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Pankaj Kumar Maurya1 & Soumila Mondal1 & Vinod Kumar1 & Shailendra Pratap Singh1

Received: 26 March 2021 /Accepted: 16 July 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
The total number of inhabitants on the Earth is estimated to cross a record number of 9 × 103 million by 2050 that present a unique
challenge to provide energy and clean environment to every individual. The growth in population results in a change of land use,
and greenhouse gas emission due to increased industrialization and transportation. Energy consumption affects the quality of the
environment by adding carbon dioxide and other pollutants to the atmosphere. This leads to oceanic acidification and other
environmental fluctuations due to global climate change. Concurrently, speedy utilization of known conventional fuel reservoirs
causes a challenge to a sustainable supply of energy. Therefore, an alternate energy resource is required that can maintain the
sustainability of energy and environment. Among different alternatives, energy production from high carbon dioxide capturing
photosynthetic aquatic microbes is an emerging technology to clean environment and produce carbon-neutral energy from their
hydrocarbon-rich biomass. However, economical challenges due to low biomass production still prevent the commercialization
of bioenergy. In this work, we review the impact of fossil fuels burning, which is predominantly used to fulfill global energy
demand, on the quality of the environment.We also assess the status of biofuel production and utilization and discuss its potential
to clean the environment. The complications associated with biofuel manufacturing using photosynthetic microorganisms are
discussed and directed evolution for targeted phenotypes and targeted delivery of nutrients are proposed as potential strategies to
increase the biomass production.
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Introduction

The energy provided by fuel is an absolute requirement for
sustained mechanical activities. Therefore, a continuous in-
crease in the number of human being has an obvious connec-
tion with a consistent increase in the demand for energy
(Pathak et al. 2017). Global energy demand has immensely
increased in the last four decades and estimated to further
increase by more than 85% by 2040 (Jones and Mayfield
2012; Semieniuk et al. 2021). The total energy supply has
increased tremendously since 1971 and fossil fuels are still
the main source of energy supply (Sayre 2010; Semieniuk

et al. 2021). Therefore, an unprecedented increase in the de-
mand for energy will result in the consumption of all major
fossil fuels such as oil, coal, and natural gas (Jones and
Mayfield 2012; Parsaeimehr et al. 2015; Semieniuk et al.
2021). Fossil fuels provide energy to various sectors of soci-
ety, including residential, commercial, industrial, and trans-
portation. However, among various sectors, transportation is
the largest and fastest-growing sector which is responsible for
almost one-third of the total worldwide energy consumption
(Hutchinson et al. 2021; McLaughlin and Bird 2021; Serrano-
Ruiz and Dumesic 2011). Furthermore, the transport sector is
a major contributor to greenhouse gas (GHG) carbon dioxide
(CO2) in the atmosphere which is released by mechanical
engines due to the burning of fossil fuels (Hutchinson et al.
2021; McLaughlin and Bird 2021). It is important to state that
CO2 is a major product of fossil fuel burning which has a
direct effect on the environment (Pachauri et al. 2014).

The annual production of CO2 due to the use of fossil fuel
is more than 24 gigatons (Gt) which have resulted in the sig-
nificant rise of atmospheric CO2 concentration over the last
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century (Gao et al. 2019; Levin et al. 2019; Liu et al. 2020).
High atmospheric CO2 concentration could increase the pos-
sibility of global warming and associated extinctions of bio-
logical species due to climate change (Pachauri et al. 2014;
Sayre 2010). The current average atmospheric CO2 concen-
tration is around 409 ppm which crossed 400 ppm level in late
2013 (Gao et al. 2019; Tans 2017). The fossil fuel utilization
and GHG emission are interrelated and their respective con-
sumption and emission will further increase given the scenario
of a continuous increase in global population and economic
developments (Semieniuk et al. 2021). Thus, overexploitation
of limited resources of energy prevents the sustainable supply
of energy while simultaneously deteriorate the quality of the
environment by adding CO2 and other pollutants. Also, the
land-use changes increase the GHG emission in addition to
affecting the production of food and energy (Pachauri et al.
2014). Therefore, renewable and sustainable energy is re-
quired which can fulfill the growing demands of global energy
and has the ability to clean the environment by lowering at-
mospheric CO2 concentration. The energy production from
photoautotrophic microorganisms, especially microalgae and
cyanobacteria, has emerged as a promising way to maintain a
balance between food, energy, and environment due to their
high CO2 capturing efficiency (Chen et al. 2019a; Chen et al.
2020; Nicholas et al. 2020; Rajneesh et al. 2017). The energy
production using these oxygen-producing biological air puri-
fiers does not require a change in land-use. However, com-
mercialization of such renewable energy is still a long way to
go due to its high production cost despite the fact that it prom-
ises a sustainable supply of energy in an eco-friendly manner
(Chen et al. 2019a).

We discuss the deterioration of environmental quality due
to increased energy demand and present a scenario for achiev-
ing food, energy, and environmental sustainability by using
the photoautotrophic microbes. We also share views on bio-
fuel production and its utilization status, its potential to fulfill
the demand of energy, and current challenges associated with
its large-scale production. We have included the energy pro-
duction and consumption status of India and its contribution in
reducing the emission of CO2 due to its population size and
origin of this study.

Energy sector regulates the quality
of the environment

The energy sector contributes nearly 50% of all energy-related
GHG emission, while anthropogenic activities contribute
more than 30% of total GHG emission (Bruckner et al.
2014; Gao et al. 2019). There is an estimation that direct
emission of CO2 from the energy division will increase from
14.4 Gt CO2 year

-1 in 2010 to 24–33 Gt CO2 year
-1 by 2050

(Bruckner et al. 2014). Thus, an increase in energy

consumption linked GHG emission is a potential threat to
the sustainability of the environment as global warming and
associated global climate change could directly or indirectly
impact the quality and quantity of life on the Earth (Gao et al.
2019; Wang et al. 2008). The petroleum-based fuel combus-
tion also releases other air pollutants such as NOx, SOx, CO,
and volatile organic compounds. These pollutants individual-
ly or collectively pose a risk to the sustainability of the envi-
ronment and life offered by mother Earth (Bajhaiya et al.
2010; Yen et al. 2015). According to the World Resources
Institute (WRI), China, the USA, European Union, India,
Russian Federation, Indonesia, Brazil, Japan, Canada, and
Mexico are top ten emitters of GHG (Ge et al. 2014; Levin
et al. 2019). These countries, including European Union, col-
lectively account for 70% of global GHG emission and
Canada is the top emitter of GHG per capita followed by the
USA, Russian Federation, Japan, European Union, Indonesia,
China, Brazil, Mexico, and India (Ge et al. 2014; Levin et al.
2019).

