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Abstract 

The pyrolysis kinetics of the microalgae Chlorella Vulgaris (CV), Isochrysis 

Galbana (IG), Nannochloropsis Gaditana (NG), Nannochloropsis Limnetica 

(NL), Phaeodactylum Tricornutum (PT), and Spirulina Platensis (SP) were 

studied by non-isothermal thermogravimetric analysis conducted at nine 

different constant heating rates. The kinetic parameters of each microalgae 

species were calculated using several kinetic methods, such as those of 

Kissinger, Friedman, Ozawa-Flynn-Wall (OFW), Kissinger-Akahira-Sunose 

(KAS), Vyazovkin, and the simplified Distributed Activation Energy Model 

(DAEM). The results show that the kinetic parameters calculated from the 

integral isoconversional methods OFW, KAS and Vyazovkin are similar to those 

determined by applying the simplified DAEM. In contrast, application of the 
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differential isoconversional method of Friedman led to moderate deviations in 

the activation energies and pre-exponential factors computed, whereas the 

unique values of the kinetic parameters determined by the Kissinger method 

resulted in the highest deviations. 

Keywords: Microalgae, Pyrolysis kinetics, Thermogravimetric Analysis (TGA), 

Isoconversional methods. 

Nomenclature: 

A  Pre-exponential factor [s-1]. 

α  Conversion [%]. 

β  Heating rate [K s-1]. 

E   Activation energy [J mol-1]. 

g  Stoichiometric coefficient within a reaction for a gaseous product [-]. 

G(g)  Gaseous product [-]. 

k   Rate coefficient of a first order reaction [s-1]. 

m   Mass of the sample remaining at time t [kg]. 

m0   Initial mass of the sample [kg]. 

mf   Final mass of the sample [kg]. 

n   Order of the pyrolysis reactions [-]. 

N   Number of TGA curves obtained at different heating rates [-]. 

R   Universal gas constant [J mol-1 K-1]. 

s1  Stoichiometric coefficient within a reaction for a solid reactant [-]. 

s2  Stoichiometric coefficient within a reaction for a solid product [-]. 

S1(s)  Solid reactant  

S2(s)  Solid product 
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t   Time [s]. 

T   Temperature [K]. 

T0   Ambient temperature [K]. 

Tmax   Temperature at maximum rate of reaction [K]. 

Abbreviations: 

CV  Chlorella Vulgaris. 

DAEM  Distributed Activation Energy Model. 

DTG  Derivative Thermogravimetric. 

FAME  Fatty Acid Methyl Ester. 

HHV  High Heating Value. 

IG  Isochrysis Galbana. 

KAS  Kissinger-Akahira-Sunose. 

NG  Nannochloropsis Gaditana. 

NL  Nannochloropsis Limnetica. 

OFW  Ozawa-Flynn-Wall. 

PT  Phaeodactylum Tricornutum. 

SP  Spirulina Platensis. 

TGA  Thermogravimetric Analysis. 

1. Introduction 

Pyrolysis of microalgae produces solid, liquid, and gaseous products of interest, 

which can be employed as sources of energy and/or chemicals. Pyrolysis is a 

process by which the biomass is thermally degraded in the absence of oxygen 

at moderate temperatures between 350 ºC and 700 ºC [1]. Knowledge of the 

thermal behavior of microalgae during the pyrolysis process, especially their 
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apparent kinetics, is a crucial factor for the efficient use of this type of biomass 

as a source to produce biofuels [2]. A deeper knowledge of the pyrolysis 

process will serve as a useful tool for the design and operation of pyrolysis 

reactors with higher efficiency [3]. A widely used technique employed to study 

the pyrolysis of solid fuels is thermogravimetric analysis (TGA), which permits 

the calculation of pyrolysis kinetic parameters from the measurement of the 

evolution of the mass of a sample subjected to a temperature increase in an 

inert atmosphere. Based on TGA measurements, several mathematical models 

have been developed to describe the kinetic mechanism of the pyrolysis 

process, such as the Kissinger method [4, 5], the single step model [6], the 

parallel reactions model [7], the three pseudo-components model [8], the 

sectional approach model [9], the Distributed Activation Energy Model (DAEM) 

[10], or isoconversional methods [11]. Isoconversional methods can be further 

divided into two categories [12]: differential methods and integral methods. The 

most common differential method is the Friedman method [13], whereas there is 

a wide variety of integral methods, among which the most commonly used are 

the Ozawa-Flynn-Wall (OFW) method [14, 15], the Kissinger-Akahira-Sunose 

(KAS) method [4, 16], and the Vyazovkin method [17]. Integral methods are 

more universal due to their higher tolerance to experimental noise compared to 

differential methods, for which the use of derivatives propagates the effect of 

noise, reducing the accuracy of the results [18]. 

The kinetics of microalgae pyrolysis based on TGA measurements was recently 

reviewed by Bach and Chen [19]. The kinetics of multiple microalgae species 

has been studied applying either kinetic fitting or kinetic free models. For kinetic 

fitting models, the single reaction model, which assumes that microalgae are 
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directly decomposed into char and volatiles, is very simple, but the fitting quality 

of this model to describe the pyrolysis of microalgae samples is quite poor [19]. 

Among the kinetic fitting models, multiple parallel reaction models are widely 

used to describe microalgae pyrolysis. These models were originally developed 

to characterize the pyrolysis of the three main components of lignocellulosic 

biomass, i.e., hemicellulose, cellulose and lignin [20]. Due to differences in 

composition between lignocellulosic and microalgal biomass, the number of 

parallel reactions for the model was modified to account for the pyrolysis of 

carbohydrates, proteins, lipids, and other minor components of microalgae [21, 

22]. 

In contrast to fitting kinetic models, free kinetic models require no assumptions 

about the form of the conversion rate pyrolysis curve. Using kinetic free models 

to describe the pyrolysis of microalgae, the Vyazovkin method was applied by 

Gai et al. [23] to analyze the pyrolysis of Chlorella Pyrenoidosa and Spirulina 

Platensis, whereas the Kissinger method was employed to study the pyrolysis 

of periphytic microalgae [24] and the salt-water cord grass Spartina Alterniflora 

[25]. The differential isoconversional method of Friedman was applied to 

describe the pyrolysis of the red algae Kappaphycus Alvarezii [26], and the salt-

water cord grass Spartina Alterniflora [25]. The integral isoconversional 

methods of OFW and KAS have been applied to determine the pyrolysis 

kinetics of a broad range of microalgae species, including Chlorella sp. [27], 

Chlorella Vulgaris [28, 29, 30, 31, 32], Dunaliella Tertiolecta [33], Kappaphycus 

Alvarezii [26], Tetraselmis Suecica [27], and the salt-water cord grass Spartina 

Alterniflora [27]. The simplified Distributed Activation Energy Model (DAEM) has 

also been widely applied to investigate the pyrolysis of several microalgae 
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species, for instance Chlorella Humicola [34], Chlorella Pyrenoidosa [35], 

Chlorella Sorokiniana [36], Chlorella Vulgaris [37], Dunaliella Tertiolecta [38], 

Monoraphidium [36], Nannochloropsis Oculata [2], and Tetraselmis sp. [2]. 

Although many studies concerning the kinetics of microalgae pyrolysis are 

based on TGA measurements, they are limited in number compared to studies 

in other reactors such as fixed or fluidized beds [19]. Furthermore, most studies 

on the pyrolysis kinetics of microalgae available in the literature are based on a 

reduced number of TGA curves and, due to the limited number of investigation 

points on which they are based, these kinetic models cannot provide 

information about the fit quality of the models [19]. 

