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Abstract

Microalgae have been appeared as excellent source of bioenergy recently in Brunei Darussalam due to the favorable growth
conditions, while sewage sludge emerged as major threat to the environment. Therefore, the challenge of sewage sludge
management and microalgae utilization has spurred the demand of developing an innovative approach to utilize these sources
for commercial applications. Hence, the main objective of this study was to characterize the bioenergy properties of microalgae,
sewage sludge, and different blending ratios of microalgae-sewage sludge incorporated with sub-bituminous coal. Among three
different blended samples, sample mixture 1 (SM-1) combined with 25% microalgae, 25% sewage sludge, and 50% coal
presented the highest calorific value of 16.57 MJ/kg and lowest ash content of 45.61%. Along with this, SM-1 also manifested
the highest values for pellet density (1.23 g/cm®) and energy density (20.41 GJ/m’) that can be referred as the most favorable
values among all co-pelletized samples for transportation and logistics. Besides the characterization of raw samples, this study
also emphasized on elemental analysis of ash content to determine the possibility of fouling and slugging. Ash analysis of all
blends represented the major inorganic components aluminum (Al) and silicon (Si). Thermogravimetric analysis of all samples
demonstrated the different phases of pyrolysis and combustion within 50 to 900 °C at heating rate of 10 °C/min. It can be
concluded that this study recommended SM-1 as a potential feedstock for solid fuel purpose.
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Introduction environmental pollution and mono-dependency on fossil fuel

[1-4]. In this scenario, microalgae caught substantial attention

In the eve of this modern era, the demand of fossil fuel (pe-
troleum oil, gas, and coal) is increasing day by day worldwide
due to the excessive use of energy that results in fossil fuel
depletion as well as tremendous environmental pollution.
Therefore, energy sector and environmentalists are striving
to look for renewable energy sources to minimize the
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due to its distinct characteristics such as high biomass produc-
tivity, large amount of cellulosic oil content, fast growth rate,
and favorable growth conditions in weather divergence.
Nowadays many studies are being conducted all over the
world on liquid fuel such as biodiesel, bioethanol, biobutanol,
and biomethanol besides biomethane and biohydrogen pro-
duction from microalgae since liquid fuels can easily be
blended with diesel and gasoline for transportation purpose
[5-9]. Compared with liquid fuel, very limited experimental
studies were performed for solid fuel purpose. However, lig-
uid fuel production is beneficial while energy content (calo-
rific value) of microalgae is high. In the case of low amount of
calorific value, solid fuel can be the best option in terms of
pre-treatment and purification cost [10—12]. According to the
previous studies, naturally grown microalgae from wastewater
contained low energy content (8—11 MJ/kg) and the liquid
biofuel production from them is economically unfavorable
[13, 14]. Hence, studies were carried out on wastewater-
borne microalgae for direct combustion to produce heat and
energy [13, 15]. On the other hand, recently wastewater


http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-019-10061-2&domain=pdf
http://orcid.org/0000-0001-7925-0894
mailto:bristy808.nh@gmail.com

Bioenerg. Res. (2020) 13:618-629

619

treatment plants are facing a major issue concerning the in-
creased volume of urban wastewater, particularly the produc-
tion of sewage sludge. Sewage sludge is the solid, semi-solid,
or liquid products produced from wastewater treatment plants,
and disposal of sewage sludge to the open environment causes
severe environmental hazards and that plays negative impact
on environment. In consequences, sludge is being
experimented to convert into energy everywhere as a suitable
waste management approach. Owing to high inorganic com-
pounds and low energy content, sewage sludge is mostly used
for solid fuel feedstock. Hence, it is deemed as another poten-
tial waste for energy production all over the world as a form of
waste management [16—18]. However, application of sewage
sludge contains several drawbacks such as high moisture con-
tent in raw sample and large ash content after combustion
which causes complications for combustion process such as
adverse impact on thermal behavior of fuel and the combus-
tor’s design. High sewage sludge moisture content can signif-
icantly reduce the energy content and eventually lead to in-
complete oxidation [16]. Therefore, sewage sludge must be
properly dried prior to combustion. The high ash content al-
lows the ash to slag and agglomerate at the combustor reactor
wall. This would reduce the thermal efficiency of the combus-
tion process and increase the operating costs of the reactor
[17]. Recent studies are gaining interest on co-blending of
sewage sludge with other solid fuels. Blending sludge with
other solid fuels such as coal and other biomass has been
observed to increase reactivity and reduce the reaction time
of fuel mixtures during combustion due to high sludge vola-
tility [19, 20]. It was also observed that slagging of sewage
sludge ash was reduced due to co-blending with agricultural
waste, rice husk, and decrease in heavy metal emissions [21,
22].

