental data from torrefaction of pinewood
chips at 232, 260, and 288 °C with 16, 20, and 24 min residence time are exhibited in
Figure 8a,b and Figure 9a,b. The thermal decomposition of biomass increased with an
increase in torrefaction temperature. This resulted in a gradual decline of solid mass yield,
whereas the solid yield decreased with increasing residence time. The mass loss was mainly
attributed to the degradation of the hemicellulose content in the biomass. The hemicellulose
decomposition temperature ranges from 190 °C to 320 °C, where primarily the weight
loss occurs at 230 °C due to the cleavage of glycosidic bonds and decomposition of side
chains, and at 290 °C, due to the fragmentation of monosaccharide units, the weight loss is
extensive [51].
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HHYV of pine with residence time at (a) 260 °C, and (b) 288 °C.

An increase in the torrefaction temperature resulted in a decrease in the energy yields
which was calculated using Equation (14). There is a fine balance between the mass loss
and the quality gain (HHV) resulting in a desired energy yield. This energy yield can
be used as an indicator for the optimal torrefaction temperature and the solid fuel yield.
Simulated solid yield results varied from 80% at 204 °C to 63% at 300 °C, respectively, while
the energy yield varied from 99% at 204 °C to 69% at 300 °C, respectively. Over the range of
10 to 40 min residence time, solid yield and energy yield varied from 75% to 69% and 79%
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to 65%, respectively. Shang et al. (2013) studied the torrefaction of wood chips in a pilot-
scale continuous reactor. They observed an increased mass loss and a higher HHV in the
temperature range of 250-300 °C due to the degradation of hemicellulose in the 200250 °C
range, along with cellulose and lignin degradation in the 270-300 °C temperature range.
They reported that the preservation of energy in the torrefied material is possible at mild
torrefaction conditions involving a low temperature and a short residence time. They also
mentioned that if a high energy density is desired, then only severe torrefaction conditions
should be used [10]. This observation supports the findings that was made in this paper.
The predicted solid yields at various torrefaction temperatures by simulation were slightly
higher, while the energy yields were slightly lower than that of the experimental data.
Experimental results for all the parameters were available only within the temperature
range of 232-288 °C (450-550 °F), so the kinetics developed for the simulation was more
appropriate for this temperature range. This might be the reason for the minor differences
observed between the simulated and experimental results, especially for the temperature
outside the given range. Approximate control of the reaction temperature and retention
time in the lab experiments can also play a role. The simulated higher heating values were
close to the experimental data, all being within the 5% standard error. This indicates the
precision of the developed correlation used in the simulation for approximating the calorific
value of the torrefied pine in the simulation process. The acceptable conformity between the
simulation results and the experimental data at the specified residence time validated the
simulation parameters, which can be further utilized to evaluate other operating conditions.

3.5. Effect of Temperature and Residence Time on Product Distribution

In the simulated results, the effect of temperature on the yield of condensable and
volatiles was higher than that of residence time as shown in Figure 10a,b. Owing to
the increased decomposition of biomass, the solid yields decreased with the increase in
residence time at a specific temperature. This weight loss was mainly attributed to the
hemicellulose content in the biomass. Compared to other components, hemicellulose is
more reactive, and causes the decline in solid yield during torrefaction [42]. Similar results
were obtained by Chang et al. (2012) in a torrefaction process of spruce wood and bagasse.
In both cases, the solid yield of torrefied biomass decreased from about 81% to 66% when
temperature was increased from 204 °C to 300 °C, respectively. Under the same conditions,
the yields of condensable and volatiles were found to have increased [42]. The same trend
was observed by Manouchehrinejad and Mani (2019), with a decrease in solid and energy
yield observed with an increase in temperature [49]. The composition of gases obtained
after torrefaction are shown in Figure 11a,b. Formation of carbon dioxide, carbon monoxide,
and methane decreased, while water content increased with the increase in torrefaction
temperature at a specified residence time. Carbon monoxide content was found to be
low, ranging between 2-5%. A similar trend was observed when the residence time was
increased, keeping the temperature constant. Carbon dioxide content in the torrefied gas
stream on a mass basis varied from 48% to 38%, methane varied from 44% to 30%, and
water varied from 1.8% to 22.7% when temperature was changed from 204 °C to 300 °C
with a 15 min residence time, respectively. At 260 °C with 16, 20, and 24 min, carbon dioxide
decreased from 45% to 41%, methane decreased from 39% to 35%, and water increased from
about 11% to 12%, respectively. Although experimental results for the gaseous composition
were not available, other studies showed comparable results. Chang et al. 2012 reported
the same trend of decreasing carbon dioxide formation with an increase in temperature.
The formation of carbon dioxide was primarily owing to the decarboxylation reaction of
unstable carboxyl groups present in the hemicellulose of pine wood [42].
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3.6. Mass and Energy Balance Flowsheet

Figure 12 shows the overall mass and energy balance flow diagram. Mass and energy
balances were calculated based on a 1 ton/hour feed rate. Heat duties of the process were
obtained from the simulation. The heats utilized by the system are represented by Q, the
enthalpy flow of the system is represented by Qy,, the mass enthalpy is represented as Q,,
the mass flow is denoted as M, and the temperature as T. Most of the total energy required
by the dryer was provided by the combusted heat stream. Thus, heat required by the dryer
decreased significantly with this recycled heat stream from the combusted torrefied gases.
An energy requirement comparison was made with and without the recycled heat stream,
and it showed that 100% of the energy required for drying was provided by the recycled
heat stream. The excess heat can be further utilized in the reactor to achieve the target
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torrefaction temperature. The calculated heat required by the dryer by Equation (15) was
248.62 MJ /h.

