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Abstract
Microalgae can produce biofuels, nutriceuticals, pigments and many other products, but commercialization has been limited
by the cost of growing, harvesting and processing algal biomass. Nutrients, chiefly nitrogen and phosphorus, are a key cost
for growing microalgae, but these nutrients are present in abundance in municipal wastewater where they pose environmental
problems if not removed. This is not a traditional review article; rather, it is a fact-based set of suggestions that will have to
be investigated by scientists and engineers. It is suggested that if microalgae were grown as biofilms rather than as planktonic
cells, and if internal illumination rather than external illumination were employed, then the use of microalgae may provide
useful improvements to the wastewater treatment process. The use of microalgae to remove nutrients from wastewater has
been demonstrated, but has not yet been widely implemented due to cost, and because microalgae derived from wastewater
treatment has not yet been demonstrated as a commercial source for value-added products. Future facilities are likely to be
called Municipal Resource Recovery Facilities as wastewater will increasingly be viewed as a resource for water, biofuels,
fertilizer, monitoring public health and value-added products. Advances in photonics will accelerate this transition.

Keywords Wastewater · Microalgae · Anaerobic digestion · Photodecarboxylase · Nutrient recycling · Biofilms · Internal
illumination · Photobiology · Optical fibers · LED

1 Introduction

It is proposed that the increased use of microalgae to treat
wastewater can benefit both the treatment of wastewater
and the production of biofuels and various products from
microalgae. More specifically, it is proposed that internal
illumination should be used to support the growth ofmicroal-
gae as biofilms. The reasons for these suggestions are briefly
stated below, followed by more detailed discussions of the
various topics mentioned.

Why should microalgae be used in wastewater treatment?

– More rapid, complete and economical removal of pollu-
tants.

– Nutrient recycling Residual nitrogen and phosphorus in
wastewater effluent creates environmental problems,while
the cost of growing microalgae can be decreased by utiliz-
ing nutrients in wastewater.
Why should microalgae be grown as biofilms rather than
as planktonic cells?
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– Improved wastewater treatment By growing microalgae
as biofilm, the retention of biomass is decoupled from the
hydraulic retention time (HRT) allowing evenmicroorgan-
isms with cell generation times longer than the HRT to be
retained and provide the amount of active biomass needed
to treat wastewater as rapidly as possible.

– Biofilms are inherently more robust and can tolerate fluc-
tuating environmental conditions, toxic chemicals and
antibiotics.

– Decreased cost of harvesting and dewatering of biofilms
as compared with planktonic cells.
Why should internal illumination be used rather than exter-
nal illumination of photobioreactors?

– Improved efficiency Photoinhibition can be avoided, and
only light wavelengths used by photosynthetic microor-
ganisms are supplied.

– Facilitates the growth of biofilms.
– Can be used in turbid solutions.
– More flexible reactor design.

There is a high level of interest in developing biofuels
as a replacement for fossil fuels, and microalgae have been
viewed as a promising source of lipids for the production of
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biodiesel [1–4], or for the conversion of microalgae biomass
to produce methane [5, 6], or ethanol [2, 4]. However, while
an increasing list of value-added chemicals such as polyun-
saturated fatty acids, carotenoids/pigments, antioxidants,
biopolymers, and other nutraceutical and pharmaceutical
compounds [2, 7, 8] are now commercially produced from
microalgae, the economical production of biofuels from
microalgae is still an unrealized goal [9].

Cost is the main constraint limiting large-scale produc-
tion of renewable fuels from microalgae [10], but another
important limitation is nutrients [11, 12]. Not only is it costly
to provide chemical nutrients to support microalgal growth,
but the availability of phosphorus in particular could well
become a limiting factor in the foreseeable future [6, 7]. By
using microalgae to treat wastewater, the cost of growing
microalgae can be reduced as the nutrients in wastewater,
chiefly nitrogen and phosphorus, can be recycled and used
by microalgae [13, 14]. The application of microalgae to
treat wastewater has primarily focused on polishing wastew-
ater to remove nitrogen and phosphorus after the majority of
organic contaminants have been removed, but some studies
have demonstrated that microalgae can be used instead of
the activated sludge process as the main treatment for the
removal of organic and inorganic contaminants [14, 15]. The
cost ofmicroalgae production can be decreased if wastewater
is used as a source of nutrients, and the cost of wastewa-
ter treatment can be reduced through the use of microalgae
by improving the efficiency of the process and through the
production of value-added by-products [9, 10]. While the
utilization of nutrients present in wastewater can reduce the
cost of growing microalgae, the avoidance of environmental
problems due to nutrients in wastewater effluent provides an
evenmore important reason to consider the use ofmicroalgae
to improve wastewater treatment.

