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Abstract

Microalgal biomass has been widely investigated as a source of renewable energy, but currently, some alternatives are not
economically competitive. Thermochemical conversion of biomass is an alternative way to transform their organic compounds
into liquid and gaseous fuels. The aim of this work is twofold; first, the pyrolytic process of the microalga Botryococcus braunii
(BB) by thermogravimetric analysis, as well as the relevant reaction kinetic constants and related activation energies, is assessed.
Secondly, a sensitivity analysis of the biomass gasification process with air using a thermochemical model was conducted to
predict the composition of a syngas as a function of the biomass moisture content and the biomass/air ratio. The results showed
that BB biomass is composed mainly of carbon (62.4 wt.%) with volatile solids of 84 wt.%, while the fixed carbon represents
around 7 wt.%. Additionally, observed values for heating (27.86 MJ kg™ ") and activation energy (~ 110 kJ mol ") were different
from other algal feedstocks due to the capacity of accumulation of liquid hydrocarbons of this. On the other side, the gasification
process showed it was found that the moisture content in the biomass and biomass/air ratio variables are key parameters for
reaction temperature and producer gas composition. Accordingly, with a suitable combination of these variables, it is possible to
obtain a syngas composed of gaseous species with high energy content (CO, 18 vol.%; H,, 17 vol.%; and CHy, 2 vol.%.), which
can be transformed through processes such as Fisher-Tropsch process into liquid biofuels such as kerosene or gasoline.
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Introduction

Fossil fuels are the basis of the energy and production infra-
structure on the planet; however, these are a finite resource
whose processing, use, and depletion represent environmental
and social concerns that are currently of global interest.
Consequently, the development of technologies to use renew-
able sources as fuel (i.e., feedstocks) is a key step in the tran-
sition from the oil-based model to a more diverse and envi-
ronmentally responsible model [1]. In the path of this transi-
tion, new alternatives have arisen such as the use of biomass
as an input to produce solid, liquid, and gaseous fuels

< Andrés A. Arbelaez
alonso.arbelacz@udea.edu.co

Grupo de Biotecnologia, Instituto de Biologia, Facultad de Ciencias
Exactas y Naturales, Universidad de Antioquia UdeA, Calle 67 No.
53-108, Medellin, Colombia

Departamento de ingenieria mecénica Grupo de Manejo Eficiente de
la Energia (GIMEL), Facultad de ingenieria, Universidad de
Antioquia UdeA, Calle 67 No. 53-108, Medellin, Colombia

compatible with current energy technologies [2—4]. Biomass
spans a broad range of materials derived from plants such as
wood, grains, forage, and agroindustry wastes as well as the
mass produced by macroalgae and microalgae. Recently, the
biomass produced by microalgae has attracted a special atten-
tion as it is a fast-growing aquatic photosynthetic microorgan-
ism that can be produced simply and economically.
Microalgae biomass is interesting not only because of its po-
tential in terms of energy but also because it presents the
possibility of establishing a biorefinery that produces energy
and higher value products such as proteins and bioactive com-
pounds [5]. One of the most suitable microalgae species to be
used as raw material for energy purposes is Botryococcus
braunii, a green microalga known for its ability to produce
and accumulate significant amounts of liquid hydrocarbons
suitable to produce biofuels [6].

Microalgal represents important benefits as a source of bio-
mass compared to other conventional sources. As photosyn-
thetic microorganisms, the primary carbon source is carbon
dioxide, with 1.0 kg of algal biomass produced from approx-
imately 1.8 kg of CO, [7, 8]. Additionally, it is possible to
obtain a high yield in a wide spectrum of environments and
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simple cultivation systems such as freshwater or seawater
ponds without competing for arable land or compromising
food security [9-11].

Thermochemical conversion of microalgae is an attractive
pathway to transform biomass into different forms of useful
energy [12]. These processes mainly include direct combus-
tion to generate heat and electricity, as well as pyrolysis and
gasification to produce liquid and gaseous fuels which are
suitable for engines and turbines [13]. Pyrolysis plays an im-
portant role in thermochemical conversion processes, being
the chemical starting point of gasification and combustion
processes, which can be divided into two consecutive scenar-
ios that involve the thermal decomposition of biomass,
through the devolatilization of the most volatile compounds
and a slow heterogeneous conversion to coal [13].