In this work, the pyrolysis kinetics of several microalgae species was 

investigated using non-isothermal thermogravimetric analysis (TGA). Six 

microalgae species were selected for the pyrolysis study to cover a broad range 

of biological and chemical properties, as well as growing conditions: Chlorella 

Vulgaris (CV), Isochrysis Galbana (IG), Nannochloropsis Gaditana (NG), 

Nannochloropsis Limnetica (NL), Phaeodactylum Tricornutum (PT), and 

Spirulina Platensis (SP). In contrast to studies available in the literature that are 

typically based on a reduced number of TGA curves, the TGA pyrolysis 

measurements were conducted for each microalgae species, using nine 

different constant heating rates of 10, 13, 16, 19, 22, 25, 30, 35, and 40 K/min 

over a temperature range from 100 ºC to 800 ºC. The experimental results 

obtained from the TGA pyrolysis measurements were employed to calculate the 

pyrolysis kinetics parameters of the samples applying various kinetic methods: 

Kissinger, Friedman, OFW, KAS, Vyazovkin, and simplified DAEM. Moreover, 

the high number of TGA curves employed to analyze the pyrolysis kinetics of 
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each microalgae sample permits characterization of the experimental 

measurements reliability and the fit capability of the kinetic models based on the 

quality of the linearization of the Arrhenius plots [39]. 

2. Pyrolysis kinetics 

The kinetics of chemical reactions in solids, such as s1S1(s) → s2S2(s) + gG(g), 

can be described by the rate of disappearance of the reactant S1 [6], which is 

usually determined as a derivation of the law of mass action, originally proposed 

by Guldberg and Waage [40]: 

( ) ( ) ,d k T f
dt
α α=  (1) 

where α is the conversion, t is the time, dα/dt is the rate of reaction, k(T) is the 

rate coefficient at an absolute temperature T, and f(α) is a function of α, with its 

exact form depending on the order of the kinetic model. The conversion α of the 

sample can be calculated from the mass loss of the sample during the chemical 

reaction: 

0

0 0

1 ,f

f f

m m m m
m m m m

α
− −

= − =
− −

 (2) 

where m is the mass of the sample remaining at time t, mf is the final mass of 

the sample when the reaction is completed, and m0 is the initial mass of the 

sample. 

The reaction rate coefficient k(T) can be expressed as a function of the absolute 

temperature T using various equations [41], however, the most widely used 

expression for the rate coefficient is [42]: 
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( ) exp ,Ek T A
RT

 = − 
 

 (3) 

where A is the pre-exponential factor, E is the activation energy, and R is the 

universal gas constant.  

Considering the Arrhenius relation for the rate coefficient and the absolute 

temperature, the rate of reaction, Eq. (1), can be written in differential form as: 

( )exp .d EA f
dt RT
α α = − 

 
 (4) 

For non-isothermal conditions, when the absolute temperature increases with 

time at a constant heating rate, β = dT/dt, Eq. (4) can be represented as:  

( )exp ,d A E f
dT RT
α α

β
 = − 
 

 (5) 

which, assuming the pre-exponential factor A to be independent of the 

temperature, can be integrated to obtain the integral form of the rate equation: 

( ) ( ) 00 0
exp exp ,

T T

T

d A E A Eg dT dT
f RT RT

α αα
α β β

   = = − ≈ −   
   ∫ ∫ ∫  (6) 

where the lower integration limit in the last integral can be approximated to 0 

since the rate of reaction is negligibly low for temperatures below ambient 

temperature T0 [14]. 

The kinetic parameters of solid chemical reactions can be obtained using 

isoconversional methods or model-fitting methods. In contrast to model-fitting 

methods, where an assumption of the form of f(α) is required, isoconversional 

methods permit direct determination of the kinetic parameters from the 
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thermogravimetric data of the sample. Therefore, the kinetic parameters 

calculated via isoconversional methods are more reliable and consistent [43]. 

Isoconversional methods can be applied to multistep reactions, such as those 

occurring during the pyrolysis of solid fuels [17]. They are based on the 

isoconversional principle, whose main assumption is temperature independency 

of the activation energy and the pre-exponential factor. However, both 

parameters are still interrelated functions of the conversion α [13, 14, 15].  

According to the basic equation employed, isoconversional methods can be 

further divided into two categories [12]: differential methods, such as the 

Friedman method [13], which work directly with the differential form of the rate 

equation, Eq. (4); and integral methods, such as the Ozawa-Flynn-Wall (OFW) 

method [14, 15], the Kissinger-Akahira-Sunose (KAS) method [4, 16], and the 

Vyazovkin method [17], which use the integral form of the rate equation, Eq. (6).  

The Arrhenius equation for the differential isoconversional method of Friedman, 

considering a first-order reaction, is [13]: 

( )( )1 .d ELn Ln A
dt RT
α α  = − − 

 
 (7) 

The Ozawa-Flynn-Wall method is based on Doyle’s approximation [44], 

resulting in the following Arrhenius equation [14, 15]: 

( ) ( )
5.3305 1.052 .AE ELn Ln

Rg RT
β

α
 

= − −  
 

 (8) 
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The Kissinger-Akahira-Sunose method [4, 16] improved the accuracy of the 

OFW method, using the approximation of Coats-Redfern [6]. The Arrhenius 

equation for KAS reads as follows:  

( )2 ,AR ELn Ln
T Eg RT
β

α
   = −       

 (9) 

Even though the Vyazovkin method is also an integral isoconversional method, 

it is based on minimization of the function shown in Eq. (10) [17] instead of an 

Arrhenius equation. To minimize this function, the Vyazovkin method uses the 

approximation of Senum-Yang [45]. 

( ) ( )
( ) ( ),

1 1 ,

,
1 min         with .

,

N N
i i

i j j j

I E T
N N i j

I E T
α α

α α

β

β= =

− − = ≠∑∑  (10) 

The simplified Distributed Activation Energy Model (DAEM) assumes first-order 

reactions and is also based on the approximation of Coats-Redfern [6]. The 

Arrhenius equation obtained for the simplified DAEM is [46, 47]: 

2 0.6075 .AR ELn Ln
T E RT
β   = + −   

   
 (11) 

This Arrhenius equation is valid exclusively for linear heating rates of solid fuels, 

i.e., for a constant value of β. However, the Arrhenius equations obtained by 

applying the simplified DAEM for parabolic and exponential temperature profiles 

can be found in Soria-Verdugo et al. [48]. 

In contrast to OFW, KAS, Vyazovkin and simplified DAEM, the Kissinger 

method is based on the differential form of the rate equation, Eq. (4), yielding for 

the first-order reaction the following Arrhenius equation [4]: 
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2
max max

.AR ELn Ln
T E RT

β   = −   
  

 (12) 

A detailed description of the mathematical derivation of these kinetic models 

can be found in Appendix 1. 

3. Materials and methods 

3.1. Microalgae characterization 

The microalgae investigated in this study are, in alphabetical order, Chlorella 

Vulgaris, Isochrysis Galbana, Nannochloropsis Gaditana, Nannochloropsis 

Limnetica, Phaeodactylum Tricornutum, and Spirulina Platensis. The 

microalgae samples investigated in this study were cultivated and predried by 

AlgaEnergy S.A., (Alcobendas, Madrid, Spain) in 2016 (CV) and 2017 (IG, NG, 

NL. PT, SP). The CV sample cultivated in 2016 was the focus of a previous 

pyrolysis study [37]. 

3.1.1 Chlorella Vulgaris  

Chlorella Vulgaris are green algae first described in 1890 by Beyerinck [49], 

who a year earlier found the algae in a small pond near Delft (Netherlands). 

Since then, these microalgae have been broadly investigated for more than 100 

years.  

The Chlorophyta Chlorella Vulgaris belong to the class Trebouxiophyceae, 

according to the systematic classification of plants, called taxonomy. These 

mono-cellular green microalgae have a spherical shape with a diameter of 3 – 

10 µm and grow in flowing or standing fresh and brackish water at moderate 

temperatures, e.g., in Europe, as well as at polar and tropical water 
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temperatures [50]. The dried algae samples contain approximately 50% protein, 

minerals as calcium, magnesium, potassium, iron, zinc, manganese, and sulfur 

and approximately 5% (dry ash free weight) various unsaturated fatty acids, 

which include essential fatty acids for animals and humans, such as alpha-

linolenic acid and carotenoids. Therefore, these microalgae are used as a 

healthful food, food supplement, and feed surrogates for animals, e.g., fish or 

chicken. For application as a source for biodiesel generation, compared to other 

microalgae species such as Nannochloropis sp., the oil content of Chlorella 

Vulgaris is too low for economic biodiesel production [51]. 

