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Abstract

The aim of this study was to assess the potemiatr@mental impacts associated with
high rate algal ponds (HRAP) systems for wastewaéatment and resource recovery
in small communities. To this aim, a Life Cycle Assment (LCA) was carried out
evaluating two alternatives: i) a HRAP system foastewater treatment where
microalgal biomass is valorized for energy recov@mpgas production); ii) a HRAP
system for wastewater treatment where microalgambss is reused for nutrients
recovery (biofertilizer production). Additionallypoth alternatives were compared to a
typical small-sized activated sludge system. Annecaic assessment was also
performed. The results showed that HRAP system ledupiith biogas production
appeared to be more environmentally friendly thaRAR system coupled with
biofertilizer production in the climate change, peolayer depletion, photochemical
oxidant formation, and fossil depletion impact gatges. Different climatic conditions
have strongly influenced the results obtained & ehbtrophication and metal depletion
impact categories. In fact, the HRAP system locatedre warm temperatures and high
solar radiation are predominant (HRAP system calplgh biofertilizer production)
showed lower impact in those categories. Additignahe characteristics (e.g. nutrients
and heavy metals concentration) of microalgal bissneecovered from wastewater
appeared to be crucial when assessing the potesironmental impacts in the
terrestrial acidification, particulate matter fortioa and toxicity impact categories. In
terms of costs, HRAP systems seemed to be moreosucally feasible when
combined with biofertilizer production instead abgas. On the whole, implementing

HRAPs instead of activated sludge systems mightease sustainability and cost-
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effectiveness of wastewater treatment in small canities, especially if implemented

in warm climate regions and coupled with biofezgli production.

Keywords: Biogas; Environmental impact assessment;

Assessment; Microalgae; Resource recovery

Fertjlizeife Cycle
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1. Introduction

High rate algal ponds (HRAPSs) for wastewater tregimwere introduced around 50
years ago and used since then not only to growoaligae biomass but also to treat a
wide variety of municipal and industrial wastewat¢€ragg et al., 2014; Oswald and
Golueke, 1960). These systems are shallow, padékewhixed, raceway ponds where
microalgae assimilate nutrients and produce oxygérch is used by heterotrophic
bacteria to oxidise organic matter improving wajeality (Craggs et al., 2014; Park et
al., 2011). Since mechanical aeration is not regilienergy consumption in these
systems is much lower compared to a conventionatemater treatment plant (e.qg.
activated sludge system) (around 0.02 kWH of water vs. 1 kWh m of water,
respectively) (Garfi et al., 2017; Passos et @172, Moreover, HRAPs are less
expensive and require little maintenance compapecbhventional systems (Cragg et
al., 2014; Garfi et al., 2017; Molinos-Senantelet2014). Due to their low cost and
low energy consumption, HRAP systems could haveide wange of applications in
Mediterranean regions, which present suitable dlonaonditions for microalgae
growth (e.g. high solar radiation). However, toiagh a satisfactory performance, large
land area is required compared to conventionaksyst(around 6 fp.e:* vs. 0.5 M
p.e:* for HRAP and activated sludge systems, respegliveiaking them more suitable

for small communities (up to 10,000 p.e.).

Nowadays, there is an important need to shiftghmdigm from wastewater
treatment to resource recovery to alleviate negatffects associated with human
activities, such as pollution of water bodies, gremise gas (GHG) emissions and
scarcity of mineral resources. In this context, nmaégae grown in HRAPs can be

harvested and reused to produce biofuels or otbeffeod bioproducts. In particular,

4
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intensive research has been developed during she/éars to investigate the potential
of microalgae to produce biofuels such as biogadedd, the biogas produced from
microalgal biomass was found to contain high enevglue, making microalgae
anaerobic digestion an attractive alternative fofuel production (Chew et al., 2017;
Jankowska et al., 2017; Montingelli et al., 2015geitti et al., 2017). On the other
hand, microalgae also offer the potential to recawatrients from wastewater and,
subsequently, to be applied as a sustainableiZertilDuring the last decade, this
alternative has been described by several authonsidering the fact that microalgae
contain high amounts of proteins rich in essen@hino acids, as well as
phytohormones that stimulate plant growth (Coppetra., 2016; Garcia-Gonzalez and

Sommerfeld, 2016; Jager et al., 2010; Uysal eRalls).

Recent studies have employed the Life Cycle Assest (LCA) methodology
to assess the environmental impact of HRAP systfems/astewater treatment. They
demonstrated that HRAPs might help to reduce enmental impacts and costs
associated with wastewater treatment comparednwecdional systems (e.g. activated
sludge system), especially in small communitiesr{iGa al., 2017; Maga, 2016). These
studies also highlighted that the LCA methodologyan appropriate tool to support
early-stage research and development of novel tdobies and processes (Fang et al.,
2016; Garfi et al., 2017). Indeed, LCA methodolagkes into account and quantifies
all environmental exchanges (i.e. resources, enemjssions, waste) occurring during
all stages of the technology life cycle (Ferreitalke, 2014; Ferreira et al., 2017; ISO,

2000).
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Nevertheless, to the best of the authors’ knowledpere are no studies
assessing the environmental impacts of HRAP systemwastewater treatment

considering different configurations for resouroel @nergy recovery.

The objective of this work was to evaluate theeptal environmental impacts
associated with HRAP systems for wastewater tre@tni@king into account two
resource recovery strategies. To this aim a LCA wasied out comparing the
following alternatives: (i) a HRAP system for wastger treatment where microalgal
biomass is valorised for energy recovery (biogasipection); (i) a HRAP system for
wastewater treatment where microalgal biomass ise@ for nutrients recovery
(biofertilizer production). For the sake of comgan, both scenarios were compared to
a typical small-sized activated sludge system. fdoldially, an economic evaluation was
addressed in order to assess the feasibility oHIRAP alternatives based on the costs

and benefits related to each of them.

This paper is organized as follows: Section 2 dess the wastewater treatment
systems, as well as the methodology used for th& &fd the economic analysis; in
Section 3 the results of the comparative LCA aredldbonomic analysis are described;

finally, in Section 4 the main conclusions are higjfted.