Wastewater treatment challenges include land availability,
cost and effectiveness [16]. Growing microalgae as biofilms,
rather than as planktonic cells in solution, can facilitate the
growth and harvesting of algal biomass and advances in
photobiology can decrease the cost of growing microalgae,
particularly as biofilms. The objective of this manuscript is
to describe how photobiology can benefit wastewater treat-
ment and lead to the development of a mature technology for
the production of renewable energy and multiple biorefin-
ery products from microalgae. The specific contribution to
the literature made by this manuscript is to discuss how the
diverse topics of wastewater treatment, microalgae, biofilms,
internal illumination of photobioreactors, renewable energy,
LEDs, photobiology, photoenzymes, materials science, arti-
ficial intelligence, robotics and engineering can all contribute
to the development of future processes for the treatment
of wastewater, recycling of nutrients and the production
of bioproducts. Interdisciplinary research will be required
to develop less expensive LEDs, inexpensive material suit-

able for the internal illumination of photobioreactors, the
maximization of illuminated surface area for the growth of
biofilm, the integration of microalgae into wastewater treat-
ment, nutrient recycling and the production of value-added
products. Researchers in these areas may be unaware of
the collaborative opportunities in the use of microalgae in
wastewater treatment and increased communication to stim-
ulate research is the goal. The use of microalgae to treat
wastewater, the growth of microalgae as biofilms and the
use of internal illumination in microalgae photobioreactors
are not new concepts, but what is new is increased aware-
ness regarding recycling nutrients from wastewater, rapid
innovation with a variety of renewable energy technologies,
new discoveries in photobiology, decreasing costs for LEDs,
an increased use of robotic devices to automate processes
and increased interest in developing circular economies. This
field is ripe for innovation and cross-discipline collaboration,
and a goal of this manuscript to promote an awareness of the
challenges and opportunities. Wastewater should be viewed
as a resource rather than as an expense [17, 18].

2 Wastewater Treatment Overview

Municipal wastewater treatment plants currently employ a
two- or a three-step process [19, 20] as described in Table
1. The first step, primary treatment, consists of removing
large particles of organic and inorganic material that can
be removed by physical and mechanical processes such as
gravity in settling tanks and by coarse filtration/screening.
Secondary treatment most commonly employs aeration to
promote the biodegradation of organic contaminants by
microorganisms, principally bacteria, but also microalgae
and fungi. The biomass of microorganisms produced as
a consequence of the biodegradation of contaminants in
wastewater is removed by gravity in settling tanks result-
ing in waste activated sludge and water of improved quality
[19]. The water that has benefitted from primary and sec-
ondary treatment will still usually contain residual amounts
of nitrogen and phosphorus in sufficiently high concentra-
tions to result in ecological damage when discharged to the
environment, so tertiary wastewater treatment is required to
produce clean water that will not cause the eutrophication of
rivers, lakes and oceans [21].

Eutrophication is the consequence of an excess supply
of nutrients needed for the growth of microalgae and other
microorganisms. The abundant nutrients result in the rapid
and prolific growth of microbial biomass and the conse-
quent depletion of oxygen due to the aerobic metabolism
of microbes and the aerobic biodegradation of dead biomass.
The concentration of oxygen is especially depleted in coastal
areas adjacent to cities due primarily to the discharge of nutri-
ents in wastewater and agricultural runoff such that more
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Table 1 Wastewater treatment and associated processes

Process step Description Products Volume

Primary treatment Physical and mechanical removal of solids Cleaner wastewater 100%

Secondary treatment Aerobic biodegradation of organics creating biomass
(waste activated sludge)

Cleaner water, biomass 100%

Tertiary treatment Trace contaminant and nutrient removal through
creating biomass

Clean water, biomass, CO2 fixation 99%

Anaerobic digestion Solids from primary and secondary treatments are
microbiologically converted to biogas and residual
solids

Biogas energy, cleaner wastewater, residual solids 1%

Composting Residual solids from anaerobic digestion and/or
biomass are aerobically composted to produce
fertilizer

Fertilizer <1%

Biomass utilization Multiple products Animal feed, nutraceuticals, pharmaceuticals, lipids
for biodiesel, carbohydrates for ethanol, biogas
production, fertilizer

than 500 oxygenminimum zones have been identifiedworld-
wide [22, 23]. This has resulted in serious reductions in fish
populations, often impacting populations dependent on sub-
sistence fishing. Increased CO2, temperature and nutrients
have altered the ocean productivity, biodiversity and bio-
geochemistry [22]. Moreover, changes in ocean temperature
and pH are mechanistically linked to oxygen concentra-
tions, and modeling has shown that even if anthropogenic
sources of pollution were completely stopped a further four-
fold decrease in the oxygen concentration in the world’s
oceans will occur [24].