 3.1.2. Isochrysis Galbana 

Isochrysis Galbana is a gold-brown marine microalga belonging to the division 

of Haptophyta in the class Haptophyceae. It was first isolated in 1938 in Port 

Erin, where it grows in seawater in a fish pond at the Marine Biological Station 

on the Isle of Man (United Kingdom) [52]. 

The motile cells of Isochrysis Galbana are usually somewhat ellipsoidal, with 

lengths of 5 – 6 µm, widths of 2 – 4 µm, and thicknesses of 2.5 – 3 µm. 

However, they can change shape, resulting in considerable variation between 

individuals. They have two equal flagella with a length varying from once to 

twice the cell length and grow well in open ponds. These microalgae contain 

approximately 24% carbohydrates, approximately 18% monounsaturated C16-

alkenoic acid, and a distribution of polyunsaturated fatty acids (PUFA), including 

approximately 24% eicosapentaenoic acid (EPA), up to 10% docosahexaenoic 

acid (DHA), and approximately 4% arachidonic acid (ARA). These contents are 

of great interest for the cosmetics industry. Additionally, these marine 
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microalgae also contain between 6% and 8% minerals, are ideally suitable for 

feeding all types of mollusks, and can be used in general for animal nutrition 

[53]. 

3.1.3. Nannochloropsis sp. 

Nannochloropsis is a genus of algae comprising six known species, namely, N. 

Gaditana, N. Granulate, N. Limnetica, N. Oceanica, N. Oculata, and N. Salina. 

Of these, in this study the pyrolysis behavior of N. Gaditana and N. Limnetica 

were investigated. 

Nannochloropsis Gaditana, a marine species of Eustigmatophyceae, was first 

described in terms of morphology, ultrastructure, its pigments composition, and 

growth physiology by Lubián [54], who isolated it from Cádiz Bay (Spain). These 

microalgae are elliptical species with dimensions of 3.5 – 4 and 2.5 – 3 µm, and 

no other distinct morphological features. Therefore, distinction from other 

Nannochlorpsis species using only light or electron microscopy techniques is 

nearly impossible. Their characterization by gene and DNR sequence analysis 

is therefore recommended [55]. 

Nannochloropsis Limnetica was the first characterized fresh water species of 

Nannochloropsis, found in a highly productive village pond in Schwarz, 

Sachsen-Anhalt (Germany) [56]. These microalgae also grow in fresh water at 

moderate temperatures in other lakes in Germany, North America, and Russia 

[57, 58].  

The marine microalgae Nannochloropsis has proved suitable as a raw material 

for biofuel production [51]. They have a high oil content of approximately 29% of 
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dry weight, which can be increased to approximately 50% by growing the 

microalgae under nitrogen shortage. Methanol-esterified oil produced from 

Nannochloropsis sp. satisfies the European Standard [59], which specifies a 

limit of 12 wt% and 1 wt%, respectively, for linolenic (C18:3) and 

polyunsaturated ester (≥ 4 double bonds) resulting from the esterification of the 

unsaturated fatty acids of the microalgae oil for use of FAME as biodiesel. In 

addition, the reactivity of the fuel to oxidation and rancidification is limited by the 

European Standard [59] for FAME use in diesel engines to a maximum iodine 

value of <120 g I2 per 100 g of fuel to ensure the long-term stability of 

automotive fuels. The microalgae oil extracted from Nannochloropsis sp. has an 

iodine value of 52 g I2 per 100 g oil [51], as determined by European Standard 

method [60], satisfying the aforementioned European biodiesel specification, in 

contrast to some vegetable bio-oils obtained, e.g., from soybeans or sunflowers, 

which have iodine values higher than 120 g I2 per 100 g oil, requiring further 

treatment such as hydrogenation prior to their use as biodiesel. 

3.1.4. Phaeodactylum Tricornutum 

Phaeodactylum Tricornutum is a cosmopolitan marine Bacillariophyceae or 

diatom, a unicellular brown alga, which has been known for hundreds of years 

[61]. These microalgae are easily recognized by their cell coverings, consisting 

of two silica dishes, which result in a high ash content in their chemical analysis. 

They grow in brackish and in marine waters and, for industrial production, in 

open ponds and basins. This genus of microalgae can vary their buoyancy by 

adjusting the oil content in their cells to optimize the incidence of light on their 

surface.  
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The high concentration on eicosapentaenoic acid (EPA) of Phaeodactylum 

Tricornutum is particularly interesting for nutrition production [62]. In addition to 

oil content, which can reach up to 60% of dry weight especially under nitrogen-

starvation, their main food reserve is chrysolaminarin, a small glucose polymer. 

Due to their high productivity and accumulation of oils, Phaeodactylum 

Tricornutum may represent a future source for production of both unusual fatty 

acids and fuel, especially biodiesel produced by esterification.   

3.1.5. Spirulina Platensis / Arthrospira Platensis 

This microalga is a Cyanobacterium that grows with broad morphological 

variability as a blue-green alga. Its morphology, ultrastructure and taxonomy 

were described by Tomasselli [63]. This species was accidently merged by 

Geitler [64] with the genus Spirulina rather than the genus Arthrospira. The 

different taxonomic position of Spirulina species and Arthrospira spp. among 

Cyanobacteria was justified later by Nelissen et al. [65], according to genetic 

analysis of the phylogenetic relationships. Although it is now generally accepted 

that two separate genera Arthrospira and Spirulina exist, taxonomical confusion 

and discussion on this topic continues. For tradition’s sake, the wrong name 

Spirulina is used today in nearly all applications such as food supply [66], 

healthy food additives [67], or technical applications such as biomass 

conversion processes. 

These algae grow naturally mainly in tropical and subtropical regions in brackish 

and fresh warm waters with high carbonate, bicarbonate and/or salt 

concentrations, as well as under high pH, such as a natron lake in Chad and a 

saline marsh in USA [68]. Approximately 2/3 of their biomass dry weight 
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consists of proteins [66], while the total carbohydrate content is between 10% 

and 20% and the total lipid content is approximately 10%, with high amounts of 

polyunsaturated fatty acids (PUFAs), including essential ω-6 fatty acid and γ-

linolenic acid (GLA) [69]. Further components of these microalgae are minerals, 

vitamins, such as carotenoids, and photosynthetic pigments, e.g., chlorophyll. 

The biomass composition of Spirulina Platensis is affected by the growth 

conditions, which are normally considered in their industrial production.  

3.2. Proximate and ultimate analyses of microalgae 

A basic characterization of all microalgae species was performed, consisting of 

a proximate analysis, an ultimate analysis, and a heating value test. The 

proximate analysis was conducted in the TGA Q500 as described in section 3. 

The volatile matter content was determined as the percentage of mass released 

by a dry sample subjected to a heating process up to 900 ºC in an inert 

atmosphere, while the ash content was measured as the percentage of mass 

remaining after heating to 550 ºC in an oxidant atmosphere. 

The ultimate analysis of the various microalgae species was performed in a 

LECO TruSpec CHN Macro and TruSpec S analyser. The carbon, hydrogen, 

and sulphur contents of the samples were measured by infrared absorption of 

the exhaust gases via complete combustion of the samples in pure oxygen, 

whereas a thermal conductivity cell was employed to determine the nitrogen 

content. The equipment has a precision of ±0.5% for carbon and nitrogen 

contents and ±1% for hydrogen and sulphur contents.  

The High Heating Value (HHV) of the samples was measured in an isoperibolic 

calorimeter Parr 6300 with a precision of 0.1% and a linearity of 0.05% across 
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the operating range. The equipment has a temperature resolution of 0.0001 ºC. 

The results of the basic characterization of the six microalgae species studied 

are shown in Table 1. The results of this basic characterization of the various 

microalgae species are similar to those reported in the literature, for instance 

the results of Azazi et al. [31] and Zhao et al. [70] for CV; Batista et al. [71] and 

Zhao et al. [70] for IG; Sanchez-Silva et al. [72] and Lopez-Gonzalez et al. [73] 

for NG; Chen et al. [74] for NL; Bagnoud-Velásquez et al. [75] for PT; or Gai et 

al. [23] and Chen et al. [74] for SP.   

