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ABSTRACT

This paper presents a life cycle assessment of a simulated large-scale process of agroindustrial waste-
water treatment through microalgal heterotrophic bioreactors. The study focuses on establishing
sustainability metrics for recovering energy and nutrients from wastewater to produce bulk oil and
lipid extracted algae (LEA) in an integrated process. The experimental data, obtained from a bench-
scale facility, were used to estimate the life cycle impacts of a wastewater treatment plant with a
capacity of 16,000 m®d, with a production of 4.32 ton/d of biomass, fractioned in 0.84 ton/d of bulk
oil and 3.45 ton/d of LEA. The sustainability metrics of the integrated process indicate a net energy
ratio of 0.41, reduction of 98% of the water footprint, global warming potential of 47 x 10° kgCO,, /y,
eutrophication potential of 5 x 10* kg eq PO, /y, acidification potential of 7 x 10* kg SO,-eq/y and ozone
depletion potential of 3.33 kg CFC-11-eq/y. The assessment of the life cycle demonstrated that this
technological route presents itself as a new sustainable approach for wastewater treatment plants and
their implementation and dissemination can help to support a change towards resource recovery and
a sustainable circular economy.

Keywords: Microalgae/cyanobacteria; Nutrient cycling; Biodiesel; Animal feed; Process integration;

Impact categories

1. Introduction

Sustainability is one of the main concerns in many
industrial areas, which is particularly true when concern-
ing indispensable commodities such as food, feed, clean
water, and energy. With the increasing populations as well
as industrial activities, countries face global water stress,
both in the aspect of water scarcity and deteriorated quality
given the large electricity costs and greenhouse gas emissions
associated with water delivery and wastewater treatment [1].

Historically, wastewater treatment plants have been
designed and operated to minimize the environmental
effects focusing only on treatment efficiency and final efflu-
ent quality. Economic and technical aspects are still today

* Corresponding author.

the major concerns of environmental projects. Though will
economic criteria continue to lead the way for industrial
development, this is not well enough in the near future.
Sustainability metrics will be inserted in the projects and
will be a determinant criterion in decision-making [2]. Thus,
the full quantification of adverse environmental effects in
addition to the establishment of recovery indices of energy
and nutrients will be fundamental to consolidate sustainable
technological routes [3,4].

Microalgae-based systems play a central role in this
process by incorporating and redistributing dissolved
organic matter and inorganic nutrients in the environment.
These microorganisms show wide potential for use as
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biocatalysts in environmental biotechnology processes due
to their toughness and simple nutritional requirements. Also,
microalgae can manufacture a wide range of commercially
attractive biobased chemicals [5]. However, sustainability
metrics of microalgae-based processes need to be studied
before the large-scale implementation of these strategies [6].

Given these aspects, the life cycle assessment (LCA) of
processes and products is the most consistent tool to the
transition of the theory to the practice in the development
of technologies to sustainable development, once that assists
evaluation of inputs and outputs of the system, demonstrat-
ing the environmental performances throughout the entire
life cycle of the process [7-9].

Therefore, this article is a sequence of proof-of-principle
experimental and theoretical studies investigating the nutri-
ent cycling of poultry and swine slaughterhouse wastewater,
through a microalgal heterotrophic bioreactor [10-12]. The
results previously published showed that the microalgal het-
erotrophic bioreactor is capable of simultaneously converting
organic matter, nitrogen, and phosphorus of the wastewater
into biomass with great potential to be applied as biofuel and
animal feed, being able to support the oscillations of organic
matter typical of agroindustrial processes. Besides that, it
presents a competitive cost. Building on these promising
results, an LCA was performed to establish sustainability
metrics on microalgae-based wastewater treatment systems.
The study focuses on establishing energy resources, water
footprint, global warming potential (GWP), eutrophication
potential, acidification potential, and ozone depletion poten-
tial (ODP) for recovering energy and nutrients from waste-
water to produce bulk oil and lipid extracted algae (LEA) in
an integrated process.

2. Material and methods
2.1. Microorganism and culture conditions

Axenic cultures of Phormidium autumnale were used in
the experiments. Stock cultures were propagated and main-
tained in solidified agar-agar (20 g/L) containing synthetic
BG11 medium [13]. The incubation requirements used were
25°C, a photon flux density of 15 umol/m?s, and a photo-
period of 12:12 h (light:dark).

