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ABSTRACT

Source separation of urine and blackwater is an investigated solution to achieve wastewater
resource recovery more efficiently than in the centralized and conventional wastewater treatment plant
(WWTP). Several scenarios and treatment trains exist with more or less decentralized treatment.
These scenarios need to be evaluated with life cycle assessment to highlight the advantages and the
drawbacks of each one of them. District is the perfect scale to evaluate these scenarios as it is the
scale of implementation of real pilot project. However it was not so frequently done. The tool
developed in a previous study allows us to evaluate the case study of Belvédére in France. This
district is under construction, and even if no source-separation is yet foreseen, it will be a good
example of what can be achieved in a future French pilot project.

The study compares four different scenarios: two with urine source separation with a treatment
at the WWTP or decentralized in the district. The two other scenarios consist on blackwater separation
with a decentralized treatment of blackwater and also for the greywater in the last scenario. Process
train consists on recovery of nitrogen, phosphorus and organic matter. Processes that already proved
their efficiency at pilot scale have been chosen. Two different reference scenarios serve for the
comparison: 1) the current wastewater treatment plant of Bordeaux which discharge the effluent into a
non-sensitive area; 2) the WWTP improved with a nitrogen recovery step in the sludge line.

Results show that source separation is indeed the only way to recover significant amount of
nitrogen from the district even if the WWTP has a nitrogen recovery step. The higher nitrogen recovery
efficiency from source separation scenarios is the reason why these scenarios have less impact on
climate change than reference (at least 46 % decrease). Indeed it allows reducing the N,O direct
emissions from biological treatment of nitrogen and, in the meantime, to avoid emissions from fertilizer
production. Blackwater separation presents a decrease in climate change impact compared to
reference. However it comes with higher energy consumption by a factor 2 for the scenario with
centralized treatment of greywater, and by a factor 5 for the totally decentralized scenario. Vacuum
sewer and greywater treatment with a membrane bioreactor are responsible for this increase. More
investigations are needed to reduce these two contributors.

1 INTRODUCTION

Wastewater management is currently shifting to resource recovery and not only treatment for
protection of the receiving water. However the current design of wastewater treatment make difficult
large amount of nutrient recovery. Indeed the available processes need to be implemented in high
concentrated stream, which can only be in the sludge line after anaerobic digestion. Therefore source
separation systems are investigated to answer this issue. Indeed between 70 % and 80 % of total
nitrogen and around 50 % of the phosphorus in wastewater come from urine (Larsen and Gujer, 1996)
for only 1 % of the wastewater flowrate. Two major types of source separation are tested since the 90'.
The first one is urine source separation where urine is collected by urine diverting toilets until storage
tank and transported to treatment site by truck. The second approach is blackwater (wastewater from
toilet) separation which is collected by vacuum toilet to avoid dilution by large amount of flush water.
Vacuum sewer is mandatory to transport this highly concentrated stream. Treatment consists in most
cases on an anaerobic digestion followed by recovery or elimination of nutrient. Blackwater separation
allows separating the greywater which can be reused for water reclamation. Besides, several projects
focus only on greywater reclamation especially in water scarce region (Al-Jayyousi, 2003, p.; Friedler
et al., 2005). In parallel to real pilot plant implementation (Larsen et al., 2013; Skambraks et al., 2017),
environmental assessment have been perform to evaluate the drawbacks and advantages of these
systems. Most of them study large implementation of source separation at city scale (Bisinella de
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Faria et al., 2015; Landry and Boyer, 2016; Meinzinger et al., 2010; Remy and Jekel, 2008; Thibodeau
et al., 2014, 2014). A few studied the implementation at district scale (Besson et al., 2020; Igos et al.,
2017; Oldenburg et al., 2007), even if it will be the scale of implementation for a certain period of time.
Moreover all these system studies have been addressed in cases study around the globe (Canada,
USA, Germany, and the Netherlands) but never in France.

This study aims to assess the implementation of source separation system in a case study in
Bordeaux, France for a new district which is currently under construction and will be for the next 10
years. A life cycle assessment of the wastewater management system is performed following the
methodology presented in (Besson et al., 2020).

