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Abstract 10 

The combustion characteristics and kinetics of microalgae (Chlorella vulgaris) and 11 

sub-bituminous coal blends (CCBs) are studied by a thermogravimetric analyzer 12 

(TGA), and those of pure Chlorella vulgaris (C. vulgaris) and coal were also taken 13 

respectively as control groups. The microalgae to coal blending ratio (MCR) is 3/7, 14 

5/5 and 7/3. The results showed that three stages were observed during the combustion 15 

of CCBs. And the main combustion of CCBs was occurred at the second stage ranged 16 

from 254.6~ 389.4°C to 698.7~ 741.0°C. Both of Ti and Tf were decreased as the C. 17 

vulgaris content increased in the CCB. Rmax of C. vulgaris was maximum. Rv was firstly 18 

decreased, and then increased as the content of C. vulgaris in CCBs increasing. With 19 

the increasing content of C. vulgaris, both of Di and SM were increased. Some 20 

deviations from their expected characteristics indicate interaction. As β increases, Ti, 21 
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Tp, Rp ,Rv and Tf were all increased significantly, while Mr was first increased, and then 1 

decreased. For CCBs, E was the first decreased, and then increased, and the minimum E 2 

was obtained as MCR= 5/5. Among all the samples, E of pure coal was the minimum 3 

one. Finally, kinetic triplets were determined by the Kissinger–Akahira–Sunose 4 

(KAS), Flynn–Wall–Ozawa (FWO), and master-plots method. 5 

Key words: Microalgae; Chlorella vulgaris; Co-combustion; Coal; Thermogravimetric 6 

analysis (TGA) 7 

1 Introduction 8 

Driven by the depletion of world's energy reserves and ever-increasing fuel 9 

prices, in addition to the challenges of limiting global warming, there is a strong 10 

motivation to seek alternative renewable energy resources, such as biomass fuels. The 11 

utilization of biomass fuels for power generation is attractive as they offer potential 12 

benefits in reducing greenhouse gas emissions, and in substituting part of the 13 

conventional energy sources [1]. 14 

Microalgae [2] are widely considered as one of the most promising sources of 15 

biomass [3]. The use of microalgae as the biomass feedstock is attractive as they have 16 

huge carbon abatement volume, in addition to faster growth rates and higher yields, 17 

when compared with other potential biomass feedstock, such as terrestrial plants [4]. 18 

Many microalgae can also be cultivated in less arable land [5]. Moreover, unlike some 19 

other forms of biomass, microalgae production has limited impact on the utilization of 20 

land and resources otherwise used for food production. Chlorella vulgaris (C. 21 

vulgaris) is a species of Chlorella [6], and is widely considered as one of the most 22 
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promising sources of biomass, ever since its first large-scale culture at Japan in the 1 

early 1960s [7]. This microalgae species is therefore selected for the purpose of this 2 

study. 3 

Combustion is one of the most important and mature pathways to extract energy 4 

from various fuel sources [8]. The direct combustion of microalgae biomass in 5 

existing power plants for power generation is an attractive option [9], as it can offer 6 

potential economic benefit through reduced infrastructure investment, in addition to 7 

the environmental benefits that it can bring. It is therefore important to understand the 8 

combustion characteristics of microalgae, which is the one main aims of this work.  9 

The co-combustion of biomass with fossil fuel resources, such as coal, is another 10 

attractive option that can lead to environmental, technical and economic benefits 11 

[6,10]. The co-combustion of the blends can help to reduce the consumption of 12 

non-renewable fossil fuels for power generation [11]. Furthermore, existing fossil fuel 13 

powered plants may continue to be used with few modifications, when the 14 

co-combustion option is implemented [12]. The differences in the composition and 15 

the heating properties of the biomass and fossil fuels [13] also provide opportunities 16 

for synergy to be achieved [3] during the co-combustion of the blends. For example, 17 

Wang et al.[14] reported that the mixing of biofuel with coal can be used to achieve a 18 

more continuous heat release from the corresponding combustion process. Previous 19 

studies have also demonstrated that the fouling and ash deposition problems on 20 

convective heating surfaces, which are typically encountered during the combustion 21 

of biomass, can be alleviated through co-firing [15]. The co-combustion of 22 
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sub-bituminous coal with biomass in power stations has also been reported to display 1 

synergetic effect of reducing the greenhouse gases emissions per unit of energy 2 

produced [16] when compared with the combustion of pure coal. In view of all these 3 

aforementioned factors, a more detailed understanding of the thermal characteristics 4 

and kinetics of the microalgae/coal blends, is essential. on the other hand, the 5 

combustion kinetic information of the fuels, provides critical information that is 6 

needed for modelling studies, which are required for fine-tuning the operation of the 7 

corresponding systems.  8 

At present, the study of microalgae is more focused on the microalgae cultivation 9 

[17-18], pyrolysis [5-6,19-21] and comparison between the pyrolysis and the 10 

combustion in air atmosphere [22] and comparison between the combustion in 11 

20%O2/80%N2 with 20%O2/80%CO2 atmospheres [23] and comparison the 12 

combustion under different oxygen supply concentrations in an O2/N2 atmosphere 13 

[24]. Besides, the co-combustion characteristics of microalgae and coal under O2/N2 14 

and O2/CO2 atmospheres were also studied by using the thermogravimetry. Reference 15 

[25] mainly studied the difference of combustion characteristics (ignition temperature, 16 

burnout temperature, peak temperature and maximum weight loss rate) and kinetic 17 

(activation energy E) of microalgae/coal blends in different atmospheres (O2/N2 and 18 

O2/CO2 atmosphere). Reference [26] mainly studied the effect of oxygen 19 

concentration on microalgae combustion and compared the characteristic parameters 20 

(ignition temperature, peak temperature, maximum weight loss rate and E) of 21 

microalgae/ coal blends under O2/N2 atmospheres with O2/CO2 atmosphere. However, 22 
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the comprehensive combustion characteristics and the combustion kinetic triplets of 1 

microalgae/ coal blends at different blending ratios have not been reported yet. 2 

This work is to characterize the combustion behavior of microalgae (C. vulgaris), 3 

sub-bituminous coal and their blends by a thermogravimetric analyzer (TGA) in an 4 

21%O2/79%N2 atmosphere. The effects of C. vulgaris/coal blending ratios (3/7, 5/5 5 

and 7/3) and heating rates (βs) (10, 20, and 40°C/min) on the combustion of the 6 

samples are studied. The ignition index (Di) and the comprehensive combustion 7 

characteristic index (S and SM) are used to evaluate the combustion characteristics of 8 

the fuels. The interaction of C. vulgaris and coal during co-combustion is investigated. 9 

In addition, the combustion kinetic triplets (E, n and A) of pure C.vulgaris, coal and 10 

their blends are studied by the Kissinger–Akahira–Sunose (KAS), 11 

Flynn–Wall–Ozawa (FWO) and master-plots method. The critical information 12 

generated will guide the operation or future design of combustion units utilizing the 13 

co-combustion of microalgae and coal. 14 

2 Materials and methods 15 

2.1 Materials 16 

The powder of C. vulgaris and sub-bituminous coal (low rank) are respectively 17 

provided by Jiangmen Yue Jian Biotechnologies Co, Ltd. (Guangdong Province, 18 

China) and Lingli Sugar Refinery and Power Plant located at Nanning (Guanxi Zhuang 19 

autonomous region, China). These two samples are used in this study. The coal is 20 

difficult to fire and burn and its C/H are about 13.96 which are much higher than C. 21 
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vulgaris (7.46). Thus, it was chosen to blend with C. vulgaris. The samples of C. 1 

vulgaris and coal were prepared by pulverization in a mortar to be small enough to 2 

eliminate the heat transfer effects and dried at 105 °C for 24 hours, and then blended 3 

complying with the ratios of 3/7, 5/5 and 7/3 in weight by tumbling for 2 hours to 4 

achieve proximate homogeneity. Finally, the powder of CCB, pure C. vulgaris and pure 5 

coal were sieved to achieve a size-range less than 200μm.  6 

The ultimate analysis, proximate analysis and lower heating values of samples 7 

were carried out through Vario EL-II chons elemental analyzer (Elementar Analysen 8 

systeme Gmbh, Germany), MA260S electronic balance (Shanghai Second Balance 9 

Instrument Factory, Shanghai, China) and Parr 6300 oxygen bomb calorimeter (PARR 10 

instrument company, America) correspondingly. The results are shown in Table 1. 11 

From Table 1 it can be seen that the proximate and ultimate analyses results and lower 12 

heating values of C. vulgaris and coal differ considerably. 13 

2.2. Experimental Methods 14 

Combustion tests were performed using a thermogravimetry analyzer (American 15 

TA Q500) that can measure a maximum sample weight of 1g, with a sensitivity of 16 

0.1 µg. Schematic diagram of the experimental setup used for thermogravimetric 17 

analysis is shown in Fig.1. The tests were performed at atmospheric pressure 18 

condition and under artificial air environment. Carrier gas with a gas composition of 19 

21% oxygen and 79% nitrogen (by volume), was introduced into the analyzer at a 20 

fixed flow rate of 100mL/min throughout the experiments, to simulate air condition.  21 
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All samples were initially heated from 40 to 105°C, under which they were held 1 

for 10 minutes to ensure that all parts of the samples were of the same initial 2 

temperature value, prior to the start of the experiments. Each sample was then heated 3 

up to 900°C at three different βs of 10, 20 and 40 °C/min, respectively. To minimize 4 

the effects of heat and mass transfer limitations [24], small sample masses (10±0.1 mg) 5 

were used for the experiments.  6 

3 Data Analysis Methodologies 7 

3.1 Characterization of Ignition and Combustion Properties 8 

In order to evaluate the ignition and the combustion characteristics of the fuels, 9 

the ignition index Di (%/min), and the comprehensive combustion characteristic index 10 

S (%2/(min2/°C3)) of the samples were computed using expressions. The Di [27] was 11 

calculated using: 12 

mimaxi / ttRD =                             (1) 13 

where Rmax (%/min) is the maximum combustion rate, ti (min) is the ignition time that 14 

corresponds to ignition temperature Ti (°C), and tm (min) is the time, which 15 

corresponds to Rmax. The Ti values of the fuels were derived from their combined 16 

weight loss (TG) and rate of weight loss (DTG) plots, following the approach of Pu et 17 

al [28]. 18 

The S [28] was calculated using:  19 

)/( f
2

imax TTRRS v=                           (2) 20 

where Rv (%/min) is the average mass loss rates and fT  (°C) is the burnout 21 

temperatures. The burnout temperature of the sample is defined here as the 22 
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temperature value at which the weight of the fuel is found to stabilize in its TG plot.  1 

The combustion characteristic index S, however, is not applicable for 2 

biomass/coal blends, especially combustion index of blends S was used in this study in 3 

order to evaluate the combustion behavior of the blends and eliminate the effects 4 

caused by different blend ratios, and revised as follows [28]:  5 

)T/(TR
R

S ,j
f

2
iv

21
pj

M 2

∑
==                           (3) 6 

The first item in the numerator is the arithmetical average value of the maximum mass 7 

loss rates in the volatile release region (Rp1) and in the fixed carbon combustion region 8 

