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Changes in the environment due to multiple factors, such as combustion of fossil fuels,

heating, transportation, deforestation, etc., have led to more greenhouse gases in the

atmosphere, which eventually led to a rise in global temperatures. Carbon dioxide

(CO2) is the major factor for the rapid rise in global temperature. One of the most

encouraging technological advances to address global warming is to transform CO2

into value-added commodities that offer a win–win strategy. In this regard, intensive

research has been pursued around the world for development of feasible systems in

product recovery or product synthesis from CO2-rich industrial emissions. We envision

that the biological CO2 reduction or conversion process can be beneficial for developing

carbon-neutral technologies. The integration of CO2-emitting industrial technologies with

CO2-converting biological systems can be helpful in achieving sustainable value-added

products with no or minimal loss of energy and materials that are assuring for improved

economics. The CO2-converting bioprocesses can be directly integrated with the

processes emitting a high amount of CO2. This symbiotic integration can make the whole

process carbon neutral. Herein, this review highlights an insight on research activities of

biological CO2 mitigation using photo catalysts (algae and photo bacteria), an anaerobic

biocatalyst (bacteria), gas fermentation, and an enzymatic catalyst. Perspectives and

challenges of these technologies are discussed.

Keywords: CO2 capture and utilization, algae, bioenergy, greenhouse gases (GHG), gas fermentation, microbial

electrosynthesis (MES), CO2 reduction pathways

INTRODUCTION

Expansion of industries andworld population are leading to an increase in the release of greenhouse
gases, resulting in accelerated global warming (Kumar et al., 2016; Effendi and Ng, 2019; Youn
et al., 2019). The higher levels of carbon dioxide (CO2) emissions into the environment have
become a major contributor to global warming (Figure 1A). Both reduction in CO2 emission
and capture of CO2 are critical to reduce global warming (Benhelal et al., 2013). In this regard,
carbon capture, sequestration, and utilization have proven to be efficient options for decreasing the
atmospheric CO2, which can be regarded as a waste-to-energy process (Liu et al., 2016). This energy
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process can be either fuel generation or chemical and material
production. Several industrial technologies have been developed
and are operational, such as the alkaline adsorption process
(CO2 capture), mineralization process, landfill process (CO2

sequestration), urea synthesis, methanol production, phenol
carboxylation, epoxide carboxylation, and pyrrole carboxylation
(CO2 utilization) (Shi et al., 2015; Liu et al., 2016). Global
research on biological CO2 conversion for renewable and
sustainable energy generation is increasing at a rapid pace
in diversified research disciplines (Figure 1B). In addition,
many bench laboratory-scale or pilot-scale technologies are
also being developed to increase the performance of CO2

capture, sequestration, and utilization toward value addition
(Shi et al., 2015).

Capture and transformation of CO2 to value-added products,
such as biofuel, are of special interest, and several countries have
been developing policies by providing subsidies and legislative
incentives. For instance, the Renewable Energy Directive (RED)

FIGURE 1 | (A) Graphical representation of global greenhouse gas emissions (source: https://tinyurl.com/EPA-GHG-Data), (B) number of articles published on

biological conversion of CO2 to value-added production (source: Scopus; key words: Biological carbon dioxide reduction or Biological carbon dioxide conversion, as

on date: 21/04/2020). Inset figure exhibits the number of published articles on carbon dioxide reduction or carbon dioxide conversion irrespective of field.

under the European Union (EU) is moving toward a vision of
2020, which is targeting the generation of 10% of the energy
required for the transportation sector that should be replaced
with renewable biofuels (Chang et al., 2016; Sadhukhan et al.,
2016). Likewise, in the United States, the Renewable Fuel
Standard is targeted at increasing biofuel generation by 36%
with a vision of 2022 (Rana et al., 2011). About 58% of biofuel
generation is mainly from second- (e.g., organic waste, plant
waste) and third-generation (e.g., algae biomass) biofuels.

Biological, chemical, photo-chemical, electrochemical, and
enzymatic technologies have been developed for fixing and
conversion of CO2 to renewable energy generation (Benemann,
1997; Bond et al., 2001). However, a majority of the processes
are linked with high energy input, which is making the process
economically unfavorable. Among these methods, a biological
system for CO2 utilization using bacteria as a catalyst, which
is of low cost and self-regenerative, is of particular interest and
importance (Benemann, 1993; Jiang et al., 2019). Hence, the
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FIGURE 2 | Various biological processes that have potential for CO2

sequestration along with sustainable bioenergy/chemical production.

potential of numerous biological CO2 utilization methods to
decrease the atmospheric CO2 should be investigated further
with an energy-neutral and biorefinery approach (Venkata
Mohan et al., 2016; Hou et al., 2019). The petroleum refinery
approach has been well-known for a long time for energy
generation. However, the use of a CO2 biorefinery approach
is exciting and offers a sustainable and eco-friendly process
(Packer, 2009; Venkata Mohan et al., 2016). Nonetheless,
this area of biological CO2 utilization research is obstructed
with several questions regarding its efficiency, establishment
cost, and fulfilling of current and future energy demands.
Despite these criticisms, the research on utility of CO2 should
be increased toward a carbon-neutral footprint and energy
neutrality. Therefore, the major objective of this review is to
highlight the biological CO2 utilization methods that can be
implemented to generate bio-based products and elaborate on the
biology of sequestration methods of different systems/microbes.

BIOLOGICAL MITIGATION OF CO2

Photosynthetic CO2 Reduction
Recently, several researchers have concentrated on sequestration
of CO2 using light energy to generate value-added products,
including fuels, chemicals, and other materials. Most of the
photosynthetic biological systems include oxygenic or oxygenic
photosynthesis routes (Hunt et al., 2010). Below, we discuss
the CO2 reduction using algae and photosynthetic bacteria
(Figure 2). Algae cultivation for CO2 conversion provides
numerous advantages and liabilities that are documented in
Table 1.

CO2 Sequestration/Assimilation Using Algae
In the past decade, several studies have proven that CO2

mitigation with algae is found to be a sustainable process
with simultaneous generation of high calorific products,
such as biodiesel, pigments, fatty acids, etc. (Chisti, 2007;

Demirbas, 2010) (Table 2). The potential utilization of algae
is mainly attributed to its wide distribution, high biomass
production, capability to adjust in adverse conditions, swift
carbon uptake and utilization, and capability to generate
value-added products (Figure 3). Both macro and micro algae
have the capability to metabolize inorganic carbon by a
photoautotrophic mechanism using carbonic anhydrase enzyme
(CAE) (Clarens et al., 2010). The generated NADH2 from the
electron transport chain combines with the RuBisCo (Ribulose-
1,5-bisphosphate carboxylase/oxygenase, provided by CAE) and
helps in carbohydrate generation from CO2 and provides the
reducing power in the Calvin cycle for glucose synthesis (Shi
et al., 2015).

Selection of suitable microalgae for CO2 fixation
It is known that a higher concentration (generally greater than
5%) of CO2 adversely impacts the growth and production rate
in most microalgae (Clarens et al., 2010). Therefore, numerous
research studies are being carried out to isolate a suitable algal
strain for direct and efficient conversion of industrial CO2 into
products such as agar and alginate, etc. (Table 3). The criteria
for selection is not only tolerance of CO2, temperature, and
toxic compounds, but also for attaining high growth rates and
maximum cell densities (Kratz and Myers, 1955; Allen and
Stanier, 1968).

Freshwater microalgae Chlorella HA-1 exhibited a maximum
growth rate when it was evaluated at 5 and 10% of CO2

(Watanabe et al., 1992). However, the growth was inhibited with
further increases in CO2 concentration up to 20%. This study
proposed that Chlorella HA-1 can be used to treat industrial
flue gas with a maximum CO2 concentration of 10% (Watanabe
et al., 1992). This strain exhibited a variation in response with
a change in temperature and pH. Chlorococcum littorale culture
isolated from a saline water pond was able to show an almost
similar growth rate from 5 to 60% of CO2, which is a much
higher CO2 concentration than in flue gas (20%). When the CO2

concentration was boosted to 70%, a decrease in growth rate
was identified. As this strain exhibits high growth at high CO2

concentrations, it can be readily applied for industrial flues gases
(Kodama et al., 1993). There were also several other strains of
micro algae that have exhibited a high growth rate in adverse
conditions, such as extreme pH and temperature (Kumar et al.,
2011). The most industrially applicable algal product is lipids,
which can be used as a source for biofuel productions (e.g.,
biodiesel) (Silva et al., 2014). Therefore, the assortment of strains
for generation of high lipid generation and augmenting the
culture conditions, such as light, temperature, and pH, are vital
to enhance the productivity (Csavina et al., 2011; Georgianna and
Mayfield, 2012). The unoptimized pH, during algae growth, can
affect the distribution of carbon species and carbon availability.
Also, at extreme pH, it can directly affect the metabolic activity
of algae.

Flue gases from fossil fuel power plants and industries
discharge elevated strengths of CO2, varying from 10 to 20%,
along with a biologically significant amount of NOx and SOx. The
dosing of flue gases to algae ponds has shown to increase biomass
yields by 3-fold and high energy generation (Hanagata et al.,
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TABLE 1 | Diversified advantages and liabilities of algae based biofuels systems.

Advantages Liabilities

Sustainable, renewable, and environmental friendly Utilization of fossil fuel for process in small quantities

Low carbon to high carbon sources namely carbohydrates, lipids, and proteins Indefinite availability of sustainable algae resources for biofuel generation

High value feedstock as a replacement to terrestrial biomass Lack of origin and source certification for global monitoring and control of algae fuel

Non-toxic and non-edible Regionally constrained market structures for biofuels

Diversification of fuel and energy generation Production costs for operation of algae biofuel plant

Conservation of fossil fuel, High CO2 capture, energy conversion through

photosynthesis

Economics of process need to be improved

High productivity and yields with rapid growth rates Harmful algae blooms in global waters

Easily cultured, readily, and rapidly bioengineered Utilization of arable land

Easy adaptability at various climatic conditions Unclear utilization of type of waste materials

Can grow almost everywhere such as ponds, wastelands etc., May cause Neurotoxic problems

Restoration of contaminated areas and ponds with quick bioremediation with

degradable sources

Limited expertise in optimization of industrial biofuel generation

TABLE 2 | Products from algae using CO2 as a substrate and their applications.