2.2. Wastewater

The wastewater was collected from the discharge point
of an equalization tank over one year in an industry located
in Santa Catarina, Brazil (27°14'02"S, 52°01'40"W), whose
activity covers the slaughter and processing of poultry and
swine. Standard Methods for the Examination of Water and
Wastewater [14] were utilized to measure pH, chemical oxy-
gen demand (COD), total nitrogen (N-TKN), total phospho-
rus (P-PO,%), total solids (TS), suspended solids (SS), volatile
solids (VS), and fixed solids (FS). The average composition of
the wastewater has the following composition (mg/L): pH of
5.90+0.05, COD of 4,100.00 + 874.00, N-TKN of 128.50 + 12.10,
P-PO;® of 2.84 + 0.02, TS of 3.80 + 2.70, SS of 1.90 + 0.81, VS
of 2.90 + 1.42, and FS of 0.90 + 0.31, carbon/nitrogen (C/N)
ratio of 31.90 + 0.30 and nitrogen/phosphorous (N/P) ratio of
45.24 + 0.54. The C/N and N/P were calculated through COD,
N-TKN, and P-PO..

2.3. Bioreactor configuration

Measurements were made in a bubble column bioreac-
tor. The system was built of borosilicate glass and it had an
external diameter of 12.5 cm and a height of 16 cm, resulting
in a height/diameter (h/d) ratio equal to 1.28 and a nominal
working volume of 2.0 L. The dispersion system of the reac-
tor consisted of a 2.5 cm diameter air diffuser located inside
the bioreactor. The airflow was monitored by a flow meter
(KI-Key Instruments®, Trevose, PA, USA).

The experiments were performed in bioreactors, operat-
ing in a batch system, fed to 2.0 L of the poultry and swine
slaughterhouse wastewater. The operational conditions were
an initial cell concentration of 100 mg/L, constant aeration of
1.0 volume of air per volume of culture per minute (VVM),
pH adjusted to 7.6, temperature 25°C, and the absence of
light [10-12].

2.4. Life cycle assessment
2.4.1. Goal and scope definition

The LCA was performed according to the ISO standards
[15]. The experimental data were obtained from laboratory
experiments, where the elementary flows of the process
were selected. Subsequently, the data were extrapolated for
an industrial scale where system boundaries comprised a
wastewater treatment plant with a capacity of 16,000 m?/d,
with a production of 4.32 ton/d of biomass, fractioned in
0.84 ton/d of bulk oil and 3.45 ton/d of LEA, for a period one
year. The theoretical scale-up of the process was performed,
as described by Santos et al. [10].

Since there is an absence of data on large-scale microal-
gae wastewater treatment, laboratory remarks combined
with published data of known industrial procedures have
been employed and extrapolated [10,16-18,]. Besides, prom-
ising technologies that can be commercialized shortly were
employed as the basis for the experimental calculation to
determine the sustainability metrics of the proposed process.
Fig. 1 shows the scope of the proposed process.

2.4.1.1. Step 1: agroindustrial wastewater treatment

The unit operations proposed in step 1 was based on a
patent application developed by Jacob-Lopes et al. [19]. A pri-
mary treatment composed by a fine screen, Parshall flume,
rotary sieve, and equalization tank was used. The core of this
step was the biological treatment in a bench-scale heterotro-
phic microalgal bioreactor, as described in item 2.3. The per-
formance parameters are described in Table 1 [10]. After the
biological treatment, the microalgal sludge was processed by
a decanter and a belt filter to obtain biomass.

Furthermore, the bench-scale facility had all the nec-
essary equipment to convert the pollutants of the agroin-
dustrial wastewater into dried microalgal biomass and the
fractionation of biomass into bioproducts.

