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RESUMO

INTEGRACAO DE PROCESSOS PARA O DESENVOLVIMENTO DE SISTEMAS
DE BIO-OXICOMBUSTAO EM INDUSTRIAS DE ALIMENTOS

AUTOR: Ihana de Aguiar Severo
ORIENTADOR: Eduardo Jacob Lopes

O desenvolvimento de tecnologias alternativas para mitigacdo de didxido de carbono
atmosférico tém sido o foco de muitas pesquisas cientificas, com énfase na economia
e sustentabilidade dos processos de producao. A oxicombustdo € considerada como
uma estratégia promissora para este propoésito, entretanto ela possui algumas
limitacBes, as quais podem ser contornadas com a aplicacdo de fotobiorreatores
microalgais. Essa rota tecnoldgica propde melhorar a eficiéncia térmica de
equipamentos de combustdo com uso simultdneo dos compostos formados, através
da técnica de bio-oxicombustdo. Nesse sentido, o trabalho teve por obijetivos: (i)
construir um forno de oxicombustéo integrado a um fotobiorreator; (ii) estabelecer o
quociente fotossintético do fotobiorreator; (iii) caracterizar a fracdo volatil do
fotobiorreator; e (iv) avaliar o desempenho térmico do forno de oxicombustdo. Os
resultados demonstraram que através do enriquecimento dos gases de exaustao do
fotobiorreator, obteve-se um ganho significativo na eficiéncia 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 relagédo a composicédo dos
gases de exaustao do fotobiorreator, foi possivel gerar cerca de 40% de oxigénio que
foi utilizado como comburente. Dentro desse contexto, foi evidenciado que a
integracdo destes processos € altamente potencial para captura de carbono e
utilizac@o biologica, além de melhorar substancialmente a eficiéncia energética dos

sistemas de combustao industrial.

Palavras-chave: Oxicombustdo. Fotobiorreatores. Integracao de processos. Captura

de carbono e utilizagdo biologica. Industrias 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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APRESENTACAO

Essa dissertacdo esta dividida em quatro capitulos, sendo que o Capitulo 1
contempla os itens Introducao e Objetivos. O Capitulo 2 € composto pela Reviséo
Bibliografica, que estd na forma de dois trabalhos cientificos publicados: o
Manuscrito 1, na forma de um capitulo de livro, e 0 Manuscrito 2, um artigo de
revisdo. As secdes Materiais e Métodos e Resultados e Discussao encontram-se no
Manuscrito 3, na forma de um artigo em processo de submisséo, dentro do item Parte
Experimental, contemplando o Capitulo 3. No Capitulo 4, esta o item Concluséo
geral, que aborda uma compilacao de intepretacdes a respeito dos resultados obtidos
nesse trabalho. As Referéncias pertencem somente as citacdes que aparecem no
item Introducdo. Ao final dessa dissertacédo, encontra-se o item Anexos referente ao

depdsito de duas Patentes Internacionais.



Capitulo 1

INTRODUCAO E OBJETIVOS



1. INTRODUCAO

O aumento das concentracdes de gases de efeito estufa (GEE) € atribuido
como a principal causa do aquecimento global, um problema ambiental com potencial
para alterar o equilibro climatico terrestre. O dioxido de carbono (CO2), emitido
principalmente da queima de combustiveis fdsseis, tem impacto negativo
representando a maior parcela das emissoées (IPCC, 2014).

Atualmente, o setor industrial € responsavel por cerca de 7% das emissdes
globais de efluentes gasosos. Apesar de uma produtividade relativamente baixa em
comparacdo aos demais setores, a industria de alimentos utiliza amplamente
diferentes fontes energéticas o que, inevitavelmente, favorecem o aciimulo de CO2 na
atmosfera (LIN & XIE, 2016). De acordo com os dados obtidos do Carbon Disclosure
Project (CDP), as dez maiores empresas do ramo alimenticio, quando juntas, emitem
cerca de 263,7 milhdes de toneladas de GEE por ano (OXFAM, 2017). Dessa forma,
existe uma ligagéo explicita entre as alteragfes climéticas e a produgéo 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 utilizacao
(CCU). Diversos autores relatam que estas op¢des devem ser avaliadas tendo em
vista a crescente demanda de energia, infraestrutura, bem como a economia do
processo (SCHEFFKECHT et al., 2011; CUELLAR-FRANCA & AZAPAGIC, 2015;
RAHMAN et al., 2017).

Uma das rotas tecnoldgicas mais promissoras para a captura de carbono é a
oxicombustao, a qual esta fundamentada na substituicdo parcial ou total do ar utilizado
Nnos processos convencionais de combustédo por atmosferas enriquecidas de oxigénio.
Como consequéncia, h4 um ganho na capacidade térmica, resultando em uma
elevada eficiéncia energética dos equipamentos, reduc¢do no consumo de combustivel
e ndo ha formacao de poluentes (YIN & YAN, 2016).

Embora a oxicombustéo seja tecnicamente exequivel, a principal desvantagem
inerente a esta tecnologia refere-se a obtencdo de oxigénio de alta pureza e em
grandes volumes. Dentre os métodos para producao de oxigénio, o criogénico atraves
de uma unidade de separacdo do ar (ASU) é considerado a Unica opcéo disponivel
comercialmente para este propdsito. Contudo, essa unidade requer um alto consumo

de energia e custo de producdo, além de apresentar uma configuracdo de dificil
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flexibilidade operacional, inviabilizando sua aplicacdo em escala industrial (JIN et al.,
2015).

Em contrapartida, essa limitacdo pode ser contornada através da aplicacédo de
fotobiorreatores, utilizando microrganismos fotossintéticos, como as microalgas, as
quais geram como co-produto metabdlico o oxigénio através das reacdes de fotolise
da 4gua (HELDT & PIECHULLA, 2011). Através dessa rota tecnoldgica, € possivel
obter aproximadamente 0,75 kg de oxigénio para cada 1 kg de CO:2 bioconvertido, o
gue demonstra a potencialidade de producdo dessa substancia nesse tipo de
equipamento. Estes bioprocessos produzem em paralelo inGmeros compostos
organicos volateis (COVs) (JACOB-LOPES et al., 2010; JACOB-LOPES & FRANCO,
2013), que em funcdo das suas estruturas quimicas, apresentam consideravel valor
energético, além de liberarem nos gases de exaustdo substanciais concentracfes de
CO:a.

Alternativamente, o desenvolvimento de novas tecnologias, como a captura de
carbono e utilizac&o biolégica (BCCU), podem ser consideradas como uma estratégia
altamente potencial para aplicacéo industrial. Essa rota tecnoldgica converte CO2 em
bioprodutos de valor agregado (SEVERO et al., 2016).

Diante desse contexto, para satisfazer a demanda de oxigénio requerida nos
processos industriais de oxicombustdo e a captura de carbono, o presente trabalho
estd fundamentado no desenvolvimento de um sistema integrado de bio-
oxicombustdo. Através dessa técnica, é possivel gerar biologicamente oxigénio e CO:2
provenientes da converséo direta em fotobiorreatores de GEE, principalmente COq,
gue sao reutilizados para uso como comburentes e diluentes de nitrogénio,
respectivamente, em fornos industriais. Ainda, este trabalho é inovador do ponto de
vista da integracdo de processos, pois minimiza o consumo de energia e maximiza a
eficiéncia, melhorando o desempenho térmico de sistemas industriais de combustao,

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

2.1. OBJETIVO GERAL
Desenvolver sistemas integrados de bio-oxicombustdo em induastrias

alimentos.

2.2. OBJETIVOS ESPECIFICOS
- Construir um forno de oxicombustéo integrado a um fotobiorreator;
- Estabelecer o quociente fotossintético do fotobiorreator;
- Avaliar o desempenho térmico do forno de oxicombustao.

de
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Capitulo 2

REVISAO BIBLIOGRAFICA
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1. MANUSCRITO 1

Photobioreactors in integrated systems of oxycombustion

Ihana Aguiar Severo, Rodrigo Stefanello Bizello, Leila Queiroz Zepka e Eduardo

Jacob-Lopes

Capitulo publicado no Livro Photobioreactors: Advancements, Applications and

Research, Nova Science Publishers, Inc., New York, 2016.
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Photobioreactors in integrated systems of
oxycombustion

Thana A. Severo, Rodnigo 5. Bizello, Leila (). Zepka and Eduardo
Jacob-Lopes
Department of Food Science and Technology,
Federal University of Santa Maria (UFSM), Samta Maria RS, Brazil

ABSTRACT

Some strategies for reducing preenhouse gas emissions to the atmosphers, especially carbon
diogide, have been the focus of pumerous reseanches on the development of mew technalogiss
that are enargy afficient and ecopomically viable in mcustrial processas. [n thiz sepse, the aim
of thiz chapter i3 to provide an overview of industrial system: of oxyoombustion integrated i
microalgal photobioreactors. Dimvided mio frve distinct fopics, the chapber discusses issues
relaied to carbon caphire teckmologies, the science and technelogy of the opycomibustion, the
biological opypen gensration, the photobicreactors and the proces: integration, sUMmMATIZIRE
a rangs of useful strategies directed to the industrial sustamable development

Kevwords: biological carbon captore and utilization, proces: imtegration, photobioreactors,
photosymthesis, axycombustion, axyhael

INTRODUCTION

Global climate champe b asmsociated with aothropopenic emissbon: of atmosphenic
polhitants, especially carbon dioxide. According to the statistics by Intergovermmental Panel
on Climate Change, C0; emizsions from buming fossil foels of the mdustrial processsy
coatributed abouat TE% of total emissions of greenhouse pases (GHG) io the last 40 vears [1].
In parallel, the Imternational Energy Apency regularhy analyses pashways for reducing energy-

oL weewpamiling. Awihion sililies

Eimwidl: Jrmsodsbooes ) oo g, b5
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1 Severo et 2l

related OO emizsion: This informatton suggests the necs:sity of ressarches om the
development and management of alternative technologie: that are economical and energy-
efficient in industrial processes, emabling mitization of these compounds [1].

The oxycombustion has proven to be one of the best forms of carbom capture from
stationary sources, due to its ability to mitipate emission: and improve combustion
performance. This technological route is based on the replacement of the amr wed m
combustion processes by opyveen-rich amespheres [3; 4] As a consequence of the increased
pamizal pressure of oxygen I combuston processes, there i@ 2 gain I thermal capaciy,
resulting in preater overall efficiency of egquipment, redocmg fossil fuel consumption and
consequently emizsaion: of greenhouss gases [3]

Dezpite the oxycombuston be an atfractive technology, thiz approach ha: faced
sipmificant difficulties m mmplementation related to the cost and the purity of the oxvesn
produced, beyond control of operating svitem variable:, umfeasible their azpplication m
industrial scale [§].

Regarding these wsues, the limrtation: can be circopmvented through the photobloreactors,
using photosynthetic microorgamisme, 25 the mioroalgae, which have 2z 2 metabolic co-
product the oxygen supparted by the water photalyris reactions. Additionally, the bioproces:
mediated by microalzae produce in parallel mumerous volatile organic compounds that have
considerable energy comtent, besides releasmz substantial coacemtration: of CO- i exhaust
Eases, SEVIRE 23 nitrogen diluent [7; £].

Prompted by povernment actions and in order to raduce the carbon footprint, several
alternative technologies have been developed focuring on the caphure, storage and'or usz of
carbon [¥]. The biological carbon capture and utilization (ECCLT) i= a high potential
technology for industrial application, because it convert: biclogically carbon dioxide with
their integration into a oxyoombustion process. Therefoss, the bio-oxyoomibustion techmigue
is discussed in this review, mcluding fusls derived from biclogical comversion processes of
GHG through photosynthesis.

These strategies are highlighted for being economically viable and for improving the
themmal performance of industrial combustion syvstems, effectively contmbuting to sustainable
development. In this sense, the ams of thix chapter was to provide an cverview of mtegrated
svstems of industrial oxycoministion in microalgal photobioreactons.

CARBON CAPTURE TECHNOLOGIES

Global emissions of carbon dioxide reach more than 10 ballion tons per year In comtrast,
it 15 estimated that such emiszions should be reduced by at least 50% to mitizate the mcrease
in global temperature. In this scenarso, the oycombustion technolopy have been proposed as
2 viable option to capture approximately 90% OO m large point sources of emitsions,
coasisting basically of compression stages, Capture, transpart and storage or whlization [10].

In carbon capfure and storage (05, the CO; 1 caphired, compressed and transparted
through pipeliges to be stored in an appropriate location. generally in the deep ocCean, in
gealogical formations undergrousd of in the form of mimeral carbonate [11). According to the
International Enerpy Agency, currently the O3S is emploved in some enargy sectors around
the world, bat it is a relstnely expensive technelopy, requiring a complex infrastructare,

19
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beinz m development for the generation enerey in other mdustrial processes. Moreover, the
storage is not 2n entirely safe ophion, because may occur leakage to the atmosphers, followsad
by possible environmental impacts [11; 13].

On the other hand, carbon caphare and whilization (CCTT) have al:o been explored with the
pozatbility of usmg CO; in commercial procasses, either m pare form or 2s Rw material in the
svnthesi: of pumerpu: chemical products in different areas, such as food and beverages,
pharmaceatical, mineral, chemical solvents, plastics, foel: amd echamced ofl recovery.
However, there are some bamiers to that the CCU to performed in these sectors, as the larze
ampunt of additional power and supply capacity and product demand in the market [14; 13].

Fecently, biological carbon caphare and utilization (BCCTT) may be a viable alternative m
comparizon to the OCUT and CCS, represemting 2 coacrete step toward the goal of a
sustamahble chemical industry, with concomitant reduction in overall costs of the CO, capture
proces: and emizsiom: [16; 17, 18], Thi: techoolopical route comsists of the binlogical
coaversion of CO; mie biomass through photesynthesis, for the extraction of kigh value-
added prodocts. Mechamisme mvelving the C0; we specific catalysts, some of which are
mediated by biological svstems. Microorganisme capable of fizing C0O- are prokaryotes aor
eukaryotes. In this context, the microalzae, for example. pressnf hizh photosynthetic rates,
which provide an atractive form of BOCU, recycling the CO; from different sources of
industrial emissions [4).

SCIENCE AND TECHNOLOGY OF THE OXYCOMBUSTION
Process overview

The use of pare oxygen a: oxidant in combustion processes is 2 relatively new approach
to the greenhouse gase: mitigation The opycombustion technology was developed in 1981 to
produce a CO; rich gas used in advanced oil recovery [19]. Cuarrently, the oxycombustion 2
already being applied in combustion proces:es in industrial scale, and the focu: of researche:
has been directed to the new or existng power generation plants [13]

The main characteristic of oxycombustion teckmology it the partial or total replacement
of the air by high purity oxygen. More specifically, this technelogical route 1= based on fosail
fuels combustion in an atmosphere enriched with high purity oxygen free nitrogen, differing
from conventional processas that use air as ogadant [20]

Once this separation occurs, ane obtams 2 high punity O concentration (> 23%) and this
is directed to a power conversion unit which will mix ft with the retycled flue gas of
concemtrated CO),. The Combustion performed in an atmosphere with a mixture of 0,00,
produces a gas stream compnsng OO0 (= 50% by vol ) and H-O. The water i sasily’ removed
by condensation and the remaining CO, is purified and compressed The CO, valume
obtaised can viary by the fpe of process used, the type of fuel, the air lodses, the purity of the
CO; and the excess O; [11]

During combustion, some oxidized components are also formed, such 23 the sulfur
residues which are removed during compression of CO.. After this step, CO. 18 haghly
concemtrated (P5-09% vol.) and s ready for its separation and subsequest Capture [1I).

20



4 Severo et al

Thus, dus to the kigh flame temperatore remling Som bums with praciclly pares O,
part of the pa3 from combustion, rich m C0;, retums to the system to refund the vohmne of
a2 loat when M is removed fom the ar and to prevent the epcessive morsasing temperatare
in the system. A consequence of the increased concemtration of O; is the zam m overall heat
capacity of the equipment, becauss it ncreates radintion heat transference mio the system and
reduces fuel consumption [23]. In theory, the oxycombuston can be used with amy fuel to
thermal epsrey production [14]

Beides the improvement m the energy performance, the oxycombustion ha: the
advantaze of decreasing the volume of exhanst 22 due to the absence of omidizer IV, which
provide: a longer residence time in the burner This is cucial factor for the NO, formation
reduction in approxmuately 50%. On thee conditions, it 12 possible fo reduce the pipslme g2z
output, an important factor to optimize limited space plants [15]

In terma of applicability, the cycombustion has been direcied to the mplemeniation of
new thermal power generation facilities. Moreover, it can be adapted to existing installations,
gack as themmal powsr plants, cement, ron and stesl, indusirizl fomaces, bodlers and ofl
refineries [5; 26; 17].

In comtrast, one of the drawhacks: regarding in relation to this technology refers fo the cost
when one is working with high punty oxygen In this cass, it is necessary a2 purificabion
svitem coming from the oxycombustion, which shows an additiomal cost for the plamt and
increased energy consumphon. Disregardmg the pre-treatment umit and the CO; cleaning, the
impurities presented in the flue ga: can negatively interact with the material of the pipalmes,
forming comosive acids and causing damape to the equipment [24]). In this sense,
disadvantages regarding to the costs in the production of oxygen combined with hizh energy
consumphion has preat mmpact on the cverll efficiency of the plant These are the mam
challengze: to be overcome [10].

