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Solar technology‒closed loop synergy facilitates low-carbon
circular bioeconomy in microalgal wastewater treatment
Praveen Kuppan 1, Abinandan Sudharsanam 1,2, Kadiyala Venkateswarlu 3 and Mallavarapu Megharaj 1,2✉

The circular bioeconomy framework addresses the global transition toward resource-efficient and low-carbon economies. The use
of microalgae in sustainable circular bioeconomy largely suffers from energy consumption and underutilization of residual biomass,
leading to greenhouse gas (GHG) emissions. This analysis-based perspective reveals that closed loop microalgal wastewater
systems reduce GHG emissions by >50% and enhance valorization of residual biomass for value-added products compared to open
loop approach. Integrating solar technologies in closed loop system further reduces GHG emissions by 99% and aligns with 11 UN
sustainable development goals, making it a suitable model for a zero-waste and low-carbon circular bioeconomy.
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INTRODUCTION
Anthropogenic CO2 emissions account for about 84% of global
CO2 emissions, mostly contributed from the energy systems and
industrial activities because of the linear economy (think-make-
waste) approach1. A circular economy aims to replace the linear
concept of take–make–use–dispose paradigm of production and
consumption with a circular model in which resources may be
reused or (bio)degraded and re-integrated back into the system
by reducing negative externalities and fostering restoration and
regeneration2–4. As a general concept, the term “bioeconomy”
refers to the use of biological resources, products, and processes
in lieu of fossil fuels for the creation of services and commod-
ities3–5. Europe’s policy objectives together with the research and
innovation initiatives converged the models of bioeconomy and
circular economy to achieve climate-neutral growth6. Thus, the
term “circular bioeconomy” became more prominent as it
appeared in policy and scientific literature after the release of
the EU Circular Economy Action Plan in 20157. From a
biotechnological viewpoint, circular bioeconomy is currently a
viable sustainable development strategy to obtain value-added
products from renewable biological resources (e.g., wastewater
and waste) and protect the long-term worth of resources using
enhanced conversion biotechnologies8. Microalgae produce
biomass by utilizing solar energy that can be valorized into useful
products9. However, when compared with other conventional
wastewater treatment technologies, cultivation of microalgae in
wastewaters and subsequent biomass production have been
widely considered in circular bioeconomy approach10–14.
Open loop and closed loop approaches refer to two types of

systems or processes that involve the use of resources (Fig. 1).
Open loop or linear approach uses the resources only once and
discards them without reusing or recycling15. In contrast, closed
loop or circular approach reuses the resources within the system,
thus promoting a circular use and reducing the generation of
waste16. In a microalgal biorefinery process, the biomass value is
limited to its lowest feasible flows of matter and energy for
producing bioproducts11. After the desired output, the remaining
biomass residue ends up as a waste in open loop approach.

Therefore, to minimize the generation of waste and to exploit the
resource efficiency of the product, it is important to decouple the
risk of following a linear (open loop) valorization of algal biomass
because the closed loop approach helps to reduce this risk
through maximizing the biomass utilization. During the entire
closed loop strategy, applications of biomass are made more
sustainable by the regeneration of multiple bioproducts instead of
its disposal at the end16. Thus, the closed loop process not only
minimizes the negative ecological impact but also creates a
positive thrust on economic and social systems9,17,18.
Several reports claimed biomass valorization using open loop

approach as a sustainable model for microalgal system in
producing a single bio-product at the end of the biomass lifecycle
such as biogas19, bio-oil and biodiesel20,21, and biofertilizer22–24.
Another significant issue in the open loop approach that may
forbid the advancement of sustainable microalgal technologies is
the downcycling process, which reduces the value of the material
thus making it difficult to reuse in the flow again25,26. This clearly
implies that most of the researchers follow open loop approach
and pay very little attention to the residual bio-based products in
microalgal systems, eventually ignoring the perspective of
“sustainable microalgal technology”. Despite the direct environ-
mental benefits and technological viability of microalgae-based
energy products, the entire process in the open loop approach is
expected to consume high energy27–35 compared to the closed
loop strategy (Fig. 2). Based on compilation of energy consump-
tion data available in the literature for microalgal systems, we
found that the total share of energy in the open loop approach
was significant and varied with factors such as volumetric
productivity, harvesting efficiency and generation of several
bioproducts (Supplementary Tables 1–3). Besides the energy
demand and land requirement for biomass generation, recent
models indicate that bioenergy derived from biomass is crucial for
replacing fossil fuel sources36,37. Luderer et al.38 emphasized that
insufficient biomass availability will increase the resilience of fossil
fuel dependence and suggested the use of technological
innovation in non-renewable biomass technology as it continues
to reduce costs, making it the principal enabler of decoupling
electricity prices from rising carbon prices.

1Global Centre for Environmental Remediation (GCER), College of Engineering Science and Environment, ATC Building, The University of Newcastle, Callaghan, NSW 2308,
Australia. 2Cooperative Research Centre for Contamination Assessment and Remediation of Environment (CRC CARE), The University of Newcastle, ATC Building, Callaghan, NSW
2308, Australia. 3Formerly Department of Microbiology, Sri Krishnadevaraya University, Anantapuramu 515003, India. ✉email: megh.mallavarapu@newcastle.edu.au

www.nature.com/npjcleanwater

Published in partnership with King Fahd University of Petroleum & Minerals

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00256-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00256-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00256-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41545-023-00256-8&domain=pdf
http://orcid.org/0000-0002-6078-7699
http://orcid.org/0000-0002-6078-7699
http://orcid.org/0000-0002-6078-7699
http://orcid.org/0000-0002-6078-7699
http://orcid.org/0000-0002-6078-7699
http://orcid.org/0000-0003-2085-8488
http://orcid.org/0000-0003-2085-8488
http://orcid.org/0000-0003-2085-8488
http://orcid.org/0000-0003-2085-8488
http://orcid.org/0000-0003-2085-8488
http://orcid.org/0000-0003-2147-1357
http://orcid.org/0000-0003-2147-1357
http://orcid.org/0000-0003-2147-1357
http://orcid.org/0000-0003-2147-1357
http://orcid.org/0000-0003-2147-1357
http://orcid.org/0000-0002-6230-518X
http://orcid.org/0000-0002-6230-518X
http://orcid.org/0000-0002-6230-518X
http://orcid.org/0000-0002-6230-518X
http://orcid.org/0000-0002-6230-518X
https://doi.org/10.1038/s41545-023-00256-8
mailto:megh.mallavarapu@newcastle.edu.au
www.nature.com/npjcleanwater


