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Abstract: In this work, thermogravimetric analysis (TGA), differential thermogravimetry (DTG),
and differential scanning calorimetric (DSC) were used to assess the combustion of microalgae
biomass, a bituminous coal, and their blend. Furthermore, different correlations were tested for
estimating the high heating value of microalgae biomass and coal, with both materials possessing
similar values. TGA evidenced differences between the combustion of the studied fuels, but no
relevant interaction occurred during their co-combustion, as shown by the DTG and DSC curves.
These curves also indicated that the combustion of the blend mostly resembled that of coal in terms
of weight loss and heat release. Moreover, non-isothermal kinetic analysis revealed that the apparent
activation energies corresponding to the combustion of the blend and coal were quite close. Overall,
the obtained results indicated that co-combustion with coal might be a feasible waste to energy
management option for the valorization of microalgae biomass resulting from wastewater treatment.

Keywords: sustainable energy; thermal valorization; kinetic modelling; iso-conversional methods;
zero-waste water treatment; Chlorella sorokiniana

1. Introduction

The rapid growing of population continuously increases the global demand for energy.
This demand is actually mainly satisfied by the consumption of oil followed by coal, which remain
the world’s leading fuels, respectively accounting for 33% and 30% of global energy consumption [1].
Such an extensive use is leading to the depletion and ever-rising prices of these fossil non-renewable
fuels [2]. On the other hand, greenhouse gases emission from burning of fossil fuels, mainly CO2,
is the main cause of global warming [3]. These facts have motivated increasing research efforts
regarding alternative and/or non-conventional energy resources. Among them, biomass, which may
be categorized into first, second, and third generation according to its origin, has been recognized as
a promising option, since it is sustainable, renewable, and less polluting [2–4].

Microalgae biomass may be considered to be a third generation biofuel, which holds several
advantages, such as microalgae rapid growth rate, high oil content, high yield per area, no competition
with crops for arable land or freshwater [5,6]. Furthermore, microalgae are considered as promising
candidates for CO2 bio-sequestration [7]. However, the implementation of CO2 sequestration by
microalgae is mostly limited by techno-economic constrains [8]. Microalgae may be cultivated in
wastewater, allowing for simultaneous CO2 mitigation and wastewater treatment [7]. In order to
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increase economic feasibility [7]. In this way, wastewater is used as source of nutrients and water,
which allows for reducing the costs of microalgae culturing [5,9,10]. On the other hand, microalgae are
efficient microorganisms for wastewater treatment, since they are able to remove not only nutrients,
but also heavy metals [11] and emerging contaminants [12,13]. Still, during microalgae cultivation,
residual biomass is generated and use should be given to this biomass within the actual circular
economy context [14]. Therefore, the utilization of microalgae biomass as a third generation biofuel
might be an option for closing the loop and increasing the sustainability of microalgae culture [8].
In this sense, integrating microalgae culture-wastewater treatment-biofuel production allows for carbon
dioxide mitigation and wastewater treatment, while providing biofuel feedstock in a much cleaner
manner [7,15].

Biomass thermochemical conversion is considered to be one of the most effective and promising
routes aimed at the use of biomass for energy purposes. Thermochemical processes typically
include [16]: pyrolysis, gasification and combustion, which is the most commonly used pathway
to extract energy from biomass [17]. Algal biomass has lower decomposition temperatures during
thermochemical conversion when compared to lignocellulosic biomass, which is due to differences
in their major components and results in higher reactivity and lower operational costs [18]. In any
case, a good understanding of microalgae behaviour during thermochemical conversion is essential in
efficient processing.

The utilization of thermogravimetric analysis (TGA) for the characterization of thermal
decomposition during the combustion of coal is well established, being more recent its use for
biomassic fuels [19] and their co-processing with coal [20–22]. Such utilization is advantageous,
since TGA offers a rapid evaluation of the thermal decomposition of any fuel, the initial and final
temperatures of combustion, and other important features, such as maximum reactivity temperature
or interaction between fuels during co-processing [19,23].

Comparatively with lignocellulosic biomass, only very recent and few works are concerned about
the thermal analysis of microalgae combustion [18] and studies on the co-combustion of microalgae
biomass with fossil fuels, such as coal, are even scarcer. However, co-combustion with fossil fuels is an
interesting option that may help to reduce the consumption of non-renewable resources for power
generation, while allowing for the utilization of existing infrastructures. Thus, in this manuscript,
simultaneous TGA and differential scanning calorimetry (DSC) were used to assess the combustion
behaviour of microalgae biomass and its blend with coal. The main aims were to evaluate the effect
that blending with microalgae biomass has on the combustion of coal and its kinetics and to find out
whether interactions between both fuels occur during their co-combustion.

2. Materials and Methods

2.1. Microalgae Culturing

For this study, Chlorella sorokiniana CCAP 211/8 K (UTEX Culture Collection) was cultured in
axenic conditions. This strain was chosen because Chlorella sp. is amongst the most commonly used
for wastewater treatment, possesses high growth rates, high light to biomass conversion, ability to grow
under phototrophic, photomixotrophic and heterotrophic conditions, high protein amount, essential
amino acids, and fatty acids [24,25]. On the other hand, as compared with C. vulgaris, the thermal
decomposition of C. sorokiniana has been less studied in the literature.