Transport sector relies entirely on fossil fuels, and more
than 90% of transport fuels are petroleum products (IEA,
World Energy Outlook 2011; Levin et al. 2019). The transport
sector produced 7.0 Gt carbon dioxide equivalent (CO2eq) of
direct GHG emissions, including non-CO2 gases, which
accounted for 23% of total energy-related global emission of
CO2 in 2010 (Sims et al. 2014). The GHG emission due to
transportation could see a rapid increase in comparison to
other energy-related divisions and could result in the release
of 12Gt CO2eq year

-1 by 2050 (Sims et al. 2014). Important to
mention here that over 53% of global primary oil consumption
was used in 2010 to meet 94% of the total transport energy
demand while biofuels, electricity, natural gas, and other fuels
fulfilled only 2%, 1%, and 3%, respectively, of the transport
energy demand (Sims et al. 2014). The GHG emission by
India has increased by more than 65% between 1990 and
2012. It is estimated to further grow up to 85% by 2030 con-
sidering its economic growth and population size (Ge et al.
2014). However, India produces lower amount of CO2eq per
capita in contrast with the USA and China (Ge et al. 2014;
Levin et al. 2019). In India, the transport division utilizes
73.56% of total diesel requirement, while remaining 26.41%
is consumed by other non-transport sectors (Petroleum
Planning and Analysis Cell 2013).

It is clear that heavy use of fossilized energy challenges
continuous supply of energy as well as deteriorates the quality
of the environment by feeding more and more CO2 and other
pollutants into the atmosphere (Levin et al. 2019). The in-
creased level of CO2 is associated with abnormal weather
pattern in addition to flooding of lowlands, islands, and deltas
due to GHG warming (Levin et al. 2019; Wang et al. 2008).
Oceans efficiently sequester CO2 and every year absorbs more
than 30% of the CO2 released due to anthropogenic activities
(Pachauri et al. 2014). The increased amount of dissolved CO2
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in oceanic water or other aquatic ecosystems results in a de-
crease of water pH gradually towards the acidic condition.
Also, increased greenhouse warming of surface water leads
to enhanced stratification which consequently exposes photo-
synthetic organisms to high photosynthetic active radiation
(400–700 nm), ultraviolet radiation (280–400 nm), and low
nutrients level (Gao et al. 2019; Dimkpa and Bindraban 2017).
This negatively disturbs the biodiversity and productivity of
marine as well as freshwater ecosystems by affecting the sur-
vival and multiplication of organisms (Gao et al. 2019;
Riebesell et al. 2007). To counter the threat associated with
increased anthropogenic GHG emission, an international trea-
ty was signed by more than 170 countries in Kyoto, Japan in
1997. In this meeting, stakeholders committed that industrial-
ized country will minimize their 1990 GHG production rate
by 5% (Grubb et al. 1997).

The United Nations 21st annual session of the Conference
of the Parties (COP21) on Climate Change, commonly known
Paris Agreement, was held in Paris in 2015. Paris Agreements
covered the policy actions to mitigate the effects of global
climate change by keeping the post-industrialization increase
in global temperature below 2 °C. That could be achieved by
reducing the GHG emission and adopting a renewable source
of energy for the transportation sector (Levin et al. 2019;
Rogelj et al. 2016). Recently, COP25 was held in 2019 to
resolve the outstanding issue in the climate package, including
CARBON MARKET, and finalized the “rulebook” for Paris
Agreement. India has shown dedication to minimizing its
emission of GHG while maintaining the pace of current eco-
nomic growth and infrastructure development. Notably, sev-
eral countries, including largest emitters China and the USA,
have committed to reach net-zero target to avoid the worst
impact of GHG emission (Levin et al. 2019). Net-zero emis-
sion ideally means sequestration of all GHG which is released
by humans. This aim could be only possible by the utilization
of carbon-neutral green energy and the development of infra-
structure and supportive environment for its production.
Therefore, application of non-conventional sources of energy
in a carbon-neutral manner across the globe could provide a
better opportunity for the sustainability of energy and environ-
ment. This alternative source of energy would also create new
business opportunities that will further boost economic
developments.

Land availability and utilization affect food,
energy and environment

Globally, agriculture system uses 11% of total available land
for crop production and consumes 70% of total freshwater
withdrawn from different sources such as river, stream, and
aquifers (Diouf 2011; FAO 2017). The agriculture sector an-
nually releases 10 Gt CO2eq, and worldwide, it is responsible

for 80% of forest degradation together with the utilization of
30% of total energy supply (Sims et al. 2015; FAO 2017).
This sector also largely contributes to the emission of methane
(CH4) and nitrous oxide (N2O) gases which are commonly
known non-CO2 GHGs (Smith et al. 2013). Thus, agriculture
and transportation considerably control the quality of the en-
vironment and energy consumption. India supports approxi-
mately 16.7% of the world’s human population on merely
2.4% of the world’s total land area (India: State of the envi-
ronment report 2009). However, 187.8 million hectares
(Mha), i.e., 57.13%, out of 328.73 Mha of land area in India
is degraded due to intervention of human population and face
water and wind erosion, alkalinity/salinity, and soil acidity
(India: State of the environment report 2009).

