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Management of solar energy to power electrochemical wastewater
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Abstract

In this work, the management of photovoltaic (PV) energy, assisted by a redox flow
battery (RFB), for powering an electrochemical advanced oxidation process (EAOP), is
evaluated. The storage of surplus energy allows to extend the treatment time overnight
and to increase the environmental remediation efficiency during the whole
electrochemical treatment. Nevertheless, this work points out that it is important to
evaluate the most suitable powering strategy to take advantage of the total solar energy
produced. The energy supplied by the PV panels to each system depends on the electrical
features of the electrochemical devices (electrooxidation reactor and the RFB) and,
especially, on the connection between them (series or parallel). A straightforward
coupling (without a targeted regulation of the energy distributed between the EAOP and
the RFB) brings out a time-depending and uncontrolled powering. This type of strategy
opposes to the smarter regulation of the energy between the EAOP and the RFB by means
of a targeted powering to each device. Results show higher remediation degrees when
both electrochemical devices are directly coupled in parallel, regardless of the operational
mode used (straightforward or targeted) due to lower current densities lead to higher
global performances for both electrochemical devices. Nonetheless, it is important to note
that the green targeted powering notices higher remediations than the straightforward

coupling when the system operates under parallel connection and a RFB control. The
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lower current densities supplied to the RFB point out higher capacities and, consequently,
extend the remediation treatment. Those results shed light on interesting conclusions in
terms of green energy use. Furthermore, this software tool allows by means of a simple
predictive modelling to optime the operational conditions of electrochemical treatments

powered by renewable energies and assisted by energy storage systems.

Keywords
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redox flow batteries; simulation

Highlights

Coupling of PV to RFB and EAOPs extends the duration of treatment.

Coupling of PV to RFB and EAOPs increases the total remediation degree

reached.

- Lower current densities show higher remediation degrees per unit of energy

supplied.
- Lower current densities allow to store a large amount of energy.

- Parallel electrical distributions allow to work under efficient operational

conditions.
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1. Introduction

The prevention and reversion of the climate change is, nowadays, one of the main targets
of the research community. To overcome the environmental risks that we are facing, the
society must learn new sustainable habits. Environmental protection, social cohesion and
economic development constitute the three key elements of sustainability [1]. According
to that, the term sustainable development was defined as “meeting the needs of the present
without compromising the ability of the future generations to meet their own needs” [2].
Despite new generations are becoming aware of taking care of the environment, the past
uncontrolled industrial and human activities have left high levels of pollution in natural
sources including soils and water bodies that may contain hazardous concentrations of
persistent organic pollutants (POPs) that should be removed to avoid harmful
environmental and human risks.

The electrochemical techniques have been proved as one of the most suitable technologies
to recover natural sources polluted by a wide range of compounds [3-7]. These processes
have been outlined as clean, flexible and powerful, not only for treating wastewater, gases
or soils but also for providing drinking water, even from low quality sources [8, 9].
Furthermore, it is important to note that those treatments only require electrical energy to
operate. Focusing on the treatment of wastewater, electrolyzers equipped with different
electrodes materials (platinum, graphite, diamond, mixed metal oxide, metallic dioxide,
etc. [10-12]) have demonstrated to be able to promote high degrees of mineralization, as
a consequence of the generation of hydroxyl radicals [13], being the diamond one of the
most active materials to undergo electrochemical advanced oxidation processes (EAOPS).
The conductive diamond electrochemical oxidation (CDEOQ) has been widely applied by

the oxidation of a large diversity of organic pollutant and real wastewater effluents as
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pharmaceutical [14, 15], petrochemical industry [16], textile industry [17, 18], agriculture
[19] or urban wastewater [20, 21].

