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Abstract

The need to improve current wastewater treatments to ensure a clean and sustainable water
supply is an unquestionable contemporary challenge. It is therefore essential to facilitate
knowledge transfer between research institutions and the industry by developing novel
technologies to a proof-of-concept stage, demonstrating both treatment efficiency and
compliance with environmental criteria. This study has combined process modelling for the
design of an electrochemical Advanced Oxidation Process (eAOP) to remove carbamazepine
(CBZ) from wastewater with the identification of the environmental impacts associated with its
operation. A comprehensive set of scenarios considering several reactor designs and operating
conditions provides the assessment framework to identify the influence of different process
variables on the environmental profile of the pilot-scale eAOP. The most sustainable treatment
corresponds to the operation of a standardised modular reactor in batch mode, especially when
the wastewater has a low concentration of scavengers, such as other ions, organics or
pollutants. Nevertheless, in all scenarios evaluated, the main environmental hotspot was
attributed to the electrical energy consumed by the auxiliary pumps rather than the
electrochemical reactor itself. In comparison to other AOPs, our system showed considerably
lower impacts in the global warming potential (GWP) category, with a minimum of 7.6 kg CO,
eq per g CBZ removed for the most promising scenario. This demonstrates the implementation
potential of eAOPs as well as the importance of data from scaled-up experiments, where
optimisation should focus on mitigating the impacts of energy-intensive pieces of equipment.

Abbreviations: APl - Active pharmaceutical ingredient, B — Batch mode, BDD - Boron-doped diamond, C — Continuous mode /
Chemical, CBZ - Carbamazepine, CECs — Contaminant(s) of emerging concern, COD - Chemical oxygen demand, CSTR — Continuous
stirred tank reactor, E — Energy, eAOP(s) — Electrochemical advanced oxidation process(es), EC — Enhanced conductivity, FB — Fed-
batch mode, FE — Freshwater eutrophication, FRS — Fossil resource scarcity, FU — Functional unit, GAC - Granular activated carbon,
GWP - Global warming potential, H - High content, L — Low content, LCA - Life cycle assessment, M — Multicomponent, ME —
Marine eutrophication, NF — Nanofiltration, RL — Regulatory limits, SDG — Sustainable development goal, SPF — Solar photo-Fenton,
SW - Synthetic wastewater, TA - Terrestrial acidification, TET — Terrestrial ecotoxicity.
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1 Introduction

In 2020, approximately 2 billion people lacked safely managed drinking water, 2.3 billion people
suffered from poor hygiene and up to 3.6 billion people did not have access to basic sanitation,
which has raised some concern about the accomplishment of Sustainable Development Goal
(SDG) No. 6 on Clean Water and Sanitation by 2030 [1]. One of the root causes is the occurrence
of contaminants of emerging concern (CECs) in wastewater treatment plant effluents, which
represents a major issue not only to human health but also to ecosystems [2-5]. Carbamazepine
(CBZ) is one of these contaminants since it is a pharmaceutical poorly removed by conventional
biological treatment (i.e., removal efficiency is typically lower than 10%) [6-8]. In fact, due to
its widespread consumption and recalcitrant nature, CBZ has been recently found to be the most
recurring active pharmaceutical ingredient (API) in river basins worldwide [9].

One of the solutions to this problem is the development novel wastewater treatments that
prevent the release of pollutants through their effective degradation, as is the case of Advanced
Oxidation Processes (AOPs). AOPs are an extensive family of treatments comprising ozonation,
heterogeneous and homogeneous (photo)catalysis, Fenton and Fenton-like processes, and
electrochemical-, ultrasound-, microwave- or gamma-radiation treatments as well as any of
their combinations [10]. Among these various technologies, electrochemical Advanced
Oxidation Processes (eAOPs) have received significant attention in recent years [11-13]. They
are commonly used as tertiary wastewater treatments, driving pollutant degradation through
direct and indirect oxidation pathways by electrochemically generating highly reactive oxidative
species, mainly hydroxyl (‘OH) and sulfate (SO, ) radicals [14-16]. Electrochemical AOPs allow
for high degradation efficiencies and reaction rates under mild conditions, while showing no or
limited dependence on chemical addition [2, 17]. Other advantages are their versatility, ease of
process integration and safe operation [13, 18].

When implementing an eAOP, the selection of the electrode material and the precursor species
for the oxidative radicals are key factors influencing the overall treatment efficiency and
selectivity [14]. Boron-doped diamond (BDD) electrodes are of particular interest for
wastewater applications, as they have demonstrated high efficiency in the generation of
oxidative species and degradation of several contaminants, as well as high conductivity,
stability, O, overpotential and durability [17, 19, 20]. Despite the significant energy consumption
associated with electrochemical treatments [15], the in situ radical generation offered by the
BDD material from water molecules [21] and ionic species such as sulfate ions [22, 23] has a
high added value for industrial implementation, given that they are already available in
wastewater streams [24, 25]. The absence of additional chemicals can minimise not only the
overall consumption of raw materials but also the generation of secondary waste streams and
hence the associated environmental impacts [10]. Consequently, achieving SDG No. 6 while
aiming for sustainable and carbon neutral processes is essential to provide a far-reaching
solution. In this regard, the Life Cycle Assessment (LCA) methodology is a useful resource for
evaluating the environmental friendliness of novel eAOPs. Nonetheless, as of June 2022, a
Scopus search for studies applying LCA methodology to electrochemical oxidation in
wastewater treatment retrieved 281 documents, of which only 8 publications specifically
included an electro-oxidation system (Table C.1). Among these studies, none were dedicated to
the removal of pharmaceuticals, 5 were applied to synthetic or real wastewater matrices, and
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only two considered wastewater volumes at a large scale. Consequently, there is a significant
knowledge gap on the environmental implications of eAOPs in wastewater treatment.

In our previous work [26], two preliminary design considerations for the implementation of a
BDD-based eAOP as a tertiary wastewater treatment were addressed: the effects of the
wastewater composition and the reactor mode of operation. A comparative assessment of 8
different scenarios, both in terms of CBZ degradation and electrical energy consumption per unit
of effective operation time, revealed that the competition reactions taking place due to
wastewater components could be mitigated when operating in fed-batch mode, since a 2.1-
fold increase in CBZ degradation and a 60% reduction in energy consumption were achieved with
respect to a conventional batch operation. Similarly, operating in continuous rather than batch
mode resulted in significant energy savings (approximately 19%) for similar degradation
efficiency. However, in order to further evaluate the advantages and disadvantages of each of
the investigated scenarios, it is essential to take into account their potential environmental
impact when applied on a larger scale. In fact, most conventional municipal wastewater
treatment plants already involve high energy consumption from the grid due to all the machinery
involved [27], leading to a significant carbon footprint (i.e., 23-432 kg CO, per population
equivalent) [27-29], of which approximately 70% was attributed to the indirect emissions from
energy requirements [29].