Products Applications References

Agar Food ingredient, brewing agents, biological/microbiological applications Lee et al., 2017

Alginate (Kerogen) Medical, paper, and cosmetic Petersen et al., 2008

Antioxidants (Fucoxanthin) Preservative in food, chemical, and cosmetic industries Foo et al., 2017

Beta carotene and Carotenoids Supplement in vitamin C and precursor for vitamin A Fernando et al., 2016

Biobutanol, bioethanol, biodiesel,

biomethane, biohydrogen,

Bioenergy and Biofuels Xia et al., 2016

Biochar Combustion and agriculture Nautiyal et al., 2016

Biosorbents Ion exchange materials that have the capacity in binding toxic heavy

metals

Bulgariu and Bulgariu, 2016

Chemicals Medical and industrial application Trivedi et al., 2015

Cosmetics Water binding material, antioxidants, and skin food Wang et al., 2015

Digester residue Compost and Vermi-compost Vassilev and Vassileva, 2016

Feed Animal and biological feedstock Wang C. et al., 2015; Mark Ibekwe et al., 2017

Fertilizers Rich in N,P and K minerals, as fertilizer Rengasamy et al., 2016

Food Juices, sauce, noodles, beverages, cheese, etc., Vigani et al., 2015

Preservatives Food industry Kerdudo et al., 2016; Lowe and LaLiberte,

2017

Pharmaceutical (Omega 3 and Omega 6) Pharma industry El Gamal, 2010; Samarakoon and Jeon, 2012

Pigments (phycocyanin, phycoerythrin) Synthesized pigments can be helpful in textile industry Venil et al., 2013; Holkar et al., 2016; Li et al.,

2017

1992; Maeda et al., 1995). Fortunately, the benefits in injecting
the flue gas to algae growth can be more helpful than the growth
impacts attributed in the photorespiration process at high CO2

concentrations. Recent studies have shown that direct submission
of flue gases into algal ponds exhibited a 30% increase in biomass
yields over using the equivalent concentration of CO2 (Tsuzuki
et al., 1990; Singh and Singh, 2014). This might be due to the
existence of additional nutrients (oxides of nitrogen and sulfur)
present in flue gas. This competence of CO2 encapsulation by
algae can vary according to the algae physiology, pond chemistry,
and temperature. About 80 to 99% of CO2 capture can be
obtained under optimized conditions with gas residence times
as short as 2 s (Keffer and Kleinheinz, 2002; Lee and Lee, 2003).
For a 200 MW/h power plant, it has been noted that 3,600

acres of algae pond would be required to capture 80% of the
plant’s CO2 emissions during the daylight hours, assuming a
productivity rate of 20 g dry biomass/m2/d. Therefore, locating
the algae ponds next to CO2 point suppliers provides numerous
potential low-cost and energy-saving advantages (Sayre, 2010)
with a minimal carbon footprint.

Challenges in using algae for CO2 capturing/sequestration
On an industrial scale, algae are typically growing in photo
bioreactors, open ponds, or raceway ponds (Wang, 2014). The
use of open ponds can be simpler in architecture and operation.
However, these are limited with a large surface area necessity,
elevated cultivation cost, high chance of contamination, and low
productivity. Photo bioreactors with closed systems have been
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FIGURE 3 | Carbon dioxide capture by microalgae for biomass and value-added product formation.

proposed to overcome the above limitations (Li et al., 2014). A
detailed review study published by Kumar et al. (2011) provided
great aspects in the design of photo bioreactors and challenges
noticed in industrial algae growth. Flue gas compositions are
made up of different types of gases along with CO2, which is
viable for the growth of few algae. However, high temperatures,
fluctuating flue gas composition, and the presence of sulfur
and nitrogen can be toxic to some algal strains. Therefore, the
selection of suitable algal processes and strains is needed. One of
the other key aspects that play a crucial role in algae development
is light intensity (Sorokin and Krauss, 1958). Insufficient light
can lead to poor growth, and an increase in light intensity
can also show adverse effects on the growth, known as photo
inhibition (Xu et al., 2016). The mixing of cell cultures requires
an extensive amount of energy input and constitutes a major
portion of operational costs (Cloot, 1994). Stirring of cultures is
important to reduce the mass transfer limitations occurring in
photo bioreactors, which also favorably helps to eliminate oxygen
accumulation. Several other advancements have been made to
overcome the challenges that are discussed.

In general, the CO2 uptake/capture with algae is calculated

based on carbon concentration in influent and effluent
(Anbalagan et al., 2017). However, it is difficult to consider that

whole CO2 uptake is carried out by algae and is utilized for its

growth. But the carbon content in biomass can deliver a more
precise value on the quantity of CO2 consumption by algae. This

scenario can only be useful if the provided culture media does not
have an additional organic carbon source, other than inorganic
carbon, such as bicarbonate or CO2. Based on the following, CO2

capture by algae can be calculated as

RCO2 = P.CCO2
MCO2

MC

where RCO2 is the fixation rate of CO2 concentration (g.l−1 d−1),
P is the production of biomass concentration per day (g.l−1 d−1),
CCO2 is increase in carbon content of algae biomass from CO2

utilization, MCO2 is the molecular weight of CO2, and MC is the
molecular mass of carbon (de Morais and Costa, 2007a).

Tang et al. (2011) analyzed the carbon content and calculated
the rate of CO2 biofixation for different algae species that were
grown in modified Blue-Green 11 (BG11) medium. In this study,
they calculated the carbon capture rate by varying the CO2

concentration from 0.03 to 50%. The carbon content in biomass
was found to be around 50%, whereas the CO2 fixation was in the
range of 0.105 to 0.288 g. l−1 d−1.

Commercialization of microalgal technologies
To commercialize products from microalgal technologies, a
designed biorefinery in a circular loop was found to be a
sustainable option. A self-sustainable biorefinery (SSB) model
of microalgae maximizes resource utilization along with zero
waste discharge (Venkata Mohan et al., 2020). Utilization
of defatted or de-oiled microalgal biomass (DMB) for other
processes also helps to develop sustainable biorefineries. DMB
can be used as a substrate for other biofuel generation, such as
biomethane, biohydrogen, and bioethanol (Maurya et al., 2016).
Thermochemical liquefaction, pyrolysis, and gasification are
non-biological processes in which DMB can be used as substrate
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TABLE 3 | Summary of diverse algal species for CO2 fixation and conversion

rates.

Type of algae Conversion of CO2

(µmol/ g of CO2/h)

References

Nannochloris sp. 57–569 Negoro et al., 1991

Phaeodactylum tricornutum 27–267 Negoro et al., 1991

Chlorella sp. 125–1,246 Sakai et al., 1995

Synechocystis 142–142 Kurano et al., 1995

Chlorella vulgaris 7–3,352 Scragg et al., 2002; Fan

et al., 2008

Scenedesmus sp. 44–436 Jin et al., 2006; Yoo et al.,

2010

Spirulina sp. 37–373 de Morais and Costa,

2007a,b

Anabaena sp. 137–1,373 González López et al., 2009

Euglena gracilis 36–362 Chae et al., 2006

Microcystic sp. 46–493 Jin et al., 2006

Botryococcus braunii 1,100 Murakami and Ikenouchi,

1997

Synechocystis aquatilis 1,500 Murakami and Ikenouchi,

1997

Dunaliella tertiolecta 272–313 Kishimoto et al., 1994;

Sydney et al., 2010

to produce fuels and chemicals (Sarkar et al., 2015; Maurya
et al., 2016). Compared to conventional methods, the microalgae
industry is concerned about the two fundamental hurdles, which
can be identified as low productivity and high costs (Maurya
et al., 2016). Subjecting residual biomass or DMB (post lipid
extraction) in various fields improves the economic feasibility
and commercialization of algal bioprocesses (Singh et al., 2011;
Rashid et al., 2013). The biomass of microalgae can be used
as inoculum for new processes that reduce the maintenance of
parent cultures. This helps in sustainable operation of microalgal
bioreactors (Sarkar et al., 2015). Apart from utilizing DMB in fuel
and chemical production, it can also be used as feed supplement
and biofertilizer. DMB is rich in protein and essential amino acids
that could be utilized as livestock and aquaculture feeds or as a
dietary supplement. DMB has also been tested to replace fishmeal
from wild fish caught in an ocean environment. Thus, it can
mitigate ocean resource depletion (Zhang and Kendall, 2019). In
wastewater treatment, DMB can be used as an active biosorbent
to remove dyes/color and heavy metals (Maurya et al., 2016).
During the extraction of lipids from algal biomass, the biomass
used to rupture, which has a higher surface area than the raw
biomass. This helps for the efficient functioning of DMB as an
active biosorbent (Dong et al., 2016).

Bioenergy production with carbon capture and storage (CCS)
plays a crucial role in CO2 mitigation. Combination of bioenergy
production and CCS help to keep CO2 in geological reservoirs.
Algae have high potential to store CO2 as biomass, which is
due to high photosynthetic efficiencies and high biomass yields
(Moreira and Pires, 2016). Microalgal cultivation was designated
as a negative emission technology (NET), which can reduce
the impacts of ocean acidification and anthropogenic climate

change (Moreira and Pires, 2016). Since the scope of microalgae
is versatile and possesses the expansive possibility of microalgae
cultivation with a self-sustainability approach, it is designated as
a blue-bioeconomy.

