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Abstract
[bookmark: _Hlk42502696]A major focus of algal biofuel research is on maximizing the formation of the energy-containing compounds (i.e., carbohydrates, proteins, fatty acids, and lipids) during algal growth.  Measurements were carried out to investigate the thermochemical character of Chlorella sp. and Chlamydomonas reinhardtii.  Thermogravimetric analysis was carried out to identify the algal chemical decomposition transitions (stages) from the sample mass loss with temperature, and results were compared to values published in the literature for different algal species.  Laser-driven calorimetry was also used to identify the different algal stages, as well as estimate the specific energy release, temperature range, mass loss for each stage, and heating value (i.e., total specific energy release).  The estimated total specific energy release was 14.7 kJ g-1 for Chlorella sp. and 9.4 kJ g-1 for C. reinhardtii.  The results indicated an endotherm in Stage 1 for both algae due to evaporation of moisture.  There was also a small exotherm corresponding to the lighter volatiles.  For Stage 2, the largest peak was for the Chlorella sp. carbohydrates with an estimated specific energy release of 2.3 kJ g-1, and the lipids for C. reinhardtii at 1.9 kJ g-1.  The Stage 3 carbonaceous materials had the largest specific energy release, containing more than 50 % of the energy among all three stages.  The estimated value of the apparent activation energy was 168.6 kJ mol-1 for Chlorella sp. and 134.1 kJ mol-1 for C. reinhardtii Information of this sort is needed for enhancing algal generation of energy-containing compounds that are required for biofuel production. 
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1.  Laser-driven calorimetry measurements of algae thermochemical behavior
2.  Advantages of laser-driven calorimetry over thermogravimetric analysis
3.  Quantifying the energy release of the various algal decomposition transitions


[bookmark: _Hlk54095035]‡Corresponding Authors 
	Cary Presser 
Research Engineer 
Chemical Sciences Division 
Material Measurement Laboratory 

Mailing address: 
National Institute of Standards and Technology 
Bldg. 221, Rm. B310 
100 Bureau Dr., Stop 8320 
Gaithersburg, MD 20899-8320 

Contact information: 
301-975-2612 (tel) 
cpresser@nist.gov (email)

	Ofra Paz Tal
Chemist Researcher
Applied Chemistry Laboratory


Mailing address:
Chemistry Department, NRCN
POB 9001
Beer Sheva, Israel


Contact information:
972-506238832 (tel)
ofrapt@gmail.com (email)








1. Introduction
Algae (micro and macro) as a biofuel source, with over 100,000 different strains, are attractive because of the relatively fast conversion of plant sugars into renewable oils with controlled quality and composition [Xu et al. 2016].  Algae can convert light and carbon dioxide through cellular activity to produce energy storing constituents, such as carbohydrates, proteins, lipids, vitamins and pigments [Spolaore et al. 2006, Pulz and Gross 2004, Eriksen 2004].  Studies have shown that some species of algae can yield 60 % or more of their dry cell mass in the form of lipids – natural oils [Gupta and Demirbas 2010, Knothe, et al. 2009].  Other strains produce more carbohydrate than oil and can be fermented to make bioethanol and biobutanol.  The variety of algae (and compositions) available for biofuels represent a wide range of fuel properties, which may or may not be suitable for certain combustion applications, thus of significant need is knowledge of the feedstock physical, chemical, and thermal properties [Hsieh et al. 2014, Anitescu and Bruno 2012].  
The composition of algae from biochemical analysis is different than other biomass in that they can contain a relatively high content (% mass) of protein > carbohydrate > lipid > nucleic acid organic constituents, which are easier to thermally decompose than lignocellulosic organic materials (i.e., hemicellulose > cellulose > lignin) found more abundantly in other types of biomass (e.g., Wu et al. [2020], Vassilev and Vassileva [2016], Casoni et al. [2016], Ceylan and Kazan [2015], Gai et al., [2015], Kassim et al. [2014]).  Currently, research is focused on optimizing algal growth processes, and maximizing the formation of energy-containing lipids within selected algal species.  Many algae form and accumulate neutral lipids of triacylglycerol (TAG) composition (20 % to 50 % of its dry cell mass), which serve primarily to store carbon and energy (having no cell-structural function) [Hu et al. 2008].  Glycerol-based membrane lipids, composed of fatty acid methyl esters, form up to 20 % of the dry cell mass.  Lipid production (and other sugars within algae) is controlled by photosynthesis, availability of carbon, and other environmental conditions, forming chemical energy-containing compounds that are stored within the organism.  A key aim of algal biofuel research is to identify strains and mass culture conditions that provide high lipid yield coupled with high biomass productivity, and therefore increase overall lipid productivity.  Methods of lipid detection include chromatographic-based separation and quantification of lipid classes that require solvent extraction and fractionation; however, these methods are time-consuming.  Another frequently used method makes use of the neutral lipid-staining fluorescent dye Nile red [Rumin et al. 2015].  
[bookmark: _Hlk60659503][bookmark: _Hlk60650386][bookmark: _Hlk36810705][bookmark: _Hlk47518234][bookmark: _Hlk38296174][bookmark: _Hlk36546999]In addition to chromatographic identification of lipids and other energy-containing compounds within algae, thermochemical analysis is used to quantify the energy content of these compounds.  Thermogravimetric analysis (TGA) thermograms (mass loss with temperature), along with the differential (difference) temperature analysis (DTA) between the sample and baseline, and differential thermogravimetry (DTG) providing the temperature-time derivative, have been used extensively to characterize thermochemical decomposition processes during high-temperature heating of algae.  The literature identifies three algal decomposition transitions with increasing temperature from the TGA/DTA/DTG thermal profiles.  Each transition, represented by a peak height in the temperature-time derivative profiles, is indicative of the constituent mass loss, which in turn is a measure of the constituent mass within the sample.  In an inert environment (i.e., nitrogen), Stage 1 is a low temperature dehydration (endothermic evaporation) of moisture [Agrawal and Chakraborty 2013, Rizzo et al. 2013] and release of lighter volatile compounds [Carpio et al. 2019, Gao et al. 2017, Gai et al. 2013], resulting in a relatively small loss of mass.  Stage 2 is an exothermic [Li et al. 2011] pyrolysis (decomposition/depolymerization) of algal organic constituents (i.e., carbohydrates, proteins, and lipids) [Carpio et al. 2019].  Entailed is the formation of individual thermal peaks that are associated with the chemical constituents within this stage, namely, a peak at lower temperatures associated with the algal carbohydrates, followed by peaks for the proteins and lipids, respectively, with increasing temperature.  Most of the algal mass loss occurs in this stage.  For Stage 3, endothermic pyrolysis [Agrawal and Chakraborty 2013] occurs, requiring energy for decomposition/devolatilization of the relatively small portion of remaining ‘carbonaceous material’, namely, heavier volatile material, biochar (i.e., lignin, cellulose, hemicellulose), and/or inorganic ash.  ‘Higher-temperature residue’ (carbon, biochar and/or inorganics) may also remain after a TGA run, typically reaching maximum temperatures of 
1073 K to 1273 K.  The source of the inorganic constituents in algae is, in part, attributed to the uptake of nutrients in the water and use of fertilizers during algal cultivation.  In an oxidative (e.g., air) environment, Stages 2 and 3 represent exothermic decomposition/devolatilization/ combustion of the constituents [Gai et al. 2015].  Stage 2 has greater decomposition, i.e., higher peak temperatures with larger amplitudes, than for the inert environment [Agrawal and Chakraborty 2013].  Stage 3 combustion in air occurs at a lower temperature than in an inert pyrolytic environment.  The exact composition and temperature range defining each transition varies considerably depending on the algal source and TGA operating conditions.  A summary of results from some of the more recent literature is given in Table S1, see Supplemental Information (SI) section.  
The effect of increasing TGA heating rate (regardless of the environment) shifts these stages to higher temperatures; the relatively low biomass thermal conductivity involved in transferring thermal energy from the TGA furnace postpones decomposition [Gai et al. 2015, Ceylan and Kazan 2015, 2014, Chen et al. 2012].  To reduce the effect of heat transfer to the sample, care is taken to reduce the mass loading and particle size of the dry sample [Agrawal and Chakraborty 2013].  The rate of decomposition increases because of the higher available thermal energy [Agrawal and Chakraborty 2013, Kim et al. 2013, 2012].  The Stage 2 carbohydrate and protein peaks can also merge at higher heating rates [Li et al. 2019, Ceylan et al. 2015, 2014, Yanik et al. 2013].  The total energy content (higher heating value) of algae is generally in the range between (8 and 25) kJ g-1, as obtained from bomb calorimetry measurements (see Table S1, SI section), lower than for most petroleum fuel blends [Vassilev and Vassileva 2016].  Note that the intention is to cultivate higher energy-density algae for thermochemical conversion to bio-derived fuels with heating values that are competitive with current petroleum fuel blends.  The individual constituent mass fraction is determined from the TGA mass loss, however, what remains unknown is the energy content associated with the individual constituents for each stage. 
[bookmark: _Hlk36803000]To address this issue, laser-driven calorimetry (LDC) was used to characterize the thermochemical behavior for two types of algae of current research interest [Shmidt et al. 2019], namely, Chlorella sp. and Chlamydomonas reinhardtii.  There are several advantages to using the LDC approach, as compared to other thermal analysis instruments, which are summarized in Fortunato de Carvalho Rocha et al. [2020].  They include 1) accounting for the total thermal response of a substance due to the heat exchanged with the surroundings by both thermal and chemical mechanisms, 2) heating substances at rates appropriate for capturing the temporal thermal behavior (i.e., exothermic, endothermic response) during fuel chemical decomposition and reaction, permitting calculation of the thermochemical characteristics (e.g., specific energy release rate, total specific energy release, mass loss, etc.), 3) using smaller sample sizes, higher heating rates, and sample heating over a period of minutes instead of hours, and 4) preserving the original sample physical characteristics prior to a measurement run.  Another advantage, unavailable with thermogravimetric analysis, is that LDC can provide the algal specific heat release for each detected decomposition stage (i.e., constituent), as opposed to an overall value as provided with bomb calorimetry.  The focus of this investigation was to compare LDC results with those from a TGA/DTG, characterize the algal thermochemical behavior, and identify the algal chemical decomposition transitions.  The LDC was also used to estimate the total specific energy release (heating value), as well as the temperature range and mass loss for each decomposition stage.  With knowledge of the energy content for each energy-containing compound, one can then use this information to develop growth processes that bolster the algal overall energy content, and as a screening tool to select algae for potential conversion to and production of biofuel.  
 2. Experimental methods
[bookmark: _Hlk54594321]2.1. Algal culture and imaging
[bookmark: _Hlk49263423]The two types of unicellular algae species investigated were Chlorella sp., thriving in the summer high temperatures in Israel and Chlamydomonas reinhardtii CW15 mutant strain.  These algae were chosen since they were the subject of an investigation focusing on genetic improvement of crop plants to reduce susceptibility to changing climate conditions [Shmidt et al. 2019, Weiner et al. 2018, Wittenberg et al. 2014], and currently, to enhance plant energy content.  Also, Chlorella sp. and C. reinhardtii has been investigated in the past because of its attributes regarding large-scale biomass generation (e.g., Andrade et al. [2018], Phukan et al. [2011]).  The same preparation procedure was used for both algal samples. The Chlorella sp. and C. reinhardtii cells were grown in tris-acetate-phosphate growth medium [Gorman and Levine 1965] under continuous lighting conditions at 298 K, to a density of approximately 
1 x 107 cells ml-1.  The algae cells were sampled during normal growth in the nutrient-rich medium with no prior nutrient deplete or replete cycles.  The cells were separated from the liquid medium by centrifugation for 10 min at 3500 rpm.  The pellet (algal cells) was frozen at a temperature of 193 K for 24 h, and lyophilized for about 2 days.  Batch sample of each freeze-dried alga was then used for the thermal analysis.  
[bookmark: _Hlk56426024][bookmark: _Hlk55206861]Secondary-electron-scattered images of arbitrarily selected lyophilic alga particles and residue collected after each experimental run were acquired using a FEI Nova NanoLab Dual-Beam Field-emission scanning electron microscope (USA, model 600)[footnoteRef:2].  Particles were placed on a sticky carbon-tab/aluminum-stub substrate before being imaged in the instrument.  For the selected particles, spectra were obtained using an x-ray energy-dispersive-spectroscopy microanalysis system.  Figure 1 presents images of representative freeze-dried algal samples and collected residue, along with the respective x-ray spectra.  The image parameters for the algae were as follows: magnification of 247 for Chlorella sp. and 250 for C. reinhardtii, electron beam energy of 5 kV, current of 98 pA, pixel size [nm] defined by HFW/1024 where HFW was the horizontal field width (519 for Chlorella sp. and 512 for C. reinhardtii), column/specimen working distance of 5.0 for Chlorella sp. and 4.3 for C. reinhardtii.  For the spectra, the electron beam energy was set at 20 keV and the current at 2.4 nA.  For the residue:  magnification of 32, electron beam energy of 5 kV, current of 98 pA, HFW of 4.01 for Chlorella sp. and 4.05 for 
C. reinhardtii, WD of 5.1 mm for Chlorella sp. and 5.6 mm for C. reinhardtii, spectra electron beam energy of 20 keV and current of 0.62 nA.  The total collection time for the x-ray detector was 5 min.   [2:  Certain commercial equipment or materials are identified in this publication to specify adequately the experimental procedure.  Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment are necessarily the best available for this purpose.] 