The inoculum of C. sorikiniana was cultivated in 250 mL Erlenmeyer flasks in the standard
culture medium Mann and Myers [26], which is composed of (per litre of distilled water): 1.2 g
MgSO4·7H2O, 1.0 g NaNO3, 0.3 CaCl2, 0.1 g K2HPO4, 3.0 × 10−2 g Na2EDTA, 6.0 × 10−3 g H3BO3,
2.0 × 10−3 g FeSO4·7H2O, 1.4 × 10−3 g MnCl2, 3.3 × 10−4 g ZnSO4·7H2O, 7.0 × 10−6 g Co(NO3)2·6H2O,
2.0 × 10−6 g CuSO4·5H2O. This inoculum was grown under constant temperature (25± 1 ◦C), irradiance
(175 µE/m2

·s), photoperiod (12:12), and shaking (250 rpm) until reaching a biomass concentration of
0.1 g/L. Afterwards, the culture was grown in a 10 L-PBR after acclimatization to synthetic wastewater
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in 1 L-bubbling column photobioreactors (PBRs) and growing up to 0.1 g/L of biomass concentration.
Each litre of synthetic wastewater was prepared by dissolving in distilled water: peptone, 160 mg;
meat extract, 110 mg; urea, 30 mg; anhydrous dipotassium hydrogen phosphate (K2HPO4), 28 mg;
sodium chloride (NaCl), 7 mg; calcium chloride dehydrate (CaCl2·2H2O), 4 mg; and, magnesium
sulphate heptahydrate (Mg2SO4·7H2O), 2 mg. This synthetic wastewater [27] gives a mean DOC
concentration of about 100 mg/L. The culture conditions and medium used for the inoculum growth
were maintained for microalgae growth in the PBRs, except for the irradiance, which was 650 µE/m2

·s,
as supplied by eight fluorescent lamps (58 W, 2150 lumen, Philips, France). Furthermore, the PBRs
were aerated with filtered air (0.22 µm sterile air-venting filter, MillexFG50-Millipore), at a rate of
0.3 v/v/min., enriched with CO2 at 7% v/v, which was injected on demand to keep a constant pH
(pH = 7.5 ± 0.5), as controlled by a pH sensor. At the end of the culture, the 10 L-PBR was dismantled,
and microalgae biomass was harvested by 5 min centrifugation of the cellular suspension at 6461 g
in a SIGMA 2-16P centrifuge. Microalgae biomass (MB) was then washed twice with distilled water,
oven dried during 24 h at 378 K, homogenized, and stored until use at 277 K.

2.2. Materials and Characterization

MB and a bituminous coal (BC) coming from the north coalfield of León (Spain) and commonly
exploited in thermal power stations were used in this work. Before thermal analysis, MB and BC were
grinded and sieved to have a 0.105 mm < particle diameter < 0.210 mm, which is within the size range
that is commonly used in circulating fluidized boilers, allows for minimization of differences in heat of
combustion values, and is large enough to ensure homogeneous ignition. Subsequently, proximate
analyses of MB and BC were carried out following the procedures from ASTM D3172 to D3175 [28–31].
Elemental analysis was performed in a LECO CHNS-932, according to standard procedures, namely
ASTM D5373 [32] and ASTM D4239 [33].

The high heating value (HHV) of MB and BC at a constant volume was determined by means
of an isoperibol oxygen bomb calorimeter LECO AC-600 and following the procedure UNE-EN
14918:2011 [34]. Additionally, and for comparison purposes, HHV was estimated by the correlations
that are listed in Table 1, together with the corresponding assumptions.

Table 1. Correlations considered for the estimation of the high heating value (HHV).

No. Reference CORRELATION Originally Targeted Fuel

Based on Elemental Analysis

1 Dulong [35] HHV(MJ/kg) = −0.763 + 0.301[C] + 0.525[H] + 0.064[O]
Biomass of any type

and/or origin
2 Tillman [36] HHV(MJ/kg) = 0.4373[C] − 1.6701 Biomass
3 Abe [37] HHV(MJ/kg) = 0.3391[C] + 1.4340[H] − 0.0970[O] Biomass from florestal origin
4 Demirbas et al. [38] HHV(MJ/kg) = 0.335[C] + 1.423[H] − 0.154[O] Lignocellulosic fuels

5 Sheng and Azevedo [39] HHV(MJ/kg) = −1.3675 + 0.3137[C] + 0.7009[H]
+ 0.0318[O]

Biomass

6 Yin [40] HHV(MJ/kg) = 0.2949[C] + 0.8250[H]
Lignocellulosic fuels

(agricultural by-products
and wood)

Based on Proximate Analysis

7 Jenkins and Ebeling [41] HHV(MJ/kg) = 26.601− 0.304[Ash] − 0.082[VM]
Biomass of any type and/or

origin
8 Parikh et al. [42] HHV(MJ/kg) = 0.3536[FC] + 0.1559[VM] − 0.0078[Ash] Solid fuels
9 Sheng and Azevedo [39] HHV(MJ/kg) = −3.0368 + 0.2218[VM] + 0.2601[FC] Biomass

10 Majumder et al. [43] HHV(MJ/kg)= −10.81408 + 0.3133([VM] + [FC]) Coal

11 Yin [40] HHV(MJ/kg) = 0.1905[VM] + 0.2521[FC]
Lignocellulosic fuels

(agricultural by-products
and wood)

Based on both Elemental and Proximate Analysis
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Table 1. Cont.

No. Reference CORRELATION Originally Targeted Fuel

12 Grabosky and Bain [44]
HHV(MJ/kg) = 0.328[C] + 1.4306[H] − 0.0237[N]

+0.0929[S]
−(1− [Ash]/100)(40.11[H]/[C])

Biomass

13 IGT [45] HHV(MJ/kg) = 0.341[C] + 1.323[H] + 0.068[S]
−0.0153[Ash] − 0.1194([O] − [N])

Coal

14 Channiwala and Parikh [46]
HHV(MJ/kg) = 0.3491[C] + 1.1783[H] + 0.1005[S]

−0.1034[O] − 0.0151[N]
−0.0211[Ash]

Solid, liquid and gaseous fuels

15 Sajdak et al. [47]
HHV(MJ/kg) = 0.001× (601.95− 11.57[Ash]

−7.12[VM] + 341.67[C] + 1165.86[H]
−97.35[O] − 193.37[N] + 110.36[S])

Biomass, biochar and coal

HHV: high heating value; [C]: carbon content; [H]: hydrogen content; [N]: nitrogen content; [S]: sulphur content;
[O]: oxygen content; [FC]: fixed-carbon content; [VM]: volatile matter content; [Ash]: ash content; note: all values
are expressed in wt% on dry basis.