Autotrophic lipid/biodiesel generation using algae
World energy is mainly dependent on electricity and fuel
segments. Still, both segments are needed to implement
substantial carbon-neutral techniques to reach international
legislated standards in regard to the CO2 emissions target
(International Energy Agency, 2019). Currently, 38% of the
world’s energy is generated in the form of electricity from fossil
fuels, and still, these sectors are pursuing research in development
of low-range carbon emission technologies, such as solar, wind,
geothermal, hydroelectricity, etc. On the contrary, transportation
fuels account for larger consumption (Dudley, 2018). Despite
the significance of fuels, CO2-neutral biodiesel, bioethanol, and
biohydrogen are still being less used due to several concerns
in biofuel production and environmental limitations. In this
aspect, second-generation biomass, such as using lignocellulose
and algae for fuels, have tremendous potential in a clean energy
market with a value of US$500 billion by 2050 (Schenk et al.,
2008). Furthermore, based on several research studies, it is
well-known that microalgae biofuel production systems exhibit
high net energy balance, high water efficiency, and less land
requirement in comparison to first-generation biofuels (plant
biomass) (Benedetti et al., 2018).

In consideration of oil extracted from plant biomass vs.
algal biomass, palm oil can generate a maximum of 4–5 vs. 30
ton/ha/yr, thus yielding a 5-fold higher product in comparison to
a plant crop during similar posttreatment of biomass (Benedetti
et al., 2018). In terms of area, algae are known to generate about
15–300 times more oil for biodiesel (Schenk et al., 2008). In
contrast to crop plants’ single harvesting process, algae allows
multiple harvesting cycles in the same duration with high yield
and greater light and CO2 capture efficiencies.

Different oil concentrations are noted with various algae
species, which is due to differences in the amount of
protein/carbohydrates/fats. For instance, S. maxima has about
60∼70% w/w proteins, Porphyidium cruentum generates around
57% proteins, and Scenedesmus dimorphus generates up to 40%
w/w of lipids (Nigam and Singh, 2011; Venkata Mohan et al.,
2011) (Table 4). In a few species of algae, such as Botryococcus
braunii and Chlorella protothecoides, terpenoid hydrocarbons
and lipids are noted, which can be further converted to short-
chain hydrocarbons, similar to that of crude oil (Carlsson
and Bowles, 2007). On the basis of prevalence of lipids or
sugars, algae can be a wonderful substrate for biodiesel or
bioalcohol, respectively (Kondaveeti et al., 2014a). Therefore,
algae can be a great resource as a biofuel substrate under certain
conditions. Several studies have employed different strategies
for increasing lipid concentration of algae, such as temperature,
CO2 concentration, light strength/intensity, nutrient starvation,
metal, and salinity stress. It is well-known that adequate light
intensity helps in overproduction ofmicroalgae lipids. Thismight
be because a sufficient amount of light is beneficial for storing
an excess of photo assimilates, which can be further transformed
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TABLE 4 | Generation of biomass by pure microalgae cultures at specific CO2 concentrations.

Algae type Concentration of CO2 supply (%) Generated biomass (g/l/d) References

Chlorella vulgaris 0.03–6 0.21 Chinnasamy et al., 2009; Bhola et al., 2011

Chlorococcum littorale N/A 9.2 Chen et al., 2009

Scenedesmus obliquus 5–15 1.14–2.3 de Morais and Costa, 2007c; Kaewkannetra et al., 2012

Spirulina platensis 10 2.91 Ramanan et al., 2010

Nannochloropsis oculata 2–15 0.37–0.48 Chiu et al., 2009

Chlorella sp. KR-1 10–70 0.6–0.7 Sung et al., 1999

into chemical energy (Zhu et al., 2016). The Nannochloropsis
species of algae experienced the maximum accumulation of lipids
(47% of dry weight) under light intensity of 51,800 lux (Zhu
et al., 2016). In another study with Scenedesmus abundans by
Mandotra et al. (2016) and Zhu et al. (2016), they noticed a 32.7%
increase in lipid accumulation with an upsurge in light intensity
from 3,000 to 6,000 lux. When light intensity of 5,000 and 3,000
lux were maintained, the lipid content was found to be 27 and
21%, respectively. It is recognized that higher lipid concentration
is noted at maximum photosynthetic efficiency, which occurs at
the light saturation point (Zhu et al., 2016). Hence, the extreme
light intensity can cause photo inhibition, leading to damage
of algal photo systems and, thus, reducing lipid accumulation.
In the case of temperature, the optimal value for higher lipid
generation achieved does vary from species to species.C. vulgaris,
a microalgal species, achieved a maximum lipid concentration
at 25◦C. The decrease in external temperature led to an obvious
decrease in lipids (Converti et al., 2009). Microalgae species S.
obliquus had a lipid concentration of 18 and 40% of dry weight
when the temperature was at 20 and 27.5◦C, respectively (Xin
et al., 2011). This suggests that an increase in temperature can
increase total lipid content. However, this does not mean that
all types of lipids experience an increase in concentration. A
recent review by Zhu et al. (2016) provides detailed strategies for
lipid enhancement.

Biodiesel is being developed as one of the most vital biofuels
as basically all industrialized vehicles used for agriculture,
transportation, and trade are diesel/fossil fuel–based. With an
increase in algae biodiesel production, several studies had
endeavored to calculate the cost of oilgae (algae oil) from large
farms. Studies by Benemann and Oswald (1996) reported that
the cost of oilgae would ranging from US$39 to US$69 per barrel
from 4 Km2 open ponds either by using pure CO2 or flue gas
from coal power stations with productivity in a range of 30 to 60
g/m2/day with a 50% algal lipid yield (Benemann and Oswald,
1996). In recent studies, it is noted that the production of oil
from algae would cost around US$66–153 per barrel (Nagarajan
et al., 2013). Companies generating oilgae are not optimistic in
terms of production cost. Seambiotic Ltd. calculated that the
cost of dried algae would be US$0.34 per kg with a productivity
and total lipid content of 20 g/m2/d and 8∼40%, respectively.
Presuming the standard yield of lipid to be 24% without any
additional cost, this would be equals to US$1.42 per kg for lipid
extractions, which is equal to US$209 per barrel. With an increase
in yield of lipids to 40%, the lipid extraction would cost around

US$0.85 per kg, which is equal to US$126 per barrel, which
points to an increase in lipid concentration decreasing oil prices.
Accounting for inflation in crude oil prices in 2017, the oil prices
seem to be stabilizing around US$51 per barrel (https://www.
eia.gov/todayinenergy/prices.php, 2017). These estimates suggest
that oilgae diesel production needs to be further improved to
be economically viable and to compete with conventional fuels.
However, the industrial production of biodiesel using algae is at
early stages, and there is much scope for decrease in cost and
increase in performance.

Reduction of CO2 Using Photosynthetic

Cyanobacteria
Most types of photosynthetic bacteria derive energy from
ATP, which helps in the conversion of CO2 to biomass
and other products (Hatch and Slack, 1970). In comparison
to eukaryotic plants and algae, photosynthetic bacteria have
simpler photosystems due to the presence of pigments on their
cytoplasm rather than specialized organelles (Pfennig, 1967).
Photosynthetic bacteria are classified as five phyla: cyanobacteria,
proteobacteria, chlorobi, choloflexi, and firmicutes (Pfennig,
1967). Cyanobacteria are capable of fixing atmospheric nitrogen
and carbon. Similar to algae, they are distinct and broadly
distributed and exist as biofilms or as suspended planktonic cells.
Several scientists believe that cyanobacteria played a decisive role
in atmospheric formation by decreasing CO2 concentration and
increasing oxygen (Figure 1) (Kasting and Siefert, 2002). In the
present days also, cyanobacteria are found to be a key player
by accounting for 20∼30% of Earth’s photosynthetic activity.
Owing to their simpler nature, cyanobacteria are the most
efficient in atmospheric carbon utilization over algae (Berman-
Frank et al., 2003). However, cyanobacteria are still limited in
biomass yield as compared to algae without any structural or
genetic modifications.

In recent years, the production of ethanol using microbes
has gained considerable attention. In general, the biomass
from photosynthetic microbes is collected and subsequently
converted to biofuel by solventogenesis. This process was
found to be inefficient due to lower conversion efficiency
(Lau et al., 2015). Thus, intense research is being carried
out on direct conversion of CO2 to fuel by photosynthetic
bacteria. Although few cyanobacterial species are capable of
generating ethanol in smaller concentrations as a product in
biological fermentation, it is required to boost production rates
as an economically viable process. Dexter and Fu (2009) made
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an attempt to generate ethanol by introducing the genes of
pyruvate decarboxylate (pdc) and alcohol dehydrogenase II
(adh) from Z. mobilis into the chromosomes of Synechocuystis
sp. PCC6803, which achieved 550 mg/l of ethanol. Acetyl Co
A-dependent 1-butanol production by Synechococcus elongates
demonstrates its capability in generation of butanol through an
autotrophic mechanism (Kusakabe et al., 2013). This species
was metabolically engineered to generate isopropanol by using
CO2 and light to generate 26.5 mg/l of product following 9
days of cultivation (Kusakabe et al., 2013), whereas Clostridium
beijerinckii generated 1.5 g/l through a heterotrophic mechanism
(Chen and Hiu, 1986). These studies suggest that usage of
genetically modified bacteria can be a viable advancement to
increase product formation by employing CO2 as an electron
source rather than organics. Butanol is considered to be a
better alternative to gasoline in contrast to ethanol as it exhibits
higher energy density, less volatility, and low corrosivity (García
et al., 2011; Zhang et al., 2018). Current advances in metabolic
engineering of cyanobacteria for the generation of solvents from
CO2 were critically reviewed elsewhere (Quintana et al., 2011).