Table 1: Results of basic characterization of the microalgae from 3 different 
tests with deviations below +/-1.5% (PA: Proximate Analysis, UA: Ultimate 

Analysis, VM: Volatile Matter, A: Ash, C: Carbon, H: Hydrogen, N: Nitrogen, S: 
Sulfur, HHV: High Heating Value, d: dry, daf: dry ash free, CV: Chlorella 
Vulgaris, IG: Isochrysis Galbana, NG: Nannochloropsis Gaditana, NL: 

Nannochloropsis Limnetica, PT: Phaeodactylum Tricornutum, SP: Spirulina 
Platensis). 

  CV IG NG NL PT SP 

P
A VM [%d]  76.26 86.13 84.06 81.56 62.10 81.46 

A [%d] 13.11 8.31 10.52 9.16 25.46 6.40 

U
A

 

C [% daf]  59.06 47.60 58.62 58.13 54.53 53.12 

H [% daf] 8.81 7.22 9.01 8.59 8.87 7.84 

N [% daf] 11.39 5.97 8.81 9.06 9.14 12.34 

S [% daf] 0.66 0.89 0.69 0.56 1.94 0.74 

O* [% daf] 20.08 38.32 22.87 23.66 25.52 25.96 

HHV [%d] 22.88 19.97 23.51 24.50 19.34 22.62 

The microalgae species’ carbohydrate, protein and lipid contents, as measured 

by several authors, are included in Table 2. Similar compositions are reported in 

the literature for CV, IG, NG and NL, for which the maximum content 

corresponds to proteins, whereas the carbohydrates content was the lowest. In 

contrast, SP is characterized by a very low content of lipids compared to other 
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microalgae [76, 77, 78] and the contents of the three main components of 

microalgae, i.e., carbohydrates, proteins and lipids, are similar for PT [79]. 

Table 2: Contents of carbohydrates, proteins and lipids of various microalgae 
species obtained from the literature (CV: Chlorella Vulgaris, IG: Isochrysis 

Galbana, NG: Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 
Phaeodactylum Tricornutum, SP: Spirulina Platensis). 

 Carbohydrates [%] Proteins [%] Lipids [%] References 

CV  

8.38-17.7 42.0-52.9 19.8-34.8 [80] 

8.8-16.6 47.1-58.8 10.4-21.6 [81] 

12.4 58.1 13.5 [73] 

12-17 51-58 14-22 [76] 

IG 9.9±1.2 42.3±1.2 25.3±0.2 [82] 

NG 
12 37 33 [83] 

25.1 40.5 26.3 [73] 

NL 10 37 24 [83] 

PT 30±2 41±3 29±2 [79] 

SP 

8-14 46-63 4-9 [76] 

19.3 64.7 4.8 [77] 

19 60 6 [78] 

4. Methodology 

The pyrolysis measurements for the 6 microalgae species were conducted in a 

TGA Q500 thermogravimetric analyzer from TA Instruments. During the TGA 

tests, two processes were performed: the sample was dried completely at 105 

ºC for 30 min and the temperature was reduced to 50 °C to investigate the 

pyrolysis of the sample when increasing the temperature of the TGA furnace to 

800 ºC at a constant heating rate in an inert atmosphere. The reduction of 

temperature to 50 ºC and the increase to 800 ºC guarantee a constant heating 

rate in the range from 150 ºC to 600 ºC, which is the temperature range of 
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interest for the pyrolysis of all microalgae species. The complete absence of 

oxygen required during the pyrolysis process was ensured by supplying the 

furnace with a constant nitrogen flowrate of 60 mL/min. The constant heating 

rates selected to increase the temperature during pyrolysis were 10, 13, 16, 19, 

22, 25, 30, 35, and 40 K/min. According to Soria-Verdugo et al. [84], the use of 

nine different TGA pyrolysis curves, obtained at nine different heating rates, 

provides accurate values for the kinetic parameters of the pyrolysis process, 

i.e., the activation energy E and the pre-exponential factor A. The selected 

heating rates ranged from 10 to 40 K/min to guarantee negligible effects of heat 

and mass transfer inside the sample, and the interval between heating rates 

increased for higher heating rates to improve visualization of the Arrhenius plots 

obtained for the different kinetic models, where a function of the logarithm of the 

heating rate is normally represented on the y-axis. Although the heating rates 

employed in the TGA pyrolysis experiments were low compared to those 

obtained in industrial applications, similar results were obtained by Soria-

Verdugo et al. [85] in pyrolysis tests with the same TGA instrument for heating 

rates as high as 200 K/min. 

During an isothermal process, the TGA Q500 temperature accuracy is ±1 ºC 

and the temperature precision is ±0.1 ºC. The weighing precision of the TGA is 

±0.01% and its mass measurement sensitivity is 0.1 µg. The dynamic baseline 

drift during a heating process for an empty platinum pan from 50 ºC to 1000 ºC 

at 20 K/min is lower than 50 µg with no baseline subtraction. During pyrolysis 

measurements in the TGA, the mass of the microalgae samples was selected 

as 10.0 ± 0.5 mg, with a particle size under 100 µm, to reduce heat transfer 

effects in the sample [86, 87, 88]. The pyrolysis tests for each microalgae 
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species and for each heating rate were conducted three times to guarantee the 

repeatability of the process, obtaining differences below 1%. A blank 

experiment was also run for each heating rate to exclude buoyancy effects [89]. 

5. Results and Discussion 

5.1. TGA pyrolysis measurements 

The evolution of the conversion α during pyrolysis can be obtained directly from 

measurement of the sample mass in the TGA. The conversion α for a range of 

temperatures from 150 ºC to 600 ºC, for the six different microalgae species 

analyzed is depicted in Figure 1. For each species, nine different heating rates 

were employed to increase the temperature during pyrolysis in the TGA. No 

analysis of the microalgae drying process was performed, and the pyrolysis 

conversion rate below 150 °C is negligible. Figure 1 shows that, for all 

microalgae species, an increase in the heating rate of the sample caused 

displacement of pyrolysis conversion to higher temperatures due to non-

isothermal pyrolysis reactions [90, 91]. The TGA curves shown in Figure 1 for 

CV, IG, NG, and NL are quite similar, showing a maximum variation of the 

conversion in a temperature range between 250 ºC and 450 ºC. The similarities 

found for the TGA curves of these four microalgae species can be explained by 

their similar contents of carbohydrates, proteins and lipids. In contrast, the 

pyrolysis of PT begins at a lower temperature, at approximately 150 ºC, which 

indicates the presence of highly volatile components in this type of microalgae, 

which are associated with their high carbohydrate content. For SP, the TGA 

curve is smooth at the beginning of the pyrolysis. Then, pyrolysis is accelerated 

at a temperature of approximately 300 ºC, showing a sharp increase in the 
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conversion due to the high content of proteins for this microalgal biomass, 

compared to their low contents of carbohydrates and lipids. 

 
Figure 1: Evolution of conversion α with temperature T for various heating rates 
β from three tests obtaining deviations below +/-1% (CV: Chlorella Vulgaris, IG: 

Isochrysis Galbana, NG: Nannochloropsis Gaditana, NL: Nannochloropsis 
Limnetica, PT: Phaeodactylum Tricornutum, SP: Spirulina Platensis). 
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The comparison of the results of the pyrolysis tests conducted in the TGA for 

the various microalgae species can be performed more easily based on the 

DTG curves, where the rate of reaction, i.e., the derivative of the conversion 

with time, dα/dt, is plotted as a function of temperature T. The DTG curves of 

the various microalgae species are presented in Figure 2. An increase in the 

heating rate during pyrolysis causes a higher rate of reaction for all samples 

tested, as observed in Figure 2. Some similarities are still observed in the DTG 

curves of CV, IG, NG, and NL, both in the width of the curve and the values of 

the rate of reaction, due to their similar carbohydrate, protein and lipid contents. 