This study focused on the wastewater microalgae com-
bined with sewage sludge combustion for heat production in
Brunei Darussalam since sewage sludge disposal is a major
environmental concern in the country and microalgae is over-
grown in the drain water. Another significant issue behind
experimenting the biofuel properties of drain water
microalgae is that the drainage system in Brunei Darussalam
is well organized and it rains there throughout whole year.
Therefore, continuous microalgae growth has been projected
from drain ways [23, 24]. Brunei Darussalam, located in
Southeast Asia, is a country blessed with petroleum oil and
gas. In line with that, immense application of fossil fuels in the
country tended the highest carbon dioxide emission to the
environment among Southeast Asian countries. To reduce fos-
sil fuel monopolization as well as environmental pollution, the
country has emphasized on potential renewable energy
sources such as rice husk, Acacia sp., microalgae, and others
biomass for biochar and bio-oil [25-27]. Besides microalgae
from wastewater, sewage sludge is also projected as a new
feedstock recently since several sources in the country are

generating sludge in quite large amount, although no potential
planning has been done for sludge management [24]. A pre-
vious microalgae study in Brunei Darussalam delineated ade-
quate biofuel potential blended with sub-bituminous coal that
encouraged this study to be performed further with sewage
sludge addition [15].

The aim of this study was to determine the potential of the
sewage sludge and microalgae mixture as solid fuel feedstock.
Different blending ratios of microalgae sewage sludge blend
incorporated with sub-bituminous can project the most favor-
able combination for better combustion output. To the au-
thor’s best knowledge, there was no research study in the
literature performed on sewage sludge-microalgae-coal mix-
ture as solid fuel material. Moreover, lack of knowledge and
information is another barrier for co-pelletization owing to
very less research experiments on co-pelletization so far. The
most related experimental study performed was the combus-
tion characteristics of sewage sludge and algae in India where
merely bulk density, moisture content, calorific value, and ash
content were determined [28]. Some other studies presented
co-pelletization of microalgae with woody biomass and
microalgae with coal only [1, 15]. Previous co-pelletization
study was confined to the identification of the major elemental
composition: carbon (C), hydrogen (H), oxygen (O), nitrogen
(N), and sulfur (S), and proximate analysis [1]. In comparison
with that, this study included proximate analysis, major and
minor elemental composition analysis, and thermogravimetric
analysis which are considered as significant analyses to dem-
onstrate the combustion characteristics. Besides, this study
simultaneously emphasized on the ash analysis after combus-
tion process. Ash analysis can project the slugging and fouling
profile of the biomass blend that leads the possibility of envi-
ronmental pollution and corrosion in furnace during combus-
tion. In line with proximate and thermogravimetric analysis,
this research also determined bulk density, pellet density, and
energy density, and all these factors are regarded as the fun-
damental factors for transportation and logistics analysis.

Materials and Methods
Materials

Three different materials were investigated in this research:
sewage sludge, microalgae, and sub-bituminous coal. Dried
activated sewage sludge (SS) was collected from Gadong
wastewater treatment plant, Brunei Darussalam, after second-
ary treatment by activated sludge system. Figure 1 presented
the schematic diagram of sewage sludge generation from
wastewater treatment plant. Mixed microalgae species,
Stigonematales sp., were obtained from the rainwater drain
ways at the Universiti Brunei Darussalam (UBD) campus,
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Fig. 1 Schematic diagram of
sewage sludge generation from

wastewater treatment plant
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and sub-bituminous coal was purchased from local market of
Indonesia.

Characterization of Bioenergy Properties

Three different samples were pre-treated separately.
Microalgae were sun-dried for 2 weeks and sewage sludge
was oven-dried at 103 °C for 24 h. All samples were crushed
separately by mortar and pestle and sieved through 45-50-pum
(diameter) test mesh sieve for fine powder. Then, samples
were blended into 3 different ratios stated at Table 1.

One gram of each pure sample and blended sample was
pelletized and characterized. The characterization param-
eters, ASTM (American Society for Testing and
Materials) methods, determining formulae, operating ma-
chines, and conditions are tabulated in Table 2. Analyses
for physical properties (bulk density and energy density)
were determined through laboratory experiments.
Proximate analysis (moisture content, calorific value,
and ash content) was conducted by laboratory tests.
Physical property (energy density) was calculated from
energy density and calorific value. Morphological and el-
emental analysis of all pure, blended and ash samples as
well as thermal behaviors of pure samples during pyroly-
sis (by the presence of nitrogen) and combustion (by the
presence of air) was performed by laboratory experiments.
All experiments were repeated several times, and average
value was counted as the final data.

