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Abstract 

Third generation biomasses are still largely unexplored. This paper first collects 

and classifies available information on the nature and main features of macro- and 

micro-algae, then develops a novel model of algae fuel characterization, based on a 

limited number of reference components: protein, carbohydrates and lipids. Based 

on elemental analysis and simple atomic mass balances, the biochemical algae 

composition is predicted. Despite the limited number of species and the rough 

assumptions to reduce the complexity of the overall problem, this model is already 

able to satisfactory predict algae composition.  

Introduction 

The intensive consumption of fossil fuels and their negative environmental impact 

paved the way to explore new energy sources. The world energy consumption was 

more than 13 billion tons of oil equivalent, in 2015. Fossil fuels cover more than 

85% of this consumption, whereas renewables (hydroelectricity, nuclear, and 

others) account for the remaining portion. Even if there is this great disproportion, 

a significant increase in biofuels production has been achieved in the last years. 

First and second generation biofuels, those derived from starch and lignocellulosic 

biomass competing or not with food are not sustainable [1]. Third generation 

biofuels derived from microalgae are indeed promising because of the low 

requirement of land and the high oil content. The average photosynthesis efficiency 

of aquatic biomass is higher than that of terrestrial biomass, and micro- and macro-

algae (kelp or seaweed) could be used for solar energy conversion and biofuel 

production [2].  

After this general introduction, Section 1 exposes the suitability of algae as a fuel 

source. Sections 2 and 3 briefly propose a simple classification of algae species and 

summarize the composition from a large database of literature information. Section 

4 proposes and validates the characterization procedure for algae feedstock in 

terms of a few reference species. This is the first step before the development of a 

multi-step pyrolysis model able to characterize pyrolysis products of algae fuels. 

1. Algae Biomass as a Fuel Source 

Microalgae, as a third generation biomass, have a promising role as alternative 

energy source due to several advantages when compared to first and second-

generation biofuels. They present better yields than oleaginousness crops and algae 

cultivation processes, do not compete with agriculture and do not require herbicide 

or pesticide application [3]. As all unicellular and simpler beings, their growth is 

fast and they are more capable of fixing CO2 when compared to multicellular 
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beings. Usually they have high oil content, high heating value, and they are often 

rich in proteins [4]. By changing the culture conditions their metabolism can be 

modified shifting their composition to desired products, nutrients can be obtained 

from wastewater [3]. Harvesting of algal biomass is a critical point, since the 

method used requires high-energy input, whereas an efficient and competitive 

process should keep the energy input low. Only few plants are nowadays active and 

do not provide enough information and data to boost large-scale investments. 

Unfortunately, lipid-rich algae grow slowly. Moreover, the cost of production of 

bio-oil, including pretreatments and downstream operations, makes microalgal 

biomass not economically feasible in a large scale. With a biorefinery approach, it 

is possible to improve algae utilization with economic and environmental benefits 

[5]. Both micro and macroalgae have high value components. Lipids can be used 

for bio-oil, pharmaceutical, and cosmetics market. Proteins, carbohydrates, and 

carotenoids can be used in the chemical industry and also for food and feed 

purposes [5]. Depending on the type of algae being cultivated, one or more high-

value components can be extracted. The residues can be economically converted 

into fuels (bio-oil, bio-char, syngas) through usual thermal treatments such as 

pyrolysis, gasification or combustion processes.  

Algae biochemical composition is very complex and varies widely among species 

and cultivation conditions. Usually, micro-algae are considered for their greater 

lipid content and their potential use as feedstock for the production of biodiesel. In 

order to conveniently utilize these feedstocks, it is first necessary to classify algae 

and characterize their composition. 
2. Classification of Algae 

Algae are eukaryotes macro or micro photosynthetic organisms that can be found 

substantially in every natural or artificial water environments, where solar or 

artificial light is present [5]. They can be classified in several ways by different 

criteria such as structural characteristics, membrane composition, pigments color, 

and energy-storing molecules. A univocal taxonomical classification of algae is 

complex and is not already available. In the present work we simply classify algae 

depending on their unicellular or multicellular nature, and on their color. In this 

way, six groups are defined: green, yellow-green, blue-green, brown, red, and 

diatoms [3, 5]. Cyanobacteria constitute the blue-green group, and they are not real 

algae. They are frequently called algae because are photosynthetic unicellular 

organisms (prokaryotes). Table 1 reports the most common algae species studied 

and their classification with the proposed criteria. 

