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Abstract

Life cycle assessment (LCA) has been increasingdylun the field of wastewater treatment wheredbas

has been to identify environmental trade-offs ofent technologies. In a novel approach, we use k€A
support early stage research and developmentiothdmical system for wastewater resource recoviérg.
freshwater and nutrient content of wastewater @tegnized as potential valuable resources thabean
recovered for beneficial reuse. Both recovery ause are intended to address existing environmental
concerns, for example water scarcity and use ofranawable phosphorus. However, the resource regove
may come at the cost of unintended environmentpaots. One promising recovery system, referreg to a
TRENS, consists of an enhanced biological phosgh@unoval and recovery system (EBP2R) connected to
a photobioreactor. Based on a simulation of adadlle nutrient and water recovery system in itemui!
operating environment, we assess the potentiat@mwental impacts of such a system using the

EASETECH model. In the simulation, recovered watai nutrients are used in scenarios of agricultural
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irrigation-fertilization and aquifer recharge. hmese scenarios, TRENS reduces global warming tp%o
and marine eutrophication impacts up to 9% comptrednventional treatment. This is due to the vecp
and reuse of nutrient resources, primarily nitrogére key environmental concerns obtained throbgh t
LCA are linked to increased human toxicity imp&oten the chosen end use of wastewater recovery
products. The toxicity impacts are from both hemeatals release associated with land application of
recovered nutrients and production of Al@bhich is required for advanced wastewater treatrpgor to
aquifer recharge. Perturbation analysis of the l@#pointed nutrient substitution and heavy metalsent
of algae biofertilizer as critical areas for funtliesearch if the performance of nutrient recowsstems
such as TRENS is to be better characterized. @dygirovides valuable feedback to the TRENS dewztop
and identified the importance of system expansidndlude impacts outside the immediate nutrient
recovery system itself. The study also showedHerfirst time the successful evaluation of urban-to

agricultural water systems in EASETECH.

1. Introduction

Sustainability in the urban water cycle is incraghi at the forefront of discussions on new treatime
technologies due changes in climate, populatiod ragulation (Guest et al., 2009). Wastewater nesou
recovery and reuse is one area where technolaggponding to the need for pollution prevention and
resource efficiency. Wastewater (also referredstased water — Verstraete et al., 2009) technology
development has traditionally been compliance-drjekesigned to meet safety and discharge reguation
During conventional treatment, nutrients — notabtyogen and phosphorus — are biologically and jglays
chemically converted and removed from the wateardasingly, the freshwater and nutrient content of
wastewater are recognized as resources that catdeered to address existing environmental coso@rg.
water scarcity, use of non-renewable phosphorusg$Get al., 2009). However, resource recovery may
come at the cost of increased treatment intenaitiytlaere is a need to assess treatment systemsafrom
holistic systems perspective so that the questustainability in the water cycle does not oversmadther

environmental concerns (Mo & Zhang, 2013, Batstina., 2014).
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TRENS is a wastewater resources recovery technaogently under development (Valverde-Pérez et al.
2015b), which combines an enhanced biological phagus removal and recovery (EBP2R) system
(Valverde-Pérez et al., 2015) with a downstreantgiioreactor (PBR) to cultivate green microalgadearn
optimal growth conditions. The system recovers bater and nutrient resources from wastewater, thith
nutrients being taken up and encapsulated by tfa blomass. This water and algae suspension earbid
used together (for combined irrigation and feréitian, otherwise referred to as fertigation) ornvidlally if
the algae are harvested through solid-liquid seioaral he coupled system is a completely biological
process that is less chemical and energy intemisare conventional physical-chemical phosphorus r&ino
processes - e.g. struvite precipitation, ultraftion (Valverde-Pérez et al., 2015), thereby rauyithe water

and energy demand of traditional algae cultivafOlarens et al., 2010).

In recent years, Life Cycle Assessment (LCA) hanhgsed in environmental assessment of urban water
systems (Loubet et al., 2014), including wastewspecific studies (Corominas et al., 2013, Zarg.et
2015). Moreover, LCA has been used in understanglingronmental trade-offs in optimizing specific
treatment technologies such as ozonation (Rodriguak 2012). Recent wastewater related LCA stuftie
technology development include coupled wastewag@tment for microalgae biofuel production
(Rothermel et al., 2013) and nutrient removal awbvery from anaerobic digestion supernatant (Roed-
Garcia et al., 2014). Both of these studies refherineed to expand the system boundaries to inthede
wastewater treatment plant (WWTP) when evaluatingtewater technologies and emphasize the need to
consider options at a plant level rather thanwatiprocess level. One of the challenges of LCA is
delineating the system boundary since they varglyjdvith some studies limited to the WWTP and athe
encompassing the entire urban water system (Coesnghal., 2013, Zang et al., 2015). The enviroriaien
performance of WWTPs is largely dependent on efflagscharge and sludge application on land (Haspid
et al., 2004, 2012, Foley et al., 2010), althoulgimipperformance can be affected by influent coritjpos
plant size, and local climate (Lorenzo-Toja et2015). Furthermore, the sludge and solids strdfam o
wastewater treatment accumulates beneficial artdgmatic compounds (e.g. phosphorus and heavy

metals) that need to be included in LCA (Yoshidalgt2013). Therefore, any environmental assessafen
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a novel wastewater technology needs to includeclitde boundaries that encompass the end use ef wat

and nutrients.

This is the first study related to LCA-supportednieology development that accounts not only for the
WWTP, but also the larger system, which includestttban-rural water connection and end-use of
recovered water and nutrients. This broader sybtmmdary is particularly necessary in view of the
development objectives of TRENS, which is to previoh efficient resource recovery technology. An LCA
carried out in the early development phase of TRigNSides a diagnostic opportunity: a chance totifie
environmental impacts that may be roadblocks t@lbging and marketing a sustainability-focused
technology. Moreover, the LCA results become doauaten for sustainability that can iterativelylt

TRENS throughout its development, optimization, ahiinately implementation.