2. Material and Methods

2.1 Wastewater treatment systems description

The HRAP systems were hypothetical wastewater nreat plants based on
extrapolation from lab-scale and pilot-scale stsdigp to 100 ). The systems were

designed to serve a population equivalent of 10f2@0and treat a flow rate of 1,950
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m® d*. The HRAP system coupled with biogas productioms veonsidered to be
implemented in Catalonia (Barcelona, Spain), whbeemean temperature and global
solar radiation are 15.5°C and 4.56 kWfdmrespectively (AEMET, 2017). For this
case study, the design parameters were calculakatjtinto account the experimental
results obtained in lab-scale and pilot systemst¢up nf) located at the Universitat
Politecnica de Catalunya-BarcelonaTech (UPC) (Banee Spain) (Garcia et al., 2000;
Garcia et al., 2006; Gutiérrez et al., 2016; PassasFerrer, 2014, Solé-Bundo et al.,
2015; Solé-Bundo et al., 2017). This system corepria primary settler (Hydraulic
Retention Time (HRT) = 2.5 h) followed by four HR&RTable 1). From these units,
wastewater goes through a secondary settler (HRTh}where microalgal biomass is
harvested and separated from wastewater. Treateer wa then discharged into a
surface water body. Part of the harvested micrbdlganass (2 and 10 % on a dry
weight basis in summer and winter, respectivelyyeasycled in order to enhance
spontaneous flocculation (bioflocculation) and @ase microalgae harvesting
efficiency (Gutiérrez et al., 2016). The remainhayvested biomass is thickened (HRT
= 24 h), thermally pretreated (75 °C, 10 h) anddigested with primary sludge (35 °C,
20 days). The biogas produced is then converteddombined heat and power (CHP)
unit, while the digestate is transported and reusedgriculture. In this context, the
HRT of each HRAP has to be modified over the y&r6(and 4 days) in accordance
with the weather conditions (i.e. solar radiatioml &&emperature) in order to accomplish
wastewater treatment and meet effluent qualityirequents for discharge (Garcia et al.,
2000; Gutiérrez et al., 2016). For this reasonyas considered that during summer
months (from May to July) only two HRAPs work inrplel (HRT = 4 days), whereas

all of them are operated during winter months (frblmvember to April) (HRT = 8
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days). During the rest of the year (from AugustGotober), the HRT is 6 days (3
HRAPs working in parallel).

The HRAP system coupled with biofertilizer prodontwas considered to be
implemented in Andalucia (Almeria, Spain), where thean temperature and global
solar radiation are 19.1°C and 5.29 kWfdmrespectively (AEMET, 2017). For this
case study, the designed parameters were deternmsiteglthe results obtained in a pilot
system located at the Las Palmerillas ExpertimeBtation (Almeria, Spain) (100%n
(Morales-Amaral et al., 2015a). This system cossist two HRAPS operating in
parallel and followed by a settler (HRT = 3 h) wenicroalgal biomass is separated
using an organic flocculant (Table 2). From thist,umeated wastewater is discharged
into a surface water body, while harvested micraal@piomass is dewatered on-site
using a centrifuge and later sold to a local comparproduce a biofertilizer (NPK = 5-
1-0.75). The biofertilizer produced from the dewatkbiomass is then transported and
reused in agriculture. In this case, due to theeniavourable climatic conditions for
microalgae growth compared to Catalonia, the HRS tha same over the year (HRT =
3 days). It has to be noted that, for the sameorgedbe microalgal biomass production
is considerably higher in the system implementedndalucia with respect to the one
located in Catalonia (3-26;¢s m? d* vs. 15-30 gssm” d™, respectively) (Gutiérrez et
al., 2016; Morales-Amaral et al., 2015a).

For the sake of comparison, the potential enviremia impacts of the HRAP
systems were compared to those generated by artomne small-sized wastewater
treatment plant (10,000 p.e.). For that purpose, design of a usual small-scale
activated sludge system implemented in Spain weentanto account (Gallego et al.,

2008; Garfi et al., 2017; Lorenzo-Toja et al., 2015 comprises a primary settler,
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followed by an activated sludge reactor with exthderation and a secondary settler
(Table 3). Treated water is discharged into theirenment and the sludge is

conditioned, thickened, centrifuged on-site andntteansported to an incineration

facility.

Figure 1 shows the flow diagrams of the treatnadternatives. Table 1, 2 and 3
show the characteristics and design parameterhie@ofHRAP and activated sludge
systems.

Please insert Figure 1
Please insert Table 1
Please insert Table 2

Please insert Table 3

2.2 Life Cycle Assessment

The LCA was conducted following the ISO standal@O( 2000; ISO, 2006) in order
to evaluate and quantify the potential environmlemapact of the investigated
scenarios. It consisted of four main stages: i)l go@ scope definition, ii) inventory
analysis, i) impacts assessment and iv) integhi@b of the results (ISO, 2006). The

following sections describe the specific contenéath phase.

2.2.1 Goal and scope definition

The goal of this study was to determine the posémnvironmental impact of HRAP
systems for wastewater treatment and resource eegovin particular, two
configurations were compared:

a) a HRAP system for wastewater treatment wherera@igal biomass is
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valorised for energy recovery (biogas producti@ggnario 1);

b) a HRAP system for wastewater treatment whereaaigal biomass is reused

for nutrients recovery (biofertilizer productior§denario 2).

Moreover, both scenarios were compared to a typsoadll-sized activated sludge
system implemented in Spain (Scenario 3). The fonat unit (FU) for this study was
set as 1 rhof treated water, since the main function of taehhologies proposed is to
treat wastewater.