2 METHODS

This study aims to evaluate several scenarios of source separation at the district scale for the
case study of the Belvédére in Bordeaux, France. In a first part of this methodology, the scenarios are
described. They have been chosen to be closed to the pilot projects implemented in real application.
The evaluation of the scenarios is performed thank to the tool developed in (Besson et al., 2020). The
tool allows modeling the sanitation system at the district scale with wastewater collection, transport
and treatment. It also takes into account the effect on source separation on the centralized wastewater
treatment plant. Several changes have been implemented to be adapted to the context of this case
study. The present methodology describes, thus in a second part, the main hypothesis of the tool and
the major changes regarding the context of the case study.

2.1 Belvedere district

The Belvedere is a new district in Bordeaux in the South West of France. The new Belvedere
district is located on the right bank of the Garonne, on former railway and port wastelands, opposite
the historic Bordeaux, classified as a UNECSO World Heritage Site. This construction program is
being carried out jointly by Nexity, Altarea Cogedim and Pitch Promotion according to an overall
project designed by the Dutch urban planning architects Giller + Guller.

On 9.3 ha of land, 3.9 ha is built with a mix of use between housing, offices, business and
hotel. Part of the urban planning is not defined and thus only the first phases of the project have been
studied. Indeed only 2.6 ha of building are considered (Figure 1) for 14 ha of floor surface distributed
between:

e 84 000 m2 of housing and hotels
e 5000 m2 of offices
e 93 000 m2 of business

Knowing the typology of the apartment (number of room), an number of inhabitant have been
estimated according to the data of French statistical institute INSEE published in (COSTIC, 2016). The
number of person using hotel and senior resident has been established with an average occupancy
rate of 62.5% (for hotel) and 1.2 people per room.

The number of employee is also an essential feature to evaluate the wastewater production. It has
been considered a value of 13 m2 per employee in office. The minimal value according to French norm
is 10 m2/employee and 15 for noisy environment (AFNOR, 1998). For business place the number of
employee has been established by considering 57 mZemployee according to average value for retalil
from (Kfoury and Trevien, 2017).

The Belvedere district is located close to the WWTP, less than 10 km away from Clos de Hilde WWTP
by sewer network or truck. This WWTP is not in a sensitive area of discharge and no limitation on
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nitrogen and phosphorus concentration is mandatory. The treatment consists on an enhanced primary
clarifier to remove a large proportion of suspended solid and organic matter. Phosphorus is also
removed in this step. Two types of biofilters are the second step of treatment: one for COD removal
only, the other one with nitrification. The primary and secondary sludge is send to anaerobic digestion
and the final sludge is dewatered and composted (Ministére de la transition écologique et solidaire,
2018).

Finally, the green space in the district represents around 2.8 ha and consists on green roof, and green
space on the ground. The need of irrigation can be estimated to 3 L/m?/j from May to September (Le
Prieuré, 2020).

© Collection point
[ Roads
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13m
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Figure 1: Belvédére district with the topography

2.2 Scenarios

Four scenarios of source separation have been analyzed (Figure 2)

In the first two scenarios, the urine is collected separately and treated in the centralized
WWTP (U-Cent) or in a decentralized treatment located in the district (U-Decent). In both cases urine
is collected in tanks and then transported once a week by truck (1Om3 trucks, two rounds per weeks).
Considering 3 L or 6 L toilet flushes, it is considered that only 0.2 L of every flush goes into the urine
compartment and storage, while the remaining volume goes with feces. Finally only 80 % of urine is
still separated which corresponds to the best performances observed in pilot project (data from
(Jonsson et al.,, 1998) and (Peter-Frohlich et al., 2007) respectively for Understenshojden et
Palsternackan projects in Sweden and SCST project in Germany). The remaining 20 % is transported
with feces. This urine recovery rate is influenced by the design of the toilet which allows more or less
urine retention but also the willingness of the user to facilitate the separation. Indeed, urine separation
toilet still requires gents to sit down when urinating. In U-Decent, after treatment the remaining effluent
is sent to the centralized treatment.