However, two different peaks are observed close to the maximum of the rate of 

reaction in the case of the CV sample, for which the maximum rate of reaction 

was attained for temperatures slightly below 300 ºC, whereas for the samples of 

IG, NG, and NL the maximum rate of reaction was reached at temperatures 

slightly above 300 ºC. The DTG curve of the PT is wider, covering a higher 

range of temperatures, and the values of the rate of reaction in this case are 

significantly lower than for the other microalgae species studied. This wider 

temperature range for the decomposition of PT is caused by similar contents of 

carbohydrates, for which decomposition is associated with low temperatures; 

proteins, which are decomposed at medium temperatures; and lipids, which 

undergo pyrolysis at higher temperatures [21]. Moreover, the maximum rate of 

reaction for the PT sample is achieved at a low temperature of approximately 

200 ºC, which can be attributed to their high carbohydrate content compared to 

other microalgae species (Table 2). The highest reaction rates are obtained for 

SP, for which the DTG curve is narrower due to low contents of carbohydrates 

and lipids compared to proteins.  
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Figure 2: Evolution of conversion rate dα/dt with temperature T for various 

heating rates β (CV: Chlorella Vulgaris, IG: Isochrysis Galbana, NG: 
Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 

Phaeodactylum Tricornutum, SP: Spirulina Platensis). 

 

 

 



25 
 

5.2. Kinetic parameters for pyrolysis of microalgae 

5.2.1. Arrhenius plots 

Most methods described in the pyrolysis kinetics section are based on 

Arrhenius equations to obtain the kinetic parameters of the pyrolysis reaction, 

i.e., the activation energy E and the pre-exponential factor A. Considering the 

Arrhenius equations, Arrhenius plots can be built using the experimental data 

obtained from pyrolysis measurements conducted in the TGA at various heating 

rates. 

5.2.1.1. Friedman method 

In light of the Arrhenius equation obtained for the Friedman method, Eq. (7), the 

Friedman Arrhenius plot represents, for each heating rate, the values of 

Ln(dα/dt) versus 1/T for specific values of the conversion α. According to Eq. 

(7), the values presented in this Arrhenius plot for specific values of the 

conversion α, varying the heating rate β, should follow a linear trend. In fact, the 

activation energy can be directly obtained for each conversion as a function of 

the slope mL of this linearization: 

.LE m R= −  (13) 

Furthermore, the pre-exponential factor A can be determined from Eq. (7) for 

each conversion as a function of the intercept nL of the linearization of the data 

presented in the Arrhenius plot: 

( )
( )

exp
.

1
Ln

A
α

=
−

 (14) 
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The Friedman Arrhenius plots for the microalgae species studied are shown in 

Figure 3, where the proper linearity of the data obtained for different heating 

rates can be observed.  

 
Figure 3: Friedman Arrhenius plots, logarithm of conversion rate dα/dt versus 
inverse temperature T for various heating rates β (data shown in intervals of 

conversion α of 5%) (CV: Chlorella Vulgaris, IG: Isochrysis Galbana, NG: 
Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 

Phaeodactylum Tricornutum, SP: Spirulina Platensis). 
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5.2.1.2. OFW method 

The Arrhenius equation of the OFW method is Eq. (8), in which a linear 

relationship between Ln(β) and 1/T can be observed. Therefore, the OFW 

Arrhenius plot is built by representing, for specific values of the conversion α, 

the values of Ln(β) versus 1/T. By linearizing the values shown in this OFW 

Arrhenius plot for each conversion and varying the heating rate, the slope mL 

allows the calculation of the activation energy E for each value of the 

conversion as follows:  

.
1.052

Lm RE = −  (15) 

However, for the calculation of the pre-exponential factor A from the 

linearization of the data presented in the OFW Arrhenius plot, an assumption for 

the form of g(α) should be made. Assuming first-order reactions, the form of the 

function is g(α) = - Ln(1-α) [18], and the pre-exponential factor can be obtained 

for each value of the conversion, from the slope mL and intercept nL of the linear 

fitting: 

( ) ( )1.052 1 exp 5.3305 .L
L

A Ln n
m

α= − − − +    (16) 

Figure 4 shows the OFW Arrhenius plots for the various species of microalgae 

tested, indicting a good linearity of the data obtained for different heating rates.  
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Figure 4: OFW Arrhenius plots, logarithm of heating rates β versus inverse 

temperature T (data shown in intervals of conversion α of 5%) (CV: Chlorella 
Vulgaris, IG: Isochrysis Galbana, NG: Nannochloropsis Gaditana, NL: 

Nannochloropsis Limnetica, PT: Phaeodactylum Tricornutum, SP: Spirulina 
Platensis). 
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5.2.1.3. KAS and simplified DAEM methods 

Although the mathematical derivations of the methods KAS and simplified 

DAEM differ, the Arrhenius equations obtained in both cases, i.e., Eq. (9) for 

KAS and Eq. (11) for simplified DAEM, are quite similar. In both cases, a linear 

relationship of Ln(β/T2) with 1/T can be observed, and thus, their Arrhenius plots 

coincide, representing in both cases the values of Ln(β/T2) as a function of 1/T 

for specific conversion values. This Arrhenius plot is referred to as the KAS-

DAEM Arrhenius plot. Both for KAS and simplified DAEM, the activation energy 

E can be obtained as a function of the slope mL of the linearization of the data 

shown in the KAS-DAEM Arrhenius plot as follows: 

.LE m R= −  (17) 

Nonetheless, since the Arrhenius equations of KAS, Eq. (9), and simplified 

DAEM, Eq. (11), are different, the calculation of the pre-exponential factor A 

from the linearization of the data represented in the KAS-DAEM Arrhenius plot 

differs for both methods. Applying the simplified DAEM, the pre-exponential 

factor can be calculated from the slope mL and the intercept nL of the 

linearization of the data in the KAS-DAEM Arrhenius plot: 

( )exp 0.6075 .L LA m n= − −  (18) 

However, in light of Eq. (9), the calculation of the pre-exponential factor A 

applying KAS requires the assumption of the form of g(α). For first-order 

reactions, i.e., g(α) = - Ln(1-α) [18], the pre-exponential factor can be obtained 

from the slope mL and intercept nL of the linear fitting as follows: 
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( ) ( )1 exp .L LA m Ln nα= − − −    (19) 

The KAS-DAEM Arrhenius plots of the various microalgae species are 

presented in Figure 5, where again a proper linearity of the data can be seen. 

 
Figure 5: KAS-DAEM Arrhenius plots, logarithm of heating rate β over 

temperature squared T2 versus inverse temperature T (data shown in intervals 
of conversion α of 5%) (CV: Chlorella Vulgaris, IG: Isochrysis Galbana, NG: 

Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 
Phaeodactylum Tricornutum, SP: Spirulina Platensis). 
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5.2.1.4. Kissinger method 

The Kissinger method is also based on an Arrhenius equation, Eq. (12), 

although in this case, only a single point is obtained for each heating rate curve, 

corresponding to the maximum rate of reaction. The Kissinger Arrhenius plot is 

built by plotting the values of Ln(β/Tmax
2) versus 1/Tmax, where Tmax is the 

absolute temperature for which the DTG curve (Figure 2) shows a maximum. 

Nine points were obtained for each microalgae species, corresponding to the 

nine DTG curves measured by varying the heating rate during pyrolysis. The 

linearization of these nine points obtained for each sample permits the 

calculation of a unique value for both the activation energy E and the pre-

exponential factor A. The value of the activation energy E is determined from 

the slope mL of the linearization as follows: 

,LE m R= −  (20) 

whereas the pre-exponential factor A can be calculated from Eq. (12) as a 

function of the slope mL and the intercept nL of the linear fitting as follows: 

( )exp .L LA m n= −  (21) 

The Kissinger Arrhenius plots of the six different species of microalgae 

analyzed are depicted together in Figure 6, showing the fair linearity of the data. 
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Figure 6: Kissinger Arrhenius plot, logarithm of heating rate β over the 

temperature of maximum conversion rate Tmax versus inverse temperature of 
maximum conversion rate Tmax (CV: Chlorella Vulgaris, IG: Isochrysis Galbana, 

NG: Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 
Phaeodactylum Tricornutum, SP: Spirulina Platensis). 