Until now, researchers have aimed their studies at developing efficient technologies
capable of recovering affected natural resources, without paying attention to the possible
adverse effects of the treatment [22]. Nevertheless, it is essential to strike a balance
between efficiency and sustainability when a new treatment is studied to prevent an
additional pollution source. Thus, keeping in mind the critical environmental emergency
that the humankind must address, and the need for a sustainable development, the concept
of green remediation arose. This idea is focused on the recovery of natural sources under
the lowest environmental impact [23, 24]. Within this concept, the coupling of
electrochemical technologies with renewable energies (REs) could turn these promising
treatments into more environmentally friendly processes. It is worth mentioning that
electrochemical technologies can be powered indistinctly by the grid or by renewable
sources [25, 26] and this later strategy makes them the perfect tandem to get a green
remediation. It is worth mentioning that electrochemical technologies can be directly
powered by solar panels (Off-grid installations) using direct current (DC) [27]. This
operational strategy does not require the use of inverter devices which increases the cost
of the remediation setup and its operational management. Furthermore, these
characteristics make this operational strategy suitable to be installed in remote areas
without energy supply.

The use of photovoltaic (PV) energy to power electrochemical treatments has been widely
reported in literature, showing promising remediation results [28-34]. Nevertheless, the
intermittency and unpredictability that characterize the solar power, increase the

treatment time and reduces its efficiency, due to the fluctuating current supplied
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throughout a day [33]. Despite those negatives operational features, a green powering
may be environmental and economically attractive to recover natural sources [35].

It has been proved that the use of green energy may work as only power source of batch
treatments. Nevertheless, the drawbacks of green energies rule a continuous operation
out. To solve this problem, many groups have tested the performance of electrochemical
remediation technologies directly coupled with traditional batteries (Lead-acid batteries)
directly charged by green energies [36-39]. Nevertheless, a direct powering by batteries
may lead to a huge waste of energy due to the efficiencies of energy conversion. To streak
a balance between both operational conditions, the use of REs and ESSs under targeted
operational conditions is proposed.

The control of the current supplied to the electrooxidation treatment avoids undesired
reactions, improves the current efficiency, and reduces the energy costs [32].
Simultaneously, the storage of exceeding power (typically at midday), by means of ESS
working as peak shaving (or load leveling) devices, helps to fit the production and demand
of renewable energy [40, 41]. Regarding the ESSs, redox flow batteries (RFBs) have
shown promising characteristics regarding other more traditional batteries. The main
advantage of the RFBs is that power and energy are independent [42, 43]. This feature
provides the RFBs with a high flexibility and allows a straightforward scalability which
make easier its coupling to electrochemical technologies. Furthermore, they can directly
be powered by renewable energies reaching high storage capacities and efficiencies [44,
45]. Thereby, both strategies promote a smother powering, which may turn into efficient
remediation treatments.

Mathematical models can provide a critical insight into treatment remediation and can
work as guide of corrective and preventive actions [46]. Furthermore, these modelling

tools may help to improve the electrochemical designs [41] and to assess the best
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operational conditions. The modelling of electrooxidation treatments has been widely
assessed [47-51]. Those studies allow to know in detail the behaviour of remediation
treatments under different operational conditions. Nonetheless, to the best of our
knowledge, studies about the transient response at non-galvanostatic operational mode
have not been performed yet.

In view of the aforementioned background, the main aim of this work is to test a software
tool capable of predicting the degree of remediation reached by an EAOP treatment
powered by a combined solar photovoltaic panel and an RFB. Thus, in one of the
strategies, the energy produced by the PV panels is straightforwardly used in an
electrochemical treatment and stored in an RFB. In turn, the stored energy is powered to
the environmental treatment overnight. Alternatively, other strategy consisting of the
targeted distribution of solar energy to the EAOP and RFB. In both cases, the energy
distribution between both electrochemical devices (EAOP treatment and redox flow
battery) was assessed using different electrical configurations, series and parallel
connections, and in three different sunlight profiles corresponding to different seasons of
the year. Thus, the best powering strategy was determined according to the highest
remediation reached per unit of energy supplied, which it is a very important milestone
in the search of more sustainable electrochemical advanced oxidation processes for the
treatment of wastewater.

2. Materials and methods

The current density applied highly influences the efficiency of electrochemical
remediation treatments [52]. The direct coupling of an electrochemical advanced
oxidation process (EAOP), such electro-oxidation, with a PV panel does not allow to
work under optimum operational conditions because of the fluctuating solar radiations

received throughout a day [53, 54].
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To record and monitor the variables of a treatment is essential to ensure its control and
efficiency [55]. Furthermore, to optimize the control of a treatment may bring out
operational cost drop and effluent quality increases [56]. Therefore, the control of the
energy produced by a PV panel to power an electro-oxidation treatment is essential to

reach the most efficient remediation.