The nutrient use efficiency is very low in an agriculture
system that forces the application of an enormous amount of
chemical fertilizers to replenish the nutrient levels for higher
productivity (Dimkpa and Bindraban 2017). This scenario has
led to a significant increase in the utilization of fertilizers by
farmers over the last four decades (Peralta-Videa 2018).
Consequently, the wide-utilization of fertilizers will result in
leaching and run-off of chemicals that further compromise the
quality of soil and environment (Peralta-Videa 2018).
Currently, the pace of degradation of fertile land and its con-
version to the desert is higher than pre-industrial era which has
resulted in the degradation of more than half of the Earth’s
land surface area to some extent (Henry et al. 2018).
Therefore, it is very challenging to provide food, energy,
and shelter to everyone under the current scenario of a contin-
uous increase in population without harming the environment
(UN DESA 2017). However, proper usage of land and explo-
ration of the non-conventional agricultural method is required
to feed the increasing population while maintaining a clean
environment by generating new sources of energy (Pathak
et al. 2017, 2018).

Food and energy security vs. environment

The world population is increasing continuously and
projected to reach 9.8 billion by 2050 due to the addition of
approximately 83 million newborns every year (UN DESA
2017). This rapid and consistent increase in the number of
humans is presently a great challenge for future generations
and requires a tremendous increase in the production of food
to feed the global population of 2050 (Bruinsma 2009;
Montanarella and Vargas 2012). An additional agricultural
land area of 2.7–4.9 Mha year-1 would be required to meet
the increased global demand for food, feed, and fiber produc-
tion (Lambin and Meyfroidt 2011). The cultivated area has
grown by 7% since 1970 and the increase in arable area for
farming is limited to only 5% between 2005 and 2050
(Alexandratos 2009; da Silva 2013). This limited availability
of farming land will further intensify the challenge of

49329Environ Sci Pollut Res (2021) 28:49327–49342



providing food to a rapidly growing population. Notably, food
production is affected by several other factors such as soil
health, water availability, carbon sequestration, weather con-
dition, and grazers. Therefore, merely increasing the farming
land area would not solve the problem. However, vertical
farming under controlled environmental condition is emerg-
ing as a future food-production and environment cleaning sys-
tem which could substantially minimize the problem of agri-
cultural land availability (Butturini and Marcelis 2020).

The large proportion of the global population is still de-
prived of sufficient food to support an active and healthy life
(McGuire 2015). Hence, a lot of work is required to be done at
government and society level apart from just increasing the
food production. This includes a proper and efficient system
for storage and distribution of food because a major amount of
produce is spoiled every year during storage and supply be-
fore it reaches to consumer (Gram et al. 2002). The utilization
of fertile land and freshwater resource for the generation of
biomass to produce energy will further hamper the commit-
ment to eradicate the hunger by affecting food production and
its cost. Therefore, a fine-tuning between food and energy
production is required that can be achieved by adopting an-
other way of energy production which does not require fertile
land and freshwater for biomass production. Readers are re-
ferred to recent studies on sustainable agriculture practices and
use of biotechnology in non-conventional food production as
it is out of the scope of this study (Pathak et al. 2017, 2018).

Presently, oil, coal, and natural gas, which are
conventional/non-renewable source of energy, principally sat-
isfy our primary energy requirement. These sources of energy
collectively fulfill more than 80% of total global energy de-
mand (Fig. 1) (Dudley 2018). The primary energy demand has
increased worldwide at a constant pace of 1.7% per year in the
past ten years. The average increase in energy demand in-
cludes an annual increase of 0.9% in the year 2015, 1.2% in
the year 2016, and a record level of 2.2% in the year 2017

(Dudley 2018). Thus, global energy consumption is increas-
ing continuously with an increase in population and economic
developments. In addition to fossilized energywhich currently
fulfills a major portion of global energy demand, nuclear en-
ergy satisfies 4% of global energy demand (Fig. 1). However,
modern renewable sources of energy such as wind, hydropow-
er, biofuels, geothermal, solar, and ocean fulfill only 11% of
total global energy demands (Fig. 1) (Dudley 2018). Thus,
renewable energy is still produced in a low amount, and only
3.1% of total renewable energy produced is used globally for
transportation (Dudley 2018).

The USA accounts for nearly 20% of the total global con-
sumption of crude oil followed by China (13.10%), India
(4.81%), Japan (4.17%), Saudi Arabia (3.80%), Russian
Federation (3.35%), and Brazil (3.14%) (Ranganadham
2018). The energy demand rises with social and economic
developments in any country. After China, the USA, and
Russia, India is the largest consumer of energy (Nia and
Niavand 2017). The primary energy demand of India will
double in next twenty years, and currently, its major energy
demand is primarily satisfied by burning of coal, oil, and nat-
ural gas (Fig. 2) (Dudley 2018). These non-renewable sources
will continue to play an important role in the Indian energy
sector in coming years. However, national biofuel policy
states that Indian renewable energy capacity would reach
around 175 gigawatts which will help in reducing the GHG
emission by 33 – 35% by 2030 (National Policy on Biofuels
2018). In non-renewable resources, the coal consumption in
India has increased from 405.6 million tonnes of oil equiva-
lent (Mtoe) in 2016 to 424 Mtoe in 2017. The coal consump-
tion growth rate largely driven by India is 4.8% (18 Mtoe)
which has boosted the global coal consumption by 1% (25
Mtoe) (Dudley 2018). This suggests that coal is still the main
source of energy in India and other parts of world, and it is
expected to be the main source of energy for years to come

Fig. 1 Pie chart showing the percentage of different sources of energy
used for fulfilling global energy demand (Dudley 2018)

Fig. 2 Pie chart showing the percentage of different sources of energy
used for fulfilling energy demand in India (Dudley 2018)
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until energy production increases significantly from other re-
newable sources.