The cradle-to-grave boundaries included systenmstoaction, operation and
maintenance over a 20-years period (Garfi et &172 Pérez-Lopez et al., 2017,
Rahman et al., 2016) (Figure 1). Input and outpawd of materials (i.e. construction
materials and chemicals) and energy resources @nela¢lectricity) were systematically
studied for all scenarios. Direct GHG emissions Bkt]* volatilization associated with
wastewater treatment were also included in the thaues. As treated water is
discharged into the environment, direct emissionsdter were also taken into account.
Regarding digestate and biofertilizer reuse in cudpure in Scenarios 1 and 2,
transportation (20 km) (Hospido et al., 2004) ancea emissions to soil (heavy
metals), as well as direct GHG emissions, were watea for. In the case of the
activated sludge system (Scenario 3), inputs amputgliassociated with sludge disposal
(i.e. incineration) were also included in the boames. An average distance of 30 km
was considered for sludge transportation to ineten facilities, based on
circumstances generally observed in our zone. Tueoélife of infrastructures and
equipment were neglected, since the impact woulch&ginal compared to the overall
impact.

Since the studied scenarios would generate bydoted (i.e. biogas,

10
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biofertilizer), the system expansion method hasihesed following the ISO guidelines
(Guinée, 2002; 1SO, 2006). In this method, by-paiduare supposed to avoid the
production of conventional products. Thus, the iotpalated to conventional products
is withdrawn from the overall impact of the systédollet et al., 2011; 1ISO, 2006; Sfez
et al., 2015). In this study, the digestate andbibéertilizer produced in HRAP systems
coupled with biogas and biofertilizer productiorcéBarios 1 and 2, respectively) were
considered as substitutes to chemical fertilizevrédver, the avoided burdens of using
heat and electricity produced in Scenario 1 (HRABteans coupled with biogas
production), instead of heat from natural gas dedtecity supplied through the grid,

were also considered.

2.2.2 Inventory analysis

Inventory data for the investigated scenarios arersarized in Table 4, 5 and 6. In the
case of HRAP systems coupled with biogas and hibzer production (Scenarios 1
and 2), inventory data regarding construction nigteand operation were based on the
detailed engineering designs performed in the framtis study. Treated wastewater
characteristics were estimated considering the vaimefficiencies and experimental
results obtained in the pilot systems implementedha Universitat Politecnica de
Catalunya-BarcelonaTech (UPC) (59)m(Gutiérrez et al., 2016) and at the Las
Palmerillas Experimental Station (10&)nMorales-Amaral et al., 2015a) for Scenarios
1 and 2, respectively. Nfivolatilization was estimated through nitrogen miaakance.
NH; and NO emissions due to the application of digestate bialertilizer on
agricultural land were calculated using emissi@tddrs from the literature (Hospido et

al., 2008; IPCC, 2006; Lundin et al., 2000). Instliase, Ckl emissions were not

11
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considered since anaerobic decompositions do ratratliquid fertilizer is used and

the climate is predominantly dry (Hobson, 2003; dinnet al., 2000). Heavy metals and
nutrients (avoided Total Nitrogen (TN) and TotaloBphorous (TP)) content of the
digestate and biofertilizer were gathered from expental results obtained in the
above-mentioned pilot systems (Morales-Amaral et 2015a; Solé-Bundd, et al.,
2017). In order to estimate electricity and heaidpction from biogas cogeneration in
Scenario 1 (HRAP systems coupled with biogas prool); biogas production

obtained in lab-scale experiments was taken intobwat (Solé-Bundo et al., 2015;
Passos et al., 2017).

As mentioned above, data regarding the typicalllssied activated sludge
system implemented in Spain (Scenario 3) were gadhieom the literature (Gallego et
al., 2008; Garfi et al., 2017; Lorenzo-Toja et 2015).

Background data (i.e. data of construction materi@hemicals, energy
production, avoided fertilizer, transportation asldidge incineration process) were
obtained from théecoinvent 3.1database (Moreno-Ruiz et al., 2014; Weidema et al.
2013). The Spanish electricity mix was used for ed#ctricity requirements (Red

Eléctrica Espafiola, 2016).

Please insert Table 4
Please insert Table 5

Please insert Table 6

2.2.3 Impact assessment

The LCA was performed using the softweBémaPrd 8 (Pre-sustainability, 2014).

12
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Potential environmental impacts were calculatedtiiy ReCiPe midpoint method
(hierarchist approach) (Goedkoop et al., 2009}his study, characterisation phase was
performed considering the following impact categsri Climate Change, Ozone
Depletion, Terrestrial Acidification, FreshwatertEyhication, Marine Eutrophication,
Photochemical Oxidant Formation, Particulate Matt@rmation, Metal Depletion,
Fossil Depletion, Human Toxicity and TerrestrialoExxicity. These impact categories
were selected according to the most relevant enmiemtal issues related to wastewater
treatment and used in previous LCA studies (Coramet al., 2013; Fang et al., 2016;
Gallego et al., 2008; Garfi et al., 2017; Hospitlale 2008). Normalisation was carried
out in order to compare all the environmental intpaat the same scale. This provides
information on the relative significance of the icator results, allowing a fair
comparison between the impacts estimated for eammasio (ISO, 2006). In this study,
the European normalisation factors have been usewpe ReCiPe H) (Goedkoop et

al., 2009).

2.3. Sensitivity analysis
In order to evaluate the influence of the mostuaht assumptions have on the results, a
sensitivity analysis was performed considering ttolowing parameters: NH
emissions due to the application of digestate aiodettilizer on agricultural land
(Scenario 1 and 2); J0 emissions due to the application of digestate laatertilizer
on agricultural land (Scenario 1 and 2); digestatel biofertilizer transportation
distance (Scenario 1 and 2). A variation of £ 10%swonsidered for all parameters and
the sensitivity coefficient was calculated using B9 (Dixon et al., 2003):

(Outpu;]iqh — Output )/Output, . .

Sensitivity Coefficient (S) = (1)
(InpUthigh - Inquow)/InpUtdefaul‘ 13
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where Input is the value of the input variable (&gl; and NO emissions) and Output

is the value of the environmental indicator (e.qm@te Change).