2.2. Thermogravimetric analysis/differential thermogravimetry
[bookmark: _Hlk42508972]Thermograms were measured using thermogravimetric analysis/differential thermogravimetry (TGA/DTG) to obtain the variation of algal mass loss and mass-temperature derivative with respect to sample temperature.  The thermogravimetric analyzer was manufactured by Mettler Toledo (USA, model TGA/SDTA851).  The mass loss was nondimensionalized by the initial mass (mo).  The sample mass was estimated using an analytical balance with a resolution of 1 μg.  The TGA/DTG used for these experiments was operated with sample sizes ranging from 5 mg to 
15 mg.  Sample was placed in an Al2O3 ceramic crucible for each run.  The instrument operated over a temperature range of 298 K to 1273 K at a heating rate of 3 K min-1.  The standard deviation for the recorded temperatures was estimated to be 3 K.  The surrounding environment was filled with either inert nitrogen for pyrolysis or air for combustion, flowing at 20 ml min-1.  One additional run was carried out for each experimental condition to check measurement repeatability.  The reported sample mass loss was estimated from the DTG profiles by integrating the area under each peak.  For unresolved peaks (unseparated from the baseline), the peaks were resolved using a ‘drop-line’ method [Dyson 1998].
2.3. Laser-driven calorimetry
Laser-driven calorimetry is a laser-heating approach that scrutinizes the total energy exchanged between a sample and its surrounding environment during the occurrence of both thermal and chemical processes [Presser and Nazarian 2017, Nazarian and Presser 2008].  Estimation of algal thermochemical characteristics is based on evaluation of the conservation of energy to estimate the sample specific energy release rate, total specific energy release, and temporal mass loss.  Again, some of the benefits of this laser-heating approach over other thermal-analysis techniques are:  1) use of smaller sample sizes with higher heating rates than achievable with TGA with sample heating over a period of minutes instead of hours, 2) heating rates compatible to the chemical processes associated with algal decomposition, thus reducing the energy released due to preferential vaporization of lower-temperature organic constituents, 3) thermochemical characterization during different stages of the sample chemical decomposition, and 4) evaluation of thermochemical characteristics with one system as opposed to multiple techniques.  Other benefits are discussed elsewhere [Fortunato de Carvalho Rocha et al. 2020].
[bookmark: _Hlk36817457]2.3.1. Experimental setup
Measurements were carried out by heating an algal sample with a high-power continuous wave Nd:YAG laser (Lee Laser, USA, model 8250M), operating at a wavelength of 1064 nm, see Fig. 2 [Nazarian and Presser 2008].  Prior to a measurement, algal sample was placed inside a copper pan; the algae were crushed further using a tweezer before being weighed to improve heat transfer to the sample during the experimental run.  The pan then was lowered into a copper spherical-shaped reactor that was mounted at the center of a stainless-steel chamber.  A fine wire was looped over the pan to assist in the transport and placement of the pan, through an opening in top of the sphere, upon a custom-built (Omega, USA), fine-wire thermocouple near the center of the spherical reactor.  The opening was covered with a copper cap before an experimental run.  The ‘pan thermocouple’ was twisted into a flat heart shape to support the algal/pan sample.  The temperature was measured with time (‘thermogram’) by the thermocouple, while a second ‘sphere thermocouple’ was in thermal contact with the inner surface of the reactor sphere.  Typically, experiments consisted of an initial run without sample, serving as a ‘baseline’, followed by four runs with sample to estimate the measurement repeatability, and another baseline run to detail any systemic changes (all with the same pan).  The surrounding environment was either in air or inert nitrogen.  The thermograms, temperature difference (between the sample and baseline temperatures), and temperature-time derivatives were used to determine the algal thermochemical characteristics, such as the endothermic/exothermic behavior, total specific energy release, specific energy release rate, and mass loss for the different stages of algal decomposition. 
2.3.2. Theoretical model
The energy-balance equation is given by:  
(1)