A number of authors have reported pyrolytic kinetics stud-
ies in different types of microalgae [14—18], showing large
differences in pyrolytic behavior depending on its composi-
tion. The main components of microalgae including carbohy-
drates, lipid, and protein are easily degraded at temperatures
between 200 and 450 °C with heating rates of 40 °C. The
carbohydrates are easily degraded at temperatures between
220 and 350 °C, while proteins degrade between 300 and
400 °C and lipids require higher temperature mainly between
320 and 420 °C [18]. The cell walls of green algae are mainly
composed of polymers like cellulose-pectin complexes, gly-
coproteins, and other carbohydrates to a lower extent [19, 20].
These components are easier to pyrolyze compared to those
reported for lignin, which is the main compound of the woody
raw material commonly used for thermochemical conversion
processes [21, 22]. In contrast, pyrolytic studies on
macroalgae show similar results in carbohydrate degradation
peaks, mainly composed of polysaccharides such as xylan and
dextran and a large amount of water-soluble polysaccharides,
including rhamnose, xylose, and uronic acid, where heating
rates of 20 °C show degradation peaks between 250 and
300 °C [23]. The composition of the pyrolysis gas and its
properties depend directly on the chemical structures of the
biomass components, for example hemicellulose, with higher
carboxyl content, accounts for a higher CO, yield, while cel-
lulose displays a higher CO yield, mainly attributed to the
thermal cracking of carbonyl and carboxyl, and lignin releases
out much more H, and CH, due to high presence of aromatic
ring structures and methoxyl groups.

Biomass gasification is considered the most promising pro-
cess with the best cost/benefit ratio for the conversion of bio-
mass into energy [24]. Gasification is a thermochemical con-
version process of solid materials composed mostly of carbon
(such as biomass) into syngas. The syngas is mainly com-
posed of hydrogen, carbon monoxide, carbon dioxide, and
methane [25, 26]. The process performance depends on the
applied gasification conditions [27]. Some authors have re-
ported the use of microalgae as an alternative in the production
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of bioenergy through processes such as pyrolysis [16] and
gasification [11], finding that it is possible to convert the ma-
rine microalga Nannochloropsis gaditana into syngas via gas-
ification processing, obtaining a product mainly composed of
H, (50%) and CO (35%) [28]. On the other hand, product
analysis of different microalgal biomass shows that is possible
produce alkane compounds with 9-octadecyne (C,gHs4) from
Chlorella sorokiniana, when it is subjected to the pyrolysis
process [29]. Moreover, the gasification process shows signif-
icant potential for the production of biofuels. For instance, it
has been found that using Nannochloropsis oculata in fixed
bed reactor easily obtains syngas composed mainly of H,
(50%), CH4 (10%), and CO (6%) with a carbon conversion
of 70% [30].

The chemical, physical, energy, and thermochemical prop-
erties of biomass used as feedstock for thermochemical pro-
cesses affect the reactor design [31]; in the same way, the
reactor design affects the process performance for a specific
biomass [32]. Therefore, in this work, the pyrolysis kinetics
using TGA of the microalga Botryococcus braunii is ana-
lyzed, whose reaction kinetic mechanism supports the design
of gasifiers in further stages [31]. Likewise, the thermodynam-
ic limits of the gasification process of Botryococcus braunii
are calculated by simulating the gasification process to con-
tribute to pathways of energy valorization of this algal bio-
mass, which model estimates the maximum expected thermo-
dynamic performance of the thermochemical process using as
feedstock this microalga.

Materials and Methods

Microalgal Biomass Production and Chemical
Characterization

The green algae strain used in this work was Botryococcus
braunii 572 from the culture collection of the University of
Texas (UTEX). B. braunii was incubated in a stirred tank
reactor with a working volume of 10 L in continuous mode
with a dilution rate 0.11 d"*, fed with modified medium based
on BGy, and illumination was provided by LED lamps (Cold
white 6500 K) at a mean photon flux density of
960 umol m 2 s ' [33]. The harvested biomass was subjected
to centrifugation at 15000g for 10 min, discarding the super-
natant and performing 3 washes to reduce the salt content.
Then, the harvested biomass was lyophilized and stored in
vacuum.

