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RESUMO 
 
 

INTEGRAÇÃO DE PROCESSOS PARA O DESENVOLVIMENTO DE SISTEMAS 
DE BIO-OXICOMBUSTÃO EM INDÚSTRIAS DE ALIMENTOS 

 
AUTOR: Ihana de Aguiar Severo 

ORIENTADOR: Eduardo Jacob Lopes 
 
 

O desenvolvimento de tecnologias alternativas para mitigação de dióxido de carbono 

atmosférico têm sido o foco de muitas pesquisas científicas, com ênfase na economia 

e sustentabilidade dos processos de produção. A oxicombustão é considerada como 

uma estratégia promissora para este propósito, entretanto ela possui algumas 

limitações, às quais podem ser contornadas com a aplicação de fotobiorreatores 

microalgais. Essa rota tecnológica propõe melhorar a eficiência térmica de 

equipamentos de combustão com uso simultâneo dos compostos formados, através 

da técnica de bio-oxicombustão. Nesse sentido, o trabalho teve por objetivos: (i) 

construir um forno de oxicombustão integrado a um fotobiorreator; (ii) estabelecer o 

quociente fotossintético do fotobiorreator; (iii) caracterizar a fração volátil do 

fotobiorreator; e (iv) avaliar o desempenho térmico do forno de oxicombustão. Os 

resultados demonstraram que através do enriquecimento dos gases de exaustão do 

fotobiorreator, obteve-se um ganho significativo na eficiência térmica do sistema, com 

taxas de aquecimento de 30,5% e 45,8% superiores ao uso do ar atmosférico e da 

corrente gasosa industrial simulada, respectivamente. Em relação a composição dos 

gases de exaustão do fotobiorreator, foi possível gerar cerca de 40% de oxigênio que 

foi utilizado como comburente. Dentro desse contexto, foi evidenciado que a 

integração destes processos é altamente potencial para captura de carbono e 

utilização biológica, além de melhorar substancialmente a eficiência energética dos 

sistemas de combustão industrial. 

 
 
Palavras-chave: Oxicombustão. Fotobiorreatores. Integração de processos. Captura 

de carbono e utilização biológica. Indústrias de alimentos. 

  



ABSTRACT 
 
 

PROCESS INTEGRATION FOR THE DEVELOPMENT OF BIO-OXYCOMBUSTION 
SYSTEMS IN FOOD INDUSTRIES 

 
AUTHOR: Ihana de Aguiar Severo 
ADVISOR: Eduardo Jacob Lopes 

 
 

The development of alternative technologies for mitigation of atmospheric carbon 

dioxide have been the focus of many scientific research, with emphasis on the 

economy and sustainability of production processes. Oxycombustion is considered a 

promising strategy for this purpose, however it has some limitations, which can be 

circumvented with the application of microalgal photobioreactors. This technological 

route proposes improve the thermal efficiency of combustion equipment with the 

simultaneous use of the formed compounds, through the bio-oxycombustion 

technique. In this sense, the aims of this work were: (i) build an oxycombustion furnace 

integrated with a photobioreactor; (ii) establishing the photosynthetic quotient of 

photobioreactor; (iii) characterize the volatile fraction of photobioreactor; and (iv) 

evaluated the thermal performance of the oxycombustion furnace. The results 

demonstrated that through of enhancement of photobioreactor exhaust gases, a 

significant gain in the thermal efficiency of the system was achieved, with heating rates 

of 30.5% and 45.8% superior to use of atmospheric air and the simulated industrial 

gas stream, respectively. Regarding the composition of photobioreactor exhaust 

gases, was possible generated about 40% of oxygen that was used as oxidizer. In this 

context, was demonstrate that the integration these processes is highly potential for 

biological carbon capture and utilization, besides substantially improving the energy-

efficiency for industrial combustion systems. 

 
 
Keywords: Oxycombustion. Photobioreactors. Process integration. Biological carbon 

capture and utilization. Food industries. 
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APRESENTAÇÃO 

 

 Essa dissertação está dividida em quatro capítulos, sendo que o Capítulo 1 

contempla os itens Introdução e Objetivos. O Capítulo 2 é composto pela Revisão 

Bibliográfica, que está na forma de dois trabalhos científicos publicados: o 

Manuscrito 1, na forma de um capítulo de livro, e o Manuscrito 2, um artigo de 

revisão. As seções Materiais e Métodos e Resultados e Discussão encontram-se no 

Manuscrito 3, na forma de um artigo em processo de submissão, dentro do item Parte 

Experimental, contemplando o Capítulo 3. No Capítulo 4, está o item Conclusão 

geral, que aborda uma compilação de intepretações a respeito dos resultados obtidos 

nesse trabalho. As Referências pertencem somente às citações que aparecem no 

item Introdução. Ao final dessa dissertação, encontra-se o item Anexos referente ao 

depósito de duas Patentes Internacionais. 
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INTRODUÇÃO E OBJETIVOS 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

1. INTRODUÇÃO 

O aumento das concentrações de gases de efeito estufa (GEE) é atribuído 

como a principal causa do aquecimento global, um problema ambiental com potencial 

para alterar o equilibro climático terrestre. O dióxido de carbono (CO2), emitido 

principalmente da queima de combustíveis fósseis, tem impacto negativo 

representando a maior parcela das emissões (IPCC, 2014). 