To fill the knowledge gap on the environmental performance of pilot-scale eAOPs for the
removal of pharmaceuticals from secondary wastewater effluents, this study focused on
conducting a techno-environmental analysis including the following:

(i) Development of a scale-up model to translate the laboratory results into a pilot-scale
operation. To this end, two reactor configurations have been considered: a standardised
modular reactor and a vertical plate stirred tank reactor.

(ii) Quantification of the environmental profile of the eAOP by LCA methodology under
multiple experimental conditions. More specifically, the influence of the reactor
configuration, the mode of operation (namely, batch, fed-batch and continuous), the
wastewater matrix (considering various compositions of pure and synthetic wastewater,
different amounts of oxidising species and the possible presence of additional
pollutants) and the potential oversizing effect have been evaluated.

2 Methodology

21 Experimental scenarios

The micropollutant degradation experiments were carried out using a BDD electro-oxidation
system, as previously described by Feijoo et al. (2022) [26]. Both single and multicomponent
systems were primarily aimed at CBZ removal, where a diverse set of concentrations for
oxidative and scavenger species were investigated. The reactor operating modes included in the
comparative analysis were batch, fed-batch and continuous. As a result, the following 8
scenarios were evaluated in the techno-environmental analysis:
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Scenario of “Regulatory Limits for Sulfates and Nitrates Conducted in Batch Mode (RL-
B)”: CBZ degradation was carried out in batch mode and in a pure water matrix
containing the concentration limits for nitrate (50 mg/L) and sulfate (250 mg/L) ions as
defined by their respective EU directives [30, 31].

Scenario of “Enhanced Conductivity Medium Conducted in Batch Mode (EC-B)”: an
extension of the RL-B scenario assumed that nitrate and sulfate concentrations were
higher than the regulatory limits, at 100 mg/L and 500 mg/L, respectively.

Scenario of “Enhanced Conductivity Medium in Synthetic Wastewater with Low Organic
Load Conducted in Batch Mode (ECSWL-B)”: CBZ degradation was performed in batch
mode and in the presence of the enhanced nitrate and sulfate concentrations as in the
EC-B scenario. The treated water matrix consisted of a synthetic secondary effluent with
low concentrations of other organics and ions (COD: 25.2 mg/L, total N: 5.0 mg/L, total
P: 0.5 mg/L, alkalinity: 2.5 mg/L).

Scenario of “Enhanced Conductivity Medium in Synthetic Wastewater with Higher
Organic Load Conducted in Batch Mode (ECSWH-B)”: this variation to the ECSWL-B
scenario consisted of the degradation of CBZ in a synthetic wastewater matrix with a
high ion and organic composition (COD: 50.4 mg/L, Total N: 10.0 mg/L, Total P: 0.9 mg/L,
Alkalinity: 4.9 mg/L).

Scenario of “Enhanced Conductivity Medium in Synthetic Wastewater with Low Organic
Load Conducted in Fed-Batch Mode (ECSWL-FB)”: this modification to the ECSWL-B
scenario consisted of fed-batch operation, where CBZ spikes were added at the beginning
of each 60 min cycle for a total of 6 cycles to reuse sulfate and nitrate species already
present in the wastewater.

Scenario of “Enhanced Conductivity Medium in Synthetic Wastewater with Low Organic
Load Conducted in Continuous Mode (ECSWL-C)”: the ECSWL-B was adapted to a
continuous operation, that is, with continuous inlet and outlet flows set to 25 mL/min,
leading to an average residence time of 30 min.

Scenario of “Multicomponent System in Synthetic Wastewater with Low Organic Load
Conducted in Batch Mode (MSWL-B)”: this variation to the ECSWL-B scenario consisted
of the simultaneous degradation of CBZ with additional micropollutants, including
caffeine, diclofenac and sulfamethoxazole.

Scenario of “Multicomponent System in Synthetic Wastewater with Low Organic Load
Conducted in Fed-Batch Mode (MSWL-FB)”: this modification to the MSWL-B scenario
was conducted in fed-batch mode for 6 cycles of 60 min with multicomponent spikes.

Selected reactor designs

After conducting a review of available configurations for pilot-scale BDD electrochemical
reactors, it was observed that a large number of studies considered commercial DiaCell® units
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[32-38], filter press flow cells [38—-41], multielectrode stacks with a serpentine array [39-41],
or a vertical electrode plate arrangement in a stirred tank reactor [39, 42, 43]. In this study, the
two designs selected were (i) a standardised modular reactor inspired by the DiaCell® units and
(ii) a fully customised vertical plate stirred tank reactor (Fig. 1). Both configurations are
commonly reported in the literature, feasible to scale up and significantly different from each
other in terms of area, geometry and distance between the electrodes.

System boundary

System boundary

Power
‘ supply  Chemicals

Chemicals
l Power
Process & supply Wastewater
Wastewater tank Ll influent |~
influent | —<— e [~ r
Q Standardised modular reactor
' Vertical plate stirred
i tank reactor

e — o—
L Effluent

(a) Standardised modular reactor. (b) Vertical plate stirred tank reactor.

»»»»»»»»»»» Effluent

Figure 1: Schematics of the (a) standardised modular reactor and (b) vertical plate stirred tank reactor. For their
fed-batch operation, a dosing pump is added.

2.2.1 Standardised modular reactor design

The standardised modular reactor configuration was based on the DiaCell®1001 electrochemical
cell [34, 36]. It comprises multiple compartments constituted by two BDD anodes and one
stainless steel cathode with an interelectrode distance of 1 mm, leading to a total of 10 anodes
and 5 cathodes per cell. Standard shapes for the electrodes are circular, with a surface area of
70 cm? and monopolar connections (Fig. 1a). During its operation, a process tank is loaded with
the secondary wastewater to be treated, and if needed, additional chemicals are added.
Afterwards, the content of the tank is continuously stirred and fed to the standardised modular
reactor, where it is distributed between five compartments in parallel. The system operates in
recirculation mode, meaning that the total volume of wastewater remains constant and is
recirculated until the desired degradation is attained. Consequently, this reactor design is
applicable for batch and fed-batch operations. Finally, the treated effluent is accumulated in
the process tank and discharged.