2.4.1.2. Step 2: biodiesel production

In a bench-scale, the modified Bligh and Dyer method
[20] was applied to extract the lipid content of the biomass.
Based on laboratory experiments, an industrial process was



A.M. dos Santos et al. / Desalination and Water Treatment 185 (2020) 51-61 53

W ( )

______________

“ ) Sodium hydroxide
1

r B . .
ﬂ ) Calcium oxide

) Hexane

13 12

;
\
\

i
E ' Biomass
)/ 2aN

1

'

1

1

1

1

1

1

1

1

1

1

1

i

1

1

.

i

1

\

1

1

1

1

1

:(l) Fine screen: (2) Parshall flume: (3) Centrifugal pump: (4) Rotary sieve; (5)
1

:Equalizarion tank: (6) Bioreactor; (7) Blower: (8) Decanter; (9) Belt filter; (10)
| Drum dryer; (11) Extractor; (12) Solvent recuperation; (13) Evaporation/Stripper;

1(14) Desolventizer; (15) Desolventizer-toaster-dryer-cooler.

Fig. 1. Process flow diagram of the agroindustrial wastewater treatment in an integrated process. Adapted from Santos et al. [10].

Table 1
Performance parameters of the heterotrophic microalgal bio-
reactor. Adapted from Santos et al. [10]

Parameter Value
RE(COD) (%) 97.6 +1.64
RE(N,TKN) (%) 85.5+£2.37
RE(p,po{s) (%) 924 +0.22
P, (kg/m*/d) 0.27+0.01
HDT (d) 1.67 +0.00
RE oy COD removal efficiency; RE y,; N-TKN removal effi-
ciency; RE ,,.: P-PO;’ removal efficiency; P,: average biomass

productivity; HDT: hydraulic retention time.

proposed for oil extraction of the dried biomass (Fig. 1). The
hexane extraction was defined as the method for large-scale
applications [21].

2.4.1.3. Step 3: animal feed production

Drying in a vacuum oven at 60°C simulating an indus-
trial process was used for hexane separation and drying of
the LEA on a laboratory scale. On industrial scale, it was pro-
posed the desolventizer-toaster-dryer-cooler (DTDC) [22].

2.4.2. Life cycle inventory (LCI)

A summary of elementary flows of the process is pre-
sented in Table 2. These data were analytically evaluated
to quantify and compile all the input and output flows for
each step within the process scope. The impacts of produc-
tion were based on the Ecoinvent database, and are shown in
Supplementary Material (Table S1).

2.4.3. Life cycle impact assessment (LCIA)
2.4.3.1. Net energy ratio

The characterization of the net energy ratio (NER) was
performed as described by Jorqueira et al. [23] in Eq. (1).

>E
NER :T 1)

in

where NER is net energy ratio, E_, is the energy produced,
and E_is the total input energy required, expressed in Joule/
Joule (dimensionless).

2.4.3.2. Water footprint

The water footprint is a metric that counts the direct and
indirect use of water as well as pollution. The characteriza-
tion of the total water footprint was performed as described
by Hoekstra and Mekonnen [24] in Eq. (2).

WF =) WE, +WF

lue green + WFgrey (2)

where WF is the total water footprint, WF, _is the blue water
footprint, WF_ is the green water footprint, and WF__ is
the gray water footprint, expressed in m3/y.

The blue water footprint is an indicator of consumptive
use of so-called water fresh or groundwater, evaporated or
incorporated into the products, and it was quantified accord-
ing to Eq. (3):

WE

blue

—BW, +BW. +L, 3)



54 A.M. dos Santos et al. / Desalination and Water Treatment 185 (2020) 51-61

Table 2
Elementary flows for the different steps of process scope

Steps In/Out Utilities/materials Base case
Wastewater, m3/h 666.66
Fine screen, kWh 4.80
Parshall flume, kWh 32.05
Centrifugal pump, kWh 617.27
Rotary sieve, kWh 0.72
Centrifugal pump, kWh 617.27
Wastewater Input Equalization tank, kWh 1,799.80
Centrifugal pump, kWh 617.27
treatment . .
Sodium hydroxide, kWh 4,000.00
Heterotrophic microalgal bioreactor, kWh 6.45
Blower, kWh 9.43
Decanter, kWh 599.90
Calcium oxide, kWh 266.66
Belt filter, kWh 183.30
Output Biomass, kg/h 180.00
Drum dryer, kWh 1,249.98
Extractor, kWh 12.77
Hexane, kg/h 1,310.00
Biodiesel Input Centrifugal, kWh 18.80
production Solvent recuperation, kWh 22.29
Evaporation/Stripper, kWh 4.17
Desolventizer, kWh 7.05
Output Bulk oil, kg/h 36.00
) Residual biomass, kg/h 144.00
Animal feed Input DTDC, kWh 19.82
production Output LEA, kg/h 144.00

where WF, | is blue water footprint, BW, is blue water evap-
oration, BW, is blue water incorporation, and L is the lost
return flow, expressed in m3/y.