The average values of the determination coefficient R2 of the linear fitting of the 

data presented in the Arrhenius plots, for a range of conversions between 5% 

and 95% in intervals of 1%, are reported in Table 3. The high values of R2 

obtained for all microalgae species and kinetic methods tested indicate the high 

accuracy of the pyrolysis measurements conducted in the TGA [39]. No 

determination coefficient is reported for the Vyazovkin method since this 

method is not based on an Arrhenius plot. Furthermore, the linearization of the 

data shown in the different Arrhenius plots was also analyzed without 

considering the data obtained for the two highest heating rates, i.e., 35 and 40 

K/min, to quantify the importance of heat and mass transfer effects inside the 

sample. Since negligible variations in the average R2 values were obtained 

when the highest heating rates were not considered, the effects of heat and 

mass transfer inside the sample can be considered negligible for all tests. 
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Table 3: Average value of determination coefficient R2 [-] for linearization of 
data shown in Arrhenius plots (CV: Chlorella Vulgaris, IG: Isochrysis Galbana, 

NG: Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 
Phaeodactylum Tricornutum, SP: Spirulina Platensis). 

Microalgae 
Friedman 
method 

OFW 
method 

KAS or DAEM 
method 

Kissinger 
method 

CV 0.992 0.990 0.989 0.994 
IG 0.991 0.991 0.991 0.997 
NG 0.992 0.993 0.992 0.986 
NL 0.984 0.985 0.983 0.984 
PT 0.993 0.994 0.994 0.986 
SP 0.974 0.979 0.976 0.943 

5.2.2. Activation energy and pre-exponential factor 

The results obtained for the activation energy E and the pre-exponential factor 

A from the application of the various kinetic models tested on the six species of 

microalgae are shown in Figure 7 and Figure 8, respectively, for a range of 

conversions between 5% and 95% in intervals of 1%. No values for the pre-

exponential factor A are reported for the Vyazovkin method in Figure 8, since 

the minimization of the function shown in Eq. (10) only permits the calculation of 

the activation energy E. A narrow range of variation of the kinetic parameters is 

obtained for the SP sample, for which the activation energy varies from 98.5 to 

226.5 kJ/mol and the pre-exponential factor ranges from 7.8·106 to 5.8·1015 s-1, 

due to their low content of carbohydrates and lipids. A wider range of variation 

is found for the kinetic parameters of the samples of CV, IG, NG, and NL, for 

which the activation energies vary respectively in the ranges 135.6 – 337.1 

kJ/mol, 148.4 – 309.4 kJ/mol, 137.4 – 373.0 kJ/mol, and 123.2 – 295.6 kJ/mol, 

whereas the pre-exponential factors are contained in the intervals 8.7·109 – 

4.1·1023 s-1, 1.2·1012 – 6.9·1022 s-1, 1.1·1011 – 7.2·1026 s-1, and 1.1·109 – 

1.5·1021 s-1, respectively. The ranges of E and A for these four microalgae are 
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similar, due to their similar composition concerning carbohydrates, proteins and 

lipids. The largest range of variation for the kinetic parameters was obtained for 

the PT sample, for which the activation energy varied from 145.0 to 452.2 

kJ/mol, while the pre-exponential factor varied from 5.3·1012 to 7.9·1031 s-1. The 

higher range of variation of E and A for PT can be attributed to their similar 

contents of carbohydrates, proteins and lipids. The results for the activation 

energies of the various microalgae species are comparable to those reported by 

Amaral Debiagi et al. [92] for carbohydrates, proteins, and lipids. They analyzed 

the pyrolysis of several pure reference components, considered representative 

of the three main components of microalgae, obtaining values for the activation 

energies of carbohydrates ranging from 66.94 to 108.78 kJ/mol, proteins from 

62.76 to 64.85 kJ/mol, and lipids from 75.31 to 207.94 kJ/mol. 

The values obtained in this work for the pyrolysis kinetic parameters are in the 

range typically found for microalgae in the literature. In particular, the values 

obtained for CV, which is the most commonly studied microalgae, are similar to 

those reported by Chen et al. [28] (E = 252.94 – 560.19 kJ/mol), Kassim et al. 

[27] (E = 253.21 – 358.55 kJ/mol, A = 4.85·1014 – 3.50·1028 s-1), Hu et al. [35] (E 

= 136.01 – 252.95 kJ/mol, A = 2.32·108 – 1.57·1014 s-1), Yuan et al. [32] (E = 

136.01 – 252.95 kJ/mol), Zhao et al. [70] (E = 136.2 – 201.7 kJ/mol, A = 

4.90·1012 – 1.32·1015 s-1), Maurya et al. [93] (E = 121.20 – 902.87 kJ/mol), and 

Azazi et al. [31] (E = 68.76 – 213.49 kJ/mol, A = 2·108 – 109 s-1). The results 

obtained for IG and NG are in agreement with those reported by Zhao et al. [70] 

(E = 112.5 – 209.9 kJ/mol, A = 4.86·1011 – 3.03·1016 s-1) and López-González 

et al. [73] (E = 128.1 kJ/mol), respectively, whereas the kinetics parameters of 

SP are comparable to the values stated by Gai et al. [23] (E = 74.35 – 140.10 
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kJ/mol). The accurate values obtained for the pyrolysis kinetic parameters E 

and A for the different microalgae species tested, which were obtained from 

nine different TGA curves, can be employed to estimate the thermal 

degradation of these microalgae in various pyrolysis reactors. The kinetic 

models based on the kinetic parameters might be combined with a heat and 

mass transfer model to globally describe the pyrolysis process of microalgae 

samples. These combined kinetic-transport phenomena models constitute a 

magnificent tool to optimize the design of pyrolysis reactors to maximize the 

efficiency of the pyrolysis. Furthermore, the pyrolysis kinetic parameters 

reported in this work may even be used as a first approximation for different 

microalgae species, provided that the composition of the microalga is similar to 

those analyzed in this study. 
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Figure 7: Activation energies E as a function of conversion α for six microalgae 
species applying various kinetic models (CV: Chlorella Vulgaris, IG: Isochrysis 
Galbana, NG: Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 

Phaeodactylum Tricornutum, SP: Spirulina Platensis). 



37 
 

 
Figure 8: Pre-exponential factors A as a function of conversion α for six 

microalgae species applying various kinetic models (CV: Chlorella Vulgaris, IG: 
Isochrysis Galbana, NG: Nannochloropsis Gaditana, NL: Nannochloropsis 

Limnetica, PT: Phaeodactylum Tricornutum, SP: Spirulina Platensis). 

Fairly good agreement can be observed for the results obtained using the 

simplified DAEM and the different integral isoconversional methods considered, 

i.e., the OFW, KAS and Vyazovkin methods. In contrast, deviations from these 

results were obtained when applying the differential isoconversional method of 
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Friedman or the method of Kissinger. A quantification of the deviations obtained 

for the kinetic parameters of each microalgae species, determined by applying 

the different kinetic methods tested, is seen in Tables 4 and 5, where the 

average relative error for the activation energies and the logarithm of the pre-

exponential factors obtained is reported. For calculation of these relative errors, 

the results obtained for the kinetic parameters applying the simplified DAEM are 

considered as a base case, comparing the parameters derived from the other 

kinetic methods to those determined by the simplified DAEM.  

Table 4: Average relative error [%] for activation energy obtained with various 
kinetic methods compared to those determined by simplified DAEM (CV: 

Chlorella Vulgaris, IG: Isochrysis Galbana, NG: Nannochloropsis Gaditana, NL: 
Nannochloropsis Limnetica, PT: Phaeodactylum Tricornutum, SP: Spirulina 

Platensis). 

Microalgae 
Vyazovkin 

method 
OFW 

Method 
Friedman 
method 

Kissinger 
method 

CV 0.18 1.14 6.80 11.62 
IG 0.12 0.48 4.31 18.05 
NG 0.16 0.92 5.83 14.48 
NL 0.18 0.92 4.86 23.91 
PT 0.12 0.47 5.74 16.68 
SP 0.24 2.12 6.63 28.79 

Table 5: Average relative error [%] for logarithm of pre-exponential factor 
obtained using various kinetic methods compared to those determined by 

simplified DAEM (CV: Chlorella Vulgaris, IG: Isochrysis Galbana, NG: 
Nannochloropsis Gaditana, NL: Nannochloropsis Limnetica, PT: 

Phaeodactylum Tricornutum, SP: Spirulina Platensis). 