2.2.2 Vertical plate stirred tank reactor design

The vertical plate stirred tank reactor consists of a set of parallel monopolar electrodes that are
fully immersed in the bulk of the reactor (Fig. 1b). The number of electrode pairs as well as their
size and arrangement are versatile parameters, and hence, any reactor design can be
implemented. To avoid any damage to the electrodes during operation, stirring inside the
reactor is promoted by the inlet and the recirculation pump flows. In addition, the electrode
channels can contain an inert polymer mesh and other turbulence promoters to improve mass
transfer. It is assumed that the current density and voltage are uniformly distributed across the
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cell. This type of setup allows for either a batch, fed-batch or continuous operation with
recirculation.

2.3 General scale-up considerations

Based on the collected experimental data from laboratory experiments in a 1 L electrochemical
cell, the scale-up target was to model the steady-state conditions in a 100 L reactor filled up to
75% of its capacity and where 90% CBZ degradation can be attained. The scale-up methodology
consisted of analysing the experimental results based on the reaction kinetics, electrical
consumption and treatment capacity. This enabled mass and energy balances to be performed
at the pilot scale, with the required pieces of equipment (i.e., electrochemical cell and associated
pumps) designed accordingly. Relevant scale-up considerations are defined in the following
subsections.

2.3.1 Common design conditions

To compare scenarios under the same time reference, all reactor designs were simulated to
operate for 1 day (i.e., 24 h). The number of batch and fed-batch experiments during that time
to achieve 90% removal of CBZ were calculated considering the effective reaction times observed
experimentally. In addition, a total of 25 min was considered per experiment to account for
preparation, charge and discharge activities.

The starting concentrations of the different chemicals involved were assumed to be the same as
in the experiments at the lab scale, given that they are independent of the reactor type and size.
Therefore, their total initial mass was directly proportional to the scaled-up reactor volume. For
the addition of sulfate and nitrate ions, only the differential concentrations with respect to the
regulatory limits were considered as input chemicals in the LCA inventory, given that it is
plausible that the regulatory limits may already be found in the influent wastewater. In the case
of fed-batch operation, it was assumed that a concentrated stream of 200 mg/L CBZ was used
for the spikes to guarantee that volume variations after their addition during 1 day of operation
would not yield to more than an overall 10% increase.

2.3.2 Mass balance assumptions

Since the kinetic constants (k, h™) were determined from lab-scale experiments, a correction
factor was applied to estimate the final CBZ concentrations in the pilot-scale standardised
modular reactor. The need for a correction factor in this specific reactor configuration arises
from the differences in the number of electrodes and subsequent electroactive areas between
the lab-scale reactor used and the scaled-up design. These differences lead to distinct area-to-
volume ratios, and therefore, the variation in kinetic constants has been estimated accordingly.
As shown in Eqg. 1, k is related to the mass transfer coefficient (kn, m/h), a pseudo-first order
kinetic constant related to the activity of inorganic oxidants (k;, h™), the electroactive area (A,
m?) and the reactor volume (V, m?®) [34, 44]. Assuming that k; is negligible in our system as
oxidants are present in excess and that k., remains constant with increasing scale, the observed
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kinetics are affected by the A/V ratio. Consequently, the kinetic rate constants in the batch and
fed-batch scaled-up standardised modular reactor (kscae, h™) were calculated as shown in Eq.
2, where A and As.e are the electroactive areas (m?) at the lab and pilot scales, respectively,
and V and Vse are the volumes (m®) of treated wastewater at the lab and pilot scales,
respectively.

COD = COD, - eV = CoD, - o (~(rHm+ii)) (1)
A
scale/Vscale o)
kscate = k Y
Iy

Similarly, the modelling for the continuous operation was based on the definition of an ideal
continuous stirred tank reactor (CSTR) (Eg. 3), where X is the conversion of the target pollutant
obtained experimentally and 7 is the residence time (h). After substitution of common terms
with Eqg. 2, the conversion in the scaled-up standardised modular reactor (Xscae) Was obtained
from Eq. 4, where F and Fse are the flow rates (m?/h) of treated wastewater at the lab and
pilot scales, respectively. Given that a target of 90% CBZ removal was selected, Eq. 4 was used
to retrieve the required flow rate at the pilot scale [34, 45].

X

kesrr = 1=

(3)

N
SR

scale
Xscale _ X . /Fscale (4)

1= Xeeqre 1-X A/

Regarding the vertical plate stirred tank reactor, the experimental kinetic constants were used
in the mass balance since the area-to-volume ratio was considered constant. For other
wastewater components, it was assumed that they were present in excess and that variations
in concentration during the treatment were negligible. In addition, the consumption of NaOH to
neutralise acidic outlet streams before discharge was also calculated at the pilot scale and
included in the mass balance.

2.3.3 Energy balance assumptions

The limiting current density (jim, A/m?) of each treatment was estimated based on the model
developed by Panizza et al. (2001) defined in Eq. 5, where F is the Faraday constant (C/mol), kn
is the average mass transport coefficient in the electrochemical cell (m/s) and COD is the
chemical oxygen demand expressed in mol O,/m? [46]. The mass transport coefficient (k,) at
the pilot scale was estimated according to the correlations as a function of the flow rate
proposed by Anglada et al. (2009) [47], with a maximum value of approximately 1.7-10° m/s
for a 10 L/min flow.

Jiim =4+ F *ky, - COD (5)
As a result, scenarios involving wastewater with low and high concentrations of organics and

7
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other ionic species showed estimated limiting current densities of 5.2 and 10.3 A/m?
respectively. Given that experiments were performed at higher current densities, it can be
concluded that electrochemical oxidation is under mass transport control and that pollutant and
COD removal follow an exponential trend.

The electrical energy consumption by the pilot-scale pumps (Ppump, KWh), which depends on the
supplier catalogue nominal power (P,), was determined based on the modelled operation time
(t, h), as shown in Eq. 6. The operation time for the recirculation, inlet and outlet pumps
corresponded to the actual reactor operation, whereas for the pumps dedicated to individual
charge, discharge and dosing operations, it was calculated as the time required to transport a
scaled-up volume of liquid (Vscae, M?) at a specific flow rate (Fscae, m3/h), as shown in Eq. 7.

Poump = P - t (6)
V.
£ = scale (7)
Fscale

For batch and fed-batch operations in both reactor configurations, centrifugal pumps used for
charge/discharge operations were assumed to be similar to the model KPM 50 by Speroni S.p.A.,
which has a P, of 0.37 kW and can operate between 5 and 30 L/min [48]. The selected flow rate
for the charge/discharge pumps was 15 L/min to minimise time losses during the 1-day
operation. During the electrochemical treatment, the same pump type was considered in both
reactors to drive a continuous recirculation at 10 L/min to ensure a Reynolds number higher than
500 [49].