Table 1 Classification of the most common algae species 

Group Species  

Green Chlorella sp., Cladophora sp., Dunaliella sp. Unicellular and Multicellular 

Yellow-Green Nannochloropsis sp., Schizochytrum sp. Mostly Unicellular 

Blue-Green Arthrospira sp. (Spirulina), Synechoccus sp. Unicellular (prokaryotes) 

Brown Laminaria sp., Fucus sp. Mostly Multicellular 

Red Gracilaria sp., Hypnea sp. Mostly Multicellular 

Diatoms Phaeodactylumsp., Nitzschia sp. Unicellular 
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3. Proximate, Ultimate, and Biochemical Composition of Algae 

Proximate and Ultimate or Elemental analysis are widely used in order to 

characterize feedstock composition. Volatiles, fixed carbon, ash content, and 

moisture are obtained by the first method, whereas algae structural or biochemical 

composition involves more complex analytical methods.  

Table 2 reports elemental compositions of different algae groups, as taken from the 

literature. Unicellular or micro algae are typical of yellow-green, blue-green, and 

diatom groups, whereas multicellular or macro algae characterize the brown ones.  

Both micro and macro algae are present in green and red algae. Algae are generally 

richer in H, N, S, and ash when compared to ligno-cellulosic biomasses. Algae 

inhabit aquatic environments and do not need to develop a solid support structure, 

which is a matrix of cellulose, hemicellulose and lignin, typical of ligno-cellulosic 

biomass. Active metabolic compounds are the main algae constituents: proteins, 

lipids, sugars and nucleic acids. Table 2 summarizes together with the elemental 

analysis also the biochemical composition of each algae group. Proteins and lipids 

are dominant in unicellular, while carbohydrates are higher in macro algae, which 

require extracellular carbohydrates for protection and cell-to-cell adhesion. 

The main differences between aquatic and terrestrial biomass are that algae 

produce a significant amount of N containing compounds, linear chain alcohols, 

and an absence of methoxyphenols, typically attributed to lignin pyrolysis.  

Proteins usually contain more than 80% of the total N of algae, whereas the 

remaining portions is contained in inorganics, chlorophylls, and nucleic acids.    

Proteins are large amino acid molecules produced based on DNA and RNA 

instructions, which determine the sequence of amino acids composing proteins. 

Amino acids are classified by their side substitutions in terms of aliphatic, 

aromatic, acid, sulfur, alcoholic, basic, and cyclic. The frequencies of aliphatic and 

acid groups sum up to more than 50% of total amino acids, with highest frequency 

of aspartic and glutamic acids, together with alanine, leucine, arginine, lysine and 

glycine [6]. N is also present in inorganic matter of algae, as nitrites, nitrates, 

ammonia. The inorganic N fraction usually does not exceed 10-15% of total N in 

algae, while nucleic acids and pigments are further and minor N containing species.  

Sugars or carbohydrates are the main products of photosynthesis. Glucose is often 

the most present monomer, cellulose, hemicellulose and pectin are present in the 

cell membranes mainly of green algae, whereas starch is found in the cytoplasm as 

energy storage [7]. Mainly mannitol (C6H14O6), laminarin (C6H10O5)n, alginic acid 

(C6H8O6)n, and fucans are found in brown algae. Mannitol is a sugar alcohol 

derived from D-mannose and can reach 5–25% wt. Fucans are the sulphated poly-

saccharides present in brown algae up to 5–20%wt. These sugars are richer in O 

content if compared to cellulose (C6H10O5)n, which is present in minor amounts.  

Lipids are long chains of hydrocarbon molecules with a carboxyl group in one end. 

They are present as phospholipids, glycolipids, fatty acids and triglycerides. Total 

amount of lipids widely varies among different algae, ranging from less than 5% in 

brown, up to 50% in yellow-green algae. Fatty acid commonly contains 14-20 C 
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atoms, and C18 fatty acids are the most frequent.  

Inorganics (ash) are usually measured with standard analytical methods, under 

complete combustion at 550-800 °C. Metal oxides contained in ash were present in 

the raw algae as carbonates, nitrates, sulphates, phosphates, and chlorides.  

Table 2. Typical elemental and biochemical composition of main groups of algae  

 
4. Characterization Procedure and Validation 

As already proved for lignocellulosic biomass [8], when direct information on 

biochemical and structural composition is unavailable, this composition can be 

derived from the elemental analysis, based on a limited number of reference 

species. These reference species are conveniently selected inside the different 

classes of algae components: proteins, lipids, sugars, and inorganics.  
 4.1. Selection of reference species. 

As already shown in Table 2, N content in algae can overcome 10%, and proteins 

account generally for 75-90% of this quantity. One single cell produces thousands 

of different proteins, each one with different amino acid composition. Fig. 1 shows 

in a Van Krevelen diagram the H/C and O/C content of the different amino acids, 

together with the three lumped reference components PROT-C, PROT-H and 

PROT-O (richer in C, H and O), containing a fixed N amount of 13 wt %. Their 

linear combination is able to represent the variety of H/C/O composition of all the 

different proteins, inside the triangle of reference proteins.  