The green water footprint is the consumed of water,

evaporated or absorbed during the production of biomass,
and it was quantified according to Eq. (4):
WFgreen = GWK + GW (4)
where WF__ is green water footprint, GW, is green water
evaporation, GW, is green water incorporation, expressed
in m3/y.

The grey water footprint is the volume of water needed
to dilute the pollution generated in the production process
to the levels established by current environmental standards
[25,26] and it was quantified according to Eq. (5):

WE =—"-— 5)

where WFgrey is the grey water footprint, L is the pollutant
load, in mass/time, c__ is the ambient water quality standard
for that pollutant and ¢_, is the natural concentration in the
receiving water body. ¢ and c_, are based on the values
established by current legislation, expressed in m%/y.

Nitrogen and phosphorus were the pollutants chosen
to calculate the gray water footprint of the process, con-
sidering their concentrations in the raw wastewater, qual-
ity standards according to Brazilian and European laws
(both 75% removal efficiency) and concentrations in the
waterbody in their natural state, according to Brazilian law
(N=3.7mg/L and P =0.1 mg/L) [25,26].

2.4.3.3. Global warming potential

The GWP is the sum of direct and indirect greenhouse
gas emissions. Direct emissions are greenhouse gases gen-
erated during the wastewater biological treatment process,
and they were calculated by the stoichiometry of the bio-
chemical oxidation of organic compounds. The indirect
emissions are those attributable to carbon footprints asso-
ciated with the operation of the proposed process due to
the inputs of power and chemicals. The characterization of
the GWP was performed as described by Laratte et al. [27]
in Eq. (6).

GWP = > iGWP, xm, (6)

where GWP is the global warming potential, i is the time
horizon of 100 years, GWP, is the equivalence factor for a
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substance i and, m, is the emission of substance i, expressed
in kgCO,eq/y.

2.4.3.4. Eutrophication potential (EP)

The characterization of the eutrophication potential
was performed as described by Hauschild et al. [28] in
Eq. (7), and their specific characterization factors are shown
in Supplementary Material (Table S2).

EP =Y "iEP, xm, )

where EP is the eutrophication potential, EP, is the equiv-
alence factor for a substance i and, m, is the emission of
substance i, expressed in kg eq PO, /y.

2.4.3.5. Acidification potential (AP)

The characterization of the acidification potential was
performed as described by Hauschild et al. [28] in Eq. (8).

AP =Y"iAP xm, 8

where AP is the acidification potential, AP, is the equivalence
factor for substance i, and m, is the emission of substance i,
expressed in kg SO,-eq.

2.4.3.6. Ozone depletion potential

The characterization of the ODP was performed as
described by Hauschild and Wenzel [29] in Eq. (9).

ODP =) "ODP, x m, )

where ODP is the ozone depletion potential, ODP, is the
equivalency factor for a substance i and, m, is the mass of
the emission substance i, expressed in kg CFC-11-eq.

2.4.4. Normalization

The impact categories were normalized as described
by International Reference Life Cycle Data System (ILCD)
[30,31] in Eq. (10). During this step, each of the environmen-
tal impact potentials was divided by reference value, corre-
sponding to the global normalization factors from European
Commission (Table S3).

(10)

where k is the impact category, N, is the normalized results,
S, is the characterized impact of the impact category k of the
system under study, and R, is the characterized impact of the
impact category k of the reference system.

3. Results and discussion
3.1. Resource use
3.1.1. Net energy ratio

The NER is a basic relation that helps with understanding
the energy effectiveness of a particular system. The correlation

between the renewable energy produced and the fossil
energy required in the production process implies ideally in
an NER higher than 1.0 [32]. In this sense, the energy bal-
ances of the process were examined, and the results are pre-
sented in Fig. 2.