Results and Discussion
Physical Analysis

Bulk density, pellet density, and energy density of pellet-
ized biomass are referred as significant parameters for
transportation and logistics purposes. In this study, pellets
were manufactured by using a manual hand pelletizer in
laboratory scale. Though the pellet sizing was uniform for
all samples, the pressure for pelletization was indefinite
which might be considered as non-standardized size for
commercial approach. Moreover, it implies a process
which is very different from industrial ones. Therefore,
further research can be carried out to implement various
types of pelletization methods (e.g., hydraulic press, ex-
trusion, kiln, pellet mill) for different scales such as lab-
oratory, pilot, and plant scale according to the character-
istics of the manufactured pellets.

The mass and volume of pellets to determine the pellet,
the bulk, and energy density of all pure and blended sam-
ples have been presented in Table 3. The results revealed
that microalgae biomass is lighter than sewage sludge
where fossil fuel sub-bituminous coal is much heavier
than both biomass samples. Pure coal contained the max-
imum energy density while microalgae contained the min-
imum value. Therefore, microalgae and sewage sludge
samples will require more space during transportation
and storage with either powder or pellet form and that
leads to higher expense for this purpose. A previous

Table 1 Samples mixture with

different ratios Mixed sample name

Mixture (%)

Sample mixture 1 (SM-1)
Sample mixture 2 (SM-2)
Sample mixture 3 (SM-3)

Microalgae (25%) + sewage sludge (25%) + bituminous coal (50%)
Microalgae (50%) + sewage sludge (25%) + bituminous coal (25%)
Microalgae (25%) + sewage sludge (50%) + bituminous coal (25%)
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Table 2  Characterizing parameters, ASTM methods, determining formulae, operating machines, and conditions
Characterization ASTM methods Determining formulae Operating machines and conditions
parameters
Bulk density ASTM D1895-96 [42]  Bulk Density = 0.1 L volume beaker, analytical balance
where m = mass of the sample (g)
and V= volume of the sample (m>).
Pellet density - PD=1% Hand pelletizer (C-200 by P.A.
where m = mass of the sample (kg) Hilton, UK), digital vernier calipers
and V = volume of the sample md).
Energy density - ED=NCVxBD -

Moisture content

Calorific value

ASTM D 2974-87 [43]

ASTM E711-87 [44,
45]

where ED = energy density (J/m?),
NCV = net calorific value (J/kg),
and BD = bulk density (kg/m’).

BMC = Original wei.gl.ﬂ*Ove}jﬁdry weight % 100%
Original weight

et-meq,—muq,,

LHV = oy
where LHV = net calorific value (J/kg),
€ = heat equivalent to bomb (MJ/K),
0 = effective temperature rise (K),
m, = mass of cotton thread (g),
m,, = mass of wire (g), ms= mass
of fuel, g, = calorific value of cotton

Analytical balance, oven;
temperature: 100 £ 5 °C

Digital bomb calorimeter
(C-200 by P.A. Hilton, UK);
oxygen pressure: 25 psi

thread (J/g), and g,, = calorific value of wire

J/g).

Ash content ASTM E1534-93 [46] AC% =

Final mass of residue (g)

x 100%

Scanning electron - -
microscopy (SEM),
energy dispersive
X-ray (EDX) analysis

Thermogravimetric
analysis

ASTM E1131 [47] -

Original mass of the sample (g)

Tubular furnace; temperature:
600°C+3°Cfor3h

Schottky Field Emission
Scanning Electron Microscope,
JSM-7610F (Japan Electron
Optics Laboratory Co. Ltd.,
Japan); pressure: 3Mpa,
vacuum environment
Thermogravimetric analyzer
(TGA7, Perkin Elmer, USA);
temperature: 50 °C to 900 °C at 10
°C/min

experimental study on sewage sludge-microalgae pow-
dered samples collected from different locations in India
showcased that sewage sludge sustained bulk density of
830-1080 kg/m® which is higher than that of the
experimented sample of this study. Besides sewage
sludge, green algae species, e.g., Hydrodictyon sp.,
Lyngbya sp., Microcystis sp., and Pithophora sp., grown
in several reservoirs presented bulk density of 910-1070
kg/m® that is also higher than that of the experimented
sample of this study [28]. Another study of microalgae-
pine sawdust co-pelletization presented that Chlorella
vulgaris grown in freshwater in a photobioreactor has
bulk density of 646.83 + 12.34 kg/m® which is in similar
range with that of the experimented microalgae [1]. On
the other hand, SM-2 containing the highest microalgae
proportion (50%) presented the largest amount of bulk
density and pellet density due to the fluffy characteristics
of microalgae while energy density was the highest for
SM-1 due to 50% coal content.

