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Abstract

A self-heating torrefaction system was developed to overcome the difficulties in
converting high-moisture biomass to biochar. In self-heating torrefaction, the ventilation
rate and ambient pressure must be set properly to initiate the process. However, the
minimum temperature at which self-heating begins is unclear because the effects of these
operating variables on the heat balance are not theoretically understood. The present
report presents a mathematical model for the self-heating of dairy manure based on the
heat balance equation. The first step was to estimate the heat source; experimental data
showed that the activation energy for the chemical oxidation of dairy manure is 67.5
kJ/mol. Next, the heat balance of feedstock in the process was analyzed. Results revealed
that the higher the ambient pressure and the lower the ventilation rate at any given
pressure, the lower the temperature at which self-heating is induced. The lowest induction

temperature was 71 °C at a ventilation rate of 0.05 L min "' kg-AFS™ (AFS: ash-free solid).

The model also revealed that the ventilation rate significantly affects the heat balance of

feedstock and drying rate, suggesting an optimal range for ventilation.

Keywords

Biochar; Drying; Pyrolysis; Self-heating; Torrefaction; Torrefied biomass

1. Introduction

While the application of manure-derived fertilizers to fields is a basic strategy for
establishing a carbon and fertilizer recycling system, the increase in manure generation
associated with expansion of the livestock industry raises concerns about environmental

problems such as water pollution (Basso and Ritchie, 2005; Maeda et al., 2003), and odors
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and greenhouse gas emissions due to improper manure management (Amon et al., 2006).
In addition, the risk of environmental contamination by antibiotics in manure has been
recognized recently as an emerging issue (Muhammad et al., 2020; Spielmeyer, 2018).
These factors have increased the importance of developing new livestock manure

management techniques.

Thermochemical conversion of livestock manure is an alternative route for manure
management because it alters the manure properties to make it suitable for use as a solid
fuel and/or soil conditioner (Chen et al., 2021; Li and Jiang, 2017). Hydrothermal
carbonization (also called wet torrefaction)—hydrothermally decomposing biomass in
subcritical water (180-260 °C) for minutes to hours—appears to be the first option for
livestock manure due to its high moisture content (He et al., 2018; Wang et al., 2018).
Despite the great potential of hydrothermal carbonization, the necessity of post-process
water treatment by chemical or biological means may prevent its implementation on a
large scale (Wirth and Mumme, 2014; Wirth and Reza, 2016). To avoid this problem, a
self-heating torrefaction system has been proposed that uses heat from the chemical
oxidation of the feedstock as an energy source for drying and pyrolysis (Itoh et al., 2020,
2019). Self-heating torrefaction is similar to oxidative pyrolysis—which uses the heat
source generated by partial combustion of the feedstock (Daouk et al., 2017; Milhé¢ et al.,
2013; Pham et al., 2018; Rizzo et al., 2019)—but differs significantly in that it should

also accept high-moisture biomass that does not continue self-sustained combustion.

From a macroscopic view, the self-heating of biomass occurs when the amount of heat

generated by biological and chemical oxidation exceeds the amount of heat loss due to
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water evaporation and heat release from the biomass surface. Self-heating of manure,
typified by composting, is a common phenomenon when a certain degree of insulation
and oxygen supply is ensured. Meanwhile, self-heating that leads to self-ignition of
biomass rarely occurs in nature, because, as temperatures increase, the amount of heat
loss due to water evaporation also increases, while microbial activity decreases. To
intentionally induce self-heating of manure that reaches 300 °C, the proposed torrefaction
system provides a continuous oxygen supply under high pressure to promote chemical
oxidation and greatly reduce water evaporation at around 100 °C. Thus, the torrefaction
system requires the proper setting of operating variables such as ventilation rate (for
oxygen supply) and ambient pressure to induce self-heating. Therefore, it is crucial to
determine theoretically the minimum temperature at which the self-heating of livestock
manure due to chemical oxidation can be induced. A previous study reported that at a
pressure of 1.0 MPa and ventilation rate of 0.83 + 0.02 L min! kg-AFS™! (AFS: ash-free
solid), self-heating of dairy manure due to chemical oxidation begins at 85-90 °C (Itoh
et al., 2019). Another study found that higher temperatures are required to induce self-
heating at lower ambient pressures (Itoh et al., 2020). Experimental studies to date have
provided some understanding of the effect of pressure on the heat balance of the feedstock,
but a full understanding of the effect of operating variables, including ventilation rate, is

not yet available.