The study objectives are (1) to demonstrate thefiIk€A in the early research and development plodse
new wastewater process by quantifying its enviramaleperformance using accepted impact categq@gs;
to provide a first assessment of the environmemtpacts of the TRENS system and (3) to use LCAltgsu
to provide feedback for additional research by fifiging further areas of interest and data neette T
TRENS performance is assessed in three scenases loa the Lynetten WWTP in Copenhagen. The
scenarios were chosen to ensure an evaluatiosdpaires the necessary infrastructure additions,

operational changes, and reuse options.

2. Materialsand Methods

2.1. Framing a context for water and nutrient recovery

Copenhagen and its surrounding municipalities applged entirely by groundwater. HOFOR, the local
water utility, supplies approximately 50 millior’ mnnually to 1 million residents in the area. Arhig
percentage of Danish households (>85%) are cormhéxthe sewers, meaning a large portion of the
distributed water resource can be recaptured (Hiatret al., 2005). The Lynetten WWTP serves a

catchment area of 76 Krof the central and North-East sections of CopeahdBlores-Alsina et al., 2014)
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and treated 59.3 million hin 2012 (Lynettefzellesskabet I/S). In the existiygetten WWTP, the effluent
is discharged and mixed into the sea water of @eksthrough the treatment process, nitrogen ressurc
the wastewater are converted to free nitrogen gddast to the atmosphere, while phosphorus isttote
sludge and subsequently incinerated. In the WWX&ss phosphorus that is not taken up in the

biologically process is removed through chemicatppitation using iron (lll) chloride (FeClI3).

The groundwater resource surrounding Copenhagavreisexploited due to abstraction for drinking wate
Henriksen et al. (2008) reported an estimated il@fi@7 million n/year for the Northern-Zealand area,
which encompasses Copenhagen. However, the refiniémspatial resolution can change results of wate
stress evaluations by 10-53% (Hybel et al., 205this context, wastewater reuse presents a valid
opportunity to ameliorate the local groundwatepugse deficit related to the Northern-Zealand alea.
particular, there is an opportunity to collect wdtem the high-use urban area and return it tartinal

groundwater abstraction areas.

Regulatory standards of treated wastewater reusgifgation or aquifer recharge are not specifical
addressed by existing European Union (EU) poli@ékpugh there is an on-going effort to identify
appropriate policies and encourage reuse (EC, 20t@ated wastewater is most commonly reused fof no
potable purposes such as irrigation of non-foog&iar crops requiring further processing (Bixi@lket
2006). This restricted use is due partly to thelipishperceived risks from wastewater and partlyite lack

of formal regulatory frameworks (Bixio et al., 20@hen et al., 2012). The implications of waterliya

and therefore treatment needs, for scenario déesigresented in Section 2.3.

2.2. TRENS process addition to existing WWTP

The TRENS system was included in this study adexsiream process, where a portion of the influent
wastewater at the Lynetten WWTP was diverted, wihidieremainder passed through existing conventional
treatmentffig. 1). The new side-stream system was designed tolt@8atof WWTP influent flow, which is
approximately 5.9 million fyr or 16247 ryd. This flow rate is in excess of the reportecalagricultural

demands for irrigation water (2.1 and 0.93 millitiyr for Zealand and the Capital Region, respedjivel
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covering 2561 krin total). However, it is possible that irrigativalues are underestimated since the total is
based on self-reported water use from only 22%efarms surveyed, in addition to inferred valuesf

the non-responders (EC, 2010). It was also asstina¢drop selection and irrigation practices mayeéase

to take advantage of the available supply of reveser. The TRENS system was designed to produce a
nitrogen to phosphorus ratio (N-to-P ratio) of J8imal for microalgae cultivation in the PBR (Vaide-

Pérez et al, 2015b). The nutrient concentratichénTRENS water is 47 mg/L N and 6.5 mg/L P, thereb

recovering 9 and 8% respectively of the nitrogeth pimosphorus load to the Lynetten WWTP.

2.3. Scenario construction

Although many reuse options exist for reclaimedewéte. reuse in urban cleaning, industrial agpians,
control of salt water intrusion), this study focsism two reuse scenarios that were considered most
applicable to the TRENS system and the Danish go(if@ble 1). First, agriculture is the second largest
water use sector after urban use and would theréfer logical recipient of TRENS effluent whicmtans
both nutrients and water. Second, as groundwatleimain freshwater supply in Denmark, aquifer
recharge is an obvious method to augment freshwateces. In addition, both agricultural irrigatiemd
aquifer recharge are common and well-documentadropfor wastewater reuse (Bixio et al., 2006, EEA,
2010). Although the two scenarios are modeled se¢glgrin this study, it is possible to considemthas
complementary where fertigation and aquifer rechaauld be used at the same time with various flow
ratios or individually at different times of theare These use combinations were not modeled irr éode
minimize the scenario complexity. Additionally, ttveo scenarios represent two extreme cases foenttr

reuse, one where the nutrients are recovered cantitty and the other where no nutrients are reeaver

For the agricultural fertigation scenario it is@®®d that the nutrients and water must be usedheqgef
TRENS is used to supply a crop with 300 mm/yeadrrigfation water, the average nutrient load woutd b
approximately 140 kg/ha for N and 20 kg/ha foriRyjlar to the nutrient needs for common Danish srop
such as winter wheat (Olesen et al., 2009). Sineaviater and nutrients are used together, eitleawttier

demand or the nutrient demand will be met firstaseing on numerous factors such as crop type, faymi



148 practices, and local climate. In reality, fertiiznd water requirements may have large variaseasonally
149 and across crop types and this complexity is npturad in the scenario. This scenario makes a Hiying
150 assumption that fertilizer and water needs aretaohthroughout the year and TRENS operation caatn
151 uninterrupted. In this scenario, TRENS water isfaodher treated for pathogen removal since iti@ais
152 not targeted at any specific crop and the potengal for further treatment would vary by crop (éegs

153  strict for biofuel production than for tomato pration).

154 In the aquifer recharge scenario, the microalgaepoment is separated out and ultimately incinerated
155 Although the nutrients are an integral portiontef TRENS system, the intention of this scenarto is
156 explore the water recovery and reuse aspect indepeif the nutrients. Excluding nutrient recovaiso
157 results in a more conservative outcome since ter@o environmental benefits from nutrient reilaes to
158 the lack of EU-specific policies on water quality fiquifer recharge, the technology-based Caliéoriitle
159 22 regulation was used to define additional treatrpeocesses including: coagulation/flocculation,

160 sedimentation, filtration, and UV disinfection (Bixet al., 2006).