(Rp2), respectively. 9 

Higher values of Di, S or SM are typically indicative of fuel with better ignition 10 

and combustion performances.  11 

3.2 Kinetic Analysis  12 

The rate of homogeneous solid-state reactions is generally represented using: 13 

                  ( ) )(/exp/ αfRTEAdtdα −=                      (4) 14 

where α  is the conversion degree of the material, t  (min) is time, A (min-1) is the 15 

Arrhenius pre-exponential or frequency factor, E  (kJ/mol) is the activation energy, 16 

R (kJ/mol·K) is the universal gas constant and T (K) is the absolute temperature. In 17 

addition, ( )f α  is the reaction model function that is dependent on the reaction 18 

mechanism involved, and is represented as: 19 

                           nf )1()( αα −=                        (5) 20 

where n is the reaction order.  21 

Noting that the heating rate β (°C/min) of the sample is defined as: 22 
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 dtdT /=β   (6) 1 

Eq. (4) can therefore be rewritten as: 2 

                 ( )dTRTEAdα n /exp/)1/( −=− βα                 (7) 3 

or when expressed in an integrated form ( )(αg ): 4 

           ( )dTRTEAdg
T

T

α n ∫∫ −=−=
0

/exp/)1/()(
0

βααα              (8) 5 

The temperature expressions can be represented using: 6 

 tTT β+= 0  (9) 7 

where 0T refers to the initial temperature [29]. The degree of conversion of the material 8 

(α ) is defined as [30-31]: 9 

             )/()( iti ∞−−= mmmmα                       (10) 10 

where mi, mt and m∞ represent the mass of the sample in its initial state, at time t , and in 11 

its final state, respectively. 12 

 The exact ( )f α  of solid-state reactions are often complex and/or unknown as 13 

these reactions tend to involved multiple steps with different reaction rates. Model-free 14 

iso-conversional integral methods, which can compute kinetic parameters without prior 15 

modelling assumptions, are therefore commonly used to analyse the kinetics of the 16 

solid state reactions [24]. Two kinds of iso-conversional methods, Flynn–Wall–Ozawa 17 

(FWO) and Kissinger–Akahira–Sunose (KAS) methods, were applied respectively in 18 

this study to mutually verify the results obtained by each other. Although there are a 19 

great number of the methods of kinetic analysis of non-isothermal solid state reactions 20 

other than these two methods, the FWO and KAS methods have been demonstrated 21 

with good reliability and been used widely [32]. 22 
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 The FWO [20] and KAS [20,33] methods are represented by: 1 

)/(0516.1)](//0048.0ln[)ln( RTEgRAE −= αβ ,              (11) 2 

and  3 

RTEgEART /)](//ln[)/ln( 2 −= αβ                    (12) 4 

respectively. Therefore, by plotting )ln(β  (FWO method) or )/ln( 2Tβ  (KAS 5 

method) versus 1/T at selected α , the values of E can be obtained as function of the 6 

conversion degree. 7 

3.3 Determination of the Kinetic Model Function using Master Plots Method 8 

The lower limit of the integral in Eq. (8) that is associated with T0 can be 9 

approximated as zero as solid-state reactions are slow at low temperature conditions. 10 

Equation (8) can therefore be simplified to [20]:  11 

    )()/()( uPRAEg ×= βα  (13) 12 

Whilst the integral expression duueuP
u u )/()( 2∫∞

−−= ( RTEu /= ) in Eq. (13) cannot 13 

be solved analytically, a reasonably accurate approximation can be obtained with 14 

Doyle’s rational approximation [34]: 15 

)0516.1exp(00484.0)( uuP −= ,                 (14) 16 

Using a reference at point α = 0.5, the following equation can be derived from Eq. 17 

(13): 18 

)(/)((0.5)/)( 0.5uPuPgg =α ,                 (15) 19 

where g(0.5) is a constant for a given kinetic model function. Equation (15) 20 

indicates that for a given α, the value of experimentally determined 21 

reduced-generalized reaction rate )()/( 50.uPuP  and the theoretically calculated value 22 
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of )5.0(/)( gg α  are equivalent, when an appropriate kinetic model ( )f α  is selected 1 

to describe the rate process under investigation [29]. A comparison of the experimental 2 

plots of )()/( 50.uPuP  against α with the theoretical plots of )5.0(/)( gg α  against α 3 

can therefore be performed to determine the ( )f α  that provide the best agreement 4 

between the values, during the whole course of the process. A summary of the kinetic 5 

models that were applied drawn is provided in Table 2.  6 

4 Results and discussion 7 

4.1 Characteristics of Microalgae and Coal 8 

 As shown in Table 1, the carbon content of the microalgae sample was measured to 9 

be 47.84 wt%, which is less than the carbon content of the coal sample (66.47 wt%). 10 

This resulted in the lower heating value for the microalgae (21.88 MJ/kg) than coal 11 

(25.52 MJ/kg), as the amount of energy contained in carbon-carbon bonds is higher 12 

than that in the carbon–oxygen and carbon–hydrogen bonds, the higher measured 13 

oxygen content of the biomass, however, implies a greater thermal reactivity than the 14 

coal [35]. The microalgae was measured to have higher volatile matter (55.37 wt%) 15 

and ash (10.28 wt%) contents than the coal sample (35.12 wt% and 5.85 wt%). The 16 

volatile matter to fixed carbon ratios (VM/FCs) of the microalgae and coal samples are 17 

therefore approximated to be ~1.61 and ~0.59, respectively. Thus, the gas-phase 18 

oxidation of the volatile species is expected to be the more dominant form of 19 

combustion for the microalgae sample, which has a higher VM/FC than the coal sample 20 

[14]. In addition to that, given that the microalgae sample is found to contain a higher 21 

oxygen content and more volatile materials, which are the key elements that would 22 
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promote the initiation of ignition [36], it is anticipated that the microalgae would ignite 1 

at a lower temperature than coal.  2 

4.2 Effect of blending ratios  3 

The combustion characteristics of CCBs (MCR= 3/7, 5/5 and 7/3) and compared 4 

with pure materials are studied at β =20 °C / min. TG and DTG curves are shown in 5 

Fig.2 (a) and Fig.2 (b), respectively. 6 

As shown in Fig.2 (a), the TG plot, the profiles of CCB are alike, yet differ from 7 

that of pure C. vulgaris and coal. The combustion process of CCB can be divided into 8 

three stages: the first stage is from the ambient temperature (100°C) to 254.6~ 9 

389.4°C (depending on MCRs) , where the loss of both water and volatile compounds 10 

occurs; the second stage is from the end of the first stage to 698.7~ 741.0°C 11 

(depending on MCRs), where most volatile and carbonaceous species are 12 

burning—the main combustion process; the third stage is from the end of the second 13 

stage to 900°C, where carbonaceous residue is burning very slowly.  14 

At the main combustion stage, the volatile matters contribute to a sufficient 15 

amount of mass loss in CCBs, leading to two regions of combustion, i.e. volatile 16 

combustion and char combustion. So there are two peaks in each DTG curve of CCB 17 

(Fig.2 (b)). In the case of CCBs, it is observed that the shape of the DTG curves was 18 

very different from the pure C. vulgaris and coal. The DTG curve of pure C. vulgaris 19 

and pure coal respectively has two big peaks and one big peak. The main combustion 20 

process of pure C. vulgaris is initialized at 248.3°C, and terminated at 660.8°C, which 21 

is closed to that of CCBs. Coal’s burning initializes at highest temperature (408.3 °C), 22 
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and ends at highest temperature (765.1°C) compared with CCBs and pure C. vulgaris. 1 

The main combustion process of coal is carried out very quickly, so its DTG zone was 2 

very narrow.  3 

Based on the TG and DTG curve analysis in Fig.2, the combustion characteristic 4 

parameters of C. vulgaris, coal and their blends are shown in Table 3. From Table 3 it 5 

can be seen that the ignition temperature (Ti) corresponds to the point at which the 6 

burning profile underwent a sudden rise. Final temperature (Tf) is detected as mass 7 

stabilization. Both of Ti and Tf are decreased as the C. vulgaris content increased in 8 

the blends. The reason is V content of C. vulgaris is higher, which is 20.25% larger 9 

than that of coal. However, its FC content is lower than coal. The combustion of V 10 

content is very easy, while the combustion of fixed carbon is difficult. And with the 11 

increasing the volatile content of C. vulgaris in the blends, the total content of volatile 12 

matter is also increased, while total fixed carbon content is decreased. So fuels 13 

containing large amount of volatile matter are easy to ignite, and such fuels tend to 14 

burn quickly. So it is expected that the blending of high volatile C. vulgaris with coal 15 

always lowers the ignition temperature and final temperature. Therefore, the 16 

combustion behavior of the blends was greatly influenced by the proportion of C. 17 

vulgaris in the blends.  18 

Because the content of fixed carbon in coal is very high, so Tf of coal is highest 19 

between all samples. While compared to pure coal combustion, Ti of CCBs is lowered 20 

by 18.9-153.7 °C and Tf is lowered by 24.1-66.4 °C. This result is agreement with 21 

literature [9]. Thus, blending of C. vulgaris can improve the combustion 22 
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characteristics of low volatile coal, which indicates that co-combustion of C. vulgaris 1 

and coal is feasible.  2 

From Table 3 it also can be seen that the maximum weight loss rate (Rmax) of the 3 

C. vulgaris and blends with MCR=7/3 occur at the first peak, while Rmax of blends 4 

with MCR=3/7 and 5/5 occurs at the second peak. Rmax of blends with MCR=5/5 is 5 

more than that of MCR=7/3 and 3/7, but less than C. vulgaris and coal. Because Rmax 6 

of C. vulgaris occurred at the low temperature range corresponding to the volatile 7 

combustion, while Rmax of coal occurred at the high temperature range corresponding 8 

to the fixed carbon combustion, thus with increasing content of C. vulgaris in CCBs, 9 

the content of volatile is increased while the the content of fixed carbon is decreased 10 

in CCBs. And the temperature which Rmax occurred moved from high temperature 11 

(second peak) to low temperature (first peak), and at MCR=5/5, Rmax reached its 12 

maximum. Between all the samples, the Rmax value of C. vulgaris is maximum one, 13 

indicating that the combustion of C. vulgaris is very fast because of its high volatile 14 

content.  15 

The average reaction rate (Rv) of the samples is firstly decreased, and then 16 

increased as the content of C. vulgaris in CCBs increasing. Because the main 17 

combustion process of coal is carried out at a very narrow range, so its Rv is the 18 

highest one. Rv of CCBs is slightly decreased by 0.27-0.7%/min compared to pure 19 

coal combustion. While Rv of C. vulgaris is 3.87%/min, slight less than that of 20 

MCR=3/7, but more than that of MCR=5/5 and 7/3. This is because the effect of the 21 

temperature range for calculating Rv, the content of volatile and fixed carbon in CCBs 22 
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which caused the minimum Rv occurred at MCR=5/5. 1 