where the terms are defined as: m - sample mass, cp - specific heat capacity, dT/dt - temperature-time derivative, I - beam intensity, A - cross-sectional area, β - absorptivity at wavelength λ, and F - total energy release at a reference temperature To due to conduction, convection, and radiation heat transfer.  The last term on the right is the energy absorbed/released due to chemical decomposition, phase change, and reactions for a changing sample mass Δm(t) and a specific energy release rate q.  Analysis of all terms in the energy-balance equation (with details described in prior archived publications [Presser et al. 2018, 2017, 2015, Nazarian and Presser 2008]) enables estimation of q(T).  
The protocol used to analyze the thermograms involves the use of two analogous thermal-analysis approaches, with the expressions provided in Presser and Nazarian [2017] or the Supplemental Information section in Presser et al. [2018].  The ‘pan-based’ analysis models the heat transfer from the pan, and the ‘reactor-based’ analysis models the heat transfer to the surroundings, considering the entire volume of the reactor sphere.  The two schemes estimate q(T), based on comparing the sample and baseline thermograms recorded by the pan thermocouple and sphere thermocouple, respectively.  The equation for the pan-based thermal analysis is given by:
(2)


where τ is the temperature-dependent relaxation time [Nazarian and Presser 2008], and the subscript s represents a run with sample and b is the baseline.  The thermal behavior is expressed as endothermic for q(Ts) < 0, and exothermic for q(Ts) > 0.  Note that determination of q(Ts) is dependent on both the sample-baseline temperature difference and the difference between the sample and baseline temperature-time derivatives.  This approach is used to estimate the mass change by the following expression:

(3)

where Q* is a proportionality constant representing the specific energy release that is associated with the fractional change in mass, relative to the initial mass change Δm, during sample decomposition.  The initial value for Δm(t = 0) was defined as the ratio of the overall sample reaction time (in this case equal to the entire run time) to another integer proportionality constant no, representative of the number of acquisition time steps during decomposition.
Also, q(Ts) can be used to describe the evolution of heat for heterogeneous thermochemical decomposition (degradation, conversion) kinetics with the following Arrhenius-type expression [Rogachev 2019, Nazarian and Presser 2008, Frank-Kamenetskii 1969]]:
(4)



for which one can estimate the pre-exponential coefficient qo and the apparent activation energy Ea, where R is the universal gas constant (8.314 J K-1 mol-1), by taking the natural logarithm to linearize the equation.
Integration, using the trapezoidal rule, of q(Ts) over the range of exothermic behavior provides an estimate of the total specific energy release (heating value), expressed by:


(5)

For this investigation, the value of Q was estimated by first carrying out the sphere analysis and then the pan analysis was modified to match the sphere-analysis result by varying the proportionality constants Q* and no.  From the pan analysis, one can then estimate the mass change with time and the specific energy release for the temperature range associated with each stage of algal decomposition.
2.3.3. Measurement uncertainties
[bookmark: _Hlk50469483][bookmark: _Hlk46921416]Measurement uncertainties associated with this experimental apparatus have been reported in prior literature [Fortunato de Carvalho Rocha et al. 2020, Presser et al. 2018, 2017, 2015] and manifest themselves in the measured thermograms.  The uncertainties include issues regarding deformation of the reactor sphere due to repeated heating, changes that occur in the copper oxide layer after heating the surfaces of the sphere and pan, different initial run start times, and variation of the thermograms due to placement of the thermocouples and pan.  For these experiments, there was the added issue of sample repositioning on the pan thermocouple within the sphere for each run.  Normally, the pan is fixed to the thermocouple to ensure good thermal contact and eliminate issues associated with centering the pan in the same volume within the sphere where the temperature is uniform.  However, for these experiments the pan had to be removed for each run to estimate the sample initial mass with an analytical mass balance.  Also due to the static generated by the algae, care was taken to avoid loss of sample from the pan while placing the sample inside the sphere.  Placing a thin wire looping over the pan and grabbing the wire with thin-nose plyers proved successful in repositioning the pan on the thermocouple without loss of sample and ensured reasonable thermogram measurement repeatability.  
[bookmark: _Hlk51254542]Regarding the theoretical model, uncertainties centered on the lack of thermophysical properties such as specifying the algal specific heat capacity with temperature.  A value for the specific heat capacity was estimated for Chlorella sp. from a different algal species [Schneider et al. 2016]; a value of 1.25 J g-1 K-1 was used for C. reinhardtii [Hognon et al. 2015].  The estimated total value of Q is relatively insensitive to the sample specific heat capacity since its weighted-sum contribution is small compared to that of the copper pan or reactor sphere.  The estimated values for the various stages did change, generally less than 10 % if the specific heat capacity was tripled.  Another issue is associated with alignment of the sample and baseline thermograms with one another.  A translation/extrapolation procedure (e.g., see details in Fortunato de Carvalho Rocha et al. 2020) was developed to match the start of the two runs by aligning the initial increase in the temperature-time derivatives with time and compensate for differences in the final temperatures due to sphere degradation.
2.3.4. Measurement repeatability
[bookmark: _Hlk42783320][bookmark: _Hlk41569798]Four experimental runs for each algal sample were completed in air and inert nitrogen at ambient laboratory pressures.  Replication of the thermograms accounts for the combined effects of the above-mentioned measurement uncertainties on estimating the measurement repeatability.  Initially, measurements were carried out with 1 mg to 2 mg of sample.  Figure 3 presents the thermograms (i.e., temperature versus time), variation of the sample-baseline temperature difference, and temperature-time derivative (dT/dt) with sample temperature for Chlorella sp. and C. reinhardtii.  The heating rates, defined by the maximum value in the profile for (dT/dt)baseline (see Fig. 3C and 3F), reached up to about 80 K s-1.  Although the repeatability was reasonable, one notes the differences in the Ts - Tb (Figs. 3B and 3E) and dT/dt (Fig. 3C and 3F) profiles among the four runs, which highlight the subtle changes in the thermograms between runs.  These changes in the thermograms are attributed to the sample reactivity being modified slightly by the different particle morphologies and initial masses between samples.  However, the overall thermogram features, indicative of the algal decomposition, will be similar.  Also, the initial sample mass must be adequate to fully express the algal decomposition features (e.g., Presser et al. [2018], Presser and Nazarian [2017]), which was not the case; thus, the mass was subsequently increased to greater than 4 mg.  For this mass, the expanded uncertainty between a set of four thermograms (for the Type A evaluation)[footnoteRef:3] was better than 6.3 K for Chlorella sp. and 6.6 K for C. reinhardtii.  The standard uncertainty was computed by determining the arithmetic mean and variance of the thermogram temperatures at each time step.  The variance for all the time steps was pooled and used to obtain an overall standard uncertainty.  The reported thermocouple temperature Type B evaluation of uncertainty (expanded) by the manufacturer was 1.1 K.  The expanded uncertainty for the total specific energy release was estimated to be better than 1.2 kJ g-1, based on the appropriate pairing of the sample and baseline thermograms. [3: Estimation of the measurement uncertainty for this study is determined from analysis of a series of replicated measurements (referred to as Type A evaluation of uncertainty), and from means other than statistical analysis (referred to as Type B evaluation of uncertainty) [Taylor and Kuyatt 1994]. The Type A uncertainty is calculated as kcuc, where kc is the coverage factor and uc is the combined standard uncertainty. The value for uc is estimated as 
sn-1/2, where s is the sample standard deviation and n is the number of independent measurements.  For n = 2, 3, and 50, k = 4.30, 3.18, and 2.01, respectively, representing a level of confidence of 95 %.
] 

3. Results and discussion
3.1. Algal residue analysis
The images in Fig. 1 indicated that the Chlorella sp. texture was a granular porous material, while the C. reinhardtii was composed of flaky porous sheets.  After an experiment, the residue was observed to form a thin-shelled globule within the pan.  The x-ray spectra detected 12 inorganic-related elemental constituents.  Table 1 presents the relative mass fraction (not absolute) for the various elements found for each algal sample from one experimental replicate and corresponding residue (average of three measurements from one selected sample).  Elemental analysis of the algae composition (organic and inorganic constituents) and/or its residue after pyrolysis or oxidation is useful in classifying and screening algae for conversion to biofuel [Vassilev and Vassileva 2016].  Note that an ultimate analysis was not carried out to provide the organic-related elemental constituents C, H, O, N, and S.  Table 2 compares the inorganic-related elements detected in this investigation with several other types of algae and biomass reported in the literature.  The table denotes the elements with higher concentrations relative to the other identified constituents.  One can note the elements with higher concentrations that are common to the various types of algae.