Chemical aspects of oxycombustion

The most industrial combustion processes use ar 28 cjidizing 2gent, and in mamy cases,
these processés can be substantially improved by using oxygen as the oxidizing gas [12]

Coambustion reactions ocour when the chemical elements present in a fiuel reacts with an
oxidant (usually oxygen from the zir) releasing large amounts of heat The mam chemical
element: m fuel: that release heat are carbon, Irydrogen and sulfr [18] In addition, several
compounds, mchiding axygen (0], carbon monogide (C0), nitrogen oxides (NO.), sulfur
oxides (50,), methame (CH,), bydrocarbons, water vapor, fpdrochlonic acid, heavy metals,
particulate materials, among others, are also present in Combustion gases [19, 10].

Bated on this mformation, the replacemest of nitrogen for exygen will mmpact on the
temperature, the stability, the propagation velocity and delzy m the flame ignition, the heat
transfer amd reduction of pellutants emissions. These affects are based on differences m
properties of the combustion gases, like oxygen (used 28 oxidizing) and carbon dioxide (used
a8 nitrogen diluent) whick are shonm in Table 1.

In relation to flame temperanire, it 18 neCessary to recirculate abowt 60% of the
oxycombustion of gases 4o that the temperature it the same as that in the combustion with air.
High comcentrations of O; in the system increase the adiabatic flame temperature, which iy
the largest attained temperature in the combustion products without heat exchanging mside ar
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outside the system. On the other band, low concentration: of O: may result in instakility of
flame, zmd consegoenthy there czn be no bamirs of the totz] fissl In this cass, to maintam a
satisfactory stabilify, the O enrichment should be sufficient to epsre the Jame isniton and
to comactly select the amoumt of flus gas that is racycled, establishing the optienm heat
tramefar balance [30]. Thiz fact iz evidenced by the heat capacity (Cg) of moleculs:, becanze
in 1400E the M. presents a Cp of 34.1% kT'k mol, whereas OO has Cp 5782 kTk mol In
additkon to this information, the emizsivity (2) of mztomic substances such 23 CO, and H,O
are greater than dixtomic molecals such 22 W, resulting in graater haat trancfier m the sysbem.
Thiz occars because molecules can undergo a tramsibion to a higher energy level by absorbing
o emitting energy radiation [31; 31

The flams propapation velocity it another important aspsct to be comsidersd As the
molecular weight of C0; (44) is hisher than the molecalar weisht of N, (18), the flue za= has
2 higher demsity and, consequently, there is a delzy in the flame iznition Thiz charactenstic is
alse ralated to the lowest O diffusion rate into the pariicle us=d as fusl Io this sense, smce
there iz enriched with O.. the velocity of the combustion reaction will be higher, which
implies a lower residence fimes in the overall system [33]

In the case of oxycombustion, pollutant emissions such as WO, 50, and mercuary are
generabed io minimal amounts due to the elimnation of nitrogen Som the zir 2nd recyvclad
flue ga: The most important factor: that influence the formation of thess acid gases are the
flamne comditions, especially the ojpygen coacemtrafion and the flame temperature. High
temperatures enable the formation of MO, 2 problem which can be minimized by using pure
oxyzen instead of amr [26]

(Table 1]

Oxveen production by conventionsal technologies

The atmospheric air comprises 3 mixture of gazes, such 2@ nitropen (70%) and oxygsn
{21%). Oxygen is the kev component to any oxyvcombustion system. Thus, there are four
miain methods for oxygen ennchment in 2 oFycombustion system- (1) the addmion of O at the
entrance of the combustion air flow, (i) injection of O; in the air-fuel flame, (i) the total
replacement of the combustion air with kigh pusity O, and (i) igjection separately from the
0O in the combustion air to the bamer [35].

However, to make it possible t0 enrich opycombastion system with oxygen, it is frst
neceisary o make the separation of amr imto fiz individual component:s, and suck process
require: a high emergy demand [36) The air can be separated by four main techmologies
including: cryogenic distillation processes, adsosption, absorption and membrane separation,
which are summanzed in Table 2.

Curremtly, cryogenic air distillation process is the most wsed by mdustry producing
subatantial valames {100-300 toa'day) of high purify oxygen (> #0%:). This process consists
in several unit operations, Compridng compresiion steps, pre-trestment of air punmbication,
coaligg until the point of liguefaction, crvogenic distillztion in the chamber and obtzining the
final concemtrate preduct [37)

Thus, an air separation umit (ASU) 18 required to separats oxvpen and other compounds,
with low emissions pollitamts. However, the ASU is oot an afiractive technology fior
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industrial application, considering that the power consumption in the compresszion step B
emcessive kigh [25; 38].

On the other hand, the production of ojyeen by 2 pressure adsorpiion swing (PSA) B
dome by removing ape or more substances from 2 gas mixture by mtermoelecalar forces with
the 2id of a s0lid adsorbent at kizh pre:sure and low temperature, which will oscillate at low
preszure (nsually atmospheric pressure) Several factor: mfluence this process, such as
temperature, partial pressure, type of adsorbent, adsorption pore size and surface strensth [39;
40]. The P5A proces: provides very pure product (> 95%) and it is suitable for small and
medivm-:ized plamts {20-100 ton'day). However, beside: itz hizh energy consumption, the
PEA has low efficiency in the separation of O compared with other technologie:, depending
on the adsorbent possess low selectvity and adsorption capacity [37].

Other air separation method i= the proces: of abzarption, which can bappen throush a
chemical reaction from an aquepus alkaline selvent. In this reaction it i= penerally nsad amine
and aced, or by means of a physical solvent at elevated partial pressures [41] The Zase:
absorption occur: with the separation of one or mors Components from a gas stream and
through itr mteraction with 2 sohrent, the dissolution of these components occur:. In tum, the
desorption i3 the inverse proces: in which a component in liguid phase passes imto the gas
phase. Thiz process will depend on the solubiity of the solute in the liguid sobvent [41].
Although thess processss are widely uied m industrial sectors, the main problems with the
use of chemical solvents are the corrosion of the absorption cohumn and the large amount of
energy required for the sohqent regeneration process. For the phyical method, the operation
cost becomes lower when compared to the use of chemical absorbents However, im tha
methed, the solvemt absorption capacity is lower, causimg lozs im solvent circulatiom,
obtaining, therefore, higher costs to the chemical methad [17].

Fmally, nevertheless it is a technology that iz stll bemg developed, air separation can
alse be dome by using membrane:. The process occur: with rétention and passage of some
compenents in a ga: flow through different mechanizms The membranes are semi-
permeable, and selective barmers can be made of vamous matemals, organic (polymer) ar
imorganic (zealite, ceramic, carbon or metallic), parous or non-porous [43). Despite being
simple, flexible and low power consumption technology, the membranes cannot :eparate a
mixtare of pases selectvely neither have good heat resistance and chemical and physical
stabality, which is the necessty for further ressarches on industrmial sceme [44) Contidering
thiese aspects, the technology for air separation currentlhy available are considered unattractive
because of the limitations of cost and'ar purity of the produced oxygen. In this sense, it i
nesded development of nsore efficient and economic methods that decrease the ensrgy wie in
industrial scene.

(Takle 2]

BIOLOGICAL OXYGEN GENERATION

Plagts and photosynthetic microorganisms perform oxygenic photosymthesis, releasing
oxygen. Although thére are some differenices in the photosynthetic profess between these
thirea groups, the overall procets is very similar in thess ofgatisms. [o general, photosynthesis
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is a phyzical-chemical process that comverts carbon diojade imto biomass using lizht energy
and producing oxyzen molecules through a sequence of differemt chemical reachon: m
distinct cellular compartments [48]. The zeperal aquation (Eq. 1) to describe photosynthesis =
[447]:

6C0, +12H.0—12 5 H O, +60, +6H.0 )

Photonynthesis i3 characterized by 2 two-staze mechamism 2 :eries of photochemical
reactions that occur only when the cells receive lipht and carbon fixation reactions, zlso
denominated dark reactions, occumring both in the presence of light as in the dark [50]

In the simplest arganizms (prokaryotes) such as cyanobacteria, the photosynthesis ocours
in cytoplzsm, where the thylakoids are located They contam mamy chlorophyll molecuobs:
asseciated to the plazma membrans myvaginations. Moreover, other algas groups (sukaryots:)
perfon photosynthesis completely mside the chloroplast [21] These special organelles are
coated with 2 watery fluid membrane, the stroma, containing stacks of fiat disks boundad by
the thylakoid membrane Immersed membranes thylakoid: are the photosynthetic pigments
that promote the light reaction: and the synthesis of ATP. Furthermore, the sfroma comtzins
the biochemical apparata: mecesszary for the CO. saguestration through the carboxylation
reactions of photosynthesis, also knoan 23 the Calvin-Benson cycle [51].

In the light reactions, there iz the formation of high-energzy compounds sach 23 ATP
{adenosne tripho:phate) and MADPH (nicotinamide ademine dinucleotide phosphate],
esential for the assimilation of morganic carbon and for the oxyeen production. The overall
equation (Eq. 2) for the light reactions iz [53]:

2H,0+ INADP* +3ADP + 3P, + —% 4 INADPH+2H +3ATP 40, ()

Therefore, the light energy i3 retained i two photoreactions prepared by two pigment-
protein complexes, called photosystem [ and IT [34]. The photosystems are formed by the
reaction center of the comples and the complex antenna, Comprising acceisony pigments such
as chlorophyll &, ¢ and 4, carotenoids and phycobiliproteins They are responsible by
absorbing mainky photons and transferming the emergy to the reaction cemter complex In this
senue, therefore, the chiorophyll @ molecules are excited and thedr electrons are transfarred to
amolecule electron acceptor [48]

The electrons then flow through a :eme: of membrane bound tramsporters, incloding
Cytochromses, quinonss, and won-salfar proteins. Simultanecusly, protons are pumpsd by the
thrylakoid membrans in order to gemerate an electrochemiical potential Part of the releassd
energy it incorporated during this electrom transport to ATP m the proces: of
photophosphoryiaton. The ultimate source of electrons for photosyuthesis i+ water, which
yialds in the process of photohysis, or "Hill reaction”, hydropen atoms (protons), electrons and
free oxygen, an important microalgae product and green plants photosynthesis [53]). The Hill
reaction is represented by the equation (Eq. 3) [36]

JHO0——4H" +45+0, 3
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In chemical terms, the Hill reaction occurs when 1:o0l2ted chloroplast: rzlease O: when
illuminated by sunlight in the presence of 2 switable electron acceptor. The recesver is reduced
and molecular O is released. Thus, this reaction is an important 2spect of photosynthesis,
because the O; in the proces:s 12 generatad from the water photolys:: [37].

In the dark reactions or Calvin Cycle, there is the synthesis of sugar: (monosacchandes)
from the CO. fixation The cycle start: with the reaction of mibulose 1.5-bisphosphate
(RuSEP) with CO, which iz catalyzed by the enzyme nbuloze 1.5-bizphosphate
carboxylase'oxyzenase (RuBi:Co). The reaction product 12 broksn into two three-carbon
molecules of 3-phosphoglycerate or 3-phosphoglyceraldebyde (PGA or PGAL) In the
presence of ATP and NADPH, the PGA is reduced to glyceraldshyde 3-phosphats (G3P). The
most of the G3P produced is used to regenerate RuSEP, so that the cycle can be closed. One
out of the :ix RuSEP molecules is not recycled and then condenses to form mtermediate
phosphorous sugars and subsequently glucose [57]. The overall equation (Eq. £) for the light-
independent reactions 1 [33]:

3CO, +9ATP +6NADPH+6H™ — C.H O, phosphate + 9ADP + 8P, + 6NADP~ +3H,0
4

The proces: of oxygen generation 2t the cellular level can be llustrated n Fig. 1 m
eukaryotic and prokaryotic microorganisms.

[Figure 1]

On the other hand, the photosynthetic quotient (PQ) is defined as the molar ratio between
0. released during photolysi: of water in the light-dependent reactions and CO. abiorbed
during the light-independent reactions and this vane: as 2 function of the nitrogen source
used. This ratio provides more accurate value: of the components mvolved in photosynthesis,
such as absorption of CO; from measure: of primary production of oxygen and generally the
value is close to 1.0 [59] According to Jacob-Lopes et al [7], the average value of PQ found
using the culture Aphanothece microscopica Nageii has been 0.74, result which corroborates
the value estimated through the photosynthetic equation, establishing that each 1 g of CO.
consumed corresponds to a release of 0.732 O,

The values of PQ can change depending on various physiological factors, such 23 the
species of microalgae used, the type of organic molecule produced, the source of nitrogen and
the ratio of carbon and nitrogen assumilated [50]

High PQ may be associated with the conversion of nitrate to ammonia, which results in
the production of two molecules of O. absorbad by N. atom Likewise, the formation of
photosynthetic products or organic compounds may also increase the value: of PQ In
addition, once the nitrogen source i3 depleted, the photosynthetic apparatus is affected,
influencing the composition of the produced biomass and consequently the PQ [60; 61].

In contrast, low values of PQ are associated with photorespiration. This process is similar
to the metabolism of cellular respiration, with the assimilation of O, and glucose or other
organic substances, and the production of CO., energy and water, but it occurs oaly in the
presence of light [62]
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Other volatilex compound: releazed by microalzae

Deszpite the egistence of many studie: considermz the fraction of mon-volztile
metabolites, it iz al:o observed that the yield in biomass does not complesaly fulfll the total
carbon balance of the system. Ope should consider, howsver, that other prodoct: ars myvelved
in carbon dicgide comversiom in photomynthetic cultures, 23 exopolymers, carbomates,
bicarbomates and, of particular interest volatile organic compoumds (VOCs) [7; B].

The VOCs are umexplored biomolecules, which are influenced by the culture parametars
may be of great mmpaortance in biochemical elucdabion. Are substances of low polanty and
high preszure vapor pasaimg freely through biological membranes, baing easily emitted to the
atmoszphere [§3]. Some of these compounds, such 23 halocarbon: and aldshydes, are
described in photosynthetic cultures of microalzas, which in tum play a role m chemical
proces:es in the amosphere Moreover, microalgae are capable of symthesizing specific
%0Cs, which mdicate 2 great commercial mierest in biomplecules from remewable :ource:
such as hydrocarbons and short chain alcobols. These compounds can be used for the biofuel:
production, representing sustainable solution: for the energy sector and possibly for the
traditional petrochemical industry [64; 65]

Microalzae are able to form and release substambial amounts of VIOCs belongimg to
different classe: of compounds such a: alcohol, esters, hydrocarboms, terpenss, kstomes,
carboxylic acids and sulfurized Compounds, with chains that can contam up to 10 carboa
atome [66; §7]. Some cyanobacteria are known to symthesize alkanes or alkemes that have
desirzble properties for combustion [§8) Unlike bacieriz that need to symthesize pemetic
alkane:, microalgae need not be eppinesred for ackieving this. Schinmer et al. [65] fourd m
microalgae alkanes such as heptadecane, pentadecane and methy]l beptadacans

The occumrence of VOCs in microalgae i3 a consequence of their metabolism Bazed on
this knowledge, can be sugpgested applicable routes for the symthesis of VOC: both for their
better ecological understanding 22 to thedr potential commercial applications [70]. Figure 2
represents some volatile compounds obfamed in photobioreactor that can be used a: oxyfoel

Cice the biosynthetic origin 8 elucidated, these VIOCs can be divided mto terpenosds,
phenyipropancids. benzencids, carbohydrate derivates, fatty acid: derivate: and amino acid
derivates, in addition to specific compound: mot represented m those major classes Thess
compounds could therefore be 2 source of useful chemical product:, based om a2
noncomcentional technological roate [71].

o photosymthetic metabolism, 5o that the CO); is copverted into carbolnydrates, at the end
of the Calvin cycle one obtain: a pyruvate melecule It is through this moelecule eccurs VOO
biosynthesis and moreover, this mechanism will depend oa the vailability of carboa,
nitrogen and energy from the primary metzbolism The formation of compound: from
pyruvate can follow the route of terpenoids. With the formation of Acetvl-CoA has the
biosynthesis of fatty acids. Om arriving at the tcarboxylic acid oycle, they are formed several
compounds derived from amino acids. Moreover, at this stage, there ix the formation of
intermediate amino acids, I-Keto acids These 2-Keto acids cam also form through a senes of
reactions, alcohols, aldehydes, acids and esters [63 ).

Still, microalgae contain high concenmtrations of carotenoids, which can be degraded by
the same synthetic route farty acids via Acetyl-CoA reductase enryme Using saturated fatty
acids is the formation of hyvdroperoxides which are then cooverted to aldehivdes, such as 1-
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hexanal, hexzarol and ponanal, which are reduced to alcohols. In this synthesis, may also be
unbranched hydrocarbons produced by the action of enryme:. Some species of microalzas
are rich in polymsatorated fasty acids (PUFAs), the which directz the formaton of
compounds as aldefrydes, ketones and alcokols from the lipid desradation Considering that
short chaim aldshydes are derivatives of lipid oxidation, aldebyde: are formed bacause of lipid
oxidation and enrymatic protein [68].

Is possible to oote that some compounds can be prodoced metabolically (by enrymes
present in microalzae) and also by primary degradation compounds, such 23 lipids and
protein:. In this sem:e, the complete characterization of metabolic pathway: of these
microoTganisms can contritute to the production of specific compounds, besides the obtzining
of a wide variety of raw materials of commercial imberast [71].

[Figure I]

PHOTOBIOREACTORS

The cultivation of photosymthetic microorganisms pressnt: a umique demand in industrial
bintecknology, which is the appropriate supply of light energy to the cells. This charactaristic
substantially modify the configuration of photobicreactors for the microalgas cultivation.
Besides thiz process parameter, photobioreactor: should presemt some appropriate
requiremsent: in microalgae cultivation, such as mutrnient availabiity, efficient supply of CO.,
temperature control, agmMation, mass transfer, ease of contrel of the reachon condrbons amd
eass of scale up [73].