Further, it can be seen from Table 3 that the residues mass (Mr) at 900 °C is first 2 

increased, and then decreased as increasing the content of C. vulgaris in CCBs. The 3 

maximum Mr of CCBs is obtained at MCR=5/5, while the minimum Mr is obtained at 4 

MCR=3/7. Mr of CCBs is less than pure C. vulgaris, but more than pure coal. This 5 

may be caused by the interaction of C. vulgaris and coal during co-combustion. 6 

Further research is needed to determine it, and the detailed discussion is shown at 7 

section 4.3.  8 

Using the formula (1), (2) and (3), Di, S and SM can be calculated. The results are 9 

shown in Table 4. From Table 4, it can be seen that with the increasing content of C. 10 

vulgaris, Di is increased,while S is first increased and then decreased. Because S is not 11 

suitable for application of biomass/coal blends mentioned in section 3.1, so SM is better 12 

to evaluate the combustion behavior of the blends. From Table 4 it can be seen that SM 13 

is increased as the content of C. vulgaris increasing in the blends. Both of Di and SM 14 

are increased, indicating the ignition performance and the comprehensive combustion 15 

characteristics are better as the content of C. vulgaris in the blends  increasing. This 16 

result is agreement with that of lignite/cardoon and lignite/pine needles blends [37].  17 

4.3 Interaction between the blends of C. vulgaris and coal 18 

To further assess the interactions between the microalgae and the coal 19 

components within the blends, the theoretical DTG curves of the blends (Rcalculated) at 20 

different MCR values, are calculated from the sum of decomposition curves of each 21 

individual component:  22 
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ccmmcalculated RxRxR += .                     (16) 1 

In Equation 16, Rm and Rc are the mass loss rates of microalgae and coal, 2 

whereas the xm and xc represent the proportions of microalgae and coal within the 3 

blend, respectively. The theoretically derived curves are subsequently plotted and 4 

compared with the experimentally obtained DTG curves of the blends (Rexperimental), as 5 

is shown in Fig. 3. A close agreement between the curves is expected, if there is no 6 

significant interaction between the components in the blend.  7 

From Fig. 3, the features of the initial and the end stages of the blends are found 8 

to be similar, which indicates that the interaction of the microalgae with coal is not 9 

significant in these temperature range. Some discrepancies between the calculated and 10 

the experimental curves, however, can be observed for the blends in the middle stage 11 

of mass loss. The deviation is especially significant for the blend with a MCR of 7/3, 12 

this result is similar to both biomasses (sorghum bagasse and sugarcane bagasse) with 13 

coal blends [38] combustion. The discrepancies in the curves imply that some 14 

interactions have occurred between the two individuals, to affect the combustion 15 

processes of the blends. The interactions are especially pronounced in the higher 16 

temperature range, when a higher proportion of microalgae is present within the blend, 17 

which is the same with CBP (Composite biomass pellets) and coal at high temperature 18 

[39]. This result indicates that the increased presence of microalgae within the blend, 19 

can result in a more heterogeneous reaction rate in the higher temperature range, but 20 

with decreased intensity. This finding therefore indicates that experimental 21 

measurements must be performed to ascertain if the combustion stability and the heat 22 
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release profile of the microalgae and coal blend is within the allowable range of the 1 

combustion system, prior to use. 2 

4.4 Effect of heating rate on the co-combustion of C. vulgaris and coal 3 

The TG and DTG curves for the biomass and coal blend sample, with a MCR of 4 

5/5, at three selected heating rates (βs) of 10, 20 and 40 °C/min are presented in 5 

Figs. 4 (a) and 4 (b), respectively. The combustion characteristic parameters of the 6 

blend at the selected βs that are derived from the plots, are also summarized in Table 7 

5. It is noted that the biomass and coal blends are all found to display qualitatively 8 

similar characteristics for each of the heating rates considered in this study. Therefore, 9 

only the results obtained for the blend with a MCR of 5/5 are presented and discussed 10 

herein. From Fig. 4(a), it can be seen the TG curves are found to shift to higher 11 

temperature range with higher β, without any significant change their shapes. The 12 

corresponding DTG curves of the blend in Fig. 4(b) are also found to complete over a 13 

wider temperature range, in addition to shifting towards higher temperature region. 14 

The intensity of the peaks in the DTG profiles becomes more pronounced with 15 

increasing β. The shift in the temperature range implies that there may be a more 16 

significant thermal lag at higher β. This could be the result of a reduction in the time 17 

available for the whole sample to reach the same temperature as the surrounding, 18 

when a higher β is applied. It is noted that similar observations have been also 19 

reported in previous thermogravimetric investigations of various materials [40]. An 20 

increase in reactivity was noted as the heating rate increases, which indicates that 21 

combustion intensity is enhanced by higher heating rates. The increase in the intensity 22 
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of the peaks, on the other hand, implies that an enhancement in the combustion 1 

intensity of the blend when heat is supplied at a greater rate, which is to be expected.  2 

The shift in the temperature range and the increase in the intensity of the peak 3 

are also reflected in the thermal characteristic data of the blend, which is presented in 4 

Table 5. For example, from Table 5, it can be seen that the Ti and Tf of the blend are 5 

found to shift from 244.3 to 268.8 °C, and from 685.4 to 797.5 °C, respectively, when 6 

the β was increased from 10 to 40 °C/min. The values of the first and second peaks 7 

are also measured to increase from 1.68 to 7.93 %/min, and from 3.91 to 8.56 %/min, 8 

respectively, over the same β range. It is interesting to note, however, the Mr value of 9 

the blend is found to be the least at the lowest β. The reason is that the reaction during 10 

combustion depend on the duration and intensity of heating of the substrate. Thus, 11 

different heating rates produce different end products. At higher heating rates, because 12 

lack of sufficient time for the consecutive reactions occurrence and reduction in heat 13 

transfer efficiency from the surface to the core of the sample, it will result less 14 

complete decomposition and more Mr produced of the sample when higher heating 15 

rate was applied [40]. Besides, the variation of Mr at higher heating rates (20 and 16 

40°C/min) is minimal. This result is similar to two kinds of autotrophic microalgae 17 

(Spirulina platensis and Chlorella protothecoides) [19]. 18 

4.5 Kinetics analysis 19 

To further evaluate the effect of the blending ratio on the characteristics of the fuel 20 

samples from Ti to Tf, the FWO (Eq. 11) and KAS (Eq. 12) methods were used to 21 

compute the kinetics parameters (E). Table 6 shows the value of the kinetic parameter 22 
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(E) that are derived using both FWO and KAS methods, and their corresponding linear 1 

correlation factors (R2). From the table, it can be seen that the values of R2 are within 2 

the range of 0.91939 and 1.00.  3 

From Table 6, the values of E for all fuels are observed decrease gradually as the 4 

conversion degree increases. Besides, with the increasing content of C.vulgaris in the 5 

blends, the E of blends is the first reduced, and then increased. The E values of blends 6 

of Indian coal mixing with treated municipal solid waste also has the same trend [41]. 7 

This is because the temperature range for calculated E of C.vulgaris is wider than that 8 

of coal, so the E values of blends is increased (except MCR=3/7) with increasing the 9 

content of C.vulgaris. However, at MCR=3/7, the E value reaches its maximum. This 10 

result indicates that the 30% C.vulgaris is not suitable for co-firing with coal.  11 

The E value of coal ranging from 44.81 to 78.29 kJ/mol, which is of similar 12 

magnitude to the E value reported for a semi-anthracite coal sample (84.59 kJ/mol), 13 

which has a similar carbon content (63.15 wt%) [36]. The burning of the microalgae 14 

and the blends, on the other hand, display greater E range between 55.72 and 15 

163.54 kJ/mol.  16 

For the blends, the average value of E derived by FWO and KAS methods is 17 

ranged from 85.28 kJ/mol to 108.99 kJ/mol, and the minimum E is obtained as MCR= 18 

5/5. This means that blend with MCR= 5/5 is favorable to ensure lower activation 19 

energy resulting in lower temperature requirement for promotion of combustion. 20 

For the pure C.vulgaris, its average E is 104.98 kJ/mol, which is more 42.08 21 

kJ/mol than that of pure coal. This indicates that the coal sample has a better reactivity 22 
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than microalgae in the temperature ranged from Ti to Tf, which is consistent with the 1 

earlier results presented in Section 4.2. It is noteworthy that there are many studies that 2 

have observed lower E for their coal samples, when compared with the biomass 3 

samples that they were investigating, which include forest residual, cotton residual, 4 

wood [9], microalgae [25], and vice versa. The discrepancies in the trends reported in 5 

the literature can be attributed to different factors, such as the properties of the 6 

investigated fuels and the operating parameters used [25]. Care must therefore be taken 7 

before making direct comparisons.  8 

As is noted in Section 3.3, the experimentally determined value of the 9 

reduced-generalized reaction rate )()/( 50.uPuP  and the theoretically calculated value 10 

of )5.0(/)( gg α  are equivalent when an appropriate ( )f α  is applied to describe the 11 

rate process under investigation. Using the average value of E calculated by KAS and 12 

FWO method, along with the temperature measured during the experiments, the P(u) 13 

can subsequently be derived using Eq. (14). The experimental master plots of 14 

)()/( 50.uPuP  versus α for C.vulgaris, coal and their blends, at three selected β values of 15 

10, 20, and 40°C/min, are presented in Fig. 5. From Fig. 5, it can be seen that the 16 

experimental master-plots for the same fuel, at different heating rates, are similar in 17 

features. This implies that their combustion kinetics at different heating rates could be 18 

represented using a single kinetic model [20]. Comparisons are therefore only made 19 

between the theoretically derived )5.0(/)( gg α  for several kinetic functions (Table 2), 20 

and the experimentally derived )()/( 50.uPuP , for the data recorded at a β value of 21 

20 °C/min, in Fig. 6.  22 
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From Fig. 6, it can be seen that an exact match between the theoretical master 1 

plots and the experimental master-plots is not obtained. Nonetheless, the comparison 2 

reveals that the characteristics of the experimental master-plots of microalgae and the 3 

blends may have some similarities with the behaviours of the theoretical master-plots 4 

generated using the Fn kinetic functions, which are close the theoretical master-plots of 5 

F2 or F3. 6 

 The experimental master-plot of the coal sample is also observed to display some 7 

resemblances with the theoretical master-plots generated using kinetic functions of F1 8 

and F2, or D1 and D2 from Table 2. To further determine the Fn or the Dn models that 9 

better match the experimental data of coal, plots of )5.0(/)( gg α  versus α, using Fn 10 

and Dn models, for n =1 and 2, are therefore plotted against the experimental 11 

master-plots of the coal sample in Figs. 7(a) and Figs. 7(b), respectively. Similarly, 12 

plots of )5.0(/)( gg α  versus α generated using Fn models, for n values ranging from 2 13 

to 10, are also plotted against the experimental master-plots of the microalgae and the 14 

blends in Fig. 7(c). From the figures, it can be seen that the experimental master-plot 15 

of coal displays a closer agreement with the theoretical master-plots that were 16 

generated using kinetic functions of F1 and F2. 17 

The experimental master-plots of the microalgae and the blends, on the other 18 

hand, are observed to reside between the theoretical master-plots that were generated 19 

using kinetic functions of F2 and F5. Together, these findings indicate that the kinetic 20 

processes of coal, microalgae and their blends are best represented using 21 

)1/(]1)1[()( 1 −−−= − ng nαα . Equation (13) can therefore be expressed as: 22 

 21 



 