To overcome this drawback, energy storage systems may be coupled. These devices can
provide a smoother powering to the EAOP treatment. Thus, a uniform and more efficient
remediation may be carried out. To test this hypothesis, in this work it is simulated the
coupling of a vanadium redox flow battery with an EAOP, with the aim of storing the
exceeding energy of PV panels at peak hours and powering it at lower or null green power
production hours. To perform this simulation, the mathematical modelling of both devices
(EAOP and RFB) carried out in a previous study was used. The formulated and tested
models were integrated using a simple programming language in Visual Basic and they
can be found elsewhere [57]. The fixed parameters of this predictive software tool are
related to the specifications of the experimental setups and the variable parameters are
the energy flow and the concentration of species which directly depend on the solar
radiation received. This model was carried out using experimental bench scale setups
coupled with a PV plant made up of two solar panel (1.313 m? each panel) connected in
parallel and supplied by ATERSA (Spain). An electrooxidation reactor, DiaCell® 101,
provided by Adamant Technologies (Switzerland) and equipped with boron doped
diamond (BDD) electrodes (75.8 ¢cm?) supplied by WaterDiam (France) was used as
continuous electrochemical remediation system. Furthermore, a homemade vanadium
redox flow battery (VRFB) made up of 4 single cells (48 cm? each cell) connected in
series was used as electrochemical energy storage system. The RFB operate at 50 mL

min* using 500 mL of electrolyte solution (1.6 mol dm of V*", 50:50 VO?* and V**).
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Figure 1 shows a scheme of the modelling software tool which represents the devices that
made up the remediation setup. The modelling was carried out considering a synthetic
wastewater effluent polluted with 100 mg dm of clopyralid and containing 3 g dm of
Na>SO;4 as supporting electrolyte. These conditions provide the solution of an initial pH
of 3.51 + 0.19 and an initial conductivity of 4.03 + 0.22 mS cm™. In addition, it is
important to take into account that each PV module has an efficiency of 12.14 %
according to its technical specifications and the experimental energy efficiency reached

by the homemade RFB was around 70 %.

3. Electrochemical
treatment

2. Energy storage

Figure 1. Scheme of the modelling software tool.

It is worth mentioning that the energy distribution that takes place when two
electrochemical devices are coupled is different, according to the electrical connection
between them. Furthermore, it is important to note that the energy supplied to each device
directly depends on the overpotentials of each system and they cannot be controlled.
Considering those facts, a targeted powering must be applied to manage and regulate
properly the energy supplied to the treatment trying to achieve the most efficient
remediation. To assess the most suitable electrical connection, several simulation tests

were proposed. Figure 2 shows the electrical circuits that represent the different electrical
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connections that could be conducted between two electrochemical devices directly
coupled to a PV plant by means of straightforward or targeted powerings. As Figure 1
shows, the electrical connection between both electrochemical devices may be performed
under series or parallel configurations. The energy supplied under a straightforward
powering will be distributed according to the internal resistances and overpotentials of
each device. This distribution will depend on the curves, current-voltage, modelled in a
previous work [57]. In contrast, the targeted strategy allows to regulate the energy
supplied to each device by means of a variable resistance. Thus, if the variable resistance
takes a value of cero, the total solar power will be divided into the EAOP and the RFB,
according to a straightforward powering. Conversely, the higher is the current drop
induced, the lower is the current supplied to this device. The current distribution will vary
according to the electrical configuration as Kirchhoff laws expose [58, 59]. For series
circuits, the total potential is the sum of the voltages of each element of the circuit
(Equation 1 and 2). By contrast, in parallel circuits, the voltage is the same in all the
element into a node (Equation 3 and 4). The resolution procedure is detailed in the

Supplementary Material section.