Proximate Analysis

Proximate analysis containing moisture content, calorific val-
ue, and ash content plays a pivotal role for fuel processing
technologies of biomass due to its energy content and com-
bustion characteristics. Based on the outcomes of Table 3, all
pure and blended samples contained moisture content in the
range of 3.21-5.95% which is very low and suitable for com-
bustion purpose. Sewage sludge and sub-bituminous coal
were collected as dry sample, although microalgae were wet
sample. After microalgae collection, this biomass was sun-
dried unless it turned into crispy formation. Therefore, no
additional energy and expense was required for the drying
purpose in laboratory scale. Due to the geographical location,
Brunei Darussalam contains direct sunlight with high temper-
ature and no cold weather exists throughout the whole year
which may even save a significant amount of the drying cost/
energy for pre-treatment purpose in pilot or large-scale sce-
nario, although sun-drying has not been encouraged for
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Table 3

Physical properties and proximate analysis of the experimented samples

Physical properties

Pure microalgae Pure sewage sludge Pure coal

Sample mixture 1  Sample mixture 2 Sample mixture 3

Bulk density (kg/m®) 673.07 691.33 922
Mass of pellet (g) 0.5 1.07 0.2
Volume of pellets (cm®) 0.57x1.0x 1.0 1.18 x 1.02 x 1.02

(length x width x height)
Pellet density (g/cm®) 1.18 1.10 0.71
Energy density (GJ/m®) 5.76 8.90 21.31
Moisture content (%) 5.13 3.12 3.21
Calorific value (MJ/kg) 8.57 8.04 29.78
Ash content (%) 72.4 62.60 11.25

0.214 x 1.306 x 1.0

517
1.03
1.04 x 1.01 x 1.01

684.06
1.02
0.95x1.01 x 1.01

505
1.01
0.97 x 1.01 x 1.01

1.23 1.5 1.34
20.41 13.84 14.21
5.95 5.84 5.28
16.57 10.46 10.56
45.61 54.66 53.21

commercial applications to produce bioethanol from
microalgae in Brunei Darussalam since this source of heat
cannot be controlled [29, 30]. A life cycle assessment of
bioethanol production from microalgae in this country pre-
sented that the total required heat and electricity for drying
wet microalgae for bioethanol production were 16.48 Ml/kg
and 1.23 MJ/kg, respectively [30]. However, in the case of
solid fuel, moisture content does not need to be removed
100% from biomass for good quality pellet formation, though
very high moisture content of the biomass affects strongly the
combustion process (e.g., lowering flame temperature and
boiler efficiency) which consequences incomplete combus-
tion as well as other operational complications [31, 32]. An
experimental study on wood pellet quality by Idaho National
Laboratory of the US Department of Energy presented that
moisture content of the pellets is one of the most crucial fac-
tors for safe storage, efficient transportation, and combustion.
This study also mentioned that higher moisture content (>
15%) in the pellets can lead to spoilage during storage due
to microbial decomposition, while very low moisture (< 3%)
can result in low durability, lead to produce more crumbles,
and generate more fine particles during storage and transpor-
tation which can be considered as loss of biomass. This study
demonstrated good pellet quality for biofuel can be achieved
within 10—15% moisture content [31]. This study emphasized
on pellet formation instead of biological conversion processes,
and the laboratory scale obtained crispy microalgae biomass
within 2 weeks of continuous sun-drying and 3.21-5.95%
moisture content for all the samples. Hence, sun-drying pro-
cess still can be projected for primary drying purpose for
large-scale application, and later, sun-dried biomass can be
fully dried through some additional heat which is more sus-
tainable for economical perspective.

Calorific value of pure microalgae and sewage sludge was
truncated that leads unelevated outcome for blended samples
SM-2 and SM-3 as well. SM-1 delineated moderate range of
energy content due to the higher proportion of coal. Besides
energy content, SM-1 also maintained lower ash content

@ Springer

compared with the pure biomass samples as well as SM-2
and SM-3. It is worth to note that large amount of ash content
causes technical impediments during combustion as well as
corrosion in furnace, fouling, and environmental pollution,
although sometimes chemical leaching enhances combustion
intermediaries for biofuels [13, 15]. Previous studies men-
tioned that sewage sludge and microalgae from wastewater
showed calorific values of 7.5-16 MJ/kg [1, 28] and
microalgae-sewage sludge blends presented 16.53-20.02
MJ/kg with high energy content (23.52 MJ/kg) of microalgae
[33]. With 50% coal, SM-1 sample can accumulate the
microalgae and sewage sludge with medium amount of ener-
gy production that leads to waste management and greener
environment simultaneously. Since calorific values of
microalgae and sewage sludge in this study are quite low,
the energy profile of these waste biomass do not look attrac-
tive to be implemented solely for industrial applications, al-
though both feedstocks can be obtained free of cost. However,
proximate analysis of the samples also presented high ash
content which can be considered as major obstacle for envi-
ronment as well as industrial applications. To get rid of this
issue, ash could be used for wastewater treatment as activated
carbon or tool for soil amendment [34, 35]. A previous study
in Poland demonstrated that biomass ash integrated with sew-
age sludge was applied in agricultural practices especially in
fertilizing perennial plant plantations, and this inexpensive
natural fertilizer reduced the total bacterial in soil by 83—
89% in laboratory scale and 40-53% in technical scale [34].
Another experimental study presented that waste biomass ash
was employed as low-cost alternative to commercial activated
carbon in wastewater treatment for leather dye and heavy
metals removal [35]. Waste biomass especially sewage sludge
is a crucial environmental challenge all over the world, and
environmentalists are striving to identify new approaches to
utilize sewage sludge in large scale instead of dumping into
environment [14]. Therefore, to meet the better environment
and waste management goals, this study experimented coal
blend with the waste samples since coal has been established
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as the finest combustion material in various industries from
decades ago due to its high energy and low ash profile. Since
coal is a fossil fuel and non-renewable source, mixture of
waste biomass with coal will provide better sustainable out-
look for industrial approach [23].