2.4 Seasonality

Annual averages of potential environmental imp&cis HRAPS scenarios (Scenario 1
and 2) were compared to those obtained considémmgnicroalgal biomass production
achieved in summer and winter months (highest amgedt production, respectively;
Table 1 and 2) to assess their fluctuations overydar. In particular, the microalgal
biomass production considered for Scenario 1 (HR&&ems coupled with biogas
production) was 5 and 254 m? d* for winter and summer months, respectively. On
the other hand, for Scenario 2 (HRAP systems colupi¢h biofertilizer production) a
microalgal biomass production of 15 and 3@sgn® d* was considered for winter and

summer months, respectively.

2.5 Economic assessment

The economic assessment was performed comparingcathtal cost and the operation
and maintenance cost of Scenarios 1 and 2 (HRARmgscoupled with biogas and
biofertilizer production, respectively). The capitaost included the cost for

earthmoving and construction materials purchase.ti@nother hand, operation and
maintenance cost comprised costs associated widrgen(electricity and heat)

consumption and chemicals purchase. In both saenagsrices were provided by local
companies. For Scenario 1 (HRAP systems couplddhbiuitgas production), the surplus

electricity generated from biogas cogeneration suggposed to be sold back to the grid.

14
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Thus, the price of electricity sold to the grid weighdrawn from the overall operational
and maintenance cost of the system. For ScenaidRAP systems coupled with
biofertilizer production), the dewatered microalgaemass is sold to a local company
(BIORIZON BIOTECH S.L.) to produce the biofertilizéRomero-Garcia et al., 2012).
Therefore, its price was withdrawn from the oveoglérational and maintenance cost of
the system. Other costs (e.g. labour costs, trategpm) were assumed to be similar in

both scenarios and, thus, were not included irattaysis.

3. Results and Discussion

3.1 Life Cycle Assessment

3.1.1 Characterization

The potential environmental impacts associated walch alternative are shown in
Figure 2. Comparing HRAP scenarios (Scenarios 1 2ndthe results show that
Scenario 2 is the most environmentally friendlyeadaitive in 7 out of 11 impact
categories. As far as Climate Change, Ozone DepletPhotochemical Oxidant
Formation and Fossil Depletion Potentials are coremt the potential environmental
impact of Scenario 1 was lower than Scenario 2s Mms mainly due to the offset
energy generated from biogas cogeneration and \theled fertilizer (Figure 2). In
particular, the electricity generated by biogasermgation (avoided electricity) was
around 9 times higher than that consumed for systgenation in Scenario 1 (Table 4).
It means that the surplus electricity could be golthe grid. This is in accordance with
previous studies that observed that, in a HRAPesydbr wastewater treatment, the
energy balance is always positive when microalgahlbss is co-digested with primary

sludge and the biogas is used to cogenerate elgctand heat (Passos et al., 2017).
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Moreover, it has to be noticed that the contributaf the avoided fertilizer to the
overall impact was higher in Scenario 1 than SaeraFigure 2), since TN avoided
was higher in the former compared to the latterq25. 5.77 g i of water; Table 4
and 5). This can be explained by the fact thatpiteSTN content was higher in the
biofertilizer (5 gn Kbioteriizer ) than in the digestate (1.89n\gKGuigestare), @ lower
amount of biofertilizer is produced in Scenario 216 Kgioferiizer M- of water)
compared to Scenario 1 (13.7 gkghtate m* of water). Indeed, the total solids (TS)
content of the microalgal biomass obtained in Sgerfa(2% TS) is lower compared to
Scenario 2 (20%TS) due to its dewatering step ¢eatrifugation). Nevertheless, it has
to be mentioned that the biofertilizer is a higlygrality product compared to the
digestate, since it contains high amounts of pngteich in essential amino acids, as
well as phytohormones that stimulate plant growtth enprove soil quality (Coppens et
al., 2016; Garcia-Gonzalez and Sommerfeld, 201gerJat al., 2010; Uysal et al.,
2015). However, these benefits were not taken aatwount in this study. Regarding
Terrestrial Acidification and Particulate Matterrf@tion Potentials, Scenario 2 showed
lower risks to endanger the environment because tbinfiguration causes fewer
emissions to air (i.e. Nfdemissions) derived from biofertilizer applicatiom t
agricultural soil compared to digestate from Scenar(Table 4 and 5). With regards to
Freshwater and Marine Eutrophication Potentialsen8do 1 showed higher
environmental impacts compared to Scenario 2. éixjdained by the quality of treated
effluent (i.e. lower TN and TP removal efficienciesScenario 1 than in Scenario 2;
Table 4 and 5). The reason for this difference @¢dag primarily due to the distinct
climatic conditions, since the average temperatamel global solar radiation in

Catalonia (Scenario 1), as previously mentionegl l@ver than in Andalucia (Scenario
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2). Indeed, previous studies reported that nutrremoval efficiencies are improved
with higher temperature and solar radiation (Craggsl., 2012; Mehrabadi et al.,
2016). Concerning Metal Depletion Potential, Scienal would impair abiotic
resources more likely than Scenario 2. Since MB&pletion Potential is mainly
influenced by construction materials, the lowerimmmental performance of Scenario
1 is owing to the larger surface area required iferimplementation compared to
Scenario 2 (4 fp.e’t vs. 3 nfp.e?, respectively). As mentioned above, in the system
implemented in Catalonia (Scenario 1), a higher HRTheeded (especially during
winter months) compared to that implemented in Aumcia (Scenario 2) in order to
obtain a effluent quality suitable for dischargeaf@a et al., 2000; Gutiérrez et al.,
2016, Morales-Amaral et al. 2015a; Morales-Amatalle2015b). The influence of the
geographical location on the performance of HRARs w&lso addressed in previous
studies, in which the use of this technology iseratouraged in northern regions, where
the climatic conditions are not favourable to proenefficient wastewater treatment and
biomass productivity (Grénlund and Froling, 2014éréz-Lopez et al.,, 2017).
According to this, it is noteworthy to mention thaince in this study the two HRAP
systems (Scenarios 1 and 2) were assumed to bermapted in locations with distinct
climatic conditions, it is not possible to defifeetbest biomass valorisation strategy
(i.e. biogas vs. biofertilizer production). In faetRAP systems operating under similar
conditions should be considered in order to enableetter comparison. In regard to
Human toxicity and Terrestrial Ecotoxicity PoteigjaScenario 1 showed higher
environmental impacts compared to Scenario 2 dtieetdigher concentration of heavy
metals in the digestate than in the biofertilizEl{le 4 and 5).