)1/(]1)1[()()/()( 1 −−−=×= − nuPRAEg nαβα               (17) 1 

By plotting )1/(]1)1[( 1 −−− − nnα versus )()/( uPRE ×β  for different values of n, 2 

the method of least square can therefore be used to determine the most optimal value of 3 

n (highest R2 and lowest intercept value) for each fuel. The pre-exponential factors (A) 4 

can also be derived from the slopes of the plots. The kinetic triplets (E, n and A) of the 5 

pure coal, blends with MCR of 3/7, 5/5, 7/3 and pure microalgae C. vulgaris 6 

combustion at β=20 °C/min are respectively E=62.90, 108.99, 85.28, 92.27, 104.98 7 

kJ/mol, n =1.4, 4.1, 2.7, 3.2, 4 and A =6.38×105, 1.05×106, 2.29×104, 8.73×104, 8 

2.93×106 min-1. R2 is within the range of 0.99909 and 0.99950.  9 

5 Conclusions 10 

Three stages of CCBs during the combustion can be distinguished, and the main 11 

combustion stages are ranged from 254.6~ 389.4°C to 698.7~ 741.0°C (depending on 12 

MCRs) . Rmax of C. vulgaris is maximum one. Rv of blend with MCR=5/5 is minimum 13 

one. Both of Di and SM are increased as increasing the content of C. vulgaris in CCBs. 14 

Slight interaction was observed during the co-combustion of C. vulgaris and coal. As β 15 

increases, Ti, Tp, Rp ,Rv and Tf are all increased significantly. MCR= 3/7 is not suitable 16 

for co-firing, while MCR= 5/5 is favorable to ensure lower activation energy. The 17 

kinetic triplets are obtained by the Kissinger–Akahira–Sunose (KAS), 18 

Flynn–Wall–Ozawa (FWO), and master-plots method, they are respectively E=62.90, 19 

108.99, 85.28, 92.27, 104.98kJ/mol, n =1.4, 4.1, 2.7, 3.2, 4 and A =6.38×105, 1.05×106, 20 

2.29×104, 8.73×104, 2.93×106 min-1 for the coal, blends with MCR of 3/7, 5/5, 7/3 and 21 

C. vulgaris combustion at β=20 °C/min. The The combustion characteristics and 22 
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kinetic results presented are important to help explain and predict the behavior of the 1 

microalgae and its blends with coal, in practical applications. 2 
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Figure captions 

Fig.1. Schematic diagram of the experimental setup used for thermogravimetric 

analysis. 

Fig.2(a) TG curves of microalgae, coal and their blends with microalgae to coal ratio 

(MCR) of 3/7, 5/5 and 7/3, under a heating rate (β) of 20 °C/min. 

Fig.2(b) DTG curves of microalgae, coal and their blends with microalgae to coal 

ratio (MCR) of 3/7, 5/5 and 7/3, under a heating rate (β) of 20 °C/min. 

Fig.3(a) Comparisons of the calculated with the experimental observed DTG profiles 

of the blends with MCR of 3/7, under a β of 20 °C/min. 

Fig.3(b) Comparisons of the calculated with the experimental observed DTG profiles 

of the blends with MCR of 5/5, under a β of 20 °C/min.. 

Fig.3(c) Comparisons of the calculated with the experimental observed DTG profiles 

of the blends with MCR of 7/3, under a β of 20 °C/min. 

Fig.4(a). TG curves of the blend with MCR of 5/5 at three selected βs of 10, 20 and 

40°C/min.  

Fig.4(b). DTG curves of the blend with MCR of 5/5 at three selected βs of 10, 20 and 

40°C/min.  

Fig.5(a) The experimental master-plots )(/)( 5.0uPuP  versus the degree of 

conversion (α) for the coal, at three selected βs of 10, 20 and 40°C/min. 

Fig.5(b) The experimental master-plots )(/)( 5.0uPuP  versus the degree of 

conversion (α) for the blends with MCR of 3/7, at three selected βs of 10, 20 and 

40°C/min. 
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Fig.5(c) The experimental master-plots )(/)( 5.0uPuP  versus the degree of 

conversion (α) for the blends with MCR of 5/5, at three selected βs of 10, 20 and 

40°C/min.. 

Fig.5(d) The experimental master-plots )(/)( 5.0uPuP  versus the degree of conversion 

(α) for the blends with MCR of 7/3, at three selected βs of 10, 20 and 40°C/min. 

Fig.5(e) The experimental master-plots )(/)( 5.0uPuP  versus the degree of conversion 

(α) for the microalgae, at three selected βs of 10, 20 and 40°C/min. 

Fig.6. The theoretical master-plots )5.0(/)( gg α  and the experimental master plots 

)(/)( 5.0uPuP  versus α for the different fuel samples under β of 20°C/min 

Fig.7(a) The experimental master-plots )(/)( 5.0uPuP  and the theoretical master-plots 

)5.0(/)( gg α  of the coal sample, generated using Fn model, versus α of the sample, 

under a β of 20°C/min. 

Fig.7(b) The experimental master-plots )(/)( 5.0uPuP  and the theoretical 

master-plots )5.0(/)( gg α of the coal sample, generated using Dn model, versus α of 

the sample, under a β of 20°C/min. 

Fig.7(c) The experimental master-plots )(/)( 5.0uPuP  and the theoretical master-plots  

)5.0(/)( gg α of the microalgae and blends, generated using Fn model, versus α of the 

sample, under a β of 20°C/min. 
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Tables 

Table 1  

Ultimate analysis, proximate analysis and lower heating values of C. vulgaris and coal (dry basis). 

Samples 
Ultimate analysis (wt %) Proximate analysis (wt %) 

Qnet,d
a(MJ/kg) 

C H Ob N S Vc Ad FCe 

C. vulgaris 47.84 6.41 25.00 9.01 1.46 55.37 10.28 34.35 21.88 

Coal 66.47 4.76 20.84 0.96 1.12 35.12 5.85 59.03 25.52 

 

a Qnet,d: Lower heating value on dry basis 

b Calculated by difference, O (%) = 100-C-H-N-S-ash  

c V: Volatile matters 

d A: Ash 

e FC: Fixed carbon 
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Table 2  

Commonly used kinetic model functions to describe solid state processes. 

Mechanisms Symbol F(α) g(α) 

Order of reaction 

First-order F1 1-α -ln(1-α) 

Second-order F2 (1-α)2 (1-α)-1-1 

Third-order F3 (1-α)3 [(1-α)-2-1]/2 

Diffusion 

One-way transport D1 0.5α α2 

Two-way transport D2 [-ln(1-α)]-1 α+(1-α)ln(1-α) 

Three-way transport D3 1.5(1-α)2/3[1-(1-α)1/3]-1 [1-(1-α)1/3]2 

Ginstling-Brounshtein 
equation D4 1.5(1-α)1/3-]-1 (1-2α/3)-(1-α)2/3 

Limiting surface reaction between both phases 

One dimension R1 1 α 

Two dimensions R2 2(1-α)1/2 1-(1-α)1/2 

Three dimensions R3 3(1-α)2/3 1-(1-α)1/3 

Random nucleation and nuclei growth 

Two-dimensional A2 2(1-α) [-ln(1-α)]1/2 [-ln(1-α)]1/2 

Three-dimensional A3 3(1-α) [-ln(1-α)]2/3 [-ln(1-α)]1/3 

Exponential nucleation   

Power law, n = 1/2 P2 2α1/2 α1/2 

Power law, n = 1/3 P3 3α2/3 α1/3 

Power law, n = 1/4 P4 4α3/4 α1/4 

 

2 
 



Table 3 

Combustion characteristic parameters of C. vulgaris, coal and their blends, under a heating rate (β) 

of 20 °C/min.

Samples Ti
f(°C ) 

Tp
g(°C ) Rp

h(%/min) 
Rv

i(%/min) Tf
j(°C) Mr

k(%) 
Tp1

l Tp2
m Rp1

n Rp2
o 

Pure coal 408.3 525.7 - 6.87 - 4.22 765.1 6.83 

MCR= 3/7 389.4 286.0 538.5 2.38 6.56 3.95 741.0 7.51 

MCR= 5/5 255.6 285.0 530.8 3.98 6.69 3.52 711.1 12.32 

MCR= 7/3 254.6 282.1 572.6 5.70 5.19 3.70 698.7 8.77 

Pure C. vulgaris 248.3 279.3 569.1 7.92 6.13 3.87 660.8 12.56 

 

 

 

 

 

f Ti: Ignition temperature 

g Tp: Peak temperature 

h Rp: Reaction rate at the peaks 

i Rv: Average reaction rate during the temperature ranging from the ignition temperature to the final 

temperature 

j Tf: Temperature (final) detected when stabilization of samples mass occurred 

k Mr: Residual mass at 900°C 

l Tp1: Temperature of the first major peak 

m Tp2: Temperature of the second major peak 

n Rp1: Reaction rate for the first major peak 

o Rp2: Reaction rate for the second major peak 
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Table 4 

Ignition index (Di) and comprehensive combustion characteristic index (S) for the C. vulgaris, coal and 

their blends, under a heating rate (β) of 20 °C/min. 

Samples 
ti

p 

(min) 

Rmax
q 

(%/min) 
tm

r (min) Di(%/min) 
S×107 

(%2/(min2/°C3)) 

SM×107 

(%2/(min2/°C3)) 

Pure coal 27.23 6.87 33.1 5.65 2.27 - 

MCR= 3/7 26.3 6.56 33.8 3.42 2.31 1.57 

MCR= 5/5 19.89 6.69 33.4 3.98 5.07 4.04 

MCR= 7/3 19.6 5.7 21.1 5.29 4.66 4.45 

Pure C. 

vulgaris 
19.58 7.92 21 7.38 7.52 - 

 

p ti: Ignition time, which corresponds to ignition temperature (Ti) 

q Rmax: Maximum combustion rate 

r tm: Time that corresponds to the maximum combustion rate 
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Table 5 
Combustion characteristic parameters of the blend with a microalgae to coal ratio (MCR) of 5/5 at three 

selected heating rates (βs). 

Sample 

β 

(°C/

min) 

Ti(°C ) 

Tp(°C) Rp(%/min) 

Rv(%/min) Tf(°C ) Mr(%) 
Tp1 Tp2 Rp1 Rp2 

MCR = 5/5 

10 244.3 275.7 513.4 1.68 3.91 1.85 685.4 9.90 

20 255.6 285.0 530.8 3.98 6.69 3.52 711.1 12.32 

40 268.8 300 576.0 7.93 8.56 6.35 797.5 11.68 
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Table 6 

Activation energy (E) values for different degree of conversion (α) of the samples, derived using the 

Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS) methods. 