The International Water Association estimates that 80%
of wastewater worldwide is discharged untreated into the
environment [www.iwa-network.org] and theUnitedNations
estimates that 55% of the world population is without safely
managed sanitation [www.unwater.org]. Other studies [16,
25] estimate that 52% of global wastewater is treated to
some degree, while 48% ofwastewater is released, untreated,
to the environment. It is not only the developing countries
that need improved wastewater treatment, as the American
Society ofCivil Engineers gave theUSwastewater infrastruc-
ture a grade of D + in 2017 [www.infrastructurereportcard.
org], and about 66% of the energy content in wastewater
is destroyed/wasted by current wastewater treatment tech-
nology [26]. Therefore, there is a huge opportunity for new
technology that can treat wastewater more effectively and
inexpensively, and use of microalgae and photobiology may
provide appropriate new technologies.

3 Current Status of Microalgae use
for Wastewater Treatment

A limitation of the activated sludge process is that while it
removes the vast majority of organic contaminants, inorganic

contaminants such as phosphorus and nitrogen are frequently
present in the effluent at concentrations high enough to cause
environmental damage/eutrophocation in downstream rivers,
lakes and oceans [21]. Where microalgae are intentionally
used to treat water today, it is almost exclusively as a polish-
ing step to remove phosphorus and nitrogen, despite the fact
that microalgae are capable of removing both organic and
inorganic contaminants [27, 28]. The use of microalgae to
remove nutrients is not widespread and the resulting biomass
is generally not harvested for beneficial use; thus, the use of
microalgae to treat the entirety of wastewater and recycle
nutrients for agricultural use is in its infancy [29]. Wastew-
ater treatment plants currently are focused on treating waste
rather than on making a product and the nutrients present in
wastewater-derived biomass are not always recycled. Future
wastewater treatment plants will be aware of the need for
more energy efficient processes that not only remove con-
taminants, but also recycles nutrients to support agriculture,
recovers energy in the form of biofuels andmay also produce
value-added chemicals derived frommicroalgae.Microalgae
biomass produced atwastewater treatment facilitieswillmost
likely be processed offsite to obtain specialty chemicals, but
the facilities of the future will be designed and operated to
maximize nutrient and biomass recovery and recycling.

The reason that the microalgae industry is interested in
combining wastewater treatment with the growth of microal-
gae is to reduce the cost of microalgae-derived products.
The cost of growing, harvesting and processing microal-
gae currently prevents the use of microalgae to produce
large volumes of low-cost products such as biofuels [4, 30,
31]. An understanding of what factors contribute most to
these costs can suggest ways of mitigating them. The over-
whelming majority of facilities, bioreactors and research for
the growth of microalgae focus on the growth of plank-
tonic cells (individual cells in liquid solution) rather than the
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growthofmicroalgae as biofilms.However,manymicroalgae
species readily form biofilms [32–35], and growing microal-
gae as biofilms can potentially improve the efficiency and
reduce the cost of microalgae production [36]. The potential
advantages of growing microalgae as biofilm on internally
illuminated surfaces rather than as planktonic cells include:
increased biomass production, more efficient use of light
energy, decreased cost of harvesting, ability to be used with
turbid solutions, decreased footprint for photobioreactors,
increased flexibility in the design of photobioreactors and
decreased process cost.

Providing an even distribution of light in a given volume
of water must deal with the fact that the intensity of light
decreaseswith the square of the distance from the light source
[37]. It is evenmore challenging to achieve efficient light dis-
tribution in a turbid solution of microalgae where cells closer
to the light source shade cells that are below [38]. This has
resulted in shallow reactors being favored for the growth of
microalgae, which directly limits the volume of water used
in bioreactors and raceway ponds [39]. However, if microal-
gae were instead grown as biofilm, combined with internal
illumination [40], then light of an appropriate wavelength
and intensity [41] could be evenly delivered to the biofilm,
even when turbid solutions such as wastewater are used. If
microalgae bioreactors were intentionally designed to grow
biofilm, they would seek to maximize the surface area for the
growth of biofilm and to achieve equal light distribution to all
surfaces. If light energy is supplied through illuminated sur-
faces, the efficiency of biofilm growth can be maximized and
the design of photobioreactors can be expanded [33, 41–43].

While sunlight can be used to grow microalgae, the use of
electrically generated light has key advantages. Most of the
energy in sunlight is not available for the growth of microal-
gae, as only 43% is within wavelengths that can be used
in photosynthesis [37, 44, 45], and sunlight is not always
available. Moreover, within those light wavelengths that can
be used by photosynthetic microalgae, somewavelengths are
better than others, and there is variation inwhichwavelengths
are preferred by different species [41, 46]. This means that
supplying light energy of selected wavelengths can achieve
the growth of microalgae more efficiently than using sun-
light directly [37, 47] and this approach has applications for
growing microalgae in space as direct sunlight, especially
in space, can be too intense to allow the growth of microal-
gae [48–50]. If the full spectrum of energy in sunlight were
converted into electricity using solar, thermal or an equiva-
lent technology, the resulting energy could be used to power
light-emitting diode (LED) illumination 24 h per day to pro-
duce light of only selected wavelengths and at the minimum
intensity required to achieve the robust growth of biofilm on
surfaces that are internally illuminated. Photovoltaic cells do
not harvest energy from all the wavelengths in sunlight [51],
so solar–thermal energy systems are more efficient [52–54].