k k
Qpryer = Heat of vaporization of water (é) * Feed rate(%) * Moisture content in the feed (15)
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This also helped in minimizing the heat required for torrefaction in the reactor. As
most of the heat required in the reactor goes to heating up the biomass to the torrefaction
target temperature, it was assumed that minimal heat losses were observed from the
equipment not incorporated in the energy balance calculations. The heat released in the
separator block (SEP) was due to the enthalpy of mixing of carbon, hydrogen, oxygen, and
nitrogen where they were finally separated into solid (TOSOLID), condensable, and volatile
(TOGAS) streams. This was verified by finding the values for enthalpy of mixing in the
inlet stream, S8 to the SEP block, and the two outlet streams TOGAS and TOSOLID using
the equation [52]:

Hyixture = AHpix + inHi (16)

where

Hyixture © total enthalpy of the system after mixing;
AH,yiy @ enthalpy of mixing;

x; : mole fraction of the components; and

H; : enthalpy of pure component

The enthalpy of the mixture and the enthalpy of the pure components were both
obtained from Aspen Plus™ property analysis at 260 °C. The difference in the enthalpy
values in the inlet and outlet streams was close to the heat released by the SEP block. This
explains some of the discrepancies observed in the energy balance due to the enthalpy of
mixing ofvarious components. The sensible heat of the torrefied biomass was extracted
through the cooling sections. The final torrefied product temperature was reduced to
100 °C using heat exchangers. The exhaust gases after combustion were cooled down to an
ambient temperature before releasing them into the atmosphere with the use of air. The
torrefaction process was simulated at various temperatures ranging from 204 °C to 304 °C,
respectively over a range of 10 min to 40 min residence time. The energy for heating up
the biomass to the torrefaction target temperature increased slightly with the increase in
torrefaction temperature. At the same time, the heat released from the reactor due to the
reactions also increased. Thus, the overall energy requirements for drying and torrefaction
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did not change considerably. A similar observation was made by Manouchehrinejad and
Mani (2019). At higher torrefaction temperatures above 260 °C (500 °F), the torrefaction
was considered as exothermic [3], and hence the heat inputs for torrefaction to occur can be
supplemented by the exothermic reactions without a further increase in the heat supply to
the system within the range of higher 260-316 °C (550-600 °F) torrefaction temperatures.

4. Conclusions

This study focused on evaluating the performance of a pilot-scale reactor to produce
bio-coal and developing a simulation model for optimizing the torrefaction process. Based
on the experimental work performed, it can be concluded that the fuel properties of pine,
including the higher heating value, carbon content, and energy density, were improved
from the torrefaction process using an indirectly heated rotary drum reactor. The solid
fuel obtained at higher temperatures had properties closer to that of lignite and coal. An
indirectly heated pilot-scale rotary drum reactor was successfully used to produce bio-
coal from pine chips with production rates of up to 9 kg per hour under the conditions
tested. Thus, the study has provided conclusive evidence that rotary reactor technology
is a promising option and has an excellent potential to be scaled up for the commercial
production of bio-coal.

Integral and differential methods of rate were used to fit the experimental results
and predict the kinetic parameters for the reaction. The differential method of rate law
was used to predict the kinetic parameters for the simulation, as these results were in
close approximation with the experimental results. The simulated results were within
5-7% of the error margin when compared to the experimental results. Based on the
experiments performed on the pilot-scale unit to produce bio-coal, the simulation model
was validated, and showed that both temperature and residence time play important
roles in this process. Choosing the right reaction parameters are crucial to the success
of the process. The simulation successfully generated accurate results in the range of a
200-300 °C temperature range. Increasing the temperature improves the higher heating
value, carbon content, and energy density of the product. The solid fuel obtained at higher
temperatures had properties closer to that of lignite. The energy efficiency of the process
also increased at higher temperatures with the use of recycled heat stream after combusting
the torrefied gases.

There are many areas of this project which merit further study. The most significant
way in which these results can be expanded upon is the verification of the Aspen Plus™
model results with further experimental testing. Additional validation, refinement, and
improvement of the model can then be achieved.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cleantechnol5020034 /51, Table S1: Condensable species recovered
from the torrefaction of pinewood at various temperatures; Figure S1: (a—c) Polymath graphs showing
the fitting of carbon data at 232 °C, 260 °C, and 288 °C (experiment vs. calculated); Figure S2: (a—)
Polymath graphs showing the fitting of oxygen data at 232 °C, 260 °C, and 288 °C (experiment vs.
calculated); Figure S3: (a—c) Polymath graphs showing the fitting of hydrogen data at 232 °C, 260 °C,
and 288 °C (experiment vs. calculated); Figure S4: Polymath report for carbon data regression at
232 °C (450 °F); Figure S5: Polymath report for oxygen data regression at 288 °C (550 °F); Figure Sé6:
Polymath report for hydrogen data regression at 260 °C (500 °F); Figure S7: (a) Arrhenius plots
for zero-order, (b) 1st order, and (c) 2nd order reactions of carbon obtained by the integral rate law
method; Figure S8: Arrhenius plots for (a) zero-order, (b) 1st order, and (c) 2nd order reactions
of oxygen obtained by the integral rate law method; Figure S9: Arrhenius plots for (a) zero-order,
(b) 1st order, and (c) 2nd order reactions of hydrogen obtained by the integral rate law method;
Table S2: Experimental results showing biomass composition after torrefaction at 232, 260, 288, and
316 °C at 16 min residence time; Table S3: Experimental results showing biomass composition after
torrefaction at 232, 260, 288, and 316 °C at 20 min residence time; Table S4: Experimental results
showing biomass composition after torrefaction at 232, 260, 288, and 316 °C at 24 min residence time.
References [10,12,15,30,37-41,43-45,53] are cited in the supplementary materials.
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