Samples α 
FWO method KAS method 

E(kJ/mol) R2 E(kJ/mol) R2 

Pure coal 

0.2 77.76 0.99325 71.19 0.99042 
0.3 78.29 1 66.26 0.99776 
0.4 72.96 0.99852 61.52 1 
0.5 68.5 1 57 0.99814 
0.6 64.4 0.99884 52.71 0.99289 
0.7 60.64 0.9959 48.65 0.9847 
0.8 55.92 0.98987 44.81 0.97377 

Average 68.35  57.45  

MCR=3/7 

0.2 163.54 0.99325 162.72 0.97747 
0.3 141.13 0.97959 132.73 0.9635 
0.4 132.99 0.92308 111.12 0.95061 
0.5 109.42 0.94936 94.82 0.93873 
0.6 98.03 0.93557 82.07 0.92756 
0.7 84.49 0.95301 71.8 0.91681 
0.8 77.58 0.94232 63.33 0.90613 

Average 115.31  102.66  

MCR=5/5 

0.2 121.28 0.9959 115.28 0.99682 
0.3 99.36 0.99726 100.83 0.98839 
0.4 97.23 0.97581 88.81 0.97721 
0.5 88.07 0.96428 78.66 0.96446 
0.6 80.35 0.95301 69.97 0.95063 
0.7 70.46 0.96428 62.41 0.93569 
0.8 65.43 0.95523 55.72 0.91939 

Average 88.88  81.67  

MCR=7/3 

0.2 121.28 0.9959 119.39 0.99744 
0.3 108.16 0.98684 106.62 0.9986 
0.4 99.36 0.99726 95.87 0.99932 
0.5 91.33 1 86.67 0.99974 
0.6 91.33 1 78.64 0.99994 
0.7 78.29 1 71.51 1 
0.8 78.29 1 65.08 0.99992 

Average 95.43  89.11  

Pure C. vulgaris 

0.2 147.54 0.94232 154.02 0.92826 
0.3 134.21 0.97959 131.33 0.96319 
0.4 117.43 0.96428 112.9 0.98196 
0.5 99.36 0.99726 97.94 0.99204 
0.6 90.5 0.99082 85.62 0.99724 
0.7 84.14 0.99804 75.28 0.99954 
0.8 72.96 0.99852 66.43 0.99996 

Average 106.59  103.36  
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Fig.1. The (a) TG and the (b) DTG curves of microalgae, coal and their blends with 

microalgae to coal ratio (MCR) of 3/7, 5/5 and 7/3, under a heating rate (β) of 20 °C/min. 
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Fig.2. Comparisons of the calculated with the experimental observed DTG profiles of the 

blends with MCR of (a): 3/7, (b): 5/5,  and (c):7/3 under a β of 20 °C/min.  
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Fig.3. The (a) TG and the (b) DTG curves of the blends with MCR of 5/5, at three selected βs 

of 10, 20 and 40°C/min. 
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Fig.4. The experimental master-plots )(/)( 5.0uPuP  versus α for the (a): coal, blends with 

MCR of (b): 3/7, (c):5/5, (d): 7/3, and (e): microalgae, at three selected βs of 10, 20 and 

40°C/min. 
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Fig.5. The theoretical master-plots )5.0(/)( gg α  and the experimental master plots 

)(/)( 5.0uPuP  versus α for the different fuel samples under β of 20°C/min. 
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Fig.6. The experimental master-plots )(/)( 5.0uPuP  and the theoretical master-plots 

)5.0(/)( gg α  of the coal sample, generated using (a): Fn or (b): Dn model, versus α of the 

sample. (c): The )(/)( 5.0uPuP  and the )5.0(/)( gg α  plots of the microalgae and blends, 

generated using Fn model, versus α of the samples. The experiments were performed under a 

β of 20°C/min. 
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Abstract


The combustion characteristics and kinetics of microalgae (Chlorella vulgaris) and sub-bituminous coal blends (CCBs) are studied by a thermogravimetric analyzer (TGA), and those of pure Chlorella vulgaris (C. vulgaris) and coal were also taken respectively as control groups. The microalgae to coal blending ratio (MCR) is 3/7, 5/5 and 7/3. The results showed that three stages were observed during the combustion of CCBs. And the main combustion of CCBs was occurred at the second stage ranged from 254.6~ 389.4°C to 698.7~ 741.0°C. Both of Ti and Tf were decreased as the C. vulgaris content increased in the CCB. Rmax of C. vulgaris was maximum. Rv was firstly decreased, and then increased as the content of C. vulgaris in CCBs increasing. With the increasing content of C. vulgaris, both of Di and SM were increased. Some deviations from their expected characteristics indicate interaction. As β increases, Ti, Tp, Rp ,Rv and Tf were all increased significantly, while Mr was first increased, and then decreased. For CCBs, E was the first decreased, and then increased, and the minimum E was obtained as MCR= 5/5. Among all the samples, E of pure coal was the minimum one. Finally, kinetic triplets were determined by the Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO), and master-plots method.


Key words: Microalgae; Chlorella vulgaris; Co-combustion; Coal; Thermogravimetric analysis (TGA)


1 Introduction

Driven by the depletion of world's energy reserves and ever-increasing fuel prices, in addition to the challenges of limiting global warming, there is a strong motivation to seek alternative renewable energy resources, such as biomass fuels. The utilization of biomass fuels for power generation is attractive as they offer potential benefits in reducing greenhouse gas emissions, and in substituting part of the conventional energy sources [1].


Microalgae [2] are widely considered as one of the most promising sources of biomass [3]. The use of microalgae as the biomass feedstock is attractive as they have huge carbon abatement volume, in addition to faster growth rates and higher yields, when compared with other potential biomass feedstock, such as terrestrial plants [4]. Many microalgae can also be cultivated in less arable land [5]. Moreover, unlike some other forms of biomass, microalgae production has limited impact on the utilization of land and resources otherwise used for food production. Chlorella vulgaris (C. vulgaris) is a species of Chlorella [6], and is widely considered as one of the most promising sources of biomass, ever since its first large-scale culture at Japan in the early 1960s [7]. This microalgae species is therefore selected for the purpose of this study.


Combustion is one of the most important and mature pathways to extract energy from various fuel sources [8]. The direct combustion of microalgae biomass in existing power plants for power generation is an attractive option [9], as it can offer potential economic benefit through reduced infrastructure investment, in addition to the environmental benefits that it can bring. It is therefore important to understand the combustion characteristics of microalgae, which is the one main aims of this work. 

The co-combustion of biomass with fossil fuel resources, such as coal, is another attractive option that can lead to environmental, technical and economic benefits [6,10]. The co-combustion of the blends can help to reduce the consumption of non-renewable fossil fuels for power generation [11]. Furthermore, existing fossil fuel powered plants may continue to be used with few modifications, when the co-combustion option is implemented [12]. The differences in the composition and the heating properties of the biomass and fossil fuels [13] also provide opportunities for synergy to be achieved [3] during the co-combustion of the blends. For example, Wang et al.[14] reported that the mixing of biofuel with coal can be used to achieve a more continuous heat release from the corresponding combustion process. Previous studies have also demonstrated that the fouling and ash deposition problems on convective heating surfaces, which are typically encountered during the combustion of biomass, can be alleviated through co-firing [15]. The co-combustion of sub-bituminous coal with biomass in power stations has also been reported to display synergetic effect of reducing the greenhouse gases emissions per unit of energy produced [16] when compared with the combustion of pure coal. In view of all these aforementioned factors, a more detailed understanding of the thermal characteristics and kinetics of the microalgae/coal blends, is essential. on the other hand, the combustion kinetic information of the fuels, provides critical information that is needed for modelling studies, which are required for fine-tuning the operation of the corresponding systems. 

At present, the study of microalgae is more focused on the microalgae cultivation [17-18], pyrolysis [5-6,19-21] and comparison between the pyrolysis and the combustion in air atmosphere [22] and comparison between the combustion in 20%O2/80%N2 with 20%O2/80%CO2 atmospheres [23] and comparison the combustion under different oxygen supply concentrations in an O2/N2 atmosphere [24]. Besides, the co-combustion characteristics of microalgae and coal under O2/N2 and O2/CO2 atmospheres were also studied by using the thermogravimetry. Reference [25] mainly studied the difference of combustion characteristics (ignition temperature, burnout temperature, peak temperature and maximum weight loss rate) and kinetic (activation energy E) of microalgae/coal blends in different atmospheres (O2/N2 and O2/CO2 atmosphere). Reference [26] mainly studied the effect of oxygen concentration on microalgae combustion and compared the characteristic parameters (ignition temperature, peak temperature, maximum weight loss rate and E) of microalgae/ coal blends under O2/N2 atmospheres with O2/CO2 atmosphere. However, the comprehensive combustion characteristics and the combustion kinetic triplets of microalgae/ coal blends at different blending ratios have not been reported yet.

This work is to characterize the combustion behavior of microalgae (C. vulgaris), sub-bituminous coal and their blends by a thermogravimetric analyzer (TGA) in an 21%O2/79%N2 atmosphere. The effects of C. vulgaris/coal blending ratios (3/7, 5/5 and 7/3) and heating rates (βs) (10, 20, and 40°C/min) on the combustion of the samples are studied. The ignition index (Di) and the comprehensive combustion characteristic index (S and SM) are used to evaluate the combustion characteristics of the fuels. The interaction of C. vulgaris and coal during co-combustion is investigated. In addition, the combustion kinetic triplets (E, n and A) of pure C.vulgaris, coal and their blends are studied by the Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO) and master-plots method. The critical information generated will guide the operation or future design of combustion units utilizing the co-combustion of microalgae and coal.


2 Materials and methods


2.1 Materials

The powder of C. vulgaris and sub-bituminous coal (low rank) are respectively provided by Jiangmen Yue Jian Biotechnologies Co, Ltd. (Guangdong Province, China) and Lingli Sugar Refinery and Power Plant located at Nanning (Guanxi Zhuang autonomous region, China). These two samples are used in this study. The coal is difficult to fire and burn and its C/H are about 13.96 which are much higher than C. vulgaris (7.46). Thus, it was chosen to blend with C. vulgaris. The samples of C. vulgaris and coal were prepared by pulverization in a mortar to be small enough to eliminate the heat transfer effects and dried at 105 (C for 24 hours, and then blended complying with the ratios of 3/7, 5/5 and 7/3 in weight by tumbling for 2 hours to achieve proximate homogeneity. Finally, the powder of CCB, pure C. vulgaris and pure coal were sieved to achieve a size-range less than 200μm. 


The ultimate analysis, proximate analysis and lower heating values of samples were carried out through Vario EL-II chons elemental analyzer (Elementar Analysen systeme Gmbh, Germany), MA260S electronic balance (Shanghai Second Balance Instrument Factory, Shanghai, China) and Parr 6300 oxygen bomb calorimeter (PARR instrument company, America) correspondingly. The results are shown in Table 1. From Table 1 it can be seen that the proximate and ultimate analyses results and lower heating values of C. vulgaris and coal differ considerably.

2.2.
Experimental Methods


Combustion tests were performed using a thermogravimetry analyzer (American TA Q500) that can measure a maximum sample weight of 1g, with a sensitivity of 0.1 µg. Schematic diagram of the experimental setup used for thermogravimetric analysis is shown in Fig.1. The tests were performed at atmospheric pressure condition and under artificial air environment. Carrier gas with a gas composition of 21% oxygen and 79% nitrogen (by volume), was introduced into the analyzer at a fixed flow rate of 100mL/min throughout the experiments, to simulate air condition. 