Cyanobacterial species, such as Anabaena, Aphanocapsa,
Calothrix, Microcystis, Nostoc, and Oscillatoria, are equipped
for the generation of hydrogen by using a photosynthetic
autotrophic mechanism (Lambert and Smith, 1977; Lau et al.,
2015). Filamentous cyanobacteria generate H2 as a by-
product during nitrogen fixation under N2-limiting conditions.
Additionally, cyanobacteria can generate H2 by reversible activity
of the hydrogenases enzyme. In general, these species are
equipped to use bidirectional or reversible hydrogenase enzymes
to oxidize oxygen to generate hydrogen. The enhancement in
hydrogen generation can be achieved by blocking the pathways
that use the hydrogenases for a reduction reaction (Tamagnini
et al., 2002).

Cyanobacteria are also known to produce alkanes and
alkenes, which have a desirable property for industrial
application (Lau et al., 2015). Among these enzymes, acyl-
acyl carrier protein reductase and aldehyde decarbonylases
are the key enzymes noted for efficient conversion of fatty
acids of metabolic intermediates to alkanes and alkenes
(Schirmer et al., 2010). Additionally, due to similarity to
algae metabolism, cyanobacteria are well-known for their
effluent treatment of wastewaters that are rich in nitrogen and
phosphorus contaminants.

Value-Added Products Using Algae and

Cyanobacteria
Apart from the biodiesel and fuels, algae are well-known for
their usage in the food industry. The commercial products of
algal powders are sold in the health and food industries. Algal
products, such as unsaturated fatty acids and polysaccharides
from microalgae and seaweed provide a dietary fiber and
health benefits. The carotenoids that present in algae serve as
antioxidants and vitamin A. In the textile industry, several algal
products (pigments) are used as coloring agents. In aquatic fields,
algae are used as feedstock in fish, shrimp, and other seafood
that are grown in enclosed environments. Carotenoids, such as

astaxanthin, beta-carotene, bixin, and fucoxanthin, are used in
the cosmetic and pharmaceutical industries (Hudek et al., 2014).

Anaerobic Fermentation of CO2 for Value
Addition
The increase in fossil fuel consumption is leading to a shortage
of fuels and increase in energy prices. In order to reimburse
energy consumption from the past few decades, research has
been gaining attention on renewable energy sources with a prime
focus on using inorganic carbon such as CO2 as a substrate
(Chang et al., 2016). The policy is to replace the fossil fuel with
renewable energy sources and simultaneously decrease global
carbon emissions. One of these renewable products includes CH4

generation, which can be an assurance of chemical storage of
energy (Villano et al., 2010). In several cases, anaerobic methane
generation is productive and is frequently used in electricity
generation and as a heat energy source (combustion process).
Additionally, it can be used in the generation of biodiesel,
methanol, and a few other hydrocarbons, such as ethanol and
butanol (Ge et al., 2014; Zakaria and Kamarudin, 2016; Wang
et al., 2017). In general, methane is generated in two ways:
through biotic and abiotic pathways. Abiotic pathways include
the catalytic conversion or thermal split of kerogen (Lawton and
Rosenzweig, 2016). Biogenic methane generation is abundantly
noticed from anaerobic digestion and from dairy farms. In fact,
20% of global natural gas is being produced from methanogens
(Wang et al., 2017).

Methanogenic microbes are obligate anaerobes, which are
under the Euryarchaeota phyla belonging to the Archaea domain.
These obligate anaerobes have the capability of sequestering
the CO2 under optimized specific conditions (Zeikus, 1977;
Strong et al., 2016). In gas fermentation, CO2 sequestration is
carried out by hydrogenotrophic methanogens with the help
of gamma- and zeta-type carbonic anhydrase enzymes. The
CO2 can be digested with different forms of chemicals, such
as bicarbonate, carboxylic acids, alcohols, and biogas with their
respective enzymes. However, acetyl CoA is the central mediator
molecule in several microbial processes for product synthesis.
Methanogenic and acetogenic bacteria are frequently found in
a pair when CO2 is the reduction medium (Kuramochi et al.,
2013; Shi et al., 2015). In conventional anaerobic digestion, the
difference in operational conditions affects the behavior and fate
of both acetogenic and hydrogenotrophic methanotrophs. Under
optimized conditions, the acetogenic bacterium transforms the
acetic acid to H2 and CO2, which is followed by the conversion
to methane via acetate (Equation 1) or the indirect conversion
of H2 and CO2 (Equation 2) by hydrogenotrophic methanogenic
bacterial cells (Jiang et al., 2013; Bian et al., 2018).

CH3COOH → CO2 + CH4 (1)

CO2 + 4H2 → CH4 + 2H2O (2)

For efficient and stable performance in the transformation
of CO2 and H2 to CH4 by hydrogenotrophic methanogens,
a continuous supplement of molecular hydrogen is required.
Based on several studies, the key parameters that control
hydrogenotrophic methanogenic activity were identified
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as pressure, redox conditions, temperature, headspace gas
composition, hydraulic retention time, and pH (Rabaey
et al., 2009; Lee et al., 2012). Scherer et al. (2000) analyzed
the degradation of organics in municipal gray water under
thermophilic and mesophilic environments using a lab-scale
continuous mode of operation for biogas generation. The
most probable number (MPN) technique illustrated that
hydrogenotrophic methanogens (H2-CO2 utilizers) were
in a range of 108 to 1010/g total solids (TS), which seems
to dominate the acetogenic methanotrophs by a factor of
10 to 10,000, due to short hydraulic retention time (HRT).
Similarly, Ahring et al. (2001) noted that hydrogenotrophic
methanogens exhibited higher specific methanogenic activity
at 65◦C. Although these studies prove that the presence
of hydrogenotrophic methanogens can enhance methane
formation, it is unclear whether enhanced methane formation is
by direct or indirect conversion under practical conditions. Thus,
future research in methane production should be encouraged
toward the CO2-utilizing metabolic pathways that control the
symbiotic relationship among acetoclastic and hydrogenotrophic
methanotrophs along with acidogenic bacteria.

Gas Fermentation of CO2 to Products
The preceding advances in bio-energy generation have raised
a feed vs. fuel debate. In this regard, gas fermentation looks
to be a promising technology, in which gaseous substrates
(CO2) are converted to biochemicals. Also, many industrial
processes generate large amounts of carbon gases, which are
left unused. Thereby, utilization of CO2 as a feedstock toward
value-added products can shut down the feed vs. fuel debate.
As aforementioned, conversion scenarios indicate that CO2-rich
waste gases can be a suitable substrate for gas fermentation.
Several microbes have the ability to utilize CO2 as a carbon
source. Among these several microbes, acetogenic bacterium
is mostly being studied and shows a capability for industrial
applications. These bacterial species are equipped to convert CO2

and CO by making use of the Wood–Ljungdahl pathway (WLP).
Different acetogenic bacteria can naturally generate ethanol or
butanol and some other goods of industrial interest, such as 2-
oxobutyrate, hexanol, PHA, vitamin B12, polymers, and their
precursors for other products.

In a recent study by Kim et al. (2016) acetate was noted
as an end product in a multistage gas fermentation process
by using steel mill off-gas as a feedstock. In the initial stage
of fermentation, CO was transformed to CO2 and H2 by
Thermococcus onnurineus. Later, the mixture of CO, CO2, and
H2 were converted to acetate by Thermoanaerobacter kivui and
resulted in a maximum generation rate of 0.33 mmol/l/h. When
the initial step was absent, T. kivui was unable to generate acetate
due to CO inhibition and lack of CO2 as a substrate. Acetate
formations in the multistep process also can be employed for the
production of ethanol and other value-added products. Richter
et al. (2013) operated a two-stage system for generation of ethanol
with CO2 as a feedstock by using C. ljungdahlii. The first stage of
the reactor was employed for acetate; then the broth containing
acetate was transferred to a second fermenter by lowering the
pH for efficient conversion of acetate to ethanol. The production

rate and maximum concentrations of ethanol were noted as 0.37
g/l/h and 450mM, respectively. Different types of clostridium
strains were tested in similar systems, and it was noted that C.
ljungdahlii PETC was the most optimal producer for ethanol
(Martin et al., 2016). Hu et al. (2016) developed a two-stage
system for generation of longer chain fatty acids (C16-C18). This
was carried out by M. thermoacetica in the first stage for acetate
formation with syngas as a feedstock. The effluent broth was
subjected to an aerobic reactor containing genetically modified
Yarrowia lipolytica. The system could generate up to 18 g/l of
C16-C18 lipids at a rate of 0.19 g/l/h. The system proves the
conversion of carbon in syngas to complex substrates with a
multistage system.

To generate value-added products by an integration approach
along with biological processes, chemical processes are also
feasible. Lanzatech, in association with invista and SK innovation
(http://greenchemicalsblog.com/2014/06/05/invista-and-
lanzatech-expand-collaboration/; http://www.invista.com/en/
news/pr-invista-and-lanzatech-make-breakthrough-for-bio-
derived-butadiene-production.html), proposed production of
1, 3-butadiene in a two-step process, which is combination
of biological and chemical steps. The recent review published
by Liew et al. (2016) gives an excellent overview on the
advances of synthetic biology on syngas-fermenting bacteria.
However, we speculate that these technologies are limited
by low concentration of substrate uptake, productivity, and
selectivity in terms of product formation in comparison to
current technologies.

Bioelectrochemical Conversion of CO2 to
Fuels and Chemicals
Bioelectrochemical systems (BES), such as microbial
electrosynthesis (MES), microbial electrolysis cells (MECs), and
microbial fuel cells (MFCs), are gaining importance in the field of
renewable energy due to their promising approach for converting
waste to energy (Kondaveeti et al., 2017; Mohanakrishna et al.,
2020). In general, MFCs generate electricity from organics,
whereas MES synthesizes value-added chemicals from CO2 via
electrogenic fermenting cathode microbes (biocathode) by using
the cathode electrode as a sole electron source (Figure 4) (Logan,
2008). Nonetheless, MES is more beneficial in comparison
to MFCs due to its capability in taking CO2 and slashing the
greenhouse gases. In addition, MES is interesting because
of energy storage in the form of chemical production (e.g.,
hydrogen, alcohols, and C1-C6 medium chain fatty acids) for
sustainability and decrease in dependency on non-renewable
sources, such as fossil fuels (Rabaey et al., 2009).