India is the third-largest end-user of crude oil after the USA
and China, and three nations collectively account for 38% of
total world crude oil consumption (Ranganadham 2018). The
production of crude oil is around 36.01 million metric tonnes
(MMT) in India (Ministry of petroleum and natural gas
(MoPNG), GOI, Annual report 2017-2018). In natural gas
production, the share of India is only 0.77% while the USA
is the largest producer of natural gas contributing 21.50% of
global production (Ranganadham 2018). The direct burning
of biomass still supports the day to day life energy demand in
developing countries (REN21 2018). The majority of Indian
population lives in rural areas, and several people still use
traditional solid fuels like firewood, crop-waste, and cattle
dung-cake for meeting their cooking or heating demand while
kerosene, vegetable oils, and candles are used for lighting
energy needs. There are large numbers of rural households
which uses traditional biomass such as firewood, cattle dung,
and agro-waste as a primary fuel and kerosene or liquid petro-
leum gas (LPG) as a secondary or tertiary fuel for cooking
(Balachandra 2011). However, more than 10% of rural house-
holds use modern fuels such as LPG, kerosene, biogas, and
electricity for cooking purpose (Balachandra 2011). In con-
trast, urban households mainly use LPG for cooking purpose
(Edrisi and Abhilash 2016).

However, an initiative by the ministry of petroleum and
natural gas, Indian Government in 2016 has led to the wide
distribution of free LPG connection to Below Poverty Line
families under the scheme Pradhan Mantri Ujjawala Yojna
(PrimeMinister Clearness Scheme). This scheme aims tomin-
imize and clean the household pollution that occurs due to the
burning of abovementioned traditional solid fuels for cooking.
Importantly, this initiative will decrease the utilization of tra-
ditional biomass as well as safeguard the environment and
health of women and children. India has a high potential for
the generation of renewable energy from various sources.
Among different renewable energy sources, solar power
shares 64.86%, wind power 30.19%, hydropower 2%, bio-
mass 1.86%, bagasse-based sugar mills 0.73%, and waste to
energy 0.26% of total renewable energy production
(Ranganadham 2018). Energy demand in transportation is
the highest across major sectors in terms of end-users. As
vehicle ownership expands, so will the demand for petroleum
products. Therefore, India is a huge market for energy sector
where the demand for diesel and petrol is expected to reach
110 MMT and 31.1 MMT, respectively, by the year 2021–
2022 (Ministry of petroleum and natural gas (MoPNG), GOI,
Annual report 2017-2018). Thus, India has a tremendous de-
mand for energy which will further rise with an increase in
population and economic development. Currently, India ful-
fills its major demand for energy by importing the crude oil
which leads to dependency on other nations.

To summarize, continuous overexploitation of fossil fuel
reserves to fulfill long-term energy requirement has resulted in
rapid depletion of these energy resources as well as deteriora-
tion of environmental quality due to emission of GHG and
other pollutants. Therefore, it is crucial to create new sources
of energy which are sustainable, environment-friendly, effi-
c ient , and most impor tant economical ly viable .
Hydroelectricity, solar energy, wind energy, wave power,
geothermal energy, and tidal power could generate clean en-
ergy, improve energy efficiency, and reduce the risk of envi-
ronmental degradation. However, storage of energy produced
by abovementioned renewable sources is challenging due to
the requirement of expensive batteries, and most importantly,
there is no technology available to use such energy in the
aviation industry. Also, the abovementioned sources of clean
energy do not reduce the level of GHG from the atmosphere.

Current status of biofuel manufacturing
and utilization

The biofuel production at a global level has seen a slow but
consistent annual increase reaching a maximum in 2017 (Fig.
3a). The USA is the principal manufacturer of biofuels, and
bioethanol is the major biofuel which accounts for around
60% of the total biofuel production (Dudley 2018). The car-
bohydrate fraction of biomass is biologically converted to
bioethanol while lipid fraction is chemically treated to pro-
duce biodiesel. These two categories of biofuels are used glob-
ally to fulfill the energy demand to some extent but notably,
75% of the demand is fulfilled by bioethanol while biodiesel
fulfills only 25% of the demand (Chen et al. 2020; Rulli et al.
2016). Figure 4 shows global leaders in bioethanol and bio-
diesel production. Globally, bioethanol and biodiesel are used
to produce upto 1.91 × 106 terajoule year-1 and 0.82 × 106

terajoule year-1 energy, respectively (Rulli et al. 2016). The
largest consumers of bioethanol and biodiesel are the USA
and Brazil followed by other countries like France,
Germany, China, Canada, and Italy (Figs. 4 and 5a and 5b)
(REN21 2018; Rulli et al. 2016). It is estimated that ethanol
derived from sugarcane and advanced biofuels can support the
energy demand of transportation sector by providing 9.3% of
total transportation fuels by 2030 which could further grow up
to 27% by 2050 (IEA, World energy outlook 2009; IEA,
Energy technology perspectives 2010; Semieniuk et al.
2021). Notably, the USA set a record for renewable energy
production in year 2020 despite the global crisis of COVID-19
which justifies its tag as a global leader in renewable energy
production (McLaughlin and Bird 2021).

In contrast with the global scenario, the biofuel production
in India has seen a transient increase and successfully main-
tained a long-term increase reaching a maximum production
in the year 2016 (Fig. 3b) (Dudley 2018). The major boom in
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Fig. 3 Annual total biofuel
production showing a consistent
increase in its production. Global
total biofuel production (a) and
Indian total biofuel production (b)
(Dudley 2018)

Fig. 4 Global map showing world leaders in biodiesel and bioethanol production. The upper value showing biodiesel and the lower value indicates
bioethanol production in billion liters for the corresponding country (REN21 2018)
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biofuel production in India was seen in the year 2015. The
awareness programs such as “Bioenergy-Urja Utsav
(Bioenergy-Energy Festival)” and “World Biofuel Day” have
been planned by the ministry of petroleum and natural gas to
promote production and consumption of biofuel in India. The
prime focuses of these programs are to sensitize youth and
farmers on the benefits of biofuels over fossil fuels and en-
courage their participation in the production of bioethanol,
biodiesel, and biogas. The Indian government has started sev-
eral programs such as Ethanol Blended Petrol (EBP) Program,
National Biodiesel Mission, and Biodiesel Blending Program
to promote the sale of blended fuels in India. For example, the
EBP Program was initiated with a sale of 5 to 10% ethanol
blended petrol in India (Ministry of petroleum and natural gas
(MoPNG), GOI, Annual report 2015-2016). National Biofuel
Policy (NBP) 2018 was announced which aims sale of petrol
and diesel blend having 20% ethanol and 5% biodiesel, re-
spectively, by 2030 (National Policy on Biofuels 2018).
Importantly, Indian government recently released the report
of the expert committee on roadmap for ethanol blending in
India by 2025 on the occasion of world environment day
which states rollout of 20% ethanol blending in petrol by
2025 (Sarwal et al. 2021). This means India will achieve the
blending of 20% ethanol in petrol five years earlier than the
initial target. Thus, the encouraging outcome of government
policies can be reflected soon in terms of increased biofuel

production and utilization that will reduce GHG emission as
well as dependency on other countries for oil. This will also
boost the economy of the country by promoting new startup
companies in the bioenergy sector (Hutchinson et al. 2021).

