
energies

Article

Waste to Carbon: Biocoal from Elephant Dung as New
Cooking Fuel
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Abstract: The paper presents, for the first time, the results of fuel characteristics of biochars from
torrefaction (a.k.a., roasting or low-temperature pyrolysis) of elephant dung (manure). Elephant dung
could be processed and valorized by torrefaction to produce fuel with improved qualities for cooking.
The work aimed to examine the possibility of using torrefaction to (1) valorize elephant waste and to
(2) determine the impact of technological parameters (temperature and duration of the torrefaction
process) on the waste conversion rate and fuel properties of resulting biochar (biocoal). In addition, the
influence of temperature on the kinetics of the torrefaction and its energy consumption was examined.
The lab-scale experiment was based on the production of biocoals at six temperatures (200–300 ◦C;
20 ◦C interval) and three process durations of the torrefaction (20, 40, 60 min). The generated biocoals
were characterized in terms of moisture content, organic matter, ash, and higher heating values.
In addition, thermogravimetric and differential scanning calorimetry analyses were also used for
process kinetics assessment. The results show that torrefaction is a feasible method for elephant dung
valorization and it could be used as fuel. The process temperature ranging from 200 to 260 ◦C did not
affect the key fuel properties (high heating value, HHV, HHVdaf, regardless of the process duration),
i.e., important practical information for proposed low-tech applications. However, the higher heating
values of the biocoal decreased above 260 ◦C. Further research is needed regarding the torrefaction of
elephant dung focused on scaling up, techno-economic analyses, and the possibility of improving
access to reliable energy sources in rural areas.

Keywords: torrefaction; biorenewable energy; biowaste; biocoal; alternative fuel; waste management;
manure; thermal valorization; thermogravimetric analysis; differential scanning calorimetry

1. Introduction

It is estimated that there are around~450,000 elephants today, of which 400,000 are in Africa and
50,000 in Asia. In Africa, these mammals live in 34 countries (Angola, Benin, Botswana, Burkina Faso,
Cameroon, Central African Republic, Chad, Congo, Ivory Coast, Equatorial Guinea, Eritrea, Ethiopia,
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Gabon, Gana, Guinea, Bissau, Kenya, Liberia, Malawi, Mali, Mozambique, Namibia, Niger, Nigeria,
Rwanda, Senegal, Sierra Leone, Somalia, South Africa, Sudan, Tanzania, Togo, Uganda, Zambia,
Zimbabwe), and on the Asian continent they can be found in 15 countries (India, Nepal, Bhutan
and Bangladesh, China, Burma, Thailand, Cambodia, Laos, Vietnam, Malaysia, Andaman Islands,
Sri Lanka, Sumatra, Borneo) [1]. The daily amount of dung produced by one elephant is 100–150 kg.
The weight of elephant excrement depends on the amount of consumed water [2–4]. Thus, taking into
consideration the conservative estimate of the minimum dung weight (100 kg), the daily and annual
dung production on a global scale is 45,000 Mg and more than 16 million Mg, respectively, i.e., a large
amount of biowaste that could be valorized [2–4].

From an ecological point of view, untreated animal waste or handling, air-drying and combustion
without prior treatment can be problematic due to health and environmental concerns, such as elevated
risk of contamination with pathogens, contamination of drinking water sources, gaseous emissions of
odor, hydrogen sulfide, ammonia, and other toxic gases [5,6]. In addition, the loss of nutrients from
dung associated with current practices can also represent economic losses due to its lower value as a
fertilizer [5].

We propose a solution to these problems with the introduction of the torrefaction process to
manage and valorize the elephant dung. Resulting biocoal can be used as a fuel with a useful high
heating value (HHV). Research with slow pyrolysis and hydrothermal carbonization of other types of
livestock manure resulted in HHVs ranging from 15.8 to 18.4 MJ/kg [7]. Qambrani et al. [8] showed
that biocoal from animal manure contains more N compared to biochar from plant residues. Although
the pore structure is more organized in biochar from plant sources, the fertilizer quality and heavy
metal adsorbability were found to be excellent in manure biochars. On the other hand, some raw
waste types (such as poultry manure or sewage sludge) can contain a large amount of copper and zinc,
which limits its use as a fertilizer. The proposed concept to valorize elephant manure can provide new
technologies for using the torrefaction process in rural areas, which can be used to obtain better quality
fuel and fertilizer.

To date, several methods to valorize elephant dung have been proposed. Vermicomposting is
a biological process in which the organic fraction of dung is decomposed by microorganisms and
earthworms under controlled environmental conditions to a level when it can be applied on arable
land. This method can be ecological and economically profitable [9]. Vermicomposting of animal dung
from the zoo was investigated in pilot-scale by a team of scientists in Mexico [6]. Elephant dung was
also used for research by scientists in Thailand for the production of biogas in co-fermentation with
water hyacinth and fermentation on a laboratory scale. In the case of co-fermentation, the calorific
value of biogas was 15.05 MJ·m−3 [10,11].

Biohydrogen production through anaerobic mixed cultures of microorganisms found in elephant
dungs was also researched in laboratory conditions. It is based on simultaneous saccharification and
fermentation of cellulose. The bacteria break down the cellulose to glucose, and then non-cellulolytic
bacteria from the formed glucose produces hydrogen [12,13]. The microorganism’s culture from
elephant dung stimulated the production of H2 from cellulose. It was assumed that cellulolytic bacteria
in the dung originate from the plant diet of the elephant. Animal manure, including elephant dung,
was also the subject of research conducted in Thailand on cellulolytic bacteria for the direct production
of butanol from cellulose, which could be an alternative to fuel obtained from petroleum [14].

The knowledge about practical considerations for the valorization of elephant dung and the
progression from lab to full-scale (e.g., costs of construction and operation ) is limited. There are also
questions about the storage and distribution of finished products (e.g., fuel briquettes for cooking),
which could be prohibitively expensive for long-range transport. Life-cycle analyses could be useful to
assess the critical transport range [15]. It is equally important to consider managing the residues (e.g.,
raw dung and sludge), which may require specialized collection, storage, treatment, and disposal. It has
not been described yet how existing or developing technologies (anaerobic digestion, biohydrogen
production) could be used for waste management, especially in rural regions in which elephant dung is
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available in large quantities. Thus, there is a need to find local-scale solutions suited for these regions,
which should be safe, inexpensive, simple to build, use and maintain, dependable, and not generating
another waste stream to manage.

We propose an alternative solution for elephant dung management via torrefaction (Figure 1).
Torrefaction (a.k.a., ‘roasting’ or low-temperature pyrolysis) is a thermochemical process occurring
at 200–300 ◦C without the presence of an oxidant. Jia et al. [16] described the possibility of using a
co-gasification of woody biomass and animal manure as a useful technology to utilize organic waste,
which could be practical in the case of elephant dung as well. The elephant dung fuel produced may be
an attractive source of rural fuel. For example, in India alone, 6.3% of all households use the so-called
‘dung cake’ to produce the energy needed for cooking [17]. Assuming 1.34 billion people in India
in 2018 [18] and that one household comprises 10 people, as many as ~8.4 million households use
dung cake for energy production. Although the torrefaction process requires some energy, it is also
the most promising technology for organic waste treatment for its highest greenhouse gas mitigation
potential [19]. The produced biocoal, especially when pelletized, poses a lower environmental risk
during transport, storage, and combustion, in addition to lowering the risks of sanitary and aquatic
pollution [20,21]. Therefore, torrefaction could be one of the potential technologies for elephant dung
utilization that are sustainable.
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Figure 1. The proposed valorization of elephant dung (manure) via torrefaction.

To date, no work has been carried out on the torrefaction of elephant dung as a method for the
production of fuel. Local-scale torrefaction can address challenges with dung management, through
its valorization, while improving the socio-economic situation in rural households. Therefore, the
research carried out was aimed at determining:

• Whether torrefaction can be used as a method of preliminary valorization of elephant dung;
• Whether the duration of the torrefaction process at a given temperature affects the dung conversion

rate (e.g., mass loss, energy densification, and improved fuel properties);
• Whether energy consumption is needed for the torrefaction of elephant dung.