The bioelectrochemical conversion of organics, such as
acetate, in the anode of MFCs generates CO2, protons,
and electrons. The generated electrons move toward the
cathode through an external circuit. The protons are diffused
toward the cathode through a separator, typically a proton
exchange membrane (PEM, e.g., Nafion-117) or cation exchange
membrane (CEM). On the cathode, the diffused protons and
electrons are combined together to form water by using O2 as
an electron acceptor (cathodic reduction reaction). The potential
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FIGURE 4 | Schematic representation of microbial electrosynthesis system toward CO2 reduction for value-added product formation and their corresponding

standard potentials.

disparity between the anode and cathode are captured as voltage.
When an external electron acceptor, such as O2, is absent, the
diffused protons are converted to H2 with the help of minimal
external voltage (0.2V), which was termed as MEC. The initial
discovery for generation of hydrogen by modifying MFC toMEC
was reported by the B.E. Logan group at Penn State University
(Logan, 2008). MEC operations are more economic over MFC
due to the ecologically beneficial production of valuable products,
such as H2. By the same process, the microbes at biocathodes
can shuttle the e− from the electrode for the reduction of CO2

to value-added products. This can be achieved by using an
anaerobic biotic anode with an electrogenic biocatalyst using
organics or with an abiotic anode with an electrolysis process
by applying additional potential. The bioprocess for value-added
product formation was carried out by numerous metabolic
pathways, such as the Calvin Benson cycle or the WLP (Rabaey
and Rozendal, 2010; ElMekawy et al., 2016).

MES is capable of generating basic value-added products,
such as H2, acetate, and oxobutyrate (Kadier et al., 2020).
These products can be directly used as fuels or can be used
further to generate high carbon fuels or bioplastics. Initially,
Nevin et al. (2010) stated reduction of CO2 to acetate in
small concentrations by operating MES at −0.6V by using
an acetogenic Sporomusaovata ascathodic biocatalyst (Nevin
et al., 2010) and renewable energy (solar energy) as an external
power source. This study also evidenced smaller amounts of
oxobutyrate production (Table 5). Further, in 2011, acetate at

a production rate of 0.05 mM/d was achieved using mixed
cultures (Nevin et al., 2011). In other studies using S. ovata, the
production rates were 2.3-fold higher using a nickel nanoparticle-
coated cathode over a plain graphite cathode (1.13 mM/d)
(Zhang et al., 2013). Mohanakrishna et al. (2015) reported
an acetate generation rate of 4.1g/l by using enriched single
chamber MES with VITO-activated carbon electrodes. Similarly,
in other studies from the same group, they analyzed acetate
formation by using bicarbonate and CO2 as a substrate by varying
the poised cathode potentials (−0.6 and −0.8V vs. Ag/AgCl).
Interestingly, in this study, they noted that MES operation with
CO2 at −0.8V generated a higher acetate concentration of
around 5.1 g/l. However, decreasing poised potentials (−0.6V)
during MES operation with bicarbonate exhibited maximum
acetate concentrations of around 4.1 g/l (Mohanakrishna et al.,
2016). Batlle-Vilanova et al. (2016) operated continuous mode
MES for CO2 reduction and noted an acetate production rate
of 0.98mM.l/d. Marshall et al. (2013) reported the highest
acetate generation (17.25 mM/d) from CO2 by using MES
(−0.79V) with a carbon bed cathode and enriched cultures
from methonogenic bacteria and H2. MES operation with a
simultaneous production and extraction mechanism for acetate
from CO2 were operated by Gildemyn et al. (2015). In this
study, the maximum concentration of acetate formation was
noted as 13.5 g/l, which is found to be the highest to date,
whereas the highest production rate of 0.78 g/l/h was registered
by LaBelle and May (2017). This might be due to the ceasing
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TABLE 5 | Bio electrochemical generation of solvents and biofuels from CO2 under various operational and nutritional conditions.

Reactor Substrate Applied energy

(voltage or

current)

Operational

condition

Dominant

catalyst

(microbes or

enzymes)

Products References

H-Type double

chamber

CaCO3 +0.5 to −0.5 V

(vs. Ag/AgCl)

Batch type; Anaerobic

Fermentation

Clostridium

Sporogenes BE01

Butanol, Ethanol,

Fatty acids,

Hydrogen

Gottumukkala

et al., 2015

Double Chamber

Fuel cell

Butyraldehyde +

TRIS-HCl buffer

−0.6 V (vs.

Ag/AgCl)

Batch type; Enzymatic

Fuel cell

Alcohol

dehydrogenase

enzymes

Butanol Schlager et al.,

2015

H-Type double

chamber

P2 electron

carriers in medium

+ Glucose

−0.7 V (vs.

Ag/AgCl)

Batch type; Anaerobic

Fermentation

Clostridium

beijerinckii IB4

Acetone, Butanol,

Ethanol production

and butanol as

primary product

He et al., 2016

Two compartment

Cell

CAB medium with

electron carrier in

buffer

−2.5 V poised at

cathode

Batch type;

Electrochemical cell

Clostridium

Acetobutylicum

ATCC 4259

Butanol and

Acetone

Kim and Kim,

1988

H-Type double

chamber

CO2 injection

+DSMZ medium

−0.6 V (vs.

Ag/AgCl)

Continuous mode

operation

Sporomusa,

Geobacter,

Clostridium,

Morella

Acetate, Formate,

Butyrate,

Propanol, Ethanol

and 2-oxobutyrate

Lovley and Nevin,

2018

H-Type double

chamber

CO2 (No organics

in media)

−0.8 V(vs. SHE) Batch type;

Electrochemical cell

Clostridium

species+

Carboxydotrophic

mixed culture

Ethanol, Butanol,

acetate, butyrate

Puig et al., 2015

H-Type double

chamber

Modified P 2

Medium + SMM

medium

1.32V as Applied

voltage

Batch type;

Electrochemical cell

C. pasteurianum Butanol and by

products as

solvents and acids

Khosravanipour

Mostafazadeh

et al., 2016

Double chamber CO2 −0.55V (vs. NHE) Batch type;

Electrochemical cell

N/A CH4 Van Eerten-Jansen

et al., 2012

of acetate oxidation at the cathode by employing simultaneous
production and extraction techniques. All these studies pointed
out that, during long-term operation, the oxidation of acetate to
methane is one of themajor limitations. This can be controlled by
employing a chemical treatment process, such as by using BESA
(2-Bromoethanesulfonic acid) or employing pH shock treatment
(Mohanakrishna et al., 2015, 2016; ElMekawy et al., 2016). The
variation in acetate production might be due to differences in
applied voltage, operational environment, reactor configuration,
electrode type, biofilm activity, and type of bio-electrocatalyst at
the cathode.

Compared to pure culture of C. ljungdahlii, enriched mixed
culture results showed a higher acetate (1.3 mM/d) production
rate at −1.1V, which has hydrogen-generating potential
(Bajracharya et al., 2015). This study also evidenced methane
production and suggests an increase in CO2 reduction by using
mixed cultures by supplementing H2. The supplementation of
H2 can be obtained by maintaining higher negative cathode
potentials for the reduction of protons to H2. However, generated
H2 can leak from the reactors, thereby restricting the CO2-
reduction process, which, in turn, decreases current and product
formation. This complication can be overcome by using high
gas absorption electrodes (e.g., platinum single crystal electrode)
in order to decrease H2 leakage (Will, 1965; Wang Q. et al.,
2015). Several pure cultures, such as Clostridia, Moorella, and

Sporomusa, are proven for direct conversion of CO2 by accepting
electrons from a poised cathode electrode at−0.6V (Nevin et al.,
2010; Bajracharya et al., 2015); however, these are still limited for
practical applications due to strict operational conditions.

In MES, acetate is one of the primary products noticed from
the reduction of CO2 (Mohanakrishna et al., 2016; Modestra
and Mohan, 2017). However, its autotrophic production is not
economically desirable due to lower yields and little commercial
value. In this aspect, researchers have further explored the
possibility of higher value-added product generation (Rabaey
and Rozendal, 2010; Arends et al., 2017). In this facet, acetic
and butyric acids were converted to bioalcohols using a poised
biocathode at −0.65V (Steinbusch et al., 2010; Sharma et al.,
2013b). In this study, total alcohol production of 13.5mM
was achieved. Ethanol, butanol, propanol, and acetone were
noticed as major alcohols along with propionic and caproic acids
(Sharma et al., 2013a). Similarly, Kondaveeti et al. operated a
BES and transformed the VFAs from anaerobic digester effluent
to bioalcohols by varying applied voltage. Electron mediators,
such as neutral red, helped for increasing product formation at
higher redox potentials (Kondaveeti and Min, 2015). Ethanol
and butanol are the major alcohols noticed at the applied
voltage of 2V (Cathode potential, −0.9V). Likewise, Steinbusch
et al. (2010) operated a microbial electrosynthesis system with
various mediators [methyl viologen (MV), neutral red (NR),
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anthraquinone-2,6-disulfonate (AQDS)] and noted a maximum
yield of 13.5mM of ethanol by using MV. In other studies
pursued by Van Eerten-Jansen et al. (2013), a reduction in
acetate to Caproate (6.8mM) and butyrate (3mM) were noticed
in MES with cathode poised potential of −0.9V. Recently,
Vassilev et al. (2019) operated a dual cathode MES system for
concurrent acetogenesis and solventogenesis followed by carbon
chain elongation. This type of system can assist in operational
cost reduction with a simultaneous increase in productivity due
to the utilization of off-gas. All previous studies are found to
be interesting in terms of product formation; however, these
systems are still limited by selectivity of product formation and
extraction of product using cheaper processes (del Pilar Anzola
Rojas et al., 2018; Li et al., 2018; Vassilev et al., 2018). Most of the
product extraction studies of MES include integrated membrane
separation with an anion and cation exchange membrane or
sequential operation. However, the operation of such processes
can be expensive as they often need to be changed because of
fouling during longer operation. The research in this regard
needs to be pursued to increase the production rate and
decrease operational costs for product extraction and selectivity
of product formation.