According to the experimental outcomes, microalgae from
drain water and sewage sludge contained almost similar range
of calorific values, moisture content, ash content, and elemen-
tal composition as well as thermogravimetric characteristics.
Hence, they can be combined and utilized together as the
general source of waste materials. However, both waste sam-
ples contained high ash content which is the major limitation
to implement these samples for co-combustion. Therefore, it is
recommended to combine sewage sludge and microalgae sep-
arately with coal as well as the waste sample mixture possi-
bilities in terms of percentages should be much lower (approx-
imately 3—10%) for further research so that the resulting fuel
have a more feasible ash percentage. Since the waste manage-
ment is a major concern in the country, after application of
microalgae and sewage sludge for biofuel purpose, the ash is
recommended further either for wastewater treatment to accu-
mulate heavy metals or soil amendment purpose.

Morphological Analysis

The three different combinations of microalgae pellets and
their ash samples were analyzed through scanning electron
microscope while SEM images were represented at Fig. 2 as
(a) SM-1 raw sample, (b) SM-2 ash sample, (¢) SM-2 raw
sample, (d) SM-2 ash sample, (¢) SM-3 raw sample, and (f)
SM-3 ash sample.

SEM experiments for all samples were on similar condi-
tions with carbon-coated specimens, secondary electron im-
age (SEI) detector at low voltage, 5.0 kV, 8.3-mm working
distance (WD), 10-m scale bar, and x 1000 magnification. In
Fig. 2, SM-1 raw sample images presented quite dusty with
scattered fine powder on the top while SM-2 raw sample was
comparatively more congested and SM-1 showed the most
robust and non-porous solid form. SM-2 and SM-3 both raw
pellets did not represent dusty layer on top. According to the
previous study, microalgae were transformed into pellets eas-
ily during pelletization while coal pellets were very brittle to
be pelletized [15]. Therefore, SM-1 pellets seemed most dusty
due to the highest coal (50%) presence. However, no binder
has been applied for this pelletization technique. Binder appli-
cation may improve the pellet’s robustness. For the ash sam-
ples, SM-1 did not change much; only dustiness has disap-
peared but SM-2 ash samples showed that all particles over
raw pellets have been combusted well and turned to solid ash
with some cracks on the surface. SM-3 ash samples seemed
more solidified and biochar type with much lighter color. It is
evident that SM-3 contained the highest (50%) amount of

sewage sludge and presented the best formation of pellet and
ash.

Elemental Analysis

Elemental analysis was carried out to determine the presence
of elements present in the specimens since elemental analysis
by EDX provides both semi-qualitative and semi-quantitative
information of the samples [36]. The purpose of elemental
analysis of pure samples, blended samples, and ash samples
of this study was to determine the elemental composition for
all sets of samples as well as compare the elemental variations
between raw and ash samples. Elemental compositions of sol-
id components in pure and blended samples have been tabu-
lated in Table 4. Table 4 presented the highest carbon content
in bituminous coal and lowest in sewage sludge among pure
samples. But among the blended sample, SM-3 presented the
highest carbon content, though SM-3 contained 50% sewage
sludge. In contrast, SM-3 presented the largest amount of ox-
ygen (O) content, while SM-2 contained the lowest O content
among all pure and blended samples. To be noted, coal pre-
sented minor oxygen presence which is one of the character-
istics of perfect fuel [13]. Consequently, O/C was almost neg-
ligible for coal. O/C for sewage sludge was too high compared
with experimented microalgae in this study as well as other
biomass for fuel purpose [13, 15]. O/C for SM-2 and SM-3 are
in similar range, while SM-1 contained little lower O/C than
other blended samples. A previous study presented that most
of potential biomass for biofuel such as bamboo, wood,
miscanthus, straw, husk, and diverse type of microalgae car-
ried O/C less than 1 [15]. Table 5 has presented the elemental
weight (%) and atomic weight (%) of pure biomass ash sam-
ples performed by tube furnace, while Table 6 presented ele-
mental composition of mixed biomass ash samples performed
by tube furnace and bomb calorimeter. The results from
Table 5 demonstrated that carbon (C) and silicon (Si) are com-
mon ash elements of pure biomass ash samples. Since the
silicon content is quite high in ash elements, the ash is recom-
mended to be utilized for wastewater treatment before dispos-
al. Nowadays experiments are ongoing to treat wastewater
with biomass ash enriched with silica [35, 37]. For microalgae
sample, carbon content reduced from 30.30 to 6.91% after
combustion while carbon content for sewage sludge dropped
down from 8.71 to 6.74% after combustion which presented
low combustion quality for sewage sludge. This may occur
due to less volatility and presence of higher amount of cer-
amide solids in the raw sewage sludge [38]. A previous ex-
perimental study of sewage sludge combustion also presented
that dried sewage sludge that contained 28.7% volatile matters
and large amount of ceramic solids resulted in low carbon
combustion and 67.8% ash content [38].