It has been suggested that CO2 production due to diesel
combustion can be reduced by the use of B20, i.e., diesel
having 20% biodiesel, and B100, i.e., 100% biodiesel. The
B20 burning can reduce the emission by 15% while burning
of B100 fuel can reduce the emission of CO2 by 74% (Chen
et al. 2016). Thus, utilization of biofuel at a larger scale can
clean the environment by minimizing the emission of GHG
and other pollutants while providing a sustainable source of
energy. It also reduces the risk of global climate change and
associated catastrophes by sequestering atmospheric CO2 into
the biomass. However, further policies need to implement to
accelerate and subsidize the process of biomass cultivation
and biofuel production (Chen et al. 2020). Furthermore, policy
measures for blending biofuels with fossil fuels are now in
place in many countries, including India, which has fostered
the market of biofuel production. However, it is important to
mention here that policies should promote biofuels which has
higher potential to decrease GHG while using limited non-
arable land area and freshwater to keep a balance between
food, energy, and environment. For example, China has tre-
mendously changed its policies such as subsidies, tax incen-
tives, and financial support for the basic research to promote

Fig. 5 Global leaders in
consumption of energy produced
by bioethanol (a) and biodiesel
(b) (Rulli et al. 2016)
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biofuel production from microalgae and cyanobacteria (Chen
et al. 2020). This major change in China policy has resulted in
the development of basic research based knowledge, infra-
structure, microalgal strain collection center, and industry for
biofuel production. Overall, major shift in policy has resulted
in increased scientific research in China after the USA which
will pay off in the form of higher biofuel production in the
near future (Chen et al. 2020).

Sustainability of food, energy
and environment

Reliance on renewable resources rather than non-renewable
resources is a salient feature of sustainability. Biofuel is the
renewable source of energywhich recently gained tremendous
consideration for the sustainable supply of energy in an
environment-friendly manner (Chen et al. 2020; Rajneesh
et al. 2017). Plant biomass has provided energy to human
society for a long time, and production of fuels and electricity
from biomass could replace non-renewable fuels. However,
energy production from plant biomass could impact food se-
curity and carbon emission while resulting in habitat loss due
to change in land use (Lynd 2010). Therefore, sustainable
production of bioenergy was initially limited to the use of
waste biomass obtained from extensively cultivated land.
However, the conversion efficiency of waste biomass to ener-
gy is very low (Stucki et al. 2009). Presently, the agricultural
sector uses intensive farming to feed the rapidly growing pop-
ulation. Additionally, in several regions of the world, avail-
ability of water and farming land is already challenging, and
therefore, in those regions, higher biomass production will
require additional irrigation and land. This situation leads to
water scarcity and ultimately results in competition for water
resources. Increased competition for water and land could
decrease the agricultural yields which could significantly af-
fect the food production (Stucki et al. 2009).

Therefore, energy production based on the exploitation of
freshwater and land creates a competitive environment be-
tween food and energy production. Indeed, policies are re-
quired for energy and food production without any substantial
social, economic, or ecological pressure. To resolve the food
and energy security problem, biofuel production from marine
cyanobacteria and microalgae should be considered as a po-
tentially renewable resource (Singh and Sinha 2020). These
photoautotrophs clean environment by removing CO2 from
the atmosphere which is utilized as a source of carbon to
produce hydrocarbon-rich biomass and valuable secondary
metabolites (Chen et al. 2020; Rajneesh et al. 2017; Singh
and Sinha 2020). Thus, bioenergy production from photosyn-
thetic microorganisms can decrease atmospheric CO2 to pro-
vide a cleaner environment and support the global require-
ment of energy.

Biofuel feedstocks affect food, energy
and environment

Depending on the feedstock, the biofuels are referred to as
conventional or advanced biofuels (Fig. 6) (Bindra et al.
2017). The conventional biofuels, also referred as 1st genera-
tion of biofuels, are produced from food crops, for example,
ethanol production from carbohydrate of corn, sugar beet,
sugarcane, cereals, cassava, and other sugar-rich crops (Fig.
6). In contrast, the biodiesel production is achieved from oils
of soybean, rapeseed, sunflower, and palm (Fig. 6) (Alam
et al. 2015). Thus, carbohydrate and lipid contents of plant
biomass are the raw materials for making 1st generation
biofuels. Global production of conventional biofuels has
grown rapidly in the past crossing a level of more than a
hundred billion liters a year in 2010. However, this can only
support 3% of the worldwide requirement of energy for trans-
portation after utilizing 2–3% of arable land (International
Renewable Energy Agency 2013). Moreover, production of
conventional biofuel affects food production due to the re-
quirement of arable land, water, and nutrient resources to gen-
erate plant biomass while it offers only a limited reduction in
GHG emission and dependency on fossil fuels. Also, conven-
tional biofuel production can potentially promote deforesta-
tion and biodiversity loss. Conversely, advanced biofuels such
as 2nd, 3rd, and 4th generations of biofuels are more sustain-
able and offer a higher reduction in GHG emission (Chen et al.
2020; International Renewable Energy Agency 2016;
Rajneesh et al. 2017). The 2nd generation biofuels are obtain-
ed from non-food crops encompassing ligno-cellulosic etha-
nol production from agricultural waste, forest residue, munic-
ipal solid waste, or crops grown on non-arable land (Fig. 6).
However, biofuel production from biomass of microalgal and
cyanobacterial native strains (3rd generation biofuel) or their
genetically modified improved strains (4th generation biofuel)
has become a promising alternative to conventional biofuel
production in recent years (Fig. 6) (Chen et al. 2019a; Mata
et al. 2010; Ng et al. 2020; Rajneesh et al. 2017).