All samples were initially heated from 40 to 105(C, under which they were held for 10 minutes to ensure that all parts of the samples were of the same initial temperature value, prior to the start of the experiments. Each sample was then heated up to 900(C at three different βs of 10, 20 and 40 (C/min, respectively. To minimize the effects of heat and mass transfer limitations [24], small sample masses (10±0.1 mg) were used for the experiments. 


3 Data Analysis Methodologies


3.1 Characterization of Ignition and Combustion Properties


In order to evaluate the ignition and the combustion characteristics of the fuels, the ignition index Di (%/min), and the comprehensive combustion characteristic index S (%2/(min2/°C3)) of the samples were computed using expressions. The Di [27] was calculated using:
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where Rmax (%/min) is the maximum combustion rate, ti (min) is the ignition time that corresponds to ignition temperature Ti (°C), and tm (min) is the time, which corresponds to Rmax. The Ti values of the fuels were derived from their combined weight loss (TG) and rate of weight loss (DTG) plots, following the approach of Pu et al [28].


The S [28] was calculated using: 
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where Rv (%/min) is the average mass loss rates and 
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 (°C) is the burnout temperatures. The burnout temperature of the sample is defined here as the temperature value at which the weight of the fuel is found to stabilize in its TG plot. 


The combustion characteristic index S, however, is not applicable for biomass/coal blends, especially combustion index of blends S was used in this study in order to evaluate the combustion behavior of the blends and eliminate the effects caused by different blend ratios, and revised as follows [28]: 
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The first item in the numerator is the arithmetical average value of the maximum mass loss rates in the volatile release region (Rp1) and in the fixed carbon combustion region (Rp2), respectively.

Higher values of Di, S or SM are typically indicative of fuel with better ignition and combustion performances. 

3.2 Kinetic Analysis 


The rate of homogeneous solid-state reactions is generally represented using:
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where 
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 is the conversion degree of the material, 
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 is the reaction model function that is dependent on the reaction mechanism involved, and is represented as:
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where n is the reaction order. 

Noting that the heating rate 
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Eq. (4) can therefore be rewritten as:
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or when expressed in an integrated form (
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The temperature expressions can be represented using:
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where 
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where mi, mt and m∞ represent the mass of the sample in its initial state, at time t , and in its final state, respectively.



The exact 
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 of solid-state reactions are often complex and/or unknown as these reactions tend to involved multiple steps with different reaction rates. Model-free iso-conversional integral methods, which can compute kinetic parameters without prior modelling assumptions, are therefore commonly used to analyse the kinetics of the solid state reactions [24]. Two kinds of iso-conversional methods, Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS) methods, were applied respectively in this study to mutually verify the results obtained by each other. Although there are a great number of the methods of kinetic analysis of non-isothermal solid state reactions other than these two methods, the FWO and KAS methods have been demonstrated with good reliability and been used widely [32].



The FWO [20] and KAS [20,33] methods are represented by:
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and 
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respectively. Therefore, by plotting 
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, the values of E can be obtained as function of the conversion degree.

3.3 Determination of the Kinetic Model Function using Master Plots Method


The lower limit of the integral in Eq. (8) that is associated with T0 can be approximated as zero as solid-state reactions are slow at low temperature conditions. Equation (8) can therefore be simplified to [20]: 



   

[image: image28.wmf])


(


)


/(


)


(


u


P


R


AE


g


´


=


b


a



(13)


Whilst the integral expression 
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Using a reference at point α = 0.5, the following equation can be derived from Eq. (13):
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where g(0.5) is a constant for a given kinetic model function. Equation (15) indicates that for a given α, the value of experimentally determined reduced-generalized reaction rate 
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 that provide the best agreement between the values, during the whole course of the process. A summary of the kinetic models that were applied drawn is provided in Table 2. 

4 Results and discussion


4.1
Characteristics of Microalgae and Coal



As shown in Table 1, the carbon content of the microalgae sample was measured to be 47.84 wt%, which is less than the carbon content of the coal sample (66.47 wt%). This resulted in the lower heating value for the microalgae (21.88 MJ/kg) than coal (25.52 MJ/kg), as the amount of energy contained in carbon-carbon bonds is higher than that in the carbon–oxygen and carbon–hydrogen bonds, the higher measured oxygen content of the biomass, however, implies a greater thermal reactivity than the coal [35]. The microalgae was measured to have higher volatile matter (55.37 wt%) and ash (10.28 wt%) contents than the coal sample (35.12 wt% and 5.85 wt%). The volatile matter to fixed carbon ratios (VM/FCs) of the microalgae and coal samples are therefore approximated to be ~1.61 and ~0.59, respectively. Thus, the gas-phase oxidation of the volatile species is expected to be the more dominant form of combustion for the microalgae sample, which has a higher VM/FC than the coal sample [14]. In addition to that, given that the microalgae sample is found to contain a higher oxygen content and more volatile materials, which are the key elements that would promote the initiation of ignition [36], it is anticipated that the microalgae would ignite at a lower temperature than coal. 


4.2
Effect of blending ratios 


The combustion characteristics of CCBs (MCR= 3/7, 5/5 and 7/3) and compared with pure materials are studied at β =20 °C / min. TG and DTG curves are shown in Fig.2 (a) and Fig.2 (b), respectively.


As shown in Fig.2 (a), the TG plot, the profiles of CCB are alike, yet differ from that of pure C. vulgaris and coal. The combustion process of CCB can be divided into three stages: the first stage is from the ambient temperature (100°C) to 254.6~ 389.4°C (depending on MCRs) , where the loss of both water and volatile compounds occurs; the second stage is from the end of the first stage to 698.7~ 741.0°C (depending on MCRs), where most volatile and carbonaceous species are burning—the main combustion process; the third stage is from the end of the second stage to 900°C, where carbonaceous residue is burning very slowly. 


At the main combustion stage, the volatile matters contribute to a sufficient amount of mass loss in CCBs, leading to two regions of combustion, i.e. volatile combustion and char combustion. So there are two peaks in each DTG curve of CCB (Fig.2 (b)). In the case of CCBs, it is observed that the shape of the DTG curves was very different from the pure C. vulgaris and coal. The DTG curve of pure C. vulgaris and pure coal respectively has two big peaks and one big peak. The main combustion process of pure C. vulgaris is initialized at 248.3°C, and terminated at 660.8°C, which is closed to that of CCBs. Coal’s burning initializes at highest temperature (408.3 °C), and ends at highest temperature (765.1°C) compared with CCBs and pure C. vulgaris. The main combustion process of coal is carried out very quickly, so its DTG zone was very narrow. 

Based on the TG and DTG curve analysis in Fig.2, the combustion characteristic parameters of C. vulgaris, coal and their blends are shown in Table 3. From Table 3 it can be seen that the ignition temperature (Ti) corresponds to the point at which the burning profile underwent a sudden rise. Final temperature (Tf) is detected as mass stabilization. Both of Ti and Tf are decreased as the C. vulgaris content increased in the blends. The reason is V content of C. vulgaris is higher, which is 20.25% larger than that of coal. However, its FC content is lower than coal. The combustion of V content is very easy, while the combustion of fixed carbon is difficult. And with the increasing the volatile content of C. vulgaris in the blends, the total content of volatile matter is also increased, while total fixed carbon content is decreased. So fuels containing large amount of volatile matter are easy to ignite, and such fuels tend to burn quickly. So it is expected that the blending of high volatile C. vulgaris with coal always lowers the ignition temperature and final temperature. Therefore, the combustion behavior of the blends was greatly influenced by the proportion of C. vulgaris in the blends. 

Because the content of fixed carbon in coal is very high, so Tf of coal is highest between all samples. While compared to pure coal combustion, Ti of CCBs is lowered by 18.9-153.7 °C and Tf is lowered by 24.1-66.4 °C. This result is agreement with literature [9]. Thus, blending of C. vulgaris can improve the combustion characteristics of low volatile coal, which indicates that co-combustion of C. vulgaris and coal is feasible. 

From Table 3 it also can be seen that the maximum weight loss rate (Rmax) of the C. vulgaris and blends with MCR=7/3 occur at the first peak, while Rmax of blends with MCR=3/7 and 5/5 occurs at the second peak. Rmax of blends with MCR=5/5 is more than that of MCR=7/3 and 3/7, but less than C. vulgaris and coal. Because Rmax of C. vulgaris occurred at the low temperature range corresponding to the volatile combustion, while Rmax of coal occurred at the high temperature range corresponding to the fixed carbon combustion, thus with increasing content of C. vulgaris in CCBs, the content of volatile is increased while the the content of fixed carbon is decreased in CCBs. And the temperature which Rmax occurred moved from high temperature (second peak) to low temperature (first peak), and at MCR=5/5, Rmax reached its maximum. Between all the samples, the Rmax value of C. vulgaris is maximum one, indicating that the combustion of C. vulgaris is very fast because of its high volatile content. 


The average reaction rate (Rv) of the samples is firstly decreased, and then increased as the content of C. vulgaris in CCBs increasing. Because the main combustion process of coal is carried out at a very narrow range, so its Rv is the highest one. Rv of CCBs is slightly decreased by 0.27-0.7%/min compared to pure coal combustion. While Rv of C. vulgaris is 3.87%/min, slight less than that of MCR=3/7, but more than that of MCR=5/5 and 7/3. This is because the effect of the temperature range for calculating Rv, the content of volatile and fixed carbon in CCBs which caused the minimum Rv occurred at MCR=5/5.

Further, it can be seen from Table 3 that the residues mass (Mr) at 900 °C is first increased, and then decreased as increasing the content of C. vulgaris in CCBs. The maximum Mr of CCBs is obtained at MCR=5/5, while the minimum Mr is obtained at MCR=3/7. Mr of CCBs is less than pure C. vulgaris, but more than pure coal. This may be caused by the interaction of C. vulgaris and coal during co-combustion. Further research is needed to determine it, and the detailed discussion is shown at section 4.3. 

Using the formula (1), (2) and (3), Di, S and SM can be calculated. The results are shown in Table 4. From Table 4, it can be seen that with the increasing content of C. vulgaris, Di is increased,while S is first increased and then decreased. Because S is not suitable for application of biomass/coal blends mentioned in section 3.1, so SM is better to evaluate the combustion behavior of the blends. From Table 4 it can be seen that SM is increased as the content of C. vulgaris increasing in the blends. Both of Di and SM are increased, indicating the ignition performance and the comprehensive combustion characteristics are better as the content of C. vulgaris in the blends  increasing. This result is agreement with that of lignite/cardoon and lignite/pine needles blends [37]. 


4.3 Interaction between the blends of C. vulgaris and coal

To further assess the interactions between the microalgae and the coal components within the blends, the theoretical DTG curves of the blends (Rcalculated) at different MCR values, are calculated from the sum of decomposition curves of each individual component: 
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In Equation 16, Rm and Rc are the mass loss rates of microalgae and coal, whereas the xm and xc represent the proportions of microalgae and coal within the blend, respectively. The theoretically derived curves are subsequently plotted and compared with the experimentally obtained DTG curves of the blends (Rexperimental), as is shown in Fig. 3. A close agreement between the curves is expected, if there is no significant interaction between the components in the blend. 