In contrast, coal does not contain any oxygen (O) content
after combustion while microalgae and sewage sludge still
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Fig. 2 Scanning electron
microscopy of blended raw and
ash samples. a SM-1 raw sample.
b SM-2 ash sample. ¢ SM-2 raw
sample. d SM-2 ash sample. e
SM-3 raw sample. f SM-3 ash
sample

5.0kV LEI

have oxygen content. Apart from that, aluminum (Al), sulfur
(S), potassium (K), iron (Fe), phosphorus (K), calcium (Ca),
magnesium (Mg), and titanium (Ti) remained for these sam-
ples. Based on Table 5, for the mixed biomass ash samples,
presence of C, O, Si, and Al was noticed as common elements
while potassium (K), calcium (Ca), zinc (Zn), copper (Cu),
titanium (Ti), telenium (Te), sulfur (S), and phosphorus (P)
appeared as minor elements. A previous experimental study
of sewage sludge-biomass ash analysis presented inorganic
minerals, c.g., A1203, F6203, CaO, MgO, SiOz, Na20, Kzo,
P,Os, in ash content. This study also mentioned higher
amount of these metal oxides could form slag melt (liquid
phase) during combustion that may lead to condensation on
the cooler regions of the boiler and cause temperature falling.
Another consensus was that chlorine (Cl) presence in ash

@ Springer
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content accelerates the evaporation rate and acts as high-
temperature transport medium for potassium and sodium
which leads severe ash-related hassles for combustion system
[39]. Ash compositions of this study presented low amount of
inorganic minerals and zero content of Cl that projects less
alkali-induced slagging formation which is very favorable
for combustion process.

Thermogravimetric Analysis

Figures 3 and 4 presented the thermogravimetric and deriva-
tive thermogravimetric curve of microalgae, sewage sludge,
and coal, respectively. This TG-DTG profile of these samples
revealed an initial weight loss at 100 °C for coal, between
ambient temperature and 160 °C for microalgae, and between
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Table 4  Elemental composition of biomass raw samples

Table 4 (continued)

Elements Sample type Weight (%)  Atomic weight (%) Elements Sample type Weight (%)  Atomic weight (%)
Carbon (C) Microalgae 30.30 41.28 Sewage sludge  0.70 0.93
Sewage sludge  8.70 16.53 Coal 0.08 0.12
Coal 61.92 63.60 SM-1 0.12 0.12
SM-1 9.80 32.44 SM-2 1.79 5.66
SM-2 12.30 16.38 SM-3 0.96 0.47
SM-3 15.89 26.04 Iron (Fe) Microalgae 0.86 0.25
Oxygen (O) Microalgae 40.87 41.80 Sewage sludge  10.61 10.18
Sewage sludge ~ 49.00 63.67 Coal 0.57 0.62
Coal 17.24 21.33 SM-1 0.09 0.07
SM-1 26.79 61.58 SM-2 0.23 0.52
SM-2 38.06 63.91 SM-3 3.96 1.40
SM-3 53.65 65.99 Zirconium (Zr)  Microalgae - -
Nitrogen (N) Microalgae 6.36 0.96 Sewage sludge  0.97 0.57
Sewage sludge - - Coal - -
Coal - - SM-1 - -
SM-1 - - SM-2 - -
SM-2 - - SM-3 - -
SM-3 - - Titanium (Ti) Microalgae - -
Aluminum (Al)  Microalgae 1.00 0.06 Sewage sludge - -
Sewage sludge  0.69 1.38 Coal 0.11 0.14
Coal 7.28 16.23 SM-1 0.09 0.02
SM-1 0.21 0.30 SM-2 - -
SM-2 0.90 421 SM-3 0.11 0.05
SM-3 2.87 2.10 Nickel (Ni) Microalgae 346 0.96
Silicon (Si) Microalgae 3.62 2.11 Sewage Sludge - -
Sewage sludge  0.50 0.95 Coal - -
Coal 8.90 19.06 SM-1 - -
SM-1 0.29 0.41 SM-2 - -
SM-2 5.69 25.71 SM-3 - -
SM-3 2.89 2.03 o/C Microalgae 1.34 1.01
Phosphorus (P)  Microalgae - - Sewage sludge  5.13 3.85
Sewage sludge  2.71 4.69 Coal 0.27 0.33
Coal - - SM-1 2.73 2.05
SM-1 - - SM-2 3.09 3.90
SM-2 - - SM-3 3.37 2.53
SM-3 1.96 1.24
Sulfur (S) Microalgae 0.32 0.16
Sewage sludge  0.50 0.84 ambient temperature and 110 °C for sewage sludge at 10
Coal - - °C/min. This weight loss could possibly take place due to
SM-1 0.05 0.06 the moisture absorption from the environment during han-
SM-2 - - dling process or superficial water bounded by surface tension.
SM-3 0.84 0.52 A large degradation of sample weight has been continued until
Potassium (K)  Microalgae - - 400420 °C for coal. For microalgae and sewage sludge sam-
Sewage sludge  0.18 0.25 ples, this main degradation took place between 260 and 320
Coal 0.15 0.24 °C and this can be considered as the peak region for sample
SM-1 - - weight degradation. A scientific consensus demonstrated that
SM-2 - - the low molecular compounds of the samples are decomposed
SM-3 0.36 0.18 with this range of temperature during combustion [15].
Calcium (Ca) Microalgae 13.22 540 Roughly from 160 to 500 °C for biomass samples, the fast