Phepomena of photo-limitmg and photo-mhbibition are common m inadequately
illuminated culfures, causing significant loss of kinetic performance in photobioreactors [74].
Moreover, one muast consider the nature of light mcident on the systems. Natural or artificial
lighting can be used according to the characteristics required in culhure systems. Aspects such
as location, seasonal vamations, variztion: over the light photoperiod amd photoperiod
occurrence of light'dark are the main issues of naturally illuminated systems [75].

The compositon of microalgal biomass is predominanthy composed of carbon, nirogen
and phosphoms, in proportion: of approximately 50, 8 and 1%, respectively. Consequently,
the avaitability of these nutriemts i= essemtial to support a robust mobile performance m
photobioreactors. At the level of photosymthetic cultrvation, the CO; is the main carbon
source used imn cultivations, which may be m their normal or dissociated farm (HCO. ) [76].
Once the amospheric OO0 concentration (0.034%) i mot sufficient to support mtensnce
Cultivations, this gas is supplied through concentrated stationary sources (Comgpressed carbon
diogide, primary standard and industrial flue gases mixtares) that allow' to obfam
Concentrations the mput gase: photobioreactors in amounts usually between 3 and [15%.
There is 2 wide expectation on the availability and use of CO, ongmating from industrsal
combustion gases to the support microalgal photosymthetic cultares [50] Heweter, the nature
of these gates ot only comtains high comcentrations of OO, but also the high level of
impurities such as CO, CH,, IO, 30,, H; and pamiculate matter, beyond the temperatare of
the gases, which nommally aftams values above 1000 °C, two characienstics that cam
nagatively mfluence the bio-based processes [77. 7E] Mamy studies utifizing microalgae

27



Photobioreactors in mtegrated systems of oxycombustion 11

presented excellent tolerance to fix the flue gas CO; from various indusmal sectors,
augzesting to it: application to mitizate these compounds [79; 80; 81, 82, §3; 84]

Temperatare 12 another mmportant factor associatad with microalzal cultures. In general,
the optimum growth temperaturs iz in the mesophilic region (23-35), although some
thermophilic strains resistant to temperatures m the range of 60 °C. The majonty of culture
syitems assumes the vanation in temperature as a rasult of ambient variation, 2ithoush the
use of heating jackets, serpentine: and extemal heat exchanger can be mnstalled to the control
of photobioreactor: microalgal temperaturs [85]

Finally, the agitation is 2 necessary operation in the cultvation of microorgamizms
photosynthetic once it ensures that the spatial uniformity of reaction vessels, favoring the
light exposure of the cells, heat transfer, and thermal stratification and mprove the exchange
of zases. A suitable mixture further mimimizes the formation of cell aggregates wiuch
increase the overall mefficiency of the photobioreactor [86]

Besydes these element:, should be comsidered in the design and conmstruction of
cultivation systems the biology of the spacies, the cost and availability of area, labor, energy,
water, putrients, climatic conditions and the characteniatics desired in the final product Thus,
the photobioreactors for microalgae cultivation and for bioremediation of polluting
compounds must be sized based on some cmtena, such as high efficiency of utilization of
light energy, have efficient mixing system and control the reaction conditions, low strass
hydrodynamic the cells and ease of scaling [87]

In terms of configuration, photobioreactors can be classified mto open or closed systems
[88). For scale-up issues and capita and operational costs, open systems: domumate the overall
operating large scale processe: based on microalzgae These cultivation systems have o
main configurations: circular ponds and raceway tanks. Although sumple in construction, such
svitems are inefficient as reaction vessels because of the lumited transfer of light epergy and
carbon dioxide, usually Jeading to low productivities. These systems: have a: mam limitations
higher water evaporation rates, producing significant vanations in the composition of the
culture medium, requirement of wide areas for the comstruction, operational comtrol
difficuities, Limited light energy tram:fers and dioxide carbon, resulting in Jow productmity,
besides high risk of contamination, not allowing recovery of the exhaust gases [53, 82]

An alternative to open photobioreactors, are closed systems, which allow greater comtrol
of the conditions of biological reaction, besdes emabling a vanety of configurations and
significantly increase the photosynthetic rates. On the other hand, the construction of closed
svstems has higher cost, since thev are operationally more complex and difficult stagger. The
optimization of these systems must be made according to the species of microorganisms used
because the physiological and growth characteristics that will determiine the proper
performance of the systems. In this sense, three main configurations dominate arrangements
of closad photobioreactors, tubular systems, flat plates and the vertical columns [90]).

Wuhaspemlfocmonmbnhpbocobmm these are considersed to be more
promising for the large scale production of bio-products obtained from the cultivation of
microalgae, with the simultansous removal of CO: [91] However, the dissolved oxygen
accumulation in this type of system can occur due to water dissociation activity of
photosystem II, excessively producing oxygen during photosyuthesis. As a consequence, can
generate photo-oxidative damage to cells, reducing the efficiency photosynthetic [92] For
this reason, considering these problems, the removal and utilization of the accumulated
oxygen and their integration in processes that require the enrichment of this compound 21

28



12 Severo et 2l

oxidizer are two potentials example: to show thelr applicability in industrial bioproce:s and
economically viabls.

PROCESS INTEGRATION

The proces: miegration cam be defined as a serse: of techmique: and methods in the
desizn of mtegrated production systems: that combme several unit operations imzide an
indostrial plant [93] An integrated proce:s relies on matermal recyclmg to mimimize raw
material uie and smisalons, and to make sxfensive use of heat recovery, IMproving ensrgy
efficiency. This approach i2 a relatively new tarm and ha: been widely implemented in most
industrial production proceszes [04; 05]

Therafors, a reduction in operating cost: of existing faciliie: (refrgfif) it expectad A: for
the new processe: (mewbull), the desizn project may have lower mvestment in operating
costs. Moreover, there 13 the replacement of [arpe equipment which requires high energy
demand by clean technolegy; that is, smaller, more sacure and efficient devices [BF].

Ax an alternative to the tradibonal proce:ses, some approaches have besn proposed to
replace the processes wimg fos:il mputs for bio-based processes, such as processes mediated
by microalgas, that mest the prnciples of green engimeerms and repressmt the keyv to
sustamable mdustrial development The bioprocess integration i3 2 suitable and mnovative
strategy to comply with thete requirements [97, 98, 29). Figure 3 repressmf: 2 possible
strategy of proces: imfegration of the bio-based m the carbon dioxide comversion m
photobioreactors integrated imto an mdustrial oxyoombustion process.

This technological route has, 23 2 direct comsequence, lowered itz owerzll emergy
conrumphion of the process, which implies the raduction of forsil raw materals, potable water
consumption and minimizing emissions. Addmionally, a higher efficiency iz attained when
there 1= the integration of these bioprocesses, impacting on the increased Segubility and the
coatrol and imtemsification of the process [83; 100]. Several imtegrated processes have been
developed and some posigbilities are comsidersd through the reuse, the recovery and the
possibly recycling of sarpluses mass, effluents, water and energy for mdustrial application
[1a1).

A specific application of sustainable proCesses using microalgas i3 focuted on mas:
iotegration Currently, the efficient use of resources i performed in several production plamts.
Therefore, the mass of mtegration adds value to industry byproducts, which can be usad a2
adducts in other processes. Applied to the cultnation of microalgae, biomass contmbutes to
the mumerous: value-added products, creating the idea of biorefinery [102]

O the other kand, there it the possibality of mtegration of gaseous effluents. The use of
CO: and NOQ, from industrial processes of combustion allows mput of morganic carbon and
nirogen in photomnthetic culnires. This fype of imtegration it considered an efficient
bioprocess, allowing direct biofixation CO. from stationany sources [103].

Contidening that the microalgae can be grown heterotrophically, the supply of essential
nuimients sach a3 carboa, nitrogen and phosphona: can be gihven efficiently by mtegrating
liquid effluemts. Thus, besides to reducing costs dunng the process of cultnation of these
microorganiams, the aeffluemt it reated i an appropriate way [5¥). Eoth effluests igtegration
strategies alse allow the reuse of the thermal energy contaimed mn waste, which Can be used m
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the maimtenance of the medium temperature culfure in the mesophilic range. This tvpe of
intezration is kishly dependent on the type of industrial waste [104].

In parallel to the mtegration of Hguid effluent:, 1t 1= also possible to imtsgrate water
through ifs reuse. Water i= a basic resource in vanous mdwstrial proceszes and are extramely
used. In thiz case, water can be reused directly in other processes without being treated (Le,
coaling equipment) considerimg that the contaminants do pot interfere in the procsss; ot al=o
can be regensrated through treatment for partial removal of contaminant: and later reuse; and
it can still be recycled, where there 13 partial removal of confzminants to be reused m the
same process gemerated [105]. Therefore, the microalgas can play 2 vahuable role in the
treatment of waste and contribute to the water rense, as well as pufrients recyching [33].

In conclosion, the imtegration of emergy can be emploved fo mnimize energy
consumption and to maximize beat recovery. It may also be used imtemmally m the procass.
This approach is themmodynamic orieated oycles m order to moreasze the themmal efcency m
industrial combustion processe: and, thershy, to reduce costs of the plant [77, 106]). The
different strategie: of iniegration of the beo-based proces:es are considered Important
approaches toward: sustainable development When it obfain: an end product in kigh
volames and sold at low prices, these techmological route: :igmificantly comtrmibuate to the
bioeconomy of the future.

[Figure 3]

EEFERENCES

(1] Imtemationzl Panel on Climate Change (2014). Climate change 2014: Mitization of
Climate Change. Contribution of Working Group III to the Fifth Assessment Fepart of the
Intergovernmental Pamel on Climate Chanpe Cambndse University Pres:, Cambridge,
United Eingdom and New York, NY, USA

[2] Internatiomal Energy Agency (1013) Epergy and climate change Warld Energy
Cratlook Special Feport OECDIEA, Pans

[3] Bu, C.; Gomez-Barea, A., Chen, X; Leckner, B, Liv, D, Pallares, D, Lu, P. (2016).
Effect 0f CO; on oxy-fuel combustion of coal-char particles in a fhudized bed: hiodeling and
comparison with the conventional mode of combustion. Applied Exergy 177, 147-150.

(4] Cheab, W'. Y., Ling, T. C.; Juan, J. C; Les, D-1; Chang, J-5.; Shew, P. L. {2010).
Biorefimene: of carbon diogsde: From carbom capture and storage (CCS) to bioenergies
production. Bioreseurce Technoiogy 113, 346-354.

2] Escudero, A 1., Espatolero, 5. Fomeo, L. M. (101€) Oxy-combustion power plast
igtegration im an oil refigery to redoce CO, emissions. Iidernational Jowrngl ¢f Greenhowse
Gas Control 43, 118-129.

4] Internaticnsal Energy Agency (1011). Cost and performance of carbon dioxide capture
from povwer generation. OECDIIEA, Pans.

|7] Jacob-Lopes, E; Scoparo, C. H. G, Quewaz, M 1. France, T. T. (2010).
Biotransformations of carbon diognde m photobaoreactars. Emergy Comversion and
Management 51, BR4-200.

30



14 Severno et 2l

[£] Barowntzia, M. A (2013). High-value products from microalgze ther developmient
and commercialization Jowrnal Applied Phycoiogy 23, 743-T56.

[9] Tajesmiak. P; Ali, H E. M. O; Wong. T. 5. (2014). Carbon Diogide Captare and
Utilizatton using Biclogical Systams: Opporhunities and Challenge: Bioproceszmg and
Biotechnigues 4, 3.

[10] Cuoellar-Franca, B. M. Azapapic, A (2015). Carbon captare, storage and wtilization
techrologies: A critical amalby=is and comparison of their Life cycle environmental mpacts.
Journal gf CO; urfifzation 9, 82-101.

[11] Intemational Panel on Climate Change (1003 Specizl Repart on Carbon Dioxide
Caphure and Storage, United Einpdom and New Yook, 107-171.

[11] Imternational Energy Agency (2013). Techmology roadmap: carbon capiure and
storage. OECDVIEA, Panis

[13] Imternational Energy Agency (2016). Tracking Clean Energy Progress 2016, edition
Energy Teckmology Perzpective: (ETP 2016). OECD/IEA, Paris.

[14] Matonal Energy Technoloey Laboratory (2016). CO0. uvtlizaton focu: area, 20146
[Acessed: 10.08.14] Avadable from- TTRL: hitps:/'www netl doe govireearch/'coal carbon-
storage rezearch-and-development 'col -utilization.

[13]) Bruhn, T.; Naims, H.; Olfe-Erautlein, B. (2016). Separating the debate on CO-
utilisation from carban caphare and storage. Exvirowmental Science & Policy 60, 38-43.

[1&) Oh, 5. T., Martin, A. (2016). Thermodynamic efficiency of carbon capiure and
ufilisation in anaerchic batch digestion process. Jowna ¢f OO0 utilcation 146, 152-103,

[17) Fezvand, 5., Moheimani, N. B, Bahri P. A (1016). Techno-sconomic a:sessment of
CO: bio-figation using microalgae in connection with three different state-of-the-art power
plants. Computers and Chemical Engineering 84, 200-301.

[18] Moreira, D., Pires, J. C. M. (2016). Atmospheric OO0 caphure by algae: Negative
carbon diogide emission path Bioreseurce Technolagy 113, 371-378.

[16] Abraham, B. M ; Asbury, I. G Lynch E. P; Teotia, A P. 5. (1081). Coal-oxygen
process provides CO); for enhanced recovery. O and Gar Jowngl! 80, §5-70.

[20] Stamger. B, Wall, T. (1011). Sulpbur impacts during pubrenzed coal combustion in
oxy-fuel technology for carbon capture and storage. Progress m Energy and Combustion
Science 37, 69-88.

[21]) Chen, L.; Yong 5. Z.. Ghoniem, A F. (1012} Oxy-fuel combastion of pulverized
coal: Characterization, fundamentals, stabilization and CFD modeling. Progress in Energy
and Combustion Science 38, 136-114.

21) Wall, T, Liw, Y., Spero, C.; Elliott, L., Ehare, 5. Fathnam, F., Zeenathal F
Moghtaderi, B.; Buhte, B.. Sheng, C.; Gupta, F.; Yamada, T.; Makme, K ; Yu, . (2009). An
overview on oxyfuel coal combustion - State of the art research and teckmology development.
Chemical Exgindering Research and Desgn 87, 1003-1014.

(23] Irfan, M. F.. Arami-Niva, A.. Chalqabarth, M H Daud, W. M A W.. Usman M.
E. (1012). Fmetics of pasification of coal biomazs and therr blends im air (N-0:) and
ditferent axy-fael (0/C0;) atmospheres. Energy 37, 665-671

[24] Toftegaard, M. B Bngx, 1., Jensen, P A Glarborg, P Jensen, A. D. (2010} Oxy-
fue] combustion of solid faels. Frogress in Energy and Combustion Science 36, 3B1-623

|£2) Spigarelli, B. P.. Rawatra, 5. K. (1013). Opportunities and challenges m carbon
dioxide Capture. Jowrna! ¢f OO utiicson 1, 69-3)

31



Photobioreactors in mieprated systems of oxyvcombustion 15

[26] Camasco-Maldonado, F_; Sparl, B.; Fleiger, K ; Hoeniz, V', Maser, J; Scheffimachs,
G. (2016). Oxy-foel combustion technology for cement production — State of the ant ressarch
and tecknology development. Jaternaiional Jowrna! f Greenhouse Gas Control 43, 189-190.

[27] Leumg, D. Y. C.; Caramarma, G ; Marobo-Valer, M M. (2014). An overview of
current status of carbon diozide caphare and storags tachnologie:. Fenewable and Sustainable
Energy Reviews 39, 416443,

[28) Grffiths, J. F.; Bamard, J. A (1995). Figme and Combustion. 3rd ed, Chapman and
Hall, London, UE

[20] Hende, 5. V. [; Vervaeren, H; Boon, M. (2012). Flue gaz compounds and
microalgaes  (Bio-jchemical imteraction: [leading to  bioteckmological opportomities.
Biotechnology Advances, 30, 1405-1424.

[30] Scheffkecht, ., Al-Makhadmeh, L ; Schnell, T Maier, 7. (2011} Omy-fuel coal
combustion — A review of the current state-of-the-art Iefermational Journal of Greembouse
Gar Comtrol 3, 16-35.

[31) Bukre, E. J. P.; Elliott, L. K ; Sheng, C. D; Gupta, B P.. Wall T. F. (2005). Oxy-
fuel combustion techmology for coal-fired power gememation. Progress m Energy and
Combustion Science 31, 283-307

11] Yim, C.; Yan, J. (2014). Opy-fuel combustion of pulverized fuel:: Combustion
fundamentals and modeling Applied Energy 161, T41-761

[33]) Stanger, B, Wall, T., Spodd, E.; Paneru, M., Gratbwohl, 5, Weidmann, M,
Scheffimecht, ., McDonald, D, Mychanen, E ; Fitvanen, J.; Fakiala, 5.; Hyppanen, T
Mletzko, [.. Kather, A.; Sambos, 5. (2013). Oxyfoel combustion for CO, caphure in power
plants. fnternational Jeurnai gf Greenhouse Gas Comtrol 40, 53-115.

[34] MIST. {2014). Chemistry WebBook™ thermopirysical properties of fhud systems.
[Acessed: I8 05.16] Avaiable from: UFL: hitp: ‘webbook nist povychemistry.

[33]) Baukal, . E. (2013). Oxygen-enhanced combustion, Second Editvan, CR.C Press.