The content of crude totals for protein, carbohydrates, and
lipids was determined by the Kjeldehl method (factor of 6.25),
the phenol-sulfuric acid method, and a modified method re-
ported by Bligh and Dyer (1959) [34], respectively. The ulti-
mate analysis was carried out in LECO model Truspec Micro
elemental analyzer, using the method ASTM D-5373-08
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(2012), while the proximate analysis was performed in TGA
Q500 V20.13 Build 39 equipment using the ASTM D5142
modified methodology reported by Ceylan and Kazan (2015)
[35]. The moisture content was determined with an isothermal
process at 120 °C in a moisture analyzer. The volatile material
content was determined by heating the sample to 800 °C under
an inert N, atmosphere, and maintaining the temperature until
constant mass observed. Then, air was injected during iso-
therm at 800 °C to oxidize the sample (fixed carbon). The
ash content was determined by residue after oxidation. The
biomass higher heating value (HHV) was estimated according
the standard ASTM E144-14, where ~2 g of dry biomass was
used in jacket pump calorimeter 1341 Parr model 2901EB.
The lower heating value (LHV) was calculated from the
HHYV and hydrogen content [29] (Table 1).

Thermogravimetric Analysis

The analysis of the thermal degradation of biomass samples
was carried out using a TGA Q500 V20.13 Build 39. During
the pyrolysis process, the samples were pre-treated at 110 °C
to remove moisture, then the temperature was brought to
800 °C at four different constant heating rates of 10, 20, 30,
and 40 °C min'. A nitrogen flow at 60 mL min ™' was sup-
plied as carrier gas. The loss of mass was expressed as a
function of temperature. The rate of weight loss (dX/dt) for
the biomass was recorded and used to plot the thermogravi-
metric analysis (TGA) and derivative thermogravimetry
(DTG).

Kinetic Pyrolysis Model

Non-isothermal method was carried out in the thermobalance,
and the mass loss was expressed as a function of temperature.
According to Vo et al. (2017) [14], the rate of degradation or
thermal conversion do/dt, is a linear function of temperature,
and constant k is dependent on temperature, with a
temperature-independent conversion function, f{):

The kinetics of pyrolysis could be described as:

do
at = kf ()
(1)

The mass loss ratio () can be calculated as follows:

Wo—W
Wo—We

(2)

Where W, is the initial mass of the sample, W is the sample
mass at the time ¢, and W, is the final mass at the end of the
thermogravimetric analysis.

The reaction rate, k, was represented as the Arrhenius equa-
tion:

- now(-E)
(3)

Where A is a pre-exponential factor (min ), E is the acti-
vation energy (J mol '), R is the gases constant (J mol ' K1),
and T is absolute temperature (K). Combining Egs. 2 and 3,
we have:

= tewp( - )r@)
@)

If the heating rate is constant, (3 =dT/dt, which can be
inserted in Eq. 4 as follows:
doa A (_ E

ar = ECXP ﬁ)f(a)

(5)

Where « is the fractional conversion, 7T is the kelvin tem-
perature, (3 is the heating rate, A is the pre-exponential factor,
E is the activation energy, R is the gas constant, and f{cv) is the
temperature-independent function of conversion related to the
decomposition mechanism.

Equation 5 can be linearized by integration, which can be
expressed as

o da A -E
" Eﬁoexp <> dT

" f(a) RT
(6)
Here G() is the integrated form of the function f{c)
o do
Gla) =y ——
@)= 7
(7)

The linearized integrated equation form can see in the fol-
lowing expressions:
Kissinger—Akahira—Sunose (KAS) Equation [36].

15} AR E,
In{— | =In -—
T E,G(a) RT

(3)
Flynn-Wall-Ozaka (FWO) Equation [37].
0.0048 AE, E,
1 =In|———— )-1.016—
n(5) “( RG(a) ) 016%7
©)
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Table 1 Raw biomass characterization

Proximate analysis (wt.%)

Ultimate analysis (wWt.%, dry-ash-free)

Composition analysis (wt.%)

Volatile material (VM) 83.9 C
Fixed carbon (FC) 6.7 H
Moisture (M) 4.6 (0]
Ash (CN) 4.8 N

S

C:0 molar ratio
0O:C mass ratio
0O:C molar ratio

CH} 66N0.0900.2650.005

27.86

24.73

Molecular formula
HHV (MJ/kg, dry basis)
LHV (MJ/kg, dry basis)

62.4 Crude protein 20
8.7 Crude lipid 44
21.6 Carbohydrate 31
6.5
0.8
3.85
0.35
0.26

With a given value of conversion rate, plots of 1n(6/72),
In(3) versus 1/T give straight lines with slopes —E,/R and
—1.016E,/R, with subsequent determination of activation en-
ergy (E,). Substituting the value £, and the mechanism func-
tion G(«) back into Egs. (4) and (5) in conjunction with 7'and
« allows InA to be calculated [17].