In general, the perception of integrating renewable technology in
any system is widely regarded as feasible for lower operating costs,
greater competitiveness than conventional energy sources38–41.
Furthermore, the technical potential of solar energy not only
outpaces bioenergy but also rapidly gains traction in both
established and emerging markets developments37. This clearly
implies that solar energy is only marginally represented in energy
systems so far, thus providing a compelling reason to propose a
synergy of solar energy in the closed microalgal system as it plays a
crucial role in low-carbon economy. Here, we systematically
analyzed the key components such as energy consumption, residual

biomass valorization, and GHG emissions in open loop and closed
loop approaches for microalgal systems and demonstrated the eco-
effectiveness and sustainability of the latter in wastewater treatment.
Also, the results on carbon emission analysis indicated that the
transition toward closed loop approach is more appropriate for low-
carbon circular bioeconomy in microalgal technology. To enhance
the sustainability of solar energy across a diverse suite of recipient
environments, Hernandez et al.42 recently proposed a new concept
of synergy framework for mutually beneficial relationships between
technological and ecological systems. In the present analysis-based
perspective, we propose the synergy of solar technologies in closed

Fig. 1 Open loop and closed loop approaches in microalgal technology for biomass valorization.

Fig. 2 Use of fossil fuel and its negative impact, in terms of greenhouse gas (GHG) emissions, on microalgal bioeconomy.
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loop approach for biomass production and its valorization and
validated its sustainability in low-carbon circular bioeconomy by
aligning with the UN SDGs.

CLOSED LOOP APPROACH: AN ECO-EFFECTIVE STRATEGY IN
MICROALGAL SYSTEM
Closed loop approach is eco-effective due to the generation of
multiple bioproducts from the microalgal biomass, which would be
otherwise wasted in an open loop process2. While supporting the
closed loop strategy, Hemalatha et al.43 showed that linking several
bioprocesses in closed biorefinery approach will help maximizing
microalgal biomass recovery, making it an economically viable
system. Similarly, Mohan et al.11 observed the potential of microalgal
biomass valorization in integration modes since the “closed circular
loop” of microalgal biorefinery enhances the economic feasibility and
environmental sustainability. While considering microalgae as a
renewable source of third-generation biofuel in yielding multiple
products through biomass valorization, Debanath et al.44 recently
recommended the technoeconomic feasibility of the closed loop
concept in circular bioeconomy. Thus, the use of such tools as life
cycle assessments (LCA) and technoeconomic analysis (TEA) is crucial
in ensuring economic and environmental impacts in microalgae-
based bioeconomy approaches. Lopes et al.45 conducted a techno-
life cycle analysis and showed that biomethane purification from the
closed loop algal biorefinery process resulted in a 2% increase in
electricity consumption with a neutral energy balance. Also, Quinn
et al.46 reported that well to wheel analysis for upgrading biofuel can
add up to 72 g CO2MJ‒1. On the other hand, DeRose et al.47

demonstrated that total GHG emissions associated with the
thermochemical pathway for algal biofuels based on well to wheel
were lower than those for both soybean and conventional diesel
emissions. Similarly, Hydrothermal Liquefaction (HTL) process for
algal biomass was found to be sensitive to several parameters
affecting its economics. Among the parameters, the cost of algal
feedstocks, bio-oil conversion rate, and internal rate of return were
identified as significant factors48. However, the upgradation process

needs to be changed to obtain the targeted biofuel from algal
biomass. Based on well to wheel analysis, Dutta et al.49 showed that
the required upgradation resulted in >2000% increase in bio-oil
compared to biodiesel. All these studies highlight that energy
involved in the process plays a major role in closed loop algal
biorefinery processes50. Interestingly, GHG emissions also depend on
the nature and quantities of co-product generated from microalgal
biomass15. Likewise, Karan et al.51 showed that HTL fuel has a higher
energy and GHG impact compared to other co-products in a
microalgal closed loop biorefinery due to the complexity of the
process. Since energy is essential for enhancing sustainability in
microalgal closed loop processes, Gerrior et al.52 suggested that
reduced energy use for the yield of appropriate saleable co-products
decreases the investment costs. Net energy ratio (NER) is critical in
demonstrating the energy demand of microalgae sustainable and
commercially viable products. The NER values estimated for
biodiesel, HTL, and pyrolysis were 0.93, 2.40, and 2.90, respec-
tively53,54. Overall, it is evident that energy consumption is a major
limitation in the algal-based closed loop process during the
operational phase and is critical to the environmental impact and
capital costs55.

CARBON EMISSION ANALYSIS: A KEY CHARACTERISTIC OF
SUSTAINABILITY IN MICROALGAL TECHNOLOGY
Energy is the primary source of carbon emissions from every
sector of the global economy. Considering only the energy related
to indirect emissions of GHG, we assumed that the total energy
consumption for the microalgal biomass production and subse-
quent valorization was through electricity imported from fossil
fuel-fired power plants. Hence, to understand the environmental
implications through energy utilization standpoint, we performed
the carbon emission analysis from several unit operations such as
cultivation, harvesting and biomass valorization both in open and
closed loop approaches based on the energy consumption per kg
of biomass (Fig. 3). In the present analysis, the overall carbon
emissions were determined using the GHG equivalencies