Electrical energy derived from sunlight, or another source
of renewable energy, can then be used for the internal illu-
mination of photobioreactors to improve process efficiency
[46]. Microbial fuel cells/electrolysis cells can produce elec-
trical energy while treating wastewater and could be used to
improve the efficiency of wastewater treatment plants in the
future [55, 56].

When microalgae are grown as planktonic cells, high-
intensity illumination is typically used to achieve light
distribution within the bioreactor. However, high-intensity
illumination can cause photoinhibition and damage microal-
gae [38, 41, 57]. Illumination intensities that do not cause
photoinhibition do not support robust growth of planktonic
microalgae cells unless exceedingly shallow photobioreac-
tors (typically 15 cm liquid depth) are used [39]. However,
internally illuminated surfaces can achieve robust growth of
biofilm at relatively low light intensities [45]. Moreover, the
growth of microalgae as biofilms simplifies biomass har-
vesting and dewatering because the cell density of biofilms
exceeds the cell densities achieved in photobioreactors
employing the harvesting and dewatering of planktonic cells
[36, 58]. The use of microalgae biofilms can potentially
improve the efficiency and decrease the cost of wastewater
treatment.

4 Future use of Microalgae for Wastewater
Treatment

If microalgae are to be used in wastewater treatment, the
literature can be consulted to determine which microalgae
species are preferred for this application. The most common
type of publication in the voluminous literature concerning
the use of microalgae to produce biofuels involves descrip-
tions of individual species of microalgae [3], the effects
of nutrients [11], temperature, pH, salinity, light intensity
[2], light wavelength [59], lipid content, lipid composi-
tion, carbohydrate concentration [2], protein concentration,
biodiesel/ethanol/methane/hydrogen yield [30], CO2 con-
sumption [3], harvesting methods [31], etc. Collectively
the literature demonstrates that there are myriad microal-
gae species/strains that are capable of growth under a wide
range of environmental conditions, and each species has
unique capabilities. While microalgae can be grown as
pure cultures, when the application of microalgae is for
the treatment of wastewater, the use of pure cultures has
little relevance [29]. The complex and changing composi-
tion/concentration/volume of wastewater in most wastewater
treatment facilities coupled with the goal of removing all
organic and inorganic contaminants as quickly and econom-
ically as possible requires that the microbial community in
wastewater treatment plants should adapt to the received
wastewater, rather than trying to modify the design of the

123



Arabian Journal for Science and Engineering (2022) 47:45–56 49

wastewater treatment facility to obtain optimizedgrowth con-
ditions for any pure microalgae culture. Just as municipal
wastewater treatment facilities now must endure a start-up
phase to obtain a stable microbial community capable of
treating wastewater under local conditions, it will be appro-
priate to select for microalgae species capable of surviving
under local conditions rather than trying to get specific
microalgae species to grow at a given location. By adjusting
the wavelength and/or the intensity of internal illumination,
the growth of differentmicroalgae species can be encouraged
to enable the selective cultivation of more than one type of
microalgae community that can allow for maximum contam-
inant removal and for the production of different bioproducts
derived frommicroalgae. Once microalgae and bacterial cul-
tures are identified that grow well in a given wastewater
stream, it may be helpful to genetically modify some of these
cultures to improve their ability to function in low oxygen
environments [60], utilize light more efficiently [57] or make
an alternative product [61].

While microalgae are best known for their photosynthetic
capabilities to grow using light energy, many microalgae
species have been shown to be capable of growing het-
erotrophically using organic carbon [27, 28, 32] so thatwithin
a wastewater treatment scenario where light is supplied,
microalgae can simultaneously use organic carbon and/or
light energy for growth [32]. This can result in more rapid
growth of microalgae and bacteria and the biodegradation of
organic contaminants in wastewater [14, 62–64]. If microal-
gae are grown as biofilms attached to internally illuminated
surfaces, then light of the appropriate intensity and wave-
length can be supplied directly to microalgae cells without
any risk of photoinhibition while the light supplied to the
underside of the biofilm allows for continuous growth [46].