2. Materials and Methods

2.1. Feedstock

The study used Asian elephant dung from the Zoological Garden, located in Wrocław, Poland.
The 5 kg sample was dried at 105 ◦C for 24 h in a laboratory dryer, followed by milling to the grain size
of ≤0.425 mm with the laboratory knife mill (TESTCHEM, model LMN-100, Pszów, Poland) to make
the sample homogeneous. Samples were frozen at −15 ◦C for further testing.
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2.2. Biocoal Production Method via Torrefaction

A scheme of the experiment is shown in Figure 2. The biocoal production process was carried out
in triplicates according to the methodology presented by [22] at six temperatures from 200 to 300 ◦C
(20 ◦C intervals) at 20, 40, 60 min for each interval, followed by the cooling phase. The biocoals were
generated using a muffle furnace (Snol, model 8.1/1100, Utena, Lithuania). CO2 inert gas was provided
to the furnace to ensure non-oxidative conditions. The elephant dung samples were heated from 20 ◦C
to set point at 50 ◦C·min−1. The cooling times were 38 min, 33 min, 29 min, 23 and 13.5 min, from
torrefaction setpoints of 300 ◦C, 280 ◦C, 260 ◦C, 240 ◦C, and 220 ◦C to 200 ◦C, respectively. After the
CO2 supply was cut off, the biocoals were removed from the furnace when the interior temperature
was <200 ◦C. The mass of the sample was determined before and after the cooling process in order to
calculate the mass loss. Dung samples of 10 ± 0.5 g (dry mass, d.m.) were used to produce biocoal.
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2.3. Proximate Analysis of Raw and Torrefied Elephant Dung

Physical and chemical properties were subjected to raw material and produced biocoals.
The following tests were made in three replicates using the following standard methods:

• Moisture content (MC) by means of a laboratory dryer (WAMED, model KBC-65W, Warsaw,
Poland) at temperature 105 ◦C, time 24 h, in accordance with the PN-EN 14346:2011 standard [23],

• Organic matter content (OM) by means of a laboratory dryer (WAMED, model KBC-65W, Warsaw,
Poland) at temperature 550 ◦C, time 4 h, in accordance with the PN-EN 15169:2011 standard [24],

• ash and combustible parts (CP) by means of a laboratory dryer (WAMED, model KBC-65W,
Warsaw, Poland) at temperature 815 ◦C, time 4 h in accordance with the PN-Z-15008-04:1993
standard [25],

• High heating value (HHV) by means of the IKA C2000 Basic calorimeter, at 17–25 ◦C, 30 bar
pressure in accordance with the PN-G-04513:1981 standard [26].

2.4. Thermogravimetric Analysis (TGA) of Elephant Dung

Thermogravimetric analyses (TGA) were first performed in isothermal conditions to determine
the kinetics parameters (k—reaction rate constants and Ea—activation energy) of the torrefaction
process of elephant dung. Reaction rate constants were determined for the following temperatures:
200 ◦C, 220 ◦C, 240 ◦C, 260 ◦C, 280 ◦C, and 300 ◦C in accordance with the methodology and reactor
set-up presented elsewhere [22]. First, the empty furnace was pre-heated to the set point. Then, 3 g of
dry dung was placed in the steel crucible and placed in the furnace for 1 h. Measurement of mass
loss was performed using a balance coupled to a steel crucible at 10 s intervals with 0.01 g accuracy.
The calculating methodology for the kinetic parameters is presented in Section 2.6.2. The kinetics
parameters (reaction rate and activation energy) were calculated.

TGA analyses were also completed in non-isothermal conditions to obtain more comprehensive
data on the thermal degradation of elephant dung. These TGA analyses were performed at rising
temperatures (from 20 ◦C to 850 ◦C) at a heating rate of 650 ◦C·h−1 (10.83 ◦C·min−1). The sample
was heated for 2 min after reaching a set point. The study of kinetic parameters and thermal
degradation was performed using the stand-mounted tubular furnace (Czylok, RST 40x200/100,
Jastrzębie-Zdrój, Poland).

2.5. Differential Scanning Calorimetry (DSC) of Raw Elephant Dung

Differential scanning calorimetry (DSC) analysis was carried out using a differential scanning
calorimeter (TA Instruments, DSC Q2500, New Castle, DE, USA). Approximately 6 mg of the tested
material was weighed into the aluminum hermetic crucible. Each sample (n = 1) was then placed in
the analyzer and heated from 10 ◦C to 300 ◦C at a heating rate of 10 ◦C·min−1. The N2 inert gas was
supplied at 3 dm3

·h−1 flowrates. The analysis provided information on endothermic and exothermic
changes during torrefaction.

2.6. Data-Processing Calculation Methods

2.6.1. Mass Yield, Energy Densification Ratio, and Energy Yield

The mass yield, energy densification ratio, and energy yield of each of the variants were determined
based on Equations (1)–(3), respectively [27]:

MY =
mb
ma
·100 (1)

where:

MY—mass yield, %
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ma—the mass of dry elephant dung before torrefaction, g,
mb—the mass of dry biocoal after torrefaction, g.

EDr =
HHVb
HHVa

(2)

where:

EDr—energy densification ratio, -,
HHVb—the high heating value of biocoal, J·g−1,
HHVa—the high heating value of raw elephant dung, MJ·kg−1.

EY = MY·EDr (3)

where:

EY—nergy yield, %,
MY—mass yield, %
EDr—energy densification ratio, -,

The ash-free value of the HHV was determined based on [28]:

HHVda f =
HHV

M f −Mash
(4)

where:

HHVdaf—high heating value on dry and ash-free base, MJ·kg−1,
HHV—high heating value, MJ·kg−1,
Mf—dry mass of fuel, kg,
Mash—the mass of ash in fuel, kg.

2.6.2. Calculation of Kinetics Parameters (Reaction Rate and Activation Energy)

The data obtained from isothermal TGA analysis were used to determine the reaction rate (k)
constant for each temperature, based on the first-order model [22]:

ms = mo·e−k·t (5)

where:

ms—mass after time t, g,
mo—initial mass, g,
k—the reaction rate constant, s−1,
t—time, s.

The nonlinear estimation of k in Equation (5) for each temperature was made with the Statistica
13.3 software (StatSoft, Inc., TIBCO Software Inc. Palo Alto, CA, USA). The Arrhenius plot was created
(ln(k)(T) vs. 1/T) on the basis of k values for individual temperatures [29], and a trend line was found:

y = a·x + b (6)

Then, the activation energy (Ea) values [22] were determined as follows:

Ea = −(a·R) (7)

where:
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Ea—activation energy, J·mol−1,
a—the coefficient from Equation (6), K,
R—gas constant, J·mol−1

·K−1.

2.6.3. Calculation of Energy Demand for Torrefaction of Elephant Dung

The results from the DSC and TGA analyses were used to calculate the actual energy demand in
processing dry elephant dung (to heat dung from 20 ◦C to 300 ◦C) in accordance with the methodology
presented in a previous paper [30]. The lack of TGA analysis causes overestimated energy amount
needed to process the material, due to the decreasing amount of material during torrefaction caused
by its devolatilization. The following is an example of the model use where the calculation for 1 g
of the raw elephant dung torrefied at 300 ◦C was considered. The total amount of energy needed to
processing raw elephant dung was calculated by adding the energy needed to evaporate water from
raw elephant dung to the result from the model of dry elephant dung. The energy needed to evaporate
water was calculated by Equation (8) [31]:

Q = m·∆T·cp + m·co (8)

where:

Q—the total amount of heat needed to heat and evaporate water, J,
m—the mass of water in the sample, g,
∆T—the temperature difference between ambient temperature (20 ◦C) and boiling point (100 ◦C),
under normal pressure conditions, ◦C,
cp—specific heat of water, 4.2 J·(g·◦C)−1,
co—the heat of water evaporation, 2257 J·g−1.

2.6.4. Modeling of Torrefaction Process and Biocoal Fuel Properties

Polynomial models of the influence of torrefaction temperature and time on torrefaction process
and biocoals fuel parameters were developed. These models were based on measured data from
the torrefaction process, and biocoal properties for a particular temperature and time using a similar
modeling approach described in our previous work [32]. Equations describing MY, EDr, EY, organic
matter content, combustible parts, ash, HHV, and HHVdaf for biocoal were developed. The general
form of the applied polynomial equation was:

f (T, t) = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t2 (9)

where:

f(T,t)—the property (T, t, & combinations) being analyzed,
a1—intercept,
a2–a7—regression coefficient,
T—process temperature, ◦C,
t—process time, min.