According to the results presented in Figure Z2n8dos 1 and 2 showed lower
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environmental impacts in 6 out of 11 impact categgoli.e. Climate Change, Ozone
Depletion, Freshwater and Marine EutrophicationgtBthemical Oxidant Formation,
Fossil Depletion) compared to Scenario 3. This p@®arily due to the lower energy
consumption needed for system operation in HRARawes (Scenario 1 and 2) than in
the activated sludge system (Scenario 3) (Tabk ahd 6). On the other hand, HRAP
scenarios (Scenario 1 and 2) showed lower envirotehgperformance in Metal
Depletion category (Figure 2), since a higher amaafnconstruction materials are
needed for their implementation compared to thevateld sludge system (Scenario 3).
Indeed, even if HRAP systems have low raw materedsiirements for their operation,
a large amount of raw materials is needed for tbenstruction. This fact could make
HRAP systems less favourable than conventionalnolgies (e.g. activated sludge
systems) in the abiotic resources depletion impazategories. Nevertheless, this
drawback can be overcome by implementing HRAP syst@ smaller agglomerations
than that considered in this study (e.g. aroun@®@@e.) (Garfi et al., 2017). As far as
Terrestrial Acidification, Particulate Matter Fortiwsm, Human Toxicity and Terrestrial
Ecotoxicity Potentials are concerned, the poterdialironmental impacts of HRAPs
scenarios (Scenario 1 and 2) were higher than daased by the activated sludge
system (Scenario 3). It was mainly due to thesldH emissions derived from NH
volatilization in HRAPs and to the heavy metals teoh in the digestate/biofertilizer
(emissions to soil). The results are consistenh witevious studies that reported
increased toxicity in a comparative LCA by integrgta sidestream process into a
conventional wastewater treatment facility wherensalgae are cultivated, harvested
and then used for fertigation (Fang et al., 20Ed)ythermore, it was observed that the

higher impacts on terrestrial environments are amable in cases where sludge and
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nutrients from wastewater are recycled and reusedgriculture (Tangsubkul et al.,
2005). In order to address this issue, improvetirtelogies to separate better heavy
metals from recycled sludge should be encouragadgdubkul et al., 2005). In regard
to Freshwater Eutrophication Potential, the actigatiudge system (Scenario 3) showed
higher potential environmental impact compared ¢erfario 2, but lower impact than
Scenario 1. This was because of the higher outleisphorous concentration in
Scenario 1 compared to the other scenarios, whightnbe related to the lower
nutrients removal efficiency caused by less favbleraclimatic conditions. Previous
studies observed that eutrophication and toxiaoityact categories were mainly affected
by water discharge emissions and sludge managenmeditating that the best
alternatives seem to be the ones that provide lowirents and heavy metals emissions
(Corominas et al., 2013). This corroborates witl tasults obtained with this study,
where the configuration with higher nutrients carication in the effluent and higher
levels of heavy metals in the recycled biomass r{&ate 1) showed higher impacts in
those categories.

On the whole, HRAP systems coupled with biogas la@ntertilizer production
(Scenario 1 and 2) showed similar environmentafoperance if compared to the
activated sludge system (Scenario 3). In partictH&®&APs environmental performance
is better than the conventional system in the diemzhange, ozone layer depletion,
photochemical oxidant formation, and fossil depletimpact categories. It was in
accordance with previous studies, which stated, t@hpared to a typical medium-
sized conventional wastewater treatment plant, &APIRystem coupled with biogas
production could offer clear benefits with regasdtie protection of climate, protection

of fossil resources and ozone depletion (Maga, RO1% order to reduce the
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environmental impacts of HRAP systems for wastewdteatment and resource
recovery, the following improvements should be added and further assessed: i)
reducing NH" volatilization in HRAPs by controlling the pH thrgh CQ injection; ii)
ensuring higher nutrients removal efficiencies ljesting a favourable geographical
location to implement the HRAP systems; iii) studyiimproved technologies to
separate heavy metals from recycled microalgal bgsniv) improving HRAP design
in order to decrease the amount of constructiorenads used (e.g. excavation instead

of concrete structure).

Please insert Figure 2

3.1.2 Normalization

The normalised results show that Freshwater Euttapbn, Marine Eutrophication,
Terrestrial Acidification and Human Toxicity Potel$ are the most significant impact
categories for all the scenarios considered (FiQ)réelhese results are in accordance
with previous LCAs on wastewater treatment (Fanglgt2016; Gallego et al, 2008;
Hospido et al., 2004). In these impact categorgzgnario 2 showed to be the most

environmentally friendly alternative.

Please insert Figure 3

3.2 Sensitivity analysis
The results of the sensitivity analysis are showTable 7, where the most sensitive

inventory components are indicated by bold type.
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The results showed that Terrestrial Acidificatiomda Particulate Matter
Formation Potentials are somewhat sensitive t@ &iHissions due to the application of
digestate on agricultural land in Scenario 1 (gestsi coefficient around 0.3 for both
environmental indicators). Indeed, a 10% increals¢his parameter would increase

these indicators by around 3%.

Similarly, Climate Change Potential showed to bmewhat sensitive to JO
emissions due to the application of digestate oncaltural land in Scenario 1
(sensitivity coefficient = 0.36). This means tha(®6 increase in JO direct emissions

would increase this environmental indicator by 3.6%

Moreover, Photochemical Oxidant Formation Poterstredwed to be sensitive to
digestate transportation distance in Scenario As{seity coefficient = 2.7). Indeed, a
10% increase in digestate transportation distangeldvincrease this environmental
indicator by 27%. The transport of the sludge tacadtural applications is not a fixed
parameter, as it depends on specific needs. Howtwersludge is usually applied in

soil relatively close to the plant location (Padmaet al., 2009).