Atualmente, o setor industrial é responsável por cerca de 7% das emissões 

globais de efluentes gasosos. Apesar de uma produtividade relativamente baixa em 

comparação aos demais setores, a indústria de alimentos utiliza amplamente 

diferentes fontes energéticas o que, inevitavelmente, favorecem o acúmulo de CO2 na 

atmosfera (LIN & XIE, 2016). De acordo com os dados obtidos do Carbon Disclosure 

Project (CDP), as dez maiores empresas do ramo alimentício, quando juntas, emitem 

cerca de 263,7 milhões de toneladas de GEE por ano (OXFAM, 2017). Dessa forma, 

existe uma ligação explícita entre as alterações climáticas e a produção de alimentos 

(ZHAO et al., 2017). 

A fim de mitigar esse problema, diversas pesquisas foram sendo desenvolvidas 

com o foco na captura de carbono e subsequente armazenamento (CCS) ou utilização 

(CCU). Diversos autores relatam que estas opções devem ser avaliadas tendo em 

vista a crescente demanda de energia, infraestrutura, bem como a economia do 

processo (SCHEFFKECHT et al., 2011; CUÉLLAR-FRANCA & AZAPAGIC, 2015; 

RAHMAN et al., 2017). 

Uma das rotas tecnológicas mais promissoras para a captura de carbono é a 

oxicombustão, a qual está fundamentada na substituição parcial ou total do ar utilizado 

nos processos convencionais de combustão por atmosferas enriquecidas de oxigênio. 

Como consequência, há um ganho na capacidade térmica, resultando em uma 

elevada eficiência energética dos equipamentos, redução no consumo de combustível 

e não há formação de poluentes (YIN & YAN, 2016). 

Embora a oxicombustão seja tecnicamente exequível, a principal desvantagem 

inerente a esta tecnologia refere-se à obtenção de oxigênio de alta pureza e em 

grandes volumes. Dentre os métodos para produção de oxigênio, o criogênico através 

de uma unidade de separação do ar (ASU) é considerado a única opção disponível 

comercialmente para este propósito. Contudo, essa unidade requer um alto consumo 

de energia e custo de produção, além de apresentar uma configuração de difícil 
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flexibilidade operacional, inviabilizando sua aplicação em escala industrial (JIN et al., 

2015). 

Em contrapartida, essa limitação pode ser contornada através da aplicação de 

fotobiorreatores, utilizando microrganismos fotossintéticos, como as microalgas, as 

quais geram como co-produto metabólico o oxigênio através das reações de fotólise 

da água (HELDT & PIECHULLA, 2011). Através dessa rota tecnológica, é possível 

obter aproximadamente 0,75 kg de oxigênio para cada 1 kg de CO2 bioconvertido, o 

que demonstra a potencialidade de produção dessa substância nesse tipo de 

equipamento. Estes bioprocessos produzem em paralelo inúmeros compostos 

orgânicos voláteis (COVs) (JACOB-LOPES et al., 2010; JACOB-LOPES & FRANCO, 

2013), que em função das suas estruturas químicas, apresentam considerável valor 

energético, além de liberarem nos gases de exaustão substanciais concentrações de 

CO2. 

 Alternativamente, o desenvolvimento de novas tecnologias, como a captura de 

carbono e utilização biológica (BCCU), podem ser consideradas como uma estratégia 

altamente potencial para aplicação industrial. Essa rota tecnológica converte CO2 em 

bioprodutos de valor agregado (SEVERO et al., 2016). 

 Diante desse contexto, para satisfazer a demanda de oxigênio requerida nos 

processos industriais de oxicombustão e a captura de carbono, o presente trabalho 

está fundamentado no desenvolvimento de um sistema integrado de bio-

oxicombustão. Através dessa técnica, é possível gerar biologicamente oxigênio e CO2 

provenientes da conversão direta em fotobiorreatores de GEE, principalmente CO2, 

que são reutilizados para uso como comburentes e diluentes de nitrogênio, 

respectivamente, em fornos industriais. Ainda, este trabalho é inovador do ponto de 

vista da integração de processos, pois minimiza o consumo de energia e maximiza a 

eficiência, melhorando o desempenho térmico de sistemas industriais de combustão, 

contribuindo de forma efetiva para o desenvolvimento sustentável. 
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2. OBJETIVOS 

2.1. OBJETIVO GERAL 

Desenvolver sistemas integrados de bio-oxicombustão em indústrias de 

alimentos. 