Regression analysis used a 2-degree polynomial with a general form, with intercept (a1) and
six regression coefficients (a2–a7). The confidence interval of the parameter evaluations (a1–a7) was
95%. All parameters for which the results of p-value were <0.05, were assumed to be statistically
significant. The results of the analysis are presented in the form of equations. as well as the correlation
coefficients (R) and determination coefficients (R2). The results of the DSC analysis were also subjected
to polynomial regression analysis in order to determine a useful model of the specific heat (SH) of
elephant dung for 200–300 ◦C. The polynomial regression analysis was used because the torrefaction
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process has a non-linear character. The results were presented in the form of an equation describing the
dependence of the change of specific heat of elephant dung as a function of temperature. The general
form of the polynomial used is in the form of Equation (10). Nine regression coefficients were used to
provide a higher level of matching model to raw data.

SH = a1 + a2·T + a3·T2 + a4·T3 + a5·T4 + a6·T5 + a7·T6 + a8·T7 + a9·T8 (10)

where:

SH—specific heat of elephant dung as a function of temperature, J·(kg·◦C)−1,
a1—intercept,
a2–a9—regression coefficient,
T—torrefaction temperature, ◦C.

Nonlinear regression and evaluation of intercepts and regressions coefficients (p < 0.05) were
completed with Statistica software (13.3, StatSoft, Palo Alto, CA, USA).

2.6.5. Statistical Analysis

An analysis of variance (ANOVA) evaluation of differences between mean values was performed
with the application of post-hoc Tuckey’s test, at the p < 0.05 significance level. For statistical data
evaluation, the Statistica software (13.3, StatSoft, Palo Alto, CA, USA) was used.

3. Results

3.1. Result of the Torrefaction Process

The mass yields (MY) for elephant dung biocoals (Figure 3) showed a downward trend with the
increase of process temperature. The highest mass yields values were obtained for biocoal generated at
200 ◦C and were above 90%. The lowest MY was for 300 ◦C, in this case, the mass yield decreased to
66%. All regression coefficients were statistically significant (p < 0.05) in the MY model, (R2 = 0.75)
(Table 1). Detailed MY data are shown in Table A2.
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Table 1. Statistical evaluation of mass yield of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 −2.58 × 102 2.18 × 102 0.00 −7.38 × 102 2.22 × 102

a2 2.72 × 100 1.44 × 100 0.00 −4.52 × 10−-1 5.89 × 100

a3 −5.12 × 10−3 2.39 × 10−3 0.00 −1.04 × 10−2 1.41 × 10−4

a4 6.91 × 100 6.19 × 100 0.00 −6.71 × 100 2.05 × 101

a5 −4.22 × 10−2 4.01 × 10−2 0.00 −1.30 × 10−1 4.61 × 10−2

a6 −3.01 × 10−2 2.45 × 10−2 0.00 −8.40 × 10−2 2.38 × 10−2

a7 7.70 × 10−7 0.00 × 100 0.00 7.70 × 10−7 7.70 × 10−7

MY = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·t + a7·T2
·t, R2 = 0.75, R = 0.87; T* ranged from 200 ◦C to 300 ◦C, t* ranged

from 20 min to 60 min; * more information in Section 2.2.

The energy yield (EY) of the biochar from elephant dung (Figure 4) also decreased with the
increase of temperature and did not change with time. The biocoals produced at 200 ◦C resulted in
more than 105% EY compared to raw material. However, the EY dropped below 68% for torrefaction
at 300 ◦C. All regression coefficients were statistically significant (p < 0.05) for the EY model (R2 = 0.85)
(Table 2).
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The energy densification ratio (EDr) in biocoals generated from elephant dung (Figure 5) decreased
with increasing temperature and did not change much with time. Biocoals produced at 200 ◦C had
the highest EDr of ~1.1, while biocoals generated at 300 ◦C had the lowest EDr (~0.9). All regression
coefficients were statistically significant (p < 0.05) for the EDr model (R2 = 0.83) (Table 3).
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Table 2. Statistical evaluation of energy yield of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 −1.19 × 102 2.48 × 102 0.00 −6.65 × 102 4.27 × 102

a2 1.69 × 100 1.64 × 100 0.00 −1.91 × 100 5.30 × 100

a3 −3.17 × 10−3 2.72 × 10−3 0.00 −9.16 × 10−3 2.82 × 10−3

a4 8.26 × 100 7.04 × 100 0.00 −7.23 × 100 2.38 × 101

a5 −4.74 × 10−2 4.56 × 10−2 0.00 −1.48 × 10−1 5.30 × 10−2

a6 −3.65 × 10−2 2.79 × 10−2 0.00 −9.78 × 10−2 2.48 × 10−2

a7 8.73 × 10−7 0.00 × 100 0.00 8.73 × 10−7 8.73 × 10−7

EY = a1 + a2·T+ a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t, R2 = 0.85, R = 0.92; T* ranged from 200 ◦C to 300 ◦C, t* ranged

from 20 min to 60 min; * more information in Section 2.2.
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Figure 5. The influence of temperature and time on the energy densification ratio in biocoal from
elephant dung.

Table 3. Statistical evaluation of energy densification ratio of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 1.99 × 100 1.38 × 100 0.00 −1.05 × 100 5.04 × 100

a2 −7.21 × 10−3 9.14 × 10−3 0.00 −2.73 × 10−2 1.29 × 10−2

a3 1.41 × 10−5 1.52 × 10−5 0.00 −1.93 × 10−5 4.75 × 10−5

a4 2.23 × 10−2 3.93 × 10−2 0.00 −6.41 × 10−2 1.09 × 10−1

a5 −9.11 × 10−5 2.54 × 10−4 0.00 −6.51 × 10−4 4.69 × 10−4

a6 −1.06 × 10−4 1.55 × 104 0.00 −4.48 × 10−4 2.36 × 10−4

a7 1.90 × 10−9 0.00 × 100 0.00 1.90 × 10−9 1.90 × 10−9

EDr = a1 + a2·T + a3·T2 + a·t + a5·t2 + a6·t+a7·T2t, R2 = 0.83, R = 0.91; T* ranged from 200 ◦C to 300 ◦C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.
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3.2. Result of Proximate Analysis of Raw and Torrefied Elephant Dung

The content of organic matter (OM) decreased as the temperature and the retention time increased.
The lowest OM value was 28.26% for torrefaction at 280 ◦C and 60 min, and for torrefaction at 300 ◦C in
time 20 min and 40 min (Figure 6, Table A1). Analysis of variance showed that statistically significant
differences occur between the results obtained at 260 ◦C, 280 ◦C, and 300 ◦C, (p < 0.05) (Figure A1,
Table A3). All regression coefficients were statistically significant (p < 0.05) for the OM model (R2 = 0.83)
(Table 4).
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Table 4. Statistical evaluation of organic matter content of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 9.74 × 101 6.33 × 101 0.00 −3.00 × 101 2.25 × 102

a2 1.24 × 10−2 4.18 × 10−1 0.00 −8.29 × 10−1 8.54 × 10−1

a3 −4.95 × 10−4 6.95 × 10−4 0.00 −1.89 × 10−3 9.03 × 10−4

a4 −3.25 × 100 1.80 × 100 0.00 −6.87 × 100 3.62 × 10−1

a5 3.20 × 10−2 1.16 × 10−2 0.00 8.53 × 103 5.54 × 10−2

a6 9.62 × 10−3 7.11 × 10−3 0.00 −4.69 × 10−3 2.39 × 10−2

a7 −3.85 × 10−7 0.00 × 100 0.00 −3.85 × 10−7
−3.85 × 107

OM = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t, R2 = 0.83, R = 0.91; T* ranged from 200 ◦C to 300 ◦C, t* ranged

from 20 min to 60 min; * more information in Section 2.2.

