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Abstract 

Sanitary sewage, traditionally seen as a source of expenses and problems, has come to be seen 

as an opportunity and source of funds. This is because of the three major current demands of 

modern society, two can be extracted directly from sewage (water and energy), and one (food) 

can benefit from the recovery of nutrients to agriculture. Therefore, Wastewater Treatment 

Plants (WWTP) which go beyond the treatment itself and reuse by-products to improve their 

energy and economic performance is being increasingly studied. This thesis discussed the reuse 

of microalgae biomass produced in WWTP as a source of energy. Based on the data from the 

literature survey, a conceptual scenario for the use of microalgae biomass for microgeneration 

in WWTP was built. Thermochemical gasification was the chosen conversion process since it 

is one of the most promising for the microgeneration of electricity. The results showed a 

production potential of 0.167 kWh/m3 of treated sewage, and investments financially returned 

after five years. After this theoretical approach, an experimental investigation was carried out 

using the microalgae produced in a WWTP pilot, constructed within the area of Companhia 

Espírito Santense de Saneamento (CESAN), with resources from Financiadora de Estudos e 

Projetos (FINEP), and in partnership with the company Fluir Engenharia Ambiental. The 

microalgae were cultivated in two high-rate algal ponds (HRAP), fed with the effluent obtained 

after wastewater treatment in the UASB reactor (Up-flow Anaerobic Sludge Blanket). The 

biomass was then harvested in a coagulation-flocculation system, dried, characterized in terms 

of its calorific value, ultimate, proximate, ash, thermogravimetric, and differential thermal 

analysis. The effects of seven commercial coagulants on the thermochemical conversion of 

microalgae were evaluated and the results revealed that coagulants could affect the energy 

recovery. Some coagulants showed catalytic effects and were beneficial to the gasification 

process, while others impaired the energy recovery of biomass. Lastly, experimental microalgae 

gasification was evaluated in a pilot-scale downdraft gasifier. Unlike other studies reported in 

the literature, which simulate microalgae gasification in laboratory equipment, the gasifier used 

in this study is a commercial technology, already widespread in the market and present in over 

40 countries. Another important difference of this work in relation to the published ones 

concerns the microalgae type. While the literature generally reports the gasification of pure 

microalgae species (monoculture), obtained in a controlled manner and free of chemical 

coagulants used in the harvest stage, this study presents the gasification of biomass composed 

of different species of microalgae, bacteria and other organisms present in the HRAP, besides 

chemical coagulants. The effects of air-fuel equivalence ratio (ER) on the produced gas 

composition, higher heating value (HHV), cold gas efficiency (CGE), and production rate were 

presented. An increasing and then decreasing trend with ER with a peak was seen, indicating 

that there is an optimum ER of 0.23 for the best performance of the process. The cold gas 

efficiency, syngas composition, HHV, and production rate were 87%, 11.86% H2, 19.45% CO, 

8.5% CH4, 9.82% CO2, 6.23 MJ/Nm3, and 2.79 Nm3/kg biomass dry, respectively. The tests 

demonstrated the possibility to use wastewater microalgae as fuel in downdraft gasifier. The 

energy recovery could help drive the WWTP to a more economical and sustainable process. 

Keywords: Wastewater; microalgae; biomass; harvesting; gasification; downdraft 

gasifier; pilot-scale; equivalence ratio; energy; microgeneration; coagulant; catalytic effect; 

thermochemical behavior; high-rate-ponds.  
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Resumo 

O esgoto sanitário, tradicionalmente visto como fonte de despesas e problemas, passou a ser 

visto como uma oportunidade e fonte de recursos. Isso porque das três maiores demandas da 

sociedade, duas podem ser extraídas diretamente do esgoto (água e energia) e uma (alimento) 

pode se beneficiar da recuperação de nutrientes para a agricultura. Por isso, Estações de 

Tratamento de Esgoto (ETE), que vão além do tratamento em si e reutilizam subprodutos para 

melhorar seu desempenho energético e econômico, estão sendo cada vez mais estudadas. Esta 

tese discutiu a reutilização da biomassa de microalgas produzida na ETE como fonte de energia. 

Com base na literatura, foi construído um cenário conceitual para o uso de microalgas para 

produção de eletricidade dentro da ETE. O processo termoquímico de gaseificação foi 

escolhido, já que é um dos mais promissores para a microgeração. Os resultados mostraram um 

potencial de produção de 0,167 kWh / m3 de esgoto tratado e retorno dos investimentos em 

cinco anos. Após essa abordagem teórica, foi realizada uma investigação experimental 

utilizando microalgas produzidas em uma ETE piloto, construída dentro da Companhia Espírito 

Santense de Saneamento (CESAN), com recursos da Financiadora de Estudos e Projetos 

(FINEP), e em parceria com a empresa Fluir Engenharia Ambiental. As microalgas foram 

cultivadas em duas lagoas de alta taxa (LAT), alimentadas com o efluente do reator UASB (Up-

flow Anaerobic Sludge Blanket). A biomassa foi colhida em um sistema de coagulação-

floculação, seca, caracterizada em termos de seu valor calorífico, análise elementar, imediata, 

cinzas, termogravimétrica e fluxo térmico. Os efeitos de sete coagulantes comerciais sobre a 

conversão termoquímica de microalgas foram avaliados e os resultados revelaram que os 

coagulantes podem afetar a recuperação de energia. Alguns coagulantes apresentaram efeitos 

catalíticos e foram benéficos ao processo de gaseificação, enquanto outros prejudicaram a 

recuperação de energia da biomassa. Por fim, a gaseificação experimental de microalgas foi 

avaliada em um gaseificador downdraft em escala piloto. Diferentemente de outros estudos 

relatados na literatura, que simulam a gaseificação de microalgas em equipamentos de 

laboratório, o gaseificador utilizado neste estudo é uma tecnologia comercial, já difundida no 

mercado e presente em mais de 40 países. Outra diferença importante deste trabalho diz respeito 

ao tipo de microalgas. Enquanto a literatura geralmente relata a gaseificação de espécies de 

microalgas puras (monocultivo), obtidas de maneira controlada e livre de coagulantes químico, 

este estudo apresenta a gaseificação de biomassa composta por diferentes espécies de 

microalgas, bactérias e outros organismos presentes na LAT, além do coagulante. Os efeitos da 

razão de equivalência ar-combustível (ER) na composição do gás produzido, poder calorífico 

(PC), eficiência do gás frio (EGF) e taxa de produção do gás foram avaliados. Uma tendência 

crescente e decrescente com a variação do ER foi observada, com um pico, indicando um ER 

ideal de 0,23 para um melhor desempenho do processo. A eficiência do gás frio, a composição 

de gás, o PC e a taxa de produção foram 87%, 11,86% H2, 19,45% CO, 8,5% CH4, 9,82% CO2, 

6,23 MJ / Nm3 e 2,79 Nm3 / kg de biomassa seca, respectivamente. Os testes demonstraram a 

possibilidade de usar microalgas de águas residuais como combustível. A recuperação de 

energia pode ajudar a conduzir a ETE a um processo mais econômico e sustentável. 

Palavras-chaves: Esgoto; microalga; biomassa; colheita; gaseificação; gaseificador 

downdraft; escala piloto; razão de equivalência; energia; micro geração; coagulante; efeito 

catalítico; comportamento termoquímico; lagoas de alta taxa.  
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1.1 Motivation 

Basic sanitation prevents human contact with waste, being important for the public health, 

the environment, and the economy of the country [1]. Even so, according to the National 

Sanitation Information System (SNIS) [2], the sewage treatment rate in Brazil is only 

46.3%. The economic conditions of the population limit the full transfer of the cost of 

services to the tariff, especially in the poorest cities, making the necessary investments 

for the sector unfeasible [3]. Sanitation problems can be overcome if the technology 

adopted presents an attractive economic return. For this, one of the trends is energy 

recovery from wastewaters [4]. Build Wastewater Treatment Plant (WWTP) more 

energy-efficient can improve project profitability and attract investment to the sector [5]. 

One possibility of energy recovery in WWTP involves biogas produced in anaerobic 

treatment systems [6]. For the state of Espírito Santo alone, it is estimated potential 

production of 18.5 MW of energy if 60% of the generated sewage will be treated by 

anaerobic systems [7]. Among the anaerobic treatment systems, UASB reactors (Up-flow 

Anaerobic Sludge Blanket) are the technology that has experienced the greatest 

acceptance in the last 20 years. However, to meet the most stringent environmental 

standards, these processes require an additional treatment step to reduce the remaining 

organic matter and nutrients [8]. High-rate algal ponds (HRAP) can be used as a 

complementary treatment of UASB reactors, and it is an interesting alternative from 

technical, economic and environmental points of view [9]. Such treatment ponds have 

gained extra motivation in recent years since their large production of microalgae is no 

longer seen as a problem, but as a raw material for biofuels [10]. 

Within WWTP, the use of microalgae to produce energy is an alternative that can increase 

efficiency and reduce process costs [11,12]. On the other hand, when left unused, this 

amount of energy is not only lost but can also add costs to conventional sludge disposal 

systems. In this context, WWTP composed by the association of UASB reactors and 

HRAP represents an interesting alternative for the development of a more economical 

WWTP. Azeredo [13] evaluated this new integrated WWTP model and demonstrated an 

energy surplus performance. In addition, the author reported operational simplicity, 

satisfactory performance at the tertiary level of sewage treatment, and the possibility of 

phosphorus recovery and sequestration of CO2. 

Among the various processes to convert biomass into energy, the gasification process 

presents important advantages, such as higher efficiency, lower CO2 emissions, rapid 

conversion, and hydrogen production. It is worth mentioning that hydrogen is appointed 

as the substitute fuel for gasoline and diesel in the future [14]. In addition, the gasification 

process can overcome typical problems observed in incineration processes such as the 

need for additional fuel, and emissions of sulfur and nitrogen oxide, heavy metals, ashes, 

chlorinated dibenzofurans and dioxins [15]. The conversion of biomass to fuel gas still 

allows the generation of electricity in systems more efficient than steam boilers, such as 

turbines and gas engines [16]. This is relevant since most of the energy consumed in 

WWTP is electrical [17].  
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Thus motivated, this work discusses the energy recovery from microalgae produced in 

WWTP through the thermochemical gasification process. Studies involving wastewater 

microalgae gasification are scarce in the literature, such as the works of Zhu et al. [18], 

Sharara and Sadaka [19] and Zhu et al. [20]. The most gasification studies have been 

carried out for pure species of microalgae (monoculture) obtained commercially instead 

of microalgae grown in wastewater. Moreover, the gasifying agent used in these works 

was not air, the most economical and traditional gasifying agent. To the best of our 

knowledge, it is the first work involving the wastewater microalgae gasification using a 

commercial downdraft gasifier and air as the gasifying agent, which gives the work a 

unprecedentedness. 

 

1.2 Thesis outline 

This thesis is written in “Integrated Article Format”. The following chapters are based on 

three articles already published, which will be presented in full versions.  

Chapter 2 presents a review article on a conceptual scenario for the use of microalgae 

biomass for microgeneration in WWTP and the scale in which it is possible. A systematic 

mapping of literature work was done and a scenario was constructed. All process steps, 

from microalgae cultivation to energy production, were discussed in this chapter. The 

reasons that led to the choice of gasification as the energy conversion route for the 

produced biomass over other processes such as fermentation, digestion and lipid 

extraction are also described in this chapter. Finally, a cost estimate was made and the 

suggested WWTP model was displayed in a flowchart. This chapter was published on 

October 03rd, 2019 in the Journal of Environmental Management. 

https://doi.org/10.1016/j.jenvman.2019.109639. 

Chapter 3 shows a published article on the thermochemical conversion of wastewater 

microalgae and the effects of coagulants used in the harvest process. This chapter 

analyzed the influence of seven commercial coagulants on the characterization of 

microalgae biomass. The main thermochemical characteristics of microalgae biomass 

evaluated were higher heating value (HHV), proximate, ultimate, ash, thermogravimetric 

and differential thermal analysis. This chapter described all the methodology of biomass 

production and characterization. This chapter was published on March 02nd, 2020 in the 

Algal Research. https://doi.org/10.1016/j.algal.2020.101864. 

Chapter 4 introduces the article submitted with the results obtained from the experimental 

investigation of wastewater microalgae in a pilot-scale downdraft biomass gasifier. The 

whole experimental gasification apparatus is described, and the effects of equivalence 

ratio (ER) on the produced gas composition, HHV, cold gas efficiency (CGE), and 

production rate were illustrated. This chapter was published on August 14th, 2020 in the 

Algal Research. https://doi.org/10.1016/j.algal.2020.102049. 

Finally, Chapter 5 brings the general conclusions of the thesis and suggestions for future 

works. 

https://www.sciencedirect.com/science/journal/03014797
https://doi.org/10.1016/j.jenvman.2019.109639
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1.3 Research objectives 

The main objective of this thesis was to evaluate the gasification of microalgae grown in 

wastewater using a commercial downdraft biomass gasifier. The effect of the ER, the 

most important parameter on the gas calorific value, was evaluated on the performance 

of the process in order to find the best experimental condition. It is expected that this 

experimental investigation contributes to the development of more efficient WWTP. 

The specific objectives of this research are: 

✓ To describe the state of the art of microalgae production, its potential to generate 

electricity in WWTP and the scale in which it is possible (Chapter 2). 

✓ To evaluate the effects of coagulants used in the harvest process on the 

thermochemical conversion of microalgae (Chapter 3). 

✓ To study the experimental investigation on wastewater microalgae gasification in 

a pilot-scale downdraft biomass gasifier (Chapter 4). 
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A conceptual scenario for the use of microalgae 

biomass for microgeneration in wastewater treatment 

plants 

 

Abstract 

Microalgae are a potential source of biomass for the production of energy, which is why 

the amount of research on this topic has increased in recent years. This work describes 

the state of the art of microalgae production from wastewater treatment plants (WWTP), 

its potential to generate electricity and the scale in which it is possible. The methodology 

used was a systematic review of the gasification of microalgae from 49 articles selected. 

Based on the review, a conceptual scenario for microgeneration in WWTP using as 

feedstock microalgae for thermal gasification was developed. The most consistent 

assumptions for a real scale microgeneration are microalgae production in open ponds 

using domestic sewage as a nutritional medium; the use of the flocculation process in 

process of harvesting; microalgae to energy through thermal gasification process using a 

downdraft gasifier. Considering a WWTP with a 3,000 m3/d flux capacity, 860 kg / d of 

dry microalgae biomass might be produced. For which, gasification has a production 

potential of 0.167 kWh / m3 of treated sewage, but the energy balance is compromised by 

the drying process. However, when the biogas produced in anaerobic treatment enter in 

the model, it is possible to add a surplus of electricity of 0.14 kWh / m3 of treated sewage. 

Finally, a cost estimate is made for the acquisition of drying and gasification-electricity 

generation systems. For this scenario, the results suggest that the investments may be 

financially returned after five years, with additional potential for further optimization.  

 

Graphical abstract 

 

Fig. 2.1. Graphical abstract chapter 2. 
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Keywords: Wastewater; microalgae production; HRAP; gasification; 

microgeneration. 

 

Highlights 

• Microalgae production from wastewater treatment plants. 

• Wastewater as a nutritional medium is a tendency and requires more studies. 

• A conceptual scenario for microgeneration is developed. 

• The microalgae drying process makes microgeneration unfeasible. 

• Hybrid scenario: energy input from biogas makes the process economically viable. 

 

2.1 Introduction 

The great biodiversity of microalgae offers numerous applications, including biofuel 

production for power generation. Microalgae can produce energy-rich substances such as 

lipids for biodiesel production, calorific gases (hydrogen, methane, carbon monoxide) by 

water photolysis, biological or thermochemical gasification. Production processes 

involve major constraints, however, for instance, in minimizing energy consumption for 

sustainability or in maximizing fuel production.  

Microalgae is biomass, since it absorbs the solar radiant energy and CO2 from the 

atmosphere to growth [1], and maybe a biosolid as a by-product of the wastewater 

treatment process [2]. According to Patel et al. [3], these types of biomasses can partially 

meet the need for liquid and gaseous fuels for integration with existing power generation 

infrastructure.  

Another advantage is that microalgae are the most promising alternative for biofuel 

production, particularly because it does not compete with food production [1,4]. Manara 

and Zabaniotou [5] suggest the combination of microalgae production and sewage 

treatment for biofuel production as the most plausible scenario for the commercial 

application of microalgae cultivation in the short term. The coexistence of aerobic 

bacteria and microalgae - which are indigenous to the type of wastewater - presents a 

synergy that favors biomass growth. While bacteria use oxygen produced by microalgae, 

microalgae use carbon dioxide produced by the bacteria, increasing the microalgae-

bacteria biomass productivity [6].  

There are thus two potential scenarios in the above context. One is to grow microalgae 

using water and nutrients as culture media; the other is to recover microalgae from the 

high rate open ponds in a wastewater treatment plant (WWTP). In the latter scenario, the 

biomass is composed of bacteria and different indigenous microalgae strains; for example 

in a case from southeastern Brazil, such strains are Chlorococcum sp., Chlorella sp., 
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Scenedesmus sp. and Tetradesmus sp. [6]. In both scenarios, harvesting and drying are 

necessary sub-processes in order to make biomass production feasible.  

The use of microalgae to produce energy is an alternative that increases efficiency and 

reduces WWTP costs. Around 7% of the total energy produced in the world is consumed 

in WWTPs [7,8]. Moreover, most of the consumed energy is electrical, due to the use of 

pumps, valves, compressors and other equipment [9]. This energy represents 5 to 30% of 

the operation costs [10] and is globally the greatest proportion of WWTP costs [10–12].  

Microgeneration is often discussed in the context of energy costs reduction. It generally 

refers to the size and configuration of small to medium energy systems, which make use 

of renewable energy sources, and can operate independently of grid-supplied power [13]. 

The type of biomass sources can be incorporated into microgeneration by means of a 

thermochemical conversion process such as gasification [14]. It offers some important 

advantages, such as higher energy efficiency; lower CO2 emission; the rapid conversion 

of all biomass fractions (lipid, protein, and carbohydrate); and hydrogen production, a 

calorific gas seen by some researchers as a good future substitute for gasoline and diesel 

[15].  

The objective of this review is to consider the discussion of WWTP based on microalgae 

recovery, energy demand, and microgeneration, in order to develop a scenario involving 

the potential production of microalgae biomasses from high rate open ponds to generate 

electricity. The state of the art in microalgae cultivation, harvesting, drying, and 

gasification are discussed, and the scale of heat/power generation and economic 

feasibility are estimated. The review is concluded by presenting a conceptual model and 

exploring the research gaps and opportunities for microgeneration in WWTP.  

The paper is organized as follows. Section 2.2 presents an overview of microalgae, from 

their characteristics to the advantages of gasification as conversion technology. The 

gasification process is explained in Section 2.3, as well as the factors leading to the 

downdraft gasifier as a promising commercial technology for microgeneration. Using the 

arguments built in this section, a literature review methodology is presented in Section 

2.4, to map the publications on microalgae biomass gasification. Extensive data regarding 

microalgae/gasification is compiled. The compiled data serves to map opportunities for 

the use of microalgae resource in conversion technologies. A conceptual scenario of using 

microalgae biomass for microgeneration in a surplus energy system is developed in 

Section 2.5, based on the data from the literature survey. Economic viability is discussed. 

Finally, knowledge gaps are highlighted in Section 2.6 in order to guide new studies, and 

optimization trends to enable the process. A flowchart presents the proposed final process, 

an optimized hybrid system incorporating gasification into the sewage treatment process. 

 

2.2 Microalgae 

In general, microalgae are unicellular organisms that use sunlight, water, and atmospheric 

CO2 to grow. Their structure does not involve roots, a stem, and leaves as in plants. Their 
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general composition is lipid (9.5 to 42%), carbohydrate (17 to 57%) and protein (20 to 

50%), in proportions that vary according to the species and growth conditions. Around 

100,000 species have been identified, however, only 35,000 have been characterized 

[16,17]. Currently, only a few species are produced on a scale of hundreds of thousands 

of tons, such as Chlorella, and about ten additional species are commercially explored on 

a smaller scale. Although there has been commercial production of microalgae for many 

decades, current production is mainly focused on products of high commercial value, such 

as nutritional supplements and natural pigments [18]. The use of microalgae for the 

production of biofuel has only begun to attract interest in recent years, with the need for 

new sources of clean energy [17,19]. 

The production of microalgal biomass has several advantages compared to the traditional 

biomass of terrestrial cultures. Growth rates can be up to 100 times greater than those of 

terrestrial plants, doubling their biomass in less than a day [1,20]. This means less demand 

for land and the sustainable use of land. The cultivation of microalgae also does not 

compete with food production, which promotes more sustainable energy development 

[1,20]. Other advantages include the potential to grow microalgae in infertile areas, such 

as deserts and coastal regions, in saline waters, and brackish, and wastewater. Cultivation 

allows the incorporation of CO2 generated in industrial processes, adding an extra benefit 

[16,17,21]. As a result, microalgae has become consolidated as an essential matrix for 

third-generation biofuels, opening a new dimension in the renewable energy industry. 

More than 150 companies worldwide, including large oil companies, are interested in 

producing biofuel from microalgae [22]. 

 

2.2.1 Media cultivation 

According to Chen et al. [23], there are four main types of microalgae cultivation: 

phototrophic, heterotrophic, mixotrophic and photoheterotrophic. Phototrophic 

cultivation refers to processes where the microalgae use light as the energy source and 

CO2 as the carbon source. In the heterotrophic cultivation, microalgae can grow not only 

under phototrophic conditions, but also in the absence of light, using organic carbon as 

the energy source. When the microalgae can use organic and inorganic carbon and it is 

able to live in both phototrophic and heterotrophic conditions, mixotrophic cultivation is 

under control. Photoheterotrophic involves the microalgae using inorganic and organic 

carbon, plus a light source. Heterotrophic conditions are most easily contaminated and 

the cost of an organic carbon source is another challenge for commercial production, due 

to the extra cost of the input [23]. Microalgae are thus normally cultivated under 

phototrophic conditions, using photosynthesis to capture light energy and fixing inorganic 

carbon in the form of CO2 [24]. 

The growth and composition characteristics of microalgae under phototrophic conditions 

depend on cultivation variables such as carbon/nutrient sources and amount, irradiance 

intensity, temperature level, and pH values. Other operating variables are shear stress, 

inoculum conditions, and the type of reactor [1,25]. 
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Microalgae can assimilate up to 150,000 ppmv CO2, and as air contains only 360 ppmv, 

extra CO2 is supplied to growth media either from external sources such as power plants 

or in the form of soluble carbonates such as Na2CO3 and NaHCO3. Other inorganic 

nutrients required for microalgae include nitrogen and phosphorus [26].  