2.3. Thermal Analyses

A Setaram equipment, model SETSYS Evolution was used in this work. Non-isothermal
combustion runs were carried out after calibration for baseline, weight, temperature, and heat flow.
Throughout these runs, Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) signals
were simultaneously registered during the temperature-programmed combustion of MB, BC, and
their blend (MB-BC). In the blend, a 10% wt. of MB was used, since it has been shown that such
a percentage is adequate for the practical implementation of co-combustion of coal with biomass in
existing infrastructures, namely in thermal power plants [20]. Derivative TG (DTG) curves were also
determined as the first derivation of TG results with respect to time. The runs were carried out up to
1200 K at four different heating rates (β = dT/dt): 0.1, 0.2, 0.4, and 0.5 K/s, in order to determine the
corresponding TG-DSC curves. For each sample and β, three repetitive runs were carried out using
15 ± 1 mg of MB, BC, or MB-BC, after having verified that this mass ensured representativeness and
avoided heat and/or mass transfer limitations. All the runs were done under a continuous air flow
(100 cm3/min at 1 atm of gauge pressure).

The theoretical DTG curves (DTG(T)) and DSC curves (DSC(T)) were calculated for the blend
MB-BC using Equations (1) and (2), respectively, as a weighted average of its composition in order to
check interaction between MB and BC during their co-combustion:

DTG(T) = 0.1 × DTGMB + 0.9 × DTGBC (1)

where DTGMB and DTGBC are the weight loss rate of MB and BC throughout their respective
temperature-programmed combustions.

DSC(T) = 0.1 × DSCMB + 0.9 × DSCBC (2)

where DSCMB and DSCBC are the differential scanning calorimetry results that correspond to the
temperature-programmed combustion of MB and BC, respectively.

2.4. Non-Isothermal Kinetic Analysis

The rate of heterogeneous solid state reactions is generally described by the following equation:

dα
dt

= k(T) f (α) (3)

where α is the extent of reaction or fractional conversion, t is time, T is temperature, k(T) is the
temperature-dependent constant, and f (α) is a function that describes the dependence of the reaction
rate on α.
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Usually, the decomposition from a solid state is mathematically described in terms of the kinetic
triplet (apparent activation energy (E), pre-exponential factor (A), and an expression of the kinetics in
terms of f (α)), which may be correlated to the obtained results by this rate expression:

dα
dt

= Ae−E/RT f (α) (4)

The previous rate expression (Equation (4)) may be transformed into a non-isothermal one, which
defines the reaction rate in function of T at a constant β:

dα
dT

=
A
β

Ae−E/RT f (α) (5)

When Equation (5) is integrated up to α, results in:

α∫
0

dα
f (α)

= g(α) =
A
β

T∫
T0

e−E/RTdT (6)

where g(α) is the integral reaction model.
Several methods may be used in order to obtain a description of the combustion process in terms

of E [48]. These methods can be classified depending on the experimental conditions and on the
mathematical analysis that was carried out. As for the experimentation, the results may be obtained
either under isothermal or non-isothermal conditions. Regarding mathematical analysis, either the
model-fitting or the iso-conversional (model-free) approaches may be followed.

For non-isothermal kinetic analysis, different iso-conversional models that involve carrying out
temperature-programmed runs at different β [48] have been developed to determine E. During the last
decade, these methods have been frequently used to study the thermal decomposition kinetics of very
different types of biofuels [20,21], including microalgae biomass [49].

In this sense, E may be estimated by applying the iso-conversional model developed by Flynn,
Wall, and Ozawa [50,51], which is an integral method that uses the Doyle’s approximation [52]:

ln(β) = ln
[

AE
R g(α)

]
− 5.331− 1.052

E
RT

(7)

The utilization of the Flynn-Wall-Ozawa (FWO) method [50,51] requires the determination of the
T corresponding to fixed values of α from runs carried out at different β. E is estimated by plotting
ln(β) vs. 1/T for each α, which gives straight lines with slope—E/R.

E may be also determined on the basis of the Kissinger-Akahira-Sunose (KAS) kinetic model [53,54],
as it is next described.

In Equation (5) E/2RT » 1, therefore, the integral can be approximated by:

T∫
T0

e−E/RTdT ≈
R
E

T2e−E/RT (8)

Substituting the temperature integral and taking the logarithm:

ln
β

T2 = ln
[

RA
Eg(α)

]
−

E
R

1
T

(9)

For the application of the KAS model [53,54], it is necessary to carry out runs at different β, the
respective conversion curves being evaluated from the measured TG curves. For each α, ln(β/T2)
plotted versus 1/T gives a straight line with slope −E/R.
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3. Results and Discussion

3.1. Materials Characterization

The results from the proximate and elemental analyses of MB and BC are depicted in Table 2,
together with the measured HHV for each material.

Table 2. Proximate analysis, elemental analysis, and calorific values for the microalgae biomass (MB)
and the bituminous coal (BC) used in this work.

Properties MB BC

Proximate Analysis (wt. %)

Moisture 10.1 0.8
Volatiles (d.b.) 78.2 8.2

Ashes (d.b.) 6.2 31.1
FC* (d.b.) 15.6 60.7

Elemental Analysis (wt. %, d.b.)

C 52.0 62.7
H 6.8 2.5
N 10.7 1.3
S 0.6 0.7

O* 29.8 1.7

Calorific Analysis (MJ/kg, d.b.)

HHV 22.9 24.3

FC: fixed-carbon; HHV: high heating value; d.b.: dry basis; * calculated by difference.