Microalgae 
KAS 

method 
OFW 

Method 
Friedman 
method 

Kissinger 
method 

CV 2.71 3.63 18.23 16.51 
IG 2.19 1.99 11.73 20.14 
NG 2.58 2.74 16.40 11.68 
NL 2.68 3.22 14.82 26.17 
PT 2.22 2.31 12.23 9.78 
SP 3.45 5.35 19.49 32.01 
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As observed in Tables 4 and 5, the values of the activation energies and pre-

exponential factors obtained for the microalgae species using the Friedman and 

the Kissinger methods differ from those determined by applying the simplified 

DAEM, resulting in large average relative errors. For the Kissinger method, 

these discrepancies should be attributed to the limitation of this method, which 

employs only the information related to the maximum rate of reaction to obtain 

unique values for the activation energy and pre-exponential factor. The other 

kinetic methods calculate values of E and A that vary with the conversion α. The 

differential character of the Friedman method is known to result in a lower 

accuracy than integral isoconversional methods [18, 43]. In fact, the application 

of the integral isoconversional OFW and KAS methods to determine the kinetic 

parameters of the various microalgae species leads to lower average relative 

errors compared to the results determined by the simplified DAEM. The 

activation energy obtained from KAS and simplified DAEM coincide, as stated 

above, and thus no information about the relative error of the activation energy 

of KAS compared to that of simplified DAEM is included in Table 4, since this 

value is zero in all cases. For the application of the Vyazovkin method to 

determine the activation energies of the microalgae samples, the resulting 

values are very similar to those calculated from the simplified DAEM, obtaining 

a maximum average relative error of 0.24% for all microalgae species tested. 

Similar conclusions about the reliability of isoconversional kinetic models have 

been obtained for lignocellulosic biomass samples [39]. 
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6. Conclusions 

Pyrolysis of the microalgae Chlorella Vulgaris (CV), Isochrysis Galbana (IG), 

Nannochloropsis Gaditana (NG), Nannochloropsis Limnetica (NL), 

Phaeodactylum Tricornutum (PT), and Spirulina Platensis (SP) was investigated 

based on thermogravimetric measurements at nine different heating rates. CV, 

IG, NG, and NL show similar behavior during the pyrolysis for temperatures 

between 250 ºC and 450 ºC. In contrast, the range of temperatures in which the 

pyrolysis of PT occurs varies from 150 ºC to 450 ºC, whereas SP is 

characterized by a narrow pyrolysis temperature window near 300 ºC. 

The TGA measurements conducted for all microalgae species were employed 

to analyze the kinetics of the pyrolysis process via application of several kinetic 

methods: Kissinger, Friedman, OFW, KAS, Vyazovkin, and simplified DAEM. 

The activation energies obtained from these methods for the microalgae 

species varied between 135.6 – 337.1 kJ/mol (CV), 148.4 – 309.4 kJ/mol (IG), 

137.4 – 373.0 kJ/mol (NG), 123.2 – 295.6 kJ/mol (NL), 145.0 – 452.2 kJ/mol 

(PT), and 98.5 – 226.5 kJ/mol (SP). Regarding the pre-exponential factors 

determined by the kinetic models, variations between 8.7·109 – 4.1·1023 s-1 

(CV), 1.2·1012 – 6.9·1022 s-1 (IG), 1.1·1011 – 7.2·1026 s-1 (NG), 1.1·109 – 1.5·1021 

s-1 (NL), 5.3·1012 – 7.9·1031 s-1 (PT), and 7.8·106 – 5.8·1015 s-1 (SP), were 

obtained. The results obtained for the pyrolysis kinetic parameters of the 

microalgae samples from the application of the different kinetic models for each 

conversion were compared to those determined by applying the simplified 

DAEM, with low discrepancies for the results of the integral isoconversional 

models, i.e., OFW, KAS, and Vyazovkin. However, moderate differences were 

found when comparing the kinetic parameters obtained from the simplified 
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DAEM and those of the differential isoconversional method of Friedman. Even 

higher discrepancies were found by comparing the unique values of the 

activation energies and pre-exponential factors calculated by the Kissinger 

method. Therefore, the use of the simplified DAEM or an integral 

isoconversional method, such as OFW, KAS or Vyazovkin, is recommended. 

The pyrolysis kinetic parameters obtained from the simplified DAEM or an 

integral isoconversional method may be used in combination with a heat and 

mass transfer model to globally describe the pyrolysis process of microalgae, 

permitting optimization of the pyrolysis reactor. 

Appendix 1 

In this appendix, the detailed mathematical derivation for various pyrolysis 

kinetic models is presented. 

A1.1. Friedman method 

The Friedman method [13] is a differential isoconversional method based on the 

differential form of the rate equation, Eq. (4). Applying logarithms to Eq. (4), the 

Arrhenius equation for the Friedman method can be obtained: 

( )( ) .d ELn Ln A f
dt RT
α α  = ⋅ − 

 
 (A1) 

The Friedman method is sometimes applied in combination with the assumption 

of a first order reaction, for which the form of the function f is f(α) = 1 - α. This 

assumption permits a simple calculation of the pre-exponential factor A, from 

the Arrhenius equation of the Friedman method for a first-order reaction: 
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( )( )1 .d ELn Ln A
dt RT
α α  = − − 

 
 (A2) 

A1.2. Ozawa-Flynn-Wall method 

The Ozawa-Flynn-Wall method [14, 15] is an integral isoconversional method 

based on an approximation for the integral form of the rate equation, Eq. (6). 

The OFW method is based on a substitution method, for which a new variable z 

is defined as follows: 

,Ez
RT

=  (A3) 

resulting after differentiation in the following:  

2 .EdT dz
Rz

= −  (A4) 

The integral form of the rate equation, Eq. (6), can be written on this new 

variable as follows:  

( ) ( ) 2

0
exp exp .

T

z

A E AEg dT z z dz
RT R

α
β β

∞ − = − = − 
 ∫ ∫  (A5) 

The integral over z on the right-hand side of Eq. (A5) is known as p(z), which is 

the so-called temperature integral: 

( ) ( ) 2exp .
z

p z z z dz
∞ −= −∫  (A6) 

With this definition of p(z), Eq. (A5) now reads as follows:  

( ) ( ) ,AEg p z
R

α
β

=  (A7) 
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from which the heating rate can be written as follows: 

( ) ( ).AE p z
Rg

β
α

=  (A8) 

Therefore, applying logarithms to Eq. (A8), an Arrhenius equation is obtained: 

( ) ( ) ( )( ).AELn Ln Ln p z
Rg

β
α

 
= +  

 
 (A9) 

The OFW method uses the approximation of Doyle [44] for the logarithm of p(z), 

which reads as follows: 

( )( ) 5.3305 1.052 .Ln p z z≈ − −  (A10) 

Using Doyle’s approximation in Eq. (A9), the Arrhenius equation for the OFW 

method is obtained: 

( ) ( )
5.3305 1.052 .AE ELn Ln

Rg RT
β

α
 

= − −  
 

 (A11) 

A1.3. Kissinger-Akahira-Sunose method 

The accuracy of the OFW method was improved by the Kissinger-Akahira-

Sunose method [4, 16]. KAS is also an integral isoconversional method based 

on an approximation of the temperature integral, p(z). In contrast to OZW, 

where Doyle’s approximation is employed, KAS uses the approximation of 

Coats-Redfern [6]. According to Coats and Redfern [6], the temperature 

integral, p(z), can be approximated as follows: 

( ) ( ) ( ) ( )2 1
1

0

1 2
exp exp .

n n

nz
n

p z z z dz z z
z

∞∞ − −
+

=

−
= − ≈ − ∑∫  (A12) 
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Considering the definition of the variable z, Eq. (A3), and the temperature 

integral p(z), Eq. (A12), the integral of the right-hand side of the integral form of 

the rate equation, Eq. (6), can be approximated as follows:  

( )
2 2

20

2exp exp ... .
T E E E RT R TdT p z T

RT R RT E E
    − = ≈ − − +          

∫  (A13) 

For typical values of the absolute temperatures T and activation energies E 

obtained during the pyrolysis of solid fuels, the integral can be properly 

approximated using only the first term of the summation, obtaining the 

approximation of Coats-Redfern, which is valid for high values of z = E/RT: 

2

0
exp exp .