The dosing pump for the fed-batch operation in both reactor configurations was assumed to be
similar to the Model A peristaltic pump by Redox.me, which has a P, of 0.04 kW and can operate
between 0.07 and 380 mL/min [50]. The selected flow rate was approximately 5 mL/min.

For continuous operation, which is only applicable to the vertical plate stirred tank reactor,
model KPM 50 was also selected for the recirculation pump, whereas the WT600F-65/KZ25
model by Golander Pump was chosen as the inlet/outlet pump, with a P, of 0.2 kW and a flow
rate window between 0.25 and 6 L/min [51]. The selection of these pumps is justified based on
an in-depth analysis regarding the scaled-up flow rates needed, since the flow rate directly
influences the mass transfer and the residence time inside the reactor, and hence, the overall
conversion and the electrical energy consumption. Given that it was desired to ensure a
recirculation flow rate with a Reynolds higher than 500, an approximate recirculation ratio of 10
was required (Fig. A.1a). Based on that ratio, the effect of the selected influent flow rate on the
entire electrochemical system was investigated. As depicted in Fig. A.1b, an influent flow rate
of 0.75 L/min was required for an overall 90% conversion, meaning that the recirculation flow
rate had to be approximately 8.2 L/min. Both these flow rates can be delivered with the selected
pumps, and therefore, their catalogue nominal power allowed for a suitable energy estimation.
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2.4 LCA framework
2.4.1 Goal and scope

The goal of the Life Cycle Assessment (LCA) study was to evaluate the environmental profile of
the pilot-scale electrochemical oxidation of CBZ when several secondary wastewater
compositions and reactor configurations were involved. Therefore, attention was paid to the
operation stage, and scenarios were evaluated from a gate-to-gate perspective. That is, the
operation of the electrochemical reactor and its associated pumps was considered, whereas the
impacts related to construction, decommissioning, upstream and downstream processes were
excluded. The analysis consisted of an attributional LCA following 1SO standards 14040:2006
and 14044:2006 [52, 53].

2.4.2 Assessment method

The LCA was performed using the ReCiPe MidPoint (H) V1.06/World (2010) and EndPoint (H/H)
V1.06/World (2010) methods [54] in SimaPro 9.3.0.2. software [55]. The following impact
categories were selected as they are representative of energy, toxicity and water effects: global
warming potential (GWP), terrestrial acidification (TA), freshwater eutrophication (FE), marine
eutrophication (ME), terrestrial ecotoxicity (TET) and fossil resource scarcity (FRS). Additional
results on other impact categories can be found in the Supplementary Material, Appendix B. The
functional unit (FU) selected was 1 mg of CBZ removed per cubic metre of wastewater treated
during one day of operation, and hence, its units are mg/(m?3-day). Based on the different reactor
configurations modelled at the pilot scale and the estimated inventories (Tables A.4 and A.5),
the following environmental analyses were conducted:

(i) To elucidate the influence of the reactor operating mode, the results of the scale-up
modelling for all experimental scenarios were analysed in terms of chemical and energy
requirements per FU in the vertical plate stirred tank reactor. Based on these results, a
benchmark on the environmental profiles of the batch, fed-batch and continuous modes
was conducted. To this end, the ECSWL-B, ECSWL-FB and ECSWL-C scenarios were
compared. The results reported correspond to the midpoint assessment method.

(ii) Todiscern the effect of the wastewater matrix, a benchmark on the environmental profiles
when diverse influent compositions are treated in the standardised modular reactor in
batch mode was conducted. To this end, the RL-B, EC-B, ECSWL-B, ECSWH-B and MSWL-
B scenarios were compared. The results reported correspond to the midpoint assessment
method.

(iii) To determine the influence of the reactor configuration, a benchmark on the environmental
profiles of the standardised modular reactor and the vertical plate stirred tank reactor
operated in batch mode was conducted. To this end, the RL-B, EC-B, ECSWL-B, ECSWH-
B and MSWL-B scenarios were compared for both reactor types. The results reported
correspond to the midpoint and endpoint assessment methods.

(iv) The oversizing effect was analysed for the standardised modular reactor. Given that this
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reactor configuration is oversized by default due to the impositions of the commercially
available cells, an equivalent oversizing factor was applied to the vertical plate stirred
tank reactor. The environmental profiles of the different configurations were determined
from both midpoint and endpoint perspectives.

3 Results

3.1 Scale-up modelling
3.1.1 Standardised modular reactor for batch and fed-batch systems

The pilot-scale design of the standardised modular reactor was based on the assumption that
the anodic area to volume ratio (A/V, m?/m?) remains within the same order of magnitude with
increasing scale [34]. Based on the standard electrode areas (Asa, m?) for this reactor
configuration, the number of anodes (N,) required for the scaled-up reactor volume (Vscae, M?)
was calculated according to Eq. 8. Since standard modular electrochemical cells are made of
stacks with 10 anodes per cell (Na/ceil) [34], N, was rounded up to the closest multiple of 10
(Nasr), and the scaled-up anodic area (As.e) was calculated under Eq. 9. The scaled-up anodic
area to volume ratio (Ascie/Vscae) Was recalculated, and a difference of less than 18% was
observed.

N = A/V “Vscale (8)
“ Astd
Ascate = Asta Na/r (9)

The electrical energy consumed by the electrodes (Peec, kWh) in the standardised modular
reactor was calculated as the product of the current applied (Iscae, A), the potential difference
(Vairr, V) and the reaction time (t, h) to achieve 90% CBZ degradation, as shown in Eq. 10, including
a 10% excess to account for energy losses due to AC/DC transformations [56]. The current
applied at the pilot scale (Iscae, A) Was estimated from the current density (j, A/m?) applied
experimentally and the calculated pilot-scale anodic area (Asce, m?) (Eq. 11). The potential
difference at the pilot scale (Vair, V) could not be directly extrapolated from the experimental
results, given the differences in interelectrode distances between both setups. Therefore, Vi
was determined from the lab-scale potential (Vis, V) adjusted with the effective potentials (Ver,
V) consumed at the lab and pilot scales (Eg. 12). These effective potentials were calculated
based on Ohm’s law, as indicated in Eq. 13, where | is the interelectrode distance (m) and K is
the conductivity of the wastewater (S/m).