As may be seen in Table 2, the proximate and elemental analyses of MB and BC evidence that
these fuels have very distinct properties due to their different origin and nature. Within the proximate
analysis, moisture percentages for both materials are usual equilibrium values for storeroom conditions.
With respect to the ash yield, it is quite smaller for MB (6.2%) than for BC (31.1%), which is a positive fact
for the biofuel utilization of MB, since relatively high ash contents are undesirable in many combustion
facilities. However, the amount of volatiles in MB (78.2%) is much larger than in BC (8.2%). The higher
volatile matter content of biomass, as compared with coal, is known to improve the combustion of the
latter, which results in a better burn out and lower unburned carbon in the ashes [21]. Still, adaptations
of the combustor may be necessary for the co-processing of fuels with very different volatiles content.
On the other hand, due to the higher volatile content of MB, it possesses a lower fixed-carbon (15.6%)
than BC (60.7%), which is expected to be corroborated in their separate combustion DTG profiles.

Regarding the elemental analysis, BC has a higher C content (62.7%) than MB (52.0%). Contrarily,
BC has much lower O content (1.7%) than MB (29.8%). Additionally, the H and N contents of BC
(2.5 and 1.3%, respectively) are lower than those of MB (6.8 and 10.7%, respectively). Nonetheless, it
has been demonstrated that NO emissions are not strongly dependent on the fuel nitrogen content [55].
Meanwhile, both BC and MB have a similar S content (0.7 and 0.6%, respectively), so their combustion
may involve similar SOx emissions.

The results from proximate and elemental analyses of MB are very similar to those that were
determined for C. vulgaris biomass by Gao et al. [56]. However, slightly different results have been
obtained by other authors for C. vulgaris biomass [57], being especially relevant the comparatively
higher volatiles content and lower percentage of ashes of MB. The differences are probably related to
the specific strain and the way or stage of culturing. In fact, nitrogen supplementation [58] and the age
of the culture [59] have already been shown to affect thermal properties of C. sorokiniana. Regarding BC,
the results are comparable to previously published data for coal with the same rank and origin [23].

Finally, as regards the HHV, both MB and BC have very similar values (22.9 and 24.3 MJ/kg,
respectively), which means that the combustion of their blend is not going to have remarkable energetic
effects as compared with the combustion of BC. The HHV determined in this work for MB is within
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the range of values referred in the review by Chen et al. [4], namely 14 to 24 MJ/kg, while the HHV of
BC is close to published data for coal with the same rank and origin [23].

As for the estimation of HHV, Figure 1 shows the values that were obtained by the correlations
depicted in Table 1 for each MB and BC, together with the measured value and a deviation limit of
±10%. Some of the correlations satisfactorily estimate the HHV of MB and BC, mainly those that
are based on elemental or on both elemental and proximate analyses. However, correlations that are
only based on proximate analysis (No. 7–11 in Table 1) mostly underestimate the HHV, except for
correlation No. 10 [43], which overestimates the HHV of MB, and correlations No. 8 [42] and 10 [43],
which only give an acceptable HHV estimation for BC. Correlation No. 1, which is the well-known
Dulong correlation [35] and is just based on the C, H, and O contents, correlation No. 4 [38], which
also depends on the C, H and O contents, and correlation No. 14 [46], which stands on the elemental
analysis and the ash content, are those that more closely estimate the HHV for both MB and BC. These
correlations may be very useful for the quick estimation of the calorific potential of microalgae and
coal when planning their co-processing.
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Figure 1. Estimated High Heating Value (HHV) for microalgae biomass (MB) (a) and BC (b) by
correlations No. 1 to No. 15 listed in Table 1. For each material, the estimated HHV values are
represented by verticals bars, the measured value is represented by a continuous horizontal line, the
upper limit (measured HHV + 10%) is represented by a dashed line, and the lower limit (measured
HHV − 10%) is marked with a dotted line.

To the best of our knowledge, there are no published studies using correlations for the estimation
of HHV in the specific case of microalgae biomass. Therefore, the applicability of the here considered
correlations (Table 1) was tested in this work for available data in the literature on the calorific value of
microalgae biomass from different strains. In the case of those microalgae biomasses for which just the
elemental analysis is available, the estimated HHV values are depicted in Table 3. For biomasses whose
elemental and proximate analyses are available, the estimations of HHV are displayed in Table 4.
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Table 3. Published results on the elemental and calorific analysis for different microalgae biomasses. For each case, the published High Heating Value (HHV) is shown
together with the HHV estimated by correlations based on elemental analysis displayed in Table 1. Estimated HHVs that are within ± 10% the measured value are
in bold.

Chlorella Chlorella
vulgaris

Chlorella
vulgaris

Chlorella
vulgaris

Chlorella
vulgaris

Chlorella
vulgaris
residue

Chlamydomonas
reinhardtii

Chlamydomonas
reinhardtii

Dunaliella
tertiolecta

Nannocloropsis
oceanica

Nannocloropsis
oceanica
residue

Spirulina
platensis

Spirulina
platensis

Scenedesmus
obliquus

References Babich
et al. [60]

Xu
et al. [61]

Xu
et al. [61]

Wang
et al. [62]

Kebelmann
et al. [63]

Wang
et al. [62]

Kebelmann
et al. [63]

Kebelmann
et al. [63]

Zou
et al. [64]

Chen
et al. [65]

Chen
et al. [65]

Jena and
Das [66]

Wu
et al. [67]

Chen
et al. [68]

Elemental Analysis (wt. %, d.b.)

C 50.2 45.8 53.8 42.51 43.9 45.04 52 50.2 39 50.06 45.24 46.16 45.7 37.37

H 7.3 5.6 7.72 6.77 6.2 6.88 7.4 7.3 5.37 7.46 6.55 7.14 7.71 5.8

N 9.3 4.6 1.1 6.64 6.7 9.79 10.7 11.1 1.99 7.54 11.07 10.56 11.26 6.82

S - - - - - - - - 0.62 0.47 0.56 0.74 0.75 -

O 33.2 38.7 37 27.95 43.3 29.42 29.8 31.4 53.2 34.47 36.58 35.44 25.69 50.02

Calorific Analysis (MJ kg−1, d.b.)