161 From a TRENS perspective, the aquifer rechargeasizeis possibly the least optimal way to operhte t
162 system since the nutrients are not utilized. Togrettith fertigation, which is possibly the most ioml way
163 TRENS can be operated, these two scenarios formpthational “envelope” for a potential TRENS syste

164  Neither scenario is completely realistic, but gimesimplified view of possibilities.

165 2.4. LCA Methodology

166 The LCA is performed using EASETECH (DTU, Denmagknodel that allows handling of heterogeneous
167 materials and tracking of flows at the substangellessential for evaluation of environmental texdbgies
168 (Clavreul et al., 2014). Although initially develeg for waste management systems, EASETECH'’s abulity
169 handle mass and individual substance flows all@wslétailed modelling of wastewater treatment syiste
170 (Yoshida et al., 2014a). The study follows the fpbiased, iterative approach defined by ISO (2006)

171 consisting of (1) goal and scope definition, (2)entory analysis, (3) impact assessment, and $4i)tee

172  interpretation.
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24.1. LCA - goal and scope

The goal of the LCA is to quantify the environmémtapacts of wastewater resource recovery and riguse
agricultural crops production and in aquifer regeaassociated with the operation of Lynetten WWTP,
located southeast of Copenhagen, Denmark. To tichttiee boundaries of this study are defined atiraga
from the influent of the WWTP, and extend to cotexr WWTP itself, the TRENS side-stream process,
transportation of the treated water in a pressdnpipeline, and final end use (including any addisil
advanced treatment required). Construction andatipgrphases are included in the scope. However, en
of-life phases for the WWTP and TRENS system atenubuded. Studies related to WWTPs (Foley et al,
2010) and water reuse (Ortiz et al., 2007, Tanggiudtkal., 2005) have reported that end-of-lifeqdta
contribute relatively little to overall impacts cpared to the construction and operation phasesimtiie
operating phase, both direct emissions (e.g. gasraated water effluent) and indirect emissiong.(e
derived from production of chemicals and power gaiien) are included. The functional unit is detires 1
m® of influent wastewater with the same compositismeported by Lynettefzellesskabet I/S (2012), as th
primary function of the WWTP system — with or withd RENS sidestream — is to maintain public health

and environmental water quality, with fertigatiamdeaquifer recharge as secondary benefits.

24.2. Lifecycleinventory

Life cycling inventory (LCI) data was collected fncoperating reports for existing processes, datshasnd
model results. Background inventory data was abththrough the Ecoinvent LCA database that cositain
unit process data valid mainly for Swiss and Euaopmarkets (Frischknecht et al., 2005). Where TRENS
water is used for crop irrigation, the nutrientamdl P contained in the microalgae are assumeddet of
mineral fertilizer application and production. mg study, both N and P substitutability is assumed00%
based on algae fertilizer performance on seedhlsggported in Mulbry et al. (2005). It is furtfeessumed
that microalgal fertilizer would result in zero nffiand leaching, and would perform similarly torrial
fertilizer in terms of ammonia volatilization, asdil mineralization. This assumption is analyzedestion
3.2.6 as it is known to be an oversimplificatioonfr other applications of biomass to land (Yosh&{d,4c).

Although promising, the use of algae as fertiligestill under investigation, as the influence lojae
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harvesting and application methods on fertilizab8gity, availability, and performance is still pdp
documented in literature (Shilton et al. 2012). #iddally, the substitution of organic mineral fiézer

depends on factors such as soil property and apiglictechnique (Lundin et al., 2000).

An analysis was made regarding nutrient leachiomfalgae fertilizer on environmental performance by
increasing leaching of applied nutrient N and Brimundwater in the model from 0 to 10%. This study
initially assumed an optimal PBR operation whel¢ha nutrients would be encapsulated in algae b&sn
Thus, the model was run with zero nutrient leactiongroundwater. This meant, there was no adverse
environmental impact and this process could natlestified during contribution analysis. Howevdrist
process is important to investigate because otieedfey benefits of algae fertilizer is its expelateduction
of nutrient mobility. The leaching could occurliiet nutrients sent to the PBR were not completddgriaip

by the algae and some remained in the water phlage ivis sent to the irrigation systems.

Electricity production was based on consumptioDafish specific electricity mix, which is predomily
fossil-based and uses coal (46.6%), natural gad¥@4 wind (12.4%) and heavy fuel oil (10.2%) as th

main sources (EC-JRC, 2002).

2.4.3. Impact assessment

This study uses the LCIA method recommended byriteenational Reference Life Cycle Data System
(ILCD) (EC-JRC, 2010), commonly referred to as ILCOL1. This method was selected as it consists of
fourteen impact categories based on existing brastipe. Human toxicity related impacts were assibss
using USETox, which is included in ILCD 2011 asthafsthe-field. Nevertheless, USETox results,
particularly for metals, should be interpreted withution since there are still many uncertaintidsted to
the characterization factors (e.g. degradation eafgosure routes). Results are normalized using
normalization factors from Blok et al. (2013) andgented in milli-person equivalents (mPE), whenePE

represents one thousandths of an average Europesomjs annual impact.
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2.4.4. Contribution and perturbation analysis

The approach recommended by Clavreul (2013) foemtaimty and sensitivity assessment is used as the

basis for the contribution and perturbation analyShe goal is to systematically identify potensiaurces of

uncertainty, while operating under data scarcity iémited resources to evaluate the large numbéarmfts

in the LCA model. This approach takes advantagbefterative nature of LCA and uses the initiaules

from LCIA. The following steps were performed:

1.

2.

The contribution analysis identified any procesg.(&/WTP operation or biogas collection) that
contributed more than 5% to any impact categoregn[lthe key parameters that collectively contribute
to >90% of the process impacts were identified. (@, emission during WWTP operation). The cut-
off is arbitrary and assigned to constrain the neinadf parameters so that they can be evaluated in a
limited time frame.