The ash content was inversely proportional to the OM content and increased to over 71% in
comparison to 50.81% for raw dung (Table A1) in biocoal produced at 280 and 300 ◦C at 60 min
(Figure 7). Analysis of variance showed statistically significant differences between the results for
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temperatures 260 ◦C, 280 ◦C, and 300 ◦C (p < 0.05), (Figure A2, Table A4). All regression coefficients
were statistically significant (p < 0.05) for the ash content model (R2 = 0.83) (Table 5).
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Table 5. Statistical evaluation of ash content of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 −2.82 × 100 6.34 × 101 0.00 −1.30 × 102 1.25 × 102

a2 2.76 × 10−2 4.19 × 10−1 0.00 −8.15 × 10−1 8.70 × 10−1

a3 4.22 × 10−4 6.95 × 10−4 0.00 −9.76 × 10−4 1.82 × 10−3

a4 3.32 × 100 1.80 × 100 0.00 −3.01 × 10−1 6.94 × 100

a5 −3.24 × 10−2 1.17 × 10−2 0.00 −5.58 × 10−2
−8.93 × 10−3

a6 −9.87 × 10−3 7.12 × 10−3 0.00 −2.42 × 10−2 4.44 × 10−3

a7 3.91 × 10−7 0.00 × 100 0.00 3.91 × 10−7 3.91 × 10−7

Ash = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t, R2 = 0.83, R = 0.91; T* ranged from 200 ◦C to 300 ◦C, t* ranged

from 20 min to 60 min; * more information in Section 2.2.

The content of combustible parts (CP) decreased with time and the rise of the process temperature.
Raw elephant dung had a CP = 48.9% (Table A1). During the torrefaction, the CP decreased to 28.6%
at 60 min and 300 ◦C (Table A1, Figure 8). The analysis of variance showed numerous statistically
significant differences, the majority of which occurred between 260 ◦C, 280 ◦C, and 300 ◦C (Table A5,
Figure A3). All regression coefficients were statistically significant (p < 0.05) for the CP model (R2 = 0.67)
(Table 6).
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Table 6. Statistical evaluation of ash content of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 −1.19 × 102 1.14 × 102 0.00 −3.48 × 102 1.11 × 102

a2 1.61 × 100 7.54 × 10−1 0.00 9.02 × 10−2 3.12 × 100

a3 −3.10 × 10−3 1.25 × 10−3 0.00 −5.62 × 10−3
−5.79 × 10−4

a4 −2.38 × 10−1 3.24 × 100 0.00 −6.75 × 100 6.28 × 100

a5 1.73 × 10−2 2.10 × 10−2 0.00 −2.49 × 10−2 5.95 × 10−2

a6 −5.28 × 10−3 1.28 × 10−2 0.00 −3.11 × 10−2 2.05 × 10−2

a7 −4.29 × 10−8 0.00 × 100 0.00 −4.29 × 10−8
−4.29 × 10−9

CP = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t, R2 = 0.67, R = 0.82; T* ranged from 200 ◦C to 300 ◦C, t* ranged

from 20 min to 60 min; * more information in Section 2.2.

The decrease in the HHV of the biocoals produced from the elephant dung was observed along
with the increase of temperature and time (Figure 9, Table A1, Figure A4). The highest HHV was
obtained for the biocoal generated at 200 ◦C and 60 min. A similar trend was discovered by Li et al., [33].
They explained this phenomenon by the effect of specific biocoal properties (pH; C, H, N, S, O content;
specific surface area) and noticed also a possibility of predicting the biocoal yield of a group of
feedstocks with similar physiochemical properties.

The average HHV was 13 MJ·kg−1 and was higher than the HHV of raw elephant dung (by
1.59 MJ·kg−1) and higher than the lowest HHV for the biocoal obtained at 300 ◦C and 60 min (by
6.51 MJ·kg−1). The HHV is affected by the high ash content in the biocoals and raw material. Thus,
it was decided to estimate the value of HHV on an ash-free basis (HHVdaf). The highest average
HHVdaf was obtained for the biocoal generated at 280 ◦C and for 60 min (27.20 MJ·kg−1) (Figure 10,
Table A1). Regression coefficients for the HHV and HHVdaf were statistically significant (p < 0.05), the
proposed model worked well for HHV but was less representative for HHVdaf (R2 were 0.74 and 0.21,
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respectively) (Tables 7 and 8). Analysis of the variance of average values of HHV showed statistically
significant differences between the results for 280 ◦C and 300 ◦C and 40 & 60 min (p < 0.05) (Figure A4,
Table A6). This result has practical implications for the collection and initial processing of elephant
dung to minimize mineral ash content and impurities and to maximize the HHV.Energies 2019, 12, x FOR PEER REVIEW 15 of 36 
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Table 7. Statistical evaluation of the high heating value of biocoal from elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 2.25 × 101 1.50 × 101 0.00 −7.67 × 100 5.27 × 101

a2 −3.04 × 10−2 9.92 × 10−2 0.00 −2.30 × 10−1 1.69 × 10−1

a3 −2.45 × 10−6 1.65 × 10−4 0.00 −3.34 × 10−4 3.29 × 10−4

a4 −6.30 × 10−1 4.26 × 10−1 0.00 −1.49 × 100 2.27 × 10−1

a5 6.68 × 10−3 2.76 × 10−3 0.00 1.12 × 10−3 1.22 × 10−2

a6 1.84 × 10−3 1.69 × 10−3 0.00 −1.55 × 10−3 5.23 × 10−3

a7 −8.13 × 10−8 0.00 × 100 0.00 −8.13 × 10−8
−8.13 × 10−8

HHV = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t, R2 = 0.74, R = 0.86; T* ranged from 200 ◦C to 300 ◦C, t*

ranged from 20 min to 60 min; * more information in Section 2.2.

Table 8. Statistical evaluation of high heating value on the dry ash-free basis of biocoal from
elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 3.54 × 101 2.99 × 101 0.00 −2.48 × 101 9.56 × 101

a2 −1.28 × 10−1 1.98 × 10−1 0.00 −5.25 × 10−1 2.70 × 10−1

a3 2.91 × 10−4 3.28 × 10−4 0.00 −3.69 × 10−4 9.52 × 10−4

a4 −1.04 × 10−1 8.49 × 10−1 0.00 −1.81 × 100 1.60 × 100

a5 6.68 × 10−4 5.50 × 10−3 0.00 −1.04 × 10−2 1.17 × 10−2

a6 4.75 × 10−4 3.36 × 10−3 0.00 −6.29 × 10−3 7.23 × 10−3

a7 −1.03 × 10−8 0.00 × 100 0.00 −1.03 × 10−8
−1.03 × 10−8

HHVdaf = a1 + a2·T + a3·T2 + a4·t + a5·t2 + a6·T·t + a7·T2
·t, R2 = 0.21, R = 0.45; T* ranged from 200 ◦C to 300 ◦C, t*

ranged from 20min to 60 min; * more information in Section 2.2.

3.3. Result of the Thermogravimetric Analysis (TGA) of Elephant Dung

Table 9 summarizes kinetics parameters based on the TGA analyses and the mass loss data.

Table 9. The values of reaction rate constants and activation energy for elephant dung torrefaction.

T, ◦C T−1, ◦C−1 k, s−1 ln(k), s−1 Ea, J·mol−1

200 2.11 × 10−3 1.16 × 10−5 a −11.40

17,700

220 2.03 × 10−3 1.24 × 10−5 a −11.30
240 1.95 × 10−3 1.49 × 10−5 a −11.10
260 1.88 × 10−3 1.50 × 10−5 a −11.10
280 1.81 × 10−3 1.92 × 10−5 a,b −10.90
300 1.75 × 10−3 2.73 × 10−5 b −10.50

a, b—letters present a lack of statistically significant differences between k values (p < 0.05).

The obtained values of k were analyzed by ANOVA, which showed that there were statistically
significant differences (p < 0.05) for biocoal produced at 300 ◦C, and those obtained at 200 ◦C, 220 ◦C,
240 ◦C, and 260 ◦C, respectively. There were no statistical differences between k for 280 and 300 ◦C
and k for 200–260 ◦C range. Kim et al. indicated that different optimal temperatures should be
selected for different types of manure to maximize the energetic retention efficiency [34]. The energy
yield of hydrochar (48.0–71.9%) is higher than that of pyrolysis char (31.5–52.4%), implying that
the carbonization process, rather than the reaction temperature, is also a key factor that affects the
energy yield of manure [35]. The TGA analysis showed the most substantial mass decrease in the
first repetition to 54% of the initial mass of the sample, while in the second and third repetitions, the
mass decreased to 64% and 62%. The loss of mass began at a temperature of ~300 ◦C, and it started to
stabilize after exceeding ~600 ◦C (Figure 11).
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New knowledge on the substrates of elephant dung was gained from the TGA analyzes.
There was a characteristic peak start at ~330 ◦C with a maximum at ~500 ◦C, most likely related
to the decomposition of undigested (by elephant) cellulose and lignin from consumed biomass.
The decomposition of cellulose and lignin takes place at 305–375 ◦C and 250–500 ◦C, respectively [36].
No degradation of hemicellulose was observed based on the DTG (derivative thermogravimetry)
analysis. The decomposition of hemicellulose takes place at 225–325 ◦C [36]. However, the apparent
lack of mass change in this temperature range (Figure 11) does not necessarily indicate a lack of
hemicelluloses content. It is also likely that particular decompositions could be superimposed [36] and
could not be detected by the lack of precision of the used thermogravimetric analyzer.