HHV
(measured) 21.2 18.4 24.0 16.8 18.0 19.4 23.0 22.0 14.2 21.5 18.2 20.5 20.5 16.1

HHV
(No. 1) 21.5 16.6 22.7 19.1 16.0 19.9 22.9 21.9 11.3 21.5 18.2 19.5 22.0 12.0

HHV
(No. 2) 20.3 18.4 21.9 16.9 17.5 18.0 21.1 20.3 15.4 20.2 18.1 18.5 18.3 14.7

HHV
(No. 3) 24.2 19.8 25.7 21.4 19.6 22.3 25.4 24.4 15.8 24.3 21.2 22.5 24.1 16.1

HHV
(No. 4) 22.0 17.4 23.3 19.6 16.9 20.3 23.4 22.4 12.5 22.1 18.8 20.2 22.3 13.1

HHV
(No. 5) 20.5 18.2 22.1 17.6 18.1 18.5 21.1 20.5 16.3 20.7 18.6 19.2 19.2 16.0

HHV
(No. 6) 20.8 18.1 22.2 18.1 18.1 19.0 21.4 20.8 15.9 20.9 18.7 19.5 19.8 15.8
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Table 4. Published results on the proximate, elemental and calorific analysis for different microalgae biomasses. For each case, the published High Heating Value
(HHV) is shown together with the HHV estimated by correlations displayed in Table 1. Estimated HHVs that are within ± 10% the measured value are in bold.

Chlamydomonas Chlorella
sorokiniana

Chlorella
sorokiniana

Chlorella
vulgaris

Chlorella
vulgaris

Isochrysis
galbana

Nannochloropsis
limnetica

Nannochloropsis
gaditana

Phaeodactylum
tricornutum

Spirulina
platensis

Scenedesmus
almeriensis

References Bui
et al. [69]

Bui
et al. [69]

Paniagua
et al. [59]

Chen
et al. [70]

Soria-Verdugo
et al. [71]

Soria-Verdugo
et al. [71]

Soria-Verdugo
et al. [71]

Soria-Verdugo
et al. [71]

Soria-Verdugo
et al. [71]

Soria-Verdugo
et al. [71]

López
et al. [72]

Proximate Analysis (wt. %, d.b., except for moisture (wt. %))

Moisture 3.5 3.8 9.6 - - - - - - - 5.4

Volatiles 75.5 73.2 76.1 55.37 76.26 86.13 84.06 81.56 62.1 81.46 73.1

Ashes 5.2 7.9 7.83 10.28 13.11 8.31 10.52 9.16 25.46 6.4 20

FC 15.6 15.1 16.07 34.35 10.63 5.56 5.42 9.28 12.44 12.14 6.9

Elemental Analysis (wt. %, d.b.)

C 40.32 45.07 47.9 47.84 51.317 43.644 52.453 52.805 40.647 49.720 43.84

H 7.38 7.64 6.4 6.41 7.655 6.620 8.062 7.803 6.612 7.338 6.08

N 2.61 3.88 8.74 9.01 9.897 5.474 7.883 8.230 6.813 11.550 6.8

S . . 0.78 1.46 0.573 0.816 0.617 0.509 1.446 0.693 0.32

O 44.5 35.52 36.18 25 17.448 35.136 20.464 21.493 19.023 24.299 22.96

Calorific Analysis (MJ kg−1, d.b.)

HHV
(measured value) 17.41 20.4 18.7 21.9 22.9 19.97 23.51 24.5 19.34 22.62 20.91

HHV (No. 1) 16.3 19.9 18.9 20.9 25.3 18.0 25.7 25.2 19.9 23.0 19.5

HHV (No. 2) 16.0 18.0 19.3 19.3 20.8 17.4 21.3 21.4 16.1 20.1 17.5

HHV (No. 3) 19.9 22.8 21.9 23.0 26.7 20.9 27.4 27.0 21.4 25.0 21.4

HHV (No. 4) 17.2 20.5 19.6 21.3 25.4 18.6 25.9 25.5 20.1 23.4 19.8

HHV (No. 5) 17.9 19.3 19.3 18.9 20.7 18.1 21.4 21.4 16.6 20.1 17.4

HHV (No. 6) 18.0 19.6 19.4 19.4 21.4 18.3 22.1 22.0 17.4 20.7 17.9

HHV (No. 7) 18.8 18.2 18.0 18.9 16.4 17.0 16.5 17.1 13.8 18.0 14.5

HHV (No. 8) 17.2 16.7 17.5 20.7 15.5 15.3 14.9 15.9 13.9 16.9 13.7

HHV (No. 9) 17.8 17.1 18.0 18.2 16.6 17.5 17.0 17.5 14.0 18.2 15.0

HHV (No. 10) 29.8 28.8 29.4 30.0 28.5 30.1 29.3 29.9 24.1 30.9 25.3

HHV (No. 11) 18.3 17.8 18.5 19.2 17.2 17.8 17.4 17.9 15.0 18.6 15.7

HHV (No. 12) - - 24.2 24.3 27.4 23.2 28.3 27.9 23.4 26.0 23.1

HHV (No. 13) - - 21.5 22.8 26.6 20.0 26.9 26.6 20.9 25.1 20.8

HHV (No. 14) - - 20.3 21.5 24.8 19.2 25.4 25.1 19.5 23.3 19.6

HHV (No. 15) - - 18.7 19.9 22.8 18.1 23.8 23.4 18.5 21.0 18.4
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As may be observed in Table 4, estimations that are just based on proximate analyses (correlations
No. 7 to 11 in Table 1) are mostly inadequate, while those that are just based on the elemental analysis
(Table 3) or elemental analysis together with proximate analysis (Table 4) give estimations that are more
satisfactory. On the whole, and coincidently with the case of microalgae biomass that was obtained in
this work, correlations No. 1, 4, and, especially, No. 14 were the most accurate for estimating the HHV
of microalgae biomasses in the literature.