A perturbation analysis was performed whereby tirameters identified in step 1 were varied one at a
time by 10% to gauge the sensitivity of the modepat to the parameter input following the exanygfle
Yoshida et al. (2014a) and Clavreul et al. (20B2rameter sensitivity was then evaluated using a

sensitivity ratio (SR):

Aresults
SR = initial result
Aparameter
initial parameter

The results were discussed to highlight the seesgarameters. The limitation of the assessmehais
it does not take into account the actual uncegtaihthe parameters, only how sensitive the mosléd i
these parameters. The benefit of this methodakbatvs refinement the number of parameters neeoled f

further data collection when ultimately conductarguncertainty analysis.

10
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3. Resultsand discussion

3.1. Inventory

A summary of the life cycle inventory results iegented i able 2. More detail is available in the

Supporting Information.

3.2. Impact assessment

3.2.1. Scenario A Statusquo

In the life cycle impacts of the existing LynetdWTP, the two impact categories of ecotoxicity (EYo
and marine eutrophication (ME) are the highesth&Bd 1.0 mPE, respectivelyi§. 2). This is primarily
due to the discharge of treated effluent to the(Bia 3). Nitrate-nitrogen in the effluent contribute mast
the ME category, while the heavy metals in theueffit (mainly zinc and copper) contribute to the £To
category. Global warming at 7.8XAMPE (GWP) is the third highest category. The lsrgentributor to
this impact is energy consumption during WWTP ofiena(67%), followed by emissions of,® to air
during treatment (18%), emissions during incineratil1%), and leakage of methane during biogas
collection from the anaerobic digester (4%). Biogasbustion and subsequent use for district heating

results in an offset GWP of -4.5%.

The emissions related to sludge incineration andds combustion are also major contributors toragve
impact categories, such as acidification (AC).dstnial eutrophication (TE), and photochemical axid
formation (POF). Nitrogen oxides (NXand sulfur-dioxide are the main compounds resptmm these
categories. Deposition of nitrogen and sulfur fritve atmosphere contributes to acidification. Initolad to
the acidifying effect, atmospheric deposition dfaegen also contributes to terrestrial eutropharati
(Jaworski et al., 1997, Jeffries and Marron, 19806th NOx and sulfur dioxide contribute to POF sitticey

form ozone when exposed to sunlight, which ultifyatentributes to urban smog (Derwent et al., 1998)

The results suggest that the status quo modelges\a reasonable representation of a large, aeettal

WWTP consistent with other wastewater LCA studidsee WWTP electricity consumption is one of the

11
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main contributors to global warming and fossil t@se depletion as reported in Corominas et al. 3201
Our study also finds that discharge to sea (prignaiirate-nitrogen) is another main source of igtga
consistent with results from Hospido et al. (20@4)impact categories except one are within thmea
order of magnitude as values obtained in an LCAystf the Avedgre WWTP in Copenhagen (Yoshida et
al., 2014a). The exception is for ETox where osuleis more than twenty times higher than the muedi
value given by Yoshida et al. 2014a. One poss##son for the higher ETox value at Lynetten WWTP is
that it discharged eight times the copper pef bfinfluent than Avedgre WWTP (Spildevandscenter

Avedgre I/S, 2012, Lynettefeellesskabet I/S, 2012).

3.2.2. Scenario B Agricultural fertigation

Implementation of Scenario B has predicted enviremtal impacts that are on the order of 0 to 0.2 fmFE
less than Scenario A. The small changes are hrdyto the design of the side-stream system. Sinlge
10% of the influent water passes through the TRE}$em, the impacts are dominated by the effects of
90% of the flow passing through the WWTP. In thetidation scenario, the main WWTP processes (e.qg.
discharge to sea and WWTP operation) continue ntribaite to the impactd={g. 3b andc comparedo Fig.
3a). However, the use-on-land process now playsge lpart in the toxicity impacts (ETox, HTc, and HJ.n
Fig. 4a shows that the largest changes, both positive agdtive, occur in the ME, ETox, HTc and HTnc
categories. Overall, the reduced impacts are dt r@swo main processe&ig. 4b): (1) reduced flow
through WWTP secondary treatment leading to le€3 &missions, and (2) offset mineral fertilizer
production. Increases in environmental impactsraaimly due to four processes: (1) land applicatibn
algae suspension, (2) energy consumption of theNidR&ystem, (3) energy consumption of the pipeline,

and (4) emissions from increased biogas combustion.

The largest change from the baseline (+0.19 mP&0% is in the human toxicity, non-cancer effects
category (HTnc). This is almost entirely a restilheavy metals - primarily zinc and mercury - apation

to soil from the treated effluent. The other toxiaategories (ETox and HTc) are similarly affechydthe
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290 heavy metals. The avoided production and applinadfanineral fertilizer (shown ifig. 4 as fertilizer
291  substitution) results in some savings in toxicédated impacts. This is because mining of commieercia
292 fertilizer ingredients such as phosphate rock wriwgh it the naturally occurring heavy metals,aioby
293 cadmium (Wilsenach et al., 2003). These metais &mel up in the soil once the fertilizer is appli€de
294  avoided mineral fertilizer production is also resgible for 1%-24% savings in other impact categorie
295 (GWP, AC, TE, POF and PM), since there is lowedpation and therefore lower emissions from the

296 associated industrial processes. However, landcapipin of the effluent results in a net toxiciticrease.

297 There is a decrease in marine eutrophication flmrbaseline (-9.2e-2 mPE, -9%), which is almostedgt
298  (98%) due to the avoided discharge of nitrate-geroto the sea. The TRENS side-stream diverted tfauv
299 would otherwise have entered the recipient watdy{@resund). In addition, during the TRENS progcess
300 soluble nitrogen, which has the potential to cdmiie to surface runoff and leaching, is taken upstared
301 in algal biomass prior to land application. Glolarming impacts are reduced by 15% (1.2e-2 mPE}aue
302 lower emissions of PO from the WWTP since the water diverted to TRENSsInot undergo ammonia

303 oxidation and denitrification, the main pathways o0 production (Kampschreur et al., 2009).

304 3.2.3. Scenario C Aquifer recharge

305 The overall environmental performance of the agquiéeharge scenario is similar to that of the basel
306 Scenario AFig. 5). Scenario C has reduced WWTP energy consumgiigrincreased in TRENS-related

307 energy consumption resulting in a very minor netrgle in total energy use.