[3€] Olajire, A. A (2010). CO, capture and :eparation technologies for end-of-pipe
applications - A review. Emergy 13, 2610-2625.

[37] Belaissaoui, B.. Moulec, Y. L. Hagi, H.. Favre, E. (2014). Energy efficiency of
oxygen ennched air production techneolopies: Cryogenic s membranss. Separafion and
Purjfication Technolegy, 115, 141-130.

(28] Aneke, M. Wang, M (I013) Potential for muproving the energy efficiency of
Cryogenic air separation unit (ASL) using bisary heat recovery cycle: Applied Thermal
Engmeermg 81, 113-131.

[2F] Riboldy, L.; Belland, O (1015). Evaluating Pressure Swing Adsorphion as a C0;
separation tecknique in coal-fired power plants. Miernational Journal! of Greenhowse Gas
Contros 59, 1-146.

[40] Vinson, D. . (2006). Air separation coatrol technology. Computers and Chemicai
Engmeermg 30, 1436-1446,

[41] Figueraa, [. D.; Fout, T.; Plasynski, 5. Mcllwried, H, Smastava, B D (2008).
Advances 1 CO; captire techmologpy - The US Department of Enerpy’s Carbon
Sequestration Program. Jatérnational Journal of Gréenhowse Gas Cantrel 2, 9-10

(41] Mondal, M. E.. Balsora, H. E.; Varshney, P. (1012). Progress and trends i CO:
Caphure separation technologies: A review. Energy 40, 43]-441.

[43) Kosinov, M., Gascon, J., Kaptejin, F ., Hensen, E. J. M. (2010). Fecent developments
1o zealibe membranes for gas sepamation. Jowna qf Membrane Science 408, £3-78

32



15 Severo et al.

[44) Hazhim_ 5. 5.; Mohamed, A F_; Bhatia 5. (2011). Oxyzen separation from air nsing
ceramic-based membrans tachnelogy for sustzinable foel production and powsr zensrabion
Renewabie and Swstainable Energy Reviews 13, 1284-1293,

[4#3] Tranier, J-P.; Dubettier, R ; Diarde, A.. Pemn, N. {2011). Air separation, flue ga:
compression and purification umits for oxy-coal combustion systems Energy Procediz 4,
LEEAT1.

[46]) Luis, P, Gerven, T. V., Bruggen, B. V. D. (201I). Fecent developments
membrane-bazed tachnologie: for OO0 capture Progress i Energy and Combustion Science
3%, 418448

[47) Zhang, Y., Sumarso, T, L, 5., Wang, E. (2013). Cusrent statu: and development of
membranes for CO.CH, separation: A review. Dafernational Jownal ¢f Greewhouse Gas
Controi 11, 84-107.

[48]) Zhao, B.; Su, Y. (1014} Proces: effect of microalzal-carbon diogide fxation and
biomass production: A review. Rexnswable and Sustamabls Energy Reviews 31, 121-132.

[48] Williame, P. 7. E.; Laarens, L. M L. {2017). Microalsae 22 bipdiesel & biomass
feedstocks: Peview and analysis of the biochemistry, energetics & economics. Energy &
Environmental Science 3, 534-500

[30] Cheah, W. Y., Show, P. L; Chemg, J-5; Ling T. C.. Juan, J. C. (2013)
Biosaquestration of atmospheric CO: and flue gazCcontaming COO0: by microalsae
Biorersurce Techmoiogy 184, 180-201.

[5¥1] Checchetto, V., Tearde, L., Camaretto, L., Formentin, E; Bergantmo, E,
Giacometti, G. M.; Szabo, I (1013} Regulation of photorynthes: by ion chanpsls im
Cyancbacteria and higher plamts. Bigphysical Chemisrry 182, 51-57.

[31]) Cahvn, MM, Benson, A. A (194E). The Path of Carbon m Photorynthesis Sciemce
107, 476-480.

23] Bazzak, 5. A Hossam M M., Lucky, K. A Basxi, A 3. Lama, H D. (2013).
Integrated CO), caphure, wastewater treatment and biofuel production by microalpes culturing
= A review. Renswabie and Sustzingbie Energy Reviews 27, 612-653.

[34]) Camr, N. G, Whittons, B. A. (19582}, The biology of cyanobacteria. Univ. Califormia
Press, 19,

[23]) Bergene, T. (1896). The efficiency and phyzical pnnciples of photolysis of water by
microalgae Jefernationa Journai of Hydrogen Energy 21, 152-184,

[56) Held:, H-W, Piechulla, B. (2011). FPlawt Biochemiztry. 4" ed. German edition:
Academic Press in an mprint of Elsevier, £15.

[37]) Fay, P. (1083). The Bloe-Greens (Cyvanophita-Cyamobacteria) ° ed. Losdom:
Edward Amold Publishers, Stadies in Biclogy 160, 58

[48) Taddes, I, Cuet, P.; Frouin, P, Esbelm, C; Clzvier, I. (200%). Low compnamnity
photosynthetic quotient in coral reef sediments. Comiptes Rendus Biciegies 331, 668-677

(48] Smuth, L. M., Silver, C. M. Owuaft, C. A, (I012). Quashifyieg vanation o water
column photosynthetic quotient with changing field conditions in INamagansett By, R USA.
Journai gf plankion research 34, 437-442,

[90]) Burris, [, E. (1981). Effects of oxygen and morganic carbon concentration: on the
photonynthetic quotients of marine algse. Marine Siciegy 63, 215-119.

(61] Eriksen. M. T., Riisgird, F. K.. Gunther, W. 5; Iversen, ] J L (2007). On-line
estimation of O, production, CO; uptake, and growth kinetics of microalgal cultures in a gas-
tight photobioreactor. Journal Appiied PRycoiogy 19, 101-174,

33



Photobipreactor: in miegrated systems of ovcombustion 17

[62] Hoefnagel, M. H N, Atlkin, 0. K ; Wiskich, J. T. {1908). Interdependence between
chloroplasts and mitochondna in the light and the dark. Biochimica ef Biophysica Acta, 1364,
235-235.

[63] Dudarea, M., Elempien, A ; Muhlemann, J K ; Kaplan, T (2013). Biosynthesis,
function and metabolic enpinesring of plant volatle organic compounds. New Fhyiologict
198, 16-32

[64] Eeppler, F.; Erden, F.; Niedan, V. Pracht, I.; Scholer, H F. (2000). Halocarbons
produced by natoral oxidation processes during degradation of organic mater Naure, 403,
298-301.

(93] Eroghu, E ; Melis, A (2010). Extracellular terpencid bydrocarbon extraction and
quantitafion from the presn microalzae Bofrpococcus brawmil var. Showa. Bioresowrce
Techmoiogy 101, 2350-2360.

[66] Sum, 5-M; Chumg, G-H.; Shin, T-5. (2011). Volatle compounds of the green alsa,
Caprosiphon filvescens. Jowrnal gf Applied PRycolagy 24, 1003-1013.

[67] Muscz, I, Mudge, 5. M. Sandoval, A. (2004). Effects of iomic strength on the
production of short chain wvolatile hydrocarboms by Dumaikells salmz (Tecdoresca).
Chemosphere 534, 1267-1271.

[68] Law, N-5.; Matsud, M ; Abdullah, A A-A (201%3). Cyanobacieria: Photoautotrophic
Microbial Factories for the Sustainable Symthesis of Industrial Products. BicMed Research
Ingernational 2013, 1-&

[69] Schimmer, A.. Rude. M A Li, X Popova, E.; Cardayre, 5. B. (2010). Microbial
Biosynthe:is of Alkanes, Science 320, 350-367

[70] Zepka, L. Q.. Samtos, A. E.; Femandes, A. 5., Wagner, B, Cueiroz, M. 1. Jacob-
Lopes, E (2015). Biogenemtion of volatile compound: from microzlgas. Chapter: Figvour
Creneraiton, 157-260.

[71] Santos, A. B.; Femandes, A. 5.. Wagner, B, Jacob-Lopes, E ; Zepka, L. Q. (2016).
Biogeneration of volatile orgamic compound:s produced by Phormidium gufusagie m
heterotrophic bioreactor. Journal af Appiied Phycology 28, 1361-1570.

i1] Draaisma, E. B.;, Wijifels, E. H.. Slegers, P. M. E.. Brentner. L E; Foy, A
Barbosa, M. I (2013). Food commodities from microalpse Cuwrent Opmion in
Bigtechmoiogy 24, 160-177.

(73] Singh, F. IN.; Sharma, 5. (2011). Development of suitable photobioreactor for algae
production — A review. Renswabie and Sustamablie Energy Reviews 16, 2347-2333,

[74) Abu-Ghesh, 5., Fixler, D., Dubmsky, £, Iz D. (2016} Flashing Lght in
microalgae biotechnology. Biorerource Jechnoiogy 103, 357-363.

[73]) Jacob-Lopes, E., Scopare, C. H G Lacerda, L. M C. F. Franca, T. T. (2009).
Effect of light cycles (might'day) on OO fixation and biomass production by microalgae i
photobioreactors. Chemical Engineering and Processing: Process Intensificafion, 48, 306-
310

(78] Markou, . Vandamme, D Muylaert, K. (1014). Microalgal and cyanobacieral
cultivation: The supply of nutriests. Water Research 63, 186-202.

[77) Jacob-Lopes, E.. France, T. T. (2013). From oil refinery to microalgal bicrefinery.
Journa gf OO wiiisation 2, 1-7.

(78] Mamy, I. P, Bundschuh, [ Chen, C-T., Bhattacharva, P. (1014) Microalgae for
third generation biohiel production, mitigation of greenbouse gas emission: and wastenwater
treatment Present and fuhare perspectives = A muml review Energy (8, 104-114,

34



1% Severo ot al.

[78] Douskova, I; Doucka, J.; Livansky, E; Mackst I Hovak, P.; Ummvzove, D
Zachleder, V.; Vitova, B (20090, Simulznecus flue gaz bioremediztion and reduciion of
microalgal biomas: production costs. Applisd Microbiclsgy and Biotechmelogy B1, 179-185.

[50]) Borkenstemn, C. G.; Knoblechner, T.; Frubmirth, H.; Schager], M (2011}, Cultivabion
of Chiorelia emersoni with flue gas derived from a cement plant Journal Appiied Phycology
23, 131-135.

[£1]) Jiamg, Y., Zhang, W, Wang, I, Chen Y; Shem 5; Lm, T. (2013). Utliration of
sirulated flue gas for cultvation of Scenedesmus dmorphus. Bioresowrce Technology, 118,
350-364.

[81] Zhao. B.; 5u, Y. Zhang, T ; Cui, &. (201%). Carhon dioxide fimation and biomazz
production from combazfion flae zas wams ensrEy microalzae. Emergy B0, 347-357.

[83] Lara-Gil, J. A Semes-Guemero, C.; Pacheco, A. (2016). Cement flue gas as a
potential source of nutrients during CO: mitigation by microalsae. 4lgal Research 17, 285-
291

[84) Li, T.; Xu, G.; Rong, I; Chen, H.; He, C.. Giordano, M.; Wang, Q. (2015). The
acclimation of Chborella to high-level nitrite for potemtial application in biolegical WO,
removal from industrial flue gases Jowna! af Plant Physislegy 195, 73-79,

[83) Ho, 5-H.; Ye, 3., Hasupuma T., Chang, J-3; Kondo, A. (1014). Perspectives on
engineering stratepies for improving biofoel production fom microalzae — A cotical review.
Biotechnoiogy Advances, 31, 1448-1453.

[86) Borowitzka, M A (1909). Commercial production of microalgas: pond:, tanks,
tubes: and fermenters. Journal gf Biotschnalogy 70, 313-311

[87) Wang. B.; Lan, C. Q.. Horsman, M (1011). Closad photobiorsactor: for production
of microalzal biomasses. Biotesfmplogy Advances 30, 004212

[88) Huang, G, Chen, F.; Wei, D.; Zhang, X ; Chen, G. (21010). Biodsese] production by
microalgal bistechnology Appiied Energy. 87, 38-44.

[55] Femande:, B. D.. Mota, A Teimeira, J. A.; Vicente, A A (2013} Contimaous
cultivation of photonymthetic microorganisms: Approache:, applications and future tremds.
Hiotec hnology Aadvances 33, 1218-1145,

[90] Bremmam, L., Cwends, P. (1010} Biofusl: fom microzlgae - A review of
techologies for prodiuction, processing, amd extracton: of biofaels and co-products.
Renewable and Sustainable Energy Reviews 14, 357377

[91] Jacob-Lopes, E.; Scopara, C. H. G Franco, T. T. (2008). Rates of CO; remos-al by
Aphanothece micrascapica Nageli in tobular photobdoreactars. Chemical Enginedrmg and
FProcessing 47, 1363-1373,

[92) Molina, E.; Femandez, .. Acien, F. G.; Chisti, Y. (2001). Tubular photobiareactor
design for algal cultures. Journal qf Bictec inoiogy P2, 113-131.

(93] Intermational Energy Agency (1000, Tutorial on Proces: Imtepration. A Process
Integration Primier. SINTEF Energy Fessarch

[24] Friedler, F. (2010). Process imtsgration, modelling and optmisation for emergy
saving and polhition reduction. Appied Thermal Exgindermg 30, 2170-128]

[95]) Baldea, DA (2013). From process imtegration to process imbensification Computers
and Chemical Engineering 81, 104-114,

(98] El-Halwag, b M. (1208} Pollation prevention through proces: mtegration Chan
Froducts and Processes 1, 3-19.

35



Photobioreactor: in mtegrated systems of ojycombustion 12

[97]) Wohlg=muth, F. {2009). The locks and key: to imdustrial biotachnolosy. New
Biptechnology 15, 204-215.

[98] Zydney, A. L. (20153} Pemspectives on imtesrated comfimuous bioprocsssing —
oppartunities and challenzes. Current opinior i Chemical Engieering 10, B-13.

[90] Francizco, E. C.; Franco, T. T.; Zepka, L. Q.. Jacob-Lopes, E. (2013). From waste-
to-energy; the process miegration and intenzification for bulk cil and biodiese] production by
microalgae Journa! of Environsental Chemical Erpineering 3, 482487,

[100] Samders, I. P M, Clark, . H.; Harmsen & ], Heare:, H I Heaijmen, I J;
Eersten, 5. B_ A ; Swaaij, W P. M van; Moalifin, J. A (2012). Process intensification in the
future production of base chemicals from biomass. Chemical Empingering and Processing:
Proces: Intensffication 51, 117-136

[101] Elemes, T J. (2013). Handbook of Process Integration (PI) — Mmimisation of
Energy and Water Use, Waste and Emiszions. Wioodhead Poblishing Limited.

[102] Fresewmnkel B, Foselle, B ; Wilhelm, T ; Em=s, O., Hankamer, E.; Posten, T
{2014). Iotegration m microalgzl bioproces:s development Desizn of efficient, sustzinable,
and economic processes. Engineering in Life Sciences 14, 360-573.

[105] Moacada, J. B.. Anstizabal, V. M. Cardona, C. A A. (2015). Design strategies far
sustamable biorefineries. Biochemical Engmeering Journal, In Pres:.

[104] Azzz, B ; Takuya, O.; Takao, E. (2014). Integration of energy-efficient drymng m
microalgae utilization baszed on enhanced proces: integrabion. Energy 70, 307-316.

[105] El-Halwagi, b M (2006) Process Integration Proces: System: Engimeerms,
Elsevier Scigmce, Amsterdam 1% Editon.

[106] Klemes, 1. I.; Friedler, F.. Bulatov, I; Varbanov, P. 5. (2011). Sustainability in the
Proce:s Industry-Intepration and Optimization. MoGraw-Hill, New York

36



Table 1. Companson of the different properties of the main combustion gases at 1 atm and 1400 K

Property Unit N Co- Ratio CO-/N,
Denzity (2] kg/m’ 0244 0.383 1.6

Thermal conductivity (&) WmEK 0.082 0.097 12

Specific heat capacity (C)  kllmmol K 34.18 57.83 1.7
E.mi;sij:it}-' and absorptivity 0 = i

(radiation heat transfer)

Drynamic viscosity () kg/m 3 4.38 = 10 5.02 = 10+ 1.0
Kinematic viscosity () m'/z 2.00 =104 131 = 10+ 0.7

Mazs diffusiaty (D) m's 170 = 104 1.30 = 104 0.8

Avvailable m: hitp:/'webbook mst gov/chemustry’ [34].

[Table 1]
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Table 2. Current technologies in the produchon of oxygen by air separation.

Purity O-

Processes Technology Advantages Dhsadvantages (vol. %) © Sfatus Feferences
Cryogenic ART » hore economical than other * High cost 30-99 Mature [43; 38; 37]
distillation  (Air Separation Unif)  technologies * Low punfy oxvgen
* Capability to produce high « High energy demand
concenirations of oxygen
Adsorption  PSA or VPSA * Appropriate for producing small = High energy demand 20-95 Semi-mature [37;539]
(Pressure or Vacuum  vohomes of O (small to medium- = High cost
Swing Adorption) sized plant)
Absorption  Chenucal and/or * Eeduced energy demand = System comrosion dusto . 90 Semu-mature [46;42; 27
phyzical compared to cryogenic processes  the solvents used (economic
loszes)
* Operational limitations
* Using of tomic solvents
= High cost
Membranes  Organic = Smmple process design * Production of low oxygen  23-40 Developmg [47; 43]
* Ease of scale-up concentrations
Tnoreeni
rEame * High cost of producing
oxygen in large scale
Porous
* Low permeability,
Non- selectivity, resistance and
or-parans thermal stability

[Table 2]
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Abstract: The aim of this work was to develop a bio-oxycombustion system
integrated with a photobioreactor. Different concentrations of oxidizers were
injected into the combustion chamber and the temperature and flame stability,
fuel conversion and heating rate were analyzed. The results showed that the use
of photobioreactor exhaust gases as oxidizer in the oxycombustion furnace
increased the thermal efficiency of the system, with heating rates 30.5% and
45.8% higher than the atmospheric air and the simulated industrial gas stream,
respectively. This improvement occurred because the photobioreactor exhaust
gases contain until 40% of oxygen. Thus, the integration of these processes could
be considered as a viable strategy to improve the thermal performance of
oxycombustion systems, with simultaneous use of the compounds formed and
contributing effectively to the sustainability and the economy of industrial

processes.