Rotating microalgae/bacterial biofilms [65–67] are
described in the literature, but these examples focus on fre-
quently removing the biofilm from the wastewater so that it
can more readily be illuminated in the open air. Employing
fully submerged biofilms, as suggested here, could be more
efficient. High-density biofilms can be grown and used to
efficiently treat wastewater to degrade organic contaminants,
and remove inorganics (nitrogen, phosphorus, and metals)
[32, 41, 42]. Providing LED illumination to photobioreac-
tors in which biofilms are fully submerged in the wastewater
allows for maximum treatment time of the wastewater by the
biofilm, constant contaminant biodegradation and constant
biomass growth.

Microalgae grown using natural sunlight grow during the
daytime, but slow their growth and decrease in size due to
the utilization of stored energy sources in the absence of sun-
light [68]. But numerous studies have shown that microalgae
can be grown using continuous illumination [38], inter-
mittent/flashing illumination [69, 70], specific wavelength
ranges [46], different light intensities [7] and as biofilms

[32]. These studies demonstrate thatmicroalgae canbegrown
more productively using sunlight indirectly in the form of
LED illumination rather than using sunlight directly in a pho-
tobioreactor or open pond; however, cost has limited the use
of photobioreactors [7].When the goal of photobioreactors is
to grow microalgae as planktonic cells dispersed in suspen-
sion, this creates unnecessary constraints on reactor design
and operation, as providing optimum illumination to all cells
is challenging [57]. This has resulted in photobioreactors that
have a high ratio of surface area to volume such as flat panel,
tubular, plastic bag and other configurations [46].

Aerobic bacteria can biodegrade a wider range of organic
contaminants, and do so more quickly than microalgae [29].
Future wastewater treatment plants that employ microal-
gae must accommodate the growth of both bacteria and
microalgae. If microalgae are used to update the treatment
of wastewater, then the growth of microalgae can produce
oxygen needed by bacteria for the aerobic biodegradation of
contaminants inwastewater [63], and the bacterial removal of
microalgae-produced oxygen will allow for maximum rates
of oxygen production [71]. Therefore, the most rapid and
complete biodegradation of contaminants in wastewater will
be because of the combined action of bacteria andmicroalgae
[29]. Microalgae can be used to improve rather than replace
the activated sludge process for the treatment of wastewa-
ter. This could avoid/minimize the need for aeration that is
a significant operating cost for wastewater treatment facil-
ities [63], and finding ways to decrease the energy cost of
operating wastewater treatment can be a good approach to
developing more sustainable processes for wastewater treat-
ment. While it may be possible to avoid/reduce the need for
external aeration through the in situ production of oxygen
by microalgae, there will be increasingly strong regulatory
and financial incentives to maximize CO2 fixation within the
wastewater treatment process to decrease the emission of
greenhouse gases [71, 72].

Research is needed to determine the best ways to maxi-
mize the biodegradation of organic contaminants in wastew-
ater while minimizing external aeration in an environment
where microalgae and internal illumination are used.

5 Why are Biofilms Better than Planktonic
Cells (a More Detailed Discussion)?

Providing light to microalgae has been an enduring chal-
lenge both technically and economically [38, 42, 73]. Using
microalgae to enhance the performance of wastewater treat-
ment will face the same challenges of supplying light energy
that currently limit the economical use of microalgae to pro-
duce biodiesel, ethanol, biogas or other products.Microalgae
are most commonly grown as planktonic cells in open ponds
(raceways) or in photobioreactors [4]. These planktonic cells
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are harvested by flocculation, filtration and centrifugation,
and the resulting microalgae cell suspension is then dewa-
tered to produce a more concentrated cell paste that is
subsequently processed/extracted tomake products. The cost
of growing, harvesting and extracting microalgae currently
prevents the use of microalgae to produce large volumes of
low-cost products such as biofuels [31]. The cost of har-
vesting, concentrating and extracting lipids from microalgae
biomass has been estimated to be 40–60% [1, 74] of the cost
of biodiesel, so that harvesting microalgae as biofilm can
significantly decrease process cost.

If light energy is supplied to microalgae growing as
biofilms attached to optical surfaces immersed inwastewater,
then the design of reactors used for wastewater treatment will
not be constrained by the difficulty of supplying external illu-
mination, and the need to periodically shut down the system
to remove biofilm that is considered as unwanted when the
goal is to grow planktonic cells [45]. As mentioned above,
reactors currently used for the growth of microalgae for the
tertiary treatment of wastewater or for the production of bio-
fuels often employ shallow reactors/ponds that require large
areas to accommodate the volume of wastewater to be treated
or the mass of biofuel desired [39]. But if light is supplied
via internally illuminated surfaces and not by external illu-
mination, then the reactors can be of any depth/dimensions
so amuch smaller footprint/land area is required.Wastewater
treatment facilities are typically located near population cen-
ters where the cost and availability of land can be a concern.
Furthermore, if wastewater treatment plants in the future will
produce an array of products derived from microalgae, then
additional space may be required [2, 4]. Accordingly, the
use of shallow algae ponds for the treatment of wastewater
will be difficult to implement at many facilities, and the most
economical use of space of the wastewater treatment plant
should be considered.