The solar radiant energy captured by microalgae is used in the Calvin cycle to produce 

carbohydrates by utilizing CO2 and H2O molecules. A minimum of eight light photons 

are required to generate one mole of base carbohydrate (CH2O) [26].  

Solar energy is equally important to temperature control. Optimal growth takes place 

between 15 and 30 °C associated with pH, between 7.0 and 8.0 [1]. Simple changes in 

the environment might decrease microalgae productivity, and increase undesired 

competitive or predatory organisms [27]. Other factors such as the shear stress, inoculum 

conditions, type of reactor, and operating modes are thus important to maintain a 

homogeneous media cultivation and to minimize undesired organisms. 

 

2.2.1.1 Wastewater as a cultivation medium 

One of the main reasons to combine WWTP and microalgae cultivation is the high costs 

of the input. In traditional algal farms, it is common to use nutrients from chemical 

fertilizers and water from distribution systems. This decreases the system viability [6]. 

Indeed, microalgae usually require more nutrients for their metabolism than terrestrial 

plants. Nutrients such as phosphorus need to be added in large amounts to improve 

cultivation since a significant quantity is captured in the formation of complexes with 

ions [28,29]. For these reasons, the use of traditional nutrients is not considered 

sustainable, and a reduction in their use is imperative [30].  

Some authors estimate that nutrients will become scarce in the future if agriculture does 

not change. Phosphorus deposits will be limited and the high nitrogen consumption will 

cause environmental pollution, such as an increase of NO2 in the atmosphere and 

acidification of the environment [30]. Several authors have performed a Life Cycle 

Assessment (LCA) in processes involving microalgae and pointed out the use of nutrients 

in the crop as an important contributor to their environmental impact [31,32]. The 

valorization of sewage and by-products as a nutritional source has been considered as a 

possible alternative in order to reduce these impacts and make the process more 

sustainable [33–35]. If transporting nutrients and water is not necessary, a significant 

amount of money can be saved [36].  

Microalgae grown in sewage has been reported as having high productivity [5]. 

Production in wastewater can be increased with the addition of CO2 to increase the carbon 

and nitrogen ratio. The typical wastewater C:N ratio is to 7:1, which is low when 

compared to the microalgae ratio of 15:1 (C:N) [37]. Microalgae cultivation in wastewater 

can offer benefits beyond saving water and nutrients, such as nutrient removal from the 

effluent, the adsorption of heavy metals, generation of oxygen to bacteria and disinfection 

of the tank [4]. The effluent from anaerobic treatment, for example, have characteristics 
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that are promising for cultivation, such as low turbidity, which allows the passage of light, 

organic load and nitrogen predominantly in the ammonium form, best assimilated by 

microalgae [6]. 

 

2.2.2 Microalgae production 
 

2.2.2.1 Systems 

Microalgae production can be carried out in closed and opened systems (which have 

contact with the atmospheric air) [38].  

Open systems are usually commercialized at a large scale since they are simpler and 

cheaper to construct and operate, however, they have low biomass productivity, higher 

sensibility to biological contaminants and, consequently, limited microalgae species 

cultivation [39]. Open systems require highly selective environments to avoid 

contamination from other microalgae species and protozoa. Monoculture cultivation is 

possible through the maintenance of extreme conditions, although few strains are suitable 

[26]. pH control can have plays an important role in the maintenance of a high standard 

in monoculture for certain species, such as Spirulina [1] since this species can grow under 

extreme alkalinity conditions where other organisms cannot live [26].  

In commercial terms, high rate algal ponds (HRAP) are the most commonly used open 

system for microalgae production [18,40] and are designed to maximize production in 

shallow reservoirs [2]. In order to do so, depths between 0.15 and 0.45 m, typically 0.30 

m, are adopted to guarantee light penetration [1], and a paddlewheel is used to improve 

circulation during the process. 

Closed systems have been developed to overcome the aforementioned difficulties. 

Transparent systems known as photobioreactors (PBR), designed to optimize the growth 

of photosynthetic organisms, have been improved according to the economic and 

operational conditions of each project. For example, tubular photobioreactors are usually 

made of glass or transparent plastic, with a diameter of less than 0.1 m to allow light 

penetration even in high microalgae concentrations [29].  

In comparison to HRAP, PBR allows the production of pure microalgae species [29], 

however, when the sewage is used as a cultivation medium, the production of pure species 

is difficult due to the presence of  indigenous microalgae in the wastewater, which could 

grow [6]. Photobioreactors allow higher production than open systems due to the higher 

operational control (temperature control, low contamination levels, and high CO2 

trapping) [18,29,38], however the use of PBR on a large scale is limited due to the 

difficulty in exchanging O2 and CO2, and the high operation and installation costs that 

lead to a decrease in their economic viability [24]. Closed PBR is also not well developed 

for microalgae cultivation using sewage, and requires more study to achieve commercial 

production [38]. This is not true of HRAP, whose application in WWTP is nowadays 

relatively common in countries with hot climates [2]. The advantages and disadvantages 
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of each type of system are discussed by Adeniyi et al. [41] and this natural process 

presents low Capital Expenditures (CAPEX) and Operating Expenses (OPEX) in a large 

scale scenario. A comparison of the two systems is presented in Table 2.1, adapted from 

Rösch and Posten [42]. 

 

Table 2.1. Comparison between High Rate Algal Ponds and Photobioreactor. 

Parameter HRAP PBR 

Land footprint High Low 

Energy requirement Low High 

Temperature control No needed Required 

Reactor cleaning No needed Required 

Risk of contamination High Low 

Product quality Variable Reproducible 

Microbiology safety No Yes 

Biomass productivity Low High 

Capital and operational cost Low High 

 

2.2.2.2 Productivity 

According to Farag and Price [43], microalgae growth in batch cultures involves five 

different phases: the Lag Phase - initial period of slow growth; Exponential Phase - rapid 

growth and often cell division; Declining Relative Growth Phase - when a growth 

requirement for cell division is limiting; Stationary Phase - cell division slows due to the 

lack of resources necessary for growth; Death/Lysis Phase - cells begin to die due to lack 

of resources. Initially, the indigenous strain in wastewater is grown in batch mode but 

once the culture reaches the stationary phase, fresh wastewater is supplied continuously, 

resulting in a steady-state condition, and the beginning of harvest and productivity.  

Different values of microalgae productivity in municipal wastewater cultivation are 

reported by Park et al. [44], with values between 12.7 and 35 g / m2 / d for cultivation in 

many countries of the world. Posadas et al. [45] also present productivity within this 

range, with values of 17 g / m2 / d for the cultivation in the summer and lower in the 

winter. Table 2.2 presents microalgae productivity using wastewater and open ponds. The 

productivity of pure species with other conditional parameters can be found in the review 

paper by Enamala et al. [46].  
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Table 2.2. Microalgal productivity in open ponds using wastewater. 

Species Areal productivity (g / m2 / d) Ref. 

Actinastrum sp. 35 [44] 

Micractinium sp. 33 [44] 

Pediastrum sp. 25 [44] 

Unknown 18.4 [44] 

Chlorella sp. Ankistrodesmus sp. 18 [44] 

Scenedesmus sp. 17 [45] 

Coelostrum sp. 15.3 [44] 

Unknown 12.7 [44] 

 

2.2.3 Harvesting methods 

The main difficulty in the harvesting stage is the large amount of water associated with 

the microalgae crop. It is precisely in the microalgal biomass recovery stage that the 

highest energy demand of the entire production system is concentrated [47]. This is one 

reason that microalgae cultivation for biofuel production is not yet economically viable. 

The high cost of harvesting, estimated at 30% of the total cost of biomass production 

[46,48], may reach 60% of the total biofuel production cost [49].  

Developing a cost-effective harvesting method is the industry's biggest challenge. To 

become competitive, operating costs must be significantly reduced. Finding an alternative 

that allows the processing of large volumes of microalgae suspensions with minimal cost 

is essential in order to scale-up the process [18].  

The large amount of water results in suspensions that may range from 0.1 to 5 g of total 

suspended solids (TSS) / L, and are often less than 1 g TSS / L in the effluents from open 

ponds. Normally, the production of large-scale algal biomass does not exceed 0.5 g / L, 

which means processing a huge volume of suspension to obtain a significant amount of 

biomass [47,50,51].  

Other microalgae properties that make the harvesting process difficult are density - 

similar to water; particle size (between 2 and 50 μm); and the electrical surface charge, 

which is negative (between -7.5 and -40 mV) making the suspension dispersed and 

electrostatically stable, which prevents the self-aggregation of particles [47,49,50]. This 

surface charge arises predominantly from the presence of carboxyl groups (-COOH) on 

the cell surface. At pH values above 4.5, these groups dissociate and become negatively 

charged [18]. 

Currently developed technologies for microalgae separation are based on filtration, 

centrifugation, flotation, and flocculation, or some combination of those methods [52].  

The centrifugation process is the fastest and most reliable process, and is indicated to 

harvest microalgae from pure cultures to recover high-value products such as natural 

pigments [47], however this method is the most energy intensive and is economically 
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unfeasible at large scales for biofuels [18,49]. The filtration process is cheaper and 

presents low efficiency to obtain microalgae in large quantities.  

The flotation process using microbubbles is notably more unstable and inefficient for 

microalgae harvesting [47].  

A variety of physical, chemical and biological strategies have been developed to harvest 

microalgae via flocculation processes. These options can be applied upstream of other 

processes, aiming to concentrate the biomass and reduce the costs of the following stages 

[47]. The flocculation process allows concentration of the diluted solutions of 0.5 g / L 

up to 100 times, forming a liquid and viscous sludge with 50 g TSS / L [18]. The TSS 

concentration achieved after harvesting is between 2 and 7% of the microalgae in sludge 

[17]. A downstream dewatering process, such as centrifugation, is required to obtain a 

cake with 25% of dry material. The energy demand, in this case, is acceptable since the 

agglutinated microalgae particles are bigger and the volume processed is smaller [18]. 

For example, more than 95% of the energy required in microalgae centrifugation can be 

saved if there is a pre-concentration stage with specific coagulants. Due to the potential 

to treat high inflows, the cost of the process is also cost-effective, and many types of 

flocculants have been applied [47]. Flocculation usually allows dewatering processes to 

produce cakes with a total solid concentration with 10 to 30% [51].  

Since flocculation allows the fast treatment of large volumes [48], and based on its 

operational costs, efficiency and technological possibilities, it is currently the most 

economical and efficient method to harvest of microalgae [47,50,53]. 

Most microalgae flocculation studies have involved a single species under particular 

conditions, however flocculation depends on the surface properties of cells and these 

properties differ between species and vary within the same species depending on culture 

conditions [18]. Ideal coagulant concentrations may therefore vary significantly from 

design to design. Values such as 200 mg / L ferric chloride are reported to harvest 

Chlorella sp. [54] and 5 mg / L cationic polymer to harvest Chlorella vulgaris [48]. Jar 

test assays will determine the optimal dosage of coagulant. 

Despite its advantages, chemical flocculation incorporates chemical compounds into the 

biomass. Changes in harvested biomass staining and in the culture medium, have already 

been pointed out [50]. Aluminum salts can cause cell damage, while iron salts affect the 

quality of pigments, especially chlorophyll. Aluminum chlorides can inhibit 

transesterification reactions and impair biodiesel production with biomass [47]. 

Aluminum sulfate and ferric chloride can also negatively affect anaerobic digestion and 

biogas production [53]. It is worth noting that the physicochemical characteristics of the 

biomass harvested, in addition to being dependent on the microalgae species present, are 

also affected by the culture medium and the harvesting process [22]. The harvesting 

process should thus be chosen to integrate the downstream treatment stages and biomass 

conversion, and not only in an isolated form.   

Table 2.3 presents dry biomass concentrations obtained in the major microalgae harvest 

processes described by Shah et al. [55]. Each process received a score for their efficiency 
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and economy according to Al Hattab et al. [56]. Eight criteria were used for evaluation: 

(a) dewatering efficiency (b) cost (c) toxicity (d) suitability for industrial-scale (e) time 

(f) species specificity (g) reusability of media and (h) maintenance. Each criterion was 

assigned a score between 7 and 15 based on its degree of importance. Higher values were 

given to the criteria that were deemed most important for the development of an efficient 

and economic largescale dewatering method for microalgae. Coagulation with organic 

chemical compounds and centrifugation were the only processes with a total score over 

80, suggesting that the methods could be a good combination in order to obtain a more 

efficient and cost-effective harvesting solution. 

 

Table 2.3. Comparison of microalgae harvesting techniques. 

Harvesting 

Techniques 

Dry solids output 

concentration 

(%)[55] 

Process Score [56] 

Sedimentation 0,5-3 Sedimentation 61 

Flotation 7 
Dispersed air flotation 

Dissolved air flotation 

77 

70 

Chemical 

coagulation 
3-8 

Inorganic coagulation 

Organic coagulation 

65 

80 

Centrifugation 10-22 
Disc stack centrifugation 

Decanter centrifugation 

87 

80 

Filtration 2-27 
Pressure filtration 

Vacuum filtration 

74 

75 

 

2.2.4 Drying 

The last stage in algal biomass production is drying the wet paste obtained in the harvest 

process. In general, the moisture is reduced to a 12-15 wt.% content in which the biomass 

can be stored [57]. The drying stage is normally carried out to extend the life use of the 

material and needs to be done quickly after harvest, so that the biomass does not spoil 

[58].  

There are many drying systems, which differ in cost and energy demand. The selection 

of method will depend on the operation and scale of the biomass [57]. For instance, solar 

drying is the cheapest method of microalgae drying, however it requires a long time and 

large areas. In this case, part of the energy content of the biomass and some specific 

compounds can be lost [59].  

More efficient and expensive methods to dry microalgae have been studied, such as drum 

drying, spray drying, fluidized bed drying, freeze-drying and refraction window 

dehydration technology [59]. Freeze-drying, or lyophilization, has been largely used to 

dry microalgae in labs, however, the method is very expensive for use at a large scale. 

Spray drying is the method chosen for products that have high value [58], and rotary kilns 
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are currently commonly used to dry sludge and biosolids [60], and, as pointed by Bennion 

et al. [61], to dry microalgae. 

 

2.2.5 Conversion technologies vs. fraction converted 

Microalgae can be converted into products using a mechanical process for oil extraction, 

biochemical processes for biogas and alcohol production, and thermochemical processes 

producing oil, gas, and heat. The selection of the right conversion technology is a key 

step in ensuring a viable and environmentally sustainable production process [16].  

 

2.2.5.1 Mechanical extraction 

There has been a recent resurgence of interest in microalgae as an oil producer for biofuel 

applications. The extraction of oil is conditioned by the lipid content of the microalgae 

and not all species have satisfactory amounts, with as low as 2% in M. aeruginosa species 

[62]. Lipids content in microalgae may vary from 1 – 85% of the dry weight, and factors 

such as nutrient availability have been shown to affect lipid content in many microalgae. 

When nitrogen deprivation is imposed, for example, photosynthesis continues more 

slowly, and the flow of fixed carbon is diverted from protein to either lipid or 

carbohydrate synthesis. Lipid accumulation can be initiated in microalgae by imposing 

nutrient deficiency like N, P, and K but also reduces growth rates [63]. In general, species 

with higher lipid content have a slower growth rate [62]. High nutrient (N and P) 

wastewater crops, such as sanitary sewage, can also inhibit lipid accumulation [64]. The 

cost of microalgae biodiesel production in the conventional process is still very high, 

around U$8 per gallon, double the of soy biodiesel [4]. Chisti [29] suggests that, just like 

a petroleum refinery, a biorefinery could be used to take advantage of each component of 

microalgae, not just lipids, as a way to cut costs. 

 

2.2.5.2 Biochemical processes 

Another route to the recovery of energy from microalgae is reached by biochemical 

processes, however, they require a long reaction time and involve less conversion than 

thermal processes [65], so the industry generally does not choose these processes [1].  

The production of bioethanol by fermentation involves long processing stages, as they 

depend on the enzymatic and cellular activities that make up the biochemical processes. 

The need for pre-treatment in the feedstock also increases the cost of production and only 

one final product is obtained [1]. The carbohydrate content of alcohol production is also 

relatively low in microalgae [4].  

The degradation of microalgae is incomplete, and involves low biogas production, for 

anaerobic digestion at 35 ºC. Improvement is only found at a higher temperature, where 
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the cell wall is broken, exposing its intracellular content to the bacteria. Another difficulty 

is that the C/N ratio of this biomass is low and does not favor anaerobic digestion [65]. 

The process provides only partial degradation of the biomass and the use of partially 

degraded microalgae as a substrate is not viable because it interferes in the metabolism 

of organisms, and should be avoided owing to its potential to generate sulfides [66]. 

 

2.2.5.3 Thermochemical processes 

Thermochemical conversion is the most direct path to transforming biomass into different 

forms of energy [67]. The process involves the thermal decomposition of the organic 

compounds present in the biomass to produce biofuels [1]. The main advantages are the 

conversion of whole biomass regardless of the type of macromolecule present [68], high 

efficiency and low conversion time [69]. This type of conversion can be done by 

pyrolysis, liquefaction, and gasification, and is applied more commonly than biochemical 

conversion [1].  

The major challenge of pyrolysis is the need to purify the oil produced and the salt content 

involved in liquefaction is problematic [36]. These techniques are also immature and 

require considerable development before large-scale application. In contrast, biomass 

gasification is a well-developed technology and has been applied for decades [65].  

Gasification seems to be the most advantageous process. The production of fuel gas 

makes the subsequent stage of energy generation more direct, simple and compact. 

Gasifiers coupled with internal combustion engines and generators are already 

commercialized with high conversion efficiencies [70].  

Other processes require intermediate stages, increasing system complexity to an 

undesirable level, such as with alcohol, biodiesel and steam production, which demand 

distillation columns, transesterification reactors, and boilers, respectively. Anaerobic 

digestion does not involve an intermediate conversion process since microorganisms 

convert biomass directly into biogas, however, only the biodegradable organic fraction of 

biomass is converted into biogas, and the non-biodegradable organic fraction would need 

to be removed periodically and sent to final disposition, implying in extra costs. 

Gikas [71] compared anaerobic digestion and gasification processes, such as energy 

recovery systems with sewage sludge produced in a pilot WWTP, with a 380 m3/d flux 

capacity. To reduce energy demand in the WWTP, the author developed a different 

WWTP model, substituting the aerobic process, high in energy consumption, with 

microwaving and filtration. According to the flowchart developed, the sludge obtained 

was dewatered in an auger press until 55% humidity. A rotary kiln then reduced the 

humidity of the solids to 20%, in order to condition the feed to the gasification process. 

The gas produced fed an internal combustion engine, generating electricity. In the 

anaerobic digestion system, the dewatered sludge generated biogas in an anaerobic 

reactor, with 60% of converted organic fraction. When the author compared both systems, 
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gasification had a more favorable energy balance, even considering the drying energy 

requirement. 

Table 2.4 compares the differences between the main routes of biomass to energy 

conversion discussed in the text. 

 

Table 2.4. Comparison between the main routes of biomass to energy conversion. 

Process Conversion 

Time 

Conversion 

Fraction 

Biomass 

Requirements 

Final 

Product 

Technology 

Extraction Fast Partial High lipid Oil Mature 

Fermentation Slow Partial High 

carbohydrate 

Alcohol Mature 

Anaerobic 

digestion 

Slow Partial High 

biodegradable 

Biogas Mature 

Liquefaction Medium Partial Low salt Oil Immature 

Pyrolysis Medium Total - Oil/Gas/Char Immature 

Gasification Fast Total Low moisture Gas Mature 

 

2.3 Thermal gasification process 

Gasification is a partial oxidation thermochemical process in which carbonaceous 

substances are converted to gas in the presence of a gasifying agent - usually air - oxygen, 

water steam, carbon dioxide or mixtures thereof [72]. The flow of the gasifying agent is 

controlled and partial oxidation takes place [73]. The objective of the process is to 

produce a highly efficient clean gas synthesis (syngas) [5]. Syngas production can vary 

from 1 to 3 m3 / kg of dry biomass [74]. Syngas consists mainly of CO and H2, mixed 

with other components, such as CH4 and CO2. It may include some light hydrocarbons, 

such as ethane and propane, and also, heavy hydrocarbons such as tar, condensable 

between 250-300 °C. Small particles of solid coal waste, alkali metal species, ash and 

other gases, such as H2S, HCl, NH3, H2O, and N2, may be present in small quantities. The 

presence of these gases depends on the characteristics of the biomass, the gasifying agent, 

the process conditions and the type of gasifier [72,74–76].  

The gasifier is the main component of a gasification plant and the biomass and gasifying 

agent reactants are mixed therein so that the reactions can occur. In some cases, catalysts, 

additives and inert materials are also fed into the process to improve their performance. 

The manner in which the reactants come into contact in the gasifier affects the 

performance of the process and forms the basis for classifying the gasifiers [75]. 

Two typical gasifier configurations with a fixed bed are updraft and downdraft [72]. In 

the first, the solids move down relative to the gasifying agent, and the syngas produced 

move upwards. In the second configuration, both the solid and the syngas are moved 

downwards [74]. In this reactor, the pyrolytic gases pass through the oxidation zone at 

high temperatures as the syngas is removed from the bottom of the equipment, and 
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therefore almost all tar is converted to gas and the syngas is much cleaner than that 

generated in updraft gasification [76]. 

The updraft reactor is the oldest model and involves more simplicity and lower costs [75]. 

This equipment can gasify most of the biomass, however, the syngas produced in these 

systems contains high quantities of tar, between 10 and 20 wt.%, and therefore, these 

gasifiers are not suitable when one desires to use syngas in the internal combustion 

engines [76]. On the other hand, in downdraft gasifiers, tar production can be inferior to 

1 wt.% [74,77], making this process preferable to electricity generation in engines and 

turbines [76].  

Fluidized bed gasifiers and other gasifiers variations are also reported in the literature. 

Gikas [71] shows a horizontally disposed rotary cylindrical gasifier developed by Greene 

Waste to Energy S.L. (Spain), which allows each stage of the process of gasification to 

be controlled, increasing the performance of the equipment. In each internal area of the 

equipment, stirrers homogenize the flux during the process and a thermal jacket covers 

the equipment controlling all thermal exchanges. 