According to the results, inputs of 127 x 10° M]/y,
37 x 10°M]J/y and 0.5 x 10° M]/y of fossil energy is required
to generate 32 x 10°M]/y, 11 x 10°M]/y, and 23 x 10° M]/y of
renewable energy in the steps of wastewater treatment, bio-
diesel production and animal feed production resulting in
NERs of 0.25, 0.31 and 42.00, respectively. In addition, the
agroindustrial wastewater treatment in microalgal hetero-
trophic bioreactor and the production of bulk oil and LEA
in an integrated process require an input of 164 x 10°M]J/y
of fossil energy to generate 66 x 10° MJ/y of renewable
energy, resulting in a NER of 0.41. Microalgae-based pro-
cesses potential for bioproducts production such as biofuels
has been proven in some studies. However, it is associated
with an NER of less than one. Many authors highlight the
indirect effects of fossil energy consumption in reducing
the NER [33-35].

Under the aspect of fossil energy consumption, there
are a few stages that make up a large proportion of primary
energy consumption. Unit operations for agroindustrial
wastewater treatment (step 1) consume approximately 77%
of the fossil energy of the proposed process, being the pri-
mary wastewater treatment responsible for most of this
consumption (3,689.16 kWh). The unit operations for bio-
mass harvesting are responsible for 21% of fossil energy
consumption in step 1 (792.62 kWh). The dilute nature of
microalgal cultures (0.27 kg/m?/d) creates a huge energetic
cost during harvest, which results in a low net energy rate
for microalgae-based products [36]. There is no superior
method of dewatering microalgae, and this is a bottleneck
of the process [37]. Unit operations for biodiesel production
(step 2) consume approximately 23% of the fossil energy in
the process, being the biomass drying responsible for most
of this consumption (1,249.95 kWh). The drying of microal-
gae sludge for large-scale hexane extraction may not be
economically viable in terms of absorbed energy for biofu-
els. However, for being a developed technology and with
well-established economics for practice on a large scale for
oilseeds, this unit operation is steadily used in the economic
assessments of microalgal biofuel production [9,38,39].
The animal feed production (step 3) from the residual bio-
mass consumed only 0.33% (19.79 kWh) of the total fos-
sil energy process. This step presents a potential solution
towards reducing the energy demand of this process once
the renewable energy produced is greater than the required
fossil energy.

In this context, wastewater treatment in microalgal het-
erotrophic bioreactor represents an interesting alternative
for conventional activated sludge treatment plants once
that they require significantly lower energy consumption
(0.00968 kW/m® than conventional activated sludge sys-
tems (0.0132 kW/m?) [40]. In addition, the conventional sys-
tem shows a high biomass yield coefficient (Y,,), usually
in the order of 0.3 kg ,../kg;,, resulting in massive pro-
duction of sludge with low use potential that will require
adequate treatment and disposal, further burdening the pro-
cess [41].
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3.1.2. Water footprint

The use of nutrient-rich wastewater in the microalgae-
based processes can contribute to energy recovery and
significantly reduce the water footprint [42]. In this sense,
Fig. 3 presents a flow diagram of the water footprint of the
integrated process.

From the data analysis, it is possible to verify that in the
integrated process, the water footprint is composed only
of the blue and green fractions. The blue water footprint
considered in this study refers to the volume of water con-
sumed in the lipid extraction stage of the biomass (1.11 m3/y).
In addition, the green water footprint is directly related to the

Energy input (MJ)

2 0x100% Energy output (MJ)

1.5x100%8
1.0x100%8
5.0%1097 +

1.0x106
7.5%105+
5.0x105
2.5%10°

Energy (MJ)

Wastewater Biodiesel Animal feed Integrated
treatment production production process

Fig. 2. Energy balances for the different steps and integrated
process over one year.

water volume incorporated into the biomass (1,056,000 m3/y),
representing about 20% of the wastewater. The rate evapo-
rated during the process represents about 528,000 m?/y. Thus,
the total water footprint of the integrated process results
in values in the order of 1,584,001.11 m3/y.

The gray water footprint is generally not accounted for
in the water footprint calculation of industrial processes due
to the unavailability and/or poor quality of data on a global
scale [43,44]. However, considering the gray footprint before
the wastewater treatment, as a theoretical reference for
assimilation of the body of water, this would result in values
in the order of 1,07,713,204.76 m3/y.