 

2.2. OBJETIVOS ESPECÍFICOS 

- Construir um forno de oxicombustão integrado a um fotobiorreator; 

- Estabelecer o quociente fotossintético do fotobiorreator; 

- Avaliar o desempenho térmico do forno de oxicombustão. 
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Bio-oxyfuel petroleum coke combustion: The process 1 

integration with photobioreactors 2 

 3 

Ihana Aguiar Severo1, Mariany Costa Deprá1, Juliano Smanioto Barin1, Roger 4 

Wagner1, Leila Queiroz Zepka1 and Eduardo Jacob-Lopes1* 5 

 6 

1Department of Food Science and Technology, Federal University of Santa Maria (UFSM), 97105-7 

900 Santa Maria, RS, Brazil 8 

* Corresponding author.  9 

E-mail address: jacoblopes@pq.cnpq.br  10 

 11 

Abstract: The aim of this work was to develop a bio-oxycombustion system 12 

integrated with a photobioreactor. Different concentrations of oxidizers were 13 

injected into the combustion chamber and the temperature and flame stability, 14 

fuel conversion and heating rate were analyzed. The results showed that the use 15 

of photobioreactor exhaust gases as oxidizer in the oxycombustion furnace 16 

increased the thermal efficiency of the system, with heating rates 30.5% and 17 

45.8% higher than the atmospheric air and the simulated industrial gas stream, 18 

respectively. This improvement occurred because the photobioreactor exhaust 19 

gases contain until 40% of oxygen. Thus, the integration of these processes could 20 

be considered as a viable strategy to improve the thermal performance of 21 

oxycombustion systems, with simultaneous use of the compounds formed and 22 

contributing effectively to the sustainability and the economy of industrial 23 

processes. 24 

 25 

mailto:jacoblopes@pq.cnpq.br
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Keywords: oxycombustion, photobioreactors, microalgae, process integration, 26 

biological carbon capture and utilization. 27 

 28 

1. Introduction 29 

 The abundant use of fossil fuels has become a cause of concern due to 30 

their adverse effects on the environment, particularly related to the emission of 31 

carbon dioxide (CO2), a major greenhouse gas (GHG). From the economic point 32 

of view, as long as fossil fuels and carbon-intensive industries play dominant roles 33 

in this sector, carbon capture and storage or utilization will remain a critical 34 

solution for reducing these emissions. However, these technologies face 35 

numerous barriers that must be overcome before they can be used on a large 36 

scale (Bruhn et al., 2016). 37 

 More recently, a related alternative – biological carbon capture and 38 

utilization (BCCU) – has started to attract attention in comparison to the CCU and 39 

CCS, representing a possible strategy for CO2 capture from polluting sources. 40 

BCCU converts biologically CO2 into biomass through photosynthesis to obtain 41 

value-added products (Severo et al., 2016). 42 

In this context, there are some CO2 capture methods associated with 43 

different combustion processes, and oxycombustion has proven to be an 44 

attractive option mainly due to the increase in thermal efficiency (Cuéllar-Franca 45 

and Azapagic, 2015). Additionally, others benefits are related to oxygen-46 

enrichment in combustion systems, such as the ability to be integrated into 47 

current energy production facilities, lower loss of heat energy through the flue gas 48 

and higher heating rates (Wu et al., 2010). The oxycombustion is the process of 49 
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using pure oxygen for the combustion of fuel, resulting in a gas stream with high 50 

CO2 concentrations and nitrogen-free, which can be easily be separated and 51 

used. This process is technically feasible, but the main disadvantage is the 52 

consumption of large amounts of oxygen coming from an energy intensive air 53 

separation unit (ASU) (Leung et al., 2014). 54 

 In order to circumvent this problem, photobioreactors are considered 55 

promising equipment to generate substantial amounts of pure oxygen, since they 56 

serve as photosynthetic microorganism culture medium, such as microalgae. 57 

Metabolically O2 is generated by water photolysis, an important chemical step in 58 

photosynthesis (Walker, 2002). Through this technological route is obtained 59 

about 0.75 kg of O2 for every 1 kg of bioconverted CO2, which demonstrates its 60 

production potentiality. In addition, some authors report the oxygen accumulation 61 