Recent publications involving the gasification process have been addressed in literature 

review studies. Ruiz et al. [72] reviewed the main factors to be considered in the 

gasification process, and pointed out the barriers to the generation of electricity. 

Asadullah [76] reviewed the barriers of each stage of the gasification process, from the 

collection of biomass to the generation of electricity, and noted syngas cleaning as an 

important step. Heidenreich and Foscolo [73] provided a detailed review of new concepts 

of gasification, such as the UNIQUE gasifier, which integrates gasification with syngas 

cleaning in a single reactor. Abdoulmoumine et al. [78] presented a review of the methods 

of purification of syngas, discussing the removal of the main contaminants. Molino et al. 

[74] detailed the gasification technologies, assessing advantages and disadvantages and 

the potential for use of syngas. Ahmad et al. [75] highlighted the characteristics and 

performance of different types of gasifiers over different operating parameters, and 

discussed the economic evaluation of the gasification process. Despite the difficulties 

pointed out and the challenges still to be overcome, the potential advantages of the 

biomass gasification process continue to motivate research.  

 

2.4 Microalgae gasification: a systematic review 

We used the method developed by Ensslin et al. [79], known as the Proknow-C method, 

Knowledge Development Process - Constructivist to map the research on microalgae 

gasification. It is a systematic approach used to organize the information collected in the 

literature and includes the construction of knowledge in three main stages: preparation of 

a bibliographic portfolio, bibliometric analysis, and systematic analysis. Articles are 

selected from defined databases using keywords, then filtered based on specific criteria, 

such as alignment with the topic of interest and scientific relevance. Finally, redundant 

and unavailable papers are eliminated [80]. After the establishment of the bibliographic 
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portfolio, a systematic analysis is conducted in order to elucidate points of interest and 

gaps to be filled in current research.  

The keywords adopted in this review were "microalgae" and "gasification". The SCOPUS 

database was chosen because it is the largest database [81] of abstracts and citations of 

literature reviewed, including scientific journals, books and conference work. According 

to Ferenhof et al. [81], the SCOPUS database had 15,000 indexed newspapers, almost 

265 million websites and 18 million patents and other documents in 2014. The database 

is thus able to provide a comprehensive view of the outcome of the worldwide survey. 

169 documents were found in the SCOPUS database on September 2018, the first of 

which was published in 1991 [82], however the topic has only gained more relevance in 

the literature in the last decade, and notably in the last five years. The number of 

documents was reduced to 121 when only journal articles with an impact factor greater 

than 1.0 were selected. The titles and summaries of these papers were read in order to 

select only the studies involving the experimental thermal gasification of microalgae. 

Macroalgae, residual microalgae after extraction of compounds, such as lipids, and non-

experimental studies were not considered. Forty-two articles were thus selected and, after 

careful reading, seven additional references, not included in the SCOPUS but fitting with 

the criteria of paper selection. were added to the bibliographic portfolio, which was finally 

composed of 49 documents [28,30,62,64,65,68,83–125]. 

 

2.4.1 Species gasified  

Despite the variety of known microalgae species (thousands), only 19 different species of 

microalgae (and Spirulina cyanobacterium) have been studied for gasification (Fig. 2.2). 

Considering the variety of existing and known species, this number is very low and clearly 

illustrates current ignorance on the subject. It is believed to be related to the ease of 

culturing and the rate of growth of certain strains.  

Among the 19 species of microalgae and cyanobacteria reported, there is a predominance 

of the Chlorella Vulgaris and Spirulina commercialized species, used in 50% of the 

experimental gasification studies. In fact, most of the authors (72%) acquired the 

microalgae in powder or paste form, and the biomass harvesting process was not clear. 

Because these species are mostly used in the food industry, it is believed that the 

harvesting processes employed were not based on the incorporation of products for 

coagulation-flocculation, to keep the biomass free of chemical contaminants. In today's 

commercial microalgae systems, despite being expensive and energy-intensive, 

centrifuges and filters are the most commonly used equipment [126]. In order to obtain 

bulk products of lower value, such as biofuels, however, the investment and operating 

costs of these processes compromise the economic viability of the projects [127]. At large 

scales, the most efficient method of microalgae separation is coagulation-flocculation-

sedimentation [53]. Even so, no author evaluated the biomass obtained by coagulation-

flocculation and the effect of the chemicals mixed with the biomass on the gasification 

process. The few authors who reported on microalgae culture and harvesting themselves 
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adopted incompatible techniques in the context of a large-scale industrial process, such 

as the scaling of the decanted bed at the bottom of the pond, centrifugation, vacuum and 

membrane filtration and electro flocculation (Table 2.5). The combination of the 

coagulation and centrifugation processes, described in Table 2.3 as the highest score, is 

not reported. 

 
 

 

 

Fig. 2.2. Types of microalgae and cyanobacteria studied in gasification. 

 

Table 2.5. Methods of harvesting microalgae reported. 

Microalgae Harvest Methods Ref. 

Scenedesmus sp. cultivated in sewage Spontaneous decanting [65] 

Scenedesmus sp. cultivated in sewage Spontaneous decanting [4] 

Chlorella vulgaris Vacuum Filtration [128] 

Algae biomass cultivated in sewage 

Scraping the bottom of the 

pond [64] 

Chlorella vulgaris Centrifugation [22] 

Chlorella vulgaris Centrifugation [22] 

Tetraselmis sp. 

Electro flocculation and 

centrifugation [129] 

Tetraselmis sp., Schroederiella apiculata and 

Scenedesmus dimorphus Centrifugation [119] 

Microcystis aeruginosa Filtration with membrane [64] 

Chlorella sp. Centrifugation [118] 

 

Only three marine species were reported, Nannochloropsis gaditana, Nannochloropsis 

sp. and Tetraselmis sp., which together contributed only 21% of the total papers. One 
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explanation for this may be the higher salt and ash content of marine microalgae, which 

may hinder the gasification process or require additional pretreatment steps such as 

washing to remove excess salt. Marine microalgae also typically exhibit lower conversion 

than freshwater species in some gasification process, although the comparison is made 

difficult by the different process conditions [106]. 

The gasification of microalgae grown in wastewater was studied by a few researchers, 

such as Zhu et al. [65,130]. In these two publications, they used Scenedesmus sp. obtained 

in stabilization ponds fed with industrial and municipal sewage. Sharara and Sadaka [64] 

recovered a microalgae biomass comprised of native and Diatomaceous species in a 

stabilization pond applied to sewage treatment. The treatment systems were not detailed 

in terms of configuration and performance, or the characterization of the sewage 

introduced into the ponds.  

To the best of our knowledge, there is an important gap in terms of research in this area. 

Most gasification studies refer to pure microalgae species, even with sewage cultivation 

being suggested as the most promising way to convert microalgae into biofuels. The 

cultivation of pure species in photobioreactors using water and fertilizers does not appear 

to be the most viable path for biofuel production, for the reasons discussed in Section 2.2. 

This paper considers biomass as a mixture of microalgae, bacteria, and chemical 

coagulants, and the gasification process for this type of biomass is still little reported in 

the literature. 

 

2.4.2 Characteristics of biomass 

Different types of microalgae have different compositions (Table 1 in Appendix A), 

which are normally reported in terms of their proximate analysis, elemental analysis, 

macromolecules, and higher heating value (HHV).  

Proximate analysis can be defined as a technique to measure the chemical properties of a 

compound based on four particular elements: moisture content, fixed carbon, volatile 

matter and ash content [131]. These characteristics affect the syngas yield and quality 

[106]. The analysis of ash and its components were predominant in the discussion of the 

experimental results, as used to justify the kinetic performance, the conversion and the 

composition of the syngas. This is because the different chemical elements present in the 

ash can affect the process in various ways, such as acting as a catalyst, catalyst promoter, 

catalyst support or sorbents in the gas cleanup. Abdoulmoumine et al. [78] compiled these 

effects into a Periodic Table, indicating the effect caused by different chemical elements 

in the process. The average ash content was 14.3%, while the fractions of volatile material 

and fixed carbons were 66.5% and 14.7%, respectively. Disregarding seawater species, 

the average ash content is reduced to less than 12%. The species of saline microalgae 

Tetraselmis sp. presented the highest ash content, with 64.4%. 

An elemental analysis defines the mean chemical elements present in biomass, which are 

carbon, hydrogen, oxygen, nitrogen, and sulfur. The higher proportion of oxygen and 
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hydrogen, compared with carbon, reduces the energy value of a fuel, due to the lower 

energy contained in carbon-oxygen and carbon-hydrogen bonds, than in carbon-carbon 

bonds [132]. The presence of oxygen in the biomass reduces its calorific value [77,133], 

and the presence of sulfur and nitrogen can lead to process contaminants such as HCN, 

NH3, CS2, and H2S [78]. Of the 34 articles that reported microalgae sulfur content, only 

six reported a higher percentage than 1% [94,117,119,129,134,135]. The low sulfur 

content of the algal biomass is an advantage since the thermochemical conversion of 

biomass can release sulfur in the form of H2S, a corrosive gas for equipment. According 

to Molino [74], the maximum sulfur levels in the syngas allowed for use in internal 

combustion engines and turbine are 20 ppmv. This means that the use of such equipment 

in electricity generation systems could be limited to high H2S content. Table 2.6 shows 

typical engine and turbine requirements for the major syngas contaminants. The elemental 

analysis results in 46% carbon, 7% hydrogen, 30% oxygen, 8% nitrogen and 1% sulfur. 

The species of saline microalgae Tetraselmis sp. presented the highest sulfur content 

reported, 6.9%.  

 

Table 2.6. Syngas contaminant limits in equipment. 

Equipment 
Tar 

(mg/m3) 

Sulfur 

(ppmv) 

Nitrogen 

(ppmv) 

Alkali 

(ppmv) 

Halides 

(ppmv) 

Particulate 

(mg/m3) 

Ref. 

Turbine - < 20 < 50 < 0,02 < 1 - [78] 

Turbine < 10 < 20 - 
< 0,025-

0,1 
- 

< 2,4 [74] 

Engine < 100 < 20 - 
< 0,025-

0,1 
- 

< 50 [74] 

 

The composition of the microalgal biomass in terms of macromolecules, as reported by 

Onwudili et al. [106], means that carbohydrates form H2 more easily than lipids and 

proteins. The latter are responsible for inhibiting some reactions of hydrogen formation. 

Few studies have quantified the levels of protein, carbohydrate and lipid in the biomass 

to be gasified. Without stratified chemical species present in the biomass studied, the 

average values of the protein, carbohydrate and lipid levels of microalgae were 46%, 

19%, and 19%, respectively. Shumbulo Shuba and Klife [4] compiled information about 

carbohydrate, protein and lipid microalgae composition in different species and found a 

wide variation. 

Table 1 in Appendix A also presents the HHV content for different microalgae. The mean 

HHV established was 18.93 MJ / kg. This characterization corroborates the interest of 

converting microalgae to energy, considering the energy content and high carbon content. 

Table 2.7 shows a comparison with the calorific value of other fuels, demonstrating the 

significant amount of energy from microalgae biomass, and its superiority to wood. 
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Table 2.7. Energy comparison between different fuels. 

Fuel MJ/Kg Ref. 

Gas-oil 45.5 [5] 

Natural Gas (NTP) 38.1 [74] 

House coal 27 - 31 [74] 

Microalgae 18.93 
Table 1. in Appendix A 

(average) 

Plastics, wood, paper, rags, garbage 17.6 - 20 [5] 

Wood 12 - 19 [74] 

Dry sewage sludge 12 - 20 [5] 

Black liquor 
12.5 - 

15.5 
[5] 

 

2.4.3 Gasifiers for microalgae gasification 

Of the 49 papers evaluated, 29% are simulations of gasification in a thermogravimetric 

analyzer (TGA). These studies were not considered as gasification experimental tests 

since the conditions of this equipment do not reflect a realistic scenario of the process. 

Only 16 papers were found for conventional gasification, less than one-third of the total, 

[64,65,88,92,94,101,105,107,110,112,113,115,117,119,121,122]. Of those, only six used 

fixed bed gasifiers, a very low number, considering the greater simplicity, and operational 

and economic advantages of this equipment [105,110,112,117,119,136]. This may be 

related to the lower syngas quality obtained in these reactors when compared to other 

technologies, however it is possible to adjust operational parameters to reduce the 

contaminants in the product.  

A small predominance of studies used fluidized bed gasifiers. Manara and Zabaniotou [5] 

pointed out that the fluidized bed gasifiers allow a better mass and energy exchange, as 

well as a homogeneous heat transfer at a higher velocity, facilitating the reaction and 

reducing the residence time of the load [76]. The process has the advantage of allowing 

consistent temperatures, kept well below the problematic levels that could lead to the 

synthesis or accumulation of ash, however these reactors are more operationally sensitive 

to the type of biomass [72]. The high ash content of some microalgae may limit the use 

of this technology, due to problems such as defluidization and bed agglomeration, as 

observed in [137].  

According to Alghurabie et al. [137], there are several operational difficulties when 

gasifying a marine species of microalgae with high ash content, due to the high salt 

content in these species of microalgae. Freshwater species may also have high ash content 

in their composition, depending on the culture medium and harvesting processes. This 

was demonstrated by Zhu et al. [65], for example, during the gasification of the species 

Scenedesmus sp. The authors associated the high ash content after gasification with the 

cultivation of the species in industrial and municipal wastewater and the harvesting 

conditions. The high silicon content observed could be related to contamination from sand 

and other minerals during the cultivation and harvesting processes in the ponds. Elliot et 
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al. [125] reported a high ash content in the microalgae gasification residue and associated 

it with mud contamination during the harvest stage. 

Hydrothermal processes correspond to 55% of the studied processes in the publications 

analyzed. The high interest in hydrothermal processes is due to the use of humid biomass, 

without the need for drying. Conventional gasification requires low moisture biomass, 

which consumes a lot of energy and reduces efficiency to uneconomic levels [134]. 

Hydrothermal gasifiers, which adopt fluids under supercritical conditions of pressure and 

temperature, therefore have a higher thermal efficiency than conventional gasifiers. The 

process with water also produces less tar [3], which is considered a critical point of 

biomass gasification [74].  

Hydrothermal gasification occurs under pressure and the formation of hydrogen or 

methane can be prioritized depending on the temperature and the catalyst used. At 

moderate temperatures (below 500 °C), catalysts are required in order to increase the 

conversion. Ruthenium is singled out as the most active and selective catalyst for 

generating methane, however the deactivation of ruthenium by sulfur has been pointed 

out as a problem, and attempts at regeneration [22] and reuse [138] have been 

unsuccessful. Hydrothermal gasification is also still under development [16] and is 

considered a very expensive process for implantation and operation [83]. For this reason, 

Elliot et al. [125] believed that more research is needed before scaling the technology to 

a commercial demonstration level. One of the challenges is the presence of salt in these 

reactors, which can cause corrosion and clogging [36]. The water itself is corrosive under 

supercritical conditions and high levels of nickel have been observed in the residual liquid 

of the process, indicating corrosion of the reactor wall [83].  

Due to the severe conditions of the process, metals can also be washed from the catalyst. 

The incorporation of heavy metals and organic compounds makes it difficult to manage 

large volumes of residual liquid. Attempts to re-use this liquid as a nutritional medium in 

the cultivation of microalgae have encountered many difficulties. Haiduc et al. [134] 

found that a nickel concentration of 28 ppm completely inhibited the growth of the 

microalgae species studied. According to Bagnoud-Velásquez et al. [135], aluminum may 

form relatively inert complexes, which interfere with cell metabolism. Phosphorus 

becomes unavailable for enzymatic transport when complexed with aluminum, so that the 

growth rates of microalgae are inhibited. Patzelt et al. [30] identified at least 28 toxic 

organic compounds that could cause inhibition in the growth of microalgae, requiring 

dilution of 1 to 355 to allow the cultivation. Onwudili et al. [106] indicated an even greater 

dilution, from 1 to 400, due to the presence of phenol. The amount of water for dilution 

would exceed the capacity of the culture medium of an integrated gasification process 

and would not be a satisfactory option [30]. A treatment step would thus be necessary to 

reduce the harmful compounds to tolerable levels. 

Elsayed et al. [139] used activated carbon and ultra-violet radiation treatment systems to 

remove most of the pollutants from the liquid, but they observed a delayed growth of 

microalgae. Patzelt et al. [30] used the same treatment processes and noted that desirable 

compounds are also removed, especially nitrogen in the ultraviolet treatment by ammonia 

volatilization. A 79.6% decrease in nitrogen content and an important limitation of 
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phosphorus in the feed liquid of the process were observed. Minowa and Sawayama [28] 

observed a growth of only one-eighth of that expected, for cultivation in recovered and 

treated solutions of the gasification process, assigning the problem to the lack of nutrients 

in the diet. The authors suggested the integration of preliminary stages of salt separation, 

common in hydrothermal processes, with the culture stage, aiming to reuse the salts and 

supply these nutrients, however such integration would mean even greater plant 

complexity and higher costs. 

Catalysts commonly used to increase the conversion of these processes also increase the 

complexity of these systems, since compounds present in the biomass rapidly deactivate 

the catalyst, especially sulfur [22]. The process is also not fully developed, due to the 

extreme pressure and temperature conditions required [119]. The critical point of the 

water is 374 ºC and 22 MPa [140]. 

In contrast, the common gasification of biomass has been well developed and applied for 

decades. Nevertheless, the technological bottleneck represented by the need to reduce the 

moisture content of the biomass previously fed in the process remains. The microalgae 

drying method, based on the circulation and reuse of heat, could considerably reduce 

energy consumption [121]. In this sense, several drying technologies have been 

developed [141]. 

The equipment used in the experiments was practically all on a laboratory scale. Only the 

experiments of Yang et al. [92] were performed on a larger pilot scale, adopting a 

bubbling fluidized bed gasifier of 30 kW. Other models of gasifiers, including the more 

traditional ones, such as the fixed bed downdraft and updraft, have not yet been 

experimented with on a pilot scale. These reactors have simpler operations and designs, 

which makes them the preferred and most feasible option for small power generation units 

[73,76]. 

Tables 2 and 3 (in Appendix A) compile the information found for hydrothermal and 

conventional gasification, respectively. The tables include operational parameters, 

equipment dimensions and some results in order to introduce a summary view of the 

literature. The gaps in the tables are due to non-available information. In general, it may 

be noted that the carbon conversion of the process is greater in conventional gasification 

than in hydrothermal gasification, and tar levels are often not reported. 

 

2.5 Results and discussion 

A microgeneration scenario in a WWTP is built in this section, considering the premises 

that are more similar to a real scale scenario, as described in the text.  

Premises: 

• Microalgae production in HRAP using domestic sewage as a nutritional medium; 

• Use of the flocculation process in the biomass harvesting process; 
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• Production of mixed biomass composed of different species of microalgae, 

bacteria and chemical coagulant; 

• Use of rotary kilns to dry the biomass to reach the maximum limit of moisture 

allowed in the gasifier; 

• Conversion of biomass to energy through a thermal gasification process using a 

conventional downdraft gasifier. 

Scale: 

• The construction of ponds to wastewater treatment is more common in less 

urbanized places with more area available and smaller demographic density [2]. 

In Brazil, 70% of cities have less than 20,000 inhabitants [142], therefore, it was 

estimated the design of a WWTP for 20,000 people;  

• Using a per capita sewage flow rate of 150 L / day, as suggested by Sperling [2], 

it is equivalent to a sewage flow of 3,000 m3 / day. 

Figure 2.3 presents the WWTP model with microgeneration proposed in this study with 

high rate algae pond cultivation, using the Upflow Anaerobic Sludge Blanket (UASB) 

effluent.  

 

 

Fig. 2.3. WWTP model with microgeneration. 

 

The UASB reactor is commonly applied in Brazil and the association of both treatment 

systems results in better effluent quality when compared to a single system. Since the 

anaerobic process does not remove nutrients to any great extent, there is no harm to the 
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microalgae production [2]. On the contrary, the effluent nitrogen is predominantly in the 

ammonium form, which facilitates microalgae assimilation and low turbidity facilitates 

light penetration in the medium [6]. Another advantage of this association is that the 

anaerobic reactor does not need a supply of energy for its function, as it also produces 

biogas, an important additional source of energy, due to the high energy demand in the 

biomass algae drying process.  

 

2.5.1 Modeling the conceptual scenario 
 

2.5.1.1 Microalgae production estimation 

The microalgae-bacteria biomass production in high rate algal ponds can be estimated, 

according to Park et al. [44], from the maximum photosynthetic conversion rate of 

sunlight (Equation 2.1).  

 

Pba = Io . nmáx / H                                                                                                                   (2.1) 

 

Where: 

Pba = Production of microalgae-bacteria biomass (g / m².d); 

I0 = Average solar radiation (MJ / m².d); 

ηmáx = Maximum photosynthetic conversion efficiency of sunlight (%); 

H = Energy value of the biomass as heat, calorific value (kJ / g). 

 

The maximum conversion efficiency of light through photosynthetic processes adopted 

was 2.4%, according to Park et al. [44]. The smallest annual solar radiation index for 

Brazil is 16 MJ / m2.d, according to the Solarimetric Atlas of Brazil [143], and the highest 

energy value of microalgae indicated in this work, is 23.2 MJ/kg. Both values were 

adopted in order to obtain more conservative biomass productivity. The calculated 

biomass production is thus 16.55 g / m2.d. This value is in accordance with the values 

reported by Posadas et al. [45] and Park et al. [44] present in Table 2.2.  

The superficial pond area, needed to define the total biomass produced in a day, can be 

calculated according to Mascarenhas et al. [144] (Equation 2.2). 

 

A = Q . HRT / HL                                                                                                                   (2.2) 
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Where: 

A = surface area of the pond (m2); 

Q = tributary flow (L / d); 

HRT - hydraulic retention time (d); 

HL = height of water depth (m). 

 

A depth of 0.3 m and a hydraulic holding time of four days, as used by Park et al. [37], 

were considered. The surface area of the pond required is four hectares, which means an 

approximate production of 860 kg / d of dry microalgae-bacteria biomass.  

 

2.5.1.2 Power generation evaluation 

The energy productivity of a gasifier is a function of the biomass physical-chemical 

characteristics, such as elemental composition, ash content, calorific value and density. 

In general, productivity around 1 kWh / kg of dry biomass is assumed, which is similar 

to wood [145].  