308 The ME impact category decreased 8.6e-2 mPE (38) fhe baseline as a result of avoided nitrategén
309 discharge due to diversion of the TRENS sidestrddra.category with the largest percent increas€lis

310 (26%, 3.6e-3 MPE) as a result of pre-infiltraticgatment, specifically due to production of alunmmu

311 chlorite (AlICkL) used in the flocculation step of the pre-infiltoa treatment to separate algae from the water.
312 The production phase produces emissions of hexavetieomium, Cr (VI), and arsenic, both of whicle ar
313  highly toxic. Niero et al. (2014) noted in a WWTiRdy that AICL production was one of the main

314 processes contributing to ecotoxicity. Separatioth® algae and water could also be achieved tiroug

13



315 centrifugation or direct filtration, although thesethods are associated with their own negative

316 environmental impacts related to high energy denfRothermel et al. 2013). All other impact categeri

317 show changes of less than 5% from the baselinermns of the processes involved, biogas combugian
318 major contributor to increases in terrestrial epiioation (TE) and photochemical oxidant formatiBi®OF)

319 impact categories. This was a result of increahetfye, and associated biogas, production from RENS
320 system, thereby increasing biogas combustion ambustion-source pollutants (e.g. NOx). When conmgbare
321 to Scenario B (fertigation), the lack of nutrieatovery for agricultural reuse in this scenario mdagher

322 GWP (12%), AC (18%), TE (23%), and POF (12%). HoaretiTc and HTnc were 45% and 290% lower
323 than in the fertigation scenario, which shows tifietnce in diverting the nutrient water suspengmw land,

324  versus just water.

325 Scenario C explored a reuse option that was atttreme end for TRENS, since only the water isedus
326  and none of the recovered nutrients are reusedoédth the environmental benefits are less pronalince
327 thanin the fertigation scenario, there are séhdfits in terms of the ME impact category. TREN&/rhe a

328 valid option in situations where there is intetiagboth water reuse and reducing nitrate-nitrogsaltdrge.

329 3.2.4. Relativeimportance of construction versus operation of theoverall lifecycle

330 The WWTP related impact&ig. 6a) are dominated by the operating phase, while RENS €ig. 6b) and
331 pipeline Fig. 6¢) impacts were more equally shared between thermti®n and operating life cycle

332 phases. Furthermore, several impacts categoriedEEPOF, ETox, HTc, and RD) which are dominated
333 by the operating phase for the WWTP, are insteadimted by the construction phase for TRENS and the
334 pipeline. These differences were due to the higkerof plastic materials, specifically LDPE and HDP

335 plastics, in construction of the PBR and pipelineaddition, the shorter service life of the PBR ¢kars

336 compared to 30 years for the WWTP) meant the cocisbn phase impacts are more prominent.

337 The results are consistent with reports from Maotetdal. (2007) and Pasqualino et al. (2010) who
338 considered the WWTP construction phase insignificampared to the operating phase. In studies which

339 reported the opposite, Corominas et al. (2013)chtitat those were for low-tech, non-energy intemsiv
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processes which are not comparable to the Lyn®&fP. In terms of PBR construction, Rothermel et al
(2013) reported that LDPE plastic production cdntiéd to increased eutrophication, as was obsénvidis
study. Silva et al. (2013) also found that the caaf construction material (in their case PVC fitqs
caused the majority of PBR construction impactgshBources recommended optimizing the use of pkasti
in PBR construction as a way to reduce environnhémizacts. It should be noted that this study’sicbdo
use LDPE, as a representative material for PBRtogt®on, was based on Rothermel et al. (2013)thisd
choice explains that LDPE production contributéasrge portion of the overall TRENS impacts. These
results illustrate the variability of life cycle abe contributions to environmental impacts. Thestrantion
phase was not important when dealing with the WWH®wvever, this assumption should not be
extrapolated to apply to other systems such aBBR and the pipeline, and the construction phaseldh
always be considered as supported by other pipgbriestudies for both drinking water (Sanjuan-Dé$m

et al., 2014) and sewers (Petit-Boix et al., 2014).

Other implications for technology developers artdifel implementation of TRENS are: i) for the TRENS
system, addressing both the construction and opgH#e cycle phases could have environmental fitne
since both phases contribute nearly equally tetheronmental impacts; and ii) in Scenarios B and C
TRENS (construction and operation) caused 4.4%36b of the overall environmental impacts. This was
for a side-stream TRENS system treating 10% ofdtad influent wastewater and this contribution o
increase as the proportion of side-stream flowdases. These results are technology specific. mesilts
would change if the algae production takes pla@niopen pond system, which has lower energy

requirements, but also has drawbacks like high lesedand lower productivity (Jorquera et al., 2010)

3.2.5. Contribution analysis

The contribution analysis shows that 10 of the ibt@sses included in this study had a greater3f@an
contribution to one or more impact categorieg)(7). In some cases, the process was mainly contrbiled
one parameter, while others were governed by nhelliprameters. In all, 18 parameters were idedtifiat

govern the important processé&sg. 8) out of the 100s of input parameters. For exantpke process
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“biogas collection” is a contributor to the GWP iagb category and the key parameter responsibieis t
percentage of methane leakage during collectioottfer example is the “WWTP operation” process; its
impacts to GWP are governed by WWTP energy usel,kes€, and NaOH use, which collectively
contribute to more than 90% of the impacts. Thdizapon for technology developers is that, in aigdali to
reducing the number of relevant processes and gaeasn the contribution analysis reveals specitias
where a system like TRENS may be competitive KieCl, use can be reduced by switching from chemical

precipitation to TRENS for phosphorous removal egabvery).

3.2.6. Perturbation analysis

The results of the perturbation analysis are plodi® SR for each impact categdfyg, 9), where a higher
absolute value of SR means that the impacts catéganore sensitive to that parameter. The reshiltsv

that some parameters have impacts across a nufteegories (e.g. WWTP energy use and sludge water
content), while others are important only to certzategories (e.g. Zn discharge to sea in the itpact

category).