@ Springer



626

Bioenerg. Res. (2020) 13:618-629

Table 5 Elemental composition of pure biomass ash samples
performed by tube furnace

Table 6 Elemental composition of mixed biomass ash samples
performed by tube furnace and bomb calorimeter

Elements Sample type Weight (%) Atomic weight (%)
Carbon (C) Microalgae 6.91 14.16
Sewage Sludge 6.74 16.12
Coal 10.92 11.60
Oxygen (O) Microalgae 43.18 66.43
Sewage Sludge 36.49 65.51
Coal - -
Aluminum (Al) Microalgae - -
Sewage sludge 5.56 592
Coal 7.28 16.23
Silicon (Si) Microalgae 21.40 18.76
Sewage sludge 1.77 1.81
Coal 8.90 19.06
Phosphorus (P) Microalgae - -
Sewage sludge 6.43 5.96
Coal - -
Sulfur (S) Microalgae - -
Sewage sludge 0.72 0.65
Coal - -
Potassium (K) Microalgae - -
Sewage sludge 0.30 0.22
Coal 0.15 0.24
Calcium (Ca) Microalgae 0.13 0.02
Sewage sludge 0.83 0.59
Coal 0.08 0.12
Iron (Fe) Microalgae 0.26 0.03
Sewage sludge 5.70 293
Coal 0.57 0.62
Magnesium (Mg) Microalgae - -
Sewage sludge 0.25 0.29
Coal - -
Titanium (Ti) Microalgae - -
Sewage sludge - -
Coal 0.11 0.14

weight loss has appeared with the presence of nitrogen gas and
this is referred as the active pyrolysis zone. From 500 to 800
°C, the biomass sample lost weight steadily with the presence
of air and this stage is referred as the combustion zone. On the
other hand, the coal sample was continuously decomposed
until 800 °C that presented well pyrolysis and clean combus-
tion. A previous study of thermogravimetric analysis of
Chlorella sp. mentioned that one strong peak during the main
pyrolysis process indicated only one degradation process of
crude protein decomposition [40]. Accordingly, this study also
presented a strong peak between 260 to 320 °C shown in
Fig. 4 which demonstrated the protein decomposition. For
sewage sludge sample, several strong peaks were shown while