3.2. Thermal Analysis

The TG curves that were obtained from the temperature programmed combustion of MB, BC, and
their blend MB-BC at different β (0.1, 0.2, 0.4, and 0.5 K/s) are depicted in Figure S1. The resultant DTG
curves are shown in Figure 2 together with the weighted calculated curves (Equation (1)) corresponding
to the combustion of MB-BC. As for a typical combustion profile, mass loss occurs along with increasing
temperature under oxidizing atmosphere until the volatiles and fuel content of the sample is exhausted,
and then the mass of ashes remains stable. In the case of BC, the loss of volatiles and char gasification
occur in a single step due to the large contribution of fixed carbon (see Table 2) to the mass loss during
combustion. On the other hand, a slight weight gain that is related to oxygen chemisorption may
be observed during the combustion of BC but is not present in the DTG curves corresponding to
MB. Differently from BC, the DTG curve that corresponds to MB shows that mass loss occurs in two
main stages, which has already observed by other authors for the combustion of microalgae [16,56,57].
The first stage, which is the most remarkable, is attributed to the devolatilization of MB and volatiles
combustion and extends until 670 K. It is to highlight that this first stage occurs in a temperature range
for which no mass loss is observed for BC. This is due to the higher volatiles/fixed-carbon ratio of
MB (5.01), as compared to that of BC (0.13), which involves microalgae combustion predominantly
occurring in gas-phase due to the combustion of volatiles. Above 670 K and ending at around 1000 K,
occurs the second stage, which comprises three subsequent steps at β = 0.1 and 0.2 K/s that overlap at
higher β. Despite evident differences between MB and BC, DTG experimental curves corresponding to
the combustion of MB-BC mostly resemble those of BC, except for the mass gain associated to oxygen
chemisorption, which is roughly appreciable. This is also true for the weighted calculated curves
MB-BC (T), since they are nearly coincident with the experimental curves. This fact indicates that
interaction between MB and BC during combustion is not relevant, which is favourable in terms of the
practical application of co-processing. A good correlation between experimental and weight calculated
DTG curves was also observed by Gao et al. [56] for the co-combustion of a lignite coal and microalgae
biomass from Chlorella vulgaris (blending ratio 50%). These authors stated that the synergetic effects
in the co-combustion of these materials were negligible [56]. Differently, and after having observed
inhibitive effects during co-pyrolysis of a sub-bituminous coal that was blended with Chlorella vulgaris
biomass (blending ratios 30, 50 and 70%) [73], Chen et al. [74] verified that, although no synergetic
effects occurred in the initial and final stages of their co-combustion, some interaction occurred at the
intermediate stage. Interactions were especially evident for the highest ratio of microalgae within the
blend (70%) and at relative high temperatures, which has been also observed for the co-combustion of
coal with composite biomass pellets that were made from catkins, wood waste, and rice straw [75].
Interactions between coal and biomass during co-combustion reported in the literature have been
attributed to the acceleration of coal devolatilization during co-combustion, due to the reaction with
the active radicals that were produced during biomass devolatilization [56]. Such acceleration may be
ascribed to the higher temperature of coal particle surface during its co-combustion with biomass than
during its individual combustion.
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Figure 2. Differential thermogravimetry (DTG) curves corresponding to the temperature programmed combustion of MB, BC and their blend (MB-BC) together with
the weighted calculated curve corresponding to the blend (MB-BC (T)) at the different heating rates here used, namely 0.1 K/s (a), 0.2 K/s (b), 0.4 K/s (c), and 0.5 K/s (d).
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Figure 2 evidences that DTG curves that correspond to MB and BC were affected by increasing
the heating rate (β). In this sense, it is observable an increase of the temperature at which mass loss
begins; a broader range of temperature in which mass loss occurs; higher weight loss (%/s) peaks;
and overlapping of sub-steps in the combustion of MB. Still, the DTG curves of the blends remain
analogous to those of BC, even at increasing heating rates (β).

Table 5 depicts the characteristic parameters of the DTG combustion profiles. These parameters
confirm the differences between MB and BC that were observed in Figure 2 and similitudes between BC
and MB-BC. In this sense, the Tv and Tf in Table 5 correspond to the temperatures at which mass loss
begins and ends, respectively. Meanwhile, for each DTG curve, the Tm corresponds to the temperature
at which the maximum mass loss rate occurs, that is, the DTGmax. For all MB, BC and MB-BC, the
temperatures Tv, Tf and Tm increase with β. For MB, the Tv and Tm values are around 240 K lower
than for BC. Differently, Tv values for MB-BC are just slightly lower than for BC, due to the absence of
chemisorption mass loss in the combustion of MB-BC, while Tm values are mostly coincident. On the
other hand, lower Tf values are observed for BC than for MB-BC, which shows slightly lower values
than MB. Finally, at β = 0.1 and 0.2 K/s, the DTGmax corresponding to MB are the lowest, while at
β = 0.4 and 0.5 K/s they are the highest, which evidences the intensification of devolatilization of MB
with β. Meanwhile, at each β, BC and MB-BC show very close DTGmax.

Table 5. Characteristic parameters of DTG combustion curves determined for microalgae biomass
(MB), bituminous coal (BC) their blend (MB-CB).

B (K/s) Tv (K) Tm (K) Tf (K) DTGmax (%/s)

MB

0.1 400 542 1031 0.0363
0.2 410 543 1040 0.0839
0.4 433 554 1100 0.1981
0.5 440 557 1120 0.2457

BC

0.1 640 782 874 0.0890
0.2 657 820 930 0.1295
0.4 671 867 1035 0.1669
0.5 675 875 1050 0.1820

MB-BC

0.1 600 781 981 0.0873
0.2 631 823 993 0.1281
0.4 646 870 1046 0.1645
0.5 654 885 1080 0.1844

Tv: onset temperature for volatile release and mass loss; Tm: temperature of maximum mass loss rate; Tf: final
combustion temperature detected as mass stabilization; DTGmax: maximum mass loss rate.