I -V 10

Pelec = Sca;—eooodlff ‘- (1 + 10%) (10)
Lscate = J *Ascale (11)

Vairr = Viab — Vegriab + Verf scate (12)

10
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Verr =&
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The electrical energy consumed by the agitation in the process tank was calculated from the
power input/volume ratio (P/V, W/m?3) at the lab scale, as shown in Eq. 14. This ratio is assumed
to remain constant with the scale-up [57], with a value ranging from 0.5 to 16 kW/m? [58]. In
the application of Eq. 14, N, corresponds to the impeller power number (assumed to be 3 for
common impellers at high Reynold numbers [59]), p is the density of the wastewater (kg/m?), N
is the agitation speed used in the lab experiments (rps), d is the outer diameter of the used
impeller (m), and V is the volume of wastewater inside the electrochemical cell (m?). Therefore,
when P/V is calculated for the tested lab conditions, the total agitation power (Pagit, kWh)
consumed at a larger scale to stir a volume of wastewater (Vscae, m?) for a given period of time
(t, h) can be calculated as shown in Eq. 15.

p, _Np-p-N*-d° (14)
fy ="

Py (15)
Pagit = m “Vscate " t

A summary of the standardised modular reactor design resulting from the scale-up modelling
can be found in Table A.1.

3.1.2 Vertical plate stirred tank reactor for batch, fed-batch and continuous systems

The scale-up of the vertical plate stirred tank reactor was made assuming 15 electrode pairs
(p), where the electrode shape was selected to be rectangular plates with a 92 cm? surface area
[34] and a height to width ratio of 0.3. Consequently, the required height of liquid (h, m) was
calculated considering that the electrode height (h., m) corresponds to a certain reduction (R,
%) according to Eg. 16. The length of the reactor (I, m) was estimated based on the anode
thickness (I, m), the cathode thickness (I, m) and the interelectrode distance (I, m) with a 10%
excess, as shown in Eg. 17. These parameters enabled the calculation of the reactor width (w,,
m) given the scaled-up volume of wastewater to be treated (Vscwe, m®) (Eq. 18). Finally, the
height of the reactor (h,, m) was estimated with Eq. 19 based on a geometrical volume (Vr) of
100 m?.

he (16)
h, =
'"1-R
=g+l +2-Dp+ilg+21-1 (17)
W = Vscale (18)
r h'l " lT‘
V.
h, = T (19)
L - w,
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The electrical energy consumed by the electrodes (Peec, KWh) in the vertical plate stirred tank
reactor was calculated as shown in Eq. 10. In contrast to the calculations for the standardised
modular reactor, the potential difference at the pilot scale (Vas, V) was assumed to be
equivalent to the lab-scale measurements since the same interelectrode distance was selected.
The current applied to each electrode pair at the pilot scale (Iscae, A) Was calculated according
to Eq. 20, since the electrodes are arranged in parallel, and the current is distributed equally
among them.

_ J " Ascaie (20)
Iscale - N
a

A summary of the vertical plate stirred tank reactor design resulting from the scale-up modelling
can be found in Table A.2.

3.1.3 Scaled-up inventory of chemicals and energy

A summary of the daily treatment capacity for each scenario resulting from the scale-up
modelling is provided in Table A.3. Based on these results, an overview of the gate-to-gate
chemical and energy requirements in the different reactor designs and modes of operation per
FU are depicted in Tables A.4 and A.5.

3.2 Environmental profiles
3.2.1 Benchmark of modes of operation

A preliminary benchmark on modes of operation was conducted based on their chemical and
energy consumption in the different scenarios under study. To this end, the inventory for the
vertical plate stirred tank reactor (Table A.5) was visualised to enable the comparison. As
depicted in Fig. 2, the scenario with the highest chemical consumption corresponded to the
continuous operation in ECSWL-C, which is due to the continued addition of sulfate and nitrate
species over the concentrations defined by the regulatory limits in the RL-B scenario (i.e., 250
mg/L for sulfate and 50 mg/L for nitrate). Other scenarios operated in batch mode (i.e., EC-B,
ECSWL-B, ECSWH-B and MSWL-B) entailed a chemical consumption that was 34-78% lower
than the ECSWL-C scenario, depending on whether the wastewater presented a high or low
complexity in composition. The fed-batch operation was the mode of operation with the lowest
chemical consumption, given that additional nitrate and sulfate were only supplied in the first
cycle and were reused for the successive cycles. As a result, fed-batch scenarios consumed 74-
93% fewer chemicals than the continuous operation ECSWL-C. Finally, the addition of sodium
hydroxide to neutralise acidic effluents was negligible in comparison to other chemicals (i.e.,
less than 0.002% in all scenarios).

For energy consumption, the opposite trend was observed. The scenarios with the highest energy
demand were those operated in fed-batch mode (i.e., MSWL-FB and ECSWL-FB), which
primarily corresponded to the operation of the recirculation pump and was particularly
increased in a multicomponent wastewater matrix. The reason behind this outstanding
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contribution is twofold. First, the fed-batch system presented a lower treatment capacity of
wastewater (Table A.3), which is taken into consideration for the definition of the FU and hence
for the inventory results. Second, due to the competition kinetics in the multicomponent system,
the overall CBZ degradation was negatively affected, which exacerbated the energy demand of
the treatment due to increased operation times. The scenarios in batch mode presented a
considerably lower energy consumption in comparison to MSWL-FB, being approximately 94-
98% lower for those with low wastewater complexities (i.e., RL-B, EC-B and ECSWL-B) and 78-
85% otherwise (i.e., ECSWH-B and MSWL-B). The continuous operation had a total energy
consumption comparable to that of the ECSWH-B and MSWL-B scenarios even if the electrodes
and the recirculation pump were less consuming, given that in this case, the energy required by
the inlet/outlet pumps was more significant.
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Figure 2: Chemical (C) and energy (E) consumption expressed per FU across all experimental scenarios in the
vertical plate stirred tank reactor configuration. The underlying data are presented in Table A.5. The experimental
conditions of the different scenarios are defined in Section 2.1.

A benchmark on the environmental profile of the different modes of operation was conducted
for the vertical plate stirred tank reactor under the ECSWL-B, ECSWL-FB and ECSWL-C
scendarios, since their operating conditions only differed on the batch, fed-batch and continuous
type of operation, respectively. Their contributions among the selected LCA midpoint categories
were calculated with respect to the highest impact value per category; hence, the relative results
are depicted in Fig. 3. For all impact categories, the environmental effects of the batch operating
mode were significantly lower (i.e., between 19.4% and 31.0%) with respect to the fed-batch and
continuous modes due to its lower energy consumption, as shown in Fig. 2. The continuous
operation was 3.5% and 14.7% lower than the fed-batch mode for the fossil resource scarcity
(FRS) and freshwater eutrophication (FET) categories, respectively. In contrast, in the categories
of global warming potential (GWP), terrestrial acidification (TA), marine eutrophication (ME)
and terrestrial ecotoxicity (TET), the continuous operation was 2.3-63.6% higher than that of the
fed-batch.
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Figure 3: Environmental benchmark in the selected LCA midpoint categories for the vertical plate stirred tank
reactor across equivalent scenarios operated in batch, fed-batch and continuous modes (i.e., ECSWL-B, ECSWL-FB
and ECSWL-C, respectively). GWP: global warming potential, TA: terrestrial acidification, FE: freshwater
eutrophication, ME: marine eutrophication, TET: terrestrial ecotoxicity, FRS: fossil resource scarcity.