Simulation of the Gasification Process

The gasification simulation process was performed using the
model developed by Melgar et al. (2007) [38]. This model
expresses the reactions of the gasification process in terms of
mass and energy balances. This model allows to predict the
composition of the “producer gas” (PG) or synthesis gas
(syngas) and the reaction temperature of the gasification pro-
cess. Therefore, as a function of the response variables of the
model and biomass composition, it is possible to determine
other important parameters such as lower heating value
(LHVpg) and engine fuel quality (EFQ) of the producer gas
[38, 39]. These parameters define the quality of the PG fuel for
applications in internal combustion engines. Therefore, the
model is a useful tool to simulate the composition of the PG
depending on the biomass type, the moisture content (%), and
the fuel/air equivalence ratio (F,) [38, 39].

The input parameters required by the model are the ulti-
mate analysis of the biomass, the moisture content, and the
heating value. These are used to determine the elemental for-
mula of biomass (C,H,,0O,N,S,), and its molar water content
[38]. Accordingly, the fuel/air ratio can be estimated under
stoichiometric conditions using Eq. 11. Therefore, using the
calculated stoichiometric parameter (Fq bms), the relationship
between the actual fuel/air equivalence ratio used in the sim-
ulation (£,,,) and the stoichiometric combustion air can be
established (Eq. 12). With these two parameters, the molar
amount of real air is estimated (Eq. 13). A detailed procedure
for the solution of the model and the auxiliary equations is
reported by Pérez et al. (2016) [39].
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Fig. 1 Block diagram of structure to solve the model

The simulation plan was conducted by varying the mois-
ture content of the Botryococcus braunii microalga between
0.0 and 50 wt.%, and varying the fuel/air equivalence ratio
from 1.0 (stoichiometric combustion) to 5.0 (gasification).
The main parameters to be analyzed in the simulation of the
gasification process were the producer gas composition in
%vol. (CHy4, H,, CO,, and CO), as well as the LHVpg, the
EFQ, and process temperature.

Model Structure

In Fig. 1, it is shown the block diagram that describes the
structure necessary to solve the model. In the first stage (bio-
mass and gasification inputs), moisture and ultimate analysis
of biomass are calculated from the substitution formula of
biomass and molar quantity of water. Real air molar quantity
is calculated from fuel/air equivalence ratio, and total enthalpy
of reactants is estimated.

In the second stage, producer gas composition is calculated
by the Newton-Raphson method to solve the nonlinear equa-
tions system. Subsequently, reaction temperature is calculated
by equalizing enthalpy of reactants (biomass, moisture, and
air) and products (producer gas). Calculated temperature is the
input for iterative calculation of producer gas composition
until the chemical and thermal equilibria are reached.
Therefore, thermodynamic parameters that characterize the
thermochemical process are calculated with final producer
gas and biomass compositions (ultimate analysis and heating
value). Additional information related to the model is present-
ed in detail in previous works [40].

Results and Discussion
Thermogravimetric Analysis
Thermal Degradation Process

The trends in weight loss curves obtained during TGA show
the physical and chemical structural changes occurring during
the thermal conversion. Differential thermogravimetry (DTG)
curve indicates main devolatilization stages more clearly. TG
and DTG curves of BB at four different heating rates from 100
to 700 °C are depicted in Fig. 2.

The start of biomass thermal degradation is linked to the
decomposition of the most thermo-sensitive materials, which
is reflected in a change in the mass of the sample (Fig. 2a).
Two zones could be identified in Fig. 2b with two strong
peaks similarly with the previous published work [16, 41,
42]. The first zone corresponds to the initial peak (250—
350 °C) where compounds such as carbohydrates and proteins
suffer from different decomposition mechanisms such as de-
polymerization, decarboxylation, and cracking [14, 18], this
being the main stage of weight loss, reaching 50% of the total
loss. The second zone shows a second strong peak corre-
sponds to the lipid devolatilization (380—480 °C) [14, 18].