In conclusion, the results were found to be seasib digestate transportation
distance in Scenario 1. Nevertheless, since it imaaffect only one of the less
significant impact categories considered (i.e. Btloe¢mical Oxidant Formation
Potential), it can be concluded that the main figdi of this study are not strongly

dependent on the assumptions considered.

Please insert Table 7
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3.3 Seasonality

The seasonal variation of the potential environmlemhpact for HRAPs scenarios
(Scenario 1 and 2) are shown in Figure 4. The pialeenvironmental impacts of
Scenario 2 are fairly constant over the year. @nctintrary, a strong seasonal variation
was observed in Scenario 1. It was due to the filaat the microalgal biomass
production range in Scenario 1 (5-2kgm™? d?) is lower than Scenario 2 (15-3@sg
m? d%) and represents a high variation due to the sehdarctuations. It was in
accordance with previous studies, which reportatl nfeteorological conditions played
a critical role in the LCA results of HRAPs for moalgal cultivation (Pérez-Lopez et
al., 2017). The authors highlighted that HRAPs ragge suitable for locations where
warm temperatures and high solar radiation aregong@tint (Pérez-Lopez et al., 2017).
Moreover, electricity and flocculants consumptias, well as water and biofertilizer
characteristics, are fairly constant over the ymarScenario 2, while the biogas
production and, consequently, the energy avoidémngly depend on microalgal
biomass production. These facts have a great mfki®n the environmental impacts
seasonality in Scenario 1. As a result, Scenanien2ained the most environmentally
friendly alternative in 7 out of 11 impact categsricompared to Scenario 1 over the
year. Similarlyy, HRAPs scenarios (Scenario 1 andstd) showed lower potential
environmental impacts in 6 out of 11 impact categgocompared to activated sludge

system (Scenario 3) considering seasonal fluctagtio

Please insert Figure 4

3.4 Economic assessment
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Results of the economic analysis are shown in T8bM/ith respect to capital costs,
Scenario 2 appeared as the less expensive alternlitwas due to its lower specific
area requirement and, thus, lower amount of pusthasaterials, compared to Scenario
1 (3 vs. 4 mp.e:, respectively). Similar capital costs were foundprevious studies
which carried out an economic analysis of HRAPsiastewater treatment without any
resource recovery strategies (Garfi et al., 201dljids-Senante et al., 2014). In fact, in
this study the capital cost for ponds implementati@as around 90% of the total capital
cost of the overall systems (i.e. primary settf@nds, secondary settler, digesters).
Since the highest cost is due to ponds construdtimplementing downstream units for
resource recovery strategies (e.g. digester) ilRAPIsystem for wastewater treatment
would slightly increase its capital costs. Regagdihe operation costs, Scenario 2
showed to be the most expensive alternative, dimseconfiguration requires higher
expenses for energy and flocculant purchase. Nwleds, if the price of the co-
products (i.e. electricity sold back to the gridicroalgae biomass to produce the
biofertilizer) that the wastewater treatment plemald sell out are considered, Scenario
2 would be the most cost-effective alternative (€ak). The results of the economic
assessment are consistent with previous studiashwidicated that recycling valuable
compounds from microalgal biomass (such as nufiand pigments) is likely to be
more economically feasible than producing biogasnfrit, due to the higher added

value of the final products (Ruiz et al., 2016; Stake et al., 2017).

Please insert Table 8
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4. Conclusions

In this study, the LCA methodology was a useful lt@ao identify the main
environmental bottlenecks to scale-up high ratealalgond (HRAP) systems for
wastewater treatment and resource recovery in ssoalmunities.

Results showed that HRAP system coupled with bipgaduction showed to be
more environmentally friendly than HRAP system dedpwith biofertilizer production
in the climate change, ozone layer depletion, ptiemical oxidant formation, and
fossil depletion impact categories. Different cltmoa conditions have strongly
influenced the results obtained in the eutrophdcatand metal depletion impact
categories. In fact, the HRAP system located whexan temperatures and high solar
radiation are predominant (HRAP system coupled Wittfertilizer production) showed
lower impact in those categories due to its higmarients removal efficiencies and
lower hydraulic retention time (i.e. lower specificea requirement). The characteristics
(e.g. total solids, nutrients and heavy metals entration) of microalgal biomass
recovered from wastewater appeared to be cruciaénwhssessing the potential
environmental impacts in the terrestrial acidifioat particulate matter formation and
toxicity impact categories.

Normalization identified Freshwater Eutrophicatiolarine Eutrophication,
Terrestrial Acidification and Human Toxicity as thest significant impact categories
for all the scenarios considered. In these categorHRAP system coupled with
biofertilizer production and implemented in warmm@te region showed to be the most
environmentally friendly alternative.

Additionally, HRAP systems coupled with biogas dmdfertilizer production

showed lower potential environmental impacts comgpdo an activated sludge system
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in the climate change, ozone layer depletion, ptiemical oxidant formation, and
fossil depletion impact categories.

The environmental performance of HRAP technologywastewater treatment
and resource recovery in small communities mighinggroved by: i) reducing NA
volatilization in HRAPs by controlling the pH thrgh CQ injection; ii) ensuring
higher nutrients removal efficiencies by selectintavourable geographical location to
implement the HRAP systems; iii) studying improveghnologies to separate heavy
metals from recycled microalgal biomass; iv) impngv HRAP design in order to
decrease the amount of construction materials used.