Downdraft fixed bed gasifiers are more viable for small scale applications because of the 

easier fabrication, operation and smaller tar content in the syngas produced, which 

simplifies a gasifier internal combustion engine system. These gasifiers are not the most 

suitable for the gasification of high ash biomass, since the process may become slower 

and more problematic, requiring the adjustment and installation of additional equipment 

[76], however it is not a concern for microalgae gasification since the ash content is 

generally low, as shown in Table 1 in Appendix A, although there are some exceptions. 

The carbon conversion of these conventional processes was also greater than that of other 

processes, as reported in Tables 2 and 3 in Appendix A. Hydrothermal gasification still 

needs to overcome several challenges, in any case, as described in Section 2.4.3. 

Downdraft fixed bed gasifiers integrated with the electricity generation system with 

biomass have also already been commercialized. Typically, these gasifiers have 

capacities that vary from 10 kW until 1 MW and are viable only to biomass with humidity 

content under 30%. Increased contents can compromise the efficiency of the process 

[146].  

Many commercial gasifier manufacturers can be found on the internet. Manufacturer 

websites reveal different models with different capacities. A manufacturer in India, for 

example, commercializes gasifiers with a feeding capacity between 240 and 4800 kg / d. 

It is thus not the gasifier that will limit the implementation of a microgeneration design, 

using the microalgae obtained in WWTP with capacity under 20,000 inhabitants. In the 

United States, another manufacturer, specializing in compact gasifiers systems to 

microgeneration from the biomass, commercializes a unity with nominal operation 

capacity of 528 kg / d of biomass and production of 440 kWh and another bigger unity, 
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with nominal operation capacity of 3600 kg / d of biomass and production of 3000 kWh, 

and both can operate at most 30% humidity. This more compact gasifier of 528 kg / d of 

biomass and production of 440 kWh, which is therefore more compatible with the 

proposed WWTP microgeneration scenario, was chosen in this study.  

According to the manufacturer’s information, the energy productivity of the system is 

0.83 kWh / kg of dried biomass. This value matches the productivity reported in the 

literature, around 1 kWh / kg [145], and is a little under the efficiency reported by Gikas 

[71] with an optimized gasifier, that had 0.88 kWh / kg dried biomass. The electricity 

production of 0.83 kWh / kg of dried biomass provided by the manufacturer was 

maintained, since the value is more conservative than the others reported in the literature. 

For a 20,000 inhabitant WWTP, producing 860 kg / d of dried microalgae, as estimated 

in this scenario, or the equivalent of 1228 kg / d of microalgae with 30% humidity, it 

would be possible to install two gasifiers of 528 kg / d operating simultaneously, to enable 

eventual maintenance stops. Using the manufacturer’s specifications for a daily feed of 

82% of the nominal capacity, 864 kg of humid biomass (604.8 kg dry biomass) would be 

gasified daily in both gasifiers, producing 502 kWh of electricity, which is equivalent to 

0.167 kWh / m3 of treated sewage, in the proposed scenario in this work (treatment of 

3,000 m3 / d of sewage).  

The daily remainder of humid biomass produced and not gasified, 364 Kg / d (29% of the 

total produced), can contribute to increasing the generation of the system if it operates 

above 82% nominal capacity, however this portion was not considered, in order to 

maintain the manufacturer's recommendations and to compensate for the possible losses 

in the harvest and biomass drying processes. The estimated value is 22% of losses in the 

harvest, which is coherent with Park et al. [44]. 

In general, conventional wastewater treatment requires between 0.3 and 0.6 kWh / m3 

[12,147], which means the energy produced of 0.167 kWh / m3 represents between 28 

and 56% of the energy consumption. For WWTP operating with less energy-intensive 

processes, like ponds, which are the focus of this work, the energy produced could meet 

the demands of the plant, since the energy consumption of these systems varies between 

0.079 until 0.28 kWh / m3 [9]. This confirms the Gikas surplus potential [71], in the 

combination of less energy-intensive WWTP models with electricity generation systems 

from the produced biosolids. 

 

2.5.1.3 Energy balance of the conceptual scenario 

According to MetCalf and Eddy [60], the methane production calculated in UASB 

reactors, at a temperature of 25 oC is 0.38 L / g COD. Since municipal sewage is around 

600 mg / L COD [2], the total estimated production potential is 228 L CH4 / m
3 of treated 

sewage. Even after disregarding a typical loss of 25% of methane due to the effluent of 

UASB [148], the volume of recovered biogas of 171 L CH4 / m3 is significant and 

represents 1.69 kWh / m3 of treated sewage, given the calorific power of methane of 35.9 
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MJ / Nm3 [148]. By converting this chemical energy into electricity, through an internal 

combustion engine with 33% efficiency [149], 0.56 kWh / m3 of electricity can be 

generated from biogas, more than that produced with biomass gasification. 

Table 2.8 presents the energy balance of the proposed system, with the energy 

consumption for each stage of the process. The energy involved in the flocculation refers 

to the mixture of chemical products in the affluent and is estimated as 1.5 kWh / ton of 

biomass, according to the literature [150]. This represents 0.00043 kWh / m3 in the 

proposed scenario of this work. The energy required in the ponds is for the paddlewheel 

and was estimated according to Collet et al. [151], who reported consumption of 0.2 kWh 

/ kg of microalgae, which is equivalent to 0.057 kWh / m3 in the proposed scenario. 

Energy apportions of 0.63 kWh / kg of water removed were required by microalgae 

drying, according to the literature [71]. Considering 75% humidity content for the 

biomass after the dewatering process in the centrifuge [18,51] (close to the value reported 

in Table 2.3), the energy required in the drying that can reduce the humidity to 30% 

(maximum allowed in gasifier) is therefore equivalent to 0.46 kWh / m3 of treated 

wastewater. It is worth noting that the initial humidity of 75% is much higher than the 

55% described by Gikas [71], in their process of dewatering with less conventional 

equipment than the centrifuge. If the same consideration is made as that by Gikas [71], 

the energy needed would be equivalent to 0.14 kWh / m3 of treated wastewater. This 

shows that any improvement in the dewatering system will significantly affect the energy 

balance. 

 

Table 2.8. Electric energy requirements and production for the proposed wastewater 

treatment process. 

Process Electric energy kWh / m3 (raw 

wastewater) 

Ref. 

Influent pumping -0.039 [7] 

Degritting -0.0066 [7] 

UASB Reactor Negligible [2] 

HRAP -0.057 [151] 

Floculation -0.00043 [150] 

Excess sludge pumping -0.0045 [7] 

Centrifuge thickening -0.016 [7] 

Total without drying -0.123 - 

Drying -0.46 [71] 

Total with drying -0.583 - 

Energy from syngas +0.167 - 

Energy from biogas +0.56 - 

Final balance +0.14 - 

 

According to Table 2.8, if the energy demand for the biomass drying is not considered, 

the energy produced in the gasification will be surplus to the WWTP demand, however 
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when the energy needed for the drying process is considered, the syngas gain does not 

compensate for the drying process needed to gasification. This explains the preoccupation 

in the literature with the drying stage and the search for new dryer models, that use solar 

energy. Alternative dewatering systems, with greater efficiency in water removal, are also 

important, however the energy balance is satisfied even with the current systems of 

dewatering and drying if the energy of the biogas produced in the UASB is recovered. 

The WWTP becomes surplus in energy, with in excess of 0.14 kWh / m3 of treated 

wastewater.  

The value of 0.14 kWh / m3 of treated wastewater can still be optimized. Some of the 

biogas, for example, could be used to generate the heat needed in the drying stage, 

avoiding the loss in thermal generation, due to the limited efficiency of the combustion 

engine. Only a proportion of the excess of the biogas would thus be converted into 

electricity. Another possibility for improving the performance of the system is in the 

recovery of the heat contained in the flue gas and in the syngas. CO2 recovery of the 

combustion gases in the pond can also be used to maximize microalgae production. The 

literature indicates a potential to produce up to 30% more if CO2 was introduced in the 

system to increase carbon support [44]. 

 

2.5.1.4 Cost estimation 

Only the costs involved with the implementation of the gasification and power generation 

system at WWTP, which is the purpose of this paper, were considered. All revenues from 

fees for sewage treatment, as well as the costs of this process, were disregarded. It is 

noteworthy that it is only the UASB reactor, without the association of a complementary 

treatment such as high rate ponds, that is not able to remove nutrients from the sewage, 

where the treatment is limited to the secondary level [2]. The values obtained in reais 

were converted to US dollars at the price of R$4.00/$1.00. 

The price of energy was based on the tariff policy of the Brazilian state utility, which 

applies the lowest values, among the largest utilities in the country, $0.08440238 / kWh 

[152]. With the surplus of 0.14 kWh / m3 calculated, the energy revenue equals 

$0.01181633 / m3 of treated wastewater or $35.45 / d. Another $30 / d could be saved, 

considering that 864 kg of carbonated wet biomass would no longer go to the landfill 

since the costs for the final disposal of this waste are estimated at $34.75 / ton [152]. Total 

direct and indirect revenue is thus $65.45 / day or $23,888.88 / year.  

The cost of each gasification-power generation units is $33,500. The cost of the rotary 

kiln drying system is $60,000 for a drying capacity of 2.4 tons / d. The values were 

provided by the equipment manufacturers themselves. The final cost of purchasing new 

equipment would thus be $127,000. This would require just over five years for a return 

on investment.  

Although this simple cost estimation does not account for extra costs for employee 

training, equipment maintenance, depreciation, and so on, it is notable that WWTP 
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construction projects usually have a 20-year lifespan. The process also has the potential 

for further optimization, as noted previously. Savings can be achieved at the largest scale. 

Environmental factors may also add interest to the project, since the proposed system acts 

on tertiary sewage treatment with self-sufficient renewable energy, alleviating the 

demand for fossil fuels. Finally, where energy and landfill costs for the final disposal of 

biosolids are more expensive, the system may prove even more advantageous. 

 

2.6 Trends and knowledge gaps 

No review article was found that exclusively addressed the gasification of microalgae. 

Chen et al. [153] and Raheem et al. [16] reviewed thermochemical microalgae conversion 

processes and included gasification more generally, including six and eight gasification 

studies, respectively. Biller and Ross [154] and Patel et al. [3] reviewed the hydrothermal 

technologies applied for algal biomass and addressed supercritical gasification, including, 

respectively, six and five supercritical gasification studies.  

The compilation of information supplied by this work through the systematic review 

indicates trends and knowledge gaps that are important for guiding new research, and 

assisting in technological development. 

As noted in this work, there is still much that needs to be studied to turn microalgae 

gasification into a commercial reality. Most publications use baseline considerations that 

would not easily be applied in a large-scale scenario such as biofuel production. It is 

necessary to cultivate microalgae in systems demanding less input, with less energy 

demand and the utilization of nutrients from waste sources. This means producing 

biomass composed of different species of microalgae and bacteria in open ponds rather 

than cultivating pure species in photobioreactors. It is also necessary to direct the 

harvesting processes to the use of coagulants-flocculants, which are more economical for 

large-scale production, giving up centrifuges and other processes that are more energy-

intensive when used alone. The incorporation of these chemical flocculating and 

coagulant compounds into the biomass and its effects on the process need to be better 

understood and optimized. Many metals are beneficial to the process by acting 

catalytically in the reaction [78], and their introduction at the harvest stage could be 

advantageous. Thermodynamic studies of heat recovery and biomass drying are also 

necessary in order to make feasible the use of downdraft gasifiers where technology is 

consolidated, and so that the costs of implementation and operation are more compatible 

for smaller scales, where one imagines the gasification of microalgae biomass. Pilot-scale 

experimental studies are required, since the bench-scale may not note the operational 

difficulties that are verified on a real scale. The reuse of CO2 from the flue gases in the 

ponds could also be adapted to maximize the productivity of microalgae. A flowchart of 

the model is shown in Figure 2.4 as a summary of all these recommendations for the 

perceived most feasible scenario. 
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Fig. 2.4. Flowchart for the suggested biomass gasification process. 

 

2.7 Conclusion 

This work carried out an extensive systematic review including 49 articles and mapped 

the experimental gasification of microalgae. The results showed that most studies have 

been carried out for pure species of microalgae (monoculture) obtained commercially. 

Systems that are more compatible with the biofuel scenario still need to be studied, such 

as the gasification of microalgae biomass collected by coagulation-flocculation processes, 

and sewage recovery as a nutritional medium. Pilot-scale studies are also required. The 

number of studies involving hydrothermal gasification was useful, however, the use of 

more conventional gasifiers, such as the downdraft fixed bed, is still under-researched. A 

conceptual scenario for the use of microalgae biomass for microgeneration in wastewater 

treatment plants was constructed using the most consistent assumptions for a real scale. 

This involved the cultivation of several species of microalgae and bacteria together in 

HRAP, harvesting via coagulation-flocculation, and generation of electricity in the 

downdraft gasifier system and the internal combustion engine. These choices were based 

on a review of the literature presented. The result of the evaluation suggests the generation 

of 0.167 kWh / m3 of treated sewage, enough to supply the entire energy demand of a 

WWTP with processes that are less intense in energy, such as anaerobic treatment, 

although the high energy required for the drying of microalgae makes the energy balance 

of the system deficient. Options to overcome this challenge include the reuse of heat from 

flue gas and syngas and the integration of anaerobic sewage treatment processes, with the 

generation and energetic use of biogas. It is noteworthy that it is only the anaerobic 

treatment, without the association of a complementary treatment such as high rate ponds 
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and microalgae production, that is not able to remove nutrients from the sewage, where 

the treatment is limited to the secondary level. When biogas produced in anaerobic 

treatment was considered, WWTP created a surplus of electricity of 0.14 kWh / m3 of 

treated sewage. A cost estimate was made for the acquisition of drying and gasification-

electricity generation systems. The results suggest that investment may be financially 

returned after five years, with additional potential for further optimization. 
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Thermochemical Conversion of Wastewater 

Microalgae: The Effects of Coagulants Used in the 

Harvest Process 

 

Abstract 

Microalgae are a promising alternative energy source for the future due to their high 

growth rate, cultivation potential in a wastewater environment, and its higher heating 

value (HHV). However, until nowadays, only the properties for pure species of 

microalgae that disregard the presence of coagulants used at the harvesting stage are 

known. In this study, the effects of these coagulants on the thermochemical conversion 

of wastewater microalgae were evaluated. The results showed a catalytic effect of 

coagulants. Tannin-based polymer reduced devolatilization temperature peaked at 308 to 

274 ºC. Although the maximum devolatilization rate occurred in microalgae without 

coagulants, 4.57 %/min at 308 ºC, polyquaternium polymer accelerated the total biomass 

degradation. At a temperature of 892 ºC, 14.1% of microalgae remained to be degraded, 

while in the presence of this polymer, it was only 7.5%. This coagulant presented the best 

results, such as low cost, high efficiency, a small reduction in HHV, and improvement in 

the thermochemical behavior of microalgae biomass. The aliphatic amines polymer was 

the only coagulant that showed chlorine in the ash analysis, preventing its release as acid 

gases. Therefore, it was suggested as the better coagulant along with the polyquaternium 

polymer. For inorganic coagulants, the large amount added prevented an in-depth 

catalytic assessment, and the results portray the effect of coagulant mass incorporated into 

microalgae more than the catalytic effect. Iron and aluminum coagulants reduced 

significantly microalgae HHV from 21.58 MJ/kg to 12.91–14.45 MJ/kg. 

 

Graphical Abstract 

 

 
Fig. 3.1. Graphical abstract chapter 3. 



67 
 

Keywords: Microalgae; coagulant; catalytic effect; thermochemical behavior. 

 

Highlights 

• Coagulants can significantly alter the characteristics of microalgae biomass. 

• Thermal degradation behavior showed differences. 

• Catalytic effects of coagulants were observed.  

• Aliphatic amines polymer prevented chlorine release as acid gases. 

• The use of coagulants can be applied to benefit subsequent processes. 

 

3.1 Introduction 

Research on microalgae-based wastewater treatment has increased in recent years. 

Despite the original idea of using microalgae for wastewater treatment to remove the 

excess nutrients of the secondary effluent, it is now being considered more as a resource 

for energy [1,2]. This is because, unlike other biomass, microalgae can double in size in 

less than a day [3,4]. Moreover, the use of microalgae to produce energy in a wastewater 

treatment plant (WWTP) is an alternative that can increase efficiency and reduce process 

costs [5,6]. Almost all WWTPs require a large amount of energy input, mostly as 

electricity, implying a high cost and carbon emissions [7].  

Currently, energy production from microalgae is not economically viable due to the high 

cost of harvesting [8,9]. Normally, the production of large-scale microalgae biomass does 

not exceed 0.5 g/L, which means processing a huge volume of suspension to obtain a 

significant amount of biomass [10]. An in-depth makes it imperative to use a cheap 

technology for the harvesting process; for this reason, flocculation is indicated as the most 

economical method since it allows the quick treatment of large volumes [9–12]. 

On the other hand, the coagulants incorporated in biomass in the harvesting process might 

affect subsequent processes. For instance, the yield in biofuel production from flocculated 

microalgae using ferric sulfate and centrifuged microalgae is different [13]. There is also 

a change in the yield of bioproducts produced from microalgae harvested using aluminum 

sulfate and cationic starch [12]. Aluminum chlorides may inhibit transesterification 

reactions and negatively affect biodiesel production [10]. Aluminum sulfate and ferric 

chloride can affect anaerobic digestion and, consequently, biogas generation [12]. 

Inorganic fractions in the biomass increase the ash content and reduce the calorific value, 

but they can also act positively on thermochemical conversion, acting as a catalyst, 

catalyst promoter, catalyst support, or as sorbents in the product cleanup [14,15]. 

Therefore the effect of chemical elements present in microalgae cannot be overlooked 

since it had a direct impact on the subsequent process [16].  

Nevertheless, typically, the microalgae’s characterization is described as a pure species 

(monoculture) and coagulant-free, usually purchased from food supplement stores or 

grown under controlled conditions in the laboratory. It does not reflect the characteristics 
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of microalgae produced in WWTPs, which involves biomass composed by different 

microalgae species and bacteria under coagulants presence [2].  

Besides coagulants, the use of wastewater effluent as a culture medium also causes 

changes in microalgae composition. Differences in chemical characteristics of food-grade 

commercial microalgae or microalgae grown under controlled conditions in the 

laboratory and microalgae produced using wastewater effluent are mentioned in the 

literature [15,17].  

Thus, the objective of this paper is to evaluate the effects of coagulants used in the harvest 

process on the thermochemical conversion of microalgae produced using wastewater 

effluent in a WWTP. The evaluation was carried out in terms of its calorific value and 

ultimate and proximate characteristics. The thermochemical behavior was studied by 

thermogravimetric analysis and differential thermal analysis. Finally, the chemical 

elements presented in the residue post-conversion were analyzed to check the released or 

trapped elements. 

 

3.2 Materials and Methods 
 

3.2.1 The wastewater treatment plant  

The experimental WWTP is composed of a UASB reactor (up-flow anaerobic sludge 

blanket) measuring 1.0 m in diameter, 4.8 m usable height, 3.8 m3 usable volume, and 

0.14 L/s average flow rate. A grating system, preliminary to UASB reactor, was used to 

remove coarse solids from raw wastewater produced in the City of Vila Velha, located in 

the State of Espírito Santo, Brazil. After treatment in the UASB reactor, effluent fed two 

high-rate ponds (HRAP), both measuring 13.7 m3 useful total volume, with two 10 m 

long channels, 2.4 m wide with a 22.8 m2 superficial area. The system has been operating 

for more than two years in continuous mode. 

 

3.2.2 Jar Test simulations 

The effluent from HRAP was collected, and then Jar Test simulations were performed to 

quantify the best coagulant dosage to apply in the harvesting process. The Jar Test 

simulations were run in triplicate with the ponds' natural pH conditions and according to 

parameters, stirred at 105 rpm for 2 min (mixing), 30 rpm for 10 min (flocculation), and 

30 min (decanting), according to CETESB (1987) in “Técnica de Abastecimento e 

Tratamento de Água – Volume 2 – Tratamento de Água”. To each jar was added 2.0 L of 

effluent, and the supernatant samplings were collected at 1.0 L from the bottom, after 

decanting time. Six jars were used in each test. A digital pH meter measured the pH, and 

separation efficiency was estimated based on optical density at 750 nm, comparing initial 

and final values as reported by Das et al. [18] (Equation 3.1). 
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Harvesting efficiency = 100 x (ODi – ODf) / ODi                                                       (3.1) 

 

Where: 

ODi — initial optical density; 

ODf — final optical density. 

 

To represent a realistic scenario, the material used as coagulants were obtained 

commercially instead of high-purity laboratory reagents use. Ferric chloride, ferrous 

aluminum sulfate, aluminum polychloride, aliphatic amines polymer, and 

polyquaternium polymer were tested. These coagulants were chosen to cover both 

traditional inorganic coagulants and new alternative polymers. Hydrated lime was also 

tested since many species can be harvested with efficiency greater than 95% by pH 

increase [10]. Moreover, it is a low-cost material, and the presence of calcium in biomass 

can bring benefits to thermochemical processes since this material absorbs undesirable 

contaminant gases in the process [19]. Coagulant costs were obtained directly from 

suppliers and the values in reais were converted to US dollars at the price of 

R$4.00/$1.00. Thus, it was possible to estimate the harvest cost by multiplying the 

amount of coagulant required by its unit cost. 

 

3.2.3 Microalgae biomass harvesting and preparation 

The biomass produced was harvested in three different ways. In the first, 200 L of effluent 

from HRAP was transferred to a plastic drum, and the better coagulant dosage found in 

the Jar Test was applied. A mechanical stirrer was coupled onto the plastic drum and 

continuously stirred for 30 min, then 24 h for decanting. A valve coupled to the cylinder 

was used to drain water. The biomass, at the bottom of the plastic drum, was densified in 

a fabric.  

The second way consists of a vacuum filtration with a Büchner flask and Büchner funnel 

in order to evaluate the microalgae biomass without the coagulant. The biomass that 

adhered to filter paper was gently removed with a spatula and transferred to a crucible for 

drying.  

Finally, microalgae biomass produced in the WWTP separation system was also 

collected. This system operates continuously with the addition of a tannin-based polymer 

at 50 mg/L of effluent and represents the third way used to harvest microalgae in this 

work. This coagulant dosage was previously defined, according to Cassini et al. [20].  

Fig. 3.2 presents the experimental unit and summarizes the whole process of obtaining 

biomass applied in this study. After harvesting, the microalgae biomass was dried and 

sanitized at 105 °C for at least 12 h. Then, each sample was milled in a Ring Mill to get 
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a fine powder. Lastly, samples were stored in closed Eppendorf tubes and submitted to 

the characterization tests.  