Advanced biofuel production is based on biomass whose
production does not require land suitable for farming and food
production. Advanced biofuel has several advantages over
conventional biofuel in terms of energy, food, and environ-
ment sustainability. However, it has several other cost associ-
ated disadvantages such as harvesting, storage, transportation
to the site of processing, and high processing cost mainly
associated with 2nd generation biofuel due to inefficiency of
cellulose-degrading cellulase enzyme (Srivastava et al. 2015).
Also, 2nd generation biofuel production requires fundamental
changes in the agriculture and forestry sectors. Therefore,
abovementioned disadvantages of first and second-
generation biofuels promoted 3rd and 4th generations of
biofuels using biomass of native and genetically engineered
cyanobacteria and microalgae strains (Chen et al. 2019a; Ng
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et al. 2020; Tan et al. 2015). These photosynthetic microor-
ganisms based feedstock has higher productivity than any
other best known traditional feedstock (Alam et al. 2015). In
India, microalgal and cyanobacterial farming appears to be a
most promising non-conventional source of energy due to
prevailing favorable environmental conditions for their
growth and diversity. The climatic condition of India that
supports the luxuriant growth of diverse algal and
cyanobacterial species can be used for cultivation of feedstock
to produce biofuel. Therefore, India could act as a promising
destination for global players involved in biofuel production
using algal and cyanobacterial strains. However, the national
policy required to be drafted in such a way that promotes 3rd
and 4th generations of biofuels production by attracting na-
tional and international energy sector players.

Steps and challenges involved in biofuel production
using cyanobacteria and microalgae

Cyanobacteria are Gram-negative oxygen-producing photo-
synthetic prokaryotes that are well known for their role in
global CO2 and dinitrogen fixation while microalgae are uni-
cellular or multicellular eukaryotic photosynthetic organisms.
Cyanobacteria and microalgae possess chlorophyll-containing
photosystems I and II, utilize sunlight to fix atmospheric CO2

through photochemistry, and finally divert fixed carbon to
valuable chemicals and biomass (Muzzopappa and
Kirilovsky 2020; Rajneesh et al. 2017; Show et al. 2017).
These photosynthetic organisms simply require a source of
nitrogen, phosphorus, sulfur, potassium, and iron to lock
CO2 into biomass at a higher efficiency than land plants
(Chen et al. 2020; Markou et al. 2014; Muzzopappa and
Kirilovsky 2020). Cyanobacteria and microalgae can be cul-
tivated using nutrient containing wastewater which saves

fertilizers and water to a greater extent (Luo et al. 2019;
Rajneesh et al. 2017; Tan et al. 2020; Zhu et al. 2017).
Thus, cyanobacterial and microalgal cultivation does not es-
sentially require fertile land. However, the requirement of a
large volume of water, mainly for freshwater organisms, and
nutrients still pose a challenge for the successful application of
these organisms in bioenergy production (Dimkpa and
Bindraban 2017; Singh and Sinha 2020). The overall process
of biofuel production using cyanobacteria and microalgae in-
volves several steps such as strain selection, cultivation, har-
vesting, drying or slurry formation, cell disruption and extrac-
tion, and biofuel production (Fig. 7). Therefore, the whole
process of biofuel production at large scale requires the exper-
tise of biologists and chemical engineers. Strain selection,
biomass production, and harvesting steps mainly determine
a cost associated with biofuel production. Hence, these steps
are crucial for economically viable production of biofuel using
cyanobacteria and microalgae especially when the low price
of crude oil present tough competition.

Strain selection is the first and far most important factor for
biofuel production which involves the collection, purification,
and identification of strains collected from different environ-
mental conditions. Afterwards, collected strains could be
screened for several features such as (1) high biomass/lipid/
carbohydrate production with low protein content, (2) ability
to survive in photobioreactors, (3) ability to dominate in the
open pond production system, (4) high CO2 capturing pheno-
type, (5) require limited nutrients for growth, (6) ability to
survive and grow at a fast rate under fluctuating environmen-
tal conditions mimicking diurnal and seasonal variations, and
(7) ability to produce any value-added product (Rajneesh et al.
2017). Any strain possessing most of the above-mentioned
characters could technically qualify as a production strain
and should be further tested for outdoor large scale cultivation.

Fig. 6 Flow chart showing
feedstocks of conventional and
advanced biofuels (Alam et al.
2015; Rulli et al. 2016; Bindra
et al. 2017)
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However, it is very difficult and challenging to find a combi-
nation of all abovementioned features in a single strain.
Therefore, the concept of multiple production strains is rec-
ommended to achievemaximum biomass production through-
out the year, irrespective of the environmental conditions.
Scenedesmus sp., Chlorella sp., Botryococcus sp.,
Chlamydomonas sp., Dunaliella sp., Monallanthus sp.,
Neochloris sp., Desmodesmus sp., and Nannochloropsis sp.
are some strains which are emerging as potential production
strains for biofuel production (Chen et al. 2020; De Morais
and Costa 2007; Yoo et al. 2010; Zhang et al. 2014).
However, their productivity is still low to be utilized at a
commercial scale. Table 1 shows the protein, carbohydrate,
and lipid contents of different algae and cyanobacteria as a
percentage of their dry matter (Becker 2007; Tandon and Jin
2017). Genetic and metabolic engineering could be utilized to
further improve shortlisted strains by increasing their perfor-
mance under fluctuating environmental condition. The pro-
ductivity of photosynthetic organisms is limited by photosyn-
thetically active radiation (PAR; 400–700 nm) as low light
environment can limit the excitation energy while high light
environment oversaturate the photosystems and result in
photoinhibition (Muzzopappa and Kirilovsky 2020; Ooms
et al. 2016). Therefore, selection of wild-type or engineered
cyanobacteria and microalgae having efficient non-
photochemical quenching and ability to grow in low light
environment where green light prevails are recommended
(Muzzopappa and Kirilovsky 2020; Sanfilippo et al. 2019;

Wiltbank and Kehoe 2019). Also, existing metabolic chassis
can bemanipulated in potential native strains for increasing oil
or carbohydrate contents and biosynthesis of compounds of
economic importance. The protein is undesirable in the biofu-
el industry, and therefore, potential production strains having
high protein content (Table 1) need to be engineered for
redirecting carbon flux for carbohydrate or lipid biosynthesis.
Alternatively, valuable proteins can be extracted before feed-
ing the carbohydrate and/or lipid enriched biomass for
bioenergy production.