produced in tubular photobioreactors. With this configuration, the concentrations 62 

of dissolved oxygen can reach up to 400% of air saturation, suggesting that 63 

continuous O2 removal is essential in these systems (Molina et al., 2001; 64 

Solimeno et al., 2017). Simultaneously, substantial concentrations of CO2 are 65 

released into photobioreactor exhaust gases. 66 

 Process integration is a methodology for energy saving and mitigation of 67 

emissions, that has been studied for resource conservation, besides being widely 68 

used in processing and power generation industries (Liew et al., 2017). As an 69 

alternative to processes using fossil inputs, integration of the bio-based 70 

processes, as for example tubular photobioreactors in oxycombustion systems, 71 

is considered as important approach towards sustainable development. 72 

Therefore, an integrated system for biological conversion GHG into oxygen to be 73 
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used as oxidizer, and CO2 for use as nitrogen diluent in oxycombustion systems, 74 

is an innovative technology with large potential for industrial application.  75 

In this sense, the aim of this work was to develop a bio-oxycombustion 76 

system integrated into photobioreactor. The study focused on the evaluation of 77 

the thermal performance of the oxycombustion furnace and the characterization 78 

of the exhaust gases of photobioreactor. 79 

 80 

2. Materials and methods 81 

2.1. Microorganism and culture conditions 82 

Axenic cultures of Scenedesmus obliquus CPCC05 were obtained from 83 

the Canadian Phycological Culture Centre. Stock cultures were propagated and 84 

maintained in synthetic BG-11 medium (Braun-Grunow medium) (Rippka et al., 85 

1979) and pH 7.6. The incubation conditions used were 30 ºC, photon flux density 86 

of 15 µmol m-2 s-1 and a photoperiod of 12 h. 87 

 88 

2.2. Photobioreactor design 89 

Measurements were made in a bubble column photobioreactor (Maroneze 90 

et al., 2016). The system was built in 4 mm thick glass with internal diameter of 91 

7.5 cm, height of 75 cm and nominal working volume of 2.0 L. The dispersion 92 

system for the reactor consisted of a 1.5 cm diameter air diffuser located in the 93 

center of the column. The reactor was illuminated with forty-five 0.23 W LED 94 

lamps (total consumption of 0.01125 kW h), located in a photoperiod chamber. 95 

The CO2/air mixture was adjusted to achieve the desired concentration of carbon 96 
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dioxide in the airstream, through three rotameters that measured the flow rates 97 

of carbon dioxide, air and the mixture of gases, respectively. 98 

 99 

2.3. Obtaining the kinetic data in photobioreactor 100 

The experiments were carried out in photobioreactors operating in 101 

intermittent regime, fed with 2.0 L of culture medium. The experimental conditions 102 

were as follows: initial cell concentration of 0.1 g L-1, isothermal reactor operating 103 

at a temperature of 26 °C, photon flux density of 150 µmol m-2 s-1 and continuous 104 

aeration of 1 VVM (volume of air per volume of culture per minute) with the 105 

injection of air enriched with 15% carbon dioxide (Jacob-Lopes and Franco, 106 

2013). The cell density, carbon dioxide and oxygen concentrations were 107 

monitored every 24 h during the growth phase of the microorganism. The tests 108 

were carried out in triplicate and the kinetic data referred to the mean of six 109 

repetitions. 110 

 111 

2.4. Kinetic parameters 112 

 Carbon dioxide and oxygen concentration data were used to calculate the 113 

gaseous exchange rates [r = (Co – Ci)·Q·VR
-1, mg/L min] and removal efficiency 114 

[RE = ((Ci – Co)/Ci)×100, %], where Co and Ci correspond to the inlet and outlet 115 

CO2 concentration, respectively, Q is the gas flow and VR is the reactor volume. 116 

Photosynthetic quotient data were determined using equation [PQ = 117 

(d(O2)/dt/d(CO2)/dt)], where dO2/dt and dCO2/dt corresponds to the variation of 118 

the concentration of O2 and CO2 over time, respectively. 119 

 120 
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2.5. Analytical methods 121 

2.5.1. General analysis of process control 122 

 The temperature and pH of the culture medium were determined using a 123 

polarographic probe (Mettler Toledo, Switzerland). Cell concentration was 124 

gravimetrically determined by filtering a known volume of culture medium through 125 

a 0.45 µm filter (Millex FG, Billerica-MA, USA) and drying at a temperature of 60 126 