Nitrogen and phosphorus can both lead to eutropibicaf waterways — nitrogen primarily affects nmeeri
waters while phosphorus affects freshwater — rieguih phytoplankton blooms and subsequent depletfo
dissolved oxygen necessary for other aquatic 8tedte et al., 2001). When leaching of nitrogetinéo
groundwater was increased from 0 to 10% in thégfstibn scenario, marine eutrophication increased b
5.5%, with no change in all other categories. lasimeg phosphorus leaching in the same scenario@rtam
10% increased freshwater eutrophication by 3.5% le@ss than 0.2% change in all other categones. |
reality, the concern lies with nitrogen leachingcs phosphorus has limited mobility in soil (Stoettal.,
2001). These impact changes due to leaching andisamt because algae fertilizer performanceilk st
poorly documented (Shilton et al., 2012). The ation scenario showed a 9% decrease in marine
eutrophication under the assumption that nutriargsot lost from the farmland. This benefit mayds# if

nutrient leaching is increased.
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3.3. Theuse of L CA resultsto support technology resear ch and development

The results of the base scenario, and the fertigaind aquifer recharge scenarios, show how criiégalo
assess new technologies in a holistic systems @etrep. In the base scenario, most of the impéadiseofull
system are due to the WWTP, except for the impatetgpries ME and ETox. Conversely, in the fertimyati
scenario, most of the impacts take place outsid@\WVTP, with direct WWTP impacts playing a role in
half of the impact categories. If the focus hadnb@aited to the TRENS technology, which is theunat

focus of technology developers, these impacts woatdhave been recognized.

For the fertigation scenario, increased toxicitpegrs to overwhelm the environmental benefits. The
impacts on eco- and human toxicity were primamated to heavy metals application to soil, and
specifically to zinc and mercury carried in the TNREeffluent. Hospido et al. (2004) also found thestals
to be the main culprits of increased toxicity wheastewater sludge was applied to land. Tangsulilall e
(2005) noted that increased impacts on terregnaironments might be inevitable when selecting a
technology that optimizes recycling of wastewatdrients, due to the potentially higher metals Ingd
associated with higher nutrient recovery and retise.same findings do not seem to apply for théfaqu
recharge scenario. During aquifer recharge thelmata partitioned to the WWTP discharge and incitoe
ashes where the toxic impact is lower. This hidiitighat the form and environmental compartment in
which metals are found are crucial. Heavy metakoih(e.g. zinc) are largely immobile as they i&tined
by sorption, thereby reducing the leaching andedltoxic effects to ground- and freshwater bodies
(Anderson and Christensen, 1998, Christensen,&04l0). This suggests that a better understarafifege
and toxicity of metals in soil is needed in theittty impact assessment methods. The LCA thus also
supports that future research should address they/tmeetals removal efficiency and reduction strigem

the TRENS technology, to ensure sustainable wastewscovery.

Using the perturbation analysis, and knowledgeosi FRENS may be applied in full-scale, it is potesito
identify parameters which are both sensitive (laigsolute value of SR) and subject to large epistem

uncertainty. Some examples includeg; 9): i) “N fertilizer substitution” has a larger ablste SR than “P
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415  fertilizer substitution” in multiple impact categes (GWP, AC, TE) and both are related to how much
416 mineral fertilizer is offset through applicationafjae fertilizer. The higher SR for “N fertilizeubstitution”
417  reflects the fact that average nitrogen fertilizee emits more GHGs (fossil based,C@0) than

418 phosphorus fertilizer production (Stoate et alQ)Q suggesting that providing a well-defined N<iibtion
419 value is more critical than for P substitution. Bubstitution value is influenced by local soil ¢éygnd

420 application methods (Lundin et al., 2000), andkisly to have high uncertainty. ii) “}D emissions to air” is
421  a sensitive parameter for GWP impact category #stsacwith high uncertainty because it is influeshby
422  many factors such as internal recycle rates, aerafficiency, temperature, influent nitrogen loggliand
423 sampling challenges (Yoshida et al., 2014b). Maitecally for TRENS, the interest would be to

424  characterize emissions during PBR operation sihalies have shownJ production during algae

425  cultivation (Guieysse et al., 2013). These resdéstified “N fertilizer substitution” and “MD emissions” as
426  priority parameters for the future development BENS and similar nutrient recovery processes im$ef

427 data collection, laboratory testing, and modelirayky

428 4. Conclusion

429  Our study has shown the beneficial use of applgingass and substance centered LCA model, EASETECH,

430 inthe early stage development of a new wastewassurce recovery technology. The main conclusimas

431 » Assessing the true performance potential requivasidering the consequences of a full-scale

432 system placed into a specific local geographicatext, water demand, and existing WWTP

433 operations. Relative to status quo, TRENS was showeduce impacts by up to 15% for global
434 warming and 9% for marine eutrophication. High eorwimental impacts were associated with eco-
435 and human toxicity categories as a result of thecssd end uses of TRENS products, emphasizing
436 the need for system expansion beyond the wateremudirce recovery technology itself.

437 * TRENS primarily improves WWTP performance by rediganitrogen species in the effluent and
438 direct nitrogen DO emissions in the nitrification-denitrificationqmess.
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» The TRENS system benefits are restricted by thitdimeed for freshwater substitution and
fertilizer needs in the model area, but would iaseeproportionally with increased demand for
resource substitution.

» The LCA identifies both construction and operatifacycle impacts as areas for improvement,
particularly in PBR design, contrary to the operatife cycle focus assumed for conventional
WWTPs.

» Finally, the LCA results provided feedback to tealbgy developers and specifically TRENS
developers by highlighting subcomponents that wéardbatter characterization (e.g:Mlemissions
during PBR operation) or evaluation of technologyians (e.g. algae cultivation using closed PBR

or open ponds).

Ongoing development is focused on laboratory studiel modeling of the biological treatment system.
However, decision-making and implementation besdéfdm a broader perspective even in the initial

stages of development.
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Table and Figure captions

Table 1. Operational scenarios for TRENS implementatiothexCopenhagen area, Denmark

Table 2: LCI sources and results summary. X denotes whgeeation and construction is included.

Complete datasets are available in the Suppomtifayrhation.