Some authors report that different microalgae species have
different decomposition zones and different decomposition
profiles, although they are mainly composed of carbohydrates,
proteins, and lipids, due carbohydrates, proteins, and lipids
include many types of subspecies, different subspecies of
these main components may lead to different decomposition
profiles [43]. For example, there was only one DTG peak for
the pyrolysis of the microalga Dunaliella tertiolecta [16],
Hapalosiphon sp. [43], Tetraselmis sp. [35], or seaweeds
Enteromorpha prolifera [44] and Enteromorpha clathrate
[45], because they have a low amount of lipids and the corre-
sponding peak is not noticeable. In contrast, two DTG peaks
were observed for the microalga Nannochloropsis oculata
[35], Aurantiochytrium sp. [14], and Chlorella sorokiniana
[18] and more than two DTG peaks were observed for BB in
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Fig. 2 Thermal degradation
process. a Thermogravimetric
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this study. In fact, on the DTG curve of BB, three inflection
points were observed at 290, 315, and 450 °C, which indicates
that the two weak peaks were concealed by the main decom-
position peak due to the carbohydrate and protein content of
biomass (21% and 31% respectively) and a third strong peak
which can be explained by considering the fact that the
microalgae Botryococcus braunii is composed in a large
amount of lipids reaching in this study 44%, which are report-
ed to be rich in unsaturated linear chain of hydrocarbons [6,
46].

Effect of Heating Rate

The shape TGA curves did not change with the heating rate
for BB. However, it can be observed in Fig. 2b that the whole
weight losses during the pyrolysis process for BB were shifted
to higher temperature zones with increasing the heating rates
from 10 to 40 °C min™". It is well known that the maximum
conversion rate is affected by the heating rate [29, 35, 47],
typical for all non-isothermal experiments; thus, the maximum
conversion increases with increasing heating rate [14] because
the temperature differential between the surface and the core
increases rapidly generating a gradient that favors the transfer
of heat even though the biomass has a high thermal resistance

Temperature (2C)

[16, 17]. The main reason is the limited capacity of microalgal
biomass to conduct heat, producing temperature gradients
across the radius of the biomass [16]. Therefore, the behavior
of mass loss varies with heating rates, causing an initial de-
composition on the surface of the material, with a subsequent
reaction chain that decomposes the rest of the internal material
at high speeds due to the accumulated energy [16, 17].

Kinetic Analysis

Different conversion rates were chosen at different heating
rates and temperatures to determine the activation energy of
the samples. From Egs. 8 and 9, the parameters In(3/T°), In(5)
vs (1/T) are depicted, and an initial trend is observed. From the
data, the kinetic parameters were calculated assuming a reac-
tion order of 1 in different conversion degrees. In Fig. 3, the
family of apparent parallel lines can be observed, which can
be visualized for each degree of conversion analyzed. It can be
found the activation energy in seven different conversion de-
grees for BB.

Table 2 shows the distribution of activation energies Ea and
the correlation coefficients (R?) of fitted equations obtained by
means of the KAS and FWO method for various degrees of
microalgal biomass conversion, as well as each respective pre-

Fig. 3 Graphs for the 108 X0.2 4 X 0.2
determination of activation |
. . . . X0.3 %0.3
energies at different conversion . A i e A ® - X X i
values « using the KAS (a) and -10.3 S : . T ¥ =04 35 R -0.4
FWO (b) methods ;o7 i i T X eos ’ B¢ £ 6 = X X
— ‘m ! L A PR Ty T Y @05
T i ie FE A06 Y P S T
g% goi A e i 07 23 mie W @ v X X AO6
= u ¢ A ’ s 1o P Y
S S5 N PP T X mos *07
oo M é P e i E ;
: I : B L W03
PO 23 : :
% i mE e a4 @ - X X
-8.8 X
2
0.0014 0.0016 0.0018 0.002 0.0014 0.0016 0.0018 0.002
(a) YT (b)
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Table 2  Activation energies obtained for different conversion values
Conversion  KAS method FWO method
degree (x)
Slope Activation energy  Coef. Pre-exponential Slope Activation Coef. Corr  Pre-exponential
Ea (kJ mol ) Corr (R?) factor Ln A (min ) energyEa R factor Ln A (min ™)
(kJ mol™")
0.2 —11,289 93.86 09336  19.28 —12,339 97.55 0.9439 20.13
0.3 —11,480 9544 09703  19.24 —12,570  99.38 0.9752 20.10
0.4 —13,009 108.16 09775  21.26 —14,133 111.74 0.9809 22.02
0.5 —12,706 105.64 09760  19.92 —13,872 109.67 0.9799 20.75
0.6 —14,307 118.95 09141 2137 —15,529 122.77 0.9262 22.11
0.7 —14316 119.02 0.8611  20.10 — 15,615 123.45 0.8807 2091
0.8 —12,385 102.97 0.8980 17.14 —13,745 108.67 0.9158 18.13
Average 106.29 110.46

exponential factor. During the initial stage of pyrolysis, the
activation energy increased progressively from 93.86 to
119.02 kJ mol " as the degree of conversion increased from
20 to 70%. Thereafter, the activation energy rapidly de-
creased, reaching 102.97 kJ mol ™" at a point where approxi-
mately 80% of the biomass was decomposed. The average
apparent activation energy of Botryococcus braunii degrada-
tion was 106.29 and 110.46 kJ mol™' for KAS and FWO
methods respectively.