 

 

Fig. 3.2. Experimental unit: (a) Pilot wastewater treatment plant; (b) High-rate ponds; 

(c) First microalgae harvesting method; (d) Second microalgae harvesting method; (e) 

Third microalgae harvesting method. 

 

3.2.4 Thermochemical methods 

The Higher Heating Value (HHV) was performed in triplicate by a calorimeter (C2000 

IKA-Werke) using 0.5 g of the sample. The calorimetric pump was sealed and, 

automatically, injected pure oxygen at a pressure of 30 bar. The post-combustion residue, 

composed of ashes, was collected and analyzed by an X-ray fluorescence spectrometer 

(EDX720 SHIMADZU). The EDX720 includes a Rhodium (Rh) X-ray tube and Si(Li) 

detector operating at 15-50 kV and 1,000 mA. The ultimate analysis was performed in 

triplicate using an Elemental Composition Analyzer (ECA) model 2400, series II, 

PerkinElmer. The proximate analysis was performed in a Thermogravimetric Analyzer 

TGA701 LECO. The moisture analysis and volatile solids were performed at 105 °C and 

950 °C, respectively, using an inert nitrogen atmosphere in both cases. Ash analysis was 

performed at 750 °C using an oxygen oxidizing atmosphere, as recommended by ASTM 

D5142. The thermogravimetric analyses were performed by TA INSTRUMENTS Q600, 

with a 50 mg sample capacity and a 1,500 °C maximum heating temperature. The tests 

were performed in a crucible and alumina rod, with a heating rate of 10 °C/min to the 

temperature of 900 °C, with a nitrogen flow of 50 mL/min and an approximately 25 mg 

sample.  
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Thermogravimetric analysis (TGA) is a technique in which the weight loss of a sample is 

continuously measured under a controlled temperature. The Differential 

thermogravimetric (DTG) curve can be further obtained by differentiating the TGA curve. 

The Differential thermal analysis (DTA) evaluates the heat flux and provides an adequate 

description of the physicochemical changes in solid fuel that undergo endothermic and 

exothermic events. These techniques have received immense attention in understanding 

solid fuel degradation to release energy and has been used to figure out the thermal 

behavior of microalgae in different processes such as combustion, pyrolysis, and 

gasification [17,21]. 

 

3.2.5 Statistical analyses 

The data presented in the manuscript were from three replicates. Statistical analyses were 

performed by Microsoft Excel software. Experimental results present the mean ± standard 

deviation. 

 

3.3 Results and discussion 
 

3.3.1 Coagulants evaluation in the harvest process 

Fig. 3.3 shows efficiency achieved at the harvesting process for different coagulants. As 

can be seen, ferric chloride and hydrated lime only exhibit efficiency above 80% when 

used at concentrations above 100 mg/L. Therefore, they were the only chemicals tested 

at dosages above 100 mg/L. Hydrated lime and polyquaternium polymer display a peak 

in their efficiency, with an express decline to higher concentrations. Aliphatic amine 

polymer presents a practically constant efficiency at higher dosages.  

Based on Fig. 3.3, the recommended coagulant dosage was set by balancing quantity and 

efficiency. The best dosage refers to the value obtained when the efficiency increase does 

not vary by more than 8%, even if the dosage is increased. Table 3.1 shows the coagulant 

dosage used in the harvesting process, separation efficiency, pH effluent, and cost 

estimation. The tannin-based coagulant cost, used in the continuous WWTP separation 

system, is also described in Table 3.1.  

The natural pH of the pond ranged from 8.1 to 9.1. This slightly alkaline pH was already 

expected due to the CO2 consumption in the medium [22]. After the addition of the 

coagulants, all coagulants reduced the pH of the supernatant except the polyquaternium 

polymer, which kept it constant, and the hydrated lime, which increased it. The average 

pH of the supernatant varied between 6.2 and 11.4, reaching its minimum and maximum 

when ferric chloride and hydrated lime were used, respectively. It was noticed that 

hydrated lime would require pH correction of supernatant before disposal. Brazilian 

resolution specifies a pH range between 5 and 9 for effluent disposal [23].  
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Fig. 3.3. Efficiency achieved at the harvesting process for different coagulants. Data are 

shown as mean (n = 3) ± standard deviation. 

 

Table 3.1. Coagulants evaluation in the harvest process. Data are shown as mean (n = 3) 

± standard deviation. 

Coagulants 

Average 

pH 

pond 

Used 

dosage 

mg/L 

Average 

harvest 

Efficiency 

% 

Average pH 

supernatant 
Ref. 

Harvest 

cost 

U$/1,000m3 

Aliphatic amines polymer 8.5 ± 0.2 21.25 93.9 ± 5.0 7.8 ± 0.2 - 140 

Ferrous aluminum sulfate 8.3 ± 0.3 22.96 91.1 ± 5.8 6.9 ± 0.4 - 50 

Aluminum polychloride 8.7 ± 0.4 23.5 87.4 ± 8.6 7.2 ± 0.1 - 187 

Ferric chloride 8.7 ± 0.4 136.5 91.8 ± 4.2 6.2 ± 0.1 - 270 

Polyquaternium polymer 9.1 ± 0.4 7.5 80.1 ± 7.8 9.1 ± 0.4 - 55 

Hydrated lime 8.1 ± 0.5 282 75.6 ± 1.8 11.4 ± 0.4 - 42 

Tannin-based Polymer 8.0 50 90.0 Not available [20] 215 

 

The coagulant cost to processing 1,000 m3 under the conditions studied varied widely, 

from U$42 for hydrated lime up to U$270 for ferric chloride. More expensive coagulants 

did not necessarily result in a higher final cost due to dosages varying significantly. 

Ferrous aluminum sulfate and polyquaternium polymer presented a low harvesting cost 
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for 91% and 80% efficiency, respectively. The most efficient coagulant in the harvesting 

process was aliphatic amines polymer, and its cost was intermediate between the most 

expensive and the cheapest. Despite its high cost, tannin-based coagulant has been used 

in the WWTP separation system because it is an organic coagulant and microalgae 

anaerobic digestion has been studied by other researchers in the pilot WWTP. 

 

3.3.2 Microalgae biomass characterization 
 

3.3.2.1 Qualitative analysis 

Fig. 3.4 presents aspects of microalgae biomass obtained after the drying and mill process, 

as well as ashes collected after HHV measurement. In both biomass and ash, all samples 

had a different color and aspect, which shows a significant influence of coagulants on 

microalgae.  

 

 

Fig. 3.4. Aspects of microalgae biomass and ash obtained: (a) Polyquaternium polymer; 

(b) Hydrated lime; (c) Ferric chloride; (d) Ferrous aluminum sulfate; (e) Aliphatic 

amines polymer; (f) Aluminum polychloride; (g) Tannin-based polymer; (h) No 

coagulant. 

 

Polyquaternium polymer gave biomass a less fragmented aspect as if a kind of "glue" that 

bound the material (Fig.3.4a). It was also noted in biomass with aliphatic amines polymer, 

although less pronounced (Fig.3.4e). 

Biomass produced with hydrated lime (Fig.3.4b) and ferric chloride (Fig.3.4c) presented 

whitish and reddish coloration, respectively, as a result of the substantial amount of these 

materials used, whereas biomass produced with polymer presented greenish tone, similar 

to one obtained without coagulant presence (Fig.3.4h) as a consequence of lower dosage 

used. Biomass produced with aluminum-based coagulants (Fig.3.4d and f) presented a 
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matte silver-gray color, typical of this metal, while biomass produced from tannin-based 

polymers showed a brownish coloration similar to the tannin (Fig.3.4g).  

Regarding the ashes aspects, different colors were observed, such as white, black, red, 

and light pink and orange. The different coloration observed can be related to the ease of 

electronic transition for metals with incomplete d-orbitals, such as iron in biomass 

produced with ferric chloride and ferrous aluminum sulfate. In contrast, the presence of 

s- and p-block metals of the periodic table, such as calcium and aluminum, gave whitish 

and light tones to sludge [24]. This can explain the more pronounced color in Fig. 3.4 (c 

and d) and the less pronounced color in Fig. 3.4 (b and f). The aspects of soft grey (sand 

color) ash described by Hossain et al. [25] for Stigonematales sp. mixed microalgae 

collected from rainwater drains were not observed in any sample. This is further evidence 

that the type of microalgae, cultivation, and harvest alter the biomass produced. 

 

3.3.2.2 Quantitative analysis 

Table 3.2 shows the HHV of all microalgae biomass evaluated, as well as other sources 

of energy and pure microalgae species, for comparison purposes. According to Show et 

al. [26] and Pereira et al. [27], the most commonly found microalgae in wastewater are 

Chlorella and Scenedesmus; therefore, these species were added to Table 3.2.  

As can be seen in Table 3.2, the microalgae biomass without the coagulants presence 

presented the highest HHV, 21.58 MJ/kg—close to that reported in the literature. This 

HHV value is similar to that of Eucalyptus globulus and Pinus pinaster wood, ratifying 

its energy potential.  

A small amount of the polyquaternium polymer did not practically change the HHV of 

biomass (decrease 1.8%). However, all other coagulants significantly reduced the HHV 

of microalgae. The second-lowest HHV reduction was observed using tannin-based 

polymer (decrease 13.7%). Despite the high dosage used, the organic content of this 

polymer may have contributed to this result as the coagulant is also burned. The lowest 

HHV was 3.37 MJ/kg (decrease 84%) for biomass produced with hydrated lime use, 

which makes it unfeasible for energy recovery. A substantial amount of hydrated lime, 

used to elevate pH and to separate microalgae, caused an excess of inorganic fraction in 

biomass that justifies this low HHV. However, hydrated lime was the cheapest material, 

and this type of harvesting could be applied when the process requires only the microalgae 

removal from effluent and energy recovery is not desired. The hydrated lime could be 

recycled in this hypothetical process. 
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Table 3.2. Biomass characterization. Data are shown as mean (n = 3) ± standard deviation. 

Biomass 
HHV 

(MJ/kg) 
Ash Volatile 

Fixed 

Carbon 
Moisture C H N O Ref. 

No coagulant 21.58 ± 0.07 7.50 71.80 14.89 5.81 43.66 ± 0.20 6.52 ± 0.22 9.27 ± 0.03 33.06 - 

Polyquaternium polymer 21.19 ± 0.09 8.31 69.80 13.62 8.27 43.83 ± 0.12 6.63 ± 0.19 7.35 ± 0.01 33.86 - 

Tannin-based polymer 18.61 ± 1.15 10.60 59.32 24.71 5.36 47.74 ± 0.88 5.90 ± 0.14 6.28 ± 0.10 29.49 - 

Aliphatic amines polymer 16.18 ± 0.15 19.00 60.76 10.59 9.64 34.61 ± 0.01 5.76 ± 0.04 5.41 ± 0.10 35.23 - 

Aluminum polychloride 12.19 ± 0.19 27.08 55.06 7.86 10.00 25.46 ± 0.13 5.60 ± 0.03 3.92 ± 0.01 37.95 - 

Ferrous aluminum sulfate 12.91 ± 0.13 28.38 55.99 6.25 9.39 28.63 ± 0.09 5.53 ± 0.09 4.34 ± 0.01 30.33 - 

Ferric chloride 14.45 ± 0.03 31.08 62.25 2.78 3.89 31.05 ± 0.03 5.17 ± 0.06 5.08 ± 0.05 27.63 - 

Hydrated lime 3.37 ± 0.07 48.78 47.47 0.00 3.80 16.01 ± 0.12 1.93 ± 0.01 1.18 ± 0.01 32.11 - 

Bituminous coal 23.18 21.29 28.13 44.22 6.36 56.77 3.79 0.61 1.08 [29] 

Wood Eucalyptus globulus 17.6 0.5 86.3 13.3 - 46.2 5.8 0.2 47.2 [30] 

Wood Pinus pinaster 20.1 0.2 85.8 14.1 - 48.4 6.0 0.1 45.3 [30] 

Paper 17.57 6.0 - - - 43.4 5.8 0.3 44.3 [31] 

Paper - 5.85 - - 36.80 27.40 3.76 0.16 25.60 [32] 

Plastic - 6.59 - - 4.2 63.57 12.00 0.90 9.02 [32] 

Used-plastic-waste Refuse-

Derived Fuels 
23.73 25.17 62.99 7.70 - 41.88 6.50 0.78 24.59 [33] 

High density polyethylene 43.10 0 99.70 0.30 - 85.71 14.29 0 0 [34] 

Scenedesmus quadricauda - 4.8 - - - 47.71 7.17 5.78 28.3 [35] 

Scenedesmus sp. 15.40 37.8 54.3 7.9 7 36.2 4.7 4.2 19.3 [36] 

Chlorella sp. - 13.3 56.75 24.45 5.5 43.92 6.10 7.39 29.29 [37] 

Chlorella vulgaris 21.10 9.8 82.7 4.5 3.4 46.8 6.9 9.7 26.3 [38] 

Chlorella vulgaris 18.69 8.72 78.98 12.3 - 45.49 6.61 10.28 28.69 [39] 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bituminous-coal
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Other coagulants reduced HHV but not enough to avoid energy recovery since those 

values are in the same range as Eucalyptus globulus and Pinus pinaster wood. Moreover, 

the HHV could be increased by removing ash through an acid wash, even if this means 

additional costs. After acid-washing, Liu et al. [28] reported a decrease of ash content of 

Scenedesmus from 44.66 to 14.45%, increasing HHV from 9.51 MJ/kg to 24.23 MJ/kg. 

The higher the ash was, the lower the HHV [15]. 

Ferric chloride produced microalgae biomass with intermediate HHV (14.45 MJ/kg) as 

compared to others. However, the high cost of harvesting discourages its application. 

Biomass produced with aluminum polychloride presented the second-lowest HHV and 

the third-largest cost, which means an unfavorable final balance for its use. The biomasses 

produced with the aliphatic amines polymer and ferrous aluminum sulfate presented 

intermediate values, both for HHV and for costs, and could be better evaluated, together 

with the polyquaternium polymer, which had the best result in terms of HHV. Further 

study for these coagulants is recommended, with Jar Test simulations under different pH 

conditions and economic scenarios. It may be favorable to invest in alkalizing and/or 

acidifying chemical agents and additional steps to adjust the pond effluent pH before the 

harvesting process, to decrease the amount of coagulant, cost, and HHV impact, since 

coagulants have different efficiency according to the pH of the medium.  

Table 3.2 also presents the results obtained for proximate and ultimate analysis. In 

addition to HHV, fixed carbon and volatile material contribute to better energy utilization, 

while higher ash and moisture content can be problematic for the energy conversion 

processes. Low nitrogen and oxygen and high carbon and hydrogen content are also 

desired. As can be seen in Table 3.2, for microalgae without a coagulant, the results are 

close to those reported in the literature.  

Only microalgae biomass without coagulant and biomass obtained with polymers 

provided biomass with ash content below 20%. The increase in the ash content is 

associated with the presence of metal ions in the harvested biomass [13]. The results show 

that coagulants significantly alter the microalgae ash content, which could compromise 

subsequent energy recovery processes. Ash may cause operational problems [15], and the 

use of biomass with high ash content is not feasible unless another lower ash biomass is 

mixed to give an acceptable ash level [40].  

In general, the volatiles fractions present in Table 3.2 were high. The highest value of 

71.80% was determined for microalgae biomass without coagulants. The results are 

following the literature since microalgae generally have a volatile content much higher 

than solid fossil fuels like coal and peat [15]. These values were reduced as the ash content 

increased. An interesting result was the third-highest volatile content (62.25%) being for 

microalgae with ferric chloride despite its high ash content (31.08%). It may be associated 

with chlorine impregnated in biomass, released at high temperatures. It is important to 

mention that the presence of chlorinated compounds in gases may damage equipment 

[41].  

As well as volatile content, the fixed carbon content was also reduced as the ash content 

increased. This is clearly observed in the microalgae with hydrated lime. However, unlike 
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what is thought, the microalgae free of coagulant did not have the highest fixed carbon. 

It presented the second highest fixed carbon content (14.89%). The first highest fixed 

carbon content (24.71%) and carbon content (47.74%) were produced with the organic 

tannin-based polymer. The results suggest that organic coagulants may increase the fixed 

carbon and carbon content in biomass.  

In the context of moisture, all biomass presented a percentage less than or equal to 10%. 

For biomass produced with aluminum-based coagulants, higher values were found, 

probably because of the hygroscopic properties of these coagulants [24]. The ultimate 

analysis exhibited in Table 3.2 brings a high percentage of carbon and hydrogen in 

biomass, which is good for energy recovery. Hydrocarbons represent just over half of 

microalgae biomass without coagulant, with polyquaternium polymer, and tannin-based 

polymer. However, the percentage of carbon decreases significantly in biomass when the 

other coagulants are applied due to the increase in the ash content. Another point to be 

highlighted is that the nitrogen content in microalgae biomass is much higher than other 

fuels described in Table 3.2. 

 

3.3.3 Ash content evaluation 

Table 3.3 displays the results obtained for ash composition. The microalgae biomass 

produced without coagulants presented the highest number of chemical elements, 19 in 

total. The high amount of trace elements incorporated in biomass is in agreement with the 

literature. According to Hossain et al. [25], microalgae are grown in wastewater that 

typically contains more abundant inorganic components than fresh and marine water, as 

well as the species cultivated in the laboratory under controlled conditions.  

Despite the high number of elements present in biomass, the mass fraction of elements 

calcium, potassium, and phosphorus corresponded to almost 74% of ash weight. This 

shows that ashes could be valuable for obtaining fertilizers. Ash and inorganic elements 

normally are beneficial in agriculture [28]. 

The biomass obtained with the polyquaternium polymer, due to the low applied 

concentration, showed a similar ash composition of microalgae without a coagulant, 

except chlorine content was not detected. This may indicate the synergistic effect between 

coagulant and biomass, which may modify chemical bonds between the elements, 

affecting their physicochemical properties. As mentioned by Manara and Zabaniotou 

[41], it is important to verify the mobility of chemical elements such as sulfur, nitrogen, 

and chlorine when biomass is used in thermochemical processes. These elements are 

expected to appear as HCl, H2S, and NH3 or be trapped in heavy metals. Considering that 

chlorine release into gases can damage equipment, the presence of the polyquaternium 

polymer has been adverse to energy conversion processes. Regarding sulfur, the higher 

content found in the ashes suggests that this coagulant partially inhibited its release, 

although the small percentage difference requires caution for this type of analysis. 
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Table 3.3. Ash composition in microalgae.  
No coagulant Polyquaternium 

polymer 

Aliphatic 

amines polymer 

Tannin-based 

polymer 

Ferrous 

aluminum sulfate 

Aluminum 

polychloride 

Ferric 

chloride 

Hydrated 

lime 

Al - - - - 40.25 49.81 - - 

Ca 28.02 29.07 32.29 16.30 8.78 12.71 1.69 95.86 

K 25.22 23.33 17.88 13.01 4.81 7.58 2.44 0.20 

P 20.74 21.41 19.01 17.89 19.12 19.92 6.68 - 

Cl 9.02 - 14.56 - - - - - 

Fe 7.35 11.14 7.46 17.04 19.96 3.60 87.46 0.53 

Si 5.54 9.21 4.72 29.08 3.58 4.52 - 2.26 

Ti 1.26 1.84 0.97 2.08 0.39 0.32 - - 

S 0.93 2.22 1.52 3.08 2.45 1.01 1.58 0.52 

Zn 0.21 0.24 0.23 0.59 0.31 0.17 - 0.02 

Mn 0.46 1.06 0.74 0.38 0.13 0.18 0.12 0.09 

Zr 0.72 0.02 0.01 0.02 - - - - 

Sr 0.19 0.29 0.31 0.08 0.08 0.08 0.02 0.38 

Cr 0.13 - - 0.08 0.09 0.05 - - 

Cu 0.09 0.08 0.09 0.21 0.03 0.02 0.01 0.02 

Br 0.04 0.02 0.05 - - - - - 

Rb 0.03 0.03 0.03 0.03 - 0.01 - - 

Ag 0.01 0.03 0.02 - - 0.02 - - 

Ni 0.02 0.02 - 0.08 - - - - 

V 0.01 - 0.01 0.04 0.03 - - - 

Mo - - - 0.01 - - - - 

Sc - - - - - - - 0.12 

Co - - - - - - - 0.01 

Pd - - - - - 0.01 - - 

Ba - - 0.10 - - - - - 
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The aliphatic amines polymer, also used in low amounts, presented values similar to microalgae 

biomass without coagulants; however, the significant loss of potassium in the ashes is 

highlighted. In addition, as opposed to the previous polymer, it raised the concentration of 

chlorine in the ashes. Indeed, it was the only coagulant that increased the fraction of chlorine 

in the ashes. All others presented zero chlorine content, indicating total chlorine volatilization 

at high temperatures. This result suggests that certain types of coagulants can be used to enhance 

the process properties, favoring or disfavoring specific characteristics. The chlorine found in 

ash can be a major discovery as the release of acid gases is a major challenge in energy 

conversion processes. This shows that harvesting steps need to be carefully evaluated in order 

to obtain a more cost-effective scenario, not only for the harvesting step itself but for the whole 

energy conversion process. 

The tannin-based polymers exhibited a marked distinction for biomass without coagulants. The 

iron and silicon contents increased significantly. Unlike the other samples studied, this sample 

was harvested in the continuous WWTP separation system, so, although this polymer is an 

organic compound, the high silicon content may be indicative of dust and sand particles 

incorporated during the harvesting stage. This incorporation of dirt into the harvesting system 

has been described in the literature [15]. Potassium, calcium, and phosphorus levels were 

sharply reduced in ash content while sulfur increased. 

As expected, all inorganic coagulants evaluated had a prevalence of metals in the ashes, 

including aluminum, iron, and calcium, for ferrous aluminum sulfate, aluminum chloride, ferric 

chloride, and hydrated lime. As these elements increased, phosphorus and potassium fractions 

were reduced, decreasing the potential for use of ashes as fertilizer.  

Beyond the potential of ash reuse in agriculture, the presence of inorganic chemical elements 

in the biomass can affect the energy conversion process in various ways [14]. Alkaline metals, 

such as potassium, for example, play a catalytic role in the gasification process, increasing 

conversion [42]. The use of catalysts decreases the pyrolysis temperature and increases the 

conversion of microalgae to gaseous products [43]. It can also be used to reduce the formation 

of unwanted compounds, such as tar in gasification, by catalyzing its breakdown or preventing 

its formation [42]. Other studies have proved the influence of catalysts on hydrogen enrichment 

in syngas [14]. Alkaline earth metals are also catalysts but less so than alkaline metals [44]. 