From Fig. 3, the features of the initial and the end stages of the blends are found to be similar, which indicates that the interaction of the microalgae with coal is not significant in these temperature range. Some discrepancies between the calculated and the experimental curves, however, can be observed for the blends in the middle stage of mass loss. The deviation is especially significant for the blend with a MCR of 7/3, this result is similar to both biomasses (sorghum bagasse and sugarcane bagasse) with coal blends [38] combustion. The discrepancies in the curves imply that some interactions have occurred between the two individuals, to affect the combustion processes of the blends. The interactions are especially pronounced in the higher temperature range, when a higher proportion of microalgae is present within the blend, which is the same with CBP (Composite biomass pellets) and coal at high temperature [39]. This result indicates that the increased presence of microalgae within the blend, can result in a more heterogeneous reaction rate in the higher temperature range, but with decreased intensity. This finding therefore indicates that experimental measurements must be performed to ascertain if the combustion stability and the heat release profile of the microalgae and coal blend is within the allowable range of the combustion system, prior to use.


4.4 Effect of heating rate on the co-combustion of C. vulgaris and coal

The TG and DTG curves for the biomass and coal blend sample, with a MCR of 5/5, at three selected heating rates (βs) of 10, 20 and 40 (C/min are presented in Figs. 4 (a) and 4 (b), respectively. The combustion characteristic parameters of the blend at the selected βs that are derived from the plots, are also summarized in Table 5. It is noted that the biomass and coal blends are all found to display qualitatively similar characteristics for each of the heating rates considered in this study. Therefore, only the results obtained for the blend with a MCR of 5/5 are presented and discussed herein. From Fig. 4(a), it can be seen the TG curves are found to shift to higher temperature range with higher β, without any significant change their shapes. The corresponding DTG curves of the blend in Fig. 4(b) are also found to complete over a wider temperature range, in addition to shifting towards higher temperature region. The intensity of the peaks in the DTG profiles becomes more pronounced with increasing β. The shift in the temperature range implies that there may be a more significant thermal lag at higher β. This could be the result of a reduction in the time available for the whole sample to reach the same temperature as the surrounding, when a higher β is applied. It is noted that similar observations have been also reported in previous thermogravimetric investigations of various materials [40]. An increase in reactivity was noted as the heating rate increases, which indicates that combustion intensity is enhanced by higher heating rates. The increase in the intensity of the peaks, on the other hand, implies that an enhancement in the combustion intensity of the blend when heat is supplied at a greater rate, which is to be expected. 


The shift in the temperature range and the increase in the intensity of the peak are also reflected in the thermal characteristic data of the blend, which is presented in Table 5. For example, from Table 5, it can be seen that the Ti and Tf of the blend are found to shift from 244.3 to 268.8 (C, and from 685.4 to 797.5 (C, respectively, when the β was increased from 10 to 40 (C/min. The values of the first and second peaks are also measured to increase from 1.68 to 7.93 %/min, and from 3.91 to 8.56 %/min, respectively, over the same β range. It is interesting to note, however, the Mr value of the blend is found to be the least at the lowest β. The reason is that the reaction during combustion depend on the duration and intensity of heating of the substrate. Thus, different heating rates produce different end products. At higher heating rates, because lack of sufficient time for the consecutive reactions occurrence and reduction in heat transfer efficiency from the surface to the core of the sample, it will result less complete decomposition and more Mr produced of the sample when higher heating rate was applied [40]. Besides, the variation of Mr at higher heating rates (20 and 40(C/min) is minimal. This result is similar to two kinds of autotrophic microalgae (Spirulina platensis and Chlorella protothecoides) [19].

4.5 Kinetics analysis


To further evaluate the effect of the blending ratio on the characteristics of the fuel samples from Ti to Tf, the FWO (Eq. 11) and KAS (Eq. 12) methods were used to compute the kinetics parameters (E). Table 6 shows the value of the kinetic parameter (E) that are derived using both FWO and KAS methods, and their corresponding linear correlation factors (R2). From the table, it can be seen that the values of R2 are within the range of 0.91939 and 1.00. 


From Table 6, the values of E for all fuels are observed decrease gradually as the conversion degree increases. Besides, with the increasing content of C.vulgaris in the blends, the E of blends is the first reduced, and then increased. The E values of blends of Indian coal mixing with treated municipal solid waste also has the same trend [41]. This is because the temperature range for calculated E of C.vulgaris is wider than that of coal, so the E values of blends is increased (except MCR=3/7) with increasing the content of C.vulgaris. However, at MCR=3/7, the E value reaches its maximum. This result indicates that the 30% C.vulgaris is not suitable for co-firing with coal. 


The E value of coal ranging from 44.81 to 78.29 kJ/mol, which is of similar magnitude to the E value reported for a semi-anthracite coal sample (84.59 kJ/mol), which has a similar carbon content (63.15 wt%) [36]. The burning of the microalgae and the blends, on the other hand, display greater E range between 55.72 and 163.54 kJ/mol. 


For the blends, the average value of E derived by FWO and KAS methods is ranged from 85.28 kJ/mol to 108.99 kJ/mol, and the minimum E is obtained as MCR= 5/5. This means that blend with MCR= 5/5 is favorable to ensure lower activation energy resulting in lower temperature requirement for promotion of combustion.


For the pure C.vulgaris, its average E is 104.98 kJ/mol, which is more 42.08 kJ/mol than that of pure coal. This indicates that the coal sample has a better reactivity than microalgae in the temperature ranged from Ti to Tf, which is consistent with the earlier results presented in Section 4.2. It is noteworthy that there are many studies that have observed lower E for their coal samples, when compared with the biomass samples that they were investigating, which include forest residual, cotton residual, wood [9], microalgae [25], and vice versa. The discrepancies in the trends reported in the literature can be attributed to different factors, such as the properties of the investigated fuels and the operating parameters used [25]. Care must therefore be taken before making direct comparisons. 


As is noted in Section 3.3, the experimentally determined value of the reduced-generalized reaction rate 
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 is applied to describe the rate process under investigation. Using the average value of E calculated by KAS and FWO method, along with the temperature measured during the experiments, the P(u) can subsequently be derived using Eq. (14). The experimental master plots of 
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 versus α for C.vulgaris, coal and their blends, at three selected β values of 10, 20, and 40°C/min, are presented in Fig. 5. From Fig. 5, it can be seen that the experimental master-plots for the same fuel, at different heating rates, are similar in features. This implies that their combustion kinetics at different heating rates could be represented using a single kinetic model [20]. Comparisons are therefore only made between the theoretically derived
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 for several kinetic functions (Table 2), and the experimentally derived
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, for the data recorded at a β value of 20 °C/min, in Fig. 6. 


From Fig. 6, it can be seen that an exact match between the theoretical master plots and the experimental master-plots is not obtained. Nonetheless, the comparison reveals that the characteristics of the experimental master-plots of microalgae and the blends may have some similarities with the behaviours of the theoretical master-plots generated using the Fn kinetic functions, which are close the theoretical master-plots of F2 or F3.



The experimental master-plot of the coal sample is also observed to display some resemblances with the theoretical master-plots generated using kinetic functions of F1 and F2, or D1 and D2 from Table 2. To further determine the Fn or the Dn models that better match the experimental data of coal, plots of 
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 versus α, using Fn and Dn models, for n =1 and 2, are therefore plotted against the experimental master-plots of the coal sample in Figs. 7(a) and Figs. 7(b), respectively. Similarly, plots of 
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 versus α generated using Fn models, for n values ranging from 2 to 10, are also plotted against the experimental master-plots of the microalgae and the blends in Fig. 7(c). From the figures, it can be seen that the experimental master-plot of coal displays a closer agreement with the theoretical master-plots that were generated using kinetic functions of F1 and F2.


The experimental master-plots of the microalgae and the blends, on the other hand, are observed to reside between the theoretical master-plots that were generated using kinetic functions of F2 and F5. Together, these findings indicate that the kinetic processes of coal, microalgae and their blends are best represented using 
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. Equation (13) can therefore be expressed as:
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By plotting 
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 for different values of n, the method of least square can therefore be used to determine the most optimal value of n (highest R2 and lowest intercept value) for each fuel. The pre-exponential factors (A) can also be derived from the slopes of the plots. The kinetic triplets (E, n and A) of the pure coal, blends with MCR of 3/7, 5/5, 7/3 and pure microalgae C. vulgaris combustion at β=20 (C/min are respectively E=62.90, 108.99, 85.28, 92.27, 104.98 kJ/mol, n =1.4, 4.1, 2.7, 3.2, 4 and A =6.38×105, 1.05×106, 2.29×104, 8.73×104, 2.93×106 min-1. R2 is within the range of 0.99909 and 0.99950. 

5 Conclusions


Three stages of CCBs during the combustion can be distinguished, and the main combustion stages are ranged from 254.6~ 389.4°C to 698.7~ 741.0°C (depending on MCRs) . Rmax of C. vulgaris is maximum one. Rv of blend with MCR=5/5 is minimum one. Both of Di and SM are increased as increasing the content of C. vulgaris in CCBs. Slight interaction was observed during the co-combustion of C. vulgaris and coal. As β increases, Ti, Tp, Rp ,Rv and Tf are all increased significantly. MCR= 3/7 is not suitable for co-firing, while MCR= 5/5 is favorable to ensure lower activation energy. The kinetic triplets are obtained by the Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO), and master-plots method, they are respectively E=62.90, 108.99, 85.28, 92.27, 104.98kJ/mol, n =1.4, 4.1, 2.7, 3.2, 4 and A =6.38×105, 1.05×106, 2.29×104, 8.73×104, 2.93×106 min-1 for the coal, blends with MCR of 3/7, 5/5, 7/3 and C. vulgaris combustion at β=20 (C/min. The The combustion characteristics and kinetic results presented are important to help explain and predict the behavior of the microalgae and its blends with coal, in practical applications.
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Figure captions

Fig.1. Schematic diagram of the experimental setup used for thermogravimetric analysis.


Fig.2(a) TG curves of microalgae, coal and their blends with microalgae to coal ratio (MCR) of 3/7, 5/5 and 7/3, under a heating rate (β) of 20 °C/min.

Fig.2(b) DTG curves of microalgae, coal and their blends with microalgae to coal ratio (MCR) of 3/7, 5/5 and 7/3, under a heating rate (β) of 20 °C/min.


Fig.3(a) Comparisons of the calculated with the experimental observed DTG profiles of the blends with MCR of 3/7, under a β of 20 °C/min.

Fig.3(b) Comparisons of the calculated with the experimental observed DTG profiles of the blends with MCR of 5/5, under a β of 20 °C/min..

Fig.3(c) Comparisons of the calculated with the experimental observed DTG profiles of the blends with MCR of 7/3, under a β of 20 °C/min.

Fig.4(a). TG curves of the blend with MCR of 5/5 at three selected βs of 10, 20 and 40°C/min. 

Fig.4(b). DTG curves of the blend with MCR of 5/5 at three selected βs of 10, 20 and 40°C/min. 

Fig.5(a) The experimental master-plots 

[image: image52.wmf])


(


/


)


(


5


.