In the past few years, research on generation of methane
from CO2 using bioelectrochemical techniques has increased
significantly. It has been noted that the optimized electrode
potential (direct electron donor) for direct conversion of CO2 to
methane was found to be around −0.6 to −0.7V vs. Ag/AgCl
(Cheng et al., 2009; Villano et al., 2010; ElMekawy et al.,
2016; Bajracharya et al., 2017). Villano et al. (2010) reported
that, using −1.0V of applied external potential, 96% of the
obtained current was captured in the form of methane. Based on
current and obtained abiotic hydrogen, it was noted that CH4

was produced directly from electrons derived from a cathode
electrode rather than using the hydrogen gas. Alternatively, they
also have suggested that some amount of methane generation
is by hydrogenophilic methanogens by consuming H2 from
abiotic water reduction. The performances of biocathodes were
further tested by inoculating with methanogenic culture. These
cultures were greatly able to reduce the inorganic carbon
to methane (0.055 mmol/d for mg/VSS) with 80% electron
capture efficiency (Villano et al., 2010). The standard theoretical
potential for the reduction of CO2 to CH4 is −0.44V vs.
Ag/AgCl. The required energy for this cathodic reaction can
be achieved from the bioanode (organic oxidation) process.
However, in practical operation, these can be greatly limited
with over-potentials. These over-potentials can be reduced by
implementing biocathode systems. In another study, Villano
et al. (2013) demonstrated a double chamber MEC for methane
generation with anode potential of −0.397V vs. Ag/AgCl by
using acetate as an energy source. Simultaneously, a cathode
was constantly supplemented along with CO2 and N2 for pH
correction and carbonate supply. It was reported that a 94%
reduction in acetate at the anode chamber with 91% of coulombic
efficiency, which proves that the generated current was mainly
from methane production. Yasin et al. operated an enriched
activated sludge system to generate methane from CO2. In this
system, in the presence of CO2 and H2, they noticed a 70-fold

increase in methane generation after 72 h of operation. The
complete utilization of CO2 was noticed after 96 h of incubation
under supplementation of CO2 and H2 as carbon and electron
sources, respectively (Mohd Yasin et al., 2015). Based on a recent
study by Xenia et al., the microbial electrosynthesis cells were
proven to be economical and sustainable with CO2 as a substrate
for product formation, such as methanol, ethanol, and formate
(Christodoulou et al., 2017).

OTHER CO2-UTILIZING BACTERIA

β-Proteobacteria
Proteobacteria are Gram-negative bacteria, mainly composed of
lipopolysaccharides in their outer membrane. These are found to
be a geologically, environmentally, and evolutionarily important
group of microorganisms. The members of this bacterial
phylum exhibit an enormous metabolic diversity. Most of these
bacteria have an industrial, medical, and agricultural significance
(Sezenna, 2011). The photosynthetic proteobacteria are known
as purple bacteria, concerning their reddish pigments. One of the
most common and well-known photosynthetic β-proteobacteria
is Ralstonia eutropha. This bacterium can grow on variable
carbon environments, such as heterotrophic, autrotrophic,
and mixotrophic. In the absence of a heterotrophic carbon
environment as an electron source, this bacterium has proven
to utilize hydrogen as an energy source for fixing CO2 via the
Calvin–Bassham cycle (CBB) (Figure 5) (Jajesniak et al., 2014).

R. eutrohpa is a convenient photosynthetic bacterium to
handle because of its aerobic H2 oxidizing capabilities over
obligate anaerobes to generate chemicals and other value-added
products. This fascinating interest in R. eutrohpa has led to
generation of bioplastics (PHAs/poly hydroxyalkanoates) by
storing carbon in cytoplasm. PHAs are generally composed
of PHB (poly 3-hydroxybutyrate) and PHBV (poly 3-
hydroxybutyrate-co-3-hydroxyvalerate) (Luengo et al., 2003;
Jajesniak et al., 2014). These bioplastics are gaining high
importance due to credentials such as biodegradability over
conventional plastics and their green synthesis with CO2 sink.
These polymers with desired length can be pursued with genetic
modifications (Reinecke and Steinbüchel, 2009). Few studies
are pursued in genetic modification of R. eutropha for the
generation of products with variable properties (mechanical
strength) and production yield. Voss et al. modified R. eutropha
and generated a cyanophycin, a protein-like polymer, with an
increased production quantity (Voss and Steinbüchel, 2006). A
few other studies have synthesized several useful compounds,
such as ferulic acid (precursor to vanillin biotransformation) and
2 methyl citric acid, by genetic modification (Overhage et al.,
2002; Ewering et al., 2006). The limitation in these studies is use
of organic carbon as an energy source rather than inorganic CO2.
Beller et al. engineered R. eutropha and generated methyl ketones
of diesel range with productivity in a range of 50–180 mg/l by
using CO2 and H2 as energy and electron sources, respectively
(Müller et al., 2013). In a previous study, Li et al. (2012)
described an integrated approach for production of isobutanol
and 3-methyl-1-butanol by using a microbial electrochemical
process. In this system, initially, CO2 was converted to formate
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FIGURE 5 | Various biological pathways for CO2 metabolism in microbes for carbon fixation.

and tailed by isobutanol and 3-methyl-1-butanol generation.
This system achieved a final concentration of 850 and 570 mg/l
of isobutanol and 3-methyl-1-butanol, respectively.

Idenolla species is another type of photosynthetic bacteria
similar to R. eutropha in generation of polymers by using CO2.
An additional superiority of Idenolla over R. eutropha is the
generation of products using carbonmonoxide (CO) as an energy
source. These bacterial species have an additional advantage by
synthesizing products from exhaust gas (Tanaka et al., 2011).

Clostridia
Most clostridia are anaerobic and Gram-positive bacteria.
They are found to have great importance in (i) human and
animal health and physiology, (ii) anaerobic mortification of
simple and complex carbohydrates, (iii) the carbon cycle, and
(iv) bioremediation/degradation of complex organic chemicals
(Kondaveeti et al., 2014b). Many strains of clostridia are capable
of autotrophic fixation of CO2 or CO by using H2 as an electron
donor (Willey et al., 2014). Clostridia also can use simple chain
organic carbon molecules, such as formate or methanol, as an
energy source. They can achieve this by the WLP pathway in

which two molecules of CO2 are scaled down to generate one
molecule of Acetyl-CoA with CO or H2 being used as a reducing
proportionate (Tracy et al., 2012).

Additionally, Clostridium species provide many fascinating
characteristics for biotechnological utilization: (i) ability to use
simple as well as complex substrates such as H2, CO2, and
CO; (ii) equipped with diversified pathways for generation of
value-added products; and (iii) tolerant to toxic metabolites and
substrates. However, as they are strictly anaerobic, the cultivation
of Clostridium is very difficult (Willey et al., 2014). Normal
atmospheric and facultative conditions are lethal to Clostridium
species. Early work with Clostridium was mostly carried out
for the production of acetic acid and other related products.
The synthetic biology/genetic modification of Clostridium are
being pursued at a slow pace due to their difficulty in
lack of genetic tools as found in R. eutropha. However, the
repertoires of genetic tools are applicable for Clostridium with
development in plasmid DNA and chromosomal manipulation
technologies (Tracy et al., 2012). The uses of mobile group II
introns are generally targeted for gene disruption and genetic
engineering ofClostridium.Cooksley et al. (2012) demonstrated a

Frontiers in Energy Research | www.frontiersin.org 13 June 2020 | Volume 8 | Article 94

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Kondaveeti et al. Biological and Bioelectrocatalytic CO2 Mitigation

ClosTron application through genetic engineering in Clostridium
acetobutylicum for acetone-butanol-ethanol (ABE) fermentation
and for expression of cellulosome. Leang et al. (2012) employed
double crossover homologous recombination technology and an
improved electroporation protocol to the process in a proof-
of-concept gene deletion study on the species of C. ljundahlii.
Likewise, recent studies by the D.R. Lovley group demonstrated
introduction of foreign genes and deletion of certain genes in C.
ljungdahlii to enhance the production of biocommodities. Here,
deletion of the ethanol-production pathway led to an increase
in acetate production. The homolog recombination method
described in their study can be applicable for the introduction
of desired metabolic genes or reporters into the chromosomes of
C. Ljungdahlii (Leang et al., 2012; Ueki et al., 2014).

Archaea
Archaea are generally found in abnormal ecological niches,
such as high and low temperatures, acidic and high-
saline environments, and anaerobic atmospheres. The
hydrogenotrophic methanogens of Archaea use H2 as an
energy carrier and CO2 as a carbon source for CH4 generation.
Furthermore, several strains of Archaea belonging to the
haloarchael group are equipped with a metabolic pathway for
accumulation of PHA from CO2. As most of the Archaea are
thermophilic in nature, this becomes an excellent source of
the carbonic anhydrases (CA) enzyme, which is thermo stable
and convenient for industrial CO2 capture and a platform
for gas fermentation (Willey et al., 2014). The recognition of
genetic tools for Archaea might enhance the product yield in
the gas fermentation process. Recently, genetic reengineering
of Archaea for valuable product formation has been rising.
Keller et al. (2013) reported a heterologous expression of five
genes from a carbon fixation pathway in Metallosphaera sedula
into hyper theromophilic Pyrococcus furious, which grows on
organic carbon at 100◦C. Engineered P. furious is capable of
incorporating CO2 for generation of 3-hydroxypropionte-4-
hydroxybutyrate (3BHP) at an optimum condition of M. sedula;
i.e., at 70◦C. This temperature-dependent strategy for generation
of valuable product formations is established in the work of
Basen et al. (2012).