In terms of costs, HRAP system coupled with bidifeer production was the
most cost-effective alternative, due to the higheded value of the biofertilizer
compared to the energy obtained from biogas cogénar

In conclusion, HRAPs are sustainable and cost#fectechnology for
wastewater treatment in small communities, esggafaimplemented in warm climate
regions and coupled with biofertilizer productiofheir implementation and
dissemination can help to support a shift towaegource recovery and a sustainable

circular economy.
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Table 1.Characteristics and design parameters of the HRAIRIed with biogas production (Scenario

1)
System characteristics Unit
Inlet BOD; concentration Mgsop L 300
Outlet BOD, concentration MG0p LT <25
Inlet TSS concentration mgrSSL'l 150
Outlet TSS concentration MgrssL™” <35
Inlet Total Nitrogen mgr L7 39
Outlet Total Nitrogen mgr L™ 9.38
Inlet Total Phosphorous mgre L™ 5
Outlet Total Phosphorous mgre L 3.69
Flow rate m® d! 1,950
Population equivalent p.e 10,000
Total surface area n’ 40,000
Specific area requirement mp.e’l 4
HRAPs Design parameters Unit Summer | Winter | Rest of the year
OLR Osop M2 d’ 10
HRT d 4 8 6
Number of ponds - 2 4 3
Channel width m 12
Channel length m 812.5
Water depth m 0.4
Microalgae biomass production Orssm? d™ 25.8 33 10.5
Annual average microalgae biomass produgtiogrssm? d* 12

Note: BOD: Biochemical oxygen demand; TSS: Totsppsnded solids; HRT: Hydraulic Retention Time;

OLR: Organic Loading Rate. Summer: from May toy;Julinter: from November to April.
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Table 2.Characteristics and design parameters of the HRAIRIed with biofertilizer production

(Scenario 2)

System characteristics Unit

Inlet BODs concentration MGsop L™ 300
Outlet BOD; concentration MGop LT <25
Inlet TSS concentration mgrSSL'l 200
Outlet TSS concentration MgrssL™” <35
Inlet Total Nitrogen mgr L™ 50
Outlet Total Nitrogen mgr L™ 2
Inlet Total Phosphorous mgrp L™ 10
Outlet Total Phosphorous mgre L 1
Flow rate m’ dt 1,950
Population equivalent p.e. 10,000
Total surface area "’ 30,000
Specific area requirement m'p.e’l 3
HRAPs Design parameters Unit Summer Winter Rest of the ye
OLR Osop M2 d* 20
HRT d 3
Number of ponds - 2
Channel width m 12
Channel length m 1,219
Water depth m 0.2
Microalgae biomass production Orssm? d™ 30 15 25
Annual average microalgae biomass produgtiogrssm? d* 23

Note: BOD: Biochemical oxygen demand; TSS: Totspsnded solids; HRT: Hydraulic Retention Time;

OLR: Organic Loading Rate. Summer: from May to Atgwinter: from November to March

36



764

765 Table 3.Characteristics and design parameters of the aethwudge system (Scenario 3)
System characteristics Unit
Inlet BOD; concentration Mgsop L 300
Outlet BOD, concentration Mgsop L <25
Outlet TSS concentration mg\rSSL'l <35
Flow rate m’ d’ 1,950
Population equivalent p.e. 10,000
Total surface area n’ 900
Specific area requirement m'p.e’ 0.6
Design parameters Unit
Primary settler HRT h 2.5
Activated sludge reactor HRT h 6
Secondary settler HRT h 2

766 Note: BOD: Biochemical oxygen demand; TSS: Totsppended solids; HRT: Hydraulic Retention Time;

767 OLR: Organic Loading Rate.
768

769
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770

771 Table 4. Summary of the inventory for Scenario 1: HRAP sysfer wastewater treatment where
772 microalgal biomass is valorised for energy reco\biggas production). Values are referred to the
773 functional unit (1 m of water)

Inputs Scenario 1 Units

Construction materials
Primary settler

Concrete 2.55E-06 m® m®
Steel 2.04E-04 kg m?®
HRAPs

Concrete 5.94E-04 m® m®
Steel 4.76E-02 kg m?®
Secondary settler

Concrete 1.29E-05 m® m®
Steel 1.03E-03 kg m?®
Thickener

Concrete 1.78E-07 m® m®
Steel 1.42E-05 kg m?®
Thermal pretreatment

Concrete 2.77E-07 m® m®
Steel 2.22E-05 kg m?®
Digester

Concrete 9.79E-06 m® m®
Steel 7.83E-04 kg m?®
Operation

Energy consumption*

Primary settler 4.41E-03 kWh n?
HRAPs 1.13E-02 kWh n?
Secondary settler 2.52E-03 kWh n?
Thermal pretreatment 1.08E-04 kWh n?
Digester 4.17E-02 kWh n?
Total energy consumption 6.00E-02 kWh n?
Outputs

Emissions to water*

Total COD 7.63E+01 gm?
TSS 2.40E+01 gm?
TN 9.38E+00 gm?
TP 3.69E+00 gm?

Emissions to air*
NH,* volatilization in HRAPs

NH; 3.80E+00 gm’
Digestate application as fertilizer
NH; 6.47E+00 gm?
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N,O 2.59E-01 gm
Emissions to soil*

Digestate application as fertilizer

cd 3.53E-03 gm’
Cu 2.02E-01 gm’
Pb 9.08E-02 gm’
Zn 9.04E-01 gm?
Ni 4.15E-02 gm’
Cr 5.22E-02 gm?
Hg (value <) 4.52E-04 gm®
Avoided products*

Electricity (from biogas cogeneration) 5.40E-01 kwWh n?
Heat (from biogas cogeneration) 8.49E-01 kwWh m?
N as Fertiliser (from digestate reuse) 2.59E+01 gm’
P as Fertiliser (from digestate reuse) 1.31E+00 gm’

774  * Annual averages

775

776
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Table 5.Summary of the inventory for Scenario 2: HRAP sysfer wastewater treatment where

functional unit (1 m of water)

Inputs Scenario 2 Units
Construction materials

HRAPs

Concrete 4.32E-04 m® m®
Steel 3.45E-02 kg m?®
Secondary settler

Concrete 1.29E-05 m® m®
Steel 1.03E-03 kg m?®
Centrifuge

Steel 3.86E-05 kg m?®
Operation

Energy consumption*

HRAPs 1.11E-02 kWh n?
Secondary settler 5.77E-03 kwWh n?
Centrifuge 1.15E-02 kwWh n?
Biofertilizer production 4.70E-02 kwWh n?
Total energy consumption 7.54E-02 kWh n?
Chemicals*