0


u


P


u


P


 versus the degree of conversion (α) for the coal, at three selected βs of 10, 20 and 40°C/min.

Fig.5(b) The experimental master-plots 
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 versus the degree of conversion (α) for the blends with MCR of 3/7, at three selected βs of 10, 20 and 40°C/min.

Fig.5(c) The experimental master-plots 
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 versus the degree of conversion (α) for the blends with MCR of 5/5, at three selected βs of 10, 20 and 40°C/min..

Fig.5(d) The experimental master-plots
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 versus the degree of conversion (α) for the blends with MCR of 7/3, at three selected βs of 10, 20 and 40°C/min.


Fig.5(e) The experimental master-plots
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 versus the degree of conversion (α) for the microalgae, at three selected βs of 10, 20 and 40°C/min.


Fig.6. The theoretical master-plots 
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Fig.7(a) The experimental master-plots 
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 of the coal sample, generated using Fn model, versus α of the sample, under a β of 20°C/min.

Fig.7(b) The experimental master-plots 
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of the coal sample, generated using Dn model, versus α of the sample, under a β of 20°C/min.

Fig.7(c) The experimental master-plots 
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of the microalgae and blends, generated using Fn model, versus α of the sample, under a β of 20°C/min.
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Tables

Table 1 

Ultimate analysis, proximate analysis and lower heating values of C. vulgaris and coal (dry basis).

		Samples

		Ultimate analysis (wt %)

		Proximate analysis (wt %)

		Qnet,d
(MJ/kg)



		

		C

		H

		O


		N

		S

		V


		A


		FC


		



		C. vulgaris

		47.84

		6.41

		25.00

		9.01

		1.46

		55.37

		10.28

		34.35

		21.88



		Coal

		66.47

		4.76

		20.84

		0.96

		1.12

		35.12

		5.85

		59.03

		25.52





Table 2 

Commonly used kinetic model functions to describe solid state processes.


		Mechanisms

		Symbol

		F(α)

		g(α)



		Order of reaction



		First-order

		F1

		1-α

		-ln(1-α)



		Second-order

		F2

		(1-α)2

		(1-α)-1-1



		Third-order

		F3

		(1-α)3

		[(1-α)-2-1]/2



		

		

		

		



		Diffusion



		One-way transport

		D1

		0.5α

		α2



		

		

		

		



		Two-way transport

		D2

		[-ln(1-α)]-1

		α+(1-α)ln(1-α)



		

		

		

		



		Three-way transport

		D3

		1.5(1-α)2/3[1-(1-α)1/3]-1

		[1-(1-α)1/3]2



		

		

		

		



		Ginstling-Brounshtein equation

		D4

		1.5(1-α)1/3-]-1

		(1-2α/3)-(1-α)2/3



		

		

		

		



		Limiting surface reaction between both phases



		One dimension

		R1

		1

		α



		Two dimensions

		R2

		2(1-α)1/2

		1-(1-α)1/2



		

		

		

		



		Three dimensions

		R3

		3(1-α)2/3

		1-(1-α)1/3



		

		

		

		



		Random nucleation and nuclei growth



		Two-dimensional

		A2

		2(1-α) [-ln(1-α)]1/2

		[-ln(1-α)]1/2



		

		

		

		



		Three-dimensional

		A3

		3(1-α) [-ln(1-α)]2/3

		[-ln(1-α)]1/3



		

		

		

		



		Exponential nucleation

		

		



		Power law, n = 1/2

		P2

		2α1/2

		α1/2



		Power law, n = 1/3

		P3

		3α2/3

		α1/3



		Power law, n = 1/4

		P4

		4α3/4

		α1/4





Table 3

Combustion characteristic parameters of C. vulgaris, coal and their blends, under a heating rate (β) of 20 (C/min.


		Samples

		Ti
(°C )

		Tp
(°C )

		Rp
(%/min)

		Rv
(%/min)

		Tf
(°C)

		Mr
(%)



		

		

		Tp1


		Tp2


		Rp1


		Rp2


		

		

		



		Pure coal

		408.3

		525.7

		-

		6.87

		-

		4.22

		765.1

		6.83



		MCR= 3/7

		389.4

		286.0

		538.5

		2.38

		6.56

		3.95

		741.0

		7.51



		MCR= 5/5

		255.6

		285.0

		530.8

		3.98

		6.69

		3.52

		711.1

		12.32



		MCR= 7/3

		254.6

		282.1

		572.6

		5.70

		5.19

		3.70

		698.7

		8.77



		Pure C. vulgaris

		248.3

		279.3

		569.1

		7.92

		6.13

		3.87

		660.8

		12.56





Table 4


Ignition index (Di) and comprehensive combustion characteristic index (S) for the C. vulgaris, coal and their blends, under a heating rate (β) of 20 (C/min.


		Samples

		ti
 (min)

		Rmax
 (%/min)

		tm
 (min)

		Di(%/min)

		S×107

(%2/(min2/°C3))

		SM×107

(%2/(min2/°C3))



		Pure coal

		27.23

		6.87

		33.1

		5.65

		2.27

		-



		MCR= 3/7

		26.3

		6.56

		33.8

		3.42

		2.31

		1.57



		MCR= 5/5

		19.89

		6.69

		33.4

		3.98

		5.07

		4.04



		MCR= 7/3

		19.6

		5.7

		21.1

		5.29

		4.66

		4.45



		Pure C. vulgaris

		19.58

		7.92

		21

		7.38

		7.52

		-





Table 5

Combustion characteristic parameters of the blend with a microalgae to coal ratio (MCR) of 5/5 at three selected heating rates (βs).

		Sample

		β ((C/min)

		Ti(°C )

		Tp(°C)

		Rp(%/min)

		Rv(%/min)

		Tf(°C )

		Mr(%)



		

		

		

		Tp1

		Tp2

		Rp1

		Rp2

		

		

		



		MCR = 5/5

		10

		244.3

		275.7

		513.4

		1.68

		3.91

		1.85

		685.4

		9.90



		

		20

		255.6

		285.0

		530.8

		3.98

		6.69

		3.52

		711.1

		12.32



		

		40

		268.8

		300

		576.0

		7.93

		8.56

		6.35

		797.5

		11.68





Table 6


Activation energy (E) values for different degree of conversion (α) of the samples, derived using the Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS) methods.


		Samples

		α

		FWO method

		KAS method



		

		

		E(kJ/mol)

		R2

		E(kJ/mol)

		R2



		Pure coal

		0.2

		77.76

		0.99325

		71.19

		0.99042



		

		0.3

		78.29

		1

		66.26

		0.99776



		

		0.4

		72.96

		0.99852

		61.52

		1



		

		0.5

		68.5

		1

		57

		0.99814



		

		0.6

		64.4

		0.99884

		52.71

		0.99289



		

		0.7

		60.64

		0.9959

		48.65

		0.9847



		

		0.8

		55.92

		0.98987

		44.81

		0.97377



		

		Average

		68.35

		

		57.45

		



		MCR=3/7

		0.2

		163.54

		0.99325

		162.72

		0.97747



		

		0.3

		141.13

		0.97959

		132.73

		0.9635



		

		0.4

		132.99

		0.92308

		111.12

		0.95061



		

		0.5

		109.42

		0.94936

		94.82

		0.93873



		

		0.6

		98.03

		0.93557

		82.07

		0.92756



		

		0.7

		84.49

		0.95301

		71.8

		0.91681



		

		0.8

		77.58

		0.94232

		63.33

		0.90613



		

		Average

		115.31

		

		102.66

		



		MCR=5/5

		0.2

		121.28

		0.9959

		115.28

		0.99682



		

		0.3

		99.36

		0.99726

		100.83

		0.98839



		

		0.4

		97.23

		0.97581

		88.81

		0.97721



		

		0.5

		88.07

		0.96428

		78.66

		0.96446



		

		0.6

		80.35

		0.95301

		69.97

		0.95063



		

		0.7

		70.46

		0.96428

		62.41

		0.93569



		

		0.8

		65.43

		0.95523

		55.72

		0.91939



		

		Average

		88.88

		

		81.67

		



		MCR=7/3

		0.2

		121.28

		0.9959

		119.39

		0.99744



		

		0.3

		108.16

		0.98684

		106.62

		0.9986



		

		0.4

		99.36

		0.99726

		95.87

		0.99932



		

		0.5

		91.33

		1

		86.67

		0.99974



		

		0.6

		91.33

		1

		78.64

		0.99994



		

		0.7

		78.29

		1

		71.51

		1



		

		0.8

		78.29

		1

		65.08

		0.99992



		

		Average

		95.43

		

		89.11

		



		Pure C. vulgaris

		0.2

		147.54

		0.94232

		154.02

		0.92826



		

		0.3

		134.21

		0.97959

		131.33

		0.96319



		

		0.4

		117.43

		0.96428

		112.9

		0.98196



		

		0.5

		99.36

		0.99726

		97.94

		0.99204



		

		0.6

		90.5

		0.99082

		85.62

		0.99724



		

		0.7

		84.14

		0.99804

		75.28

		0.99954



		

		0.8

		72.96

		0.99852

		66.43

		0.99996



		

		Average

		106.59

		

		103.36

		





� Qnet,d: Lower heating value on dry basis


� Calculated by difference, O (%) = 100-C-H-N-S-ash 


� V: Volatile matters


� A: Ash


� FC: Fixed carbon


� Ti: Ignition temperature


� Tp: Peak temperature


� Rp: Reaction rate at the peaks


� Rv: Average reaction rate during the temperature ranging from the ignition temperature to the final temperature


� Tf: Temperature (final) detected when stabilization of samples mass occurred


� Mr: Residual mass at 900°C


� Tp1: Temperature of the first major peak


� Tp2: Temperature of the second major peak


� Rp1: Reaction rate for the first major peak


� Rp2: Reaction rate for the second major peak


� ti: Ignition time, which corresponds to ignition temperature (Ti)


� Rmax: Maximum combustion rate


� tm: Time that corresponds to the maximum combustion rate
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Fig.1. The (a) TG and the (b) DTG curves of microalgae, coal and their blends with microalgae to coal ratio (MCR) of 3/7, 5/5 and 7/3, under a heating rate (β) of 20 °C/min.
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Fig.2. Comparisons of the calculated with the experimental observed DTG profiles of the blends with MCR of (a): 3/7, (b): 5/5,  and (c):7/3 under a β of 20 °C/min. 
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Fig.3. The (a) TG and the (b) DTG curves of the blends with MCR of 5/5, at three selected βs of 10, 20 and 40°C/min.
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Fig.4. The experimental master-plots 
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 versus α for the (a): coal, blends with MCR of (b): 3/7, (c):5/5, (d): 7/3, and (e): microalgae, at three selected βs of 10, 20 and 40°C/min.
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Fig.5. The theoretical master-plots 
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Fig.6. The experimental master-plots 
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[image: image21.wmf])


(


/


)


(


5


.


0


u


P


u


P


 and the 

[image: image22.wmf])


5


.


0


(


/


)


(


g


g


a


 plots of the microalgae and blends, generated using Fn model, versus α of the samples. The experiments were performed under a β of 20°C/min.
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