A mathematical model based on the heat balance equation could be useful to answer the
above question. Some mathematical models have been proposed to describe the self-
heating of biomass (Sheng and Yao, 2022), composting (Walling et al., 2020), and

oxygen-lean torrefaction (Kung and Ghoniem, 2019). However, they assume a constant
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atmospheric pressure (0.1 MPa), and no model takes into account variations in ambient
pressure, which should affect heat loss due to water evaporation. Additionally, the
accuracy of the models depends on the accuracy of the heat source estimates. Only
activation energies for pyrolysis and combustion of manure have been reported
(Fernandez-Lopez et al., 2016; Lopez-Gonzalez et al., 2017), whereas no data are
available for that of low-temperature oxidation. The goal of the present study was to
determine mathematically the effects of ambient pressure and ventilation rate on the heat
balance of biomass during self-heating torrefaction. A simplified mathematical model was
constructed to estimate the parameters related to the heat generation term from the
experimental data, validate the reliability of the model, and investigate the effect of

operating variables on the heat balance of biomass during the process.

2. Material and methods

2.1. Experiments

Experiments were conducted in a manner similar to studies published previously (Itoh et
al., 2020, 2019). Briefly, a cylindrical stainless-steel reactor with 0.83 x 1073 m? effective
volume containing 200 g of wet dairy cattle manure with a moisture content of about 60%
on a wet basis and an ash content of 15% on a dry basis was placed in an STPH-102M
oven (Espec, Osaka, Japan). An air supply from the bottom of the reactor to the top was
provided by an air cylinder and F-201CV series mass flow controller (Bronkhorst Japan,
Tokyo, Japan). Ambient pressure inside the reactor was maintained at the desired pressure
with a BP-3 series back-pressure regulator (Go Regulator, Spartanburg, SC, USA). To
induce self-heating, the reactor was heated in an oven at a given inducing temperature.

Once the sample temperature exceeded the preset oven temperature due to self-heating,
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the oven temperature was controlled to within 1.5 °C of the sample temperature to

improve thermal insulation.

2.2.  Mathematical model

2.2.1. Governing equation

In this study, the mathematical model was simplified so it did not affect the quantification
of the heat produced by biomass oxidation. This results in the following assumptions: (1)
no decomposition of biomass occurs; (2) no gradient in oxygen concentration,
temperature, or moisture content inside the biomass is present; (3) no heat loss occurs
from the reactor wall to the surroundings; (4) gas temperature at the outlet is always equal
to biomass temperature; and (5) the specific heat capacity of moist air, water, and biomass

is constant. Based on these assumptions, a temperature change in the biomass is given by

(Bspscs + OLpLcL) i—: + mgeg(T—Tg) = Qpry + Qoxis (D
where 6 is the volume fraction (-), p is the density (kg/m®), ¢ is the specific heat
capacity at constant pressure (k] kg! K1), T is the biomass temperature (K), Tg is the
inlet gas temperature (K), t is time (s), g is the mass flow rate of dry air (g [kg s’
m)), Qpry is the heat consumed for drying (kW/m?), and Qoy; is the heat generated by
oxidation (kW/m?®) (the subscripted S, L, and G represent dry biomass, water, and air,

respectively).

The values of density and specific heat capacity of dry biomass (pg and cg) were
estimated to be 1.53 x 10% kg/m® and 1.4 kJ kg ' K'!, respectively (Dupont et al., 2014;
Iwabuchi et al., 1999). The specific heat capacity of wet air (cg) was calculated to be

=1.00 kJ kg ' K™! with the specific humidity of inlet gas of 0.0017 kgvapor/kZdry air. From
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the experimental setup (0.08 kg of dry biomass and 0.12 kg of water packed in a reactor
with an effective volume of 0.83 x 107> m?) and densities, the volume fraction of solid

(8s) was 0.063 and the initial volumetric water content (6}, o) was 0.146.