Figure 1: Flow diagram of TRENS system (EBP2R and downstrE&R) implemented as sidestream
process to the existing Lynetten WWTP. Figure @@ftom TRENS (Valverde-Pérez et al., 2014;
Valverde-Pérez et al., 2015) and Lynetten prodessdiagrams (Lynettefeellesskabet I/S, 2012). Sitiels

show flow of water, dotted lines show sludge oidsoflow.

Figure 2: Normalized LCIA impact results are dominated bgrime eutrophication and ecotoxicity. Impact
categories abbreviations: Global warming poterf@W\P), terrestrial acidification (AC), terrestrial
eutrophication (TE), marine eutrophication (ME)ptexicity (ETox), human toxicity - cancer effectsTc),

human toxicity - non-cancer effects (HTnc), paftttel matter (PM), resource depletion - fossil (RD).

Figure 3: Percent contribution of individual processes dagtact category for the three operating scenarios
(a) status quo, (b) fertigation, and (c) aquifehagge. The life cycle phases of construction getation
are shown separately for the WWTP, but combinedfioer processes (e.g. TRENS, pipeline). Refergo F

2 for abbreviations.

Figure 4: Environmental performance of fertigation with TIRE relative to baseline scenario (a) and the
individual processes that contribute to the chgb@eThe left plot provides the magnitude of changleile
the right plot provides the reasons for that chafite percentage contribution plot is scaled sbhahthe

sum of all processes is 100%. Refer to Fig. 2 bireviations.

Figure5: Environmental performance of aquifer rechargdnWIRENS relative to baseline scenario (left)

and the individual processes that contribute tacttenge (right). Refer to Fig. 2 for abbreviations.
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Figure 6: Relative contributions of construction and operaphase impacts in the B: fertigation scenario
results for (a) the WWTP, (b) TRENS system ang{pgline. WWTP impacts are dominated by operation
energy consumption, while TRENS and pipeline areenmafluenced by materials (plastics) used in the

construction phase. Refer to Fig. 2 for abbreviwtio

Figure 7: Contribution of processes to individual impadegmries. Any process with a colored block

indicates it contributes >5% to an impact category.

Figure 8: Key parameters identified from contribution arsidy

Figure 9: Sensitivity ratios showing the change in modépatirelative to change in parameter input.
Negative SR indicates that model output respondsaropposite direction as parameter change fficeease

in parameter means decrease in model output).
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1 Table1: Operational scenarios for TRENS implementatioG@apenhagen

A. Scenario of existing conventional system in Copgehawhere wastewater is collected and treated at
Status quo  a centralized WWTP for organic carbon and nutr{hand P) removal.

B. Scenario directly utilizes the TRENS system outgalgal suspension) for fertigation. This scenario
Agricultural  involves diverting 10% of the influent WWTP to thi®ENS system and requires additional

fertigation infrastructure and energy consumption. The remgifiofo of the WWTP influent is treated in the

conventional system. Modified WWTP experienceseased sludge and biogas production due to
lower solids retention time (SRT) in the EBP2R eystFollowing the TRENS process, the water is
pumped to the end user through a 25 km pipelinerd s no treatment downstream of the PBR prior
to use in fertigation. The nutrients containedhia &lgae acts as a substitute for synthetic festili

C. Scenario requires the same modifications to the VWVES in the agricultural reuse application. Algal
Aquifer suspension downstream of the PBR is sent to terttieatment to separate the microalgae and water,
recharge so that the water goes on to aquifer recharge $asid the algae biomass is sent to the WWTP for
dewatering, drying, and incineration.
2
3

4  Table2: LCI sources and results summary. X marks wheegaijpn and construction is included. Complete
5 datasets are available in Supporting Information.

Opera Construc-

Process Scenario . .
-tion tion
Site-specific data for the Lynetten WWTP was basedvailable public
reports from the local utility for the year 2012/(lettefeellesskabet I/S, 2012).
WWTP infrastructure inventory estimated proporticoalow rate using Foley
et al. (2010).
WWTP A B, C The WWTP is a 59.3 million Myear facility, including primary and secondary X X

treatment (BNR and phosphorus precipitation), anaeigestion, and
incineration. Energy consumption of 0.51 kWf/naerobic digester
operated with yield of 70% anaerobically degradabidon to produce biogas
with 60% methane. Bulk of biogas sent to combudtorieat generation
(89%), some lost in leaks (3%), and remainder d4B886). Assumed lifetime is
30 years.

Well-established activated sludge models (ASM) wexed for process design
and optimization (Henze et al., 2000). ASM-2d (EkAlsina et al., 2012) and
ASM-A (Valverde-Pérez et al., 2014) models usesirtaulate growth of
activated sludge bacteria in the EBP2R process a®hgnicro-algae in the
PBR, respectively. Reactor sizing and operating oEBB2R were based on
scenario analysis optimization as carried out itveiae-Pérez et al. (2015),
while the PBR was designed according to Wagner ¢2@1.5). Energy usage
for EBP2R due to aeration, pumping and mixing waduated using the
Benchmark Simulation Model no. 2 (BSM2) guidelineer(@ey et al., 2014).
The PBR construction impacts are represented bylesitoy the mass of low-
density polyethelene (LDPE) plastic needed to cansthe horizontal reactor
TRENS B, C panels (Rothermel et al., 2013). PBR operational eneeas taken from X X
literature for closed, flat-panel PBRs (Jorqueral €2010).

Two anaerobic tanks (680°raach), one aerobic tank (3158)rand a settler
were constructed. WWTP infrastructure inventoryéased by 2.6%
proportional to increase in reactor volumes. Energg of WWTP increases by
0.12 kWh/ni due to EBP2R side-stream aeration, pumping, anthgix
Sludge production increased by 13% due to lowedsaoétention time. Biogas
production increased proportionally to sludge paiun. PBR reactor of
20,000 i requiring 0.015 kg LDPE/frand 0.14 kWh/rhinfluent. This system
has an 80% phosphorus recovery (combined for tHe2RBand PBR) and
produces effluent N-to-P ratio of 17 which is ermapted in the algae.



Pipeline B, C
Irrigation B
Pre-

infiltration C
treatment

InflIFratlon c
basin

Assumed lifetime is 15 years.