The two others scenarios concern the blackwater separation from the greywater. Blackwater is
collected thanks to vacuum toilet (1.2 L per flush) and transported by vacuum sewer to a center
location in the district for treatment. In the scenario BW, greywater and the remaining effluent from
blackwater treatment are sent to the centralized treatment through a gravity sewer. Blackwater is
treated by an upflow anaerobic sludge blanket reactor (UASB) to produced biogas blanket (UASB,
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SRT =75 d, T=25°C, 60 % of coming COD converting into biogas (de Graaff et al., 2010)) followed by
a struvite precipitation (removal of 86 % of phosphate with a Mg/P molar ratio of 1.5 (de Graaff and
van Hell, 2014)) and TMCS (T = 45°C, pH = 9.6, 90 % recovery of ammonia, 50 % heat recovery).

In the scenario BW-GW both streams are treated in the district. In this case a membrane
bioreactor is used for the greywater treatment, in order to have a high enough effluent quality to reuse
it for non-potable purpose.

Current situation Advanced reference
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Figure 2: Studied scenarios EPC: Enhanced primary clarifier, AD: Anaerobic digester, PPTSTRU:
Struvite precipitation, TMCS: transmembrane chemisorption, UASB: upflow active sludge blanket, MBR:
membrane bioreactor.
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Figure 3: Wastewater treatment plant configuration

Two different WWTP have been used for this study Figure 3. The first one corresponds to the
current WWTP of Clos de Hilde in Bordeaux already described. The second WWTP represents the
transformation of Clos de Hilde WWTP to become a resource recovery facility. For this purpose, a
TMCS unit is added on the supernatants of dewatering the sludge to recover nitrogen. Phosphorus is
not recovered as it is difficult to recover it as it is bounded with metal ions from the primary clarifier
step.

For all the scenario, the effluent composition is: 10 mgTSS/L, 25 mgN-NH4/L, 15 mgN-NOa/L,
0.5 mgP-PO4/L (Lepage and Etcheber, 2013). The WWTP has been modelled with the SUMO
software v19.0.1 (Dynamita, 2019). Effluent composition has been controlled for each scenario with:

e A SRT for nitrified biofilter of 2.4 days and 0.7 days for only COD removal biofiler

e The pumped flow dividing the flow to treat between the two biofilters is control to
achieve the ammonium content in the effluent.

e Caustic soda is added in the nitrified biofilter to keep a pH of 6.6

e The metal adjunction of the EPC is proportional of the flow to treat. (9.7E-7 with a
concentration of 192.65 gFe/L)

e When TMCS is added, caustic soda adjunction is control by the pH of the influent (9.6)

e When struvite is added for the treatment of urine.

2.3 Description of the tool

The tool aims to model the buildings, the transport of wastewater with gravity or vacuum sewer
or truck and treatment located in the district. For this purpose a geographical information system has
been created and is used to design the transport. The smallest distance is assumed between each
point of production and the collection point.

Gravity sewer is designed to achieve the transport of the peak flow by choosing the
appropriate couple diameter / slope of the pipe according to (BERLAND, 2014; Bourrier, 2008;
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Monfront, 2009; Okun et al., 2010). This couple needs to fulfil three self-cleansing conditions to avoid
sedimentation in the pipes. Moreover, when depth is too high, assumed to be 4 meters in our model, a
pumping station is placed and designed.

Vacuum sewer works with air transport instead of water transport as in gravity sewer. A lift in
series allows maintaining the transport of the wastewater. The design rules of (Bowne et al., 1991,
Islam, 2017; Roediger Vacuum, 2012; SQAE, 1994) have been followed with a minimum slope of
0.002 m/m and a maximum depth of 1.5m below surface. The pressure drop is calculated based on
the recommendations of (Bowne et al., 1991; Islam, 2017; SQAE, 1994) for static pressure drop and
of (Jinming and Jingxuan, 2006) for frictional pressure drop.

The topography is also taken into account for the design of the underground network. The
digital elevation model of (Bordeaux Métropole, 2012) has been used with an accuracy of 15 meters.