Given these volumes, the process proposed in this study
presents itself as a potential technology, since the total water
footprint (1,584,001.11 m?3/y) represents close to 2% when
compared to the gray water footprint, which corresponds
to 100%. Therefore, this technology could represent the pre-
vention of more than 98% of the total water demand, if the
gray footprint was considered usually as an alternative for
nutrient assimilation.

Moreover, from the economic point of view, consider-
ing that the average water price in the world show values
of approximately 1.50 USD/m? [45], the total water footprint
of the integrated treatment wastewater process costs around
USD 276001.66.

3.2. Climate change
3.2.1. Global warming potential

GWP is related to emissions of greenhouse gases, includ-
ing CO,, CH,, and N,O. This impact category being among
the aspect that has become key-factors concerning the over-
all performance of the wastewater treatment plants, once
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Fig. 3. Flow diagram of the water footprint of the process.
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sustainability metrics are under consideration to ensure the
viability of this type of process [2]. In this sense, Table 3 pres-
ents the results of GWP for the agroindustrial wastewater
treatment in the integrated process.

From the data analysis, it is possible to verify that the
sum of the direct and indirect emissions results in GWPs
of 34 x 10°, 12 x 10°and 0.08 x 10°kgCO,, /y in the steps of
wastewater treatment, biodiesel production, and animal
feed production, respectively. The agroindustrial waste-
water treatment in microalgal heterotrophic bioreactor and
production of bulk oil and LEA in the integrated process
resulted in a GWP of 47 x 10°kgCO,, /y, being the biochemi-
cal oxidation, use of chemical reagents, and demand for fossil
energy responsible for 1%, 46% and 53% of total emissions,
respectively. Understanding the dynamics of greenhouse gas
emissions in microalgae-based processes is of the utmost
importance to improve strategic investments in the areas of
climate change. Although these estimates are uncertain, due
to the lack of large-scale applications, they sustain a case
for improving mechanistic understanding of pathways and
main inducements for this type of process [46].

Given the aspect of emissions generated by the employed
of chemical reagents, the use of 31,680 ton/y of sodium
hydroxide to control the culture pH and 2,112 ton/y of calcium
oxide to separate the extracellular water from the microal-
gae suspension are responsible for 14 x 10°kgCO,_/y of the
indirect emissions of greenhouse gases related to the use of
chemical reagents in step 1. The use of 10,375 ton/y of hexane
for biodiesel extraction is responsible for 7 x 10°kgCO,_ /y
of the indirect emissions of greenhouse gases related to the
use of chemical reagents in step 2. Greenhouse gas emissions
released due to the use of chemical reagents are inevitable in
wastewater treatment plants. However, they can be reduced
by enhancing the energy efficiency of the wastewater treat-
ment plant and reducing the use of chemicals [2].

Additionally, considering the initial concentrations of
nitrogen (678,480 kg/y) and phosphorus (14,982 kg/y) in the
composition of poultry and swine slaughterhouse wastewa-
ter (Table 1) and their removal efficiencies of approximately
86% and 93% (Table 2), respectively, it is estimated a biore-
covery of 583,492.8 kg . . /y and 1393326 kg, . [fy. If
these nutrients were reusing for fertilizer production could
be avoid close to 3 million kgCOZeq [47].

In terms of emissions generated by the demand for fossil
energy, coal, and oil-fired plants represent 29% and 31% of
the world total primary energy supply, being responsible
for approximately 46 %and 34% of global CO, emissions,
respectively [48]. Due to heavy carbon content per unit of
energy released, approximately 0.34 and 0.26 kgCO, are

Table 3

57

emitted to generate 1 kWh of energy from coal and oil,
respectively [49].

The GWP of the integrated process (47 x 10°kgCO,, /y)
is 1.4 times greater than the value emitted just in the waste-
water treatment step (34 x 10°kgCO,, /y). However, with
the integration of the steps, there will be the possibility of
valorization of agroindustrial wastewater from the recov-
ery of energy and nutrients through the production of bio-
diesel and animal feed. The nutrient cycling from microalgae
integrated to the wastewater treatment plant has long been
proposed as a means to reduce the environmental impact of
commodities output such as biofuels [50,51].