It is observed that the energies obtained are comparable
between the methods used, and that the energy range goes
from 90 to 120 kJ mol ' depends on the degree of conversion
required and pre-exponential factor is very similar in both
methods. It can be observed that the activation energy required
for the degrees of conversion () between 0.2 and 0.5 (pro-
teins and carbohydrates mainly) has similar values to those
required by the degrees of conversion between 0.6 and 0.9
(mainly lipids), which means that the lipids do not influence
on increase of the average activation energy of the microalgal
biomass. Similar results were obtained by Vo et al. (2017)
[14], where degrees of conversion corresponding to proteins
and carbohydrates of Aurantiochytrium obtained higher
values of activation energy than those reported for lipids,
whose average value is greater than that obtained in the pres-
ent study (118.54 kJ mol ™). A low activation energy means
that the biomass requires low energy to break the chemical
bonds between its atoms and initiate a reaction chain of
devolatilization leading to increase the global efficiency of
the thermochemical process [35, 47]. The activation energies,
found in this study for B. braunii, are lower than those report-
ed in other works with microalgae and raw materials used for
the production of bioenergy [29, 48, 49] which could signifi-
cantly reduce the operation cost for its pyrolysis.

Li et al. (2011) [17] investigated the kinetic and pyrolysis
characteristics of three types of red algae Pophyra yezoensis,
Plocamium telfairiae harv, and Corallina pilulifera. They

found activation energies of 154, 244, and 250 kJ mol ™" re-
spectively. On the other hand, Ceylan et al. (2015) [35] inves-
tigated the behavior and kinetics of the pyrolysis process of
microalgae Nannochloropsis oculata and Tetraselmis sp
through a non-isothermal thermogravimetric study. They
found that high activation energies are required for both
microalgae with values of 152.2 kJ mol ! and 334 kJ mol !,
respectively. These values are greater than those in the study
presented here. However, this variation could be attributed to
the differences of biochemical characteristics of the
microalgae biomasses compared. Liu et al. 2012 [47] investi-
gated the pyrolytic behavior of Botryococcus braunii and
Hapalosiphon sp. through a non-isothermal thermogravimet-
ric study using original biomass, residual biomass after oil
extraction, and oil extracted from original biomass. They
found activation energies from original biomass of 59.75
and 38.50 kJ mol ' for Botryococcus and Hapalosiphon re-
spectively, assuming that the difference between the values is
due to the amount of lipids contained in Botryococcus. On the
other hand, analysis of oil extracted from original biomass
shows differences between activation energies of both ex-
tracts, indicating that not only the amount of lipids affects
the pyrolytic profile but also its composition. In this way,
activation energy of BB in this study (110 kJ mol ') may be
greater than reported by Liu et al. 2012 (59.75 kJ mol ') due
to differences between hydrocarbon composition, since sever-
al races classify Botryococcus braunii according to the type of
hydrocarbon produced reporting alkadienes, botryococcenes,
and lycopadienes for the races A, B, and L respectively [6].

Air Gasification Process
Using a validated model of biomass gasification, the influ-
ence of moisture content and the biomass/air equivalence

ratio on the composition and heating value of producer gas
was theoretically studied. In this simulation, the heat losses
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were not included because the model was established to be
adiabatic. Thus, the results presented in this section are re-
lated with the thermodynamic limits of the algal gasification
process. Figures 4 and 5 are depicted as response surfaces,
z=1(x,y), in function of the fuel-air equivalence ratio (F,)
and biomass moisture content (/) as process parameters. The
response variables (z) are represented in contours lines of
each subfigure.

Reaction Temperature
In Fig. 4a, it can be seen how process temperature tends to

decrease when F,,, increases. This is due to a higher amount of
biomass than air. The temperature is also affected by the

@ Springer

biomass moisture content, which can be explained due to en-
ergy needed to evaporate the water contained in the biomass
[38]. Thus, if the water in biomass increases, this leads to
decrease the reaction temperature and the gaseous fuel con-
centration decreases too.