3.2 Thermogravimetric analysis
[bookmark: _Hlk46754851]The TGA/DTG thermograms profiles for the pyrolysis (in nitrogen) and combustion (in air) were obtained for Chlorella sp. and C. reinhardtii at the heating rate of 3 K min-1.  Figures 4 and 5 compare the nitrogen and air runs for Chlorella sp. and C. reinhardtii, respectively.  Figure 6 compares the two algae in air and Table 3 provides the mass loss for each stage.  Each figure presents the TGA thermogram and temperature-time derivative profile.  Like the TGA results reported in the literature (see Table S1, SI section), the Chlorella sp. and C. reinhardtii exhibited three main stages of mass loss (decomposition transitions).  Stage 1 was from the ambient temperature to around 417 K (1m in the DTG profile of Fig. 4), which represented dehydration of moisture.  This feature was present in both nitrogen and air for each alga.  There was a second peak for Chlorella sp. (and absent for C. reinhardtii) between 417 K and 470 K, which was attributed to lighter volatile compounds (1lv in Fig. 4).  Again, this feature was present in both nitrogen and air (at a slightly higher temperature than for N2).  Stage 2 (a major mass-loss stage) started at around 470 K and ended at about 792 K.  This stage was composed of three peaks and indicative (as described by investigations in the literature, see Table S1, SI section) of the devolatilization in air of the algal organics, i.e., non-fibrous carbohydrates (470 K to 544 K, 2c in Fig. 4 for both algae), proteins (544 K to 643 K, 2p in Fig. 4 for both algae), and lipids (643 K to 792 K 2l in Fig. 4 for Chlorella sp., 850 K for C. reinhardtii).  Again, the association of each peak with a specific organic constituent is derived from the literature, as noted in Table S1.  The largest peak (relative to the curve baseline) was for the carbohydrates while the smallest was for the proteins; similar results are found, for example, in Zhao et al. [2019], López-González et al. [2014], Sanchez-Silva et al. [2013], and Chen et al. [2011].  Note that the order of the TGA/DTG peak heights (i.e., mass) for these three organic constituents is different than often reported from biochemical % weight analyses.  The first two lower-temperature peaks in nitrogen were comparable to those for air but occurred at a slightly higher temperature.  The third peak in nitrogen, corresponding to the lipids, was significantly smaller and at a lower temperature (between 650 K and 827 K) than for air.  This result indicates that lipid pyrolytic decomposition is less significant in the inert environment for the given TGA operating conditions, unlike the carbohydrate and protein peaks, while implying more substantial lipid oxidative decomposition in air.  A similar finding is also noted in Fig. 3 of Agrawal and Chakraborty [2013].
For Stage 3 temperatures above 792 K in air (3in in Fig. 4B), oxidation occurred for the remaining carbonaceous materials, with the Chlorella sp. peak being larger than that for 
C. reinhardtii (see insert in Fig. 5B).  A peak was also detected for the nitrogen runs at temperatures higher than for air, which was attributed to pyrolysis of the remaining material.  Note that for both algal samples, the final mass loss in nitrogen was between (20 and 30) %, being attributed to the presence of unreacted, higher-temperature residue (biochar and inorganics); near complete consumption was achieved in air due to oxidation of the residue biochar.
The x-ray spectra presented in Fig. 1 and mass fractions listed in Table 1 indicated that the algae were composed of a variety of inorganic-related elements, mainly phosphorus, potassium, oxygen (forming oxides), magnesium, calcium, manganese, and iron.  This result is consistent with the elements detected often within algae (and within biomass, in general [Raveendran et al. 1995]), i.e., silicon, calcium, potassium, sodium, magnesium, phosphorous, sulfur, manganese, iron, aluminum, and others (see Table 2).  In addition, algal inorganic matter content will also include oxides, silicates, carbonates, sulfates, chlorides, and phosphates [Vassilev and Vassileva 2016].  Silicon was detected only in C. reinhardtii and some copper in 
Chlorella sp.  The carbon peak observed in both spectra (Fig. 1) was from the sticky carbon-tab/aluminum-stub substrate.  From the mass fractions listed in Table 1, the major difference in the elemental composition between the two algae was that Chlorella sp. had more potassium and less silicon compared to the C. reinhardtii, being two commonly found algal elemental constituents, see Table 2.  Perhaps this explains the difference in the Stage 3 mass-temperature derivative results between the two algae.  During biomass combustion, potassium can be released in the gas phase, but it can also be retained in the ash, forming compounds like potassium silicate, aluminosilicate, or sulfate.  These inorganic compounds can be released at higher temperatures (> 773 K).  Hence, it is surmised that the Chlorella sp. contained metals and/or inorganic compounds which differ from that of the C. reinhardtii.  Figure 1 and Table 1 also presents results for one sample of collected algal residue, obtained after each LDC run.  The results indicate detection of similar elements in the residue as in the pre-run algal samples.  The silicon in the C. reinhardtii was not detected in its residue.  The detected copper was attributed to copper oxide from the pan surface and the carbon to the sticky carbon-tab/aluminum-stub substrate.  Traces of other elements (i.e., sodium, zinc, and aluminum) were detected in the residue but not the pre-run samples.  It was suspected these elements were present in the samples, but in low concentration.
3.3. Laser-driven calorimetry analysis
3.3.1. In nitrogen
Comparison of the sample and baseline thermograms in a nitrogen environment revealed that the thermal behavior for both Chlorella sp. and C. reinhardtii was endothermic during all stages of decomposition.  This result supports the TGA findings for Stage 3.  An example is presented in Fig. 7 for the thermograms, sample-baseline temperature difference, and temperature-time temperature derivative.  When compared to the baseline thermograms 
(Figs. 7A and 7D), the temperature rise for the algal thermogram is slower than that of the baseline. The values for T - Tbaseline (Figs. 7B and 7E) are negative indicating sample endothermic behavior.  This occurs because the sample absorbs energy to pyrolytically decompose the algal organic constituents (carbohydrates, proteins, lipids, etc.), which in turn reduces the release of energy from the sample to heat the pan thermocouple sensor, as compared to the baseline without sample.  This also reduces the sample rate of temperature rise with time, dT/dt, as compared to the baseline (see Figs. 7C and 7F).  The endothermic behavior at temperatures above 840 K for C. reinhardtii and 920 K for Chlorella sp., where the sample temperature-time derivative rises above that of the baseline, is attributed to pyrolytic decomposition of the remaining carbonaceous materials that remain at the higher temperatures.
3.3.2. In air
In the presence of air, the thermograms indicate algal oxidative reactive decomposition with exothermic behavior.  Figure 8 presents the same sequence of results as provided by Fig. 7 but in air as opposed to an inert nitrogen environment.  The sample-baseline temperature difference becomes positive at all temperatures indicating exothermic behavior, i.e., the thermogram temperatures are higher than that of the baseline.  The temperature-time derivatives are larger than in the nitrogen environment due to the available oxygen, which enhances sample reaction and release of energy, resulting in a more rapid rise in the sample temperature.  The sample derivative profile for both algae also develops more pronounced features (more than for the temperature difference profiles), which are synonymous with the different algal stages.  However, when compared to the baseline derivative profile, the sample derivative profiles do not show a significant rise above the baseline profile, which would indicate the release of energy.  The reason being that the difference in heat transfer and release of energy between the sample and baseline when both are under oxidizing conditions is small due to the relatively small algal mass compared to that of the pan; this explanation also applies to the results for nitrogen.  To estimate the release of energy due to oxidative decomposition of the algae, the sample case in air needs to be compared to that of inert nitrogen.
3.3.3. In air with nitrogen as the baseline
[bookmark: _Hlk60754598]Figures 9 and 10 present the same sequence as in Figs. 7 and 8, but with the addition of the specific energy release rate, mass loss and mass/time derivative, dm/dt, with sample temperature for Chlorella sp. and C. reinhardtii, respectively.  The figures present a comparison of the air-based thermograms to those for nitrogen, being stipulated as the baseline.  Also denoted are the various algal decomposition stages, as discussed earlier.  The vertical lines in the figures indicate algal stage transitions and the red vertical arrows indicate stage-defining characteristics.  The red vertical arrow in Figs. 9B and 10B, defining Stage 1, indicates the point where the endothermic behavior (negative values) of the thermogram becomes exothermic.  The two red vertical arrows in Figs. 9C and 10C, defining Stages 2 and 3, are positioned at the base of each respective peak.  These three arrows define the position of all vertical lines in each figure.  The results demonstrate that the LDC can detect all the algal stages of the decomposition, as detected by the TGA/DTG.  The temperature-time derivatives and specific energy release rate (Figs. 9D and 10D) appear to highlight best the different stages.  The mass-time derivative also shows each stage but is somewhat noisy at the lower temperatures but comparable to the TGA/DTG derivative profiles in Fig. 4.  The mass loss profile in Figs. 9E and 10E, indicates a rapid decrease in mass initially (for Ts < 400 K), which is different than the TGA/DTG thermograms.  The discrepancy is attributed to setting the proportionality constants for the mass loss while ensuring that the residual is small.  However, the mass-time derivative profiles (Figs. 9F and 10F) mimic the TGA/DTG results well.  Unlike the TGA runs in air, high-temperature residue was retrieved from the pan after each run regardless of the surrounding environment.  It is speculated that the difference arises from the TGA slower heating rate, having higher-temperature heating over a relatively longer time period, which results in oxidization of the residue.  Other possibilities may relate to instrument detection of the comparatively small residue mass, and/or discharge of the residue at the end of the TGA run.  For the LDC, heating is quicker and over a relatively shorter time period, thus limiting residue decomposition.  Note that the dm/dT profiles (not displayed) are comparable to the dm/dt profiles except that Stage 1 is somewhat noisier.
It is expected that the temperatures associated with the different algal decomposition stages for these LDC measurements will be different than for the TGA/DTA (e.g., compare the peak temperatures in Tables 3 and 4) because of the thermal lag associated with the higher LDC heating rates, which cause the stages to be sensed at higher temperatures.  With higher heating rates, the sample residence time during heating is shorter (i.e., limiting heat transfer to the sample), resulting in algal decomposition at higher temperatures [Carpio et al. 2019, Chen et al. 2012].  The percent mass loss for each stage was different between the two techniques, which again was attributed to the different heating rates and thermal lag.  Note that the TGA/DTG mass loss is defined by the instrument microbalance as the sample is heated, while the LDC mass loss is defined by the specific energy release with time (Eq. 3).