Several works are reported in the literature and describe the catalytic effects of chemical 

presents in biomass [16,36,43–46]. 

Different from alkaline and alkaline earth metal, silicon and phosphorus are inhibitory because 

they form inactive alkaline silicates and phosphates [44]. What is more, when silicon reacts 

with alkali metals, it turns the ash into a mobile, sticky liquid that blocks the pipes in equipment 

[25]. As a result, the total influence of metals will depend on the balance between the elements 

present. It is worth mentioning that the presence of silicon in microalgae is lower than terrestrial 

biomass [44].  

Metals such as iron and aluminum are typically present in commercial coagulants and also act 

positively in the gasification process [47]. Moreover, since compounds present in the biomass 

rapidly deactivate the catalyst, especially sulfur [48], the incorporation of the catalyst 

continuously into the harvesting process can be very advantageous. Beyond ensuring 

continuous catalyst supply it avoids an additional step in the process of mixing the catalyst into 
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microalgae homogenously. This further reinforces the importance of trying to combine the ideal 

coagulant in the harvesting process for gains in subsequent processes. 

 

3.3.4 Thermogravimetric analysis 

The literature usually reports the process of thermal decomposition of microalgae in three 

stages. In the first stage, moisture and very light volatiles are lost at temperatures below 200 

ºC. The second stage typically occurs between 200 and 600 ºC when most of the organic 

compounds are decomposed, so this is the main stage. In the third stage, weight loss can be 

observed due to the decomposition of carbonaceous residues at a very slow rate above 600 ºC 

[13,17,47,49–51].  

In terms of enthalpy changes, the thermal profiles described a large endothermic transition 

corresponding to dehydration in the first stage, a slight exothermic event in the second stage, 

representing the decarboxylation, and a non-noticeable exothermic peak in the third stage [17].  

Despite this general behavior in the thermal degradation of microalgae, one DTG peak or more 

can be related to different microalgae species [52]. Even for the same microalgae, the DTG 

profiles can be different if microalgae were cultivated under different conditions [52] or 

harvested at different times [49]. Multi-peaks recorded in the DTG curve during the second 

stage might be attributed to the variation in the degradation of different cellular macromolecules 

such as lipids, proteins, and carbohydrates [13]. At around 300–320 °C, the peak is referred to 

as the decomposition of proteins and carbohydrates, while the peak around 410–440 °C 

corresponds to the decomposition of lipids [17]. It justifies peaks accompanied by a shoulder 

or by smaller peaks [21].  

Fig. 3.5 shows the thermal properties of microalgae biomass using TGA/DTG/DTA. Distinct 

thermal profiles were exhibited, although all were similar to the profile reported in the literature 

previously described in this section. 

The thermal degradation behavior of microalgae without coagulant can be seen in Fig. 3.5(a), 

and the profile of the curves are similar to those reported by Ansari et al. [17]. The first stage 

of dehydration was observed at temperatures below 135 ºC, with a weight loss of approximately 

7% related to the removal of moisture and very light volatiles contained in the microalgal cells. 

The second stage occurred between 155 and 535 ºC and corresponded to a devolatilization 

process that proceeded with a high rate. More than 50% of mass loss can be attributed to this in 

this zone. Both the moisture and volatiles fractions lost are in good agreement with the 

proximate analysis presented in Table 3.2 as well as the temperature range and loss percentage 

reported in the literature [51,53]. The shoulder observed between 400–450 ºC can be attributed 

to the decomposition of lipids [17,21]. As mentioned by Marcilla et al. [51], a shoulder or 

smaller peaks can be associated to the decomposition of different kinds of triglycerides and 

other hexane-soluble compounds. 

DTA profiles also agree with the literature [17] and suggest a slight exothermic reaction in the 

second stage. Though pyrolysis is generally noted for presenting endothermic reactions, since 

devolatilization consumes energy, the exothermic reaction can be explained by the oxygen 

released from volatile compounds that turn the atmosphere oxidative [54].  
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After 535 ºC, the degradation occurred at a slow and constant rate that did not present an abrupt 

difference in the derivative to present a peak. This slow rate represents the third stage and 

follows the same behavior described in the literature [13,17,49–51].  

The TGA curve shows a percentage of remaining mass (21.7%) above the ash content reported 

in Table 2 (7.5%). However, the TGA curve was still not stable at 890 ºC, indicating that the 

degradation of carbonaceous substances retained in the solid residues continued. The same was 

observed by Raheem et al. [55], who investigated the thermal degradation behavior of Chlorella 

vulgaris and described a slightly lower weight loss rate at 628 °C to 1,000 °C. It is possible to 

observe in the authors' work an unstabilized TGA curve, even at 1,000 °C, which presented a 

residual mass value of approximately 18%. Sanchez-Silva et al. [53] also reported higher 

thermal stability in microalgae, as they decomposed in a broader temperature range. According 

to the authors, the residue does not remain constant until temperatures above 900 ºC. Fong et 

al. [43] studied the thermal degradation behavior for Chlorella vulgaris at rates of 10, 20, 30, 

50, and 100 °C/min under nitrogen. At the rate of 10 °C/min (the same used in this work), it 

was observed that the TGA curve was not yet constant even after 800 ºC, just like in this work.  

The thermal degradation behavior of microalgae with polymeric coagulants can be seen in Fig. 

3.5(b), Fig. 3.5(c), and Fig. 3.5(d). The microalgae degradation in the presence of the 

polyquaternium polymer showed more similar behavior to the microalgae without coagulants 

due to the low dosage used, although no curve was the same. All polymers reduced peak size 

in the second stage of degradation, but the tannin-based polymer presented the lowest peak size 

and the most different thermal profile among the evaluated polymers. This may be related to 

the different harvesting methods applied, which added silicon and other impurities to the 

biomass. 

Fig. 3.5(b) shows the thermal degradation of microalgae with a tannin-based polymer. The first 

stage of dehydration was observed at temperatures below 150 ºC, with a weight loss of 

approximately 14% related to the removal of moisture and very light volatiles contained in the 

microalgal cells. This is double that found for the microalgae free of coagulants and represents 

more very light composts since the moisture of both is similar. Another difference was a higher 

shoulder distinguished near the top of the main peak in the second stage. This shoulder can also 

be observed in Fig. 3.5(c) and shows the thermal degradation of microalgae with the aliphatic 

amines polymer.  

Microalgae with the polyquaternium polymer do not present a shoulder or peaks significantly 

different from those observed for the microalgae without coagulant, as seen in Fig. 3.5(d). 

However, an interesting point observed for this coagulant is that the residual mass at 890 ºC is 

smaller, around 15%, while the other microalgae with polymers were above 20%, similar to 

microalgae without coagulants. This may suggest that the polyquaternium polymer had a 

synergistic effect in anticipating total material degradation. Disregarding the ash fraction of the 

microalgae without and with the polyquaternium polymer—7.50 and 8.31%, respectively—

14.1% of solid remained to be degraded, while in the presence of the polymer, only 7.5% 

remained, at a temperature of 892 ºC. 
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Fig. 3.5. Thermal analysis of microalgae biomass using TGA/DTG/DTA. 
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Considering the DTA profile, biomass with the polyquaternium polymer showed a more 

significant exothermic peak compared to biomass without coagulant, as is noted in Fig. 4(d). 

The maximum heat flow was 1.44 W/g, which is twice the value measured for the biomass 

without coagulant. For the other polymers, this increase in the exothermic effect in the second 

stage of degradation is not as pronounced in the DTA curves. 

Fig. 3.5(e) presents the thermal degradation of microalgae with hydrated lime. As a 

consequence of a large amount of lime in the biomass, this graphic was the most different from 

the others. The first peak observed below 110 ºC can be attributed to moisture loss. The two 

small peaks between 275 and 450 ºC may be related to the small fractions of organic matter and 

inorganic transformation. Unlike all the other samples and literature, the largest mass loss was 

verified in the third stage, between 625 and 765 ºC. This large peak in higher temperatures 

reflects a large amount of inorganic material in the sample and may be justified by the 

degradation of hydrated lime and carbonates that could have been formed by the presence of 

CO2 in the medium [24]. Calcium hydroxide and calcium carbonate decompose at 580 and 825 

°C, respectively [56]. 

Fig. 3.5(f), Fig. 3.5(g) and Fig. 3.5(h) presents the thermal degradation of microalgae with 

ferrous aluminum sulfate, aluminum polychloride, and ferric chloride, respectively. A greater 

number of peaks and shoulders can be observed in these figures, compared to microalgae with 

polymers and without coagulants. This thermal behavior can be attributed to the inorganic 

compounds present in biomass. For example, iron and aluminum chlorides degrade below 300 

ºC, while iron and aluminum sulfates degrade at 480 and 770 ºC, respectively [56]. The last 

peak observed in Fig. 4(h) around 800 ºC can also be attributed to inorganic content. López-

González et al. [16] found peaks around 1,000 ºC for Scenedesmus almeriensis, 

Nannochloropsis gaditana, and Chlorella vulgaris and explained its occurrence by two facts: 

the devolatilization of char and the decomposition of mineral matter.  

Considering the DTA profile, the presence of inorganic coagulants suggests a decrease in the 

energy released in the second stage of degradation compared to the biomass free of coagulant, 

except for ferric chloride, where it is possible to notice a slightly exothermic region for the 

second stage in its DTA curve. For other inorganic coagulants, the exothermic effect in the 

second stage of degradation is not as pronounced in the DTA curves. Biomass with ferrous 

aluminum sulfate showed a maximum heat flow of only 0.12 W/g—six times smaller than the 

value measured for the biomass without coagulant. 

All DTG curves are plotted overlapping each other in Fig. 3.6 to allow a global view of the 

thermal profile and to compare the effect of each coagulant on biomass. As mentioned by Yang 

et al. [47], the peak of the DTG curve represents the activation of the thermochemical reaction, 

the height of the peak identifies the capability to release volatile matter from a reaction during 

the slow pyrolysis process, and the temperature of the peak indicates the reaction temperature. 

Thus, the thermal degradation shown in Fig 3.6 reveals that all samples decomposed differently 

and in multiple stages and, therefore, would behave differently during a thermal process. 

The experimental curve indicates that the thermal degradation process starts at around 130 °C 

and continues to around 540 °C. After this temperature, no peak was observed in the DTG 

curve, except those attributed to inorganic compound degradation in microalgae with hydrated 

lime and ferric chloride. The absence of peaks after 500 ºC is in agreement with the literature 
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[57,58]. Wang et al. [59] showed that most compounds decomposed below 500 ºC for 

microalgae.  

 

 

Fig. 3.6. DTG characteristics of microalgae at different coagulants. 

 

The peaks observed in the first step of degradation (below 200 ºC) were more significative with 

tannin-based polymer coagulants; 9.69% of mass loss already disregarded the percentage of 

humidity. This value was double or triple those observed for the other samples studied. 

Comparing the peak’s height in the second stage, the maximum degradation occurred in 

microalgae free of coagulants, 4.57 %/min at 308 ºC. It is practically the same temperature 

reported by Liu et al. [52] for the thermal degradation of microalgae. In the presence of 

coagulants, the maximum degradation rate ranged from 2.14 %/min (ferrous aluminum sulfate) 

to 4.54 %/min (polyquaternium polymer). The maximum degradation in microalgae free of 

additional chemical compounds is in accordance with Fong et al. [43]. The authors added the 

catalyst HZSM-5 zeolite, limestone, and an HZSM-5/limestone mixture in Chlorella vulgaris 

and showed a lower peak.  

The results displayed in Fig. 3.6 suggest the catalytic effect of coagulants. Except for 

microalgae biomass with ferrous aluminum sulfate, which increased the peak temperature from 

308 to 316 ºC in the devolatilization stage, all the other coagulants reduced it, with the lowest 
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temperature being 274 ºC, measured in presence of the tannin-based polymer. The catalytic 

effect is more evident in microalgae biomass with the polyquaternium polymer. Even when the 

low dosage was used, this coagulant not only reduced the devolatilization temperature to 278 

°C but also had the smallest mass degraded at the final experiment temperature. For inorganic 

coagulants, the large amount added prevented a deep catalytic assessment, and the results more 

portray the effect of coagulant mass incorporated into microalgae. 

 

3.4 Conclusion 

By comparing different commercial coagulants, this study showed how coagulants used in the 

harvesting process could modify the properties of microalgae biomass and, thus, influence the 

energy recovery process. All coagulants reduced the HHV, from 1.8% to 84%, but mainly 

inorganic coagulants as a result of the high ash incorporated. These inorganic coagulants must 

be well evaluated before applying in the harvesting process if energy recovery from microalgae 

is desired. The coagulant used also affects the thermochemical profile, and the catalytic effect 

was better observed in polymers due to the low dosage used. The maximum degradation of 4.57 

%/min occurred in microalgae free of coagulants, at 308 ºC, but the polyquaternium polymer 

accelerated total biomass degradation. Moreover, this polymer appears to increase heat release 

in the second stage of decomposition. In general, this coagulant presented the best results, such 

as low cost, high efficiency, a small reduction in HHV, and improvement in the thermochemical 

behavior of microalgae biomass. On the other hand, the aliphatic amines polymer was the only 

coagulant that showed chlorine in the ash analysis, indicating a possible trapping effect. This 

can be a major discovery, as the release of acid gases is a major challenge in energy conversion 

processes. Therefore, aliphatic amines polymer also is suggested as the better coagulant along 

with the polyquaternium polymer. 
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Wastewater microalgae gasification 
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Experimental investigation of wastewater microalgae in a 

pilot-scale downdraft gasifier 

 

Abstract 

Microalgae are potential feedstock for biofuels due to higher heating value and rapid growth 

rate. It can be cultivated in sewage, avoiding costs associated with clean water and nutrients, 

making the possibility of energy generation from wastewater treatment plants appealing. 

Compact microgeneration systems involving biomass gasifiers are already commercialized for 

small-scale projects and could be adapted for use with microalgae in wastewater. In this study, 

an experimental investigation of a commercial downdraft gasifier was conducted using 

microalgae produced in a wastewater treatment plants. The effects of the air-fuel equivalence 

ratio on syngas composition, higher heating value, and production rates were evaluated. An 

increasing and then decreasing trend in equivalence ratio with a peak was observed, indicating 

that the optimum equivalence ratio for the best performance is 0.23. The cold gas efficiency 

was 87%, higher heating value was 6.2 MJ/Nm3, and the production rate was 2.8 Nm3/kg dry 

biomass. The syngas composition was 11.9% H2, 19.5% CO, 8.5% CxHy, and 9.8% CO2. The 

H2/CO ratio observed in the syngas was 0.61, which is very close to the 0.60 recommended for 

synthetic fuel production (Fischer-Tropsch gasoline and diesel). 

 

Graphical Abstract 

 

 

Fig. 4.1. Graphical abstract chapter 4. 

 

Keywords: Gasification; Cold gas efficiency; Equivalence ratio; Wastewater treatment 

plant.  
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Highlights 

• Wastewater microalgae were gasified in a commercial downdraft gasifier. 

• Air was used as the gasifying agency and the best equivalence ratio was 0.23. 

• The syngas composition was 11.9% H2, 19.5% CO, 8.5% CH4, and 9.8% CO2. 

• The H2/CO ratio was very close to the recommended for synthetic fuel production. 

• The syngas calorific value was 6.2 MJ/Nm3 and the cold gas efficiency was 87%. 

 

4.1 Introduction  

Energy use in the distribution of drinking water and wastewater treatment plants (WWTPs) is 

estimated to be 7% of the total energy produced globally [1]. High energy consumption 

increases operating costs [2,3] and greenhouse gas emissions [4–6]. Besides, increasing 

uncertainties about the future of fossil fuels and the rising global energy demand [7,8] motivates 

scientists to discover new energy sources, processes, and technologies to make WWTPs more 

economical and sustainable [5,9]. For instance, the large production of microalgae biomass 

observed in ponds is no longer seen as a problem but can be viewed as feedstock for energy 

production because microalgae can double in volume in less than a day [10–12].  

Among various technologies that use biomass as fuel to produce energy, gasification is one of 

the most promising and suitable technologies for small-scale power generation [13,14]. The 

process involves thermal decomposition of organic compounds in the presence of a gasifying 

agent (usually air, oxygen, steam or CO2) to produce a combustible gas, called syngas. The 

main advantages of gasification are the conversion of the entire biomass, high efficiency, and 

short conversion time [15–17]. Gasifiers coupled with internal combustion (IC) engines and 

generators are already commercialized [18]. These types of power plants are becoming 

increasingly efficient, and they can revolutionize energy production in WWTPs due to their 

ability to produce energy that can meet local energy demand [14]. 

Microgeneration of energy in WWTPs using microalgae gasification was evaluated by Soares 

et al. [19], who developed a conceptual scenario based on an extensive systematic literature 

review, suggesting that the implementation of a downdraft gasifier has a production potential 

of 0.167 kWh/m3 of treated sewage, and the investment may be financially returned. However, 

the amount of energy required to dry microalgae must be recovered through process 

optimization and integration.  

To date, only six researchers [20–25] have gasified microalgae using fixed bed gasifiers and 

none were conducted at a large scale, according to the extensive systematic literature review 

done by Soares et al. [19]. Moreover, the gasifying agents used in these works were not air, the 

most economical and traditional gasifying agent [17,26]. Despite the fact that air generates 

syngas with lower calorific values (4–7 MJ/Nm3) due to its high nitrogen content that makes it 

insufficient for application on more sophisticated and efficient equipment, such as fuel cell, this 

syngas is viable for application in internal combustion engines and provides an economical and 

efficient process for small and medium gasification units [27,28].  
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There is still a lack of knowledge regarding the best parameters to use for microalgae 

gasification in downdraft gasifiers using air as the gasifying agent. The air-fuel equivalence 

ratio (ER), for example, is considered the most important parameter on the calorific value of 

syngas and must be evaluated to recover as much energy as possible [17,29]. An excessively 

low ER results in incomplete gasification, while a high ER results in excessive formation of 

combustion products at the expense of fuel gases [26]. In addition, most gasification studies 

have been conducted using pure species of microalgae (monoculture) obtained commercially, 

instead of microalgae grown in the wastewater [19]. As mentioned by Soares et al. [30], 

microalgae produced with wastewater effluent and harvested by traditional coagulation 

processes can alter the thermochemical profile of the biomass. The incorporation of metals in 

biomass, for example, reduces the calorific value, but it can also act positively on 

thermochemical conversion, acting as a catalyst [31,32]. 

For these reasons, this study conducted an experimental investigation on wastewater microalgae 

in a pilot-scale downdraft biomass gasifier. To the best of our knowledge and based on the 

extensive systematic literature review of Soares et al. [19], this is possibly the first work 

involving wastewater microalgae gasification using a commercial downdraft gasifier with air 

as the gasifying agent. The biomass was produced in a pilot WWTP and harvested by 

coagulation with a tannin-based polymer. Different ERs were tested and the best parameter for 

energy recovery was observed. 

 

4.2 Experimental details 
 

4.2.1 Wastewater microalgae production 

The microalgae were produced in two high rate algae ponds (HRAP), both measuring 13.7 m3 

of useful volume, with two 10 m long channels, 2.4 m in width with 22.8 m2 of superficial area. 

The HRAP was fed with the effluent obtained after wastewater treatment into an up-flow 

anaerobic sludge blanket (UASB) reactor, measuring 1.0 m in diameter, 4.8 m usable height, 

3.8 m3 usable volume, and 0.14 L/s average flow rate. A grating system, preliminary to UASB 

reactor, was used to remove coarse solids from raw domestic wastewater produced in the City 

of Vila Velha, located in the State of Espírito Santo, southeastern Brazil. Harvesting was done 

in a continuum coagulation-flocculation system using 50 mg/L of a tannin-based polymer, 

following the methods as conducted by Cassini et al. [33]. The biomass was densified in a 

fabric, dried at 60 ºC in an outdoor furnace to eliminate odors, sanitized at 105 °C in an indoor 

furnace for at least 12 h, and then characterized. Complete removal of moisture was done to 

avoid degradation of the biomass during the storage period until the gasification experiments 

were carried out. 

The wastewater microalgae biomass produced was composed of different microalgae species 

and bacteria under coagulants presence rather than a selected pure specie of microalgae 

(monoculture) [19]. The bacteria and microalgae were indigenous to the type of wastewater. 

From domestic wastewater produced in southeastern Brazil, different indigenous microalgae 

strains are reported in the literature, such as Chlorococcum sp., Chlorella sp., Scenedesmus sp., 

and Tetradesmus sp. [34]. As mentioned by Jebali et al. [35], treatment facilities wastewater is 
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naturally colonized by species such as Chlorella sp., Scenedesmus sp., or microalgae belonging 

to the Bacillariophyta and Cyanobacteria groups.  

Fig. 4.2 shows the wastewater microalgae biomass before and after drying. The biomass 

naturally fragmented during the drying process, resulting in solid pieces of firm consistency 

and dark color, similar to coal. The dark color could be associated with tannin coagulant. 

Another observation was an unpleasant odor produced during the drying process that dissipated 

after an initial period of drying at 60 ºC in an outdoor furnace. Most of the solid pieces (52.5%) 

were particles between 4.7 and 9.5 mm in size; therefore, this size range was used in the 

gasification process without additional adjustments. 34.8% of the solid pieces were particles 

above 9.5 mm in size, 12.7% of the particles were below 4.7 mm, and no significant amount of 

dust was observed. Only the particles between 4.7 and 9.5 mm in size were gasified.  

 

 

Fig. 4.2. Wastewater microalgae biomass aspect before (a) and after (b) drying. 