Fig. 3 GHG emissions (kg CO2eq. kg−1 biomass) from microalgal technology. a Cultivation systems, b Harvesting, c Biomass valorization (BD,
biodiesel; BO, bio-oil), and d Open loop and closed loop approaches.
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calculator of the United States Environmental Protection Agency
(US EPA) available at www.epa.gov and expressed the GHG value
as kg CO2eq. Assuming that the average emission factor is
4.03 × 10‒4 metric tons CO2eq, as suggested by the US EPA, we
calculated the energy consumption in terms of kWh kg‒1 biomass.
While the conversion factor and location of each study in the
literature can vary, we assumed that the national electricity
network of the corresponding studies was analogous to the US
energy mix for estimating comprehensive GHG value. This
estimation provides a significant value in conceptualizing the
mass of carbon emissions. For example, to generate 1.0 kg of
biomass, high-rate algal pond (HRAP) with a volume capacity of
<1.0 m3 exhibited a five-fold increase in GHG emissions compared
to the scaled-up volume of >1.0 m3. Similarly, the use of <1.0 m3

photobioreactor (PBR) volume to generate 1.0 kg biomass, the
GHG emission was three-fold higher compared to the reactor
volume of >1.0 m3. Overall, HRAPs demonstrated lesser GHG
emissions compared to PBRs (Supplementary Table 1). Thus, the
reduction of GHG emission was 72 and 81% in HRAP for volume
capacities of <1.0 m3 and >1.0 m3 compared to PBRs. For
harvesting 1.0 kg microalgal biomass using centrifugation, filtra-
tion, and other processes such as magnetic separation and
flotation, either alone or in combination, the GHG emissions were
in the order: centrifugation > other processes > filtration (Fig. 3
and Supplementary Table 2). Interestingly, combination of
harvesting process (preceded with gravitation settling, coagula-
tion/flocculation) showed 14% reduction in GHG emissions
compared to filtration. Similarly, in biomass valorization to obtain
value-added products, particularly biodiesel, following the trans-
esterification process, there was a three-fold increase in emission
as compared to the production of bio-oil and biogas from
hydrothermal liquefaction and anaerobic digestion (Fig. 3 and
Supplementary Table 3).

CAN CLOSED LOOP APPROACH ADDRESS THE PITFALLS OF
OPEN LOOP STRATEGY?
The use of wastewater as a growth medium in microalgal systems
can provide added value to biomass generation, thereby
enhancing sustainability55. The algal-based systems can also
influence the nutrient removal capacity in wastewaters depending
on the pre-treatment (anaerobic or aerobic) used. The use of
anaerobically pretreated effluent of municipal wastewater in
algae-based systems can remove ~40‒60% of carbon and
nitrogen load with only 10‒15% removal of phosphate56–58. But
in aerobic-pretreated systems, algae can remove over 60% of
pollutants with a significant (>70%) phosphate removal. However,
the pollutant removal efficiency varies with the conditions and the
source of wastewater used in the treatment systems. Nonetheless,
the quality criteria set for the discharge of treated water need to
be followed irrespective of the pre-treatment process45,57–60. In
addition, Bauer et al.61 recommended legislation to ensure the
quality of bioproducts derived from microalgae in the circular
economy. Our present analysis of the available scientific data
reveals that GHG emissions (kg CO2eq.) in the open loop approach
are five-fold higher than in the closed loop approach indicating
the need for generating multiple products from algal biomass
(Supplementary Table 4). Furthermore, our analysis suggests that
GHG emissions associated with closed and open loop approaches
vary depending on the targeted bioproducts. The range in GHG
emissions (kg CO2eq.) for the production of biogas, bio-oil, and
biodiesel in the open loop process was 1.20‒44.60, 7.50‒59.50,
and 1‒70.50, respectively. In contrast, the yield range was
significantly lower in the closed loop process for biogas and
biofertilizer (0.46‒8.90), bio-oil and biogas (6.20‒283), and
biodiesel and feed (0.17). Although the overall CO2 emission was
lower in the closed loop system as compared to the open loop
process, the maximum emission (283 kg CO2eq.) for the yield of

bio-oil and biogas was due to higher energy requirement in the
anaerobic pre-treatment process. Although anaerobic digestate is
a rich source of organic matter and micronutrients that can be
used as soil amendment16,62, effective measures to control
harmful chemicals, especially heavy metal ions and antibiotics,
are crucial to ensure the safety of microalgal biomass for its use in
aquaculture and agriculture63. Proper heat treatment to prevent
pathogen contamination during bioenergy recovery and recycling
liquid from biogas can comply with European biogas methane
regulations64. The selection of co-products and managing energy
consumption in a closed loop are therefore essential to reduce
GHG emissions and promote sustainability.

SOLAR TECHNOLOGIES FOR ENHANCING SUSTAINABILITY OF
MICROALGAL BIOMASS PRODUCTION
One of the many opportunities for reducing the energy
consumption, carbon footprint and cost associated with the
operation for microalgal cultivation and biomass production is to
adopt an approach for renewable sources of energy. Solar
irradiance for desirable microalgal growth can be distinguished
into direct photosynthetically active radiation (PAR) and indirect
PAR (solar thermal, photovoltaic (PV), luminescent solar concen-
trators (LSCs), while direct PAR from sunlight is utilized in general
open pond and closed PBR65–69. Light penetration and its
distribution in PBR are the crucial factor since the light intensity
decreases as it moves away from the closer proximity70–72 and
forms larger dark areas inside the PBR making the microalgal
systems unproductive73. The indirect PAR application iterates the
use of solar technologies such as solar thermal or PVs or LSCs
essentially for optimal microalgal cultivation even during
night70–73. Several other reports have discussed the option of
converting blue or green to red spectrum for enhancing
microalgal growth using luminescent materials74–79. However,
these approaches using luminescent materials have limitations
such as low optical efficiency, lack of general effectiveness, and
less effective biomass generation. Table 1 summarizes the solar
technologies used in microalgal cultivation together with their
advantages and limitations.
Solar thermal technologies use water or air to convert solar

radiation into thermal energy, while PV solar technologies convert
sunlight into electricity. Solar PV is a promising and popular
renewable energy technology with an efficiency of 10‒23%.
Conventional modules (silicon monocrystalline and polycrystalline
cells) and semi-transparent modules (organic solar, dye-sensitized
cells or other advanced technologies). Due to abundant solar
radiation and cost benefits, microalgal systems use solar thermal.
Several reports show the use of solar thermal technologies such as
Fresnel lens, solar collectors, mirrors, and parabolic trough80–84

and PV85–88 in microalgal systems for biomass production and
valorization. A detailed overview on solar PAR and non-PAR
applications in microalgal systems is presented in Fig. 4. Recently,
integration of solar PV with LSC has been employed to
compensate for the loss by redirecting non-use spectrum into
solar cells for electricity generation by placing a solar panel above
a microalgal cultivation86,89 in greenhouses where PV modules
increased photoconversion efficiency of sunlight to electricity,
covering the energy required for the whole process and allowing
overproduction for economic benefit.