The treatment of large volumes of water such as in
wastewater treatment plants should be rapid because the
treatment time determines how large the facility should be
[19]. If microalgae biofilms improve the treatment efficiency,
then smaller, less expensive treatment facilities can be con-
structed. By using internal illumination to supply light to
microalgae the surface area of the biofilm is whatever it
is designed to be and the limitation is the cost of opti-
cal surfaces, cost of electricity, harvesting and processing
biomass. Biofilms are well documented to be more resis-
tant to environmental contaminants, and antibiotics, than
planktonic microbial cells [34, 75]. Accordingly, maintain-
ing a diverse microalgae/bacterial population, growing as
biofilm, will improve the stability of the wastewater treat-
ment process. Biofilms are retained in photobioreactors until
harvested and so are best suited to enable rapid treatment of
themaximumvolumeofwastewater since they allow survival
of even microbial species with generation times longer than

the hydraulic retention time of the reactor [66]. The com-
position of the biofilm communities in microalgae–bacteria
biofilm wastewater treatment facilities will not be limited to
only rapidly growing species; rather, a more complex micro-
bial communities will form, each adapted to local conditions.
Moreover, the mass of biofilm that can be retained within
the facility can be controlled to maximize the efficiency and
effectiveness of the removal of contaminants at the fastest
possible flow rates [29]. Real-time monitoring of the con-
centrations of contaminants and the health of biofilmswill be
enabled by increasingly sophisticated and inexpensive ana-
lytical techniques such as single-cell multi-isotope nanoscale
secondary ion mass spectrometry [76], photo-respirometry
[71] and in situ metabolism [77] and the application of
growth/processmodeling [39] and artificial intelligence [78].

The goal of using internally illuminated surfaces to grow
microalgae biofilm requires that the surface area of the
light-emitting regions should be maximized; the subsequent
harvest of biofilm from these surfaces is also an impor-
tant consideration [36, 63, 74]. Porous light transmitting
materials of natural or man-made origin could be favorable
materials for the growth of microalgae biofilm [79, 80] or
nature-inspired structures such as leaves and trees [81, 82]
may be used. The harvesting of microalgae biomass from
biofilm growing on internally illuminated surfaces could be
accomplished using a robotic device that is equipped with
cameras/optical sensors to locate biofilm and determine its
readiness for harvest, and with multiple appendages that
allow the robot to move about the wastewater treatment reac-
tor, grasp biofilm-containing structures and mechanically
collect the biofilm. When the biofilm storage capacity of the
robot is reached, the biofilm/biomass can then be deposited
in an appropriate location for further processing and the
robot can return to harvest more biofilm. The harvesting of
microalgae biomass is amajor component in the cost of using
microalgae, and by switching from harvesting planktonic
cells to harvesting biofilm (that is already as concentrated
as planktonic cells after dewatering), the harvesting process
can be less complex and less costly.Moreover, by automating
the task of biofilm harvesting by the use of robotic devices,
processing costs can be further reduced [31]. Future research
is required to obtain data that will allow a meaningful dis-
cussion of process cost.

Scientists and engineers will identify how best to max-
imize the internally illuminated surface area within photo-
bioreactors while simultaneously considering issues such as
biomass harvestingmethod, wastewater treatment efficiency,
maximum CO2 fixation, materials of construction and cost.
There are multiple configurations that a microalgae-focused
municipal resource recovery facility might take and multiple
cycles of design/build/test will be required to create the most
functional and economic configurations [3, 4, 81, 82].
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6 Wastewater Solids and Nutrient Recycling

When wastewater is treated, the complex mixture and con-
centrations of contaminants present will result in the growth
of a mixed culture of bacteria plus microalgae [13]. This will
result in the removal of most organic matter by biodegrada-
tion and the removal of metals and nutrients (nitrogen and
phosphorus) by adsorption to or incorporation in biomass
[66, 83]. Consequently the biomass recovered from the ini-
tial treatment of wastewater may contain metals and other
contaminants that make it unsuitable for the recycling of the
N and P as composted sludge for agricultural use. However,
thermal treatment of this biomass may provide a means of
beneficially recovering the nutrientswhile avoiding the heavy
metals [7] and the biomass can be treated using anaerobic
digestion to recover energy in the form of methane/biogas
[5, 84].