 

 

 
 

 

Figure 1 - Amino acids and reference proteins in the van Krevelen diagram. 
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A lumped reference component (SUGAR: C7H10O7) is selected as representative of 

carbohydrates in algae. This species groups an average mixture of alginic acid, 

glucose, mannitol, laminarin and fucoidan [9]. Linoleic acid (C18H32O2 or C18:2) is 

the lumped species representative of lipid components.  

In order to better characterize volatiles from pyrolysis of algae with high ash 

content, a release of CO2 and NO species is also considered.  

 

4.2 Algae Characterization 

Once defined the reference species for proteins, sugars and lipids, it is possible to 

characterize each algae sample based on elemental composition. Because of the 

higher number of degree of freedom, with respect to the atomic balances, the 

characterization procedure shown in Fig. 2 is applied. Starting from the elemental 

analysis, the release of H2O, CO2, and NOx is first defined, and a new elemental 

composition without inorganics (H/C/O/N)1 is derived. Then, all the remaining 

nitrogen is assumed in proteins, and the N-free composition of Algae (H/C/O)2 is 

calculated. Global composition of the protein fraction (H/C/O)PROT is obtained by 

imposing that remaining  composition of algae (H/C/O)3 (proteins and inorganics-

free) must be described as a combination of SUGARS and LIPIDS.   

 

 
Figure 2 - Scheme of characterization procedure 

 

Fig. 3 shows some comparisons between model predictions and experimental data, 

both for different algae, as well as in terms of a scatter diagram of proteins, as 

obtained from the whole set of the 34 algae samples.  
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 (Wt,%) Chlorella Nannoch, Porph, Spirulina 

C 

Dry and 
ash-free 

52,6 57,8 51,3 55,7 

H 7,0 8,0 7,6 6,8 

O 32,2 25,7 33,1 26,4 

N 8,2 8,6 8,0 11,2 

Ash As 
received 

7 26 24 8 

Moist, 6 7 5 8 

  Exp Calc Exp Calc Exp Calc Exp Calc 

Proteins 

As 
received 

48 40 38 33 30 30 55 55 

Sugars 8 21 5 9 28 25 17 9 

Lipids 22 20 21 21 6 12 4 15 

Inorganics 10 5 2 1 6 3 8 6 

Ash 7 7 26 26 24 24 8 8 

Moist, 6 6 7 7 5 5 8 8 

 
 

 

 

Figure 3 – Comparisons of structural compositions of algae samples and scatter 

diagram of predicted and experimental proteins 

 

This characterization method is the initial phase first towards the development of a 

multi-step pyrolysis model of reference species, then for the pyrolysis of their 

mixtures in order to describe thermochemical valorization of algae fuels. 

 

References 

[1] Singh, A., Nigam, P. S., & Murphy, J. D. (2011). Renewable fuels from algae: 

an answer to debatable land based fuels. Bioresource technology, 102(1), 10-16. 

[2] Ross, A. B., Jones, J. M., Kubacki, M. L., & Bridgeman, T. (2008). 

Classification of macroalgae as fuel and its thermochemical behaviour. Bioresource 

technology, 99(14), 6494-6504. 

[3] Brennan, L., & P. Owende, Biofuels from microalgae. A review of technologies 

for production, processing, and extractions of biofuels and co-products, Renewable 

and sustainable energy reviews 14,2 (2010):557-577. 

[4] Tibbetts, S. M., Milley, J. E., & Lall, S. P. (2015). Chemical composition and 

nutritional properties of freshwater and marine microalgal biomass cultured in 

photo-bioreactors. Journal of Applied Phycology, 27(3), 1109-1119. 

[5] Chen, P., Min, M., Chen, Y., Wang, L., Li, Y., Chen, Q., ... & Deng, S. (2010). 

Review of biological and engineering aspects of algae to fuels approach. 

International Journal of Agricultural and Biological Engineering, 2(4), 1-30. 

[6] Fleurence, J. (1999). Seaweed proteins: biochemical, nutritional aspects and 

potential uses. Trends in food science & technology, 10(1), 25-28. 

[7] Templeton, D. W., Quinn, M., Van Wychen, S., Hyman, D., & Laurens, L. M. 

(2012). Separation and quantification of microalgal carbohydrates. Journal of 

Chromatography A, 1270, 225-234. 

[8] Ranzi, E., Debiagi, P. E. A., & Frassoldati, A. (2017). Mathematical modeling 

of fast biomass pyrolysis and bio-oil formation. ACS Sustainable Chemistry & 

Engineering, 5(4), 2867-2881. 

[9] Anastasakis, K., Ross, A. B., & Jones, J. M. (2011). Pyrolysis behaviour of the 

main carbohydrates of brown macro-algae. Fuel, 90(2), 598-607. 