Figure 3 represents the DSC curves that were obtained from the temperature programmed
combustion of MB, BC, and their blend MB-BC at different β (0.1, 0.2, 0.4, and 0.5 K/s), together with
the weighted calculated curves (Equation (2)) corresponding to the combustion of the blend. As it may
be seen, heat release during BC combustion occurs in two stages, namely during the chemisorption
mass gain and, especially, during the fixed-carbon combustion that was observed in Figure 2.
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Figure 3. Differential scanning calorimetric (DSC) curves corresponding to the temperature programmed combustion of MB, BC and their blend (MB-BC) together with
the weighted calculated curve corresponding to the blend (MB-BC (T)) at the different heating rates here used, namely 0.1 K/s (a), 0.2 K/s (b), 0.4 K/s (c) and 0.5 K/s (d).
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Heat liberation during MB combustion takes place at four subsequent steps, corresponding to
the combustion of volatiles, organic material, fixed-carbon, and char, which are evident at β = 0.1 K/s
and progressively overlap at increasing β. Consequently, at β = 0.5 K/s, heat release during MB
combustion occurs just in two main stages. The second one, which corresponds to the combustion of
the fixed-carbon content, is centred at the same temperature than the second stage of BC (Figure 3).
Although DSC analysis helps to obtain a more realistic approach to the combustion process of biomass,
there are few published DSC results regarding the combustion of microalgae biomass to compare with
the here obtained. Yet, López-González et al. [16] also observed two heat release stages during the
temperature programmed combustion of biomass from three different microalgae strains at β = 0.67 K/s.
Regarding the combustion of MB-BC in this work, it may be observed in Figure 3 that, even when DSC
curves corresponding to MB and BC are very different, heat release during the combustion of MB-BC
shows the same trend than BC.

The characteristic temperatures at DSC curves in Figure 3 are depicted in Table 6, together with
the enthalpies of combustion, which were calculated for each MB, BC, and MB-BC by the integration of
the corresponding exothermic peak. The onset temperatures for heat release (Ti) are slightly lower
for MB than for BC, with the latter being close to those of MB-BC. Contrarily, the final combustion
temperatures (Te) are higher for MB than for BC, which are again very close to those that were observed
for MB-BC. Regarding temperatures of maximum energy release (Tmax), the lowest value is observed
for MB combustion at β = 0.1 K/s, since the volatiles combustion was the main peak of heat release.
However, at increasing β, the third stage (corresponding to the fixed-carbon combustion) progressively
gains more prominence, so higher Tmax values occur. At each β, Tmax values that were observed for
BC and MB-BC are equivalent and correspond to the fixed-carbon combustion peak. Finally, lower
enthalpy (∆H) values are obtained for MB combustion than for BC and MB-BC. In any case, the ∆H
here obtained for MB are slightly higher than those that were determined by López-González et al. [16],
which were within 7.8 and 8.8 kJ/g.

Table 6. Characteristic parameters of DSC combustion curves determined for microalgae biomass (MB),
bituminous coal (BC) their blend (MB-CB).

β (K/s) Ti (K) Tmax (K) Te (K) ∆H (kJ/g)

MB

0.1 450 597 1000 11.62
0.2 460 857 1019 11.88
0.4 470 876 1100 11.76
0.5 475 879 1165 11.71

BC

0.1 500 782 893 13.87
0.2 500 820 968 13.81
0.4 500 880 1042 13.96
0.5 500 959 1086 13.78

MB-BC

0.1 461 782 950 14.16
0.2 470 825 980 14.12
0.4 475 875 1046 14.15
0.5 480 964 1080 14.11

Ti: onset temperature for energy release and peak integration; Tmax: temperature of maximum energy release
during combustion; Te: temperature at the end of energy release during combustion; ∆H: enthalpy determined by
integration of the heat release peak in the corresponding DSC combustion profile.

3.3. Non-Isothermal Kinetic Analysis

The TG curves that correspond to the temperature programmed combustions of MB, BC, and
MB-BC at the different β here considered are represented in Figure 4. For each case, six different
percentages of conversion are pointed out in each curve: 10, 20, 30, 40, 50, and 60%. As it was previously
observed in DTG curves (Figure 2), mass loss at relatively low temperatures was more remarkable
for MB than for BC due to the high volatiles content of the first (Table 2). On the other hand, the ash
yield, or residual mass after burning, was 6, 31, and 28% for MB, BC, and MB-BC. These yields are in
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agreement with ash contents in Table 2, and, in the case of MB-BC with the weighted calculated value
for the blend.
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Figure 4. Thermogravimetry (TG) curves corresponding to the combustion of MB (a), BC (b), and
MB-BC (c) at different heating rates. Conversion percentages (10, 20, 30, 40, 50, and 60%) have been
marked by straight lines crossing experimental data.

Figure 5 shows the plots of ln (β/T) and ln (β/T2) vs. 1/T to the several conversion degrees (α),
corresponding to the combustion of MB, BC, and MB-BC, as for the respective application of the FWO
model [50,51] and the KAS model [53,54]. Meanwhile, Table 7 depicts the corresponding estimations of E.

The E values estimated by the FWO model are slightly higher than those that were estimated by
the KAS one, except for MB, with both models giving nearly coincident values. As it may be seen in
Table 7, the average E values (E*) that were determined for the combustion of MB are more than double
of that corresponding to BC. On the other hand, the E* values corresponding to the combustion of
MB-BC are just slightly higher than what would proportionally correspond for the relative MB and BC
contents (100 and 91 kJ/mol, for the FWO and KAS models, respectively).
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Figure 5. Results on the combustion of MB (a,d), BC (b,e) and MB-BC (c,f) at the different heating rates together with fittings to the iso-conversional kinetic models of
FWO (a–c) and KAS (d–f). Note: The Y-axis of graphs was adjusted for the correct visualization of results.
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Table 7. Values of apparent activation energy (E, kJ/mol) determined for the combustion of MB, BC
and their blend (MB-BC) at the considered conversion degrees (α), together with R2 corresponding to
fittings in Figure 5.