After the majority of organic contaminants and metals
have been removed from the wastewater, its continued treat-
ment using internally illuminated biofilm photobioreactors
will yield biomass that will be primarily microalgae, because
bacteria will be increasingly at a disadvantage for growth
[17]. Consequently, some of the biofilm/biomass produced
in a wastewater treatment facility may be of sufficient qual-
ity so that it can be beneficially used as animal feed [17],
a source of lipids for the production of biodiesel [14, 29],
a source of carbohydrates for the production of ethanol [8],
as a source of biopolymers for the production of bioplastics
[85–87], or it can be converted to compost and used as a fer-
tilizer [8]. Different wavelengths of light can be supplied at
various locations and/or times in the waste treatment process
to preferentially stimulate the growth of different microal-
gae to promote waste remediation and by-product synthesis.
It will be important to determine the most energy efficient
ways of using solar/renewable energy to support the growth
of microalgae, and not simply add additional energy demand
to the operation of wastewater treatment plants employing
microalgae. Modern wastewater treatment plants use large
amounts of energy in mixing, pumping and aerating so there
are opportunities for future wastewater treatment plants to
develop alternative processes that utilize less energy while
achieving improved results for the treatment of wastewater.

Another factor that contributes to the variable compo-
sition of wastewater is the degree to which storm water
is separated from wastewater [20]. Most sewer systems
designed for the collection and treatment ofwastewater expe-
rience some degree of intrusion of rainwater and floodwater.
The separation of storm sewers from sewage lines is par-
ticularly important as climate change brings increasingly
extreme weather, but this represents a significant infrastruc-
ture cost. This is why most wastewater treatment facilities
worldwide are vulnerable to dramatic changes to the compo-
sition/concentration/volume of wastewater.

Environmental regulations and practices worldwide vary
considerably, but increasingly all countries are recognizing
our shared responsibilities to protect the environment of the
planet. Existing wastewater treatment facilities that are suc-
cessfully treating wastewater will be hesitant to adopt any
new technology without data demonstrating that it will not
impede their ability to treat wastewater according to local
regulations [19]. This implies that any new treatment must
maintain the ability to treat the volume of required wastew-
ater with locally available reactors/equipment. Newly built
wastewater treatment facilities will be more open to incor-
porating new technologies if their merits can be suitably
demonstrated.

7 Can Photodecarboxylase be a Catalyst
for Change?

In wastewater treatment plants the primary and secondary
sludgematerial is increasingly treated using anaerobic diges-
tion to biodegrade as much of the organic matter as possible
into hydrocarbon gases, chiefly methane, so that the recov-
ered gases can be used as an energy source, thereby improv-
ing the economics of wastewater treatment [19]. The volume
of sludge sent to the anaerobic digester is variable depending
upon the concentration of organics in wastewater, but is typ-
ically only about 1% of the volume of the wastewater [26].
Consequently, the size of the anaerobic digestion reactor is
far smaller than the reactors required for the treatment of the
bulk wastewater.

Anaerobic digesters are completely contained reactors
that typically do not have any mechanical mixing, and are
designed to collect the gas resulting from anaerobic digestion
that typically uses a treatment time of weeks [19, 26]. Any
technology that can inexpensively accelerate the biodegra-
dation of sludge and increase the amount of hydrocarbon
gas collected would be a welcome innovation that could pay
for itself by providing more hydrocarbon gas, and by pos-
sibly allowing anaerobic digestion reactors to be smaller,
thereby decreasing the cost of equipment.Anewclass of pho-
toenzyme, fatty acid photodecarboxylase, has recently been
discovered that may allow for improved anaerobic digestion
by the light-powered conversion of organic acids into hydro-
carbon gases [88]. Fatty acid photodecarboxylases have now
been shown to be present in a wide variety of algal species
[89] and have also been the subject of advanced biochemical
andgenetic studies [90, 91]. For this application, livemicroal-
gae cells are not used, rather photodecarboxylase enzyme
derived from microalgae is used.

The natural role for fatty acid photodecarboxylase is in
the conversion of long-chain fatty acids (C13 to C17 fatty
acids) to alkanes that are incorporated into algal cell walls.
This biochemical reaction is powered by light and more
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specifically by blue light with wavelengths of 400-to-520 nm
[88]. The ability to power a biochemical reaction using light
energy makes it extremely interesting for industrial use, and
scientists have already succeeded in modifying photodecar-
boxylase to metabolize low molecular weight fatty acids
typically produced during anaerobic digestion; these include
acetic, propionic and butyric acids resulting in their conver-
sion to methane, ethane and propane, respectively [92].

While photodecarboxylase has been shown to be capa-
ble of catalyzing enzymatic reactions that can aid anaerobic
digestion, the practical application of photodecarboxylase to
wastewater treatment faces the obstacle of supplying light
to a sealed reactor containing opaque and viscous sludge. A
possible means of addressing this obstacle could be to immo-
bilize photodecarboxylase enzyme to fiber optic strands. The
immobilization of the enzyme to a solid support can increase
the long-term stability of the enzyme [93, 94], and opti-
cal fibers can transmit light even when immersed in sludge.
Optical fibers (or internally illuminated surfaces) can be con-
nected to an external light source such as a LED that can
deliver a continuous supply of light of the appropriate wave-
length and intensity to power the photodecarboxylase [92].
Such a device could then be used as an accessory to anaer-
obic treatment reactors without requiring alterations to the
existing process.