°C for 24 h. Luminous intensity was determined by using a quantum sensor 127 

(Apogee Instruments, Logan-UT, USA). 128 

 129 

2.5.2. Determinations of CO2 and O2 concentration profiles 130 

Gas chromatograph (GC) was used to determine the concentrations of 131 

CO2/O2 of exhaust gases of photobioreactor. The equipment used was a GC-132 

Greenhouse (Shimadzu, Kyoto, Japan), equipped with two packed columns 133 

connected the flame ionization detector (FID) and thermal conductivity (TCD) and 134 

helium as carrier gas. The amounts of carbon dioxide removed and oxygen 135 

produced was determined from samples 50 µL, taken from the gaseous phase of 136 

the system (inlet and outlet) with a gas-tight microsyringe (Hamilton, Bellefonte-137 

PA, USA). The areas obtained using the integrator Software GCsolution were 138 

compared with reference curves to determine the CO2 and O2 concentrations. 139 

 140 

2.6. Bio-oxycombustion system 141 

The experiments were performed in an oxycombustion system constructed 142 

in laboratory scale (Fig. 1). The experimental apparatus was constituted by a 143 

stainless steel furnace, with coating composed of refractory material. The 144 
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chamber has 3 cm thick in the inner part, a height of 40 cm, length 20 cm and 145 

width 20 cm. The furnace was equipped with two electric resistance of 300 W. A 146 

ceramic support was inserted in the center combustion chamber which was used 147 

for sample introduction. The photobioreactor exhaust gases were directed to the 148 

furnace through of a stainless steel pipe, located on the bottom, containing 80 cm 149 

in length and 3 mm internal diameter. The gases resulting of the combustion in 150 

the furnace were referred by the output channel, located at the top of the 151 

chamber. The system presents a filter for humidity and two pumps to control the 152 

gas flow. 153 

 154 

2.6.1. Fuel composition 155 

The fuel used in the experiments of oxycombustion was the petroleum 156 

coke. The sample was characterized through elemental analysis using an 157 

elemental analyzer Perkin Elmer 2400 CHNS/O (Perkin Elmer, Waltham-MA, 158 

USA), where 2 mg coke were oxidized at 1000 °C and the resulting gases were 159 

measured by thermal conductivity. Acetanilide was used as reference standard 160 

containing 71.09% carbon, 11.84% oxygen, 6.71% hydrogen and 10.36% 161 

nitrogen. The gaseous emissions of a clinkering furnace of the industrial unit 162 

InterCement (Apiaí, São Paulo, Brazil) was considered as source of stationary 163 

industrial emissions for photobioreactor feed, with the following composition: 164 

5.5% O2, 18% CO2 and 76.5% N2. The composition of this emission was 165 

simulated through a primary standard mixture (Praxair, Inc., Brazil). 166 

 167 

2.6.2. Oxidizers 168 
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 Different oxidants were tested in the experiments: atmospheric air, a 169 

gaseous mixture containing 5.5% O2, 18% CO2 and 76.5% N2, corresponding to 170 

a typical industrial conditions used in clinkering furnaces, and the exhaust gases 171 

of the photobioreactor. 172 

 173 

2.6.3. Obtaining kinetic data in bio-oxycombustion furnace 174 

 The experiments were monitored every 24 h during the growth phase of 175 

the microorganism, through the injection of different oxidizers in the furnace of 176 

bio-oxycombustion and in different cell residence times. The experimental 177 

conditions were: initial mass of coke 1.0 g, combustion time of 20 minutes and 178 

aeration rate of 1.0 L/min. During the oxycombustion, the temperature and flame 179 

stability, and the heating rate were continuously monitored. At the end of reaction, 180 

fuel conversion was determined. The tests were carried out in triplicate. 181 

 182 

2.6.4. Thermal performance parameters of bio-oxycombustion system 183 

2.6.4.1. Flame temperature 184 

 The flame temperature monitoring was carried through the thermal image 185 

of the combustion reaction using a long wave infrared camera Flir SC 305 (Flir 186 

Systems, Wilsonville-OR, USA) obtaining images of 320×240 pixels at a rate of 187 

3.75 Hz (3.75 thermal images each second). The camera was positioned at 60 188 

cm of combustion zone. The images were processed using FLIR Tools+ software. 189 

The emissivity of material (0.68) was determined through previous heating of 190 

coke at 100 ºC and all measurements were corrected for ambient temperature 191 

and relative humidity. 192 
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 193 