[bookmark: _Hlk42095346][bookmark: _Hlk42614827][bookmark: _Hlk51257956]An estimate of the specific energy release for the different stages of algal decomposition (for the case presented in Figs. 9 and 10 in which air is compared to the nitrogen environment) is presented in Table 4 along with the estimated temperature range for each stage and peak temperature within the stage.  Also listed is the mass loss over the specified temperature range for each stage.  The total specific energy release was estimated to be 14.6 kJ g-1 for Chlorella sp. and 9.1 kJ g-1 for C. reinhardtii.  These cases were close to the estimated average values of 
14.7 kJ g-1 for Chlorella sp. from 4 runs and 9.4 kJ g-1 for C. reinhardtii from 5 runs.  The specific energy release for Stage 1m was about -0.5 kJ g-1 for both algae, endothermic as expected.  There was a small exotherm for Stage 1lv, as described earlier.  For Stage 2, the largest peak was for the Chlorella sp. carbohydrate at a value of 2.3 kJ g-1 and for the C. reinhardtii lipids at 1.9 kJ g-1.  The Stage 3 carbonaceous materials had the largest energy release among all three stages, containing more the 50 % of the specific energy release.  The total specific energy release (higher heating value) of these algae using bomb calorimetry has been reported in some studies associated with their application to hydrothermal-liquefaction processing of renewable diesel fuel.  For Chlorella sp., values noted were (12.6 - 14.7) kJ g-1 for different Chlorella strains [Ghayala and Pandya 2013], 18.6 kJ g-1 for Chlorella sp. MP-1 [Phukan et al. 2011], 
19.5 kJ g-1 for Chlorella spp. [Rizzo et al. [2013], and 23.6 kJ g-1 [Wu et al. 2020, Lee et al. 2019]; C. reinhardtii values were 20.5 kJ g-1 [Andrade et al. 2018], 22.9/23.7 kJ g-1 (two values reported in [Hognon et al. 2015]).  The variation in literature values, is attributed to several factors including differences in the algal composition, sample initial mass, sample preparation protocol, and technique heating rates [Yang et al. 2020], and other factors [Vassilev and Vassileva 2016], thus explaining the different values obtained for this investigation.
[bookmark: _Hlk42614901][bookmark: _Hlk42858497]The Chlorella sp. Stage 3 carbonaceous material was isolated to compare its specific energy release with that obtained from the full thermogram results presented in Table 4.  The sequence of experimental runs was: 1) an initial sample run (m = 4.2 mg)  in nitrogen, in which the moisture and volatile organics were removed, and the carbonaceous materials remain, 
2) rerun in air to oxidize the sample carbonaceous materials, 3) carry out a final baseline run with any remaining residual in air, and 4) another baseline in nitrogen.  The final reweighed mass of the remaining higher-temperature residue was about 0.1 mg.  Comparing the residue mass to the initial algal mass for several Chlorella sp. runs in air, the estimated ratio was 
12.7 % ± 2.8 %, which was presumed to be composed of unreacted inorganics (including the elements listed in Table 1).  The results presented in Fig. 11 indicated an exothermic behavior for the algal char when compared to the final baseline in air; the baselines in air and nitrogen after the sample oxidation run were essentially the same.  The lower-temperature peak 
(Ts < 820 K) in the sample-baseline temperature difference profile was attributed to decomposition of remaining organics, while the higher-temperature peak (Ts > 820 K) appeared to result in oxidative decomposition of the higher-temperature carbonaceous materials (char and/or inorganics).  The specific energy release was estimated to be 8.7 kJ g-1, comparable to the value given in Table 4 for Stage 3in (Chlorella sp.).
3.3.4. Algal decomposition kinetics model
[bookmark: _Hlk60133087][bookmark: _Hlk56070492][bookmark: _Hlk60133387][bookmark: _Hlk56417320]An assortment of TGA algal investigations (see Table S1, SI section) estimate an ‘apparent activation energy’, which is used to model the complex non-isothermal, heterogeneous, multistep decomposition of solid materials under either pyrolytic or oxidative conditions.  The model generally represents a single-step reaction mechanism, which is represented by 
dα/dt = k(Ts)f(α) where α is the nondimensional mass conversion, α = (mo - mi)/(mo - mf), and the Arrhenius-type reaction rate is given by .  Since algae are complex multi-component mixtures, it is unlikely that the different constituents associated with each stage will have the same activation energy [Zhao et al. 2019].  Therefore, the exponents ko (pre-exponential factor) and Ea are based on the conversion of the material (mass loss) and not temperature during decomposition.  The apparent activation energy associated with each stage must then be related to the corresponding mass loss.  The function f(α) is represented by different iso-conversional, isothermal and non-isothermal schemes [Šimon 2004], which linearize the relationship between the temperature-time derivative and inverse temperature.  The shift to higher temperature with TGA heating rate allows one to linearly fit the model variables for a specified mass loss with the slope being an estimate of the apparent activation energy.  Further details regarding the formulation and application of this model to algal thermal decomposition are provided in the literature (e.g., Carpio et al. [2019], Wang et al. [2018], Gao et al. [2017], Gai et al. [2015], Ceylan et al. [2014], Kim et al. [2013], Agrawal et al. [2013], Chen et al. [2012], Li et al. [2011], Zhou et al. [2010]).  Table S1 (SI section) lists some of these algal investigations and the range of values for Ea (varying between 45 kJ mol-1 to 526 kJ mol-1) under different heating rates, levels of mass conversion to the sample byproducts, and temperature ranges (representing the different algal decomposition stages).
[bookmark: _Hlk60733905]The work of L’vov and Galwey [Galwey 2020, L’vov 2017, L’vov and Galwey 2013, 2013a] discusses the shortcomings of using an Arrhenius-type reaction rate to model the decomposition of solids, since its derivation is based on thermodynamic principles for gases.  In an Arrhenius model, the reaction kinetics do not account for solid phase change to liquid and gas, sample geometry, and the dependency of the reaction rate on gas pressure for solids decomposition.  Over the years, they developed an alternative approach that is based on the thermochemical behavior of solids decomposition, accounting for the above-mentioned issues.  The LDC approach also considers the algal thermochemical behavior, using the specific energy release rate (based on the measured temperature-time derivative) to estimate the value of Ea that was associated with each algal stage, as described by Eq. 4; this provides a more direct approach for estimating Ea than provided with TGA.  Unlike TGA, the LDC heating rate during a run continuously changes (non-isothermal).  Normally, the heating rate is defined by the peak value of the baseline temperature-time derivative, which was approximately 80 K s-1 to 90 K s-1, see Figs. 7C,F and 8C,F.  Equation 4 was linearized by taking the natural logarithm.  The apparent activation energy was then estimated from the slope after a regression linear fit of the calculated values of ln(q) to the inverse temperature for a specific algal stage, being defined by the near-linear rise toward the peak.  Figure 12 presents the specific energy release rate with mass loss for Chlorella sp. and C. reinhardtii; the dashed rectangles represent the algal stages for which an estimate was provided for the activation energy.  Table 5 summarizes the results for Stages 2c, 2p, and 3in.  The peak for Stage 2l was too small to estimate and the data acquisition resolved only two points of the relatively small peak for Stage 2p.  Thus, the uncertainty for the Stage 2p value of Ea is significant, however, the effect is small relative to the overall estimated value of the activation energy for the constituents combined (representing less than 15 % of the total value).  A higher data sampling rate would better resolve these peaks to provide a more meaningful regression fit of the data, but the pan thermocouple response time restricts the use of higher data acquisition rates.  
[bookmark: _Hlk56417186][bookmark: _Hlk51316310]The Stage 3 carbonaceous materials value provided the largest value of Ea for Chlorella sp. while the Stage 2c carbohydrate value was the largest for C. reinhardtii.  The summed total value of Ea for the three evaluated stages were 168.6 kJ mol-1 for Chlorella sp. and 
134.1 kJ mol-1 for C. reinhardtii.  Andrade et al. [2018] reported for pyrolytic degradation of 
C. reinhardtii, TGA values for Ea of 133 kJ mol-1 for constituents from the final stages of decomposition, using different ‘independent parallel reactions’ (see Figueira et al.[2015]).  Noted is that this model tends to decrease the value of Ea, as compared to the generally used thermodynamic-based iso-conversional schemes (as applied by many of the studies listed in Table S1, SI section).  For the LDC results, the thermochemical approach accounts for evaporative (energy absorbing) processes which would also tend to reduce the value of Ea.  The added value of the LDC approach is that the energy content is quantified for the individual algal decomposition stages that are associated with the various algal constituents.  Such information is important for identifying and screening higher energy-content algae for conversion to/production of biofuel.
4. Conclusions
[bookmark: _Hlk42509445]Measurements were carried out using laser-driven calorimetry to investigate the thermochemical character of Chlorella sp. and Chlamydomonas reinhardtii with comparison to thermogravimetric analysis.  The LDC was used to quantify the specific energy release, temperature range, mass loss for each stage, as well as the total value (heating value).  Thermogravimetric analysis measurements were carried out to identify the algal chemical decomposition transitions (stages) from the sample mass loss with temperature.  The LDC estimated total specific energy release (heating value) was 14.7 kJ g-1 for Chlorella sp. and 
9.4 kJ g-1 for C. reinhardtii.  In Stage 1, both algae displayed endothermic behavior typical of moisture evaporation.  A small exotherm at a somewhat higher temperature was attributed decomposition of lighter volatiles.  In Stage 2, peaks were detected in the LDC and TGA/DTG thermograms, which corresponded to the archival TGA literature for carbohydrates, proteins, and lipids.  From the LDC results for Chlorella sp., the carbohydrates had the largest specific energy release with a value of 2.3 kJ g-1, and the largest value for C. reinhardtii were the lipids at 1.9 kJ g-1.  However, most of the specific energy release was for the carbonaceous materials in Stage 3, representing more than 50 % of the total specific energy release.  The mass loss for each stage was different between the TGA/DTG and LDC, being attributed to the different employed heating rates.  The estimated value of the apparent activation energy was 
168.6 kJ mol-1 for Chlorella sp. and 134.1 kJ mol-1 for C. reinhardtii.  The availability of the energy released during the different stages of algal thermal decomposition, as opposed to just knowing the overall heating value, is important for developing algal growth pathways for generation of energy-containing compounds (i.e., carbohydrates, proteins, and lipids) that are required for optimizing biofuel production. 
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Nomenclature
A	cross-sectional area [m2]
cp(T)	specific heat capacity [J g-1 K-1]
Ea	apparent activation energy [kJ mol-1]
F(T,To)	total energy release due to heat transfer [W]
I	intensity [W m-2]
k(Ts)	Arrhenius-type reaction rate
kc	coverage factor
ko 	pre-exponential factor
m(t)	mass [g]
n	sample size
no	proportionality constant
q(T)	specific energy release rate [kW g-1]
qo	pre-exponential constant [kW g-1]
Q	total specific energy release [kJ g-1]
Q*	proportionality constant [kJ g-1]
R 	universal gas constant (8.314 J K-1 mol-1)
s	standard deviation
t	time [s]
T	temperature [K]
uc	combined standard uncertainty