3.4. Differential Scanning Calorimetry (DSC) of Elephant Dung

DSC analysis showed that during heating, two endoenergetic transformations occurred (Figure 12).
At the beginning of the experiment, the energy was supplied to the sample to raise the temperature

of the system. The first observation was that transformation began at 37 ◦C. Here, the energy was
delivered to heat a sample and to initiate its transformation, which reached its maximum value at 80 ◦C
and ended at 146 ◦C. The total energy demand for this first transformation was 66.17 J·g−1. After the
first transformation ended, the energy needed only for heating the sample was supplied to the system
(146–158 ◦C). The second transformation began at 158 ◦C, reached its maximum at 216 ◦C, and ended
at 252 ◦C, requiring only 9.76 J·g−1. After the second transformation occurred, the energy required for
heating decreased significantly. After T > 252 ◦C the exothermic reaction occurred.

The total energy demand for the whole process including heating and transformations of dry
elephant dung was 485.37 kJ·kg−1 for the −20 to 300 ◦C range. The estimate for process energy demand
calculated by model for torrefaction [30] decreased to 484.81 kJ·kg−1, and it was due to mass loss during
the process. In addition, the heating and evaporation of the water contained in raw elephant dung
(moisture content 49.19%), results in the additional 1275.49 kJ·kg−1 (Equation (8)) energy demand.
Thus, the total energy demand for processing of raw elephant dung (heating, moisture evaporation,
and torrefaction) is 1760.30 kJ·kg−1.
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4. Discussion

4.1. The Impact of Technological Parameters on the Efficiency of the Process

A related torrefaction study carried out on cow manure showed that the MY of torrefaction
decreased with the increase of the process temperature [37], similar to the finding in this research.
The torrefied elephant dung (200–300 ◦C at 40 min) had the MY of 100–68%, whereas it was 90–55%
for cow manure at the same process conditions [37]. Differences in MY could be explained by a
greater decomposition of biodegradable substrates at lower temperatures. Also, elephant dung had
higher moisture and OM content compared with the cow manure. In addition, it has been reported
that it is possible to change specific surface area (SSA) as a result of morphological changes due
to thermal condensation, and it could be exploited in different materials [38]. The energy yield of
torrefaction of cow manure decreased from around 92% at 200 ◦C to approximately 57% at 300 ◦C,
whereas elephant dung were of 110% and 60%, respectively. The EDr ratio for cow manure had
the same downtrend as elephant dung [37]. It was also noticed that there are different degradation
processes in the studied range of 200–300 ◦C. Lignocellulose degradation occurs at approximately
120 ◦C; hemicellulose degradation occurs at 200–260 ◦C; cellulose degradation occurs at 240–350 ◦C;
while lignin degradation occurs at 280–350 ◦C [39], which due to the observation of narrow temperature
ranges could have affected the lack of a decrease or increase trend in the case of obtained moisture
and MY.

4.2. Proximate Analyses of Elephant Dung and Biocoals

The average moisture content in the elephant dung was 49.19%. The moisture content of dung
depends on the amount of water consumed by the animal. For example, pig manure could have
a moisture content of ~35–82%, whereas cow manure is of ~66–97% [40–42]. In the case of poultry
manure, moisture content ranges from ~5 to 40% [40]. The OM content in the studied elephant dung
was 48.09% (d.m.). For comparison, the OM content for Indian elephant and rhinoceros were 52%
and 56%, respectively [43]. For yet another case of the cattle manure, an OM content was ~74% [44].
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These OMs are much lower than those reported in related torrefaction studies for pruned biomass of
Paulownia (90%) [45], or brewery spent grain (96%) [46].

The elephant dung had a higher ash content (50.81%, d.m.) than the maximum content of ash in
pig manure (21.4% d.m.), cow manure (32.8% d.m.) and chicken manure (34% d.m.) [40,47]. The HHV
of elephant dung was 11.41 MJ·kg−1 and was lower than HHV in chicken manure (13 MJ·kg−1), cow
manure (12.7–17.2 MJ·kg−1), or pig manure (18.1–19.5 MJ·kg−1) [37,40,41,48]. The low value of HHV is
likely caused by high ash content, i.e., the calculated ash-free HHV was as high as 23 MJ·kg−1.

The HHV of the torrefied dung was not much higher than the raw sample (Table A1). For biocoal,
the highest HHV was 13 MJ·kg−1 (260 ◦C, 60 min), and a further increase in temperature and time
caused a decrease in its value. The low increase of HHV in comparison to the raw base for cow dung
was reported by Pahla et al. [37] and HHV increased from 16.78 to 18.64 MJ·kg−1 (at 300 ◦C). A small
increase of HHV in dung biocoal is directly affected by a low amount of fixed carbon (high amount of
ash content). During torrefaction, fixed carbon is enhanced by thermal degradation of hemicellulose
and part of cellulose and lignin [49]. The decomposition of these constituents results in releases of
compounds with low energy content, leaving organic compounds with higher energy content [50].
Cow manure, similarly to elephant dung did not experience high HHV enhancement likely because it
had less OM and more ash content. Pulka et al. [28] tested sewage sludge via torrefaction and met
the same problem—the highest value of HHV for biocoal generated at 260 ◦C, 60 min, and further
temperature increase decreased HHV. Therefore, it may be assumed that at a temperature > 260 and
time > 60 min, some organic components from elephant dung and sewage sludge start to decompose
and release volatiles with higher energy content.

There was no observed relationship between the moisture content and the process temperature
and time for the biocoals from elephant dung. This is likely because dry material was used for the
torrefaction process. Small differences in the moisture content of biocoals can result from the time
between their generation and the determination of the moisture content experiment. Stored biocoals
can adsorb moisture (e.g., from the air), making biomass-derived fuels less advantageous compared
with coal [50].

There was a sharp drop in the OM and the simultaneous increase in ash content for torrefaction
above 260 ◦C. This also caused a decrease of HHV and an increase in the HHVdaf, especially in the
biocoals produced at 260 ◦C and 300 ◦C. A practical implication is that the torrefaction process
conducted at temperatures from 200 ◦C to 260 ◦C (regardless of time) will have a small impact on the
decrease of HHV of biocoals.

Furthermore, it could be recommended that torrefaction at 200 ◦C for 20 min (lowest temperature
and shortest time) is needed for the maximization of the HHV and minimization of the cost of the
torrefaction process. In addition, a lack of significant differences (p < 0.05) in 200–260 ◦C allows us to
use torrefaction of elephant dung as a low-tech technology, i.e., one that can be controlled without an
accurate measurement system. It is especially important for rural areas. Also, during torrefaction of a
more substantial amount of the dung, it would be challenging to evenly heat and then cool down fast
all the processed material. However, based on the apparent lack of effect in this research, the risk of
generating substandard biocoals appears to be relatively low.

The highest HHVdaf value (27.2·MJ·kg−1) was observed for 280 ◦C, 60 min (Table A1). This value is
theoretical, and it is worth considering ways of reducing the ash content in the elephant dung, because
it may have a high energetic potential after processing. Considering ash-free elephant dung after
torrefaction, it is possible to obtain better solid fuel than commercially-available pellets. For example,
pellets made from pine sawdust, wheat straw, corn settlements, agricultural residues have HHV of 19.5,
17.5, 18.8, 18.1 MJ·kg−1, (HHVdaf 19,6, 19.0, 19.0, 19.8 MJ·kg−1) (Table A8) respectively [51]. These values
are still relatively low when compared to ash-free biocoal from elephant dung of 27.2 MJ·kg−1.