SOLAR CLOSED LOOP APPROACH—A ZERO-WASTE LOW-
CARBON BIOECONOMY MODEL
Given their ability to adapt and undergo closed loop sequential
extractions, microalgal biomass can be effectively used for zero-
waste low-carbon bioeconomy models. This closed loop biomass
approach increases interest in generating energy and reducing
carbon footprints for low-carbon bioeconomy. Developing an
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algal bioeconomy on the back of fossil fuels is not sustainable.
Even with carbon capture and storage (CCS), algal biomass
produced with fossil fuels contributes to climate change by
emitting GHGs. Therefore, it is important to measure and compare
carbon emissions from the entire process. Our analysis of the
published data on conventional energy in the closed loop
approach of biomass valorization for bio-oil and fertilizer revealed
a great potential for GHG emissions90. For biogas and fertilizer,
1.0 kg algal biomass emits 0.17‒5.0 kg CO2

91. Therefore, an effort
to present a comparison of GHG emission between conventional
energy and solar PV-powered microalgal wastewater treatment
and biomass valorization was made in the first scenario for circular
bioeconomy products. To avoid the error and difference in the
systems configuration and infrastructure, GHG emission was
considered for 1.0 kg of algal biomass production and valorization.
We found emission reduction of over 99% while switching to solar
PV for both the cases of bio-oil and fertilizer and biogas and
compost whereas it was around 94% reduction in the case of
producing biogas and fertilizer. We further explored the solar
thermal technology as a replacement for the drying process to
complement the solar PV system in the above case and found a
similar trend in GHG emission reduction which was ˃99% for bio-
oil and fertilizer, and biogas and compost in closed loop approach.
However, the GHG emission reduction was around 97% for biogas
and fertilizer as the value-added products. This shows that solar
energy option can provide significant advantages, in terms of
reduction in GHG emission, in comparison with fossil fuel energy
even when embodied energy from solar technologies are
considered. Although the feasibility of rapid deploying renewable
energy sources to upstream and downstream processes of
microalgae is unclear, exploring solar energy can be a better
option as it is more convenient for installation and maintenance.
In all, to demonstrate the sustainability of the low-carbon
economy in microalgal wastewater treatment, here we proposed
a circular bioeconomy model by integrating renewable solar
energy with biomass production and its valorization for value-
added products such as bio-oil, biogas and biofertilizer (Fig. 5).

This system encompasses solar PV cells as the source of energy
and an affordable solar thermal dryer, a substitute for conven-
tional ovens, in the dewatering process. Similarly, for valorization
of algal feedstock, solar parabolic trough collector-based hydro-
thermal liquefaction process is integrated for the extraction of the
oil92 followed by an anaerobic digestion process for producing
biogas wherein digestate can be used as fertilizer. Compared with
the conventional data available in the literature, replacing fossil
energy with combination of PV and thermal results in an
estimated total GHG emission of 0.04 kg CO2 kg‒1 microalgal
biomass. Therefore, supporting an algal circular bioeconomy by
renewable energy resources can offer immense potential in
minimizing the environmental impacts.

CAN SOLAR CLOSED LOOP APPROACH MEET GLOBAL
SUSTAINABILITY TARGETS?
Sustainability in circular bioeconomy model for wastewater
treatment is possible by bringing in efficient strategic metrics.
Following an interaction between the present model with the
concept of water-energy-food (WEF) security nexus, we proposed
here a sustainable model that can significantly contribute to the
issues of water crisis, and energy and food production (Fig. 6).
Since microalgal biotechnology integrates and connects several
SDGs93, the proposed model also supports tangibly and intangibly
the following SDGs: sustainable economic growth (SDG 8),
innovation and infrastructure (SDG 9), sustainable communities
(SDG 11), improved resource efficiency (SDG 12), climate action
(SDG 13), life below water (SDG 14), life on land (SDG 15), and
partnership in goals (SDG 17). Moreover, the imperceptible benefit
of WEF nexus alignment can be realized through delivering
treated water, bioenergy, solar energy and biofertilizer from
microalgal technology and help expanding SDGs horizon like zero
hunger (SDG 2), treated water and sanitation (SDG 6), affordable
and clean energy (SDG 7), and climate action (SDG 13). Broadly,
sectoral issues like water, energy and food cannot be considered
in isolation and nexus-based approaches are promoted and

Fig. 4 Integration of solar technologies (photovoltaic (PV) and thermal) in microalgal wastewater treatment for cultivation, harvesting and
biomass valorization.
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highlighted for effective SDGs94. However, to guarantee a
successful bioeconomy, it is necessary to understand the
intersection of interaction between the agriculture, energy,
industrial and transport sectors. Thus, an eco-innovative, econom-
ical, and sustainable closed loop biomass valorization is necessary
to reuse the algal residue that will pave for sustainable circular
bioeconomy.
To sumup, measuring the circularity of products and services, in

a shift toward the circular economy, is essential while designing
policies and strategies. Moreover, prioritizing sustainable
evidence-based outcomes can play a significant role. Using the
readily available nutrients in the wastewater for energy produc-
tion, the microalgal circular bioeconomy model can work as a key
lever on the path toward decarbonization in wastewater

treatment. A comparison of the energy consumption and GHG
emission performance at varying levels of microalgal cultivation,
harvesting and biomass valorization revealed that the energy
requirement for microalgal wastewater treatment could contri-
bute a significant share of indirect emissions. On average, the
range in GHG emission of the open loop approach was 5‒30 kg
CO2 kg‒1 of biomass, whereas the corresponding values in the
closed loop approach were <10 kg CO2 kg

‒1 of biomass. With the
abundant source of solar energy available across the globe, we
proposed the integration of solar energy with the closed loop
approach for microalgal wastewater treatment. Thus, solar
integration into closed loop approach exhibited >99% reduction
in carbon emissions, clearly supporting its self-sustainability
besides adding value to the economy. While this step could bring

Fig. 6 Integration of the proposed model for microalgal circular bioeconomy with water‒energy‒food (WEF) nexus and alignment with UN
sustainable development goals (SDGs).