In real conditions, the temperature of the process is critical
for self-sustaining the reaction. When temperature is not high
enough, it may cause the loss of autothermal condition leading
to process disruption. That is, the reaction temperature de-
creases if fuel/air equivalence ratio increases due to the lower
amount of oxygen involved in the reaction process, which
avoids the release of the biomass energy in the exothermic
reactions. For F), greater than 3.5, the reaction temperature
is about 800 K, while for fuel/air equivalence ratio higher than
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3.5, the process is difficult to reach due to autothermal con-
siderations [38, 50].

The HHVpg tends to increase at high values of £, and low
moisture content because the production of gases with high
heating value such as H,, CHy, and CO increases (Fig. 4b).
However, the moisture content of the biomass is inversely
related to HHVpg. The EFQ distribution (Fig. 4c) shows a
similar trend of HHVpg because it is a function of producer
gas energy density. The highest values of EFQ are found in the
intervals of highest concentration of CO and H,. Under high
values of humidity and F,,, the predominant molecule is CHy,
which has a negative effect on EFQ when compared to the
effect of CO, because methane requires more air in a stoichio-
metric combustion to produce the same amount of energy
[38].

Composition of the Syngas

The estimated composition of the producer gas in volumetric
concentration for each gaseous species, i.e., CO(a), H,(b),
CHy(c) y CO,(d) is shown in Fig. 5. The distribution of the
concentration of the gaseous species depends mainly on the
chemical balance between the species, which is controlled
indirectly by the reaction temperature, which in turn depends
on the biomass/air ratio and the moisture content of the bio-
mass [38].

The content of carbon monoxide (Fig. 5a) in the producer
gas is affected by both £, and /. The trend to increase its yield
at low moisture content of the biomass and high values of £,
is due to the fact that the air content supplied is very limited
and the combustion is increasingly incomplete, favoring the
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production of CO. In addition, if the moisture content in-
creases, this leads to favor the production of hydrogen and
carbon dioxide due to the water gas shift reaction [38]. This
result is comparable with that reported by Sanchez-Silva et al.
(2013) [28], who observed higher yields of hydrogen if steam
was used as gasifying agent.

The hydrogen content (Fig. 5b) is mostly affected by the
change in F,,,, where values of 2.5 give a maximum yield in its
content regardless of the moisture content of the biomass. This
can be explained because the reaction for hydrogen produc-
tion is mainly affected by the reaction temperature, which is
related to the F,,. When the biomass/air ratio increases, a point
of inflection is reached in a relatively low critical temperature.
This favors the production of methane instead of hydrogen
[38, 51].

The methane content (Fig. 5c) increases with high F,,
values, which are reflected in a relatively low reaction tem-
perature. This is due to the advantage of the reaction between
hydrogen and carbon monoxide to form methane [50]. These
results agree with what was reported by Hirano et al. (1998)
[52], who found that the fraction of H, produced in the gasi-
fication of Spirulina improves when the reaction temperature
raises up to 1000 °C. In the simulation, this temperature was
achieved at F,, of 3.5, a value at which a high performance in
the production of hydrogen was observed in the simulation.

Regarding carbon dioxide (Fig. 5d), two behaviors are ob-
served with respect to the process variables. In the first one, an
increase in its concentration is observed when decreasing the
F,¢, and this is because the gasification process approaches to
the stoichiometry of the reaction, resulting in increasing CO,
and water concentrations. On the other hand, a maximum
yield is achieved at high values of both F), and moisture

Table 3
from [52]

Algal biomass composition and gasifier performance, adapted

Proximate analysis (wWt.%)

Volatile matter 63.72
Fixed carbon 14.77
Moisture content 16.2
Ash 5.31
Ultimate analysis (wt.% d.b)
C 45.62
H 6.17
(¢} 44.71
N 3.26
S 0.241
High heating value—HHV, (kJ kg™") 18,820

Substitution formula (daf)
Gasification performance parameters

Biomass power (kW) 63.3

Producer gas power (kW) 41.5

C1H1.603600.6478N0.060550.0023

60 - -
Oexp
= mod

50

30
20 +
ol
O d
H2 02 N2 CH4 CcO Cco2
Producer gas species

Concentration (vol.%)

Fig. 6 Experimental and model comparison of the producer gas
composition from algal biomass gasification

content, where steam reacts with carbon monoxide to form
carbon dioxide and hydrogen. The best conditions for ener-
getic gases production are 2.5 (F,) and 0.05 (h), which give
CO 18 vol.%, H, 17 vol.%, and CH,4 2 vol.% as a result.