Organic flocculant 1.00E+01 kg m®
Outputs

Emissions to water*

Total COD 1.00E+02 gm?
TSS 5.00E+01 gm?
TN 2.00E+00 gm?
TP 1.00E+00 gm?
Emissions to air*

NH,* volatilization in HRAPs

NH; 5.00E+00 gm?
Biofertilizer

NH; 1.44E+00 gm’
N,O 5.77E-02 gm’
Emissions to soil*

Biofertilizer

cd 3.46E-04 gm’
Cu 4.62E-02 gm’
Pb 2.31E-02 gm’
Zn 1.15E-02 gm’
Ni 1.15E-02 gm’

microalgal biomass is reused for nutrients recoyigfertilizer production). Values are referredthe
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Cr 3.46E-02 gm
Hg (value <) 2.31E-04 gm®
Avoided products*

N as Fertiliser (from biofertilizer) 5.77E+00 gm’
P as Fertiliser (from biofertilizer) 1.20E+00 gm’

* Annual averages
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Table 6. Summary of the inventory for Scenario 3: typicabdlrsized activated sludge system

implemented in Spain. Values are referred to thetfanal unit (1 M of water)

Inputs Scenario 3 Units
Construction materials

Concrete 1.65E-05 m® m?®
Steel 1.32E-03 kg m®
Operation

Energy consumption

Electricity 8.90E-01 kwWh n?
Chemicals

Polyelectrolyte 1.98E+00 gm?
Coagulant 3.18E+00 gm’
Outputs

Emissions to water

Total COD 1.25E+02 gm?
TSS 3.50E+01 gm?
TN 1.50E+01 gm?
TP 2.00E+00 gm?
Emissions to air

Cco, 1.70E-01 g m?
N,O 1.10E-01 gm?
Waste to further treatment

Sludge (incineration) 1.24E+00 kg*m
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789 Table 7. Results of the sensitivity analysis for the cdased parameters: Nimissions due to the application of digestatetaofértilizer on agricultural land; O

790 emissions due to the application of digestate aoféttilizer on agricultural land; digestate andfertilizer transportation distance
Parameters
Impact categories Scenario 1 Scenario 2
NHs;emissions NO emissions Digestate transportation NH3; emissions N,O emissions Biofertilizer transportation
Climate change +0.000 +0.367 +0.260 +0.000 +0.068 +0.015
Ozone Depletion +0.000 +0.000 +0.204 +0.000 +0.000 +0.053
Terrestrial acidification +0.337 +0.000 +0.008 +0.213 +0.000 +0.001
Freshwater eutrophication +0.000 +0.000 +0.001 +0.000 +0.000 +0.000
Marine eutrophication +0.058 +0.000 +0.001 +0.052 +0.000 +0.000
Photochemical oxidant formation  +0.000 +0.000 +2.713 +0.000 +0.000 +0.025
Particulate matter formation +0.327 +0.000 +0.033 +0.179 +0.000 +0.003
Metal depletion +0.000 +0.000 +0.019 +0.000 +0.000 +0.002
Fossil depletion +0.000 +0.000 +0.153 +0.000 +0.000 +0.027
Human toxicity +0.000 +0.000 +0.021 +0.000 +0.000 +0.011
Terrestrial ecotoxicity +0.000 +0.000 +0.019 +0.000 +0.000 +0.011
791 Note: Scenario 1: HRAP system for wastewater treatrwhere microalgal biomass is valorized for eyarecovery (biogas production); Scenario 2: HRABtem
792 for wastewater treatment where microalgal biomas®used for nutrients recovery (biofertilizer poation)
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793 Table 8.Results of the economic analysis for the HRAPs &tes.

Unit Scenario 1 Scenario 2
Capital cost €p.el 192.55 139.34
Operation and maintenance cost (energy and € M yater 0.007 0.02
flocculant consumption)
Price of electricity sold back to the grid Eer 0.014 -
Price of microalgal biomass sold to a company ®m°yater
produce the biofertilizer - 8.08
Profit (calculated considering operation cost only) € m°yater 0.007 8.06
794 Note: Scenario 1: HRAP system for wastewater treatrwhere microalgal biomass is valorised for
795 energy recovery (biogas production); Scenario 2:APRsystem for wastewater treatment where
796 microalgal biomass is reused for nutrients recov@ipfertilizer production)
797
798
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Figure 1. Flow diagrams and system boundaries of the wastewaatment
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product

alternatives: a) HRAP system for wastewater treatmdnere microalgal biomass is
valorised for energy recovery (biogas producti@ggnario 1); b) HRAP system for
wastewater treatment where microalgal biomassuisec for nutrients recovery
(biofertilizer production) (Scenario 2); ¢) actigdtsludge system (Scenario 3)
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815 Figure 2. Potential environmental impacts for the three ades: a) HRAP system for wastewater treatment e/h@croalgal biomass is
816 valorised for energy recovery (biogas producti@ggnario 1); b) HRAP system for wastewater treatwdere microalgal biomass is
817 reused for nutrients recovery (biofertilizer protio) (Scenario 2); c) activated sludge systemit&de 3). Values are referred to the
818 functional unit (1 m of water).
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825  Figure 3. Normalised potential environmental impacts fortthvee scenarios: a) HRAP system for wastewatatrirent where microalgal
826 biomass is valorised for energy recovery (biogasipction) (Scenario 1); b) HRAP system for wastewaeatment where microalgal
827 biomass is reused for nutrients recovery (biofsgil production) (Scenario 2); c) activated slugigeem (Scenario 3).
828
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832 Figure 4. Seasonal variation of the potential environmemtglacts for the three scenarios: a) HRAP systerwémtewater treatment

833 where microalgal biomass is valorised for energpvery (biogas production) (Scenario 1); b) HRABteg for wastewater treatment
834 where microalgal biomass is reused for nutriertsvery (biofertilizer production) (Scenario 2);ativated sludge system (Scenario 3).
835 Values are referred to the functional unit (1shwater). Potential environmental impacts werewated considering the microalgal
836 biomass production achieved in summer and winterthso(highest and lowest production, respectively).
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