Insights into the parameters contributing to each of the LCA midpoint categories are included in
Fig. 4. For the batch operation (Fig. 4a), the recirculation pump accounted for most of the impact
(i.e., over 53%) in all selected LCA categories, except for the terrestrial ecotoxicity (TET) and
marine eutrophication (ME) categories, where sodium sulfate and sodium nitrate accounted for
35.9% and 55.9%, respectively. The impacts derived from the electricity consumed by the other
pumps and the electrodes were similar across all categories, with less than a 4.1% difference. In
the case of the fed-batch operation (Fig. 4b), the largest contribution was also due to the
electricity consumption from the recirculation pump, which ranged from 68.6% to 72.4% on the
overall impact per category. The next significant contribution was assigned to the electricity
consumed by the electrodes, accounting for 17.6% to 18.5%. Apart from the electricity of the
dosing pump (between 7.4-7.8%), the contribution of other process parameters in the fed-batch
mode was negligible. Regarding the continuous operation (Fig. 4c), its impact distribution was
similar to that of the batch operation in terms of overall energy and chemicals. The energy
consumption was again the most contributing factor, where the electricity consumed by the
inlet/outlet pumps and the recirculation pump were evenly distributed in all impact categories
and significantly greater than that consumed by the electrodes, which accounted for a maximum
of 8.5% in the freshwater eutrophication (FE) category. The predominant energy contribution in
the continuous mode was only overruled in the midpoint categories of terrestrial ecotoxicity
(TET) and marine eutrophication (ME), where chemicals (and particularly sodium nitrate)
contributed 40.4% and 72.1%, respectively. It is also in these two categories that the continuous
mode significantly surpassed the impact of the fed-batch operation (Fig. 3), which is therefore
attributed to the consumption of additional chemicals. It was further evaluated that if the inlet
wastewater presented higher sulfate and nitrate contents and no chemical additions were
needed, the continuous operation would display an 18.7% lower environmental impact than fed-
batch operation in all LCA midpoint categories. Under such hypothesis, the batch mode would
correspond to an impact 76.6% lower than the fed-batch in all LCA midpoint categories.
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3.2.2 Benchmark of wastewater compositions

To elucidate the environmental effects of the influent wastewater composition, the scenarios
operated in batch mode (i.e., RL-B, EC-B, ECSWL-B, ECSWH-B and MSWL-B) were analysed
under the standardised modular reactor configuration. Their relative contributions across the
selected LCA midpoint categories are shown in Fig. 5. It can be observed that the contributions
of the different scenarios are uniform across all impact categories, with the scenarios with the
most complex wastewater matrices (i.e., MSWL-B and ECSWH-B) being the predominant ones.
The scenarios in pure water (i.e., RL-B and EC-B) corresponded to less than 22% of the impact
of the multicomponent system MSWL-B. In addition, between those two, the addition in scenario
EC-B of sulfate and nitrate species above the regulatory limits contributed to an overall
reduction over the RL-B scenario for all categories, except for terrestrial ecotoxicity (TET), where
the relative impact was 0.1% higher. This is due to the enhanced degradation kinetics by
increasing the amount of oxidative radical sources, which translates into a reduced operation
time and hence a lower energy consumption (Table A.4). Nonetheless, a pure water-based
operation differs from what in practice a wastewater treatment plant will be dealing with.
Therefore, scenarios ECSWL-B, ECSWH-B and MSWL-B are more interesting from an
implementation perspective. From their relative differences, it can be argued that increasing the
wastewater matrix complexity also negatively affected the environmental profile of the
treatment (i.e., an increase of 186-264% between ECSWL-B and MSWL-B in all categories), given
that the more competition reactions taking place, the slower the CBZ degradation and the higher
the energy consumption for the same removal target. In fact, the main contributor to the
environmental impacts of these three scenarios was the electricity attributed to the recirculation
pump (Fig. 6), accounting for 51-74% in the categories of global warming potential (GWP),
terrestrial acidification (TA), freshwater eutrophication (FE) and fossil resource scarcity (FRS).
Regarding terrestrial ecotoxicity (TET), the contribution of the recirculation pump was slightly
lower, although predominant (i.e., 36-49%). Sodium nitrate was the main contributor in the
marine eutrophication (ME) category, accounting for 59-62% of the overall impact.

3.2.3 Benchmark of reactor configurations

Regarding the environmental profile of the different reactor configurations in batch mode, it was
observed that the vertical plate stirred tank reactor consistently presented higher LCA midpoint
impact values than the standardised modular reactor (approximately 23-54% higher) regardless
of the experimental scenario and the category considered (Fig. 7). An increasing trend in impact
values was also observed with regard to the wastewater matrix complexity, as previously
elucidated. Only the ECSWH-B and MSWL-B scenarios displayed the same impact in the marine
eutrophication (ME) category for both reactors, with less than a 3% difference.

The contributions of the different categories for the vertical plate stirred tank reactor (Fig. B.6)
were analogous to those mentioned above for the standardised modular reactor (Fig. 5).
Therefore, the benchmark between both reactor types was conducted from an endpoint
perspective, as it led to more accentuated differences among the experimental scenarios in
batch mode. As depicted in Fig. 8, the single score indicator allocated to the consumption of
chemicals was very similar for both reactors regardless of the scenario under consideration. In
addition, its value showcased a mild increase with increasing wastewater complexity. On the

16



521 other hand, higher scores and more evident differences were found regarding energy
522 requirements. For scenarios treating pure water matrices (i.e., RL-B and EC-B), the vertical plate
523 stirred tank reactor scored 30-33% higher than the standardised modular reactor. As more
524  compounds were found in the influent and hence triggered competition reactions that hindered
525  the degradation kinetics, this difference was approximately 44-49% higher for the vertical plate
526 stirred tank reactor, corresponding to scenarios ECSWL-B, ECSWH-B and MSWL-B.
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527
528 Figure 5: Environmental benchmark in the selected LCA midpoint categories for the standardised modular reactor
529 across scenarios operated in batch mode as defined in Section 2.1. GWP: global warming potential, TA: terrestrial
530 acidification, FE: freshwater eutrophication, ME: marine eutrophication, TET: terrestrial ecotoxicity, FRS: fossil
531 resource scarcity.
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3.2.4 Oversizing effect