3.3. Ecosystem quality

3.3.1. Eutrophication potential, acidification potential,
and ODP

Rupture of natural nitrogen and phosphorus cycles
causes an excess of nutrients of anthropic origin on aquatic
ecosystems resulting in loss of ecosystem services and spe-
cies extinctions. Therefore, it is important to quantify the
eutrophication potential of production processes and mini-
mize their impacts on ecosystem quality [52]. Thus, the result
obtained for the eutrophication potential of the integrated
process is presented in Table 4.

The microalgal heterotrophic bioreactor is attractive
for organic matter and nutrients recovery due to its great
removal efficiency of the COD (97.6%), total nitrogen
(85.5%) and total phosphorus (92.4%) present in agroin-
dustrial wastewater. From these removal efficiencies, it
is possible to verify a reduction of 80 x 10*kg eq PO,/y for
5 x 10*kg eq PO,/y on the eutrophication potential of the
integrated process (Table 54). Nutrient recovery reduces the
consumption of bioresources, and it saves costs related to N
and P removal, thus minimizing the environmental impact
of wastewater treatment [53]. Additionally, it also saves the
costs of fertilizing once that the prices of ammonium nitrate
and superphosphates are approximately USD/ton 550 and
300, respectively [54]. Studies conducted by Zhang and
Kendall [55] report the requirements of ammonium nitrate
0.15 kg/kg of biomass and superphosphate in the order
of 0.10 kg/kg of biomass. Therefore, in an estimated pro-
duction of 1 ton of microalgal biomass, the required costs
involving nutrient demand would be around 82.5 USD for
nitrates and USD 30.00 for phosphates.

Additionally, the acidification potential and ODP are
impact categories related to emissions of air pollutants that
result in environmental problems such as global warming,

Global warming potential for the individual steps and integrated process

GWP (kgCO,,_ /y) Step 1 (kgCO,, /y) Step2(kgCO, Jy) Step3(kgCO,,/y) Integrated process (kgCO,,/y)
Direct Biochemical oxidation ~ 0.05 x 10° NA NA 0.05 x 10°
di Fossil energy 19 x 10° 5x10° 0.08 x 10° 25 x 10°
Indirect  cpemicals 14 x 10° 7 x 10° NA 22 x 10¢
Total 34 x 10° 12 x 10° 0.08 x 10° 47 x 10°

NA: not applicable.
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Table 4
Impact categories that damage ecosystem quality

Integrated process
5x10*kg eq PO,y
7 x 10*kg SO,-eq/y
3.33 kg CFC-11-eq/y

Impact category

Eutrophication potential
Acidification potential
Ozone depletion potential

acid rain, and ozone layer depletion [56,57]. Thus, sus-
tainability metrics that predict the environmental impacts
associated with emissions of air pollutants is indispens-
able to minimize negative environmental effects. In this
sense, the results obtained for the acidification potential
and ODP (Table 4) indicate values of 7 x 10*kg SO,-eq/y and
3.33 kg CFC-11-eq/y, respectively. The results are related
to the input of fossil energy resources to operate the inte-
grated process, and agroindustrial wastewater treatment
and biodiesel production steps are the main responsible for
these impacts. Fossil fuels consumption to operate waste-
water treatment plant is the largest contributing parameter
for pollutant emissions, once only 20%-30% of the chem-
ical energy of the fuel burned is typically transformed into
useful work or heating, the rest is dissipated into the atmo-
sphere as polluting gases [58].

The elementary input flows for sodium hydroxide,
calcium oxide, and hexane were disregarded in the char-
acterization of the acidification potential and ODP since
these chemical reagents contribute lightly to these impact
categories.