48


mailto:jacoblopes@pq.cnpq.br

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Keywords: oxycombustion, photobioreactors, microalgae, process integration,

biological carbon capture and utilization.

1. Introduction

The abundant use of fossil fuels has become a cause of concern due to
their adverse effects on the environment, particularly related to the emission of
carbon dioxide (COz2), a major greenhouse gas (GHG). From the economic point
of view, as long as fossil fuels and carbon-intensive industries play dominant roles
in this sector, carbon capture and storage or utilization will remain a critical
solution for reducing these emissions. However, these technologies face
numerous barriers that must be overcome before they can be used on a large
scale (Bruhn et al., 2016).

More recently, a related alternative — biological carbon capture and
utilization (BCCU) — has started to attract attention in comparison to the CCU and
CCS, representing a possible strategy for CO2 capture from polluting sources.
BCCU converts biologically CO:2 into biomass through photosynthesis to obtain
value-added products (Severo et al., 2016).

In this context, there are some CO:2 capture methods associated with
different combustion processes, and oxycombustion has proven to be an
attractive option mainly due to the increase in thermal efficiency (Cuéllar-Franca
and Azapagic, 2015). Additionally, others benefits are related to oxygen-
enrichment in combustion systems, such as the ability to be integrated into
current energy production facilities, lower loss of heat energy through the flue gas

and higher heating rates (Wu et al., 2010). The oxycombustion is the process of
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using pure oxygen for the combustion of fuel, resulting in a gas stream with high
CO2 concentrations and nitrogen-free, which can be easily be separated and
used. This process is technically feasible, but the main disadvantage is the
consumption of large amounts of oxygen coming from an energy intensive air
separation unit (ASU) (Leung et al., 2014).

In order to circumvent this problem, photobioreactors are considered
promising equipment to generate substantial amounts of pure oxygen, since they
serve as photosynthetic microorganism culture medium, such as microalgae.
Metabolically Oz is generated by water photolysis, an important chemical step in
photosynthesis (Walker, 2002). Through this technological route is obtained
about 0.75 kg of Oz for every 1 kg of bioconverted CO2, which demonstrates its
production potentiality. In addition, some authors report the oxygen accumulation
produced in tubular photobioreactors. With this configuration, the concentrations
of dissolved oxygen can reach up to 400% of air saturation, suggesting that
continuous O2 removal is essential in these systems (Molina et al., 2001;
Solimeno et al., 2017). Simultaneously, substantial concentrations of CO2 are
released into photobioreactor exhaust gases.

Process integration is a methodology for energy saving and mitigation of
emissions, that has been studied for resource conservation, besides being widely
used in processing and power generation industries (Liew et al., 2017). As an
alternative to processes using fossil inputs, integration of the bio-based
processes, as for example tubular photobioreactors in oxycombustion systems,
is considered as important approach towards sustainable development.

Therefore, an integrated system for biological conversion GHG into oxygen to be
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used as oxidizer, and COz2 for use as nitrogen diluent in oxycombustion systems,
is an innovative technology with large potential for industrial application.

In this sense, the aim of this work was to develop a bio-oxycombustion
system integrated into photobioreactor. The study focused on the evaluation of
the thermal performance of the oxycombustion furnace and the characterization

of the exhaust gases of photobioreactor.

2. Materials and methods
2.1. Microorganism and culture conditions

Axenic cultures of Scenedesmus obliquus CPCCO05 were obtained from
the Canadian Phycological Culture Centre. Stock cultures were propagated and
maintained in synthetic BG-11 medium (Braun-Grunow medium) (Rippka et al.,
1979) and pH 7.6. The incubation conditions used were 30 °C, photon flux density

of 15 umol m2s* and a photoperiod of 12 h.

2.2. Photobioreactor design

Measurements were made in a bubble column photobioreactor (Maroneze
et al., 2016). The system was built in 4 mm thick glass with internal diameter of
7.5 cm, height of 75 cm and nominal working volume of 2.0 L. The dispersion
system for the reactor consisted of a 1.5 cm diameter air diffuser located in the
center of the column. The reactor was illuminated with forty-five 0.23 W LED
lamps (total consumption of 0.01125 kW h), located in a photoperiod chamber.

The COz2/air mixture was adjusted to achieve the desired concentration of carbon
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dioxide in the airstream, through three rotameters that measured the flow rates

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

2.3. Obtaining the kinetic data in photobioreactor

The experiments were carried out in photobioreactors operating in
intermittent regime, fed with 2.0 L of culture medium. The experimental conditions
were as follows: initial cell concentration of 0.1 g L1, isothermal reactor operating
at a temperature of 26 °C, photon flux density of 150 umol m2 s and continuous
aeration of 1 VVM (volume of air per volume of culture per minute) with the
injection of air enriched with 15% carbon dioxide (Jacob-Lopes and Franco,
2013). The cell density, carbon dioxide and oxygen concentrations were
monitored every 24 h during the growth phase of the microorganism. The tests
were carried out in triplicate and the kinetic data referred to the mean of six

repetitions.

2.4. Kinetic parameters

Carbon dioxide and oxygen concentration data were used to calculate the
gaseous exchange rates [r = (Co — Ci)-Q-Vr, mg/L min] and removal efficiency
[RE = ((Ci — Co)/Ci)x100, %], where Co and Ci correspond to the inlet and outlet
CO:2 concentration, respectively, Q is the gas flow and Vr is the reactor volume.
Photosynthetic quotient data were determined using equation [PQ =
(d(O2)/dt/d(CO2)/dt)], where dO2/dt and dCO2/dt corresponds to the variation of

the concentration of Oz and COz2 over time, respectively.
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2.5. Analytical methods
2.5.1. General analysis of process control

The temperature and pH of the culture medium were determined using a
polarographic probe (Mettler Toledo, Switzerland). Cell concentration was
gravimetrically determined by filtering a known volume of culture medium through
a 0.45 um filter (Millex FG, Billerica-MA, USA) and drying at a temperature of 60
°C for 24 h. Luminous intensity was determined by using a quantum sensor

(Apogee Instruments, Logan-UT, USA).

2.5.2. Determinations of CO2 and Oz concentration profiles

Gas chromatograph (GC) was used to determine the concentrations of
CO2/02 of exhaust gases of photobioreactor. The equipment used was a GC-
Greenhouse (Shimadzu, Kyoto, Japan), equipped with two packed columns
connected the flame ionization detector (FID) and thermal conductivity (TCD) and
helium as carrier gas. The amounts of carbon dioxide removed and oxygen
produced was determined from samples 50 uL, taken from the gaseous phase of
the system (inlet and outlet) with a gas-tight microsyringe (Hamilton, Bellefonte-
PA, USA). The areas obtained using the integrator Software GCsolution were

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

2.6. Bio-oxycombustion system
The experiments were performed in an oxycombustion system constructed
in laboratory scale (Fig. 1). The experimental apparatus was constituted by a

stainless steel furnace, with coating composed of refractory material. The

53



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

chamber has 3 cm thick in the inner part, a height of 40 cm, length 20 cm and
width 20 cm. The furnace was equipped with two electric resistance of 300 W. A
ceramic support was inserted in the center combustion chamber which was used
for sample introduction. The photobioreactor exhaust gases were directed to the
furnace through of a stainless steel pipe, located on the bottom, containing 80 cm
in length and 3 mm internal diameter. The gases resulting of the combustion in
the furnace were referred by the output channel, located at the top of the
chamber. The system presents a filter for humidity and two pumps to control the

gas flow.

2.6.1. Fuel composition

The fuel used in the experiments of oxycombustion was the petroleum
coke. The sample was characterized through elemental analysis using an
elemental analyzer Perkin Elmer 2400 CHNS/O (Perkin Elmer, Waltham-MA,
USA), where 2 mg coke were oxidized at 1000 °C and the resulting gases were
measured by thermal conductivity. Acetanilide was used as reference standard
containing 71.09% carbon, 11.84% oxygen, 6.71% hydrogen and 10.36%
nitrogen. The gaseous emissions of a clinkering furnace of the industrial unit
InterCement (Apiai, Sdo Paulo, Brazil) was considered as source of stationary
industrial emissions for photobioreactor feed, with the following composition:
5.5% 02, 18% CO2 and 76.5% N2. The composition of this emission was

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

2.6.2. Oxidizers
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Different oxidants were tested in the experiments: atmospheric air, a
gaseous mixture containing 5.5% O2, 18% CO2 and 76.5% N2, corresponding to
a typical industrial conditions used in clinkering furnaces, and the exhaust gases

of the photobioreactor.

2.6.3. Obtaining kinetic data in bio-oxycombustion furnace

The experiments were monitored every 24 h during the growth phase of
the microorganism, through the injection of different oxidizers in the furnace of
bio-oxycombustion and in different cell residence times. The experimental
conditions were: initial mass of coke 1.0 g, combustion time of 20 minutes and
aeration rate of 1.0 L/min. During the oxycombustion, the temperature and flame
stability, and the heating rate were continuously monitored. At the end of reaction,

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

2.6.4. Thermal performance parameters of bio-oxycombustion system
2.6.4.1. Flame temperature

The flame temperature monitoring was carried through the thermal image
of the combustion reaction using a long wave infrared camera Flir SC 305 (Flir
Systems, Wilsonville-OR, USA) obtaining images of 320x240 pixels at a rate of
3.75 Hz (3.75 thermal images each second). The camera was positioned at 60
cm of combustion zone. The images were processed using FLIR Tools+ software.
The emissivity of material (0.68) was determined through previous heating of
coke at 100 °C and all measurements were corrected for ambient temperature

and relative humidity.
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2.6.4.2. Flame stability

The flame stability in furnace was evaluated based on the values average
of temperature during the combustion kinetics [FS = (o1/T) x 100, %], where ot
corresponds to the standard deviation of the average temperature and T is the

average flame temperature.

2.6.4.3. Fuel conversion
At the end of combustion reaction, the mass of coke converted was
calculated [X = (Mi- M/Mi- Mc), %], where X corresponds to the converted fraction

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

2.6.4.4. Heating rate

The heating rate was determined [dT/dt = (Tn — To)/(tn — to), °C/s], where
Tn is the instantaneous furnace temperature, To is the initial furnace temperature,
tn —to is the time taken from the start of the experiment till the furnace reach final

temperature.

2.7. Statistical analyses

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

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

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

3. Results and Discussion
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3.1. Evaluation of the thermal performance of the oxycombustion furnace
Figure 2 shows the thermal performance of the oxycombustion furnace
with the injection of different oxidizers in the combustion chamber at different cell
residence times. The analysis of the flame temperature dynamics in the
oxycombustion furnace operated with the different oxidizers evidence that the
use of the photobioreactor exhaust gases presents the highest flame
temperatures in parallel with the heating rates of the furnace. A clear difference
is observed between the thermal profiles obtained through the different oxidizers
used in the experiment, because with the utilization of the photobioreactor
exhaust gases, the flame temperature reaches the peak in a reduced period of
time (about 80 s). On the other hand, with the use of atmospheric air as oxidizer,
the flame temperature is also high, however it presents a long time period, with
about of 180 s to that the maximum temperature is achieved in the furnace.
Despite the difference in the combustion time, these two oxidizers have very
similar thermal profiles. This is because the heat released during combustion and
the heat transferred are quite similar both in O2/N2 and O2/CO2 atmospheres (Bu
et al., 2016). In contrast, the simulated industrial gas stream presents a more
differentiated behavior of the other analyzed conditions, since the flame
temperature increases slowly and reaches the peak in approximately 720 s of
combustion, characterizing an unsatisfactory thermal performance.
Comparatively, an experimental study, conducted by Wu et al. (2010) on
the temperature variation as a function of the concentration of oxygen in the
oxidizer, shows that the variation of the oxygen level from 21% to 30% in the

oxidizer promotes the elevation temperature in the combustion chamber. For
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21% of Oz, the time required to heat the chamber at 1200 °C was 3700 s and is
only 2000 s for 30% O2. This reduction in delay is explained by the decrease of
the nitrogen amount in the oxidizer which limits the thermal losses.

In order to test the variation of the injection of the different oxidizers, the
thermal parameters of the oxycombustion furnace performance were analyzed
and can be better visualized in Table 1. The results obtained from the present
experiment confirm the superiority of use of the photobioreactor exhaust gases
in relation to the other oxidizers tested. For the 96 h cell residence time,
considered the best condition in the furnace thermal performance, the highest
values were obtained, with a flame temperature of 1000.5 °C, flame stability of
6.2%, fuel conversion of 99.2% and heating rate (dT/dt) of 5.9 °C/s. According to
Wall et al. (2009), many of these effects are explained by differences in gas
properties between CO2 and N2, the main diluting gases in oxycombustion and
combustion with air, respectively, impacting both heat transfer as the combustion
reaction kinetics. Additionally, the molecular weight of CO2 is 44 g.mol?,
compared to 28 for N2 g.mol?, thus the density of the flue gas is higher in
oxycombustion.

Similarly, the heat capacity of triatomic molecules such as CO2 and Hz0,
is higher than diatomic molecules, such as N2. These characteristics is related to
the greater emissivity of the oxycombustion gases, resulting in a high transfer of
heat by radiation in the furnace. Moreover, the O:2 diffusion rate in CO2 is 0.8
times higher than in N2 (Scheffknecht et al., 2011; Yin and Yan, 2016). In contrast,
for the simulated industrial gas stream, low oxygen concentrations can lead to an

unstable flame and reduced temperature. Thus, the oxygen-enrichment has an
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extremely important role on increasing the temperature and flame stability,
energy efficiency, heating rate and reduction of fuel consumption (Riahi et al.,
2016).

Finally, Figure 3 shows the thermograms of the oxycombustion furnace,
comparing the different oxidizers used, during 20 min of petroleum coke
combustion. As can be seen, in the clearer parts of the thermogram in relation to
the color scale, the maximum temperature was obtained with the enrichment of
the photobioreactor exhaust gases at a combustion time between 2-6 minutes.
Likewise, the higher temperatures for the atmospheric air are distributed in the
region corresponding to the combustion time between 6-10 minutes and for the
simulated industrial gas stream between 14-18 minutes. In this sense, the thermal
images reinforce the superiority of the use of the photobioreactor exhaust gases

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

3.2. Analysis of the composition of photobioreactor exhaust gases

Despite the existence of many studies considering only biomass, it is also
observed that other products are involved in carbon dioxide conversion in
photosynthetic cultures, since Oz is the most relevant when generated in these
bioprocesses (Jacob-Lopes et al.,, 2010). The Figure 4 shows the CO:2
conversion, Oz release and photosynthetic quotient (PQ) in the photobioreactor.

The behavior of both rates are similar throughout the experiment,
presenting low rate values at early and late cultivation times and reaching
maximum rates at 96 h of cultivation (18.3 + 0.5 mgco,/L/min and 16.0 + 0.7

mgo2/L/min for CO2 sequestration and Oz release, respectively).
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The ratio between the converted CO2 and the O2 produced resulted in a
PQ in the order of 0.71. This result is consistent with the expected value by
photosynthetic equation which establishes that each 1 g of CO2 consumed is
correspondent to a release of 0.73 g of O2. Comparatively, the mean value of PQ
found by Jacob-Lopes et al. (2010) to measure CO:2 sequestration rates and Oz
release was 0.74, using the culture of Aphanothece microscopica N&ageli in a
bubble column photobioreactor. For Spilling et al. (2015), the value obtained was
similar, with PQ of 1.2 to a planktonic diatom species. This ratio provides more
accurate values of the components involved in photosynthesis, such as
absorption of CO2 from measures of primary production of oxygen, and generally,
the value is close to 1.0. Additionally, the values of PQ vary according to
physiological factors, as the species of microalgae used, the type of organic
molecule produced, as well as the source and proportion of assimilated nutrients
(Eriksen et al., 2007).

Based on these aspects, the photolysis reactions of water provided in the
experimental conditions the generation and consequently the desorption of
approximately 40% of oxygen to photobioreactor exhaust gases. This
concentration of oxidizer strengthened the thermal performance of furnace of bio-
oxycombustion, as presented previously.

In order to compare quantitatively, the technologies for obtaining pure
oxygen are usually in the range of 25 to 99% (Belaissaoui et al., 2014). The
cryogenic method through an ASU is considered the only commercial technology
available for this purpose, and to satisfy the demand of oxycombustion, oxygen

production should be large volumes (7000-9000 ton/day of oxygen), implying an
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energy expenditure of 500 MW (Jin et al.,, 2015). According to the U.S.
Department of Energy (DOE) Industrial Technologies Program (ITP) and the
Industrial Heating Equipment Association (IHEA), some systems use almost
100% oxygen in the main combustion header, while others blend in oxygen to
increase the oxygen in the incoming combustion air. However, about 30% of
oxygen is effectively injected into oxycombustion chambers. For the clinkering
furnaces, for example, they normally operate with an excess air rate in the order
of 5 to 15%, which corresponds to percentage of injectable oxygen in the
combustion chamber in the range of 1 to 6% of O2. In addition, for this type of
furnace, oxygen-enrichment can reduce fuel requirements by around 7-12%
(DOE; IHEA, 2007).