@ Springer

Elements Sample Weight Atomic  Weight (%) Atomic
type (%) (ash weight (bomb weight (%)
from (%) (ash  calorimeter) (bomb
tube from tube calorimeter)
furnace) furnace)
Carbon (C) SM-1  53.68 3229 2.40 15.14
SM-2 279 8.43 3.69 13.75
SM-3  7.57 17.94 6.29 15.87
Oxygen (O) SM-1 1439  66.57 2.15 60.51
SM-2 28.34 64.17 2291 64.00
SM-3 36.39 64.74 33.96 64.35
Aluminum  SM-1 1.75 0.47 0.13 2.16
(AD SM2 954 1282 0.64 1.06
SM-3 2.53 2.67 2.75 3.09
Silicon (Si) SM-1 2.32 0.60 0.25 4.08
SM2 1051 13.55 5.46 8.69
SM3 209 212 5.90 6.37
Phosphorus SM-1 - - - -
®) SM-2 - - - -
SM-3 523 4.80 0.83 0.81
Sulfur (S) SM-1 - - 0.02 0.27
SM-2 - - 1.94 2.70
SM-3  0.57 0.50 1.86 1.76
Potassium ~ SM-1 - - - -
&) SM-2 033 031 0.66 0.75
SM-3 0.36 0.26 0.16 0.12
Calcium SM-1 - - - -
(Ca) SM-2 016  0.14 7.04 7.85
SM-3 1.20 0.85 3.07 2.32
Iron (Fe) SM-1 - - 1.80 14.56
SM-2 0.71 0.46 1.41 1.13
SM-3 11.96 6.10 8.92 4.84
Titanium SM-1 - - 0.02 0.18
(Ti) SM2 015 0.2 - -
SM-3 - - - -
Copper (Cu) SM-1 - - 0.01 0.10
SM-2  0.01 0.00 0.02 0.01
SM-3 - - - -
Magnesium SM-1 - - 0.01 0.17
Mg) SM2 - i B _
SM3 - - - -
Zinc (Zn)  SM:-1 - - 0.01 0.08
SM2 - - 0.07 0.05
SM3 - - - -
Telenium SM-1 - - 0.04 0.15
(Te) SM-2 - - - _
SM-3 - - 0.48 0.11
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Fig. 3 Thermogravimetric (TG) curve for sewage sludge, microalgae,
and coal

for coal, only strongest peak was seen between 410 to 610 °C.
Overall thermogravimetric study presented that microalgae
and sludge degraded weight and released energy component
at much lower temperature than coal. The shorter thermal
degradation profile of the microalgae can be potential feed-
stock for thermo-chemical conversion processes while the
degradation profile of sludge is quite broader. Another signif-
icant point of this study is that this experimented coal present-
ed outstanding thermal profile and co-pelletization of these
samples with coal will boost the thermal profile of the biomass
samples more.

According to DTG curves at Fig. 4, coal presented sharp
peak and no fluctuations for weight (%) in terms of tempera-
ture that manifested high stability for pyrolysis modelling for
large-scale application. In comparison with that, microalgae
and sewage sludge presented quite higher fluctuations that
proved lesser stability for pyrolysis [41]. A previous compar-
ative TGA study between microalgae and sewage sludge pre-
sented high fluctuations for both microalgae (Chlorella

25
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Fig. 4 Derivative thermogravimetric (DTG) curve of microalgae, sewage
sludge, and coal

vulgaris) and sewage sludge DTG curve. In comparison with
this study, experimented sewage sludge sample in this study
presented less fluctuations while DTG curve fluctuations were
almost in similar range for Stigonematales sp. and C. vulgaris.
DTG curve analyses of both studies indicated that microalgae
can be considered as reference values in numerical studies of
the pyrolysis of biofuel due to the homogeneity of chemical
and biological element composition while sewage sludge can
only be employed for pyrolysis modeling for similar compo-
sition sludge [41].

Conclusions

Microalgae (25%) and sewage sludge (25%) combination in-
tegrated with sub-bituminous coal (50%) presented the best
energy profile with comparatively lower ash content than oth-
er blends. Though this blend showed comparatively better
output, still large amount of residual ash was left after com-
bustion which can be impediment for industrial applications.
Lower percentages of microalgae and sewage sludge (approx-
imately 3—-10%) in addition with coal is recommended for
further research to make the waste sample utilization more
feasible for commercial applications of fuel purpose.
Furthermore, current study is the first initiation to conduct
experiments on microalgae (collected from wastewater) as
well as combination with sewage sludge throughout the coun-
try. The drainage system in Brunei Darussalam is very well
organized; it rains there throughout the whole year, and algae
overgrowth causes the drain blockage often. Therefore, the
concept of drain water microalgae utilization for value-
added product generation has been considered for research.
Though the study outcome presented some potential for the
co-combustion fuel purpose, monitoring of the growth rate
and production stability of microalgae in drainage system is
recommended for further research. Besides the microalgae
collected from wastewater, cultivation of microalgae in con-
trolled environment of laboratory is recommended to achieve
more stable outcome for continuous batches.

The elemental analysis of blended ash samples demonstrat-
ed low inorganic disposals to the environment.
Thermogravimetric analysis determined the phases of pyroly-
sis and combustion for the samples. Overall, this study has
performed comprehensive characterization of co-pelleted
microalgae, sewage sludge, and coal blend. To conclude, the
outcomes not only can contribute for sludge management in
Brunei Darussalam but also initiate an alternative source en-
ergy generation. The plant scale heat production from
microalgae-sludge-coal pellet can be recommended for future
applications. This study also recommends microalgae cultiva-
tion in raw sewage sludge plants in Brunei Darussalam to
accumulate organic and inorganic component to reduce envi-
ronmental pollution as well as produce green energy.
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