Greek symbols
α 	nondimensional mass conversion
β	absorptivity
Δm(t)	mass change [g]
λ	wavelength [m]
τ	temperature-dependent relaxation time

Subscripts
b	baseline
c	carbohydrates
f	final value
i	value at time t
in 	carbonaceous materials
l 	lipids
lv 	lighter volatiles
m 	moisture
o	reference, initial value
p 	proteins
s	sample
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[bookmark: _Hlk49258425]Table 1.  Relative mass fraction of the elements detected for each algal type, Chlorella sp. and Chlamydomonas reinhardtii, from one experimental replicate and residue (average of three measurements from one selected sample) by field-emission scanning electron microscopy.  See x-ray spectra in Fig. 1.

	

Element
	Algae type
	Algae residue

	
	Mass fraction Chlorella sp.
[%]
	Mass fraction  C. reinhardtii
[%]
	Mass fraction Chlorella sp.
[%]
	Mass fraction  C. reinhardtii
[%]

	oxygen
	59.34
	65.02
	58.08
	62.70

	silicon
	-
	4.92
	-
	-

	calcium
	  1.15
	1.72
	2.52
	4.22

	potassium
	15.71
	4.40
	15.98
	3.14

	sodium
	-
	-
	0.28
	0.17

	magnesium
	5.19
	5.24
	5.02
	4.93

	sulfur
	-
	0.05
	-
	0.18

	phosphorus
	17.69
	18.22
	16.11
	17.84

	iron
	0.35
	0.11
	0.74
	0.45

	manganese
	0.10
	0.24
	0.18
	0.42

	aluminum
	-
	0.08
	0.26
	-

	copper
	0.47
	-
	1.05
	6.19

	zinc
	-
	-
	0.22
	-
















[bookmark: _Hlk49938991]Table 2.  Algal elemental constituents detected from this investigation and those found in the literature.  The elements with higher (H) concentrations are noted relative to those with lower (L) concentrations (< 1000 ppm or 0.1 %, dry basis).  Unmarked elements were unreported.

	Investigation
	Algae

	Elemental constituents

	
	
	Si
	Ca
	K
	Na
	Mg
	S
	P
	Fe
	Mn
	Al
	Cu
	misc

	Current 
(fresh algae)
	Chlorella sp.
Chlamydomonas reinhardtii
	-
H
	H
H
	H
H
	-
-
	H
H
	-
L
	H
H
	H
H
	H
H
	-
L
	H
-
	Zn

	Raveendran et al. [1995]
	Biomass
	H
	H
	H
	H
	H
	L
	L
	L
	L
	L
	-
	-

	Ross et al.
[2008]
	Fucus vesiculosus, Chorda filum, Laminaria digitata, Fucus serratus,
Laminaria hyperborea, Macrocystis pyrifera
	H
HHHHH
	H
H
H
H
H
H
	H
H
H
H
H
H
	H
H
H
H
H
H
	H
H
H
H
H
H
	H
H
H
H
H
H
	H
H
H
H
H
H
	H
H
H
H
H
H
	L
L
L
L
L
L
	H
L
L
H
L
H
	L
L
L
L
L
L
	Zn Pb Cr Sr As Cd Se

	Chen et al.
[2011]
	Chlorella vulgaris
	-
	H
	H
	L
	H
	H
	H
	L
	-
	-
	-
	Zn Se Cl(H) 

	Bae et al.
[2011]
	Undaria pinnatifida, Laminaria japonica, Porphyra tenera
	-
-
-
	H
H
H
	H
H
H
	H
H
H
	H
H
H
	H
H
H
	H
H
H
	L
L
L
	L
L
L
	L
L
L
	L
L
L
	Zn Se Pb Sr 

	Kim et al.
[2012]
	Saccharina japonica
	-
	H
	H
	H
	H
	-
	H
	-
	-
	-
	-
	Li(L)

	Sanchez-Silva et al.
[2013]
	Nannochloropsis gaditana
	-
	H
	H
	H
	H
	H
	H
	H
	-
	-
	-
	Zn(L)

	Kim et al.
[2013]
	Sagarssum sp.
	-
	H
	H
	H
	H
	H
	L
	-
	-
	-
	-
	-

	Yanik et al.
[2013]
	Fucus serratus Laminaria digitata, 
	H
L
	H
H
	H
H
	H
H
	H
H
	H
H
	L
L
	L
L
	L
L
	L
L
	-
	Zn Pb Sr B As Ti Ni

	López-González et al. [2014]
	Chlorella vulgaris
Scenedesmus almeriensis
Nannochloropsis gaditana
	H
H

H
	H
H

H
	H
H

H
	H
H

H
	H
H

H
	H
H

H
	H
H

H
	L
H

H

	L
L

L
	L
L

L
	L
-

-
	Zn(L) Ti Se Hg Ba 

	Ly et al.
[2015]
	Cladophora socialis
	-
	H
	H
	H
		H
	-
	H
	-
	-
	H
	-
	-

	Casoni et al. 
[2016]
	Rhizoclonium sp.
	-
	H
	H
	H
		H
	H
	H
	-
	-
	-
	-
	-

	Vassilev and Vassileva (review)
[2016]
	All algal types (review)
	H
	H
	H
	H
	H
	H
	H
	L
	L
	L
	L
	Zn Sr B As Ti Br Cl I Ba 

	Wang et al. 
[2018]
	Chlorella vulgaris
	
	H
	H
	H
	H
	H
	-
	-
	-
	-
	-
	-

	Carpio et al. 
[2019]
	Wastewater algal biomass
	H
	H
	H
	L
	H
	H
	H
	H
	H
	H
	L
	Cr Ni Ti

	Li et al.
{2019]
	Spirulina
	
	H
	H
	H
	H
	H
	-
	-
	-
	-
	-
	-




Table 3.  Mass loss (m/mo) and peak temperature results from the thermogravimetric analysis/differential thermogravimetry instrument for both inert (nitrogen) and oxidizing (air flowing at 20 ml min-1) environments at a heating rate of 3 K min-1, as evaluated from the runs presented in Figs. 4 and 5.  For air, the percent mass loss was calculated from the peaks of the DTG curves. 