Finally, should be consider that only the oxygen-enrichment close to 40%
in furnaces operated at 1000 °C provides an energy savings close to 60%. Thus,
as in some industries, the energy consumption can account for 10% or more of
total operating costs (IHEA, 2007). Specifically, for the petroleum coke, these
improvements represent an economy of the USD 240 per metric ton of fuel
burned (OCI, 2013). In this way, the bio-oxycombustion technology proposed in
this study, can represent an opportunity in the systems improvements aiming to

increase efficiency, reduce emissions and boost productivity.

4. Conclusions
Based on the different oxidizers tested, the thermal parameters of the
system increased proportionally to the amount of oxygen supplied to the furnace.

The results proved that the photobioreactor exhaust gases were able to provide
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a superior overall thermal performance in the bio-oxycombustion system,
suggesting their application as oxidizer in combustion systems. The process
integration was a potential engineering approach in order to promote the

sustainability and economy of these industrial processes.
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510 Table 1. Thermal performance parameters of bio-oxycombustion system.
Parameter Atmospheric 5.5 02 + 17% PBR PBR PBR PBR PBR PBR PBR

air CO2 +76.5 N2 (0 h) (24 h) (48 h) (72 h) (96 h) (120 h) (144 h)
Flame temperature (°C) ~ 907.3¢+7.0  822.81+8.2 925.9¢+16.6  879.79+16.9 929.9¢+13.8 953.8°+16.1 1003.52+62.4 900.1'+39.1  856.0"+ 34.0
Flame stability (%) 0.8"+0.00 1.0¢" + 0.00 1.89+0.00 1.99+0.00 1.5d° + 0.00 3.4°+0.02 6.22+0.01 4.4 +0.04 4.0° +0.02
Fuel conversion (%) 99.1%+1.90  99.19+0.70 99.62+ 1.1 98.0° + 0.90 99.52 + 1.30 98.8" + 0.50 99.28b+1.00  99.32+1.70 99.42 + 0.60
Heating rate (°C/s) 4,1%d+0.12 3.2+ 0.05 4.6 +0.15 4.20de + 0.2 4.6+ 0.1 5.0° + 0.25 5.92+ 0.45 4.6 +0.97 4,3%4+0.34

511

Different letters in the same line differ significantly by Tukey test (a = 0.05)
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3. CONCLUSAO GERAL

O sistema integrado de bio-oxicombustdo desenvolvido demonstrou ser uma
estratégia potencial para captura de carbono e utilizacao biologica;

Considerando o forno de oxicombustéo, todos os parametros de desempenho
térmico foram substancialmente melhorados com o enriquecimento dos gases de
exaustéo do fotobiorreator;

Para o tempo de residéncia celular de 96 horas, considerado a melhor condi¢édo
experimental, obteve-se um ganho significativo na eficiéncia 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 relacdo a composicao dos gases de exaustéo do fotobiorreator, foi possivel
gerar uma concentracdo de aproximadamente 40% de oxigénio, para uso como
comburente;

Desta forma, através da integracéo destes processos, foi possivel desenvolver
um sistema de combustdo superior as tecnologias atualmente disponiveis

industrialmente.
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Belatdrio Descritive de FPatente de Invengio para “Processo =
sistems para Teaproveitamento de gis carbirico transformados por
meio de fotossintese =m Oxigenic = hidrocarbonetos uwtilizados de=
forma integrada para amento da eficiéncis termica em sistemas
de combustao”.

CAMPO DA IMVENCED

[001] A presents invencio encontra =sea campo de aplicagio
dentre 03 processos & Sistemas=s para o aumento de e=ficidncia
térmica em fornos de combustio indus=trial através da téonica de
bioc-oxicombustic. De forma mais especifica a invenglo trata de
geradores bioldgiocos de oxigénio, combustireis gasomos =
diluentes de npitrogénioco oriundos de processo= de conversdo
biolidgica de gase=s dpo efeito estufa ou mais especificaments,
didxido de carbono, gque =30 regensrados  para  uso  COmED
comburentes, ocombustiveis = dilwentes respectivamente =m fornos
de combustio industrial.

[00Z] He=te documento o termo bio-oxicombustio & definido
como a substitwigdo parcial ou total do ar, wtilisado nos
processos de combustio, por: oxigénio, como  comburente:
compostos organicos wvoldteis efou semivoldteis como combuastiveis
e didmido de carbono como dilusntes de nitrogénio oriondos de
proce=sos de conversioc bioldgica de gases do efeito estofa por
meio de fotossintess.

FUNDAMENTOS DA [RVENCAD

[002] & atual preocupagico mundial com as  emissbes
industriais d= gases de efeito estufa = a=s conseqguentes mudangas
climdticas t&m acelerade o deseovolvimento de tecoologias
alternativas wisando o desenvolvimento =sustentdwvel. As fihricas
de cimento, por exemplo, =io responsdveis= por aproximadamente
cinco por centro das emi=zsdes antrzopoginicas globais de gases de
efeitc estufa. A elaboraglic do cimento e a extragio dos
agregados para o concreto thm impactos ambisntais significativos
= estima-se gu= o= formos cimenteiros gersm e&m tozmo de 700
quilogramas de ©CO0; para cada tonelada métrica de cimento

produsido.
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[004] Diante destes pimeros Sorma-se imperative a redugio
da pegada de= carbono dos processos induostriais. Alguns acordos
internacionais tim =ido propostos com este objetivo, e=mbora a=
barr=iras tecnolégicas = econfmicas limitem a aplicagioc das
tecnologias de captura = estocagem ou captura = utilizagio d=
gaszes de =feito estufa.

[005] TUma das zrotar tecnolégicas gque vwém ganhando
conziderdvel atencgic & a owdcombuostdo, gqu= ==td ba=z=ada =na
substituiglo do ar (gues contem aproximadamente 753 d= nitroginio
e 21F de oxigéniol, utilizado nos proceasos de combostdo, por
oxiginic puroc. Como consequéncia do ammento da pressic parcial
de oxiglnio mos processos de combustio hd e ganho na capacidade
térmica glokal dos esmquipamentos, reduzindo o0 consums de
combo=stiveis = consequentemente a5 emissfes de gases de =feito
estufa.

[00&] & tecnologia de oxicombustio estd fundamentada nas
dnfcrtnqan existentas am rtlagln A4 combu=tioco com ar, nas
propriedades do gds usade como comburente, nas reaghes de
combustdo = mnas propriedades dos gases de combustio. A=
principais diferencas sio provenisntes da mudanga na composicio
dos gass=s, ou s=ja, na substituwigic do gds nitroginic (Wil pelo
gas oxiginic (0;], em paralelo a outros gaszes, como o gas
carbdnico {00;) como diluente do gis oxighnio.

[007] Em termos de capacidade térmica (Cpl, verifica-=s= gue
a BD00E o H; apresenta um Cp=3il;4 J/kmol, engqoanto go= o O
possui Cp=5l,4 J/kmol. Adicionalmente, a emissividade [z], gue &
a gapacidade de emitir energia por radiaglo, de substincias
triatémicas, como o OOy & Hyl =do =uperiorss a2 moléculas
diatlmicas como o H;. Estas caracteristicas de composiglo do gas
comborente impactam principalmente ma (1] eatabilidade =
tempearatura da chama, [id]) tran=faréncia d= calor, (Z2ii}
tranaferfncia de ma==a, faw] cinética da combustio, = [v]
corrosividade do gi=.

[00E] Em adiglo a ==tas consideraghes, a puresa do oxiginio

& considerada a principal varidwvel operacional dos processos de
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oxicombustio, =zendo uma funclic apenas dos aspectos econdmdicos de
=11a prodocio. A= tecnologias atualmente comercialmente
disponiveis para a produclo de oxigénio =dc baseada= em uonidades
de separacio crioginica de ar (A3T] & =m =istema= de= adscrcio
Ccom ?a:l::i.:qj.u de pressaio {F34), gu= par l:i_m.i.ta.l;ﬁ-e_-l de cua=to =foo
grau de puorega do oxiglnio produosido, =20 considerada=s pouoco
atrativas. Em adigio, proce=saps de =eparacio com membranas tém
sido desenvolvidos=s, mas ainda ndo apressntam 2 maturidade
neceasdria para o escalonamento indus=trial.

[002] A limitaglo da geragdo d= oxiginioc para uso como
oxicombustivel pode =er contornada através da =ua prodocio em
reatores biclégicos, qua= utilizam micro—organismos
fotoasintdticos como a3 microalgas. O oxiglnic metabdlico &
gerado como um coproduto do metaboli=mo fotoasintédtico atzavés
das reaghes de Fotdli=e da dgua. For esta rota tecnoldgica &
possivel produsir em média 0,75 kg de oxigfpnio para cada 1 kg de
didxido de carbono bioconwvertido, o gue demonstra o amplo
potencial de produclo desta suobatincia neste tipo de procea=o.
Estes bioprocesso= produsem em paralelo imimercos compostos
organicos woliteis & semivoldteis, goe apresentam considerdwvel
ralor esnergético, além de liberar nos gases de sxaustio
substanciais concentraches de OO,

[010] O processo de bic-oxicombustio aplica-se a gualguer
processs de combustdo dindustrial para geragio de  en=rgia
térmica. Fodendo =er aplicado em novas unidades [(m=g-built) om
adaptads a unidades ji existentes |(retrofic].

[O11] Le==mim, um =istema integrado para a comversio
bioldgica de didaxido de carbono em Oxiglnic, combustiveis
gaszoacs e diluente de npitroginic para usc =m sistema= de
oxicombustio & algo ainda nio comhecido do estado da téonica.
TECHICA RELACIOHADA

[01Z] Infmeras rotas tecnolégicas tém side desemvolividas
visando &4 captura, uso & estocagem de carbono. A conversdo
bioldgica de didxido de carbono em fotobiorreatores = osn

proce=sags de oxicombustdo =do considerados dois exemplos de
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elevado potencial de aplinag&a industrial (Chen C, Lu Z, Ha X,
Long J, Peng ¥, Hu L, Lu Q. Oxy-fuel combusation characteristics
arnd kinetics of microalga= Thloralla volgasis by
thermogravrimetric analy=is. Bipresocurce Technology 2013;
144:-563-571} .

[012] & conversdo direta de gases de efeito estufa,
principalmente didwido de carbono em fotobiorze=atores por
microalgasr & uma técnica potencial, pois além de mitigar o=
polus=ntes gera indmeros produtos do metaboli=mo fotossintético,
como, biomassa, =ais inorganicos, exopolimeros, oxiglnioc e
compastos orgdnicos wvolateis [(dlcoois, £steres, hidrocarbonetos,
terpenos=s, aldeido=, oetona=s e dcido=s carboxilicos), gue podem
==er reutilisados ocomo insumos intermedidrios e=fou produtos
finai= de diferentes processcs de manufatora indostrial (Jacob-
Lopes=, E; Franco, IT. From o©il refinery +to microalgal
bigrefinery Journal of OQ; Ttiligatiom 2013:; Z:1-T7}.

[014] A= tecnologia= de oxicombustio, por outro lado, =stido
baszeada= no enrigquecimento dos egquipamentos de combustio
industrial com o gi= Ouiglnio, aumentando a eficifnceia térmica
dos processogs &, Ppor conssguinte, redusindo o gasto com
combustiveis fésaei=z, geradores de gases de efeito estufa |(Chen
Cy Im Z, Ma K, Long J, Peng ¥, Hu L, Lu Q. Oxy-fuel combustiomn
characteristics and kinetics of microalgas Chlorellz vulgaric by
thermogravrimetric analy=is. Bipresource Technology 2013
144:-563-571}.

[015] Recentemente, alguns pedidos de patentes tém sido
depositados na tentativa de viabiligar processos de oxicombustio
com aplicagldo industrial.

[01l6] O documento de patente EF 2292974 A2, refere-se 2 uma
caldeira de oxicombustio em gue axiste uma unidade de separaglio
fizsica de ouiglnio do ar. O oxiglnioc =eparado por e==sta unidade #
encaminhado através de um sistema de recirculagio ao forno para
a coxicombu=tio. O forno de oxicombustic compresnde ainda uma
unidade de controle de fluxo de combustivel ajustivel aos teores

de oxiglnioc injetado na caldeira.
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[017] © documento de patente norte americano 03 20030115500
refere—=e 2 um =sistema de= geraclo de energia a partir da gueisma
de  hidrocarbonetos, utiligando  elewvadas concentragles de
oxiginic comburente, obtido por separadores fisicos. [ processo
propie o wusc de um combustivel 3 base de Jdgua, através da
diluiglio dos hidrocarboneto= com este solvents.

[01lE] O documento de patente brasileiro PFI 0715471-2 A2
descrese um equipamento = método de oxicombu=tio baseado e=m m
comba=stivel, um comburente = um gids majoritdrioc inerte, wvisando
proporcionalizar adequadamente esta mistura para o aumento da
efipidnria térmica de sistemas=s de combustdo induo=trial.

[018] O documento de patente EP 2305185 relata um
equipamento = processo para o earigquecimento com Oxigénio de mma
caldeira a carvio, conectada a uma unidade de =eparagdo fisica
de Oxigénico do ar, goe busca ammentar a eficidnoia téomica
global do processo.

[020] O documento de patente WO 2013116667 cita um sistema
de purificaclio de oxiglnic, para wuoso am procesasos de
oxicombustio, ba=eado =m membranas poliméricas ceramicas gue =3o
adaptadas ao sistema de combustdo.

[021] E=stes cinco documentos de patentes acima descritos
possoem limitagbes comuns, que & 2 geragio de Oxiginio por
procesacs de separagio fisica do ar, gue =do pouco atrativos =ch
o ponto de wista comercial, uma wves gue produzem oxiglnioc a
custos incompativeis com 2 maioria das operaghes industriais.

[02Z] 0= documento=: de patente norte-americancs U3
20120224641 e TUIZ0140113275 referem-ase a métodos de wo=o
combinado de combustiveis foisseis & renpovaveis em sistemas de
oxicombustio enrigquecidos por oxiginio oriundo de onidades de
separagio fisica = oxighnio metabblico gerado por biorreatores
mizrogalgais=s. Esses documentos dasconsidaram a produglo conjunta
de combustiveis woliteis =m paralelo a produgio de oxiginio nos
fotobiorreatores, além de nio considerarem o uso de parte do

didxido de carbono:, nioc oconvertido no fotobiorreator, cComo
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dilu=nte do nitroglinio, dois= fatores = aumsntam
substancialmente o desempenhos tdérmico dos formos.

[0223] Diante da= lilitaqﬁeu do estado da tEconica,
deseavolveu-== o present= proces=so = =istema inbtegrado =
inten=ivo para combu=tic em =sistemas industrizi= através de bio-—
oxicombustiveis. 0= bic-oxicombustiweis =lo agoi entendido= como
on combustiveis oriundos de processos de conversdo bioldgica de
ga=zes do =feito e=tufa por meio d= fotossintess.

[0Z4] A presente invencio & uma =oluglo tecnmolégica gque
permite integrar & geraglo = reuso de didxide de carbono
industrizl em mm circoito parcialmente ou totalmente f£fechado,
para a produgio de bioprodutos fotossintdticos, principalmente
oxiginic = compostos orgdnicos volateis & semdivoldteis gue sezdo
utiligados como comburente = combustiveis em formos industriais
respectivamente. A= tecnologias existentes propliem o
enrigquecimento dos fornos de combustic com oxiglnic oriundo de
procesags de separacio fismica do ar ou oxiglnio produoside
biglogicamente por micro-organismos. h dmvengdo agui =nainada
compreends &inda o wusc de metabdlitos vwoldteis produsidos
conjantamente com < oxiginic como coprodotos do metaboli=ao
microalgal e=m £fotobiorreatores, além de regenerar parte do
didxido de carbono para usc como diluente dos gases comburentes.
SIMARIO DA IEVENCED

[025] Q@ processs integrado para a produgio = uaso de
oxighnic em sistemas de bio-oxicombustis, revelads na presente
invengao, tem como objetive aumentar a eficifnocia térmica de
forno= industriais.

[026] O oxiginico & produside por reaghes de fotdliss em
fotobiorreatores mediados poz microalgas. Eates
Eotobiorreatores, gque podem apressntar configquraglo wariada, =3o
alimentados preferencialmente com ditxido de carbono industrial,
cuja aglo dos micro-organismos converte o CO3 em produtos
ga=zoaca do metaboli=mo fotossintdtico, particularmente Cxighnio
& patros compostos organicoas wvoliteis s&fou semivoliteis, guoe

serfo recuperados & utilizador como oxicombustiveis para injeclo
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em Fornos de combustico induostrial. Adicionalmente, a fraclio nio
convertida do didxide de carbono injetado no fotobiorreator &
regenerada para uac como diluente do nitroginio. Eatas reaches
=2 oontroladas pela energia luminosa incidente no
fotobkiorreator, gue pode =er de origem mnatural {sclar] =fona
artificial (lampadas fluorescentes, LED, fibra &tical.

[027] O =istema agui revelads compresnds oma midade de
geragdo bioldgica, prefersncialmente um fotobiorzreator (1), gque
forpnece oxnighnio, compostos voldteis =fou semivoldteis = didaido
de carbono, duas unidades de bombeamento de gaszes (2] = {8) =
doi= =mi=tama= de= tratam=nto = purific:g.‘-u de ga=es (2} = (4] =
{6) = (T} mm forno de combustic (5} = dois conjuntos de
medidores = controladore= (%) = (10}, gque operam de Sorma
integrada.