2.2.2. Drying
The heat loss from drying [Qpy (kW/m?)] was expressed as the product of the latent heat
of water evaporation (h, = {2,500 — 2.44(T — 273.15)} [kJ/kg]) and the drying rate
(Rpry = pr.(—dB/dt) [kgs' m™]),

QDry = _RDryhv- (2)
Since drying occurs with the difference in specific humidity as the drying force, the drying

rate was expressed using the characteristic function for drying f(6;) (Toei et al., 1994):

ey

Rpry = pL (_E) = (8 )mg(Hr — Hg), 3)

where Hr is the supposed saturated humidity at the supposed biomass temperature of T

(kgvapor’kgdry air) and Hg is the specific humidity of gas (kgvapor/kgary air)-

The characteristic function for drying, f(6;), changes its form based on the stage of
drying, with f(8;) = 0 for the preheating period and f(8;) = 1 for the constant rate of
the drying period. During the decreased rate of the drying period, the function becomes
one of moisture content. The form of the expression depends on the shape of the biomass
and the state of water retention. The assumptions here are as follows: (1) the decreased
rate drying curve is proportional to the moisture content, (2) the equilibrium moisture
content (0, ¢) is nearly 0 because the biomass is heated to the torrefaction temperature

after drying, and (3) the critical moisture content (6 ) is nearly equal to the initial
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moisture content (8, ) according to a previous report (Tojo et al., 1994). With these

assumptions, the drying characteristic function is expressed as

OL—0Le 6L
f(6,) = — = . 4
N @
Then, the drying rate is given by
0. . i
Rdry = 9 - mG(HT - HG)- (5)
L0

The saturated humidity can be obtained using total pressure (piora; [P2]) and saturation
vapor pressure (ps(T) [Pa]):

M, ps(T)

HF = ,
T Mair Ptotal — Ps (T)

(6)

where M, and M,;, are molar mass of water vapor (18x103 kg/mol) and molar mass
dry air (29x107° kg/mol), respectively. Saturation vapor pressure, a function of

temperature, was computed using the Wagner equation (Wagner and Pruss, 1993).

2.2.3. Oxidation

Chemical oxidation generates heat that induces self-heating of biomass. The reaction
produces not only carbon dioxide and water, but also a small amount of carbon monoxide
and hydrocarbons. Although predicting the amount of each component in detail might be
possible, obtaining the overall energy balance was the goal rather than predicting the
precise amount of each component. A previous study found that the oxygen consumption
rate increased with temperature and eventually equaled the oxygen supply rate at
temperatures above 140 °C (Itoh et al., 2019), indicating that the equation describing the
oxidation reaction must be divided according to the relation between oxygen consumption

and supply rates. Thus, the rate of chemical oxidation was assumed to follow the
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Arrhenius equation while the oxygen consumption rate (vg, cons [mol m > s7!]) was
smaller than the oxygen supply rate (v, spry [mol m> s !]) and depended on the oxygen

supply rate when the consumption and supply rates were approximately the same:

E,
OspsQpAexp (— _RT) Vo,,cons < Vo, SPLY
Qoxi = Xo, . @)
—AHco, 7 mg V0,,cONS = Vo, SPLY/
M .
alr

where @y, is the heat of reaction (kJ/kg), A is a pre-exponential factor (1/s), E, is
apparent activation energy (kJ/mol), R is a gas constant (J K™! mol™), AHcop, is the
standard enthalpy of formation of carbon dioxide (=394 kJ/mol), and xg, is the mole
fraction of oxygen (0.21 mol/mol.ir). For simplification, the following assumptions were
made: (1) enough biomass is present compared to supplied oxygen ([0,] <« [Biomass]),
and (2) the formation of carbon dioxide is the sole heat source. To determine the activation
energy and pre-exponential term of O5psQ,A, the Arrhenius plot was determined using

the temperature data obtained in a previous study (Itoh et al., 2019).