KEY ROLE OF ENZYMES IN MICROBIAL
CELLS FOR CONVERSION OF CO2

Adaptation of CO2 to value-added products in the microbial
kingdom has been found with six different pathways, such
as WLP, Calvin Benson Bassham cycle, reductive tricarboxylic
acid cycle (reductive/reverse TCA cycle), dicarboxylate 4-
hydroxybutyrate cycle, 3-hydroxypropionate bicycle, and 3-
hydroxypropionate 4-hydroxybutyrate cycle. These pathways are
not found in every species, but specific pathways are found in
specific organisms (Figure 5). Among these, the first three routes
were found to be dominant for CO2 conversion, and these are
discussed in detail.

Calvin Cycle for the Phototrophic
Reduction of CO2
The Calvin cycle is one of the important biochemical cycles in
photosynthetic organisms, which are capable of incorporating
CO2 into carbon metabolism. Thus, this metabolic function
is dominant for CO2 reduction in nature. In general, three
key enzymes and three vital steps of the CO2 process are
noticed in the Calvin cycle (Venkata Mohan et al., 2016).
The steps are known for CO2 fixation, CO2 reduction, and
regeneration of CO2. In the first step, the 1-5, bisphosphate
ribulose bis-phosphate carboxylase (RuBisCo) catalyzes the
reaction between CO2 and 1-5, bisphosphate ribulose, and this
process generates 3-phosphoglycerate (Shi et al., 2015). Later, 3-
phosphoglycerate is further converted to 1,3-diphosphoglycerate
by accepting inorganic phosphate (Pi) from ATP and further
reduced to 3-phosphate glyceraldehyde with the help of the
phosphoglyceraldehyde dehydrogenase enzyme. In the final step,
phosphate glyceraldehyde is further transformed to 5-phosphate
ribulose via a series of enzymatic reactions following further
with its activation by phosphoribulokinase in ATP-dependent
condensation to synthesize 1-5, bisphosphate ribulose for CO2

collection for further cycles (Willey et al., 2014). One sixth of 3-
phosphate glyceraldehyde is transformed as sugars, fatty acids,
amino acids, etc.

Reverse TCA (Tricarboxylic Acid Cycle)
Cycle
The reverse TCA (rTCA) cycle is known as the reductive
citric acid cycle (reverse Krebs cycle), which basically runs
in the reverse pathway. In this cycle, CO2 and water are
converted to carbon compounds (Lehninger et al., 2005). The
reductive TCA cycle was first identified in anaerobic Chloorbium
limicola, a green photoautotrophic sulfur-reducing bacteria. It
was also identified in another thermophilic bacterium that uses
hydrogen and sulfur as an energy source. The reverse TCA cycle
contains four steps of carboxylation, in which, initially, succinyl-
CoA is reductively carboxylated with CO2 by α-Ketoglutarate
synthase/2-oxoglutarate synthase (1Go, +19 kJ/mol; first step)
to generate α-Ketoglutarate/2-oxoglutarate by utilizing two
equivalents of reduced ferrodoxin. Next, α-Ketoglutarate/2-
oxoglutarate along with CO2 is converted to isocitrate (1Go,
+8 kJ/mol; second step) by using isocitrate dehydrogenase
and NADPH. Further, isocitrate is converted to citrate by a
cleavage mechanism, followed by oxaloacetate and acetate-CoA
by ATP citrate lyase. The terminal compounds are carboxylated
with CO2, which requires a pyruvate synthase enzyme (1Go,
+19 kJ/mol). The synthesized pyruvate is activated by pyruvate
kinase to yield phosphoenolpyruvate (PEP), which is further
converted to bicarbonate by a carboxylation mechanism (1Go,
−24 kJ/mol). As an outcome, oxaloacetate is generated and finally
converted to succinyl-CoA by a series of enzymes (Venkata
Mohan et al., 2016).

Reverse Acetyl-CoA Cycle
The reverse acetyl-CoA pathway is predominantly found in
strict acetogenic (Eubacteria) andmethanogenic (Euryarchaeota)
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bacteria. This route was suggested by Ljungdahl and Wood
(2013), and it was named after them (Garrett andGrisham, 2008).
Unlike the Calvin and reductive TCA cycles, the reductive acetyl-
CoA is a non-cyclic route. In this route, initially, CO2 is converted
to formate by using NADH-dependent formate dehydrogenase
(FateDH) (1Go +22 kJ/mol). Later, formate is apprehended
by tetrahydrofolate and reduced into a methyl group by
generating methyl-H4 folate. Methyltransferase transfers the
methyl group of methyl-H4 folate to the cobalt center of
hetero dimeric corrinoid iron sulfur protein, thus generating
methylated corrinoid protein. Further, CO dehydrogenase
(CODH) functions to convert CO2 into CO via acetyl CoA
synthase accepting the methyl group from CH3-Co

III and
converts CO, CoASH, and methyl groups to acetyl CoA
(Mohanakrishna et al., 2015; Shi et al., 2015). As noted in the
above enzymatic reaction, the autotrophicmechanism is by either
CO2 or bicarbonate as the carbon source. This mainly depends
on the specific enzyme in a specific CO2 fixation/conversion
reaction. The attribute difference is noted in carbon source, and
a fast-reliable conversion of CO2 to bicarbonate is required.

SYNTHETIC BIOLOGY IN THE
CONVERSION OF CO2

Direct use of microbes in generation of value-added products
is typically hindered by several characteristics/properties, such
as low product yield, expensive cultivation condition, and
inadequate growth rate. In this aspect, synthetic biology has
gained importance due to its interest in product formation by
altering biochemical pathways or by introduction of heterologous
pathways into microbes for favorable features (Ferry et al., 2012).
With consideration of recent advances in metabolic and protein
engineering, the synthetic biology proves to be an excellent tool
for boosting up biological process and to improve economic
viability. In this section, E. coli is given special attention as it
is the most often used microbe in the field of synthetic biology
(Sawitzke et al., 2007).

Genetic Engineering for CO2 Conversion
Despite being heterotrophic in nature, the Gram-negative E. coli
gained its place at the table of genetic engineering due to its
simple cultivation, low cost, easy transformation, fermentation,
and high production for new technologies, which include
using CO2 as a carbon source (Willey et al., 2014). Zhuang
et al. utilized different fermentation conditions for heterologous
expression of RuBisCo and phosphoribulokinase (PRK) in E.
coli (Zhuang and Li, 2013). In this study, they noticed a 67-
mg CO2/mole arabinose/l/h as the CO2 fixation rate by a 15%
decrease in CO2 reduction during the fermentation process.
Heterologous expression of carbonic anhydrase (CA) in E. coli
is extensively reported. CA expression of Methanobacterium
thermoautotrophicum in periplasm of E. coli resulted in a whole
cell biocatalyst for CO2 hydration. These systems successfully
hydrated the CO2 with a catalytic efficiency and productivity
similar to free enzymes (Patel et al., 2013). The smaller difference
observed in productivity might be due to mass transport

limitations. In the presence of CaCl2 and CaCO3, a 50∼70%
increase in carbon precipitation is noticed in comparison to
operation without calcium (carbonate and chloride) components
(Jo et al., 2013). Despite using free enzymes, whole cell utilization
provides additional advantages such as (i) an increase in stability
(100% in mortality activity after 24 h of use) and (ii) by
passing the protein purification (whole cells are isolated and
recycled). Similarly, asM. thermoautotrophicum, the periplasmic
expression of CA is noticed in Neisseria gonorrhoeae (Jo et al.,
2013). These advances noted in E. coli are not confined in the
expression of individual enzymes. Bonacci et al. (2012) studied
the expression of efficient carboxysomes from Halothiobacillus
neapolitanus and encoded 10 genes in E. coli and noted that these
bacteria are capable of carbon fixation. Further, they noticed an in
vitro CO2 fixation mechanism by using expressed carboxysomes
with a sucrose gradient centrifugation as a purification step.

Synthetic biology of E. coli has provided a possibility of
encoding photo bacterial genetics for the generation of value-
added products. For instance, brown algae are well-known
feedstock for the generation of carbon-neutral biofuel. However,
from the point of economic industrial viability, these are
limited by their inability to utilize alginate. Wargacki et al.
(2012) reported the DNA fragments in Vibrio splendidus that
are responsible for secretion of enzymes that are capable of
utilization of alginate. This enzyme expression in E. coli resulted
in a bacterial platform that is capable of metabolizing alginate
with a yield of 0.281 weight ethanol/dry weight of microalgae
that is equivalent to 80% of the theoretical basis of total
polysaccharide composition. Along with several bacterial species,
Saccharomyces cerevisiae also gained attention in conversion of
CO2 to value-added products. However, it has been limited with
low productivity as compared to E. coli.

FUTURE PROSPECTS

The concepts of green and biological energy and/or chemical
generation have been settling firmly in academia and industrial
aspects, especially in utilizing CO2 (Kuk et al., 2019). These
processes guide the development of environmentally friendly
products by optimized design concepts. The existing carbon
capture technologies require huge land areas, large volumes,
high energy, and expensive catalysts, and they also consume
chemicals (ElMekawy et al., 2016). Therefore, based on reviewing
the biological processes here, we suggest that biological systems
align perfectly with green chemistry platforms for sustainable
carbon capture and sequestration. The importance of biological
processes for chemical generation using CO2 as a carbon
source is increasing rapidly (Venkata Mohan et al., 2016).
From an economic point of view, all the biological processes
for chemical/fuel production cannot be an industrially viable
process. However, in consideration of carbon-neutral green
energy generation, challenges, and their improvements, the
biological adaptation of CO2 utilization seems to be promising.
The integration of a biological CO2-mitigation process with
conventional wastewater treatment technologies can minimize
the economics related to waste remediation (Sadhukhan et al.,
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2016). Concurrently, process integration can be beneficial in
generating sustainable energy or fuels with a minimum carbon
footprint. Yet the conversion of low concentrated waste organics
into fuels or chemical commodities is required to achieve
selective product formation with use of biocatalytic technology
by economic evaluation, mathematical modeling, optimization,
and integration of energy-efficient processes (ElMekawy et al.,
2016; Sadhukhan et al., 2016). In this regard, the MES technology
has proven to be a potential approach for conversion of CO2 to
chemicals and fuels.