EFREVE DESCRIGAD DAS FIGURAS

[02E] A Figura 1 mostra uma representacio esguemdtica de
um fotcbiorreator (1) para geragio biolégica de combursntes =
combustiveis woliteis efou semivoliteis = um processo integrado
& intensivo de ocxicombustdo conectado ao formo de combustdo ()
por meio de uma bomka (2] & sistemas=s de tratamento = puzific:g.'--:
de gase=s. 0= gases de =aida do forno de combustio passam ainda
por um sistema de tratamento e puarificacio de ga=mes & =do
bombe=ados no todo ou =m parte para a e=ntrada do fotobiorrzeator
i1} . As setas indicam a direglc do fluzo de gases. Uma sailda d=
gases tambim & prevista antes da bomba {3) .

[028] A Figura 2 mostra a :a.r:cl:l::il:-;lu compoaton
orginicoes woldteis gerados pelo fotobiorreator (1) & usados como
comba=tivel no forno de combustido:

{11l Z2-m=tilbutanal,

112] Z-metoxi-2-metil-propana,
113] Z-propanona,

114]) 2,;49-dimetil-3-pentanona,
1153] 3,3-dimetil-hexano,

11€] hexanal,

1171 2;4-dimetilheptano,
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114} 4,7-dimetil-undecano,
{18 d4-occten-2-ona,

120] Z-fenillpropenc,

121} E-metil-5-hepten—I-oma,
(£22] Z-=til-l-hexanol,

1231 2,4-heptadienal,

124} Z-propil-l-heptancl,
{£5) acetofenona,

12€] Z,4%4-decadienal, (E Z] =
127] Pp-iomoma.

[030] Figura 2 apresenta mm =xemplo de de=sempenho térmico
de um forno de combustic, alimentado com cogque de petrdleo,
operands integrado ao sistema de bio—oxicombustio.

DESCRICAD DETALHADA DA INVENCAD

[031] A= caracteristicas do processo = sistema de bdio-
oxicombustio, objetas da pressnte .'i_1:|'."ﬂ:|.gl-:|-.. mario mais bem
percebidas a partir da descricloc detalhada que == fard a seguir.

[032] O proce=sc agui revelado ocorre por meio das etapas
de:

fal r&-:upe:l:a.l;!l-:- da fa=e gasosa de um fotobiocrreator:

ib) tratamento do= gases:

ezl :i.njeg!u:- do oxiglnic, compostos arganicos woldteis =foa

semivoliteis, nitroglnic = didamido de carbono em wm
forno de combustio:

fd) rcg'enl:r:g!l-:- do= gases de exanstico do forno de

combustio, no todo o =m parcts, para e fala)
fotobiocrreator:

[032] Em um as=pectos detalhado, a3 faae gas=osa do
fotobiorreator #& recuperada = bombeada a2 uma unidad=s de
tratamento, para remoclo do excesso de vapor d'agua = demais
interferentes [(OHxidos de nitroglnioc, &4xidos de enxofre, dentre
cutraos=s}. U= gases purificados =3c injetados mno forno de
combustio (5}, atuando como combursntes [oxiginic), combustiveis
icompoatos orginicos wolidteis efou semivoliteis) & diluidores de

nitroginic. Em uma dltima etapa, a oxidaclo do= combustiveis no
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forno de combus=tio resnltard na producio de didaxido de carbono e
demai=s gases de =xaustio, gowe retornario ao fotobiorreator, no
todo ou em parte, apds passarem pela unidade de tratamento de
gas=zes, integrando globalmente o proce==o.

[034] O m=io de cultuora srmasenado no fotobiorr=ator (1)
recebe mma mistura de ar = O0; proveniente das emissles
industriais gue £ bombeada continuament= para o interior do
=istema, proporcionands o aporte de carbono inorgdnico  as
culturas, em paralelo a agitacio e mistura para o meio
reacicnal. Este me=io de cultura recebe 2 energia luminosa,
permitindo a captacio da energia pelas células, gue desencadeiam
a reacio fotossintética, convertendo o didxido de carbono oo
outros gases do efeito estofa nos bioprodutos gasoso=z do
metabolismo fotossintético: oniglhnio = compostos organicos
volitei=s e=fom semivoliteis, além de liberar n#nos gases de
exaustic parte do CJ; injetado = nic comvertido. Esta opsragioc &
repetida por tempos de residdncia waridweis. Ho cas=o da
operagac descontinua o tempo d= residfncia serd definido p=la
exaustic dos nutrientes pressntes no meic de coltura. Estes
tempos de residincia wariam nozmalmente entre 3 = 10 dias, =oo
casoc de operagles descontinuas.

[035] Por owtro lado, no caso da nptr;gin continua, hawerd
a alimentagic de meis de coltura =m Saxas de  dilwaglo
proporcionai= a welocidade de crescimento das células, com a
retirada de meis de cultura =m vazdes equivalentes as wvasles de
alim=ntagic. A operaglc continoa serd mantida por tempo de
residéncia indefinido, gque permita a manutencdo das culturas em
estado estaciondrio.

[03E] © controle de um proces=o continoo & zrealizado
atravds do ajus=ste da taxa de= diluiqln [(Dy R . Box d:finngﬁu, D
equivale ao inver=o do tempo d= residéncia, ou ==ja, =1/t (B™],
ou ainda D=F/V {h™).

[03T7] Coms a welocidade sapecifica de crescimento celular &
dada mna=s me=ma= ugnidade=s da taxa de= diluig!a (me B, podemoa

relacioni-las fazendo com que D=p.
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[038] Finalments, & wvasdc d= alimentaglo = a wvaslo de
retirada de meio de cultura do biorreator operado continosmente,
=i obtida= através do produto de DFp com o wolume &%il do
=1i=tama (W, n‘]r ochtendo-== o walor =m :u.:',"h- A m.:.nutﬂ:.-;_lu dmmmm
equilibric & chamada de op=raclic =m estado estaciondric = pode
=er indefinidamente mantida, desde guwe o0 crescimento celular
eateja egquilibrade com a alimentacdeo/retirada de meio de
cultura.

[o3s] & ﬂ.es-:'r:i.r:'!u-:r do =istema de= bio—oxicombu=tic & faita d=
acorde com a identificacgio dos respectivos componentes, conforme
identificados na figura-l. A presesnte invencio refere-as a um
equipamento principal, constituide pelo fotobiorreator, f£ormo,
filtros = condensadores] = sesus acessdrios necessdrios para a
conducic do processao.

[040] ©C referido =istema de bio-oxicombustio ocompreende
basicamente o3 seguintes componentes:

— um fotobiorreator (1] de mistura perfeita usado paza

converter didxide de carbomo = outros gases de efeito

astufa, oriundcoc= do=s formos= de combu=tic indu=strial, =m
oxiginic = demais compostos orgdnicos volditeis. O sistema

regenera © didxido de carbono nio conwertido. O

fotobiorreator pode =er operadc de forma descontinoa,

descontinua alimentada = continua:

- duas astagies de bombeamento d= gases (2] = (B] dotadas

de bombar pneumiticas, de poténcia dimensionada de= acordo

com a capacidade operacional do =istema, =uficiente para

integrar o fotobiorreator (1} com o formo [5]:

- dois conjuntosr de tratamento de gases (3} = (4) = [€] =

(7}, dotado=r de um filtro [(mangas ou coalescéncia)l om

ainda wum precipitador eletrostdtico acoplado=s a 1w

condensador, utilizados para a para a purificacio parcial
de interferentes ga=sosos;, particulados = vapor de dgaa:

- um formo de combustio industrial ({5), wuas=sado para

geracdo de energia térmica em diferentes processos

industriai=s. 0 formo (5] & alimentado com o oxiglnio =
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compostos organicos voldteis e=fou semdivoliteis gerados
pelo fotobiorreator, além de didwxido de carbono nio
convertido (1) = formece o didxido de carbono para
alimentar o Efotobicrzeatoxr (1). A alimentaclo doz gases
de exaustic pode ocorrer em difers=ntes regifes do formo
industrial de climquer, incloindo o m.:.q_:.zj.l:-:.. a2 caixa de
fumaga gu o calcinador.
— um conjunto de medidores = controlador=s (B} = (10] do=
parimetros do si=tema (pH, temperatura, didxido de
carbono, monduido de carbono, nDitrogénio, oxigénio =
carbono ocrganicoe totall gue =do interligados a um sistema
de controle, gque= auxilia no= ajuste=s dos parimetros do
processg = sistema.
[041] 0= medidores podem =ervirz & uma operagic ndo
avtomatizada apenas como auxiliarss na caracterizacdo do
proces=ssa, enguanto com o3 2 medidore=s associados  aos
controladores podem contribuir, aldam da caracterisagio do
procesags  ao efetivo controle = ajuoste das condigies
cperacicnais.
EXEMPLOS
[042] Tm exemplo de um bicprocess=so de conversdo do OO0 da
pr=ssnts invengioc trata de wm da conversdo do CO0; em bioprodutos
gasoaos, através das etapas de:
{2l s=e=legio e adaptagio de microalgas as condighes
fisico, quimicas e bioldgicas operacionais do sistema
para JgeErar uma Cepa muobtantes
(bl inserglic mno reator da cspa matante gerada na =Sapa
(2] com concentragldoc inicial do inoculo de c=rca d= 0.1 a
0,3 g9/L; juntamente com o meio de cultura liguides
(o] propagagic da cepa mutante através da manipulacio das
condighas operacionais de temperatura, pH, agitaglio por
aeragio de ar comprimide contaminado com didxido de
carbono [1-25%) .
[042] Em wum a=pecto particular, a= células microalgais

utiligadas como biocatalisador deo processo, deverdo pas=ar por
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uma =tapa de adaptacis gendtica, produsindo células mutantes. O
procedimento de produgio de motantes pré-ssletivos consiste =m
dua=s etapas: (1) cultivo awxfnico da e=pécie de microalga =m
tubos de ensaio contendo meioc =intético BElL]L enrigquecido oom 20
g/L de agar-agar, mantidos a temperatuora de I0°C & luminosidades
de 1,0 klux, em uma cdmara de incubagio provida de limpadas
flupresceantes do tipo lus do dia [(400-700mm} . As cunlturas =lo
mantida= em crescimento balanceado através de transferéncias
periddicas de indculos a meioc de cultura fresco = (2) suobmissio
da= culturas axénicas a um ambiente =eletiro, gue mimetiza a9
condiches impostas industrialments, gue consistem na exposiclo
das czélulas a concentragies crascentes (2, 3, 10, 15, Z5% w/fw)
dos gases de combustlo industrial, ricos em COp, 3 condigles de
temperatura entre 10-40°C, pH entre 2 a 10, luminosidade entre 0
a2 100 klux, =m uma =egunda cdmara de= incvhagio provida d=
limpada= flucrescentes do tipo lus do dia (400-TO00mm). E=tas
dua= =tapas geram célula= resistentes da condighes de operacio
do sistema. As células resistentes 20 ambiente extremo sio
mantidas por 20 dias = entio analisadas wiswalmente por
microscopia Otica, determinando o nimero de océlulas Dutantes
resistentes ao ambiente adaptatiwvao.

[044] De forma opcional; © bioprocesso de conversio de
efluentes gasoso= prové wmwma etapa de tratamento preliminar da
emi=sdo gasgsa através de sistemas de separaglo para a contencio
de material particulado, metais pesados & outros constituintes
do gi=s polusnte.

[045] A p.rl:lp:-rg!la de inocuolofmeio de cultura da =tapa (b)
do processo pode variar entre 10% {100/1000) a 30% {300,100Q) .

[04E] Em uma :Lnl:-::r_p-:-:l:a.g!l.-:- do bioproce=sac de oconversio de
0z, a etapa [c] de propagaglio da cepa mubante ocorce em
temperaturas de cerca de 10 a 40°C, pH inicial do meio ajustado
para aproximadaments 7.0 a 8,0, agitagio por aeracio de ar
comprimide de 0,5 a 1;5 VWM {volume de ar por volume de meio de
cultura por minute)] , sendo este ar enriguecide/contaminade ocom

uma proporgis de gases de emisslo do processaments indostrial,
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qu= resulte =2m um teocr de C0; entre 1 2 253, preferencizlmente
153, = inten=idades luminos=as gue wvariam de 10 a 100 kElox.

[047] Owbtro aspecto do bioproce=sso de conversdo de gases
do efeite estufa, da pressnbe invencio, € a utilizaglo de
microalgas pertencentes a= clam=e=s das= cianobactérias,
cloroficeas e diatomaceas, como Aphanothecs, Scenedssmos,
Sypechocystic, DNeostos, Phormidium, Chilorells = Phamodactyloe,
incluindo monoculturas ou consSrcios microalgais.

[04E] Cutro exemplo d= ze:J.‘i.:;u;E.n da irl.'l..'zr.l;!l.-n- pode ==r
dezcrito a partir de wm fotobiorreator de coluna de bolhas [1]
ocperado a partir de uma cepa matante de Chlorells wolgaris, =m
meio sintético BG11, & 25°C, 10 klux = com uma taxa de

11.'i.'l.-=nta|;iﬂ de difdxido de carbono de 1,38 kg/m'fd. Hes=tas=
:un-d.i.i;ﬁczl oCcorr= uma biloconversiop de= O,5& 1-;—_-.;,:"-:.1_."6., =andn

perdido nos gases de sxaustlo aproximadamente 1,25 Eg‘m.-"m.’_."d- L
didxido de carbono & pconvertido =m 0,52 kg_."n]',."l:l de cCcompostos
organicos wvoldteis, em paraleslo a 0,42 lg_n"ml,."ﬂ. de oxighnio, gue
estariam disponiveis para alimentagio de fornos de combustlic
industrial.

[042] & tituloc d= tmlifl::?’.u, mma ::i::.li.::.l;!m- pade ==r
descrita através da caracterizaglic dos compostos orginicos
rolitei= gerados pelo fotobiorreator (1] e usados cComo
combu=tivel no formno de= combustio, conforme a2 figura Z. Has=
mesma= condigfes descritas no exemplo anterior, correspondentes
i uma taxza de produgldo de 0,52 kg/m'/d de compostos orginicos
volateis, ha a formagdo de cetomas {Z-propancma, Z,%-dimetil-3-
peEntanona, 49-octen-Jd-oma, EG-metil-S-hepten-I-oma, acetofencma =
B-ioncmal , aldeido=s [l-metilbutanal, hexanal, 2Z,4-heptadiesnal =
2;9-decadienal), hidrocarbonetos [(I-metoxi-Z-metil-propano, 2,32-
dimetil-h=xano, i; ¥—dimetilheptano = 4, T-dimetil -ondecana] ,
dloopgis [Z-etil-l-hexanol = Z-propil-l-heptanol}l = terpencs [Z-
fenillpropenc] gue Jjuntos totalisam a fraglo orgdnica dos gases
de exaustic do fotochiorreator =m um tempo de residdncoia celular
de SER.
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[050] E titulo de= exEﬂ:;_:J.i.fil::.l;!l.-:-_.- um esventos real pode ser
descrito através da Ffigora 2, gue representa o dessspenho
térmico de um forno de ocombustic, alimentado ocom cogue de
petrdlec, operando integrado ao sistema de bio-oxicombustio. A=
imagens de termografia por infravermelho s=sugerem ganhos de
dezempenho na ordem de 37,0% na temperatura da chama, 21.€6% na
estabhilidade da chama = 0,5% na conversdo adiciomal global de=
cogque gquands comparado ac uso de ar atmosférioco como agente
comburente. O zumento do desempenho destes tris parimetros ird
CCASiConadr eConomia 0o consumme de combustiveis dos sistemas= de
combustio em paralels a reducic da amissdo de gases de afeito
estufa.

[051] A descriclio gue == fez até aguni do procesao e
sistema integrado, objetos da presente invencio, devem =er
consideradas apenaa como uma possivel concretisagdo e gualsguer
caracteristicas particulares nela introdusida devem  =er
entendidas apenas como algo gue foi descrito para facilitar =sua
compresnsdo. Deata forma, nioc podem de forma algoma s=er

consideradas como limitantes da invencdo, a gual estd limitada

pelo sacopo das reivindicagles gue asguem.

93



10

Kl
[E]

174

IVINDICAQOES

1) UTm proce=sso para reaproveitamento de gds carbdnico

transformado=s por meioc de fotossintess em Oxigepnic =

hidrocarbonetos caracterizado pelo fato da injegdo integrada do

Oxiginio, como e comburente, dos compostos organicos voldteis
efon =emivolitels, como combustiveis, = do didsido de carbono,
como um diloente de Nitrogénioc == um formo de combustdo.