	[bookmark: _Hlk41388246]Decomposition transitions
	Chlorella sp.
	C. reinhardtii

	
	Air
	Nitrogen
	Air
	Nitrogen

	
	Peak temp.
 [K]
	Mass loss
[%]
	Peak temp.
[K]
	Mass loss
[%]
	Peak temp.
 [K]
	Mass loss
[%]
	Peak temp.
 [K]
	Mass loss
[%]

	[bookmark: _Hlk41388317]Stage 1m
	373
	1.228
	353
	1.191
	373
	1.288
	373
	 3.104

	Stage 1lv
	453
	5.614
	480
	3.989
	413
	3.393
	463
	  7.462

	Stage 2c
	520
	25.95
	548
	23.00
	523
	30.11
	533
	23.372

	Stage 2p
	563
	27.29
	591
	28.90
	560
	31.41
	571
	24.772

	Stage 2l
	720
	32.11
	673
	18.78
	729
	32.51
	667
	14.854

	Stage 3in
	873
	7.861
	-
	-
	980
	1.420
	 1158
	  6.227





Table 4.  Estimated laser-driven calorimeter specific energy release, temperature range, peak temperature, and mass loss (mloss = m/mo) for the different stages of algal decomposition in air compared to the nitrogen environment (evaluated from the runs presented in Figs. 9 and 10).

	Decomposition transitions
	Chlorella sp.
	C. reinhardtii

	
	Temperature range
[K]
	Peak temperature
[K]
	Q
 
[kJ g-1]
	mloss

[%]
	Temperature range
[K]
	Peak temperature
[K]
	Q

[kJ g-1]
	mloss

[%]

	Stage 1m
	Trm - 450
	-
	-0.5
	17.6
	Trm - 530
	-
	-0.4
	20.7

	Stage 1lv
	450 - 600
	530
	0.8
	19.6
	530 - 620
	560
	0.3
	11.6

	Stage 2c
	600 - 870
	700
	2.3
	37.6
	620 - 880
	690
	1.0
	31.2

	Stage 2p
	
	760 - 770
	1.8
	13.3
	
	750 - 760
	0.8
	14.3

	Stage 2l
	
	830 - 840
	1.6
	  5.9
	
	830 - 840
	1.9
	15.9

	Stage 3in
	> 870
	930 - 940
	8.1
	5.9
	> 880
	930 - 950
	5.1
	  6.3

	Total 
	
	14.6*
	99.8
	
	9.1*
	99.9


*Total specific energy released (heating value).





Table 5.  Estimated value for the apparent activation energy, mass loss (m/mo), and temperature range for the different algal stages from the laser-driven calorimetry measurements, as evaluated from the runs presented in Figs. 9 and 10.


	Parameter
	Stage for Chlorella sp. 
	Stage for C. reinhardtii

	[bookmark: _Hlk43816634]
	2c
	2p
	3in
	2c
	2p
	3in

	Apparent activation energy (kJ mol-1)
	46.0
	25.7
	96.9
	87.0
	18.9
	28.2

	Mass loss 
(%)
	25.5 - 43.5
	62.0 - 66.4
	86.5 - 90.7
	29.6 - 38.2
	60.3 - 65.3
	70.0 - 94.2

	Temperature range 
(K)
	587 - 681
	742 - 760
	881 - 931
	604 - 667
	733 - 753
	773 - 935
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[bookmark: _Hlk31978912]Figure 1.  Field-emission scanning electron microscope image, using the secondary-electron mode and Everhart–Thornley detector, and x-ray spectra for arbitrarily selected 
A) Chlorella sp., B) Chlamydomonas reinhardtii, C) Chlorella sp. residue, and D) C. reinhardtii residue particles.

B
A

[image: ][image: ]Figure 2.  Schematic of the A) laser-driven calorimeter experimental arrangement and 
B) reactor sphere.  The high-power laser beam is directed to enter the chamber and heat the reactor sphere.  Energy radiates from the sphere and heats the sample. Two thermocouples detect the temperature at the sample and reactor wall.


[bookmark: _Hlk49368169][image: ][image: ][image: ][image: ][image: ][image: ]Figure 3.  Laser-driven calorimetry measurements in air for Chlorella sp. and Chlamydomonas reinhardtii.  Four runs were carried out to provide the measurement repeatability. Variation of the A,D) sample temperature with time, B,E) sample-baseline temperature difference, and C,F) temperature-time derivative with sample temperature.
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[bookmark: _Hlk46916357][bookmark: _Hlk46916499][image: ][image: ]Figure 4. Thermogravimetric analysis measurements in air (red curve) and nitrogen (black curve).  Variation of the Chlorella sp. A) mass loss and B) mass-temperature derivative with sample temperature.  Initial mass (mo) was 10.115 mg in nitrogen and 6.120 mg in air.  The stages are defined by:  1m - moisture, 1lv - lighter volatiles, 2c - carbohydrates, 2p - proteins, 
2l - lipids, 3in - carbonaceous materials.B
A
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[bookmark: _Hlk46916527]Figure 5.  Thermogravimetric analysis measurements in air (red curve) and nitrogen (black curve).  Variation of the Chlamydomonas reinhardtii A) mass loss and B) mass-temperature derivative with sample temperature.  Insert highlights pyrolysis of the remaining material in nitrogen.  Initial mass (mo) was 12.110 mg in nitrogen and 6.370 mg in air. 



[bookmark: _Hlk46916680][image: ][image: ]Figure 6.  Thermogravimetric analysis measurements in air.  Variation of the Chlorella sp. 
(red curve) and Chlamydomonas reinhardtii (black curve) A) mass loss and B) mass-temperature derivative with sample temperature.  Initial mass (mo) was 6.370 mg for C. reinhardtii and 6.120 mg for Chlorella sp. Chlorella sp. 
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Figure 7.  Laser-driven calorimetry measurements in nitrogen.  Comparison of Chlorella sp. 
(m = 4.4 mg) and Chlamydomonas reinhardtii (m = 4.3 mg) against their respective baselines.  Variation of the A,D) sample temperature with time, B,E) sample-baseline temperature difference, and C,F) temperature-time derivative with sample temperature. 

[image: ][image: ][image: ][image: ][image: ][image: ]Figure 8.  Laser-driven calorimetry measurements in air.  Comparison of Chlorella sp. 
(m = 4.2 mg) and Chlamydomonas reinhardtii (m = 4.2 mg) against their respective baselines.  Variation of the A,D) sample temperature with time, B,E) sample-baseline temperature difference, and C,F) temperature-time derivative with sample temperature.
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[bookmark: _Hlk41383796][bookmark: _Hlk49959937][bookmark: _Hlk42085407]Figure 9.  Laser-driven calorimetry measurements for Chlorella sp. in air 
(m = 4.2 mg) against a nitrogen environment (m = 4.4 mg).  Variation of the A) sample temperature with time, B) air-nitrogen temperature difference, C) temperature-time derivative, D) specific energy release rate, E) mass loss, and F) mass-time derivative with sample temperature.  The vertical lines indicate algal stage transitions; red vertical arrows indicate the stage-defining characteristic.
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[bookmark: _Hlk49417053]Figure 10.  Laser-driven calorimetry measurements for Chlamydomonas reinhardtii in air 
(m = 4.2 mg) against a nitrogen environment (m = 4.3 mg).  Variation of the A) sample temperature with time, B) air-nitrogen temperature difference, C) temperature-time derivative, D) specific energy release rate, E) mass loss, and F) mass-time derivative with sample temperature.  The vertical lines indicate algal stage transitions; red vertical arrows indicate the stage-defining characteristic.
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Figure 11.  Laser-driven calorimetry measurements of Chlorella sp. carbonaceous materials (char/inorganics) (m = 4.2 mg) with the final baseline in air. Variation of the A) sample temperature with time, B) sample-baseline temperature difference, C) temperature-time derivative, and D) specific energy release rate varying with sample temperature.
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Figure 12.  Laser-driven calorimetry measurements in air against a nitrogen environment.  Variation of the A,C) specific energy release rate with mass loss and B,D) with inverse sample temperature for Chlorella sp. and Chlamydomonas reinhardtii, respectively.  The dashed rectangles represent the algal stages for which an estimate was provided for the apparent activation energy.
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Table S1.  Literature found for the thermogravimetric analysis algal decomposition transitions and apparent activation energy.  The reported higher heating values were from bomb-calorimetry measurements.