Fig. 5 Proposed model for solar technology-integrated microalgae-based circular bioeconomy in wastewater treatment.
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attention to eliminating indirect emissions from microalgal
wastewater treatment, biomass valorization techniques warrant
greater attention to meet efficient resource recovery. As an
accelerator for sustainable microalgal wastewater treatment, the
proposed solar closed loop concept of downstream biomass
valorization can deliver positive effects, including energy (shift to
renewable energy), water (less freshwater), industry (less diesel
and fertilizer production), agriculture (less energy and fertilizer
use), and waste sector (less sludge and methane emissions from
landfills). When managed properly, closed loop approach can be
realized without compromising the resource efficacy that brings
tremendous value to the wastewater treatment industry by
providing unique opportunity for addressing the WEF nexus.
Therefore, the concept of utilizing renewable solar energy for
closing biomass material loop prevents uncontrolled waste
disposal and can form a crucial step toward a low-carbon
sustainable circular bioeconomy.
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The data supporting the findings of this study are available within the paper and its
Supplementary Information file. Further data can be requested (if need be) by
contacting the corresponding author.

Received: 23 July 2022; Accepted: 5 May 2023;

REFERENCES
1. Friedlingstein, P. et al. Global carbon budget 2020. Earth Syst. Sci. Data 12,

3269–3340 (2020).
2. D’Amato, D. et al. Green, circular, bio economy: a comparative analysis of sus-

tainability avenues. J. Clean. Prod. 168, 716–734 (2017).
3. Hetemäki, L. et al. Leading the way to a European circular bioeconomy strategy.

In From Science to Policy Vol. 5 (ed Leskinen, P.) European Forest Institute
(Joensuu, Finland, 2017).

4. Kershaw, E. H., Hartley, S., McLeod, C. & Polson, P. The sustainable path to a
circular bioeconomy. Trends Biotechnol. 39, 542–545 (2021).

5. Bugge, M. M., Hansen, T. & Klitkou, A. What is the bioeconomy? A review of the
literature. Sustainability 8, 691 (2016).

6. Fritsche, U. et al. Future Transitions for the Bioeconomy towards Sustainable
Development and a Climate-neutral Economy—Knowledge Synthesis Final Report,
95 (Publications Office of the European Union, Luxembourg, 2020).

7. Stegmann, P., Londo, M. & Junginger, M. The circular bioeconomy: its elements
and role in European bioeconomy clusters. Resour. Conserv. Recycl. X 6, 100029
(2020).

8. Deng, L. et al. Recent advances in circular bioeconomy based clean technologies
for sustainable environment. J. Water Process Eng. 46, 102534 (2022).

9. Uma, V. S. et al. Valorisation of algal biomass to value-added metabolites:
emerging trends and opportunities. Phytochem. Rev. 1‒26 https://doi.org/
10.1007/s11101-022-09805-4 (2022).

10. Nagarajan, D., Lee, D. J., Chen, C. Y. & Chang, J. S. Resource recovery from was-
tewaters using microalgae-based approaches: a circular bioeconomy perspective.
Bioresour. Technol. 302, 122817 (2020).

11. Mohan, S. V. et al. Algal biorefinery models with self-sustainable closed loop
approach: trends and prospective for blue-bioeconomy. Bioresour. Technol. 295,
122128 (2020).

12. Abinandan, S., Praveen, K., Subashchandrabose, S. R., Venkateswarlu, K. &
Megharaj, M. Life cycle assessment for the environmental sustainability of the
immobilized acid-adapted microalgal technology in iron removal from acid mine
drainage. ACS Sustain. Chem. Eng. 8, 15670–15677 (2020).

13. Abinandan, S., Subashchandrabose, S. R., Venkateswarlu, K. & Megharaj, M.
Nutrient removal and biomass production: advances in microalgal biotechnology
for wastewater treatment. Crit. Rev. Biotechnol. 38, 1244–1260 (2018).

14. Praveen, K., Abinandan, S., Venkateswarlu, K. & Megharaj, M. Sustainability eva-
luation of immobilized acid-adapted microalgal technology in acid mine drai-
nage remediation following emergy and carbon footprint analysis. Molecules 27,
1015 (2022).

15. Zhang, Y. & Kendall, A. Effects of system design and co-product treatment stra-
tegies on the life cycle performance of biofuels from microalgae. J. Clean. Prod.
230, 536–546 (2019).

16. Mohan, S. V. et al. Waste biorefinery models towards sustainable circular bioec-
onomy: critical review and future perspectives. Bioresour. Technol. 215, 2–12
(2016).

17. Kumar, A. N., Yoon, J. J., Kumar, G. & Kim, S. H. Biotechnological valorization of
algal biomass: an overview. Syst. Microbiol. Biomanufact. 1, 131–141 (2021).

18. Dahiya, S., Chatterjee, S., Sarkar, O. & Mohan, S. V. Renewable hydrogen pro-
duction by dark-fermentation: current status, challenges and perspectives. Bior-
esour. Technol. 321, 124354 (2021).

19. Martínez-Gutiérrez, E. Biogas production from different lignocellulosic biomass
sources: advances and perspectives. 3 Biotech 8, 1–18 (2018).

20. Kim, G.-Y., Yun, Y.-M., Shin, H.-S., Kim, H.-S. & Han, J.-I. Scenedesmus-based treat-
ment of nitrogen and phosphorus from effluent of anaerobic digester and bio-oil
production. Bioresour. Technol. 196, 235–240 (2015).

21. Abinandan, S. et al. Sustainable production of biomass and biodiesel by accli-
mation of non-acidophilic microalgae to acidic conditions. Bioresour. Technol.
271, 316–324 (2019).