Heterotrophic and mixotrophic growth conditions support
maximum production of biomass. Nevertheless, commercial
use of two growth conditions is challenged by high cost, avail-
ability of limited number of strains that can grow under these
conditions, and microbial contamination (Chen et al. 2019b;
Deng et al. 2019; Tan et al. 2020). Therefore, photoautotrophic
photosynthesis is the only cultivation approach which is feasible
for large-scale production of biomass due to low cost and simple
technology requirement (Borowitzka 1997; Chen et al. 2019a;
Ma et al. 2019; Wu et al. 2020). However, principal disadvan-
tages of such approach are little control of culture conditions, low
productivity, significant evaporative loss of water and the asso-
ciated change in salt and nutrient concentration, poor diffusion of
CO2, light limitation with the ageing of culture, expensive har-
vesting, use of a large non-fertile land area, susceptibility to con-
tamination, and invasion by protozoan grazers (Borowitzka
1999; Brennan and Owende 2010; Ma et al. 2019; Wu et al.
2020). Therefore, only selected organisms having unique growth
requirement can be grown successfully using this approach. For
example, Dunaliella which requires high salinity, and Spirulina
which grows at high pH have been successfully cultivated (Lee
2001). However, specific growth requirement does not overcome
the problem of environmental fluctuations such as variability in
temperature, radiation, and precipitation which potentially affect
the biomass production in an open system (Brennan andOwende
2010; Cuaresma et al. 2011; Pulz 2001; Singh and Sharma
2012). The drawbacks of open cultivation can be overcome by
closed photobioreactor (PBR) which provide more control over
abiotic factors such as CO2 and O2 concentration, water evapo-
ration, temperature, pH level, light, and mixing (Arenas et al.
2017; Bindra et al. 2017; Santillan-Jimenez et al. 2016). Also,
the growth of organisms can be monitored in real-time. The
cultivation of Chlorella vulgaris, C. sorokiniana,
Nannochloropsis sp., Phaeodactylum tricornutum, and
Haematococcus pluvialis has been successfully done using
closed PBR (Jorquera et al. 2010). Economically, closed
photobioreactors are costlier than open raceway ponds; however,
the requirement of minimum land, control over several abiotic
factors, minimization of contamination, and grazers are factors
which could offset the associated cost of producing a high
amount of valuable biomass. Recently, new approaches have
been taken to modify the conventional bioreactors to lower the
production cost of microalgal biomass. For example, Sun et al.

Fig. 7 Flow chart showing different steps involved in biofuel production
using microalgae and cyanobacteria
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(2019) developed a thin-film plate PBR to significantly reduce
the production cost of Chlorella vulgaris using piggery waste-
water. Similarly, Wu et al. (2019) developed algal biofilm biore-
actor that reduces the cost of harvesting as cells can be collected
by mechanical scraping. However, selection of membrane in
biofilm PBR is critical as its physiochemical, toxic, and adhesive
properties predominantly determine the biomass productivity
and harvesting (Huang et al. 2020; Zhang et al. 2019).

Harvesting of microbial biomass is a difficult and energy-
expensive process than plant biomass as microbial biomass
contains cells in micrometer size and more than 99% water.
The methods available for harvesting biomass include least
expensive sedimentation using gravitational force, membrane
f i l t ra t ion , f loccula t ion , d isso lved a i r f lo ta t ion ,
electrocoagulation, and most expensive centrifugation
(Bhujade et al. 2017). However, different procedures adopted
to harvest biomass have different levels of efficiency and as-
sociated cost. Therefore, cost should be calculated for the
different procedures to find out the overall expenditure on
biofuel production. For example, centrifugation is the most
efficient process to harvest any microbial biomass; however,
it is a most expensive process and could account for 20–30%
of the total price of end-product (Allnutt and Kessler 2015).
After harvesting, drying of biomass can be done by thermal
drying or solar drying; however, cost needs to be compared
for both methods as it will further increase the expenditure
(Brennan and Owende 2010; Lundquist et al. 2010; Prakash

et al. 1997; Richmond and Hu 2013). Dry biomass is further
subjected to lipid or carbohydrate extraction followed by
chemical or biological treatment, respectively, to produce a
final product biofuel (Fig. 7). The production of biofuel using
the abovementioned approach further raises the cost associat-
ed with biomass drying, extraction, and chemical and/or bio-
logical treatment.