Operating energy calculated using Hazen-Willianedf@ss equation with pipe
coefficient of 140. The distribution pipeline comsttion inventory considered
in this study is based on Venkatesh et al. (2009).

25 km pipeline constructed consisting of two paigipes 0.579 m in diameter
and 30 m elevation increase. Infrastructure inugribased on 2292 tons high-
density polyethylene (HDPE) required for pipe pretiin and diesel fuel
consumption during construction (45 L/m). Operagmgrgy consumption of
0.025 kWh/m. Assumed lifetime is 30 years.

Existing equipment at farms is assumed used figaition, thus no additional
infrastructure is included. Energy consumptionTRENS water irrigation is
assumed comparable to existing groundwater-bastdrayand small relative
to energy required for long-distance distributiamping. Nutrient content for
fertilizer substitution is 4.6 mg P/L and 33 mg N/L

Pre-treatment and algae harvesting prior to aquéfgnarge scenario is based
on tertiary treatment data from Pasqualino et2811Q), which includes
coagulation/flocculation, filtration, disinfectiqVV and chlorination). Energy
consumption is 0.021 kWh/n

110 000 r open basin design based on long-term averaggatifin rate of 55
m/yr (Kgbenhavns Energi, 2001) with water deptf.6fm. Basin construction
represented by excavation of 78,32bby hydraulic digger. Infiltration is by
gravity, so energy consumption is assumed negégibmpared to other
processes. Assumed lifetime is 30 years.
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Figure 1. Flow diagram of TRENS system (EBP2R and downstrE&R) implemented as sidestream
process to the existing Lynetten WWTP. Figure e@dtom TRENS (Valverde-Pérezet al., 2014; Valverde
Pérezet al., 2015) and Lynetten process flow diagrd.ynettefaellesskabet I/S, 2012). Solid linesasfow

of water, dotted lines show sludge or solids flow.



Normalized results

GWP i M Status quo: Baseline WWTP
AC | B TRENS + fertigation
TE TRENS + aquifer recharge
ME
POF
ETox
HTc
HTnc
PM
RD
0.0 0.5 1.0 1.5 2.0 2.5 3.0
7 milli-person equivalents, mPE/1m"3 WW (ILCD2011)

8 Figure2: Normalized LCIA impact results are dominated bgrime eutrophication and ecotoxicity. Impact
9 categories abbreviations: Global warming poterf@WP), terrestrial acidification (AC), terrestrial
10 eutrophication (TE), marine eutrophication (ME)txicity (ETox), human toxicity - cancer effectdT(c),
11  human toxicity - non-cancer effects (HTnc), patiate matter (PM), resource depletion - fossil (RD).
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14
15 Figure3: Percent contribution of individual processes dagbact category for the three operating scenarios
16 (a) status quo, (b) fertigation, and (c) aquifeharge. The life cycle phases of construction gretation
17  are shown separately for the WWTP, but combineafloer processes (e.g. TRENS, pipeline). Refeigo F
18 2 for abbreviations.
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Scenario B - difference from Scenario A
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22  Figure4: Environmental performance of fertigation with TRE& relative to baseline scenario (a) and the
23 individual processes that contribute to the chgbdeThe left plot provides the magnitude of changeile
24 the right plot provides the reasons for that chaiipe percentage contribution plot is scaled shahthe

25 sum of all processes is 100%. Refer to Fig. 2 lidaraviations.
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Figure5: Environmental performance of aquifer rechargdnWIRENS relative to baseline scenario (a) and
the individual processes that contribute to thengeab). Refer to Fig. 2 for abbreviations.
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Figure 6: Relative contributions of construction and opieraphase impacts in the B: fertigation scenario
results for (a) the WWTP, (b) TRENS system andegline. WWTP impacts are dominated by operation
energy consumption, while TRENS and pipeline areentfluenced by materials (plastics) used in the
construction phase. Refer to Fig. 2 for abbrevietio
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Figure 7: Contribution of processes to individual impadegmries. Any process with a colouredblock

indicates it contributes >5% to an impact category.
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Parameters
1 WWTP energy use
2 FeCl,use
3 NaOHuse
Processes 4 Ndischarge to sea
WWTP Operation 5 Zndischarge to sea
Discharge to sea 6 Cudischarge to sea
Sludge Incineration 7 Hgdischarge to sea
Emissions to air 8 Sludge water content
Biogas collection 9 N,O0 emissions to air

Biogas combustion 10
TRENS (EBP2R + PBR) 11
Fertilizer substitution 12

Use-on-land 13
Pre-inf treatment 14

15
16
17
18
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Methane leakage

Heat substitution
EBP2R energy use
PhBR energy use

N fertilizer substitution
P fertilizer substitution
Zn to land use

Hg to land use

AICl; use

Description

Energy use in WWTP in kWh/m? influent

Iron (Ill) chloride production, for WWTP operation
Sodium hypochlorite production, for WWTP operation
Amount of nitrate-nitrogen discharged from WWTP effluent
Amount of zinc discharged from WWTP effluent

Amount of copper discharged from WWTP effluent
Amount of mercury discharged from WWTP effluent
Water content in dewatered sludge sent to incineration
Emission of N,O from nitrification/denitrification process
Leakage of methane from biogas collection system

Export to district heating from biogas combustion process
Energy use in EBP2R

Energy use in PBR

Nitrogen substitution percentage of organic fertilizer
Phosphorus substitution percentage of organic fertilizer
Amount of zinc going to agricultural soil

Amount of mercury going to agricultural soil

Flocculant production, for pre-treatment before aquifer recharge

Figure 8: Key parameters identified from contribution arsidy
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Figure 9: Sensitivity ratios showing the change in modepatirelative to change in parameter input.
Negative SR indicates that model output respondiseéropposite direction as parameter change iiceease

in parameter means decrease in model output).



Highlights

¢ Development of wastewater biotechnology for resource recovery and reuse

e Recovery via low-SRT EBP2R combined with photobioreactor

e Water and nutrient reuse in irrigation-fertilisation combined with aquifer recharge
e Potential environmental impacts assessed using Life Cycle Assessment

e Key environmental risks linked to heavy metals co-recovered with nutrients