The ash in elephant dung is derived from two primary sources, (1) ash introduced during collecting,
transporting, storing, and processing, (2) biogenic ash inside plant tissue consumed by an elephant.
The sum of these sources is referred to as ash content. Biogenic ash could be removed from biomass
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using air separation. For woody pine forest residue, air separation costs ~2.23 $·Mg−1 of biomass
to reduce 40% of total biogenic ash to <7% of total biomass [52]. Ash could also be removed from
biomass cells via chemical pre-processing that solubilize it. Here, knowledge of the exact morphology
and chemical state of the ash is needed to determine the most effective removal methods [52]. From a
practical point of view, elephant dung should be collected with the least soil impurities as possible.
Next, during transportation, drying, etc. the dung should not be exposed to dust. If prevention is not
enough, air separation could be considered, due to its relatively low operational cost. Nevertheless,
dung morphology is important factor for air separation. Dung is much more brittle and lighter than
wood. Because of this, chipped particles of dung could be lighter than mineral impurities causing
the different share of ash in particular fractions than in the case of wood. Although some chemical
pre-processing technologies have a high level of ash removal (over 90% removal of alkaline earth
and alkali metals) [52], their technological infrastructure and cost would be difficult to adopt in
underserved areas.

Another important aspect is the issues related to the supply chain, which may influence the quality
of biocoal and efficiency of the process. The collection of elephant dung has a dispersed character with
a random accumulation ratio in one specific localization, especially when elephants live in natural
habitats. The dung usually is collected directly from the ground, which may increase the ash content.
However, when dung is exposed to climatic conditions (especially to wind and sun), the overall effect
might be beneficial to drying, which brings benefits related to transportation and torrefaction efficiency.
Pre-dried material is more suitable for collection, transportation (less water to be transported), and is
less prone to decay. In the case of breeding of elephants or using them as work animals (as practiced in
South-East Asia), the accumulation of dung in one specific area is more likely. Natural drying maybe
not be sufficient. Therefore, one solution could be pre-drying in the dedicated dryer, which could use a
warm air stream for water removal. Solar energy could be used as a heat source. Such solution could
solve several practical problems: i) the long-range transport of untreated and wet dung to processing
sites that is energy inefficient, while a significant portion of the transportation costs are being used
to transport water [5]; ii) the long-term storage of raw biomass can be problematic and impractical
because the piled biomass can decompose over time resulting in the decrease of useful HHV [7].

4.3. Thermogravimetric Analysis of Raw Material and Kinetic Parameters of Torrefaction

Reported TGA analyses of elephant dung are the first of their kind in the literature. A comparison
of kinetic parameters with the literature is then confounded because of the variety of determination
methods used for other materials. For this reason, we discuss the kinetics of a subset of the most
common and related substrates. We considered the elephant diet consisting mostly of grasses, and the
activation energy for some grass plants is available. The activation energy of wheat straw and sorghum
determined for the 250–450 ◦C range was 176 kJ·mol−1 and kJ·mol−1, respectively [53]. For comparison,
lignocellulose materials (eg., woody biomass) have an Ea of 103–165 kJ·mol−1 [54,55]. The values
presented in this paper were obtained for non-isothermal conditions and pyrolysis temperature range.

In this work, the Ea and the reaction rate constants were determined in isothermal conditions and
a temperature range of 200–300 ◦C. The same conditions and temperatures were used previously by
Pulka et al. [56], who tested sewage sludge (SS) with high ash content, and Syguła et al. [57] who tested
spent mushroom compost (MSC). The Ea for torrefaction process of elephant dung was 18 kJ·mol−1,
and k values were increasing with process temperature from 1.16 × 10−5

·s−1 to 2.73 × 10−5
·s−1 (from

200 to 300 ◦C), respectively. In the case of SS, the Ea was 12 kJ·mol−1, and the k value increased from
4.02 × 10−5

·s−1 to 6.71 × 10−5
·s−1 (from 200 to 300 ◦C), respectively [56]. In the case of MSC, the Ea

was 22.2 kJ·mol−1, and the k value increased from 1.7 × 10−5
·s−1 to 4.6 × 10−5

·s−1 (from 200 to 300 ◦C),
respectively [57]. Differences could be a result of biomass origin, and organic matter content. OM in SS
was 56% d.m. [56], 76% d.m. in MSC [57], and 50% d.m. in elephant dung—Table A1).

It should also be noted that the greatest Ea was determined for MSC, which had the highest OM
content, and much smaller during the torrefaction of elephant dung and SS, where OM contents were
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lower by ~20%. An opposite trend was observed in the case of the k value, which was the highest
during the torrefaction of SS, followed by MSC and elephant dung. This may indicate that the content
of OM is one of the critical drivers of the waste’s kinetic properties, such as the Ea and possibly k.

4.4. Differential Scanning Calorimetry of Raw Material

DSC analysis showed that two endothermic reactions (37–146 ◦C and 158–252 ◦C) and one
exothermic reaction (252–300 ◦C) occur during the torrefaction process (Figure 12). The first
transformation observed on DSC plot may be attributed to water evaporation. Interestingly, the
elephant dung was dried at 105 ◦C before the DSC test. Thus, the presence of water in a previously
dried sample could be due to the hygroscopicity (the sample absorbed some water from the atmosphere
before the test; i.e., biocoals are known to be affected by this phenomenon) [58]. The first transformation
ended above drying temperature (105 ◦C), so it is probably associated with bound water evaporation.
The nature of the second endothermic transformation is unknown. To our knowledge, there are no
DSC data of elephant dung to compare. This transformation may be related to residue hemicellulose
degradation. Degradation of hemicellulose takes place at a lower temperature range (225–325 ◦C) than
the degradation of cellulose (305–375 ◦C) [36]. After the second endothermic transformation ended, the
heat flow starts to decrease, which is related to an exothermic reaction (253–300 ◦C). This exothermic
reaction corresponds to mass loss observed on TG/DTG plot observed at the beginning of the process
(Figure 11). Interestingly, neither of the endothermic reactions were apparerent in the TG/DTG plot
(Figure 11). This might be a result of insufficient precision in the use of the laboratory balance, or due
to transformations that were not related to mass loss. In general, endothermal reactions are related
to depolymerization and volatilization process, whereas exothermic transformations are due to the
charring process [59] phenomenon, the DSC plot shows that the elephant dung torrefaction is an
(overall) endothermic process and it requires energy delivery. Some energy cost savings might be
realized by using the torrefied elephant dung as a fuel for the torrefaction process (Figure 1).

High ash content 50.81% (Table A1) is not without significance. It makes measurements of TGA
and DSC less accurate because smaller mass loses in organic compounds were measured. In the
case of DSC, the endothermic reactions of <200 ◦C that were found could also be associated with
water evaporation from components of ash such as chlorine and potassium [60]. The growth of the
mineral fraction lowers the activation energy of the pyrolysis reaction, and accelerates exothermic
thermochemical conversion reactions [61].

5. Conclusions

Initial valorization of elephant dung by torrefaction is proposed as a possible low-tech fuel
production in rural areas with abundant supply. Proposed valorization could be used in households
for cooking and heating. These studies have expanded knowledge on the possibilities of torrefaction of
elephant dung and provided practical knowledge about the fuel properties of torrefied elephant dung,
as high heating value, combustible parts, ash content, and organic matter content. Based on the results,
models of torrefaction of elephant dung with kinetics parameter evaluation have been proposed. The
following conclusions arise from this research:

• Torrefaction improves the higher heating value of elephant dung. The torrefied elephant dung
has an HHV = 13 MJ·kg−1 compared to the HHV = 11.41 MJ·kg−1 for unprocessed dung.

• Minimal process controls appear to be needed, and thus, scaling the torrefaction up to larger
batches of dung is feasible, but due to lack of data, these options need more tests on a technical
scale. Biocoals with similar quality are obtained for 200 ◦C to 260 ◦C range regardless of the
duration of the process (20 to 60 min).

• The recommended temperature of the torrefaction for elephant dung is 200 ◦C, due to the lack of
significant improvements in fuel properties with increasing process temperature.
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• The activation energy for torrefaction of elephant dung at 200~300 ◦C was 17.7 J·mol−1, and the
reaction rate constant increased from 1.16 × 10−5

·s−1 to 2.73 × 10−5
·s−1.

• The total energy needed to heat the dry elephant dung from 20 ◦C to 300 ◦C was approximately
485 kJ·kg−1 (obtained in laboratory conditions), and 484.81 kJ·kg−1 (obtained from calculations)
after the mass loss during the process is factored in. The total energy demand for drying and
torrefaction was the total amount of energy for processing (heating, moisture evaporation, and
torrefaction) was 1760.30 kJ·kg−1.