However, the concept of whole wet biomass conversion to
bio-crude oil has emerged as a new technology which is
known as hydrothermal liquefaction (HTL). HTL mimics
the process of thermochemical transformation of biomass slur-
ry which naturally occurs in the long term during fossilization
(Guo et al. 2019a). However, using HTL, the whole process of
biomass to crude bio-oil production can be achieved in mi-
nutes at high temperature and high pressure by omitting
abovementioned intermediate steps involved in biofuel pro-
duction (Fig. 7) (Elliott et al. 2015; Elliott 2016; Jones et al.
2014; Vardon et al. 2012). The most promising part of this
technology is that whole biomass slurry is converted to bio-
crude oil without any waste and biomass drying after extrac-
tion of valuable compounds (Guo et al. 2019b). Importantly,
the obtained bio-oil can be further processed using established
petroleum refineries (Elliott 2016; US Department of Energy
2015; 2016). HTL is an emerging technology and study needs
to demonstrate the usefulness of this technology at a large
scale in the sustainable and most importantly economically
viable production of energy using various microalgal and

Table 1 Percentage composition
of protein, carbohydrate, and lipid
contents in dry biomass of algal
and cyanobacterial species
(Becker 2007; Tandon and Jin
2017)

Class Organism Protein (%) Carbohydrate (%) Lipid (%)

Cyanophyceae Anabaena cylindrica 43–56 25–30 4–7

Aphanizomenon flos-aquae 62 23 3

Arthrospira maxima 60–71 13–16 6–7

Spirulina maxima 60–71 13–16 6–7

Spirulina platensis 43–63 8–14 4–9

Synechococcus sp. 63 15 11

Chlorophyceae Botryococcus braunii 4 20 86

Chlamydomonas reinhardtii 48 17 21

Chlorella elipsoidea 5 16 84

Chlorella pyrenoidosa 57 26 2

Chlorella sorokiniana 21–53 5–25 20–36

Chlorella vulgaris 51–58 12–17 14–42

Dunaliella bioculata 49 4 8

Dunaliella salina 57 32 6

Scenedesmus dimorphus 8–18 21–52 16–40

Scenedesmus obliquus 50–56 10–17 12–14

Spirogyra sp. 6–20 33–64 11–21

Tetraselmis maculata 52 15 3

Euglenineae Euglena gracilis 39–61 14–18 14–20

Chrysophyceae Prymnesium parvum 30–45 25–33 22–38

Rhodophyceae Porphyridium cruentum 28–39 40–57 9–14
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cyanobacterial strains. However, energy required to create
high temperature and high pressure in HTL needs to be in-
cluded in cost calculation. In summary, well-established tech-
nology is available to produce bioenergy from microbial bio-
mass at small scale; however, large-scale production and wide
commercialization of biofuel will depend on a significant re-
duction in cost invested on biomass production. This can be
achieved by increasing the productivity of strains to obtain
high biomass per unit of area which is actually a difficult task
and requires long-term research. Thus, phycologists still need
to play a crucial role in biofuel production by tweaking native
strains or identifying new strains for generating a high amount
of biomass which can support the economy of bioenergy in-
dustry as well as the carbon-neutral environment.

Conclusions and future directions

The economic viability of ventures involved in biofuel pro-
duction is very crucial for the commercialization of biofuel.
The net microbial biomass productivity per unit area is a bot-
tleneck for the economic viability of bioenergy industry which
is still a long way to go. Consequently, low priced fossil fuels
will govern the global energy sector for the next few decades.
However, biofuel production using photoautotrophic mi-
crobes is crucial for the long-term sustainability of food, en-
ergy, and environment. Different abiotic stressors such as light
quality and quantity, CO2 concentration, temperature, pH, nu-
trient availability, salinity, and oxidative stress cause several
damages in photosynthetic organisms, including damage to
photosynthetic machinery. These damages compromise the
quality and quantity of biomass produced by photoautotrophs

as a major proportion of cellular energy is diverted towards
repair processes (steps 1 and 2 in Fig. 8). Strains having resis-
tance to abovementioned abiotic factors can be obtained by
selected editing of the genome in native strains or by the
directed evolution of strains in the laboratory in presence of
different selection pressures (steps 3 and 4 in Fig. 8). The aim
should be selecting a strain which has better resistance to
abiotic stressors and high biomass production phenotype to
be used for biofuel production (steps 5 and 6 in Fig. 8). This
approach should also target phenotypes such as high photo-
synthetic efficiency, high lipid or carbohydrate content, low
protein content, high CO2 capturing and nutrient use efficien-
cy, and better photoprotective mechanisms.

Biofuel production has been primarily focused on bio-
diesel, and therefore, preference is generally given to
microalgae over cyanobacteria due to their high lipid con-
tent. However, cyanobacteria have simple growth require-
ment, higher productivity and genetic tools for their ge-
nome editing are well developed. Hence, present biofuel
production programs should explore cyanobacteria, espe-
cially, when HTL technology is available to directly con-
vert whole biomass in bio-crude oil. However, sustainable
and economically viable energy production using HTL
technology requires a high amount of microbial biomass.
Cyanobacterial strains could supply the required biomass
as these organisms have a higher resistance to abiotic
factors due to their long history of evolution. The fluctu-
ating light condition together with CO2 concentration
plays an important role in photosynthesis. Therefore,
strains selected for biofuel production are required to have
better CO2 concentrating mechanism to inhibit photores-
p i ra t ion . The s t ra in should a l so have a be t te r

Fig. 8 Strategy for developing
novel strains having better
resistance against environmental
factors and other targeted
phenotypes such as high biomass
productivity for biofuel
production using microalgae and
cyanobacteria
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photoprotective mechanism to cope with high saturating
light which can damage photosystems and other biologi-
cal molecules . The organisms with bet ter non-
photochemical quenching (NPQ) mechanism need to be
screened for their ability to survive under high light envi-
ronment. Conversely, low light availability in dense cul-
ture restricts redox reactions at photosystems. The low
light environment has an abundance of green light which
is not absorbed by chlorophylls and carotenoids.
Therefore, organisms having green light-absorbing pig-
ment called phycoerythrin (λmax = 565 nm) should be
considered to sustain photosynthesis in a low light envi-
ronment which prevails in the dense culture. Importantly,
organisms having the ability to change their pigments ac-
cording to available light conditions, the phenomenon
known as complementary chromatic acclimation, can be
a game-changer as these organisms have better fitness and
photosynthetic performance under variable light condi-
tions. The requirement of a huge amount of nutrients to
support high growth increases the price of biofuel as well
as compromise quality of the environment. Future re-
search needs to be focused on targeted delivery of nutri-
ents to increase nutrient use efficiency. Targeted delivery
of nutrients can be accomplished by designing nanoparti-
cles for essential nutrients and their delivery inside the
cell; however, detailed work is still required to develop
nanofertilizers for cyanobacteria and microalgae.
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