2.4 LCA model and change

The function of the system, as defined in the LCA methodology, is to collect and treat
wastewater produced in the district while respecting the discharge limit of 25 mg-NNH4/L and 0.5 mg-
PPO4/L, and this for one year. The functional unit is thus 1 PE considering the EU normalized
definition: 1 PE = 60 gDBOs/d.

Several changes have been made since the first version of the tool:

- Migration from Ecoinvent 2.6 to Ecoinvent 3.6 Market have been used when available (FR or
RER or CH or GLO with this order of priority)

- N,O emissions are different regarding the biofilter: 0.017 gNN,O/gN entering the biofilter with
nitrification and 0,0083 for the biofilter without nitrogen treatment (IPCC, 2019).

- French electricity mix

- Transport of by-products (compost, ammonium sulfate and struvite) is done by truck with 69%
EURO VI, 27% EURO V and 4% EURO IV according to the French fleet average (Comité
national routier, 2019)

- Heat at district is produced from an urban heat network alimented by 45% geothermal source at
low temperature (55°C), 25% biomass combustion and 20% natural gas.

- Avoided process: tap water production from underground water with chemical treatment.

- The sludge is composted with gas emissions (0.73 gCH,/kgsludge treated, 0.16 gNHs/kgsludge,
0.04 gvOC/kgsludge (Maulini-Duran et al., 2013) and 0,6 gN,O/kg-dry waste and 2% of nitrogen
in dry waste (IPCC, 2008)) and electricity need for aeration and mixing (90 kwWh/Mg dry waste
with bulk material (Brown et al., 2010) and a volumetric ratio of 1:3 for sludge and bulking agent
and 42% of dry mass in the bulking agent (Maulini-Duran et al., 2013))
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3 RESULTS

3.1.1 DISTRICT CHARACTERISTICS

The Belvédere district produces 361.5 m*/d of wastewater in the reference scenario (Table 1).
Urine diluted by toilet flush represents only a flowrate of 7.1 m?d. Considering a transport by 10m*
truck, 5 rounds per week are needed to collect urine (one per working days). The ratio of COD/N/P of
wastewater in the reference scenario is around 56.9/6.5/1 where the average ratio is 68/5.6/1 (Pons et
al., 2004). The difference highlight the high production from offices where less greywater is produced
and thus less COD compared to the nutrients coming from human excreta. Indeed office wastewater
corresponds to 33 % of the total wastewater flowrate but to 50 % of the nitrogen and 47 % of the
phosphorus.

Table 1: Flowrate and mass flow for the different streams to treat

Streams Scenario Flov!rate cob TN TP
(m°/d) (kg/d) (kgN/d)  (kgP/d)
Wastewater Reference 361.5 352.9 40.5 6.2
Urine U-Decent U-Cent 7.1 29.4 25.1 2.2
Brown Greywater U-Decent U-Cent 354.4 3235 15.4 4.0
f:::‘;':::?m urin€  U-Decent 7.1 0.1 6.1 0.4
Blackwater BW BW-GW 25.8 204.0 36.9 4.7
f:::'ti:’::?m BW BW 23.6 0.1 10.6 0.9
Greywater BW BW-GW 293.8 149.0 3.6 1.4

3.1.2 MASS BALANCE

The current WWTP does not recover significantly the nitrogen, only 8 % is found in the sludge.
Phosphorus is more recovered (59 %) since phosphate is precipitated in the EPC with the adjunction
of coagulant and flocculation. The organic matter, thanks to the EPC, is well recovered with 48 % in
the biogas and 21 % in the remaining sludge.

The advanced WWTP allows recovering more nitrogen (19 % with 10 % in the ammonium
sulfate from TMCS process). The COD recovered in biogas also increases up to 54 % of the incoming
COD. Indeed as less nitrogen entering the biofilters step, less COD need to be send to the nitrifying
biofilter and more sludge is produced from the other biofilter.