2.6.4.2. Flame stability 194 

 The flame stability in furnace was evaluated based on the values average 195 

of temperature during the combustion kinetics [FS = (σT/T) × 100, %], where σT 196 

corresponds to the standard deviation of the average temperature and T is the 197 

average flame temperature. 198 

 199 

2.6.4.3. Fuel conversion 200 

 At the end of combustion reaction, the mass of coke converted was 201 

calculated [X = (Mi - M/Mi - Mc), %], where X corresponds to the converted fraction 202 

and M represents the mass of coke in different stages of combustion. 203 

 204 

2.6.4.4. Heating rate 205 

 The heating rate was determined [dT/dt = (Tn – To)/(tn – to), ºC/s], where 206 

Tn is the instantaneous furnace temperature, To is the initial furnace temperature, 207 

tn – to is the time taken from the start of the experiment till the furnace reach final 208 

temperature. 209 

 210 

2.7. Statistical analyses 211 

 Analysis of variance (one-way ANOVA) and Tukey's test (p < 0.05) were 212 

used to test differences between the oxidants studied. The analyses were 213 

performed with the software Statistica 7.0 (StatSoft, Tulsa-OK, USA). 214 

 215 

3. Results and Discussion 216 
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3.1. Evaluation of the thermal performance of the oxycombustion furnace 217 

Figure 2 shows the thermal performance of the oxycombustion furnace 218 

with the injection of different oxidizers in the combustion chamber at different cell 219 

residence times. The analysis of the flame temperature dynamics in the 220 

oxycombustion furnace operated with the different oxidizers evidence that the 221 

use of the photobioreactor exhaust gases presents the highest flame 222 

temperatures in parallel with the heating rates of the furnace. A clear difference 223 

is observed between the thermal profiles obtained through the different oxidizers 224 

used in the experiment, because with the utilization of the photobioreactor 225 

exhaust gases, the flame temperature reaches the peak in a reduced period of 226 

time (about 80 s). On the other hand, with the use of atmospheric air as oxidizer, 227 

the flame temperature is also high, however it presents a long time period, with 228 

about of 180 s to that the maximum temperature is achieved in the furnace. 229 

Despite the difference in the combustion time, these two oxidizers have very 230 

similar thermal profiles. This is because the heat released during combustion and 231 

the heat transferred are quite similar both in O2/N2 and O2/CO2 atmospheres (Bu 232 

et al., 2016). In contrast, the simulated industrial gas stream presents a more 233 

differentiated behavior of the other analyzed conditions, since the flame 234 

temperature increases slowly and reaches the peak in approximately 720 s of 235 

combustion, characterizing an unsatisfactory thermal performance. 236 

 Comparatively, an experimental study, conducted by Wu et al. (2010) on 237 

the temperature variation as a function of the concentration of oxygen in the 238 

oxidizer, shows that the variation of the oxygen level from 21% to 30% in the 239 

oxidizer promotes the elevation temperature in the combustion chamber. For 240 
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21% of O2, the time required to heat the chamber at 1200 ºC was 3700 s and is 241 

only 2000 s for 30% O2. This reduction in delay is explained by the decrease of 242 

the nitrogen amount in the oxidizer which limits the thermal losses. 243 

In order to test the variation of the injection of the different oxidizers, the 244 

thermal parameters of the oxycombustion furnace performance were analyzed 245 

and can be better visualized in Table 1. The results obtained from the present 246 

experiment confirm the superiority of use of the photobioreactor exhaust gases 247 

in relation to the other oxidizers tested. For the 96 h cell residence time, 248 

considered the best condition in the furnace thermal performance, the highest 249 

values were obtained, with a flame temperature of 1000.5 ºC, flame stability of 250 

6.2%, fuel conversion of 99.2% and heating rate (dT/dt) of 5.9 ºC/s. According to 251 

Wall et al. (2009), many of these effects are explained by differences in gas 252 

properties between CO2 and N2, the main diluting gases in oxycombustion and 253 

combustion with air, respectively, impacting both heat transfer as the combustion 254 

reaction kinetics. Additionally, the molecular weight of CO2 is 44 g.mol-1, 255 

compared to 28 for N2 g.mol-1, thus the density of the flue gas is higher in 256 

oxycombustion.  257 

Similarly, the heat capacity of triatomic molecules such as CO2 and H2O, 258 

is higher than diatomic molecules, such as N2. These characteristics is related to 259 

the greater emissivity of the oxycombustion gases, resulting in a high transfer of 260 

heat by radiation in the furnace. Moreover, the O2 diffusion rate in CO2 is 0.8 261 

times higher than in N2 (Scheffknecht et al., 2011; Yin and Yan, 2016). In contrast, 262 

for the simulated industrial gas stream, low oxygen concentrations can lead to an 263 

unstable flame and reduced temperature. Thus, the oxygen-enrichment has an 264 
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extremely important role on increasing the temperature and flame stability, 265 

energy efficiency, heating rate and reduction of fuel consumption (Riahi et al., 266 