This research has shown that there is a potential in using elephant dung as a substrate for
torrefaction and its valorization as an improved fuel source. The next step should be to identify the
technological parameters for the torrefaction of elephant dung. This is important for investment
analysis and technology design, particularly in rural areas.
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Appendix A

Table A1. Summary of proximate analysis of the tested elephant dung and biocoals resulting from
its torrefaction.

Sample Moisture, % Organic Matter
Content, % Ash, % HHV,

MJ·kg−1
HHVdaf,
MJ·kg−1

Elephant dung 49.19 ± 5.84 48.90 ± 5.79 50.81 ± 5.84 11.41 ± 1.34 23.18 ± 2.39

200 ◦C
20 min 3.33 ± 0.08 60.44 ± 0.46 39.37 ± 0.44 12.75 ± 0.58 21.75 ± 1.15
40 min 1.14 ± 0.02 47.50 ± 1.42 52.40 ± 1.42 10.14 ± 0.51 21.56 ± 0.87
60 min 2.35 ± 0.08 57.35 ± 1.69 42.51 ± 1.70 13.00 ± 0.31 23.16 ± 0.19

220 ◦C
20 min 2.11 ± 0.15 61.23 ± 1.04 38.65 ± 1.05 12.47 ± 1.31 20.77 ± 2.30
40 min 2.15 ± 0.05 60.22 ± 2.52 39.77 ± 2.50 12.34 ± 1.01 21.00 ± 2.48
60 min 1.90 ± 0.06 60.21 ± 0.27 39.76 ± 0.24 12.82 ± 0.72 21.70 ± 1.24

240 ◦C
20 min 2.11 ± 0.12 53.57 ± 2.09 46.50 ± 2.01 11.80 ± 1.56 22.48 ± 2.24
40 min 1.03 ± 0.04 49.91 ± 1.12 50.03 ± 1.08 10.74 ± 0.79 21.71 ± 1.27
60 min 0.96 ± 0.05 49.79 ± 1.11 50.11 ± 1.13 9.51 ± 0.50 19.24 ± 0.59

260 ◦C
20 min 3.20 ± 0.06 52.96 ± 3.14 47.52 ± 3.30 11.39 ± 0.33 21.79 ±1.93
40 min 0.88 ± 0.10 47.63 ± 2.92 52.24 ± 2.97 11.25 ± 0.50 23.77 ± 0.51
60 min 1.07 ± 0.04 44.82 ± 2.58 55.07 ± 2.62 10.34 ± 0.24 23.33 ± 1.93

280 ◦C
20 min 2.23 ± 0.15 52.21 ± 4.41 47.60 ± 4.45 11.80 ± 1.45 23.00 ± 1.25
40 min 2.85 ± 0.26 37.23 ± 3.26 62.59 ± 3.31 8.66 ± 1.22 23.87 ± 2.92
60 min 1.64 ± 0.26 28.26 ± 3.97 71.48 ± 3.99 7.54 ± 0.32 27.20 ± 3.57

300 ◦C
20 min 2.61 ± 0.25 49.47 ± 1.47 50.21 ± 1.53 11.64 ± 1.02 24.01 ± 1.99
40 min 1.99 ± 0.26 39.09 ± 3.47 60.89 ± 3.46 9.05 ± 0.32 23.69 ± 1.25
60 min 1.24 ± 0.14 28.66 ± 2.92 71.25 ± 2.92 6.49 ± 0.71 22.86 ± 0.79
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Table A2. Values of mass yield, energy yield, and energy densification ratio for biocoals.

Sample Mass Yield, % Energy Yield, % Energy Densification Ratio, %

200 ◦C
20 min 91.42 102.11 1.12
40 min 98.65 107.78 1.09
60 min 95.59 108.91 1.13

220 ◦C
20 min 95.43 104.25 1.09
40 min 93.16 100.74 1.08
60 min 90.43 101.62 1.12

240 ◦C
20 min 98.12 101.43 1.03
40 min 92.78 87.33 0.94
60 min 89.36 74.46 0.83

260 ◦C
20 min 97.07 95.66 0.99
40 min 88.63 87.34 0.99
60 min 90.01 81.55 0.90

280 ◦C
20 min 71.83 68.89 0.96
40 min 53.21 46.29 0.87
60 min 63.33 51.59 0.81

300 ◦C
20 min 63.28 58.28 0.92
40 min 66.58 56.50 0.85
60 min 73.18 62.58 0.86Energies 2019, 12, x FOR PEER REVIEW 24 of 36 
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Table A3. Analysis of variance for organic matter (OM) content.

Tukey Test for OM; a Bold Font Signifies
Statistically Significant Difference (p < 0.05)

200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 0.00 0.98 1.00 1.00 1.00 0.12 0.00 0.00 0.06 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
200 40 0.00 0.00 0.00 0.00 0.00 0.27 1.00 1.00 0.43 1.00 1.00 0.68 0.00 0.00 1.00 0.02 0.00
200 60 0.98 0.00 0.90 0.99 0.99 0.91 0.07 0.06 0.77 0.00 0.00 0.53 0.00 0.00 0.04 0.00 0.00
220 20 1.00 0.00 0.90 1.00 1.00 0.05 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
220 40 1.00 0.00 0.99 1.00 1.00 0.15 0.00 0.00 0.08 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
220 60 1.00 0.00 0.99 1.00 1.00 0.16 0.00 0.00 0.08 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
240 20 0.12 0.27 0.91 0.05 0.15 0.16 0.93 0.91 1.00 0.30 0.01 1.00 0.00 0.00 0.85 0.00 0.00
240 40 0.00 1.00 0.07 0.00 0.00 0.00 0.93 1.00 0.99 1.00 0.55 1.00 0.00 0.00 1.00 0.00 0.00
240 60 0.00 1.00 0.06 0.00 0.00 0.00 0.91 1.00 0.98 1.00 0.59 1.00 0.00 0.00 1.00 0.00 0.00
260 20 0.06 0.43 0.77 0.02 0.08 0.08 1.00 0.99 0.98 0.47 0.03 1.00 0.00 0.00 0.95 0.00 0.00
260 40 0.00 1.00 0.00 0.00 0.00 0.00 0.30 1.00 1.00 0.47 0.99 0.72 0.00 0.00 1.00 0.02 0.00
260 60 0.00 1.00 0.00 0.00 0.00 0.00 0.01 0.55 0.59 0.03 0.99 0.07 0.06 0.00 0.70 0.35 0.00
280 20 0.03 0.68 0.53 0.01 0.03 0.03 1.00 1.00 1.00 1.00 0.72 0.07 0.00 0.00 1.00 0.00 0.00
280 40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.01 0.00 1.00 0.02
280 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 1.00
300 20 0.00 1.00 0.04 0.00 0.00 0.00 0.85 1.00 1.00 0.95 1.00 0.70 1.00 0.00 0.00 0.00 0.00
300 40 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.35 0.00 1.00 0.00 0.00 0.00
300 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 1.00 0.00 0.00
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Table A4. Analysis of variance for ash content.

Tukey Test for Ash Content; a Bold Font Signifies
Statistically Significant Difference (p < 0.05)

200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 0.00 0.98 1.00 1.00 1.00 0.10 0.00 0.00 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
200 40 0.00 0.00 0.00 0.00 0.00 0.32 1.00 1.00 0.64 1.00 1.00 0.66 0.00 0.00 1.00 0.02 0.00
200 60 0.98 0.00 0.91 1.00 1.00 0.88 0.06 0.06 0.60 0.00 0.00 0.57 0.00 0.00 0.05 0.00 0.00
220 20 1.00 0.00 0.91 1.00 1.00 0.04 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
220 40 1.00 0.00 1.00 1.00 1.00 0.15 0.00 0.00 0.05 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00
220 60 1.00 0.00 1.00 1.00 1.00 0.15 0.00 0.00 0.05 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
240 20 0.10 0.32 0.88 0.04 0.15 0.15 0.95 0.94 1.00 0.37 0.02 1.00 0.00 0.00 0.93 0.00 0.00
240 40 0.00 1.00 0.06 0.00 0.00 0.00 0.95 1.00 1.00 1.00 0.59 1.00 0.00 0.00 1.00 0.00 0.00
240 60 0.00 1.00 0.06 0.00 0.00 0.00 0.94 1.00 1.00 1.00 0.61 1.00 0.00 0.00 1.00 0.00 0.00
260 20 0.03 0.64 0.60 0.01 0.05 0.05 1.00 1.00 1.00 0.69 0.06 1.00 0.00 0.00 1.00 0.00 0.00
260 40 0.00 1.00 0.00 0.00 0.00 0.00 0.37 1.00 1.00 0.69 0.99 0.71 0.00 0.00 1.00 0.02 0.00
260 60 0.00 1.00 0.00 0.00 0.00 0.00 0.02 0.59 0.61 0.06 0.99 0.07 0.06 0.00 0.65 0.35 0.00
280 20 0.03 0.66 0.57 0.01 0.05 0.04 1.00 1.00 1.00 1.00 0.71 0.07 0.00 0.00 1.00 0.00 0.00
280 40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.01 0.00 1.00 0.02
280 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 1.00
300 20 0.00 1.00 0.05 0.00 0.00 0.00 0.93 1.00 1.00 1.00 1.00 0.65 1.00 0.00 0.00 0.00 0.00
300 40 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.35 0.00 1.00 0.00 0.00 0.00
300 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 1.00 0.00 0.00
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Table A5. Analysis of variance for combustible parts (CP).