3. Results and discussion

3.1. Estimate of heat source

Figure 1a shows the Arrhenius plot created using the experimental data. The plot was
highly linear from 112 to 126 °C (0.00260 to 0.00251 [1/K]) but lost linearity over the
rest of the temperature range. Estimating the Arrhenius parameters using the temperature
range with the greatest linearity (R> = 0.969), the activation energy (E,) and pre-
exponential term (O5psQpA) of manure for chemical oxidation were 67.5 kJ/mol and

1.27x10° kW/m?, respectively (Fig. 1b).
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Sheng and Yao (2022) summarized that the activation energy of various types of
lignocellulosic biomass for chemical oxidation ranged from 72 to 136 kJ/mol, with an
average of ca. 90 kJ/mol. The presence of carbohydrates and other readily degradable
organic matter in dairy cattle manure makes it reasonable that the activation energy of
dairy cattle manure is lower than that of such biomass. The loss of linearity at
temperatures higher than 130 °C (<0.00248 [1/K]) was due mainly to oxygen deficiency
and may be partially related to heat loss due to water evaporation. The convex shape of
the plot at temperatures below 112 °C (>0.00260 [1/K]) suggests that microbial reactions
were involved in raising the temperature of the biomass, discussed in the following

section.

3.2. Validation of the model

After the heat source was estimated, the model needed to be validated. The temperature
profiles of manure from the experiments and the model at different induction
temperatures are shown in Fig. 2. Except for an induction temperature of 85 °C, the model
successfully reproduced the experimental data and showed that temperature rise due to
self-heating was initiated at 90 °C and 110 °C but not at 80 °C (Figs. 2a, 2¢, and 2d). A
discrepancy was found between the experimental and model data at the induction
temperature of 85 °C (Fig. 2b); self-heating was observed in the experimental data but
not in the model. At an induction temperature of 110 °C, the model reproduced a typical
temperature profile, showing a 24-hour stagnation near 160 °C due to drying, but the

fitting accuracy was low at temperatures above 170 °C.

Overall, the model developed could reproduce the self-heating of the torrefaction process.

10
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Reproduction of the temperature stagnation corresponding to the drying period indicates
that using the term “drying” is reasonable. In contrast, the model does not match the
experimental data toward the end of the process (>170 °C). This was predictable because
the model does not consider the heat balance associated with biomass decomposition.
This decomposition includes both oxidation (exothermic) and pyrolysis (endothermic),
and cannot be ignored at higher temperatures because of the temperature dependency of
the reactions. A more complex model that considers the formation enthalpy of each
species and the change in mass would be useful to increase fitting accuracy after the
drying period (Kung and Ghoniem, 2019), although the present study was not designed

to accomplish this.

The inaccurate predictions at the induction temperature of 85 °C may be due to
underestimation of the heat source, resulting from (1) inaccurate estimation of Arrhenius
parameters (activation energy and pre-exponential term) and (2) neglect of heat
generation by microbial reactions. The latter is more plausible. As shown in Fig. 1b, the
linearity of the Arrhenius plot was very good and the experimental and model data from
the 110 to 160 °C temperature increase were in good agreement (Figs. 2¢ and 2d). This
indicates that the estimates of the Arrhenius parameters were sufficiently accurate. In
contrast, the Arrhenius plot loses linearity near <112 °C (Fig. 1a), strongly suggesting the
existence of heat generation other than chemical oxidation. Thus, the heat source term

may need to be modified to take this into account.