T E RT EdT
RT E RT

   − ≈ −   
   ∫  (A14) 

Using the approximation of Coats-Redfern in Eq. (6): 

( )
2

exp ,A RT Eg
E RT

α
β

 = − 
 

 (A15) 

and rearranging the terms to 

( )2 exp ,AR E
T Eg RT
β

α
 = − 
 

 (A16) 

we finally yield the Arrhenius equation for the KAS method by applying 

logarithms:  

( )2 .AR ELn Ln
T Eg RT
β

α
   = −       

 (A17) 

A1.4. Vyazovkin method 
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The Vyazovkin method [17] is also an integral isoconversional method that 

intends to increase the accuracy of the approximation of the temperature 

integral, p(z). Vyazovkin and Dollimore [17] introduced the function I(E,T): 

0
( , ) exp ,

T EI E T dT
RT

 = − 
 ∫  (A18) 

so that, the integral form of the rate equation, Eq. (6), can be written simply as: 

( ) ( ), .Ag I E Tα
β

=  (A19) 

Therefore, according to the isoconversional principle, which establishes that the 

reaction model is independent of the heating rate, the values of g(α) for the 

same values of the conversion α must coincide even for different heating rates 

βj (with j = 1, 2, …, N, with N being the total number of different heating rates 

analyzed): 

( ) ( ) ( ),1 ,2 ,
1 2

, , ... , ,N
N

A A AI E T I E T I E Tα α α
α α α α α αβ β β

= = =  (A20) 

where the values of the pre-exponential factor Aα and the activation energy Eα 

are exclusive functions of the conversion α, whereas the absolute temperature 

Tα,j depends on both the conversion α and the heating rate βj. From the 

fulfillment of Eq. (A20), it follows that: 

( )
( ) ( ) ( ),

1 1 ,

,
1         with .

,

N N
i i

i j j j

I E T
N N i j

I E T
α α

α α

β

β= =

= − ≠∑∑  (A21) 

However, the values of Tα,j will be measured subject to some experimental error 

and, thus, Eq. (A21) can only be satisfied as an approximate equality. 
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Consequently, the activation energy for each conversion, Eα, can be obtained 

from the condition of the minimum value: 

( ) ( )
( ) ( ),

1 1 ,

,
1 min         with .

,

N N
i i

i j j j

I E T
N N i j

I E T
α α

α α

β

β= =

− − = ≠∑∑  (A22) 

The values of the integral I(Eα,Tα,j) could be computed numerically, but this 

would be a very time-consuming procedure [17]. Therefore, instead of a 

numerical solution of the integral, the Vyazovkin method is also based on an 

approximation for the temperature integral, p(z), which is related to I(Eα,Tα,j) as 

follows: 

( )( , ) .EI E T p z
R

=  (A23) 

In contrast to OFW and KAS, the Vyazovkin method employs the approximation 

of Senum-Yang [45] for the temperature integral, p(z):  

( ) 2

3 2

exp 10 18( ) .
12 36 24

z z zp z
z z z z
− + +

≈
+ + +

 (A24) 

The approximation of Senum-Yang for p(z) is more accurate than those of 

Doyle and Coats-Redfern. In fact, using the Senum-Yang approximation, a 

limited deviation of 0.02% from the exact value of the temperature integral is 

obtained even for values of z as low as 5. Using the approximation of Senum-

Yang, accurate values for the activation energy Eα can be obtained from the 

minimization equation, Eq. (A22), with reduced computational cost. 
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A1.5. Simplified Distributed Activation Energy Model 

The Distributed Activation Energy Model was originally proposed by Vand [10] 

as a multi-step model to describe the chemical kinetics of solid fuel reactions. 

The original method was simplified later by Miura [46], and Miura and Maki [47] 

derived in an integral method generally known as simplified DAEM. The 

simplified DAEM method assumes that the chemical kinetics of a complex solid 

fuel is governed by a large number of pseudo-components, each comprised of a 

theoretical infinite number of chemical reactions, sharing the same pre-

exponential factor, but with a different activation energy following a distribution 

f(E). According to DAEM, all chemical reactions occurring during the thermal 

degradation of a solid fuel are first-order, and the integral form of the rate 

equation, Eq. (6), can be written, for a known range of activation energies 

between E and E + dE, as follows: 

( )
( )( )0 0

,
exp .

1 ,
Td E E dE A E dT

RTE E dE
α α

βα
+  = − − +  ∫ ∫  (A25) 

By integrating the left-hand side of Eq. (A25), the conversion α(E,E+dE) for this 

activation energy range can be expressed as: 

( )
0

, 1 exp exp .
TA EE E dE dT

RT
α

β
  + = − − −    

∫  (A26) 

The overall value of the conversion α will be obtained by integrating over the 

whole possible interval of activation energies, considering the probability density 

function of the activation energies to be f(E): 
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( )
0 0

1 exp exp .
TA E dT f E dE

RT
α

β
∞   = − − −    

∫ ∫  (A27) 

The exponential function in Eq. (A27) is the so-called φ function: 

( )
0

, exp exp .
TA EE T dT

RT
φ

β
  = − −    

∫  (A28) 

Using the approximation of Coats-Redfern, Eq. (A14), the φ function can be 

simplified to: 

( )
2

, exp exp .ART EE T
E RT

φ
β

  ≈ − −    
 (A29) 

Considering the rapid variation of the φ function, it is typically approximated as a 

step function for a value E = Ea. Therefore, the conversion α, described by Eq. 

(A27) can be written based on this simplification for the φ function as follows: 

( ) ( ) ( ) ( )
0 0

1 , 1 ,a

a

E

E
E T f E dE f E dE f E dEaf

∞ ∞
= − ≈ − =∫ ∫ ∫  (A30) 

where the normalization condition for the probability density function f(E) was 

employed in the last equality. Miura [46] analyzed the effect of the simplification 

of the φ function as a step function, concluding that a value of φ(E,T) = 0.58 is 

valid for solid fuels with a broad range of activation energies and pre-

exponential factors. Using this value in the definition of the function φ, simplified 

according to the Coats-Redfern approximation, Eq. (A29) results in the 

following: 

( )
2

, 0.58 exp exp .ART EE T
E RT

φ
β

  = ≈ − −    
 (A31) 
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Applying logarithms in Eq. (A31) and rearranging terms, the Arrhenius equation 

for the simplified DAEM method is obtained: 

2 0.6075 .AR ELn Ln
T E RT
β   = + −   

   
 (A32) 

A1.6. Kissinger method 

The Kissinger method [4, 5] is based on the differential form of the rate 

equation, Eq. (4), assuming a generic order n for the chemical reaction, i.e., f(α) 

= (1-α)n: 

( )exp 1 .nd EA
dt RT
α α = − − 

 
 (A33) 

When a solid sample is subjected to a temperature increase, the rate of 

reaction, dα/dt, reaches a maximum for an absolute temperature Tmax, that is as 

follows: 

max0 .d d T T
dt dt

a  = ⇔ = 
 

 (A34) 

An expression for the derivative of the rate of reaction can be found by applying 

the chain rule as: 

( )( ) ( )1 exp exp 1 .n nd d d d E dT d EA A
dt dt dt d RT dt dT RT

α α α α
α

      = − − + − −            
 (A35) 

After rearranging terms in Eq. (A35), the variation of the rate of reaction can be 

expressed as follows: 

( ) 1
2 1 exp .nd d d E EAn

dt dt dt RT RT
α α β α −    = − − −        

 (A36) 
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Therefore, the temperature Tmax for which the rate of reaction is maximal must 

fulfill the following: 

( ) 1
2

max max

1 exp ,nE EAn
RT RT

β a −  
= − − 

 
 (A37) 

resulting in 

( ) 1
2

max max

1 exp .nAR En
T E RT

β a −  
= − − 

 
 (A38) 

The Arrhenius equation for the Kissinger method is obtained after applying 

logarithms to Eq. (A38) to give a generic reaction order n for the chemical 

reactions [5]: 

( ) 1
2

max max

1 .nAR ELn Ln n
T E RT

β a −   = − −   
  

 (A39) 

This equation can be further simplified assuming first-order chemical reactions, 

i.e. n = 1, resulting in [4]: 

2
max max

.AR ELn Ln
T E RT

β   = −   
  

 (A40) 
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