 

4.2.2 Wastewater microalgae characterization 

The main energetic characteristics of the microalgae produced were evaluated. The higher 

heating value (HHV) was performed using a calorimeter (C2000, IKA-Werke, Germany) and 

0.5 g of sample. The post-combustion residue, composed of ashes, was collected and analyzed 

by an X-ray fluorescence spectrometer (EDX720, SHIMADZU, Japan). The EDX720 includes 

a Rhodium (Rh) X-ray tube and Si(Li) detector operating at 15-50 kV and 1,000 mA. The 

proximate analysis was performed using a thermogravimetric analyzer (TGA701, LECO, 

Germany). The ultimate analysis was performed using an elemental composition analyzer (PE 

2400 series II, PerkinElmer, USA). The carbon, hydrogen, and nitrogen content of the sample 

were determined directly, while oxygen was obtained by difference. The amounts are given in 

wt.% of the sample on a dry basis. The thermogravimetric analyses (TGA), differential 

thermogravimetric (DTG), and differential thermal analysis (DTA) were performed by Thermal 

Analyzer (Q600, TA INSTRUMENTS, USA) with a 50 mg sample capacity and a 1500 °C 

maximum heating temperature. The tests were performed with a heating rate of 10 °C/min to a 

temperature of 900 °C, with a nitrogen flow of 50 mL/min, and a 25 mg sample. 
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Table 4.1 presents the microalgae’s characterization and Fig. 4.3 shows the thermal degradation 

of microalgae. The microalgae’s characterization and thermochemical profile were similar to 

those reported in the literature [36–41], and the high silicon content may be indicative of dust 

and sand particles incorporated during the harvesting stage [30]. A clear peak in the DTG curve 

can be observed in Fig. 4.3 for a temperature below 150 °C, with a weight loss of approximately 

14% related to the removal of moisture [30]. This stage of dehydration is also observed in the 

DTA curve, whose endothermal character is proved by the negative heat flux. Furthermore, the 

two overlapping peaks appearing in the DTG curve for a temperature range from 250 to 450 °C 

may be attributed to the pyrolysis of the carbohydrates and proteins contained in the microalgae. 

Around 410–440 °C, the peak is referred to as the decomposition of lipids, while the peak 

around 300–320 °C corresponds to the decomposition of carbohydrates and proteins [40]. It 

justifies peaks accompanied by smaller peaks or by a shoulder [42].  

 

Table 4.1. Microalgae’s characterization. Data are shown as mean (n = 3) ± Standard 

deviation. 

 Value (wt%) 

HHV (MJ/kg) 18.6 ± 0.7 

Bulk Density (kg/m3) 1200 ± 62 

Proximate analysis  

Moisture 5.4 

Volatile matter 59.3 

Fixed carbon 24.7 

Ash 10.6 

Ultimate analysis  

C 47.7 ± 2.5 

H 5.9 ± 0.5 

N 6.3 ± 0.3 

O 29.5 ± 3.3 

Ash analysis  

Si 29.08 

P 17.89 

Fe 17.04 

Ca 16.30 

K 13.01 

Others 6.68 
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Fig. 4.3. Thermochemical profile of microalgae. 

 

4.2.3 Gasifier 

The gasifier used in this research was an All Power Labs Power Pellet GEK 20 kW downdraft 

biomass gasifier designed and manufactured in California/USA by All Power Labs Inc. [43]. 

Relevant technical data are presented in Table 4.2. The full description and images of the device 

can be accessed at the manufacturer's website [43]. 

 

Table 4.2. GEK Gasifier technical data. 

Parameter Specifications 

Max continuous power output 15 kW @ 50Hz & 18 kW @ 60Hz 

Biomass consumption 22 kg per hour at 18 kW 

Biomass moisture up to 30 wt%. 

Biomass particle size recommended 1 to 4 cm 

Biomass ash content recommended Less than 5% 

GEK gasifier weight 1065 kg 

GEK gasifier dimension  1.4 m x 1.4 m x 2.2 m 

Feedstock hopper capacity 0.325 m3  

Maximum gas output 60 m3/h ~20kWe or 380,000 BTU/h 
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4.2.4 Gasification setup 

The gasifying agent used in the process was air. The moisture content of the biomass was 

adjusted before each run, adding water to 30 wt%, the maximum value in the gasifier’s 

specifications. Gasifying biomass with the maximum moisture allowed in the gasifier means 

less energy consumption in the drying process during feedstock conditioning. Batch 

gasification experiments were conducted using different amounts of wet microalgae biomass 

(500, 750, 1000, and 1500 g) and airflow (0.08, 0.11, and 0.14 m3/min) to obtain different ERs 

and to check the ER influence on the process. First, the runs were performed once with distinct 

ERs (0.14, 0.23, 0.28, and 0.47), and the results were plotted in terms of HHV versus ER to 

find a performance curve for the process. After defining the performance curve, the runs were 

repeated in the best ER region to corroborate the results. 

Before the gasification experiments, the gasifier was completely emptied and cleaned and filled 

with biomass. A butane burner was used to start-up the gasifier. The gasifier operated under a 

small negative pressure for suction and the airflow was measured using an orifice plate. The 

temperature inside the gasifier was monitored during the operation with two K-type 

thermocouples, one located at the combustion zone, and another located at the syngas exit at 

the reactor bottom. Once the reactor was charged and gasification started, the syngas produced 

was directed to the flare and a part of it was sampled by a silicone hose connected to a gas 

analyzer (454 M/XL, TESTO, Germany) capable of performing real time measurements. 

During the experiments, no catalyst elements were used. Due to the robustness of the 

equipment, the measurement of temperature is limited to the supra cited reactor zones. 

The species O2, CO, and H2 were analyzed at the syngas exit (at the bottom of the reactor – 

online measurements) using electrochemical sensors, while CO2 and CxHy were analyzed using 

non-dispersive infrared sensor technology (NDIR) and heated bead sensors, respectively. CxHy 

represents all hydrocarbons, which are grouped in a single measurement on the equipment. 

Records of the gasifier temperature and syngas composition were made every second and stored 

on the computer. The syngas composition and gasification temperatures were obtained as mean 

values for each run. Due to safety limitations of the gas analyzer, it was not possible to conduct 

a continuous CxHy measurement at concentrations above 4%. In this case, a polyvinylidene 

fluoride (PVDF) gas bag, with 85.7 L capacity, was used to store the syngas; then, the CxHy 

concentration was estimated after dilution with air. 

An overview of the experimental downdraft gasification unit and some chemical reactions that 

occur inside the gasifier were extracted from the literature [17,28] and compiled in Fig. 4.4. 

The process was characterized by a downward co-current flow of the air and biomass. The 

biomass was fed into the top of the gasifier, passed through the drying, pyrolysis, oxidation, 

and, lastly, the reduction zone, where syngas was removed from the bottom of the reactor [44]. 

The air entered above the constriction that divided the reduction and combustion zones. The 

reduction zone occurs below the constriction, where the hot charcoal reacts with the products 

of combustion and pyrolysis zones to produce syngas [13]. The energy released by the oxidation 

zone supplied the drying, pyrolysis, and reduction reactions [17].  
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Fig. 4.4. Experimental downdraft gasification unit and main chemical reactions involved. 

 

4.2.5 Process evaluation 

The syngas HHV was calculated from the concentration of the combustible components and its 

combustion enthalpy at 25 ºC (Fig. 4.4). The CxHy present in the gas analyzer was considered 

CH4 for this calculation since heavy hydrocarbons condense before being analyzed in the gas 

analyzer. Moreover, light hydrocarbons present in syngas are mainly CH4 and some C2–C3 [45]. 

According to Ferreira et al. [26], light hydrocarbons can be lumped into methane with good 

acceptance.  

The ER for each run was calculated by equation (4.1), as mentioned in Zainal et al. [46]. 

 ER = (Fair * Trun) / Mair , (4.1) 

where Fair = flow rate of air supply, Trun  = time of run, and Mair  = mass input of air 

stoichiometric. 

Additionally, the syngas volume produced was calculated by equation 4.2, based on the 

assumption that the nitrogen in the air input was inert and had the same amount of nitrogen as 

in the syngas [14,47]. Also, it was assumed that all the nitrogen in the biomass does not leave 

the process as N2 in the syngas but as NOx, NH3, or other compounds. Although this 

consideration may not be entirely true, it does not represent significant errors. Even if all the 

nitrogen in the biomass became N2, the number of moles would be very small and would 

represent less than 6% of the total N2 fed in the process. 

 Vsyngas * xN2 = VAir * 0.79 , (4.2) 

where Vsyngas = syngas volume, xN2 = nitrogen volume fraction in syngas, and VAir = air volume. 

As mentioned by Bittencourt et al. [48], the main performance indicator of the gasifier was 

computed by the cold gas efficiency (CGE) and calculated by equation (4.3), according to 

Allesina et al. [14]. 

 CGE = (Vsyngas * HHVsyngas) / (Mbio.dry * HHVbio.dry) , (4.3) 
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where Vsyngas = the syngas volume, HHVsyngas = the syngas HHV, Mbio.dry = the mass of dry 

wastewater microalgae biomass, and HHVbio.dry = the dry wastewater microalgae biomass HHV. 

 

4.2.6 Statistical analyses 

The data presented in this paper came from n replicates, and the value of n is described along 

with the Tables 4.1 and 4.3. Experimental results are presented as the mean ± standard 

deviation. Error bars represent standard deviation. 

 

4.3 Results and discussion 

Table 4.3 summarizes the experimental results, as well as other data from the literature for 

comparison. Even though this study is possibly the first work involving wastewater microalgae 

gasification using a commercial downdraft gasifier with air as the gasifying agent, it is possible 

to compare the results obtained in this study with results reported for general biomass 

gasification in downdraft gasification units, or as reported for wastewater microalgae 

gasification on a laboratory scale. 

The experimental results presented in Table 4.3, mainly those obtained using an ER of 0.23, 

were compared to values reported in the literature. The ER calculated varied from 0.14 to 0.47, 

which is close to the range of 0.19 to 0.43 for ideal and theoretical gasification mentioned in 

the literature [46]. In general, the HHV for syngas produced in a downdraft gasifier is between 

4.5 and 5 MJ/Nm3 [45], and the results obtained for wastewater microalgae gasification in this 

work are close to these values. When compared to wastewater microalgae gasification reported 

by Sharara and Sadaka [49], the syngas composition is close; however, they did not compute 

the CH4 fraction, so the HHV was different.  

Another distinguished value is the low syngas production rate reported by Sharara and Sadaka 

[49] and associated with high ash content in the microalgae (40%), almost four times the amount 

reported in this paper. According to Molino et al. [45], typical syngas production varies from 1 

to 3 Nm3/kg dry biomass, and values found in this work were within this range (i.e., 1.4–2.8 

Nm3/kg dry biomass). Only for a very high ER (0.47), was the production of syngas out of the 

expected range at 3.9 Nm3/kg dry biomass; however, this syngas showed a lower HHV due to 

high nitrogen content and thus, exhibited lower efficiency. This result confirms the poor 

performance (ER >0.43) reported by some researchers [46]. 

The gasification temperature range was 873 to 949 ºC, which is within the range of 800 to 1100 

ºC, typical for large-scale gasification projects described in the literature [17,45], and within 

the range of 760 to 960 ºC for wastewater microalgae gasification in a laboratory-scale auger 

reactor [49]. Temperatures below 900 ºC were observed for ER less than 0.23, while 

temperatures above 900 ºC were observed for ER of 0.23 and above. This behavior follows the 

literature, since increasing the ER, the gasifier’s temperature increases, as there is more oxygen 

per volume of biomass for conducting the partial combustion reactions [17]. However, it was 

not possible to observe a linear correlation between ER and temperature in the results obtained. 

It is noteworthy that the average bed temperature can be decreased when there is a higher 

amount of reagent fed at room temperature; this may justify the relatively low temperatures 
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found at the highest ER. The experimental result at a higher temperature (949 ºC) produced the 

best results: high CO and H2 content, consequently higher syngas HHV and CGE. As mentioned 

by Asadullah [44], high-temperature gasification leads to a desired high yield of CO and H2, 

while reducing the tar content. The increase in H2 production is due to the tar thermal cracking 

reaction and favoring the products of endothermic reactions. Therefore, the endothermic 

reforming reactions of hydrocarbon were improved with the increasing temperature [29]. 

The CGE calculated varied from 31.9 to 87.0% due to changes in the syngas composition for 

different ERs. Usually, the literature reports CGE between 30 and 60% for downdraft gasifiers 

[27], although higher values have been reported, such those as presented in Table 4.3. In this 

work, no value below 30% was recorded, but over 60% efficiency was achieved with ERs of 

0.23 and 0.24. This may indicate that wastewater microalgae gasification can achieve high 

efficiency, if the ER is properly adjusted. Higher ER creates more oxidation environment in the 

gasifier, and thus lower syngas HHV. Whereas, lower ER results in higher syngas HHV; 

however, the tar yield is considerably higher. The higher syngas HHV and lower tar 

concentration in the syngas are of prime importance for achieving high efficiency. Therefore, 

ER optimization is necessary [44]. 

Also, unlike terrestrial biomass, microalgae lack of lignin, more recalcitrant in terms of 

thermochemical conversion [53,54]. Moreover, wastewater microalgae can contain metals that 

could play a catalytic role in the gasification process, thus increasing conversion [30]. The use 

of catalysts decreases the pyrolysis temperature and the formation of unwanted compounds, 

such as tar in gasification, by catalyzing its breakdown or preventing its formation, and 

increases the conversion of microalgae to gaseous products [20,55]. Alkaline metals and 

alkaline earth metals, for example, play a catalytic role in the gasification process, increasing 

conversion [16,20]. On the other hand, silicon and phosphorus are inhibitory because they form 

inactive alkaline silicates and phosphates. As a result, the total influence of metals will depend 

on the balance between the elements present [16]. 

Fig. 4.5 shows the CGE and the syngas production rates at different ERs. While CGE presented 

a maximum point, syngas production increased linearly as the ER rose. A similar trend was 

obtained in the literature [46]. The efficiency decreased for ERs above 0.24, despite higher 

syngas volume due to high nitrogen content, consequently lower the HHV. 

Fig. 4.6 shows the influence of ER on syngas composition and HHV. The HHV increased with 

the increase in ER up to a peak value of ER = 0.23 before it started to decrease, principally due 

to the decrease in CO and increase in CO2. The highest HHV was observed at ER = 0.23 that 

can be attributed to the high CO fraction. Zainal et al. [46] also observed a peak in HHV for 

wood chips gasification using a downdraft gasifier and attributed it to the CO fraction in syngas. 

The best ER for wood chips gasification reported by Zainal et al. [46] was 0.38, suggesting that 

the ideal ER for wastewater microalgae gasification is lower than other fuels due to microalgae's 

characteristics. In addition to the absence of lignin, microalgae generally have a volatile content 

much higher than fuels, like coal and peat, and could facilitate the gasification process [32]. 

Another possibility is the presence of catalytic metals in wastewater microalgae [30]. However, 

it is difficult to generalize as each biomass is unique. The best ER for corn straw and switchgrass 

gasification, for example, reported by Gai and Dong [51] and Bhoi et al. [52], were 0.32 and 

0.22 respectively. 
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Table 4.3. Experimental gasification results and relevant data from the literature. Data are shown as mean ± Standard deviation. 

Nº of 

Runs 

Wet biomass 

load (g) 

VAir 

(L/min) ER 
Run 

time (s) 

Temperature 

(ºC) 

Syngas composition (%) 
HHVsyngas 

(MJ/Nm3) 

Vsyngas/Mbio.dry

(Nm3/kg) 

HHVsyngas

/Mbio.dry 

(MJ/kg) 

CGE (%) 
O2 H2 CO CxHy CO2 N2 

2 1500 136 0.14 481 889±79 3.4±1.1 8.8±0.9 13.7±0.8 6.2±1.3 10.2±1.6 57.8±1.1 4.5±0.2 1.4±0.0 6.3 31.9±1.1 

3 1000 78 0.21 840 873±40 2.9±0.7 9.3±0.8 15.6±2.2 7.0±0.7 9.8±0.5 55.3±2.3 5.0±0.4 2.2±0.1 11.0 56.4±6.5 

2 1000 136 0.23 530 949±4 1.8±0.3 11.9±1.2 19.5±0.1 8.5±1.1 9.8±0.8 48.6±3.0 6.2±0.5 2.8±0.2 17.4 87.0±12.4 

3 1000 107 0.24 711 901±10 2.0±0.7 10.4±1.5 15.9±2.1 7.6±0.5 10.6±0.5 53.6±3.0 5.4±0.2 2.7±0.2 14.6 71.4±6.9 

1 750 136 0.28 500 908 4.5 4.7 8.8 6.5 12.4 63.0 3.6 2.7 9.7 48.9 

1 500 136 0.47 558 911 1.0 3.5 7.3 3.0 13.5 71.5 3.2 3.9 14.5 43.5 

Ref. Biomass type              

[49] Wastewater microalgae - - 960 - 11.4 16.9 - 11.6 - 3.57 0.80 2.9 - 

[50] Wood 0.42 - 700-1000 - 15.2 22.1 1.7 10.2 50.8 5.80 2.17 12.6 70.9 

[46] Wood chips 0.38 - 1000 1.69 14.05 24.04 2.02 14.66 43.62 5.34 - - 80 

[14] Cotton crop residues - - 830 3.8 17.5 21.1 1.7 8.0 45.2 6.77 2.08 14.1 64.16 

[26] Brewer’s spent grain 0.20 - >700 2.5 16.6 16.9 5.7 15.1 43.2 - 2.06 - 82.5 

[51] Corn straw 0.32 - 800-1150 0.81 13.51 19.81 5.34 11.58 55.67 5.39 2.14 11.5 67.23 

[52] Switchgrass 0.22 - 734±94 - 9.7 18 - - - 5.8 - - 57 

[52] Red cedar 0.24 - 756±241 - 15 18.2 - - - 6.0 - - 75 

Notes: VAir = air volume; ER = equivalence ratio; HHVsyngas = syngas higher heating value; Vsyngas = syngas volume;  

Mbio.dry = mass of dry wastewater microalgae biomass; CGE = cold gas efficiency. 
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Fig. 4.5. Variation of cold gasifier efficiency and syngas production rate with equivalence 

ratio. Error bars represent standard deviation. 

 

 

Fig. 4.6. Equivalence ratio influence on syngas composition and calorific value. Error bars 

represent standard deviation. 

 

The syngas composition, and consequently the HHV, were practically the same in ER of 0.21 

and 0.24 due to their positions around the peak of ER. Varying ER from 0.21 to 0.14 caused a 

gradual reduction of all combustible gases. This reduction was much more drastic when the ER 

was modified in the opposite direction, from 0.24 to 0.47. The percent CO2 was almost constant 

from ER 0.14 to 0.24, rising 20 and 30% for ER 0.28 and 0.47, respectively, and became the 
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predominant compound in the syngas. It is interesting to note that changing the ER by only 

0.02, down or up, caused noticeable changes in the composition. The same phenomenon was 

observed by Ferreira et al. [26] who gasified brewers´ spent grains in a pilot-scale downdraft 

reactor and reported a difference of almost 1 MJ/Nm3 in syngas for a variation in the ER of only 

0.03. This confirms the reason that ER should be considered the most important parameter in 

the calorific value of syngas [17,29].  

Regarding the characteristics of the biomass used in this experiment, including particle size, 

moisture, and ash content created no operational issues during the experiment. Also, the need 

for processing microalgae biomass into briquettes was not necessary because microalgae 

biomass was naturally reduced in particle size during the drying step of gasification. Typically, 

downdraft gasifiers require a particle size less than 51 mm [45], and all wastewater microalgae 

biomass produced after the drying step was within this range. Although a uniform particle size 

helps overcome certain operational problems, such as pressure variations throughout the bed 

and blockage of the gasifier at the feed input [50], the particle size is considered to be of minor 

influence on syngas composition, when compared to others parameters such as the ER [29]. 

Even though the moisture (maximum recommended by manufacturer) and ash content (double 

that recommended by manufacturer) were high, gasification proceeded normally. However, it 

is important to emphasize that a high ash or moisture content in wastewater microalgae biomass 

can make the gasification process inviable. Downdraft gasifiers are not the most suitable 

reactors for the gasification of high ash biomass, since the process may become slower and 

more problematic, requiring the adjustment and installation of additional equipment [44]. 

Besides, the use of biomass with high humidity directly in the gasifier will result in great 

amounts of energy losses in the overall process [29]. Therefore, the harvest process must be 

well managed to ensure proper drying and avoid excess inorganic coagulants and incorporation 

of sand and dirt during the production of microalgae [19,30]. 

Despite our main interest in evaluating the syngas calorific value instead of its application in 

chemical product synthesis, it is important to note that the H2/CO ratio in the syngas was 0.61 

at ER 0.23, which is very close to the 0.60 recommended by Ciferno and Marano [56] for 

synthetic fuel production (Fischer-Tropsch gasoline and diesel). For this syngas application, the 

H2/CO ratio of 0.61 could reduce the complexity and the cost of the process because additional 

equipment is not needed to correct the characteristics of the syngas to match the H2/CO ratio 

ideal [26]. 

 

4.4 Conclusions 

Wastewater microalgae gasification using a commercial downdraft gasifier was analyzed as a 

function of air-fuel ER. At ER of 0.23, the syngas HHV reached an optimum value, indicating 

the best performance of microalgae gasification at this scale of downdraft gasifier. The CGE, 

syngas production, and HHV on average were 87%, 2.8 Nm3/kg biomass dry, and 6.2 MJ/Nm3, 

respectively. The syngas composition was 11.9% H2, 19.5% CO, 8.5% CxHy, and 9.8% CO2. 

Besides, the H2/CO ratio in the syngas was 0.61, which is very close to the recommended value 

for synthetic fuel production, such as Fischer-Tropsch gasoline and diesel (i.e. 0.60). 
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5.1 Conclusions 

The goal of this work was to improve our fundamental understanding of energy recovery from 

microalgae produced in WWTP, through the thermochemical gasification process. The 

methodology to achieve this goal involved a systematic and extensive literature review, 

microalgae production in a pilot WWTP, characterization, and gasification in a commercial 

downdraft biomass gasifier.  

Initially, a thorough study in the literature revealed that most studies have been carried out for 

pure species of microalgae obtained commercially. There are few studies that consider 

microalgae grown in sewage, although the culture medium influences the characteristics of the 

microalgae. Likewise, the presence of chemical coagulants in the microalgae and their 

interference in the process is neglected, even though flocculation is the most suitable harvesting 

method for the production of microalgae as biofuel. Moreover, the number of studies involving 

conventional gasifiers, such as the downdraft fixed bed, is still under-researched and pilot-scale 

studies are required. Other technologies much more complex, such as hydrothermal 

gasification, has been preferred in order to avoid the drying stage. However, before abandoning 

traditional gasification systems, already consolidated and commercialized worldwide, it is 

necessary to evaluate all options for drying and optimizing the process. Options to overcome 

this challenge include the reuse of heat from flue gas and syngas and the integration of anaerobic 

sewage treatment processes, with the generation and energetic use of biogas. Using the most 

consistent assumptions for a real scale, a conceptual scenario for the use of microalgae biomass 

for microgeneration in WWTP was constructed in this work. A flowchart presented the 

proposed final process, an optimized hybrid system incorporating gasification into the sewage 

treatment process. The result suggested the generation of 0.167 kWh/m3 of treated sewage. A 

cost estimate was made for the acquisition of drying and gasification-electricity generation 

systems, and the results showed that investment may be financially returned after five years. 