As for the standardised modular reactor configuration, the concept of oversizing effect is
introduced here to account for the mismatch between the number of anodes commercially
available and the number of anodes actually needed to achieve a desired CBZ removal rate. This
gap occurs because this reactor configuration is composed of fixed stacks of 10 anodes, which
in practice will lead the round-up in the number of anodes to the closest tenth multiple.
Consequently, the energy consumption and investment costs of electrochemical treatment may
also inevitably increase without being effectively exploited. The effect of oversizing was
analysed for the RL-B scenario by assuming that the anodes can operate with different effective
surface areas (Fig. 9). After calculating the required number of anodes for each effective surface
and rounding it to the nearest tenth multiple, the number of reactors required was obtained.
Depending on the differences between the theoretically required energy consumption for a given
effective anode area and the actual energy consumption due to the required number of reactors
(that is, the gap between the straight and the dotted lines), the oversizing may range from 0.95%
to 54.3% imbalance. The smallest gap corresponded to 65% effective area, and the largest to
10%. In the case of the 90% effective anode area that was considered for scale up, a gap of 17.7%
was observed.

In order to elucidate the effect of oversizing on the environmental profile of the different reactor
configurations, the 17.7% intrinsic excess found in the standardised modular reactor was applied
to the vertical plate stirred tank reactor. Under the EC-B scenario, a benchmark in terms of LCA
midpoint and endpoint categories for the three resulting reactor configurations was conducted
(Fig. 10 and Fig. 11). As shown in Fig. 10, the oversized vertical plate stirred tank reactor
presented the largest contribution to all LCA midpoint categories, with a difference of 1-3% over
the vertical plate stirred tank reactor and 20-36% over the standardised modular reactor.
Regarding the LCA endpoint categories (Fig. 11), the scores for Human Health and Ecosystems
categories were the most substantial, with the Resources category reporting scores up to 2
orders of magnitude lower. For all endpoint categories, between 63 and 72% of the individual
scores were attributed to energy consumption. According to this analysis, the oversized vertical
plate stirred tank reactor was again the most impactful configuration, followed closely by its
non-oversized version. Similar to the outcomes of the midpoint benchmark, the 17.7% oversizing
did not lead to a dramatic increase in endpoint scores, as there was a difference of
approximately 2% in the Human Health and Ecosystems categories and a difference of 25% for
Resources, although the latter category contributed less to the overall endpoint damage. In both
the midpoint and endpoint analyses, the standardised modular reactor was the configuration
with the lowest environmental impact, although inherently oversized, mainly due to the lower
energy consumption of the electrodes (Table A.4) relative to the vertical plate stirred tank
reactor (Table A.5). This reduction originated not only from the different anode areas involved
but also from the distances between electrodes (being considerably lower for the modular
reactor), which affected the calculation of the potential difference at the pilot scale (Vai ), as
discussed in Sections 3.1.1 and 3.1.2.
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Figure 11: Environmental scores in the LCA endpoint categories for the EC-B scenario operated under different
reactor configurations, including the oversizing effect.

4 Treatment selection and literature comparison

When evaluating the most sustainable mode of operation, the first finding of this work was that
continuous operation showed the highest chemical consumption, given that its nitrate and
sulfate requirements were above the regulatory limits, and thus, these ionic species needed to
be continuously added to the wastewater influent. On the other hand, the fed-batch operation
could minimise such chemical consumption with a 74-93% reduction, while the batch
performance ranged in between regardless of the wastewater treated. Regarding electrical
energy consumption, the fed-batch operation was the one with the highest energy demand,
especially when treating wastewater with multiple pollutants. This was due not only to the
energy required by the operation of the recirculation pump but also to its lower wastewater
volume capacity and negatively affected degradation efficiency by competition kinetics. Energy-
wise, both continuous and batch operations treating complex wastewater matrices were
comparable even if the energy consumption was distributed differently across pump types.
However, when the influent wastewater contained a lower content of other ions and organics,
the batch operation stood out as the most environmentally friendly solution across all LCA
impact categories, resulting from its lower energy consumption and regardless of the chemical
additions. Therefore, from an environmental perspective, the decision-making process regarding
the mode of operation comes down to the energy-related impacts, where batch is the most
sustainable option, followed by continuous and fed-batch. If the addition of chemicals were to
be avoided by operating with wastewater influents with enough sulfate and nitrate
compositions, the batch operation would still be the leading condition, and the overall treatment
would also be improved from an economic point of view.

Regarding the effect of the influent wastewater composition, it was found that targeting single
vs multiple contaminant wastewater matrices significantly affected the environmental profile
of the treatment, with an increase between 186-264% across the LCA impact categories
considered. Here, again, these impacts derived from the negatively affected degradation
efficiencies, which resulted in longer reaction times and higher energy demands by the different
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pumps involved.

In this study, two different reactor types were scaled up and compared in environmental terms:
a standardised modular reactor and a vertical plate stirred tank reactor. The latter presented
the advantage that it allowed for a fully customisable design, as it was not restricted to the
anode geometry, size or number of commercially available cell modules. Nonetheless, the
vertical plate stirred tank reactor scored higher for the majority of LCA midpoint and endpoint
categories, with differences up to 54% and 49%, respectively, resulting from the increased energy
requirements by the electrodes and the recirculation pump. Based on complementary analysis
regarding the oversizing effect, it was found that even if 17.7% was oversized, the modular
reactor was the most attractive configuration.

Consequently, the most environmentally friendly configuration for the electrochemical oxidation
of CBZ through BDD anodes corresponded to batch operation in a standardised modular reactor,
preferably when the influent wastewater matrix had a low content of scavengers, such as other
ions, organics or pollutants. The associated environmental impacts at the midpoint for these
conditions are detailed in Table B.1. Despite the lack of comparable references on LCA applied
to pilot-scale eAOPs for CBZ removal, a preliminary comparison of our most promising
configuration in single and multicomponent systems (i.e., the ECSWL-B, ECSWH-B and MSWL-
B scenarios in the standardised modular reactor) with respect to other pilot-scale treatments in
terms of GWP is presented here. Given the diversity of functional units, the reported values have
been extrapolated to a common reference of kg CO, eq per g CBZ removed (Fig. 12). Considering
that the average CBZ intake for adults is 600 mg/day [60] and that approximately 72% is
absorbed by the human body [8], the CO, emissions associated with the removal of the daily
CBZ discharge per patient have been correlated to the equivalent distance covered by an
average passenger car for the same environmental impact (considering that an average of 107.5
g CO,/km was emitted in 2020 for new passenger cars registered in Europe [61]). The underlying
calculations can be found in Table B.2, although it should be noted that the comparison between
the studies should not be taken unquestionably, as there are considerable differences in their
LCA scopes.
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Figure 12: Reported GWP impacts (in kg CO2 eq per g CBZ removed) for several wastewater treatments. GWP results
are also linked to the equivalent distance (in km) travelled by an average passenger car for the same emissions.
Treatments including the impacts associated with the infrastructure are denoted with *. GAC: granular activated

carbon, NF: nanofiltration, SPF: solar photo-Fenton.