Adding a term to the heat source for microbial activity should improve the accuracy of

the model. Kinetic models of microbial activity corresponding to microbial heat

11
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generation have been proposed, such as zero-order, first-order, logistic, and monotypic
models, using the specific growth rate (Sheng and Yao, 2022). However, the present study
did not incorporate that modification due to the suspected presence of microbes active
within a higher temperature range than previously known. In general, the maximum
oxygen consumption rate and heat generation rate during composting are observed near
the mesophilic (43 °C) and thermophilic (ca. 60 °C) temperatures (Iwabuchi and Kimura,
1994). Furthermore, observations of the specific growth rate and oxygen consumption
rate of microbes indicate that mesophilic and thermophilic bacteria are most active at
43 °C and 54 °C, respectively, and some activity by thermotolerant bacteria is observed
within a temperature range of 68—74 °C (Miyatake and Iwabuchi, 2006). However, the
temperature profiles and Arrhenius plots in the present study suggested that microbial
activity was present, even at an extremely high temperature. Given that conventional
models describing microbial activity are parameterized to represent general behavior,
adding them into the model was not appropriate. The model is expected to be improved
further by verifying the existence of microbes active above 80 °C and determining the

heat source due to microbial action.

3.3.  Conditions for inducing self-heating of manure

Figure 3 shows ambient pressures and ventilation rates under which self-heating is
induced. Self-heating was defined as the condition under which a temperature increase of
10 °C or more occurred within 24 hours. The mathematical model showed that the greater
the ambient pressure and the lower the ventilation rate at any given pressure, the lower
the temperature at which self-heating was induced. The lowest and highest induction

temperatures were 71 °C and 127 °C, respectively. At ventilation rates of 0.1 L min' kg-

12
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AFS™! or lower, no remarkable decrease in the induction temperature occurred after
increasing the pressure, while at ventilation rates of 0.5 L min™' kg-AFS™! or greater,
induction temperatures changed by more than 20 °C. The model also revealed that self-
heating occurred even at ventilation rates of 0.05 L min ! kg-AFS™! or lower, but the rate

of temperature increase was very slow.

The results demonstrated that both ambient pressure and ventilation rate are involved in
the heat balance of the biomass. In addition, the relation between ambient pressure and
inducing temperature was similar to the trend observed in a previous experimental study
(Itoh et al., 2020), supporting the reliability of the model. Elevated pressure plays the role
of reducing heat loss due to the latent heat of moisture evaporation. Evaporation is a
physical phenomenon driven by the difference between the supposed saturated humidity
of the biomass surface and the specific humidity of the gas (eq. [5]). The area of saturated
humidity decreases as the ambient pressure increases at a given temperature (eq. [6]),
indicating greater suppression of the driving force for evaporation at higher ambient
pressures. In addition, the high-pressure environment may promote chemical oxidation
reactions. Since the amount of dissolved oxygen in the water on biomass surface follows
Henry’s law, the higher the pressure, the more chemical oxidation is promoted. Lower
ventilation rates resulted in less heat loss because the temperature of the feed gas was
lower than the biomass temperature, and more heat is transferred from the biomass to the
gas at higher ventilation rates (eq. [ 1]). Therefore, to minimize heat loss due to ventilation,
the ventilation rate should be set as low as possible, or no ventilation should be used.
However, ventilation also supplies the oxygen necessary for oxidation reactions, and an

extremely low ventilation rate will increase the time required for the overall process.
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The results also suggest the feasibility of a new torrefaction system that combines
microbial and chemical reactions (Fig. S1). A previous study confirmed that dairy cattle
manure should be heated to at least 85 °C to reliably induce self-heating (Itoh et al., 2019).
However, the model also reveals that setting the ventilation rate lower than 0.1 L min™!
kg-AFS™! induces self-heating of manure from 71 °C, a temperature achieved by
microbial activity during the composting process. Thus, under appropriate ventilation and
pressure conditions, self-heating of biomass up to the torrefaction temperature range can
be induced from room temperature by a combination of microbial and chemical reactions.
Demonstrating this has been attempted, but the transition to chemical reactions often fails,
and inducing self-heating from room temperature to self-ignition of biomass with a high
degree of reproducibility has not been successful. If the reaction mechanism can be

elucidated from experimental and theoretical approaches and this system can be

established in the future, carbonization of livestock manure will become more widespread.