α
E (kJ/mol)

FWO R2 E (kJ/mol)
KAS R2

MB

0.1 177 0.9995 177 0.9954
0.2 243 0.9978 246 0.8958
0.3 343 0.9882 351 0.9322
0.4 171 0.9953 169 0.9587
0.5 121 0.9864 116 0.9971
0.6 123 0.9844 117 0.9588

197* ± 85 196* ± 90

BC

0.1 112 0.9995 105 0.9950
0.2 102 0.9978 94 0.9971
0.3 89 0.9882 80 0.9973
0.4 86 0.9953 77 0.9926
0.5 76 0.9864 65 0.9974
0.6 67 0.9844 56 0.9925

89* ± 16 79* ± 18

MB-BC

0.1 152 0.9995 147 0.9970
0.2 118 0.9978 111 0.9661
0.3 98 0.9882 90 0.9784
0.4 91 0.9953 82 0.9973
0.5 80 0.9864 68 0.9896
0.6 77 0.9844 67 0.9762

103* ± 28 94* ± 30

E* ± standard deviation from E values at the considered α.

In Table 7, the change of E with α, which is especially evident for MB, may be related to
the complexity of the fuel composition and subsequently to the complex reactions ongoing under
combustion, as it has already been observed for woody biomass [76]. The E* values here determined
for BC are close to those previously obtained for a coal of the same rank and origin [23], while those
of MB are in consonance with published results on the combustion of microalgae biomasses. Using
the FWA and the KAS methods, Chen et al. [70] determined E* values between 134 and 242 kJ/mol
for the combustion of C. vulgaris under 20%O2/80%N2 and 80%O2/20%N2, respectively. Applying a
modification of the FWO method, namely the Starink’s model, Zhao et al. [77] determined E* values
between 93 and 142 kJ/mol for the combustion of different microalgae strains, being 118 kJ/mol the E*
corresponding to C. sorokiniana C74. For the oxy-fuel co-combustion of C. vulgaris biomass with lignite
and using the FWO and the KAS methods, Gao et al. [56] determined E* values for the blends that
were between 150 kJ/mol (lignite/microalgae = 7:3) and 197 kJ/mol (lignite/microalgae = 3:7) under
air atmosphere (21%O2/79%N2). These authors [56] highlighted that the lowest and highest E* were
obtained for lignite coal and C. vulgaris microalgae (respectively, 146 and 213 kJ/mol), and that a higher
percentage of microalgae in the blend resulted in a higher E*. On the other hand, Chen et al. [74]
determined E* values of 68 and 107 kJ/mol for the combustion of a sub-bituminous coal and C. vulgaris
biomass, respectively, by the FWO method and of 57 and 103 kJ/mol by the KAS one. Subsequently,
these authors [74] found that with the increasing content of C. vulgaris in the blends, the E* first
decreased and then increased, with the highest value (FWO: 115 kJ/mol) being that of the blend having
the largest microalgae content (coal:microalgae = 3:7).

From an economic and environmental point of view, the possibility of a joint combustion of
microalgae biomass and coal in power plants may be interesting, since it allows for the use of existing
infrastructures, already equipped with appropriate systems for emissions control and staffed with
qualified personnel. In the case of residual microalgae biomass from wastewater treatment, combustion
might be the preferred and safest management alternative for its valorization. Other uses, such as
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fertilizer or animal feed, should only be allowed under strict toxicity controls in order to avoid the
incorporation of pollutants, such as trace metals or pharmaceuticals into the soils, ground water, and
food chain. Meanwhile, if properly designed and operated, the combustion of microalgae biomass can
provide high stability of trace metals in the ashes and complete destruction of organic pollutants.

Overall, the results obtained in this work indicated that, under appropriate conditions,
co-combustion of microalgae biomass with coal might be an option to consider. In fact, through the
solution of energy and mass balances, it has been recently demonstrated that the smart integration of
microalgae culturing with a large scale coal power plant is feasible in terms of net energy ratio (NER)
and CO2 emissions [78]. Still, further work regarding the combustion and co-combustion of microalgae
biomass in different types of boilers is actually necessary in view of their practical implementation.
In a circular economy context, integrating microalgae culture-wastewater treatment and the thermal
valorization of residual biomass is a challenge that would allow for closing the loop for a sustainable
microalgae culture.

4. Conclusions

The elemental and proximate analysis, DTG and DSC curves showed remarkable differences
between MB and BC, which were mainly related to the relative low fixed-carbon and large volatiles,
oxygen and nitrogen content of the first. Despite these differences, both the DTG and DSC combustion
curves of the blend MB-BC (wt. 10% MB) were equal to those of BC, which was further corroborated by
the corresponding characteristic parameters. The small differences between the experimental and the
weighted average composition calculated DTG and DSC curves pointed to unremarkable interactions
between MB and BC during the combustion of their blend. On the other hand, the HHV of MB (23
MJ/kg) was very close to that of BC (24 MJ/kg), which is favorable for co-combustion applications. The
HHV of MB and BC were adequately estimated by correlations that were based on their elemental
analysis or on both their elemental and proximate analysis. Furthermore, the E* estimated by the
iso-conversional models of FWO and KAS for the combustion of MB-BC (103 and 94 kJ/mol, respectively)
rather approached those of BC (89 and 79 kJ/mol, respectively) as compared with MB (197 and 196
kJ/mol, respectively). Globally, the results pointed to co-combustion as an encouraging option for the
thermal valorization of microalgae biomass resulting from wastewater treatment.
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