All this work of compiling and analyzing information is useful for highlight knowledge gaps to 

guide new studies, and optimization trends to enable the process. 

Afterwards, the sensitivity of thermochemical behavior to coagulant used in the harvesting 

stage was studied, since it is a central topic to applied processes. The literature usually only 

describes the microalgae properties free of coagulants and this work showed how seven 

different commercial coagulants can modify the properties of microalgae biomass and, thus, 

influence the energy recovery process. All coagulants tested in this work reduced the HHV of 

microalgae, from 1.8% to 84%, but mainly inorganic coagulants as a result of the high ash 

incorporated. The coagulant used also affects the thermochemical profile. The maximum 

degradation of 4.57 %/min occurred in microalgae free of coagulants, at 308 ºC, but the 

polyquaternium polymer accelerated total biomass degradation. Moreover, this polymer 

appears to increase heat release in the second stage of decomposition. The aliphatic amines 

polymer was the only coagulant that showed chlorine in the ash analysis, indicating a possible 

trapping effect. This can be a major discovery, as the release of acid gases is a major challenge 

in energy conversion processes. This further reinforces the importance of trying to combine the 

ideal coagulant in the harvesting process for gains in subsequent processes. The harvesting steps 

need to be carefully evaluated in order to obtain a more cost-effective scenario, not only for the 

harvesting step itself but for the whole energy conversion process. 
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Finally, the experimental investigation on wastewater microalgae and the sensitivity of 

gasification performance to ER were evaluated. Understanding the interplay between ER and 

higher efficiency is essential for predicting and optimizing the process. This work represents 

for the first time a wastewater microalgae gasification using air as the gasifying agency in a 

commercial downdraft gasifier. The effects of ER on the syngas composition, HHV, and 

production rate showed an increasing and then decreasing trend with ER with a peak was seen, 

indicating that there is an optimum ER of 0.23 for the best performance of the process. The 

CGE, syngas composition, HHV, and production rate were 87%, 11.86% H2, 19.45% CO, 8.5% 

CH4, 9.82% CO2, 6.23 MJ/Nm3, and 2.79 Nm3 /kg biomass dry, respectively. The tests 

demonstrated the possibility to use wastewater microalgae with 30 wt%. of moisture as biofuel 

in commercial downdraft gasifiers.  

The results presented in this thesis have substantial implications for improving the fundamental 

understanding of wastewater microalgae gasification. The energy recovery could help drive the 

WWTP to a more economical and sustainable process and more studies are demanded. 

 

5.2 Recommendations for future work 

Although this study has shown promising results for the fundamental understanding of 

microalgae gasification, several recommendations for further research can be proposed: 

Detailed economic analysis for the implementation of the microalgae gasification system in 

WWTP with UASB and HRAP reactors. 

Jar Test studies with different pH conditions, to check the efficiency of coagulants under 

different pH conditions. 

Estimation of costs for the application of alkali or acidic compounds, in case of changing the 

pH of the ponds. 

A thorough evaluation of other coagulants, in order to verify their catalytic effects on the 

gasification process. 

Gasification of the sludge mixture of the UASB reactor with microalgae, in order to incorporate 

all the sludge produced in the energy recovery process. 

Thermodynamic modeling of the gasification process, in order to estimate the reuse of heat 

from the hot gases produced, for the biomass drying process. 

Gasification of the microalgae in a different moisture condition, according to the results 

presented in the thermodynamic modeling. 

Exergy analysis to determine the source, location, and magnitude of inefficiencies related to the 

gasification process. 

Electricity production from the produced syngas. 
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Appendix A. Data compilation of microalgae from characterization 

to products of gasification 

 

Table 1 (Appendix A). Compilation of the microalgae characterization. 

Microalgae C H O N S Moisture Volatile Fixed Carbon Ash HHV (MJ/Kg) Protein Carbohydrate Lipid Ref. 

Chlorella vulgaris 49.88 7.546 32.329 9.33 0.915 - - - - - - - - [155] 

Chlorella vulgaris 48.9 6.8 31.3 6.9 - - - - 6.1 - - - - [28] 

Chlorella vulgaris 53.01 8.67 35.05 3.26 - 0 74.59 16.39 9.02 22.02 - - - [103] 

Chlorella vulgaris 45.8 7.9 38.7 7.5 - - - - 7 - 50 15 13 [156] 

Chlorella vulgaris 46.8 6.9 26.3 9.7 0.5 3.4 82.7 4.5 9.8 21.1 - - - [83] 

Chlorella vulgaris 48.3 7.3 32.9 3 - 3.7 - - 4.8 - 58.1 12.4 13.5 [104] 

Chlorella vulgaris 45.49 6.61 28.69 10.28 0.21 - 78.98 10.23 8.72 18.69 (LHV) - - - [115] 

Chlorella vulgaris - - - - - 5.9 - - 7 23.2 - - - [106] 

Chlorella vulgaris 47.13 6.71 23.08 9.88 - 5.4 - - 7.8 - 64.4 10 12.4 [157] 

Chlorella vulgaris 50.39 6.01 22.78 14.77 6.05 6.3 83.5 3.8 5.1 22.5 - - - [94] 

Chlorella vulgaris 40.67 5.27 39.7 - - 6.89 78.4 7.85 6.86 14.94 - - - [128] 

Chlorella vulgaris 45.49 6.61 28.69 10.28 0.21 - 78.98 12.3 8.72 18.692 - - - [158] 

Chlorella vulgaris 49.99 7.39 27.4 9.48 0.5 - 81.84 12.91 5.25 19.57 - - - [159] 

Chlorella vulgaris 53.32 7.14 27.87 10.04 1.63 6.57 51.75 32.1 9.61 - - - - [117] 

Chlorella vulgaris 50 7.1 33.8 5.8 0.53 - - - 3.4 - - - - [160] 

Chlorella sp. 43.92 6.1 29.29 7.39 - 5.5 56.75 24.45 13.3 - - - - [134] 

Chlorella pyrenoidosa 51.88 7.51 27.31 8.49 0.62 - - 19.92 4.62 - - - 10.78 [86] 

           (continued on next page) 



114 
 

 
 

Table 1 – (continued)               

Microalgae C H O N S Moisture Volatile Fixed Carbon Ash HHV (MJ/Kg) Protein Carbohydrate Lipid Ref. 

Spirulina platensis 47.8 6.8 30.6 10.6 0.6 - - - 7.3 - - - - [66] 

Spirulina platensis - - - - - 7.8 - - 7.6 21.2 - - - [106] 

Spirulina platensis 47.83 7.37 25.85 10.87 0.66 11.81 - - 7.69 19.67 - - - [92] 

Spirulina - - - - - - 79.25 7.69 13.06 - - - - [161] 

Spirulina 44.77 6.46 39.69 9.09 0.56 - 77.17 13.33 9.5 16.04 - - - [141] 

Spirulina 45.7 6.3 26.7 10.2 0.8 - - - 10.3  - - - [125] 

Spirulina 41 6.4 32.2 6.1 0.4 6.7 - - 7.2 16.94 - - - [122] 

Arthrospira platensis 48.5 6.59 26.6 9.49 0.54 3.8 - - 8.8 - - - - [68] 

Nannochloropsis salina 54.2 7.8 27.5 4.2 0.6 - - - 6.7 - - - - [125] 

Nannochloropsis sp. 43.3 6 25.1 6.4 0.53 - - -  19 52 12 28 [100] 

Nannochloropsis sp. 38.3 5.6 35.1 6.1 - - 66.6 56.1 14.9 15.9 62 9 18 [85] 

Nannochloropsis gaditana 47.26 7.03 38.5 6.72 0.49 5.12 75.91 8.29 10.68 - - - - [162] 

Nannochloropsis gaditana 53.47 7.92 31.68 6.93 - - - - 14 21.12 38 12 32 [163] 

Phaeodactylum tricornutum 51.93 6.79 22.73 7.28 1.16 - - - 10.11 - - - - [135] 

Phaeodactylum tricornutum 57.03 7.46 24.97 8 1.28 - - - 12.45 - - - - [134] 

Tetraselmis sp. 42.1 8.7 35.4 6.7 6.9 7.9 41.9 < 1 64.4 15.5 - - - [129] 

Tetraselmis sp. 17 3.3 - 2.5 2.1 6.4 35.5 5.90 % 58.6 - - - - [119] 

Chlamydomonas reinhardtii 52.7 7.25 20.4 9.02 0.67 5.1 - - 10.6 - - - - [68] 

Scenedesmus quadricauda 47.71 7.17 28.3 5.78  6.2 - - 4.8 - 26.8 42.7 19.5 [100] 

Scenedesmus sp. 32.6 4.7 19.3 4.2 0.97 7 54.3 7.9 37.8 15.4 - - - [121] 

Acutodesmus obliquus 51.8 7.13 29.23 8.13 0.63 - - - 10 23.3 - - - [139] 

Schroederiella apiculata with Scenedesmus 

dimorphus 
41.3 5.8 - 6.9 1.01 10.8 57.7 19 23.3 - - - - [119] 

Microalgae-bacteria biomass cultivated in sewage 28.26 3.63 23.06 2.83 0.57 13.8 42.2 15.9 41.9 10.55 - - - [64] 

Not specified 51.68 7.19 28.9 8.81 0.48 4.5 - - 2.93 23.07 - - - [107] 

Native saline microalgae and Spirulina 27.1 3.7 15.2 6 0.9 - - - 60.1 - - - - [125] 
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Table 2 (Appendix A). Compilation of hydrothermal gasification of microalgae. 

Microalgae 

Dimension 

Gasifier 

(cm) 

Inner 

diameter 

Gasifier 

(mm) 

Volume 

Gasifier 

(mL) 

Algae 

content, 

mass % 

Catalyst 
Operating 

time (min) 

Carbon 

conversion 

(%) 

Temperature 

(ºC) 

Pressure 

(MPa) 
Feeding Gas composition, volume % Ref. 

Phaeodactylum 

tricornutum 
- - - 4.5 2% Ru/C 30 31.3 420 32.3 0.7 kg/h 

41.3% CO2, 12.5% CH4, 0.1% 

CO, 26.4% H2, 11.5% C2H6, 

8.2% C3H8. 

[135] 

Phaeodactylum 

tricornutum 
15.24 14.3 - 5.1 2% Ru/C 67 74 400 30 30 ml 

34.4% CH4, 2% C2H6, 0.7% 

C3H8, 56.7% CO2, 0.6% CO, 

5.5% H2. 

[124] 

Nannocloropsis 

gaditana 
40 25 - 3 

Na2CO3 / 

K2CO3 
2.133 86 663 24 

2.5 

ml/min 

52% H2, 17.9% CH4, 23% CO2, 

2.4% C2H4, 4.7% C2H6. 
[163] 

Chlorella vulgaris - - 75 6.25 - 30 - 500 - 1 g - [83] 

Chlorella vulgaris - - 120 12.6 

5g, 10g 

and 15g 

Ni 

- 
70.1 @ 15g 

Ni 
350 18 30 g 

37.5% CH4, 10% H2, 18.8% 

CO2, 3.7% others @ 15g Ni 
[28] 

Chlorella vulgaris 151.5 36 - 3-15 5% Ru/C - 45 - 50 400 28 1.4 kg/h - [22] 

Chlorella vulgaris 151.5 36 - 3-15 5% Ru/C - 45 - 50 400 28 1.4 kg/h 
37.1% H2, 33.1% CO2, 29.8% 

CH4 @ 3% algae. 
[160] 

Chlorella vulgaris 15 2 0.5 7.3 

2% Ru / 

4%Ni-

21%/Mo 

/ 5%Co-

20%Mo / 

0,63%Pt-

0,68% / 

Ni  / 

Inconel 

2 
53 with no 

catalyst 
600 24 

0.01 – 12 

ml/min 

7% H2, 22% CO, 25% CH4, 

26% CO2, 20% C2-C3 with no 

catalyst 

[156] 

Chlorella vulgaris / 

Scenedesmus 

quadricauda 

15 - 8.5 5 

12% 

Ni/Al / 

68.2% Ni  

/ Raney 

15 80 - 90 385 26 0.16 g CH4 > CO2 > H2 > CO [157] 

           (continued on next page) 
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Table 2 – (continued)            

Microalgae 

Dimension 

Gasifier 

(cm) 

Inner 

diameter 

Gasifier 

(mm) 

Volume 

Gasifier 

(mL) 

Algae 

content, 

mass % 

Catalyst 
Operating 

time (min) 

Carbon 

conversion 

(%) 

Temperature 

(ºC) 

Pressure 

(MPa) 
Feeding Gas composition, volume % Ref. 

Chlorella vulgaris / 

Spirulina platensis 
- - - 6.25 

NaOH / 

5% 

Ni/Al2O3 

30 74 / 78.4 500 36 1 g 

%Molar: 59% H2, 26.5% CH4, 

14.5% C2-C4 @ Spirulina; 

52.6% H2, 27% CH4, 19.7% 

C2-C4 @ Chlorella 

[106] 

Spirulina platensis - - 30 
20 / 10 / 5 

/ 2.5 

2% Ru/C 

/ 2% 

Ru/ZrO2 

60 / 360 
93 @ 

360min 
399 / 409 

30.8 - 

34.5 
30 ml 

52.4% CH4, 38% CO2, 8.2% 

H2, 1.2 % C2H6, 0.2% C3H8, 

traces of CO 

[66] 

Spirulina 60 2.03 - 25 / 17.5 - 
0.067 / 

0.15 

36.7 @ 

550ºC and 

0.15 min 

550 / 600 23.4 
7.11 g/L 

s 
- [87] 

Spirulina and native 

microalgae / 

diatomaceous / 

Spirulina / Nanocrolos 

sp 

182.8 25.4 - 
21.6 / 24.4 

/ 22.2 / 25 
Ru/C 360 - 600 

90 / 48 / 40 

/ 59 
350 20 

1.0 / 1.2 / 

1.4 / 1.5  

L/min 

52.1% CH4, 42% CO2, 3.3% 

H2, 2.5% C2H6 @ Spirulina; 

49.1% CH4, 48.3% CO2, 1.8% 

H2 @ diatomaceous; 62.5% 

CH4, 36.5% CO2, 0.9% H2 @ 

Spirulina and native 

microalgae; 57.2% CH4, 

39.3% CO2, 2.1% H2, 0.8% 

C2H6 @ Nanocrolos sp 

[125] 

Acutodesmus obliquus - - - 2.5 / 5 - 

480 / 1380 

/ 2700 / 

3000 

60 - 65 @ 

650ºC, 

480min and 

5% algae 

600 / 625 / 

650 
28 

3.6 / 4.8 

g/min 
- [30] 

Acutodesmus obliquus 75 18 - 
2.5 / 5 / 10 

/ 15 / 20 
K2CO3 2.33 - 2.15 

96.4 @ 

2.5%  

algae, 82 @ 

20% algae 

600 / 620 / 

650 / 690 
28 2.5 g/min 

44.7% H2, 33% CO2, 19.1% 

CH4, 2.9% C2H6 @ 2.5% algae 
[139] 

Nannochloropsis sp. 19.2 18 35 21[164] - 60 - 

200 / 250 / 

300 / 350 / 

400 / 450 / 

500 

35 4.27 g - [100] 

           (continued on next page) 



117 
 

 
 

Table 2 – (continued)            

Microalgae 

Dimension 

Gasifier 

(cm) 

Inner 

diameter 

Gasifier 

(mm) 

Volume 

Gasifier 

(mL) 

Algae 

content, 

mass % 

Catalyst 
Operating 

time (min) 

Carbon 

conversion 

(%) 

Temperature 

(ºC) 

Pressure 

(MPa) 
Feeding Gas composition, volume % Ref. 

            

Nannochloropsis sp 11 10 10 
15 / 10 / 

4.7 / 1 
- 77 

60 @ 550ºC 

and 4.3% 

450 / 500 / 

550 
24 0.24 g 

% Molar: 30% H2, 32% CO2, 

25% CH4 @ 550ºC and 4.7% 

algae 

[165] 

Nannochloropsis sp. - - 5 4.3 5% Ru/C 75 45 410 ≥ 22 0.12 g 

% Molar: 42% CO2, 38% H2, 

18% CH4, 2% C2HX, traces of 

CO 

[138] 
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Table 3 (Appendix A). Compilation of conventional gasification on bench scale. 

Microalgae 
Type 

Gasifier 

Dimension 

Gasifier 

(cm) 

Inner 

diameter 

Gasifier 

(mm) 

Moisture 

% mass 

Gasifying 

agent 

Carbon 

conversion 

(%) 

Gasifying 

agent Flow 

(mL/min) 

Agent / 

fuel 

ratio 

Temperature 

(ºC) 

Particle 

Size 

(mm) 

Load Tar 

Gas 

composition, 

volume %, 

and 

observations 

Ref. 

Microalgae cultived in 

sewage 

Horizont

al 

Tubular 

132 60 13.8 Air  20 / 18.1 - 
760 / 860 / 

960 
- 

34.7 / 

36.1 / 

40.9 

g/min 

16.6

% 

16.9% CO, 

11.4% H2 

11.6% CO2 

@ 960ºC 

[64] 

Scenedesmus sp. 

cultivated in sewage 

Fluidized 

bed 
120 77 10 Steam 75.7 - 

2.1 air 

and 0.5 

steam 

821 ± 23 6 
0.87 

kg/h 
- 

Cogasificatio

n of 10 wt.% 

algae with 

coal 

increased CO 

and H2 and 

decrease CO2 

yield 

[121] 

Scenedesmus sp. 

cultivated in sewage 

Fluidized 

bed 
120 77 10 Steam 54.8 4.8 

2.8 air 

and 0.5 

steam 

881 ± 18 6 
0.9 

kg/h 
- 

Cogasificatio

n of 10 wt.% 

algae with 

wood 

increased CO 

and H2 and 

decrease CO2 

yield 

[65] 

Spirulina 

Fixed bed 

Downdra

ft 

51 30 - CO2 - 200 - 950 - 1000 100 50 - - [141] 

Spirulina 

Horizont

al 

Tubular 

520 30 79 O2 
93 @ 

850ºC 
0.39 - 

850 / 950 / 

1000 
- 

0.25 

g/min 
- 

34.5% H2, 

18% CO, 

32.9% CO2, 

10.7% CH4, 

2.1% C2H4, 

0.2% O2 @ 

850ºC 

[122] 

            (continued on next page) 
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Table 3 – (continued)              

Microalgae 
Type 

Gasifier 

Dimension 

Gasifier 

(cm) 

Inner 

diameter 

Gasifier 

(mm) 

Moisture 

% mass 

Gasifying 

agent 

Carbon 

conversion 

(%) 

Gasifying 

agent Flow 

(mL/min) 

Agent / 

fuel 

ratio 

Temperature 

(ºC) 

Particle 

Size 

(mm) 

Load Tar 

Gas 

composition, 

volume %, 

and 

observations 

Ref. 

Spirulina platensis 

Fluidized 

bed (30 

kW) 

190 

76 in bed 

region 

and 198 

in 

freeboard 

region 

2.21 Air / Steam - - 

ER: 0.2 

/ 0.3 / 

0.4 

700 / 800 

6 

diameter 

and 10 

length 

- 

abou

t 5-

15g/

Nm3 

32% CO2, 

30% CO, 

24% H2, 9% 

CH4 @ 800ºC 

and ER 0.3 

[92] 

Tetraselmis sp. / Mix 

Schroederiella apiculata 

and Scenedesmus 

dimorphus 

Fixed bed 140 50 - CO2 100 - - 500 - 1100 0.25 1 - 4 g - - [119] 

Tetraselmis sp. 
Fluidized 

bed 
120 77 < 20 Steam - 35 0.5 850 

1 - 3.35 / 

1 - 2 

1.43 

kg/h 

visua

l 

prese

nce 

Rapid bed 

sintering due 

high salt 

content 

[137] 

Chlorella vulgaris Fixed bed - 14 - 
Fe2O3 / 

Steam 

77.19 @ 

850ºC 

0.0432 

g/min 

steam 

0.25 

molar 

Fe2O3/

C 

700 / 750 / 

800 / 850 / 

900 

< 74 0.379 g - 

Fe increased 

CO2, H2 and 

CO and 

reduced CH4 

and C2Hm 

[115] 

Chlorella vulgaris 
Fluidized 

bed 
39.6 15 6.3 Air - - 

ER: 0.1 

/ 0.2 / 

0.26 / 

0.30 / 

0.35 

500 / 600 / 

700 / 800 / 

900 

0.1 

0.6 g / 

1 g / 

1.5 g / 

2 g / 

2.5 g 

- 

%Molar: 

31.4% H2, 

26.86% CO, 

28.33% CO2, 

13.33% CH4 

@ 800ºC, ER 

0.2 and 2g 

feeding 

[69] 

            (continued on next page) 
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Table 3 – (continued)            

Microalgae 
Type 

Gasifier 

Dimension 

Gasifier 

(cm) 

Inner 

diameter 

Gasifier 

(mm) 

Moisture 

% mass 

Gasifying 

agent 

Carbon 

conversion 

(%) 

Gasifying 

agent Flow 

(mL/min) 

Agent / 

fuel 

ratio 

Temperature 

(ºC) 

Particle 

Size 

(mm) 

Load Tar 

Gas 

composition, 

volume %, 

and 

observations 

Ref. 

Chlorella vulgaris 

Horizont

al 

Tubular 

- - 5.93 O2 - 10 - 
700 / 800 / 

900 
- 

0.1 g / 

0.25 g / 

0.3 g / 

0.5 g 

11.6 

18.5 

%wt 

45.9% H2, 

4.2% CO, 

50.1% CO2, 

3.7% CH4 @ 

800ºC and 

0.3 g feeding 

[94] 

Chlorella vulgaris 

Horizont

al 

Tubular 

- - - Fe2O3 85 - 0.5:0.5 800 < 0.2 1 g <4% 

18.12% H2, 

59.23% CO 

15.06% CO2, 

7.58% CH4. 

[155] 

- 
Entrained 

flow 
45.7 89 3 - 5 

Steam / 

CH4 
> 90 % - - 

1327 / 1377 / 

1427 / 1477 / 

1527 

< 149 
5 - 20 

mg/s 
- - [107] 
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