Tukey Test for CP; a Bold Font Signifies
Statistically Significant Difference (p < 0.05)

200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 0.00 0.97 1.00 1.00 1.00 0.07 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
200 40 0.00 0.00 0.00 0.00 0.00 0.25 1.00 1.00 0.00 1.00 0.99 0.58 0.00 0.00 1.00 0.01 0.00
200 60 0.97 0.00 0.87 0.99 0.99 0.84 0.04 0.04 0.00 0.00 0.00 0.49 0.00 0.00 0.03 0.00 0.00
220 20 1.00 0.00 0.87 1.00 1.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
220 40 1.00 0.00 0.99 1.00 1.00 0.11 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
220 60 1.00 0.00 0.99 1.00 1.00 0.11 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
240 20 0.07 0.25 0.84 0.03 0.11 0.11 0.93 0.92 0.00 0.29 0.01 1.00 0.00 0.00 0.90 0.00 0.00
240 40 0.00 1.00 0.04 0.00 0.00 0.00 0.93 1.00 0.00 1.00 0.51 1.00 0.00 0.00 1.00 0.00 0.00
240 60 0.00 1.00 0.04 0.00 0.00 0.00 0.92 1.00 0.00 1.00 0.53 1.00 0.00 0.00 1.00 0.00 0.00
260 20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
260 40 0.00 1.00 0.00 0.00 0.00 0.00 0.29 1.00 1.00 0.00 0.99 0.64 0.00 0.00 1.00 0.01 0.00
260 60 0.00 0.99 0.00 0.00 0.00 0.00 0.01 0.51 0.53 0.00 0.99 0.04 0.04 0.00 0.57 0.27 0.00
280 20 0.02 0.58 0.49 0.01 0.03 0.03 1.00 1.00 1.00 0.00 0.64 0.04 0.00 0.00 1.00 0.00 0.00
280 40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.00 1.00 0.01
280 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 1.00
300 20 0.00 1.00 0.03 0.00 0.00 0.00 0.90 1.00 1.00 0.00 1.00 0.57 1.00 0.00 0.00 0.00 0.00
300 40 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.27 0.00 1.00 0.00 0.00 0.00
300 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 1.00 0.00 0.00
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Table A6. Analysis of variance for high heating value (HHV).

Tukey Test for HHV ; a Bold Font Signifies
Statistically Significant Difference (p < 0.05)

200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 0.05 1.00 1.00 1.00 1.00 0.99 0.31 0.00 0.87 0.76 0.10 0.99 0.00 0.00 0.97 0.00 0.00
200 40 0.05 0.02 0.13 0.18 0.04 0.62 1.00 1.00 0.93 0.97 1.00 0.62 0.78 0.05 0.77 0.98 0.00
200 60 1.00 0.02 1.00 1.00 1.00 0.95 0.15 0.00 0.66 0.52 0.04 0.95 0.00 0.00 0.87 0.00 0.00
220 20 1.00 0.13 1.00 1.00 1.00 1.00 0.55 0.01 0.98 0.94 0.22 1.00 0.00 0.00 1.00 0.00 0.00
220 40 1.00 0.18 1.00 1.00 1.00 1.00 0.68 0.02 0.99 0.98 0.31 1.00 0.00 0.00 1.00 0.00 0.00
220 60 1.00 0.04 1.00 1.00 1.00 0.99 0.25 0.00 0.82 0.69 0.07 0.99 0.00 0.00 0.95 0.00 0.00
240 20 0.99 0.62 0.95 1.00 1.00 0.99 0.98 0.14 1.00 1.00 0.80 1.00 0.01 0.00 1.00 0.03 0.00
240 40 0.31 1.00 0.15 0.55 0.68 0.25 0.98 0.94 1.00 1.00 1.00 0.98 0.25 0.01 1.00 0.59 0.00
240 60 0.00 1.00 0.00 0.01 0.02 0.00 0.14 0.94 0.41 0.54 1.00 0.14 1.00 0.33 0.22 1.00 0.01
260 20 0.87 0.93 0.66 0.98 0.99 0.82 1.00 1.00 0.41 1.00 0.98 1.00 0.03 0.00 1.00 0.12 0.00
260 40 0.76 0.97 0.52 0.94 0.98 0.69 1.00 1.00 0.54 1.00 1.00 1.00 0.05 0.00 1.00 0.18 0.00
260 60 0.10 1.00 0.04 0.22 0.31 0.07 0.80 1.00 1.00 0.98 1.00 0.79 0.60 0.02 0.90 0.91 0.00
280 20 0.99 0.62 0.95 1.00 1.00 0.99 1.00 0.98 0.14 1.00 1.00 0.79 0.01 0.00 1.00 0.03 0.00
280 40 0.00 0.78 0.00 0.00 0.00 0.00 0.01 0.25 1.00 0.03 0.05 0.60 0.01 0.97 0.01 1.00 0.20
280 60 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.01 0.33 0.00 0.00 0.02 0.00 0.97 0.00 0.75 0.98
300 20 0.97 0.77 0.87 1.00 1.00 0.95 1.00 1.00 0.22 1.00 1.00 0.90 1.00 0.01 0.00 0.05 0.00
300 40 0.00 0.98 0.00 0.00 0.00 0.00 0.03 0.59 1.00 0.12 0.18 0.91 0.03 1.00 0.75 0.05 0.06
300 60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.20 0.98 0.00 0.06
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Table A7. Statistical evaluation of specific heat of elephant dung.

Intercept/
Coefficient

Value of Intercept/
Coefficient Standard Error p Lower Limit of

Confidence
Upper Limit of

Confidence

a1 7.74 × 100 2.64 × 10−1 0.00 6.59 × 100 7.62 × 100

a2 −6.55 × 10−1 2.37 × 10−2 0.00 −6.55 × 10−1
−5.62 × 10−1

a3 2.37 × 10−2 8.21 × 10−4 0.00 2.09 × 10−2 2.41 × 10−2

a4 −3.97 × 10−4 1.45 × 10−5 0.00 −4.11 × 10−4
−3.54 × 10−4

a5 3.63 × 10−6 0.00 × 100 0.00 3.53 × 10−6 3.53 × 10−6

a6 −1.93 × 10−8 0.00 × 100 0.00 −1.90 × 10−8
−1.90 × 10−8

a7 6.04 × 10−11 0.00 × 100 0.00 5.97 × 10−11 5.97 × 10−11

a8 −1.03 × 10−13 0.00 × 100 0.00 −1.02 × 10−13
−1.02 × 10−13

a9 7.37 × 10−17 0.00 × 100 0.00 7.37 × 10−17 7.37 × 10−17

SH = a1 + a2·T + a3·T2 + a4·T3 + a5·T4 + a6·T5 + a7·T6 + a8·T7 + a9 T8, R2 = 0.98, R = 0.99.

Table A8. Evaluation of commercial pellet HHVdaf, based on [51].

Type of Pellet Ash, % HHV, MJ·kg−1 HHVdaf *, MJ·kg−1

Pine sawdust 0.66 19.52 19.65
Wheat straw 7.27 17.57 18.95

Corn settlements 1.27 18.80 19.04
Agricultural residues 8.27 18.13 19.76

* HHVdaf has been calculated based on Equation (4).
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