3.2 LIFE CYCLE ASSESSMENT

3.2.1 CUMULATIVE ENERGY CONSUMPTION

The impact category “cumulative energy consumption” allows analyzing the use of energy in
the life cycle of the system from the different source of energy. Figure 4 presents in positive value the
consumption of energy and in negative value the avoided production of energy.
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The two scenarios of urine source separation and the reference show lower energy
consumption with only fossil fuel consumption. This consumption is linked to construction of the
infrastructure of the WWTP and sewer and the production of chemicals. However the two scenarios
with black water separation present higher consumption due to nuclear energy consumption, linked to
vacuum sewer electricity consumption and in the case of BW-GW scenario to greywater treatment.
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Figure 4: Cumulative energy demand for the scenarios with current WWTP and the WWTP with N-
recovery step

The model predicts an energy consumption of the vacuum sewer of 11.5 KWheiee/maw Which
is in the range of operational value reported in the pilot projects: 5.6 kwh/m? in (de Graaff and van
Hell, 2014) and from 13 to 21 KWh/m?® (Albold, n.d.; OtterWasser GmbH, 2009). But it represents 80 %

of the electricity of the system in the BW scenario and 36 % for the BW-GW scenario which is not
negligible.

If advanced WWTP with nitrogen recovery is implemented, a small decrease in cumulative energy
demand is observed for Reference, Urine-Cent and Urine-Decent scenarios. It is link to a decrease in
chemical use at the WWTP. Less nitrification is required as the nitrogen in the sludge in partially
recover. Less caustic soda is needed in the nitrifying step.

3.2.2 CLIMATE CHANGE IMPACT

Regarding the climate change impact, this high energy consumption of BW and BW-GW
scenarios, is not a predominant contributor. Indeed the French electricity mix is used with a large
proportion of nuclear energy. Therefore all the alternative scenarios present an improved climate
change impact. This reduction of the impact is feasible by:

1) the decrease in direct emission into air and especially nitrous oxide (N,O)
2) the increase of avoided production of fertilizer

Thanks to a low impact on climate change of the energy consumption of MBR, the reuse of
treated greywater compensate the emissions. However in this scenario, all the greywater is assumed
to be reused, but flush water represent only 6 % of the treated greywater. Irrigation water demand in a
first approach, can be estimated to 84 m®/d during May to September and 12 850 m3/year which is
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only 12 % of the annual average of treated greywater flowrate. If only these two reclamations are
foreseen, the balance for BW-GW scenario will be 48.9 kgCO,..,/PE/year against 34.6. Therefore, this
scenario is still more efficient than the reference (97.6 kgCO,..i/PE/year). In this first approach the
energy consumption needed for the reused water sewer was not taken into account and should be to
validate this decrease in impact.
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Figure 5: Comparison of climate change impact for the scenarios with current WWTP and the WWTP with N-
recovery step

The shift from the current WWTP to the WWTP with N-recovery, decreases by 15 % the climate
change impact of the reference. The benefit to have an N-recovery WWTP is the highest for U-Cent
scenario. Indeed between current and N-recovery plant a decrease of 41 % is observed. Therefore, a
process which can treat the urine and the effluent from sludge treatment is the best strategy.

Conclusions

This first analysis shows that the implementation of source separation of urine or blackwater can be
very interesting for the Belvédeére district. A decrease of at least 46 % of climate change impact can be
achieved with all the scenarios. The nitrogen recovery is the predominant factor explaining this
decrease with lower emission of N,O with nitrogen separation and increase in avoided production of
fertilizer. Greywater treatment allows water for non-potable use to be produced. Even if the gain linked
to avoided production of tap water is not so significant, it can contribute to preserve the water
resource.

The energy consumption of vacuum sewer and greywater treatment need, nevertheless, a closer
attention, in order to avoid a significant increase in the bill for collectivity and users but also to achieve
sobriety. Vacuum sewer could operate will lower energy consumption and optimization on the location
of the vacuum plant needs to be performed to limit the pressure loss. Other greywater treatment could
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also be investigated with lower energy consumption and in a more extensive way. Several projects
attempts to implement nature based solution (like reed bed filter, known also as living machine or
wetland system as in San Francisco (SFPUC, 2018).
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