2016). 267 

Finally, Figure 3 shows the thermograms of the oxycombustion furnace, 268 

comparing the different oxidizers used, during 20 min of petroleum coke 269 

combustion. As can be seen, in the clearer parts of the thermogram in relation to 270 

the color scale, the maximum temperature was obtained with the enrichment of 271 

the photobioreactor exhaust gases at a combustion time between 2-6 minutes. 272 

Likewise, the higher temperatures for the atmospheric air are distributed in the 273 

region corresponding to the combustion time between 6-10 minutes and for the 274 

simulated industrial gas stream between 14-18 minutes. In this sense, the thermal 275 

images reinforce the superiority of the use of the photobioreactor exhaust gases 276 

to be applied as gaseous fuels in the bio-oxycombustion furnace. 277 

 278 

3.2. Analysis of the composition of photobioreactor exhaust gases 279 

Despite the existence of many studies considering only biomass, it is also 280 

observed that other products are involved in carbon dioxide conversion in 281 

photosynthetic cultures, since O2 is the most relevant when generated in these 282 

bioprocesses (Jacob-Lopes et al., 2010). The Figure 4 shows the CO2 283 

conversion, O2 release and photosynthetic quotient (PQ) in the photobioreactor. 284 

The behavior of both rates are similar throughout the experiment, 285 

presenting low rate values at early and late cultivation times and reaching 286 

maximum rates at 96 h of cultivation (18.3 ± 0.5 mgCO2/L/min and 16.0 ± 0.7 287 

mgO2/L/min for CO2 sequestration and O2 release, respectively). 288 
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 The ratio between the converted CO2 and the O2 produced resulted in a 289 

PQ in the order of 0.71. This result is consistent with the expected value by 290 

photosynthetic equation which establishes that each 1 g of CO2 consumed is 291 

correspondent to a release of 0.73 g of O2. Comparatively, the mean value of PQ 292 

found by Jacob-Lopes et al. (2010) to measure CO2 sequestration rates and O2 293 

release was 0.74, using the culture of Aphanothece microscopica Nägeli in a 294 

bubble column photobioreactor. For Spilling et al. (2015), the value obtained was 295 

similar, with PQ of 1.2 to a planktonic diatom species. This ratio provides more 296 

accurate values of the components involved in photosynthesis, such as 297 

absorption of CO2 from measures of primary production of oxygen, and generally, 298 

the value is close to 1.0. Additionally, the values of PQ vary according to 299 

physiological factors, as the species of microalgae used, the type of organic 300 

molecule produced, as well as the source and proportion of assimilated nutrients 301 

(Eriksen et al., 2007). 302 

Based on these aspects, the photolysis reactions of water provided in the 303 

experimental conditions the generation and consequently the desorption of 304 

approximately 40% of oxygen to photobioreactor exhaust gases. This 305 

concentration of oxidizer strengthened the thermal performance of furnace of bio-306 

oxycombustion, as presented previously. 307 

 In order to compare quantitatively, the technologies for obtaining pure 308 

oxygen are usually in the range of 25 to 99% (Belaissaoui et al., 2014). The 309 

cryogenic method through an ASU is considered the only commercial technology 310 

available for this purpose, and to satisfy the demand of oxycombustion, oxygen 311 

production should be large volumes (7000–9000 ton/day of oxygen), implying an 312 
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energy expenditure of 500 MW (Jin et al., 2015). According to the U.S. 313 

Department of Energy (DOE) Industrial Technologies Program (ITP) and the 314 

Industrial Heating Equipment Association (IHEA), some systems use almost 315 

100% oxygen in the main combustion header, while others blend in oxygen to 316 

increase the oxygen in the incoming combustion air. However, about 30% of 317 

oxygen is effectively injected into oxycombustion chambers. For the clinkering 318 

furnaces, for example, they normally operate with an excess air rate in the order 319 

of 5 to 15%, which corresponds to percentage of injectable oxygen in the 320 

combustion chamber in the range of 1 to 6% of O2. In addition, for this type of 321 

furnace, oxygen-enrichment can reduce fuel requirements by around 7-12% 322 

(DOE; IHEA, 2007). 323 

 Finally, should be consider that only the oxygen-enrichment close to 40% 324 

in furnaces operated at 1000 ºC provides an energy savings close to 60%. Thus, 325 

as in some industries, the energy consumption can account for 10% or more of 326 

total operating costs (IHEA, 2007). Specifically, for the petroleum coke, these 327 

improvements represent an economy of the USD 240 per metric ton of fuel 328 

burned (OCI, 2013). In this way, the bio-oxycombustion technology proposed in 329 

this study, can represent an opportunity in the systems improvements aiming to 330 

increase efficiency, reduce emissions and boost productivity. 331 

 332 

4. Conclusions 333 

Based on the different oxidizers tested, the thermal parameters of the 334 

system increased proportionally to the amount of oxygen supplied to the furnace. 335 