	Investigation
	Algal type
	TStage1a
[K]
	TStage2a
[K]
	TStage3a
[K]
	Apparent activation energyb
[bookmark: _Hlk43193638][kJ mol-1]
	Higher heating value
[kJ g-1]
	TGA Heating rate
(environment)c
[K min-1]

	[bookmark: _Hlk38379757]Ross et al.
[2008]

	Fucus vesiculosus, Chorda filum, Laminaria digitata, Fucus serratus,
Laminaria hyperborea, Macrocystis pyrifera
	-
	453 - 543d,
593 - 723e,f
	> 773
	-
	14.5 (fv)
15.6 (cf)
17.6 (ld)
16.7 (fs)
16.5 (lh)
16.0 (mp)
	25
(in, ox)

	Zhou et al. [2010]
	Dunaliella tertiolecta
	< 443
	443 - 615
	> 615
	146
	14.6
	5, 10, 20, 40
(in)

	Chen et al.
[2011]
	Chlorella vulgaris
	< 443
	443 to 
886 - 930g
(443 - 673d,
673 - 773e,
773 - 930f)
	> 930
	134 to 242g
	21.9
	10, 20, 40
(ox)

	Bae et al.
[2011]
	Undaria pinnatifida, Laminaria japonica, Porphyra tenera
	< 373
	453 - 773
(453 - 543d,
593 - 723e)
	> 973
	-
	19.2(up) 25.4 (lj) 22.6 (pt)
	10
(in)

	Li et al. [2011]
	Pophyra yezoensis, Plocamium telfairiae Harv, 
Corallina pilulifera
	< 479
	486 - 618

	> 635
	154 - 164 (py)
241 - 261 (pth)
246 - 251 (pc)
	10.6 (py) 12.3 (pth) 9.7 (pc)
	10, 30, 50
(in)

	Phukan et al.
[2011]
	[bookmark: _Hlk51255260]Chlorella sp. MP-1
	< 433
	403 - 923
(403 - 708, 
708 - 923)
	> 1023
	-
	18.59
	10, 30
(in)

	Chen et al. [2012]
	Chlorella vulgaris
	< 446
	446 - 873
	> 873
	330, 336
	21.9
	10, 20, 40
(in)

	Kim et al.
[2012]
	Saccharina japonica
	< 459
	473 - 813
(473 - 543d,
543 - 813e)
	> 813
	103 - 270
	12.1
	10, 15, 20
(in)

	Sanchez-Silva et al.
[2013]
	Nannochloropsis gaditana
	< 433
	433 - 723
(453d,
544e
684f)
	> 723
	-
	-
	40
(in, ox)

	Kim et al.
[2013]
	Sagarssum sp.
	< 453
	473 - 623
(473 543d,
543 - 623e)
	> 623
	184 - 526
	10.1
	5, 10, 15, 20
(in)

	Agrawal and Chakraborty [2013]
	Chlorella vulgaris
	< 493 (in)
< 483 (ox)
	493 - 697d,e (in)
697 - 828f (in)
483 - 695d,e (ox)
695 - 947f (ox)
	> 828 (in)
> 947(ox)
	45d,e (ox)
51d,e (in)
63f  (ox)
64f  (in)
	-
	5, 10, 20, 30, 40
(in, ox)

	[bookmark: _Hlk36118895]Gai et al.
[2013]
	Chlorella pyrenoidosa, Spirulina platensis
	< 400
	500 - 750
	> 750
	77 (cp)
92 (sp)
	-
	10, 20, 40, 80
(in)

	Rizzo et al.
[2013]
	[bookmark: _Hlk51255569]Chlorella spp., Nannachlaropsis
	< 373
	373 - 673d,e
673 - 898f (cs),
> 673f (n)
	> 923 (cs)
> 673 (n)
	71 - 79 (cs)
	19.5 (cs)
	15
(in)

	Yanik et al.
[2013]
	Fucus serratus Laminaria digitata, 
	< 365
	463 - 663d,e
	> 773
	-
	13.5 (fs) 11.3 (ld)
	-
(in)

	Ceylan et al. [2014]
	Polysiphonia elongata
	-
	498 - 573d,
573 - 673e
	> 773
	116, 126
	12.5
	5, 10, 20, 40
(in)

	[bookmark: _Hlk49766971]Kassim et al.
[2014]
	Tetraselmis suecica Chlorella sp.
	< 473
	473 - 823
	> 823
	95, 100 (ts)
298, 302 (cs)
	-
	5, 10, 15
(in)

	López-González et al. [2014]
	Chlorella vulgaris
Scenedesmus almeriensis
Nannochloropsis gaditana
	< 445
< 398

< 415
	445 - 998
398 - 969

415 - 989
	> 998
> 969

> 989
	63 - 158
81 - 135

71 - 179
	-
	40
(ox)

	Ceylan et al. [2015]
	Nannochloropsis oculata, 
Tetraselmis sp.
	< 433
	448 - 873
	> 873
	152 (no)
334 (ts)
	18.3 (no) 16.4 (ts)
	5, 10, 20
(in)

	Gai et al.
[2015]
	Chlorella pyrenoidosa, Spirulina platensis
	< 400
	400 - 650
	> 700
	65 (cp)
84 (sp)
	-
	10, 20, 30, 40
(ox)

	Ly et al.
[2015]
	Cladophora socialis
	< 453
	473 - 673
(473 - 543d,
<673e)
	> 693
	-
	13.8
	5, 10, 15, 20
(in)

	[bookmark: _Hlk51316114]Figueira et al.
[2015]
	Chlorella vulgaris
	< 463
	473 - 723
	> 723
	187, 198
	-
	10, 20, 30, 40
(in)

	Bui et al. 
[2016]
	Chlamydomonas sp. JSC4,
Chlorella sorokiniana CY1
	< 473
	473 - 873
	> 873
	114 (jsc4)

144 (cy1)
	-
	-

	Casoni et al. [2016]
	Rhizoclonium sp.
	< 373
	493 - 543d,
< 623e
	> 873f
	186
	-
	5, 10, 20
(in)

	Vassilev and Vassileva
[2016]
	All algal types (review)
	< 373
	473 - 673
	> 673
	-
	7.9 - 24.0
	-

	Gao et al. [2017]
	Cladophora glomerata
	< 503
	503 - 763
(563 - 613d,
643 - 693e)
	> 773
	238, 244
	-
	5, 10, 20, 40
(in)

	Wang et al. [2018]
	Chlorella vulgaris
	< 378
	473 - 823
(562d, 610e,f)
	> 823

	182 - 394
	19.1
	10, 20, 40
(in)

	Andrade et al. [2018]
	Chlamydomonas reinhardtii
	< 423
	463 - 703d,e
703 - 793f
	> 793
	93 - 133
	20.5
	5, 10, 20, 30
(in)

	Carpio et al. [2019]
	Wastewater algal biomass
	< 513
	513 K - 993
	> 993
	124 - 138
	13.1 - 15.8
	10, 20, 40, 80
(in)

	Li et al. [2019]
	Spirulina
	< 473
	473 - 873
	> 873
	186 - 194
	18.6
	50, 80, 100
(in)

	Zhao et al.
[2019]
	Chlorella vulgaris, Spirulina
	< 473 
	473 - 873
(473 - 653d,
653 - 713e,
713 - 873f)
	> 873

	51 - 217
	-
	10, 15, 20, 30
(in)


a encompasses the examined range of experimental conditions (different heating rates, environment, algal type, etc.).
b range covering different methods used to estimate the activation energy.
c environment:  in - inert (nitrogen), ox - oxidative (air) combustion; Figueira et al. [2015] in He, 
Zhao et al. [2019], López-González et al. [2014]: inert (20 % O2/80 % Ar)
d mass-loss peak associated with carbohydrate degradation.
e mass-loss peak associated with protein degradation.
f mass-loss peak associated with lipid degradation.
g increased with oxygen content.
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