£} 0 processn |para reaproveitaments de  gds carbdnico
transformado=s por meio d= foto=sintens= em Oxiglnio =

hidrocarhometos, de acordo com = IEi?j.‘D.d_i.lllI;il:l 1, caracterizado

pelo fato de compresnder as seguintes stapas:
[a] recuperacio da fase gasoma de um fotobiorreator
[1]1:
[b] tratamento dos referidos gases:
[z] injegio do Oxiglnio, compostos orgidnicos woldteis
efon semivolateis & didmido de carbono em um formo de
combustio:
[d] regensragic dox gases de exauatlo do forno de
combustia, mno todo oua em parte, para a=o0 no
fotobiorreator [1}:

2/ 0 processo |para reaproveitamento de gds carbdnmico
transformado=s por meioc de fotossintess em Oxigenio =

hidrocarbonetos, de acordo com = Ie:i.'.'.i.'n.d.i.-"_a.gﬁ.l:l i, caracterizado

pelo fato da fasme gasmosa do fotobiorreator ([l] =ser recuperada e
bombeada, por meio da bomba (2] 4 unidade de tratamento (3] =
4] para rmﬂqlu do excesas de wvapor dfagua, de dxidos de
nitroghnic & de éxidos de enwofre;, sendo a referida fase gasosma
purificada injetada no formo de ocombustio (5], ond= 3 ux:-:l.:.-.-rl.u
do=s combu=tiveis no forno de combustlic (5) resultari na F—ruciu-;la
de didxido de carbono = demais gases de exaustic, gue pa=sardo
ainda pela umidade de tratamento de gases (&) = (7] = serdo
boberado=, por meic da bomba (B), retornando, no todo ou em

parte, ao fotobiorreator (l] integrando o proces=o.
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4} 0 prooessoc para reaproveitamento de gds carbdmico
tranaformados por meic de fotossintess em  Oxighnioc =

hidrocarbonetos, de acordo com & relvindicagio 1, caracterisado

pelo fato de um meic de coltura amase=nado no fotobiorreator (1]
receber uma mistura de ar = didswido de carbono proveniente de
emizafes, gue & bombeado continuament= ou descontinuamente oo
de=contincamente alimentada para o intericr do =i=tema,
proporcionando o aporte de carbome incrganico 43 culturas, ==
paral=lc a agitagico & mistura para © melc reacional, ond= o
referide meio de cultura recebe ainda energia  luminosa,
permitinde a captagic dessa ensrgia p=las células, convertendo o
didxido de carbono ou outros gases do efeito estufa no=
bioprodutos ga=socsos do metaboli=mo fotossintético.

S 0 prooessoc para reaproveitamento de gds carbdmico
tranaformados por meic de= fotossintese em  Oxiglodo e

hidrocarboneto=, de acordo com a IEi?j_ﬂ.dilllEiD 4, caracte=rizado

pelo fato dos compostos orglinicos voldtels compresnderem cetonas
|Z-propanona, 2,49-dimetil-3-pentanona, 4-octen—-3-omna, G-metil-S-
hepten-2-ona, acetofenona = P-iononal, aldeidos [2-metilbutanal,
hexanal, 2,4-heptadienal = 2,4-decadienal), hidrocarbonetos (2-
metoxi-2-metil-propans, 3,3d-dimetil-hexanoe, 2,9-dimetilheptano =
4, 7T-dimetil-undecanc] , 4dlocoois [2-etil-l-hexanol = Z-pzopil-l-
heptanol] & terpenos (I-fenillpropeno).

) 0 proossso para reaproveitamento de gés  carbdnico
tranaformados por meic de fotossintese em Oxiglnio e

hidrocarbone=tos, de acordo com a IEi'-'j_ﬂ.dilllEiD 4, caracte=rizado

pelo fato de gue na operagic continua a alimentagio do meio de
cultara ocorr=rd =m taxas de diluiglo proporcicmais d velocidade
de crescimento das células, com a retirada de meio de cultura em
raghas eguivalente=s d= vazles de alimentaglio, =endo a operacio
continua mantida por tempo de residéncia indefinido.

T 0 prooesaoc para reaproveitamento de gds carbdmico
tranaformados por meic de fotossintese em  Oxiglnio e

hidrocarbonetos, de acordo com a IEi'-'j_ﬂ.dilllElD 4, caracte=rizado
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pelo fato de goe na operaclio descontinoa o Sempo de residéneiz
=erd definide pela exaustio dos nutrientes pressntes no me=ioc de
cultura, sendo os referidos tempos de residéncia entre 3 = 10
dias.

B) Tm =istema para reaproveitaments de gds carbdnico
transformado=s por meic de foto=zsintesse em  Oxigénio =
hidrocarbonetos caracterizado pelo fato de compresnder wum

fotobiorr=ator (1}, qoe formece mwma fase ga=o=a contendo
cxiginic, Ccompostos orgRnicos woldteis efoo =emiveoldtei= =
didxido de carhono para uma estacio de bombeamento (2], gue por
=ua wveg =nvia o= referidos gases a uma unidade de tratamento de
ga=zes, composta por um filtro (3] acoplado a um condensador (4],
que entregam gases para injeciso no forno de combustlo (5], onde
o referido formo (5) poasui ainda medidores = controladores=s {10}
dos parimetros do =istema, onde o= gases provenientes do formo
15) =fo entdio encaminhados para uma unidade de tratamento de
gases, composta por uwm filtro (€} acoplado a um condensador (7).
gue =ptregam por meic de uma bomba (B) oz gases para alimentar o
fotobiorreator (1), onde o referido fotobiorreator (1) pos=sui
ainda um medidor & controlador (9).

S9) Um sistema para reaproveitamento de gds carbdmico
transformados por meio de= foto=ssintess= em Oxiglnio =

hidrocarbonetos, de acordo com a rl::i.v.i_'u.d_i.-"_agin E, caracterizado

pelo fato do fotobiorreator =er operado de forma descontinoa,
de=zcontinua alimentada = continua.

10) Um sistema para reaproveitamento de gds carbdmico
transfozrmados por meio de= fotossintess= em Oxigdnio &

hidrocarbonetos, de acordo com a rl::i.v.i_'u.d_i.-"_al;in E, caracterizado

pelo fato da=s bombas (2} = {3) =erem pneomiticas.
11) Tm s=i=tema @para reaproveitamento de gds carbdnico
transformados por meio de fotossintess em Oxigdnio =

hidrocarbonetos, de acordo com a rl::i.v.i_'u.d_i.-"_agin E, caracterizado

pele fato do=s Eiltres (3} e (€] =erem filtros de manga=s ou

filtros de ocoalesciéneia ocu precipitadorss sletrostdticos.
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12) Tm s=istema para reaproveitamento de gds carbdnico
transformado= por meic de foto=zsintess em Oxiginic =

hidrocarboneto=, de acordo com = Ii:i.':.'.i_l:l.u:l_i.r'_a.l;il:l E, caracterizado

pelo fato da entrega do= gases para injecio no formo de
combu=tdo {5) industrizl de clinquer ser realigada no nﬂ.Eﬂ.IiCD o
na caixa de fumaga ou no calecinador.

13) Um s=i=tema para reaproveitamento de gds carbdnico
transformado=s por meioc  de foto=ssintese em Oxiginico =

hidrocarbonetos, de acordo com & relvindicagio B, caracterisado

pelo fato da injeqio dos gasms=s =er realizada por meio da téomica
de bip-cxicombustdo.

19) Um =i=tema para reaproveitamento de gds carbdnico
transformado= por meic  de foto=zsintese em Oxiginic =

hidrocarbonetos, de acordo com & relvindicagio B, caracterisado

peloc fato dos medidorss = controladozres (B8] = (10) s=rem de phH,
temperatura, didxaido d= carbono, montxido e carkono,
nitrogénio, oxiginic = carbono orginico total.

15) Um =istema para reaproveitamento de gds carbdnico
transformado= por meic de fotozssintese em Oxiginic =

hidrocarbonetos, de acordo com a reivindicagio 14, caracterisado

E fato dom referidos=s medidors= (%] = {10} =m=rem wtilizado= =m
uma op=ragac nio actomatizada como auxiliares na caracterizagido
do processo.

1€) Tm =istema para reaproveitamento de gds carbdnico
transformado= por meic de fotozsintese em Oxiginic =

hidrocarbonetos, de acords com a reivindicacio 14, caracterisado

Elﬂ fato dos referidos medidore=s (5] = (10)serem interligados

ainda a um =istema de comtrole para o ajuste das condiches

cperacicnais do sistema.
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FROCESSD E SISTEMA PARA BREAFRINEITAMENTD DE GAS CARBONICO
TRANSFORMADOS POR MEIO DE FOTOSSINTESE EM OXIGENID E
HIDRDCABBOMETOE UTILIEADDS DE FORMA [NTEGHADA PARA AIMENTD DA
EFICIENCIA TERMICA EM SISTEMAS DE COMBUSTAD

A presente invenclioc ancontra =ec camps de aplicacis dentre
ON processcs & sistemas para o aumentos de aficidnoia térmica em
formo= de ocombustio atrarés da técnica de bio-oxicombustdo. O
processo integrade para a produgio = uso de Oxiginio, como um
comborente, dos compostos orgidnicos voldteis =/fon sesivoldteis,
como combu=tiveis, = do didxido de carbono, ocomo um dilvente de
Hitrogénio em um formo de combustio, tem como objetive ammentar
a eficifpeoia térmica de formos indostriaisa. O Oxiglpic &
produsido =m fotobiorrsatores, gQgue podem apresentar configuragio
variada, =endc alimentados com didxidec de carbono Indua=trial,
cuja aglo dos micro—organismos comwerte o C0; em  produtos
ga=sosos do metaboli=smo fotossintético. Adicionalmente, & fr:qlu
nio convertida do didxido de carbono injetado no fotobiorreator
& regenerada para uso como diluents do Cxigénio. O sistema agui
revelado compre=nde wma - unidade de= gEracio bioldgica,
prefarsncialment= uom fotobiorreator, gque form=ce a =oa £fa==
gasosa: duas onidades de bombezmento de gases [21] = (3] = dois
=istema= de tratamento = purifi:aghn de gases [3] = {4) = (&) =
17l un formo de combu=tioco {3) = dois conjuntos de medidores =

controladore=s (%) = {10}, gue= operam de forma integrada.

100



ANEXO B - PATENTE DEPOSITADA NO INSTITUTO NACIONAL DE LA
PROPRIEDAD INDUSTRIAL — ADMINISTRACION NACIONAL DE PATENTES (INPI

— ARGENTINA)
o B

|

Caso 0e ser Moni e nac & Nt IA'PI e 2016010‘025
NIRRT

\ Townle. 15245427 PATENTE!
PARA L Fecha/Hera: 27/12/2016 !13613100
NACIONA /0= ALONSD, FERMANDO MARTRS

INSTITUTO NACIONAL DE LA PROPIEDAD INDUSTRIAL
ADMINISTRACION NACIONAL DE PATENTES

. SOLICITUD DE PATENTE DE INVENCION ' X a
nesvusion asamroe | SOLICITUD DE MODELO DE UTILIDAD

= v 1| o [ o]
E(8) | CANTIDAD DE SOUCITANTES | 2
INTERCEMENT BRASIL S A AT
({811
Commgrar Nombim y Apsldoo 0 Canomnnckon Sozisl (e 1 de skes 8 rees o ANEXD) nNA
PBernonss Plsisms. | | Eatmgo civee | [Muse e
my-y-muwp [ CEX

Av dan Nagoes Unldas 12495, 13° 0 14" Tarre Nugden Unidas A

Lotakiad | Seo Pado A0

s

‘ Drwocksn an mo natfbpagbam com ar

I OBUETO

Mo au w | PrOCOs0 y sistema para reciclar didxido de carbono transformado por medio de
ek | fotosintesis en oxigeno, e hidrocarburos, que se utiizan de manera integrada para
oummrll onml-mdoh-ommhemm
P p e e e e ey

Wiwier e W mw
™
Adeionain | Peete N Dwsaicrtal o8 I
Soetud N Bolctus N*
PRIGRIOAD (LEY 17211 DEPOSITO DE MCRAIORGANISMOS
S 1T S 1T — e A T T T |
R 0140s02Te 122018 | (N DE ACCESO AL DEPORITO |

S : T —

[Vt

“Delis cul Desasitants

) ryen dn Wimiens oo § Gametes
[Commaenbojsanma: | |

101



[ Wi. SOCIEDADES s 2
ses DAD AEPRESENTANA POR [ FERNANDO M. ALONSO Tauex

DECLARA BAJ0 JURAMENTO OUE 8WISTE EL CARACTER DE DE QUE
MANDATO S8 ENCUENTRA VIGENTE ¥ LA SOCEDAD SE HALLA INSCRIFTA EN | INSPECCION GENERAL OF JUSTICA 1G4

E—— ———— —_ __ ——
(/!
];‘ﬂﬂ'lmﬂﬂ’cf‘ﬂql Yods T ‘E o —
[TV, MANDATO :
Poder Imsonges 05 8l LNP. L bayo of rumes:
|_ENLGTE ACTO SE WA A o y N 08 DNI

“GABRIELA N. FERNANDEZ Y/O FERNANDO M. ALONSO YIO JULIO F. LAGO Y/O SANTIAGO M.
FIORITO, DNI 25771995 11774888 23006221 25097194,

cooiee y olfcackines on o epadania
WWW LTI (80k i A % Giendo ol Aulwreds Sh mwm—

Tiis todas mmtruQMRWM 0 el ﬂmﬂmmmﬁﬁ -

-wm'wn NO MIENTE N [

- e

V. DUCLARACION DE DIVULGACION PREVIA
Ammabmmﬂdmrn-mmmmuummnmw
| DS .

W6 s Goraiman tpm e oA mmmmw
T L e s T T

‘3‘:1 du-nu i dalaetd SOMCATIITAE M FoEstarin i W (RRATIECISN & ileretie, W dun primares hares 4

-1 - l nmumum”toﬁ--‘uauﬂmnm o oreemitac e e

—p - /L.,-—-
PERANANDT WAL DMNBO

L—W—‘Wmm.m

"~

GAMBIO_DE DOMICILIQICORRED ELECTRONIGOTELEFOND, FECHA |

cPN Pais de Flamstnoc w

omu‘buhufil . ] ot

GAMEIO DE APODERADO [ AUTORIZADO: PECHA |

Musen Apsdwinto o Actortrsde. |

TRANSTERENCIA O CAMBIO DI RUBRO. |

102



ears uso INPH 20160104025 IAL !
j 8 B0 0

Tednbe 16245423 PATENTES [moorte:  §4580 -
Fachayhen: 27/12/2016 11:36:18.100
Agente; ALONSO, FERNANDO MARTIN

INSTITU, S —— -1
ADMINISTRACION NACIONAL DF PATENTES

|

HOJA TECNICA J ﬂ |

DRVURLICA AMOCENTINA

o] 2] se [ 3]

140) PUBLICACION N }m | ' e 112X | PATENTE DE INVENCION [ wooeto oe unuioan

(21) SOLCITUD N - m»m.a..:‘
o |
E;mmulomuuo_ | 2 S (71) SOLICITANTE (%)
(20] DATOR PRIGIDAD (B8 3528 /880898 J0/1373515 [[WIERCENENT NRASK B A,

NOLETIN N
101) ALNCIONAL A
02} DVIBRONMAL. OF

wn o [ 2 i o mmw

(78] AGENTR

(B3] DEPOWTO DI
MICROORCANSNOY

07) HESUMEN
Find mm&loulmtmnlmnnw-hcmnth-mmmun‘-.nmt T
Lonl comdimtinm, un mManMyaw&mmmtmmmmnmw

(%) Tharm U Agalar Sevess, Alevandss had
Pesebon, Ligin Silvesrs Zotin

e

mmmh.mmmmuuy&d&lb&m;mm”mum.-mmbmu!.-dmhwn
10 oDt terrien de bon homos (xdesteiales FY ooigeno w peadase e Itebroosesiores, 0 prandan teoer divarn s piracioren, v e o wnses
mdbnmwmmn.-umnumn.—mwm.m-uummm”umm
Muhnllnn.Iuﬁm&:qumummtdmmﬁmhnoqn-kvm-udm--wmmnmﬂnnh
R LR L T e e T
mdnmmm-h&puonmyhumbmymmmammyu;-n-a;mwhmtm
(’)_\MNummmamym-jwﬁmu’ULum Ar muarers ndegrads

wislag de geneniessin boltgon preflre e s BRI, (e ity e G

Crohonkid, Lot Quatrr Zepha, Seith Sandol, Muriass Parseirs Lannds v Meneses Taytaws Riban

FIGLIRA MAS REFRESENTATIVA N

|
'

103



INPI = 20160104025
(MM

e 16245423 PATENTES Imocite:  $4560.-
PARA  recraman 27/12/2016 11:36:18.100
NACIO  gete ALONSO, FERNANDO MARTIN

INSTITUT
ADMINISTRACION NACIONAL DE PATENTES
[ ANEXO TITULARES | a

Hom| 3| de| 3

Proceso y sistema para reciclar dioxido de carbone transformado por medio de
vy |TOtosintesis en oxigeno, e hidrocarburos, que se utiizan de manera integrada para

UNIVERSIDADE FEDERAL DE SANTA MARIA PRI
1. 7]

T Cangne Namere y Acelido o Denaminaciin Seaw o e
[ | Ewwo ot | [ryores R
Nombine y spebido ded cir uga ] !om
P - — e
Av, Roralma 1000
| popd i |moamou.mm.u CF W | OTI08900 Puls e Resiierun | BR

Junde: T T N T — ieren T - - —
imorpckn m PG/ 1.0 /) :
Mo.um{ Totateno

FRINANGOD M ALONSO

TR OMAL JUAN D PRRON 868 G0 2% ATCTIRAMG
EN CARACTER DF GERTOR DR NPLOCOS AAENTE N* 118
P naMgpogaam comar 1L B S0

FERNANOO M ALONSO

GERTUR LE MEGOCOS
" Dalon dal reprasortarae mgel ! Firma del 30 ickars o 34 m gy
rumcuu
el
Camignar Nomem y Apelds o Densmtnacken Socel BN
Peracoas Faloas. | | Estado Cht | Mupim
Nurmtm y acetdn cul cayuge: | | CEX i
e s o — — e —
| oowiind B e [Pais de Rosarenc s
Bersona Jurdboa) Datos de T, 777 T — B S
WHQ«RPC Gy (N
| Direceiin de e-mad Tumioen
./ \
Dcs dol mpressniasin logal Th=a cnl 53 CIn-tn o %o mprenentarie met

104