The comparison of the sustainability metrics obtained in
this study with other technologies for wastewater treatment
is limited by the fundamentals of the methodology used. The
LCAs are usually performed using similar methodologies;
however, there are variabilities in tool application, in terms
of choice of allocation, system boundary and procedures fol-
lowed to data collection. In addition, the comparative LCA
applied to wastewater treatment systems is severely ham-
pered by the choice of characterization factors, which vary
in function of the database and reports considered in the life
cycle impact assessment phase [59]. In this sense, consid-
ering these aspects, it’s possible to reference other studies
as the work of Pasqualino et al. [60] that shows sustainabil-
ity metrics of 0.5214 kgCOZeq/m3, 3.36 x 10* kg eq PO,/m?,
4.61 x 10° kg SOz—eq/m3 and 4.2 x 10® CFC-11-eq/m’® for a
system of aerobic digestion applied to urban wastewater
treatment. Additionally, the sustainability metrics showed
by Buonocore et al. [61], Garfi et al. [62], and Li et al. [63] can
be used as the comparison referential.

3.4. Normalization

Normalization is a step in LCIA that helps decision-
makers interpret LCA results and determine where to pri-
oritize efforts aimed at reducing a products environmental
impact. This step serves to calculate the relevance of the
results of the impact category indicators related to reference
information [64]. Thus, for a better understanding between
the scores and to compare the magnitude of the emissions
of the integrated process, the gate-to-gate impact categories

1.5%10-5+
1.0%x10-5+
5.0%10-6+

9.0%x107J
6.0x107-
3.0x107

2.6x10%
1.7x10%
8.5x10-

0- T .

ER GWP WF

Normalized values

T I—l
AP EP OoDP

Fig. 4. Normalized values of the impact categories for the
integrated process. ER: Energy resource; GWP: Global warming
potential; WE: Water footprint; AP: Acidification potential; EP:
Eutrophication potential; ODP: Ozone depletion potential.

were normalized. Fig. 4 illustrates the results after normaliz-
ing the impact categories.

As shown in Fig. 4, once normalized, the integrated pro-
cess presented EP as the most significant impact (9.88 x 107),
followed by GWP (8.11 x 107), AP (1.82 x 10”7), ER (3.68 x 107),
ODP (2.06 x 108 and WF (2 x 10%). Most of the emissions
of the integrated process are related to the indirect effects of
fossil energy consumption. According to Gao et al. [65], the
total of pollutants emitted per unit of energy produced by
fossil fuels is typically two orders of magnitude bigger than
those emitted by non-fossil energy.

In this sense, the transition from fossil energy matrix
to non-fossil energy has become an urgent issue for all
wastewater facilities, once that these energies can supply two-
thirds of the total global energy demand, and they contrib-
ute to the greenhouse gas emissions reduction. Furthermore,
the development of renewable energy technologies would
greatly promote the realization of a circular economy [66].
Policies and incentives of governments improve the pros-
pects for clean energy. The total generation from renewable
resources increases by 2.8% annually [48]. Although it is
reasonable to expect that renewables will come to provide
a growing share of the global energy supply, it should be
noted that replacing fossil energy with non-fossil fuels
remains challenging, especially for future global policy [67].

4. Conclusion

The LCA results demonstrate that the process integration
mediated by microalgae is an appropriate and innovative
approach to comply with green engineering requirements,
through nutrient cycling. However, the biggest challenge
will be implementing these heterotrophic systems in process
chains operating across wastewater management already
existing.

In this sense, new approaches to process engineer-
ing must be oriented towards promoting the exploitation
and development of a commercially viable and integrated
microalgae-based wastewater treatment in the future. Process
integration, process intensification, and the implementation
of the biorefinery concept have been considered as the main
process engineering strategies that, in the medium term, will
consolidate.
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Nutrient PO, equivalence factor
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Table S3 Table S4
Global normalization factors for emissions and resource  Eutrophication potential reduction behavior on wastewater
extraction (Sala et al. [31]) treatment in a heterotrophic microalgal bioreactor [25,26]
Impact categories Unit Reference value Parameter Wastewater Treated wastewater
Energy resource MJ 4.50 x 10™ COD (kg PO, eq) 476,256 11,430
Global warming potential kg CO, eq 5.79 x 10" N-TKN (kg PO, eq) 284,961 41,319
Water footprint m? 7.91 x 10" P-PO} (kg PO, eq) 46,034 3,493
Acidification potential kg SO, eq 3.83 x 10" EP (kg PO, eq) 807,252 56,242
Eutrophication potential kg PO, eq 1.22 x 10"

Ozone depletion potential kg CFClleq 1.61 x10°