Pesqueira et al. (2021) conducted an LCA on pilot-scale solar-based treatments, including solar
photolysis and TiO, photocatalysis (with and without H,0, addition) and near-neutral photo-
Fenton [62]. Their LCA was based on the chemical and energy consumption in the photoreactor
and, at a later stage, the impact for its construction was also considered (indicated with * in
Fig. 12). Solar photolysis exhibited the lowest associated GWP (i.e., 5 kg CO, eq per g CBZ
removed excluding infrastructure), although it was argued that the applicability of the process
was hindered by the lower mineralisation efficiencies attained. On the other hand, solar photo-
Fenton presented the highest impact (i.e., 57 kg CO, eq per g CBZ removed excluding
infrastructure) due to the need for acidification, neutralisation and iron removal steps. As a
result, solar TiO,-P25 treatment without H,O, was presented as the most suitable alternative,
considering that the catalyst should be reused at least 5 times [62]. In absolute terms, this
treatment resulted in a GWP of 22 kg CO, eq per g CBZ removed, which increased by 15.5% when
considering infrastructure impacts. In our study, the scenario that would outperform TiO,-P25
photocatalysis would be the ECSWL-B scenario, with 7.6 kg CO, eq per g CBZ removed. By
increasing the complexity of the wastewater matrix, the ECSWH-B and MSWL-B scenarios
showed impacts of up to 18.9 and 26.5 kg CO; eq per g CBZ removed, respectively. However, the
analysis by Pesqueira et al. (2021) did not include the impacts associated with the operation of
other equipment such as pumps, which are the main sources of electricity consumption and thus
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GWP. Consequently, it can be argued that our electrochemical setup entails a significantly lower
environmental impact than solar photo-Fenton for the three scenarios selected, while a more
comprehensive analysis of the electrical energy consumption by solar TiO,-P25 photocatalysis
is needed. Nonetheless, the electrochemical treatment has the added value of not requiring a
catalyst, and therefore, avoiding the need to optimise the reuse, regeneration, operating costs
and environmental impacts of the catalyst material.

Gallego-Schmid et al. (2019) evaluated several pilot-scale solar photo-Fenton (SPF) processes
in combination with nanofiltration (NF). Their results showed that the NF unit helped to reduce
the environmental impact of acidic and neutral SPF by 38-43% by enhancing the treatment
efficiency. In terms of SPF performance, neutral SPF was hampered by the impact associated
with the use of an iron complexing agent, making it less environmentally friendly than
conventional acid treatment [63]. The higher impacts achieved by the neutral SPF (i.e., 167.3 kg
CO; eq per g CBZ removed) compared to those of Pesqueira et al. (2021) could be attributed to
the higher number of target pollutants (and thus process efficiency affected), the higher number
of consumables (including reagents and iron complexing agents) and the inclusion of transport
and dismantling in the scope. As confirmed through this study, our electrochemical treatment
stands out as more sustainable, as GWP impacts are between 2.2 and 22 times lower. Zepon
Tarpani and Azapagic (2018) also investigated the environmental impact of SPF, ozonation and
other conventional wastewater treatments, such as granular activated carbon (GAC) and
nanofiltration (NF). In terms of CBZ removal, their four treatments showed considerably higher
GWP impacts than any previous work (i.e., between 189.1 and 312.9 kg CO, eq per g CBZ
removed), presumably also due to the larger scope of the LCA [64].

In relation to previous literature on LCA applied specifically to electrochemical oxidation, the
studies from Chatzisymeon et al. (2013) and Li et al. (2022) are available, although they were
applied to olive mill wastewater treatment and PFAS removal from groundwater, respectively
[65, 66]. In both studies, it was concluded that the environmental impact of the electrochemical
treatment was primarily determined by the electrical energy consumption, which was also
observed in our study. Their absolute GWP values reached 160 and 0.205 CO, eq per cubic metre
of treated wastewater, respectively. Under the standardised modular reactor configuration, the
ECSWL-B, ECSWH-B and MSWL-B scenarios presented GWP impacts of 7.6-107%, 1.9-1072 and
2.7-1072 kg CO; eq per 1 mg CBZ removed per cubic metre of treated wastewater during one day
of operation. Comparison between the three assessments is certainly hampered by the different
target pollutants, wastewater origins, functional units and LCA scopes considered, as reflected
in the different orders of magnitude of the results obtained. Therefore, future LCA studies on
electrochemical oxidation applied to the removal of pharmaceuticals are necessary to
consolidate the environmental profile of eAOPs.

5 Conclusions
This study has demonstrated the importance of scaling up laboratory results for a more

comprehensive evaluation of an electrochemical treatment, since most of the environmental
impacts in a modelled scaled-up pilot operation were found to be related to the electrical energy
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consumed by complementary pumps and not the electrochemical reactor itself. Consequently,
optimising the energy requirements of all pieces of equipment is crucial to aim towards
sustainable and carbon neutral wastewater treatment. In this way, the efforts made to achieve
SDG No. 6 of Clean Water and Sanitation are not jeopardised by increasing the levels of CO, and
other greenhouse gases in the atmosphere.

From an environmental point of view, this work has shown that the most promising eAOP for the
removal of CBZ is carried out in a standardised modular reactor operated in batch mode,
preferably when the complexity of the influent wastewater is as low as possible. Under these
conditions, our eAOP has been shown to outperform previously reported AOPs, such as ozonation
and solar Photo-Fenton, in terms of GWP (i.e., ranging from 10% to 96% less kg CO, eq per g CBZ
removed). However, further LCA studies on similar eAOPs are required to confirm their suitability
for future applications, especially if the scope of the LCA can be extended to a full plant
operation.

Finally, it should be noted that this techno-environmental analysis is based on steady-state
modelling and would therefore benefit from validation studies. To corroborate the robustness
and effectiveness of the eAOP for real wastewater treatment, experiments should be replicated
on a larger scale, and dynamic modelling aspects, such as possible alterations of process
variables (e.g., flow rate, current density and wastewater composition) and deterioration of
equipment over time (e.g., fouling of electrodes) should be evaluated. In addition, a toxicity
assessment of the treated effluent is recommended to ensure safe and viable operation.
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