Model Validation

The response variables used to validate the gasification model
as a computational tool to study and predict the energy per-
formance of a downdraft gasifier are the composition of pro-
ducer gas, fuel/air equivalence ratio F,,, low heating value of
producer gas (LHVpg), and cold gas efficiency (CGE). The
model was validated with the experimental data of Roesch
[53], using different kinds of gasified biomasses in a down-
draft biomass reactor at pilot scale, highlighting gasifier per-
formance using algal biomass pellets. Table 3 presents the
chemical composition of algae pellets biomass, while also
presenting the gasifier operating conditions that are also used
as input parameters of the model to simulate the thermochem-
ical process. The algae pellets are made by compressing, dry-
ing, and pelletized the solids rich in carbohydrates. These
pellets are a mixture of several native strains of micro-crops
of Pseudochlorococcum sp., Chlorococcum sp., Chlorella sp.,
Scenedesmus sp., Palmellococcus sp., Cylindrospermopsis
sp., and Planktothrix sp. [53].

Figure 6 shows the comparison of producer gas composi-
tion between experimental data (exp) and model response
(mod). It a good agreement between the experimental compo-
sition and the one estimated by the model was observed. The

Table 4  Validation of global process parameters of the algal downdraft
gasification

Parameter Experimental results ~ Model Relative error
[53] results (%)
LHV,, 2920 3045.19 429
(J kg™
CGE (%) 65.56 73.89 12.71
Fiy () 2.34 2.10 10.26
Treaction (K) 923-1023 957.83 3.77
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numerical results tend to overestimate CO concentration while
CO, is underestimated. The CH,4 had a slight trend to be
underestimated, and H, was slightly overestimated. The be-
havior shown by the model is ascribed to the auxiliary equa-
tions of the model approach (Egs. 13 and 14). At the reaction
temperature of ~ 685 °C calculated by the model for the gas-
ification conditions of Table 3, the equilibrium constant for H,
reduction with char is activated backwards (Eq. 13); therefore,
production of CH,4 is inhibited, while H, increases. In the
same way, the water gas shift reaction is also activated back-
wards leading to increase the CO, and consequently reducing
the CO, concentration in the producer gas from the algal bio-
mass (Eq. 14).

Nevertheless, despite the variation in producer gas compo-
sition, it is highlighted that the model adequately predicts the
global values of the process performance such as producer gas
heating value (LHVpg), cold gas efficiency (CGE), fuel/air
equivalence ratio (F,), and the reaction temperature (see
Table 4).

Model accuracy to calculate the producer gas composition
was analyzed and quantified using the root mean square devi-
ation (RMSD) or root mean square error (RMSE) between
model results and experimental data [42, 43]. The average root
mean square error of the model respecting to the producer gas
composition was found to be +2.4%vol. On the other hand,
the model accuracy to calculate the global parameters of the
gasification process is quantified by the relative error, where
the average relative error of LHV,,,, CGE, F,,, and reaction
temperature is ~7.8%. By comparing the experimental and
predicted results to determine model accuracy, it is reasonable
to state that the model could be used to study the gasification
of the Botryococcus braunii microalga in downdraft reactors
under autothermal and steady conditions.

Conclusions

The pyrolysis characteristics of microalga Botryococcus
braunii have been studied by TGA/DTG analysis. Its pyroly-
sis curves could be divided into two degradation zones.
Firstly, the main devolatilization step took place between
250 and 350 °C, associated to the degradation of protein and
carbohydrates. The second step corresponds to lipids degra-
dation between 380 and 480 °C. Activation energies were
calculated for each conversion degree with their respectively
pre-exponential factor. The average apparent activation ener-
gy was determined by two methods, Kissinger-Akahira-
Sunose and Flynn-Wall-Ozaka methods, where we obtained
values of 106 kJ mol ' and 110 kJ mol ' respectively in the
conversion range of 20-80%. The high values of volatile ma-
terial, carbon content and heating value, and low activation
energy value found in Botryococcus braunii suggest that is an
excellent raw material for thermochemical conversion

pathways. The gasification model proved to be a useful tool
to simulate gasification process for Botryococcus braunii.
This allowed to predict results according to the experiential
data in downdraft reactor. H, and CO were the main products
in the simulated gasification process. The correct combination
of variables (h, F,,) leads to obtaining a syngas with high
energy content, which through processes such as Fisher-
Tropsch process can be transformed into liquid fuels.
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