During anaerobic digestion, organicmaterial is first biode-
graded to smaller molecules such as fatty acids like acetic,
propionic and butyric acids by microorganisms called ace-
togens. Then other microorganisms (methanogens) convert
the fatty acids to methane and other gases including car-
bon dioxide [20]. A second type of methanogenesis involves
the conversion of CO2 and hydrogen to methane. The rate-
limiting step in anaerobic digestion is methanogenesis [4]. If
photodecarboxylase were also present within the anaerobic
digester, the rate of conversion of fatty acids to hydrocar-
bon gas would be accelerated [92]. This could potentially
also increase the rate at which the organic material biode-
grades, alter the composition of the microbial community
within the anaerobic digester, increase the rate and amount
of gas produced, and allow for shorter treatment times for
sludge. Photobiology can not only be used to improve anaer-
obic digestion, but in a different application could also help
to develop the technologies needed to improve the growth of
microalgae as described in detail above [46].

Transforming the wastewater treatment industry to
employ microalgae requires the increased availability of
optical fibers (or internally illuminated surfaces) and LEDs
suitable for the growth of microalgae as biofilm at low cost.
The logical place to start this technology revolution is with
the anaerobic digestion step inwastewater treatment, because
the new technology is easier to implement at a smaller scale,
after which it can be expanded to the treatment of the entire
wastewater stream.

8 Education, Jobs, Technology Innovation
Hub, Public Health, CleanWater, Biofuels,
Fertilizer

Wastewater treatment plants in the future can not only be
sources of clean water, renewable energy and value-added
products, but can also serve as a resource for monitoring
public health such as the prevalence of COVID-19 [95] or
illegal and prescription drugs [96]. The concentration of
drugs or infectious agents in the influent to a wastewater
treatment facility can be used to monitor the status of the
community, and by sampling wastewater at various locations
in the wastewater collection system, it is possible to deter-
mine neighborhoods most/least affected. These data can be
used to allocate public health resources [95]. The wastewater
treatment plant of the future can provide excellent edu-
cational/training opportunities, as many technologies will
be utilized including civil engineering, electrical engineer-
ing, robotics, biology, analytical chemistry and public health
surveillance. The conversion of wastewater treatment plants
to resource production centers will require major challenges
and technology innovation as a constant process. Wastew-
ater treatment facilities associated with a university could
provide an ideal site for technology development as well as
for training personnel needed to operate themanywastewater
treatment facilities that each country needs.

9 Summary

Recent progress in understanding the biology of photo-
synthetic microorganisms could greatly benefit wastewater
treatment. Wastewater is increasingly viewed as a resource
and photobiology can help. Methane and other hydrocarbon
gases can be obtained from the anaerobic digestion of organic
waste, nutrients such as nitrogen and phosphate can be
removed from wastewater as biomass and recycled for agri-
cultural use as compost, and clean fresh water can be derived
from wastewater. The use of microalgae in wastewater treat-
ment is not common, but is currently used in wastewater
treatment as a polishing step to remove nutrients. Nutrient
removal depends, however, upon the growth of microalgae
(and microbial) biomass, and the complete removal of nutri-
ents is difficult to accomplish on the scale needed by the
wastewater treatment industry. The easiest application of
microalgae in wastewater treatment is to improve the anaer-
obic digestion process. Then, as photobiology technology
matures, thewidespreaduseofmicroalgae to treat the entirety
of wastewater will become increasingly economical. A new
class of light-powered enzymes has been found that can con-
vert organic acids to alkanes: fatty acid photodecarboxylase
from algae. This photoenzyme only requires light energy to
convert organic acids such as acetic, propionic and butyric
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acid to the gas phase hydrocarbons methane, ethane and
propane, respectively. Fiber optic strands can be modified
by attaching the photoenzyme to its surfaces, after which the
fiber optic strands can be placed inside an anaerobic digester
and provided with a constant light source. This will increase
the amount of hydrocarbon gases beneficially recovered and
will likely result in an increased rate of waste degradation.

If microalgae are to be used to treat the entirety of wastew-
ater, microalgal biomass can be grown as biofilm attached to
optical fibers/surfaces. In this way, better microalgae growth
and nutrient removal can be achieved, and the biomass can be
harvested more economically as a biofilm than as planktonic
microalgae cells. The future applications of photobiology to
the wastewater treatment industry are as vast as our imagi-
nations.
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