22. Shanthakumar, S., Abinandan, S., Venkateswarlu, K., Subashchandrabose, S. R. &
Megharaj, M. Algalization of acid soils with acid-tolerant strains: improvement in
pH, carbon content, exopolysaccharides, indole acetic acid and dehydrogenase
activity. Land Degrad. Dev. 32, 3157–3166 (2021).

23. Abinandan, S., Subashchandrabose, S. R., Venkateswarlu, K. & Megharaj, M. Soil
microalgae and cyanobacteria: biotechnological potential in the maintenance of
soil fertility and health. Crit. Rev. Biotechnol. 39, 981–998 (2019).

24. Abinandan, S., Shanthakumar, S., Panneerselvan, L., Venkateswarlu, K. & Megharaj,
M. Algalization of acid soils with Desmodesmus sp. MAS1 and Heterochlorella sp.
MAS3 enriches bacteria of ecological importance. ACS Agric. Sci. Technol. 2,
512–520 (2022).

25. Bocken, N., Rana, P. & Short, S. W. Value mapping for sustainable business
thinking. J. Ind. Prod. Eng. 32, 67–81 (2015).

26. MacArthur, E. Towards the circular economy. J. Ind. Ecol. 2, 23–44 (2013).
27. Jorquera, O., Kiperstok, A., Sales, E. A., Embiruçu, M. & Ghirardi, M. L. Comparative

energy life-cycle analyses of microalgal biomass production in open ponds and
photobioreactors. Bioresour. Technol. 101, 1406–1413 (2010).

28. Stephenson, A. L. et al. Life-cycle assessment of potential algal biodiesel pro-
duction in the united kingdom: a comparison of raceways and air-lift tubular
bioreactors. Energy Fuels 24, 4062–4077 (2010).

29. Davis, R. et al. Process Design and Economics for the Conversion of Algal Biomass to
Biofuels: Algal Biomass Fractionation to Lipid-and Carbohydrate-derived Fuel Pro-
ducts (National Renewable Energy Laboratory (NREL), Golden, CO (United States),
2014).

30. Beal, C. M. et al. Algal biofuel production for fuels and feed in a 100-ha facility: a
comprehensive techno-economic analysis and life cycle assessment. Algal Res.
10, 266–279 (2015).

31. Acién, F. et al. Photobioreactors for the production of microalgae. In Microalgae-
Based Biofuels and Bioproducts (eds Munoz, R. & Gonzalez-Fernandez, C.) 1–44
(Woodhead Publishing, 2017). https://doi.org/10.1016/B978-0-08-101023-5.00001-7.

32. Sun, C. et al. Life-cycle assessment of biohythane production via two-stage
anaerobic fermentation from microalgae and food waste. Renew. Sustain. Energy
Rev. 112, 395–410 (2019).

33. Davis, R., Aden, A. & Pienkos, P. T. Techno-economic analysis of autotrophic
microalgae for fuel production. Appl. Energy 88, 3524–3531 (2011).

34. Aligata, A. J., Tryner, J., Quinn, J. C. & Marchese, A. J. Effect of microalgae cell
composition and size on responsiveness to ultrasonic harvesting. J. Appl. Phycol.
31, 1637–1649 (2019).

35. Nappa, M. et al. Solar-powered carbon fixation for food and feed production
using microorganisms—a comparative techno-economic analysis. ACS Omega 5,
33242–33252 (2020).

36. Breyer, C. et al. On the role of solar photovoltaics in global energy transition
scenarios. Prog. Photovolt. Res. Appl. 25, 727–745 (2017).

37. Creutzig, F. et al. The underestimated potential of solar energy to mitigate cli-
mate change. Nat. Energy 2, 1–9 (2017).

38. Luderer, G. et al. Impact of declining renewable energy costs on electrification in
low-emission scenarios. Nat. Energy 7, 32–42 (2022).

39. DeAngelo, J. et al. Energy systems in scenarios at net-zero CO2 emissions. Nat.
Commun. 12, 1–10 (2021).

40. Pietzcker, R. C., Stetter, D., Manger, S. & Luderer, G. Using the sun to decarbonize
the power sector: the economic potential of photovoltaics and concentrating
solar power. Appl. Energy 135, 704–720 (2014).

41. Breyer, C. et al. Solar photovoltaics demand for the global energy transition in the
power sector. Prog. Photovolt. Res. Appl. 26, 505–523 (2018).

42. Hernandez, R. R. et al. Techno–ecological synergies of solar energy for global
sustainability. Nat. Sustain. 2, 560–568 (2019).

43. Hemalatha, M., Sravan, J. S., Min, B. & Mohan, S. V. Microalgae-biorefinery with
cascading resource recovery design associated to dairy wastewater treatment.
Bioresour. Technol. 284, 424–429 (2019).

P. Kuppan et al.

8

npj Clean Water (2023)    43 Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1007/s11101-022-09805-4
https://doi.org/10.1007/s11101-022-09805-4
https://doi.org/10.1016/B978-0-08-101023-5.00001-7


44. Debnath, C. et al. Microalgae: sustainable resource of carbohydrates in third-
generation biofuel production. Renew. Sustain. Energy Rev. 150, 111464 (2021).

45. Lopes, A. C., Valente, A., Iribarren, D. & González-Fernández, C. Energy balance
and life cycle assessment of a microalgae-based wastewater treatment plant: a
focus on alternative biogas uses. Bioresour. Technol. 270, 138–146 (2018).

46. Quinn, J. C., Smith, T. G., Downes, C. M. & Quinn, C. Microalgae to biofuels lifecycle
assessment—multiple pathway evaluation. Algal Res. 4, 116–122 (2014).

47. DeRose, K., DeMill, C., Davis, R. W. & Quinn, J. C. Integrated techno economic and
life cycle assessment of the conversion of high productivity, low lipid algae to
renewable fuels. Algal Res. 38, 101412 (2019).

48. Gu, X. et al. Comparative techno-economic analysis of algal biofuel production
via hydrothermal liquefaction: one stage versus two stages. Appl. Energy 259,
114115 (2020).