Moreover, the scaling up of MES is an advancement to MFC
that produces high-value products. Likewise, it has the capability
to become an alternative to fossil fuels and also to eliminate
the food vs. fuel debate. However, there are few constraints
that should be solved, for instance, the low electron intake by
bacteria at the cathode and low productivity, stability, selectivity,

etc. The synergistic effects of the substrate, electrode materials,
and bacterial cell should be studied and well-understood for
up-scaling. The conventional anaerobic fermentation system
necessitates ∼3 kg of glucose for production of 1 kg of butanol,
which seems to be non-optimal in spite of existing large-scale
processes (He et al., 2016). In this regard, alcohol generation

in MES using organic-rich wastewater seems to be a promising
choice (Rabaey and Rozendal, 2010). More specifically, influence
of current and electrical potential on the microbial metabolism
and microbial strains related to electro fermentation or MES are
required to consider for industrial application (Mohanakrishna
et al., 2016). Microbial carbon capture is likely to be a
standalone process that could be competitive to conventional
technologies. Therefore, coupling of biological CO2 processes
with chemical processes, such as gasification and water gas shift
reaction, could be beneficial. Complex biomass sources, such as

FIGURE 6 | CO2 conversion to target products and their position of implementation. Redrawn from (Bioenergy, IEA – 2020; ISBN 978-1-910154-69-4).
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cellulosic, wood, and straw materials, cannot be easily degraded
or fermented. A good alternative is biomass gasification, which
converts carbonaceous compounds into syngas through partial
oxidation. H2 and CO2 in syngas also can be utilized by
microbes for product formation. The conversion of syngas to
products with a higher productivity rate can be achieved with
bioelectrochemical and photobiological processes (Jiang et al.,
2013). Further research would be required in order to enhance
biofuel generation with low energy utilization and a minimal
amount of toxic by-product generation (Rabaey and Rozendal,
2010; Mohanakrishna et al., 2015; ElMekawy et al., 2016; Venkata
Mohan et al., 2016).

In terms of biotechnology of CO2 utilization, algae and
cyanobacteria have gained importance due to enhanced biomass
generation for a feedstock and transesterification process.
However, β-proteobacteria, clostridia, archaea, and other
bacterial species can overtake the photosynthetic microbes due
to rigorous research and efforts (Wang et al., 2012). Nonetheless,
in utilization of various microbes for successful bioprocess
development, one needs to pay attention to vital necessities, such
as (i) suitable and appropriate strain selection for higher lipid
generation (e.g., cell growth, autotrophic carbon fixation rate,
product type and yield), (ii) supplementation minerals/chemical
in CO2 fixation, (iii) operation parameters (gas concentration,
composition, etc.), (iv) type of bioprocess operation (batch or
continuous), and (v) reactor configuration (CSTR, fixed bed
reactor, membrane reactor) (Li et al., 2014). A few decisive factors
in biological processes and engineering of carbon capture and
utilization include (i) safety (especially during the H2 utilization
as electron donor/source), (ii) type of product selectivity and
formation (concerning the purification and extraction economy),
(iii) optimized operational conditions, and (iv) an increase in
productivity by amplifying the cell density, etc.

In overview, the earlier described bioelectrochemical reaction
pathways using CO2 as the feedstock are based on H2 as a
reaction companion, whereas algae can transform CO2 into
value-added products, such as omega fatty acids, proteins,
and amino acids and can simultaneously reduce pollutants.
Likewise, other technologies, such as enzymes (e.g., formate
dehydrogenase) can utilize/transform CO2 by providing
necessary energy. Figure 6 provides an overview of different
CO2-based product formation pathways and their current
status of employment. Apart from urea, the leading CO2-based
product formations from other industrial processes involve
the production of cyclic carbonates and salicylic acids, which
are being produced at about 0.1 million tons/year (technology
readiness level (TRL): 9) (Bazzanella and Ausfelder, 2017). The
poly (propylene) carbonate and polycarbonate etherols are
extensively produced polymers in industries using CO2 as a
building block. Novomer incorporation from the United States
and Covestro (former Bayer Material Science) are dynamic
in this area with large-scale operations (TRL7-9). DNV (Det
Norske Veritas) from Norway has constructed a pilot-scale
operation plant for formic acid generation with a capability of
1 kg/day via electrochemical CO2 reduction. Similarly, Mantra
Energy Alternative Limited from Vancouver, British Columbia,
Canada, is constructing a plant for 100 kg/day formic acid

generation (TRL7) by electro-reduction of CO2 (Bazzanella
and Ausfelder, 2017). Mineral carbonation, also known as
carbon mineralization, is already being used in smaller and
semi-commercial plants for various purposes, such as treatment
of industrial waste, polluted soil, and generation of cement-like
building materials (TRL7-9). There are several other processes
being researched at lab scale with significantly lower TRL.
Among these, one approach is noteworthy to point out because
of its huge potential in the direct synthesis of dimethyl ether
(DME) from CO2. This method allows a CO2 reduction of 0.125 t
CO2 /t DME, which is known to be higher in comparison to
the state-of-the-art process with an intermediation of methanol
equivalent to a 30% reduction. There is more production
pathways research that involves direct production of sodium
acrylate from ethylene and CO2 or electrocatalytic conversion of
CO2 to ethylene (Alexis Bazzanella, 2017).

One of the crucial parameters to be considered for
commercialization of CO2 reduction via biological routes is the
CO2 that is stoichiometrically converted per ton of product.
Based on earlier studies, acetic acid, ethanol, succinic acid,
and caproic acid have stoichiometric production of 1.47,
1.91, 1.49, and 2.28 t CO2/t, respectively. These chemicals
(acetic acid, ethanol, succinic acid, and caproic acid) have a
projected market value of 16.4 (Acumen Research Consulting,
2019), 54.63 (Coherent Market Insights, 2017), 0.237 (Markets
Markets, 2019), and 0.27 (Market Study Report, 2019) billion
dollars by 2026. Moreover, these products, such as acetate,
can be used as building blocks for higher valued product
generation, such as ethyl acetate, with a projected market
value of 95 billion dollars by 2024 (Global Market Insights,
2018). Also, the combination of ethanol and other compounds
(e.g., volatile fatty acids) can be used for a carbon chain
elongation reaction. On the basis of these projected market
values, the mitigation of CO2 to product formation can
be beneficial. However, these biological approaches need a
further life cycle assessment (LCA) in order to compare
benchmarks with the state-of-the-art production, considering
energy aspects, etc.

In order to implement innovative biological ideas on a
commercial scale and to reach the visionary target, consideration
of the following aspects can be beneficial: (i) high-performing
conversion technology on the level of CO2 upstream: The
technology should ideally cope with given impurities and/or
CO2 gas concentrations of their client’s CO2 waste streams at
minimal pretreatment costs. CO2 conversion process: convert
CO2 in an efficient way (total CO2 conversion and selectivity
toward product of interest) at an appreciable productivity (space–
time yield) toward product in order to minimize investment
and operational costs and obtain a techno-economic feasible
route. Downstream: obtain high product titers and high product
selectivity in order to reduce further downstream processing
steps or costs. (ii) Local value chains fit for given CO2-to-
product pathway via biological route. (iii) Legislation for the
end product in case of high-volume application (ethanol, fuels)
(Carr, 2005).

Indeed, some of the major challenges of CO2 reduction are
the availability of renewable energy to sufficiently supply the

Frontiers in Energy Research | www.frontiersin.org 17 June 2020 | Volume 8 | Article 94

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Kondaveeti et al. Biological and Bioelectrocatalytic CO2 Mitigation

potential biological CO2 conversion strategies (via green H2

production), location, and transport of product. In this regard,
low potential photovoltaic energy prices in the Middle East,
Southern Europe, and North Africa would enable the production
of liquid CO2 fuels that can be easily transported to Europe,
for instance. This enables the creation of new value chains and
business cases of interest. As energy prices are high today and
scales are small, we need high-value product routes or high
volume that is supported by proper legislation. In the future, at
low energy prices and larger scale, the challenge would be the
energy supply in the most ambitious scenario, in which the full
potential for given chemical/fuels is valorized via the CO2 route
(Tahvonen et al., 1994; Illing et al., 2018).

CONCLUSIONS

This report has overviewed and discussed potential applications
of biological processes for CO2 fixation with generation of
value-added products. Despite achieving some progress, there
is still a need for finding suitable processes or microbial
strains for CO2 mitigation. For instance, the productivity
of microbial CO2 sequestration should be more than 3-
fold higher than traditional CO2 technologies, which seems
to be a daunting goal with current methods. Thus, the
combination of industrial processes with microbial CO2

mitigation can be sustainable and economically viable for
reduction of CO2. The metabolism of CO2 conversion by
algae and photosynthetic processes can be equally viable as

chemical and electrochemical technologies. Furthermore, market
analysis and commercialization need to be further discussed
by considering the real field application. Bioelectrochemical
CO2 conversion and photo biological processes for value-
added product synthesis seems to be an economical and
sustainable approach toward future technological development
and commercialization. However, integration of suitable CO2-
converting processes with CO2-generating processes helps for
the development of a CO2-based bio-refinery that may lead to
carbon-neutral industrialization.
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