3.4. Effects of ventilation and ambient pressure on the process

To investigate the effect of ventilation rate on the self-heating process, temperature
profiles at different ventilation rates from both experiments and model are shown in Fig.
4. Note that the temperature profiles are shown only up to 200 °C because the model
could not reproduce the process after the end of drying. In addition, at 2.2 L min™' kg-
AFS™! only the experimental data are shown, as the model did not show a temperature
increase under this condition. The experimental data indicated that the greater the
ventilation rate, the shorter the time required for drying. The temperature profile for the

beginning and drying periods differed significantly between each run at ventilation rates
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of 1.8 and 2.2 L min! kg-AFS™!. Moreover, approximately 40%wb moisture remained in
the samples at the end of the experiment (60%wb initially) at 2.2 L min ' kg-AFS™!, even
though the temperature increased above the boiling point of 180 °C at 1.0 MPa. The model
fit well at 1.0 L min! kg-AFS™!, but did not represent the experimental data well at 1.8 L
min ! kg-AFS™! because of the pronounced effect of heat loss due to ventilation in the
early stages of the process. This may have been caused by the model assumption that the
temperatures of the exhaust gas and biomass are equal. In reality, the higher the
ventilation rate, the shorter the contact time between the gas and the biomass, i.e., the
smaller the heat exchange, so the temperature of the exhaust gas is lower than the biomass
temperature. Therefore, the effect of heat loss due to ventilation was inferred to be smaller
in the experiment than in the model, leading to a smooth temperature increase from the
initial stage. An increase in pressure resulted in temperature stagnation corresponding to
drying to occur at higher temperatures, while the pressure barely affected the drying

duration time (Fig. 5).

Results revealed that ventilation rate greatly affects the process time; greater ventilation
rates can shorten the drying period but require more time to increase temperature at the
beginning of the process. For practical operation, reducing the time required for the
process is important for improving production efficiency. Thus, the ventilation rate should
be set to a relatively low value (0.1-1.0 L min~! kg-AFS™") until the drying period and

then increased to 1.8 L min! kg-AFS™! once the drying period begins.

The use of extremely low ventilation rates (<0.1 L min~! kg-AFS™!) effectively reduces

heat losses due to ventilation, especially early in the process, but may also delay
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temperature rise due to oxygen deficiency. During the drying period, greater ventilation
is recommended to shorten the drying period, but incurs the risk of incomplete drying if
the ventilation rate is too high (e.g., 2.2 L min! kg-AFS™") because temperature and
moisture gradients in the reactor increase with ventilation rate. The risk also exists that
greater ventilation rates will accelerate oxidative decomposition of the biomass, resulting
in lower production efficiency, such as lower product yield and quality. Several studies
reported oxidative torrefaction had adverse effects on the process (Chen et al., 2014,

2013; Lu et al., 2012).

3.5. Future studies

Further research is needed, such as gaining an understanding of the size of the torrefaction
reactor in which self-heating occurs stably, to implement the self-heating torrefaction
system. Currently, experiments are being conducted in an adiabatic environment using an
oven to induce self-heating on a laboratory scale. However, in practical applications, no
such adiabatic environment will exist, and heat dissipation driven by the temperature
difference between the inside and outside of the reactor will occur. Due to the law of
surface-area-to-volume ratio, scaling up the reactor size will be effective to reduce heat
dissipation from the system, but the zero-dimensional model developed cannot answer
this question. Extension to 2- or 3-dimensional models that can account for heat transfer

is required in future studies.

4. Conclusions

A model was developed to predict the initial conditions that induce self-heating of manure

(60%wb) and to understand the effects of operating variables on temperature rise to the
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end of drying. In the range of 0.05-3.0 L min ! kg-AFS™! of ventilation rate and 0.2-2.0
MPa of ambient pressure, the greater the ambient pressure and the lower the ventilation
rate at any given pressure, the lower the temperature at which self-heating was induced.
Self-heating of manure due to chemical oxidation also was revealed theoretically to be
initiated at 71 °C. For the drying process, the model was not reliable at a 1.8 L min! kg-
AFS™! or higher ventilation rate. To shorten the process, the ventilation rate can be
relatively low until the drying period when it can be increased moderately once the drying

period begins.
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