49. Dutta, S., Neto, F. & Coelho, M. C. Microalgae biofuels: a comparative study on
techno-economic analysis and life-cycle assessment. Algal Res. 20, 44–52 (2016).

50. Kopperi, H. & Mohan, S. V. Comparative appraisal of nutrient recovery, bio-crude,
and bio-hydrogen production using Coelestrella sp. in a closed-loop biorefinery.
Front. Bioeng. Biotechnol. 10, 964070 (2022).

51. Karan, H. et al. Solar biorefinery concept for sustainable co-production of
microalgae-based protein and renewable fuel. J. Clean. Prod. 368, 132981 (2022).

52. Gerrior, D., Bahri, K. D., Kermanshahi-pour, A., Eckelman, M. J. & Brar, S. K. Life
cycle assessment and techno-economic analysis of a novel closed loop corn
ethanol biorefinery. Sustain. Prod. Consum. 30, 359–376 (2022).

53. Batan, L., Quinn, J., Willson, B. & Bradley, T. Net energy and greenhouse gas
emission evaluation of biodiesel derived from microalgae. Environ. Sci. Technol.
44, 7975–7980 (2010).

54. Bennion, E. P., Ginosar, D. M., Moses, J., Agblevor, F. & Quinn, J. C. Lifecycle
assessment of microalgae to biofuel: comparison of thermochemical processing
pathways. Appl. Energy 154, 1062–1071 (2015).

55. Jin, Q. et al. Comparison between solar utilization of a closed microalgae-based
bio-loop and that of a stand-alone photovoltaic system. Bioresour. Technol. 184,
108–115 (2015).

56. Assemany, P. P., Calijuri, M. L., do Couto, Ed. A., da Silva, F. P. & de Souza, M. H. B.
Energy recovery in high rate algal pond used for domestic wastewater treatment.
Water Sci. Technol. 78, 12–19 (2018).

57. Marangon, B. B., Calijuri, M. L., de Siqueira Castro, J. & Assemany, P. P. A life cycle
assessment of energy recovery using briquette from wastewater grown micro-
algae biomass. J. Environ. Manag. 285, 112171 (2021).

58. Naaz, F., Bhattacharya, A., Pant, K. K. & Malik, A. Investigations on energy effi-
ciency of biomethane/biocrude production from pilot scale wastewater grown
algal biomass. Appl. Energy 254, 113656 (2019).

59. Arashiro, L. T. et al. Life cycle assessment of high rate algal ponds for wastewater
treatment and resource recovery. Sci. Total Environ. 622-623, 1118–1130 (2018).

60. Shafiquzzaman, M., Haider, H. & Ashadullah, A. Optimization of algal-based
membrane bioreactor for greywater treatment. Process Saf. Environ. Prot. 154,
81–88 (2021).

61. Bauer, L., Ranglová, K., Masojídek, J., Drosg, B. & Meixner, K. Digestate as sus-
tainable nutrient source for microalgae—challenges and prospects. Appl. Sci. 11,
1056 (2021).

62. Solé-Bundó, M. et al. Assessing the agricultural reuse of the digestate from
microalgae anaerobic digestion and co-digestion with sewage sludge. Sci. Total
Environ. 586, 1–9 (2017).

63. Chen, J. et al. Enhanced sustainable integration of CO2 utilization and wastewater
treatment using microalgae in circular economy concept. Bioresour. Technol. 366,
128188 (2022).

64. Toledo-Cervantes, A. et al. Photosynthetic biogas upgrading to bio-methane:
boosting nutrient recovery via biomass productivity control. Algal Res. 17, 46–52
(2016).

65. Richmond, A. Open systems for the mass production of photoautotrophic
microalgae outdoors: physiological principles. J. Appl. Phycol. 4, 281–286 (1992).

66. Qiang, H., Faiman, D. & Richmond, A. Optimal tilt angles of enclosed reactors for
growing photoautotrophic microorganisms outdoors. J. Ferment. Bioeng. 85,
230–236 (1998).

67. Acién Fernández, F. G., Fernández Sevilla, J. M., Sánchez Pérez, J. A., Molina Grima,
E. & Chisti, Y. Airlift-driven external-loop tubular photobioreactors for outdoor
production of microalgae: assessment of design and performance. Chem. Eng. Sci.
56, 2721–2732 (2001).

68. Concas, A., Pisu, M. & Cao, G. Novel simulation model of the solar collector of
BIOCOIL photobioreactors for CO2 sequestration with microalgae. Chem. Eng. J.
157, 297–303 (2010).

69. Amer, L., Adhikari, B. & Pellegrino, J. Technoeconomic analysis of five microalgae-
to-biofuels processes of varying complexity. Bioresour. Technol. 102, 9350–9359
(2011).

70. Barbosa, M. J. G. D. V. Microalgal Photobioreactors: Scale-up and Optimisation.
Ph.D. dissertation, Wageningen University and Research, Netherlands (2003).

71. Ugwu, C., Ogbonna, J. & Tanaka, H. Improvement of mass transfer characteristics
and productivities of inclined tubular photobioreactors by installation of internal
static mixers. Appl. Microbiol. Biotechnol. 58, 600–607 (2002).

72. Chen, X. et al. Lumostatic strategy for microalgae cultivation utilizing image
analysis and chlorophyll a content as design parameters. Bioresour. Technol. 102,
6005–6012 (2011).

73. Genin, S. N. Design of Algal Film Photobioreactors for Algal Biomass Production.
Ph.D. dissertation, University of Toronto, Canada (2016).

74. Prokop, A., Quinn, M., Fekri, M., Murad, M. & Ahmed, S. Spectral shifting by dyes to
enhance algae growth. Biotechnol. Bioeng. 26, 1313–1322 (1984).

75. Wondraczek, L. et al. Solar spectral conversion for improving the photosynthetic
activity in algae reactors. Nat. Commun. 4, 1–6 (2013).

76. Mohsenpour, S. F., Richards, B. & Willoughby, N. Spectral conversion of light for
enhanced microalgae growth rates and photosynthetic pigment production.
Bioresour. Technol. 125, 75–81 (2012).