The results proved that the photobioreactor exhaust gases were able to provide 336 
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a superior overall thermal performance in the bio-oxycombustion system, 337 

suggesting their application as oxidizer in combustion systems. The process 338 

integration was a potential engineering approach in order to promote the 339 

sustainability and economy of these industrial processes. 340 

 341 
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(A) (B) 

466 

Figure 1. Schematic diagram of bio-oxycombustion system. (A) 1: Pumps for the flow control 467 

and mixing of gases; 2: Photobioreactor; 3: Dehumidifier; 4: Oxycombustion furnace; (B) 1: 468 

Electrical resistances; 2: Photobioreactor exhaust gases inlet channel; 3: Output channel of 469 

the exhaust gases; 4: Thermal sensor; 5: Ceramic support; 6: Combustion chamber. 470 

 471 
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          (A)           (B) 

  

          (C)           (D) 

• Simulated industrial stream    • Photobioreactor exhaust gases    • Atmospheric air 

Figure 2. Dynamic of flame temperature in the oxycombustion furnace. Photobioreactor 480 

exhaust gases in: (A) 0 h, (B) 48 h, (C) and (D) 144 h. 481 
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 488 

Figure 3. Thermograms of furnace of bio-oxycombustion. 489 

 490 

 491 

 492 



 

 493 

 Figure 4. Carbon dioxide conversion, oxygen release rates and photosynthetic quotient 494 

(PQ) in the photobioreactor. 495 
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Table 1. Thermal performance parameters of bio-oxycombustion system. 510 

Different letters in the same line differ significantly by Tukey test (α = 0.05)511 

Parameter 
Atmospheric 

air 
5.5 O2 + 17% 
CO2 + 76.5 N2 

PBR 
(0 h) 

PBR  
(24 h) 

PBR  
(48 h) 

PBR  
(72 h) 

PBR  
(96 h) 

PBR  
(120 h) 

PBR  
(144 h) 

Flame temperature (ºC) 907.3e ± 7.0 822.8j ± 8.2 925.9d ± 16.6 879.7g ± 16.9 929.9c ± 13.8 953.8b ± 16.1 1003.5a ± 62.4 900.1f ± 39.1 856.0h ± 34.0 

Flame stability (%) 0.8f ± 0.00 1.0ef ± 0.00 1.8d ± 0.00 1.9d ± 0.00 1.5de ± 0.00 3.4c ± 0.02 6.2a ± 0.01 4.4b ± 0.04 4.0b ± 0.02 

Fuel conversion (%) 99.1ab ± 1.90 99.1d ± 0.70 99.6a ± 1.1 98.0e ± 0.90 99.5a ± 1.30 98.8b ± 0.50 99.2ab ± 1.00 99.3ab ± 1.70 99.4a ± 0.60 

Heating rate (ºC/s) 4.1cde ± 0.12 3.2f ± 0.05 4.6bc ± 0.15 4.2cde ± 0.2 4.6bc ± 0.1 5.0b ± 0.25 5.9a ± 0.45 4.6bc ± 0.97 4.3cd ± 0.34 



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Capítulo 4 

CONCLUSÃO GERAL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

3. CONCLUSÃO GERAL 

 O sistema integrado de bio-oxicombustão desenvolvido demonstrou ser uma 

estratégia potencial para captura de carbono e utilização biológica; 

 Considerando o forno de oxicombustão, todos os parâmetros de desempenho 

térmico foram substancialmente melhorados com o enriquecimento dos gases de 

exaustão do fotobiorreator; 

 Para o tempo de residência celular de 96 horas, considerado a melhor condição 

experimental, obteve-se um ganho significativo na eficiência térmica do sistema, com 

taxas de aquecimento de 30,5% e 45,8% superiores ao uso do ar atmosférico e da 

corrente gasosa industrial simulada, respectivamente; 

Em relação à composição dos gases de exaustão do fotobiorreator, foi possível 

gerar uma concentração de aproximadamente 40% de oxigênio, para uso como 

comburente; 

Desta forma, através da integração destes processos, foi possível desenvolver 

um sistema de combustão superior às tecnologias atualmente disponíveis 

industrialmente. 
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ANEXOS 

 

ANEXO A – PATENTE DEPOSITADA NO PATENT COOPERATION TREATY (PCT 

– TRATADO INTERNACIONAL DE PATENTES) 
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ANEXO B – PATENTE DEPOSITADA NO INSTITUTO NACIONAL DE LA 

PROPRIEDAD INDUSTRIAL – ADMINISTRACIÓN NACIONAL DE PATENTES (INPI 

– ARGENTINA) 
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