77. Mohsenpour, S. F. & Willoughby, N. Luminescent photobioreactor design for
improved algal growth and photosynthetic pigment production through spectral
conversion of light. Bioresour. Technol. 142, 147–153 (2013).

78. Seo, Y. H., Lee, Y., Jeon, D. Y. & Han, J. I. Enhancing the light utilization efficiency
of microalgae using organic dyes. Bioresour. Technol. 181, 355–359 (2015).

79. Seo, Y. H., Cho, C., Lee, J.-Y. & Han, J.-I. Enhancement of growth and lipid pro-
duction from microalgae using fluorescent paint under the solar radiation. Bior-
esour. Technol. 173, 193–197 (2014).

80. Zijffers, J. W. F., Salim, S., Janssen, M., Tramper, J. & Wijffels, R. H. Capturing sunlight
into a photobioreactor: ray tracing simulations of the propagation of light from
capture to distribution into the reactor. Chem. Eng. J. 145, 316–327 (2008).

81. Masojídek, J. et al. A two-stage solar photobioreactor for cultivation of microalgae
based on solar concentrators. J. Appl. Phycol. 21, 55–63 (2009).

82. Iluz, D. & Abu-Ghosh, S. A novel photobioreactor creating fluctuating light from
solar energy for a higher light-to-biomass conversion efficiency. Energy Convers.
Manag. 126, 767–773 (2016).

83. Ono, E. & Cuello, J. Feasibility assessment of microalgal carbon dioxide seques-
tration technology with photobioreactor and solar collector. Biosyst. Eng. 95,
597–606 (2006).

84. Raha, H. E., Shafii, M. B. & Roshandel, R. Energy efficient cultivation of microalgae
using phosphorescence materials and mirrors. Sustain. Cities Soc. 41, 449–454
(2018).

85. Detweiler, A. M. et al. Evaluation of wavelength selective photovoltaic panels on
microalgae growth and photosynthetic efficiency. Algal Res. 9, 170–177 (2015).

86. Moheimani, N. R. & Parlevliet, D. Sustainable solar energy conversion to chemical
and electrical energy. Renew. Sustain. Energy Rev. 27, 494–504 (2013).

87. Pearce, M., Shemfe, M. & Sansom, C. Techno-economic analysis of solar inte-
grated hydrothermal liquefaction of microalgae. Appl. Energy 166, 19–26 (2016).

88. Ischia, G. et al. Realization of a solar hydrothermal carbonization reactor: a zero-
energy technology for waste biomass valorization. J. Environ. Manag. 259, 110067
(2020).

89. Barbera, E., Sforza, E., Vecchiato, L. & Bertucco, A. Energy and economic analysis
of microalgae cultivation in a photovoltaic-assisted greenhouse: Scenedesmus
obliquus as a case study. Energy 140, 116–124 (2017).

90. Xin, C. et al. Comprehensive techno-economic analysis of wastewater-based algal
biofuel production: a case study. Bioresour. Technol. 211, 584–593 (2016).

91. Pérez-López, P., Montazeri, M., Feijoo, G., Moreira, M. T. & Eckelman, M. J. Inte-
grating uncertainties to the combined environmental and economic assessment
of algal biorefineries: a Monte Carlo approach. Sci. Total Environ. 626, 762–775
(2018).

92. Giaconia, A. et al. Biorefinery process for hydrothermal liquefaction of microalgae
powered by a concentrating solar plant: a conceptual study. Appl. Energy 208,
1139–1149 (2017).

93. Sutherland, D. L. et al. How microalgal biotechnology can assist with the UN
Sustainable Development Goals for natural resource management. Curr. Res.
Environ. Sustain. 3, 100050 (2021).

94. Schwindenhammer, S. & Gonglach, D. SDG implementation through technology?
Governing food-water-technology nexus challenges in urban agriculture. Politics
Gov. 9, 176–186 (2021).

95. Sforza, E., Barbera, E. & Bertucco, A. Improving the photoconversion efficiency: an
integrated photovoltaic-photobioreactor system for microalgal cultivation. Algal
Res. 10, 202–209 (2015).

96. Cho, C. et al. Multi-bandgap solar energy conversion via combination of microalgal
photosynthesis and spectrally selective photovoltaic cell. Sci. Rep. 9, 1–10 (2019).

97. Nwoba, E. G. et al. Energy efficiency analysis of outdoor standalone photovoltaic-
powered photobioreactors coproducing lipid-rich algal biomass and electricity.
Appl. Energy 275, 115403 (2020).

98. Barbera, E., Sforza, E., Guidobaldi, A., Di Carlo, A. & Bertucco, A. Integration of dye-
sensitized solar cells (DSC) on photobioreactors for improved photoconversion
efficiency in microalgal cultivation. Renew. Energy 109, 13–21 (2017).

P. Kuppan et al.

9

Published in partnership with King Fahd University of Petroleum & Minerals npj Clean Water (2023)    43 



ACKNOWLEDGEMENTS
P.K. acknowledges the Vice-Chancellor scholarship provided by the University of
Newcastle, Australia, and Wine Australia. This work was supported by Wine Australia,
with levies from Australia’s grape growers and winemakers and matching funds from
the Australian Government.

AUTHOR CONTRIBUTIONS
P.K. and A.S.: conceptualization, methodology, writing original draft. P.K. and K.V.:
review and editing. M.M.: conceptualization, validation, resources, supervision, review
and editing, administration.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41545-023-00256-8.

Correspondence and requests for materials should be addressed to Mallavarapu
Megharaj.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

P. Kuppan et al.

10

npj Clean Water (2023)    43 Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1038/s41545-023-00256-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Solar technology&#x02012;closed loop synergy facilitates low-carbon circular bioeconomy in microalgal wastewater treatment
	Introduction
	Closed loop approach: an eco-effective strategy in microalgal system
	Carbon emission analysis: a key characteristic of sustainability in microalgal technology
	Can closed loop approach address the pitfalls of open loop strategy?
	Solar technologies for enhancing sustainability of microalgal biomass production
	Solar closed loop approach—a zero-waste low-carbon bioeconomy model
	Can solar closed loop approach meet global sustainability targets?
	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