Ipyv = Igaor = Ires [1]
Vpv = Viaor + Vres [2]
Vpv = Veaor = Vres [3]
Ipy = Igaop * Irrs [4]

According to the previous equations, the series connection allows to power the
electrochemical devices at higher current densities. However, this may arise operational
drawbacks. Regarding electrochemical remediation treatments, higher currents can

involve higher mass transfer limitations [60], because they may turn into parasitic
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secondary reactions and an efficiency drop [11, 61, 62]. Regarding the RFB charge,
higher current densities bring out lower capacities and lower state of charge [63, 64].

Consequently, low power could be stored by the system.

Considering those premises, both electrochemical devices have an optimum overall
performance working at lower current densities. Thus, in order to operate under smother
powering conditions capable of suppling lower current densities to the electrochemical
systems, a regulated strategy was proposed. To do that, different resistances were tested
with the aim of establishing the most suitable energy management strategy. In contrast to
the energy distribution previously described, in this case some features arise due to the
inclusion of a new resistance. The resistance simulates a current drop of 25, 50 and 75 %.
Equation 5 to 8 show the distribution of current, under series and parallel connections, by

means of a EAOP or RFB current control.

- Series connection:

EAOP control: Ipv=1Iga0p *+ (VE;OP) = Irrp [5]
RFB control: Ipv=lga0p= (V';#) + IrrB [6]

- Parallel connection

EAOP control: Ipy = Igaop + (VE;OP) + Irre [7]
RFB control: Ipv = Igaop + Irps + (VI;FB ) [8]
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Figure 2. Experimental prediction planning. Photovoltaic solar electrochemical oxidation

under straightforward and targeted electrical powering.

To test this approach, the remediation of a persistent organic pollutant, clopyralid, was
evaluated according to the proposed electrical connection and considering the models
described elsewhere [57]. Furthermore, this study was performed using three different
solar profiles with the aim of assessing the efficiency of an assisted photovoltaic solar
electrochemical oxidation (PSEQ) treatment under different weather conditions. Figure 3
shows the three different solar radiation patterns used, which correspond to typical days
in our location (3.59N 3.550) during the months of January, April and July, representing

different weather conditions within a year.
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Figure 3. Solar radiation profiles for three cases of study with different radiation
intensities. Case (a) January, Case (b) April and Case (c) July. Location: Ciudad Real

(3.59 N 3.55 O), Spain.

The average solar radiation received was 51.45, 102.62, 274.28 W min January, April
and July, respectively. As expected, the winter day reported the lower total and average
values. Conversely, the sunny day noticed the maximum solar radiation values. It is

important to highlight the lower solar radiation recorded during the first hour of Case (b)
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regarding Case (a). These differences can be due to earlier cloud covers related to cloudy

or rainy days (highly likely in spring).

3. Results and discussion

According to the powering strategies proposed and considering the simulation of the
models formulated and validated in a previous work of our group [57], the degradation of
clopyralid was evaluated for the different powering strategies proposed. Figure 4 shows
the current supplied by the PV panels to each electrochemical device under a
straightforward series and parallel powering and the current supplied by the RFB to the
EAOP at night. As expected, the current supplied by the PV plant to the EAOP and the
RFB is the same when the electrochemical devices are connected in series. Conversely,
the use of a parallel connection produces a different electric current distribution, as
Equation 4 details. Thus, the total current supplied by the PV plant is the sum of the

current powered to the EAOP and the RFB.

It is worth mentioning that the current supplied to the RFB drops to zero when the battery
reaches the full state of charge and, thus, once the battery is completely charged, the total
solar power is sent to the EAOP. According to that, the RFB remains under open circuit
potential (OCP) until the discharge step takes place. At that moment, the RFB works as
power supply of the EAOP. Concerning voltage, the voltage supplied by the PV panel
will follow the opposite trend than the current regarding Kirchhoff law. Figure 5 shows

the voltage profiles of each device.

As expected, faster charge steps are observed when the system is powered under a series
configuration due to the higher currents supplied to both electrochemical devices. Despite

the charge of the battery can be performed faster at higher current densities, capacity



275 losses may be observed as a consequence of air oxidation, gassing side reactions,
276 vanadium crossover and electrolyte unbalance issues [65, 66].
12 12
a.S 9 g a.P 9 g
33 33
0 0
> PV > PV
> EAOP ) > EAOP
0 6 12 18 24 30 0 6 12 18 24 30
Time (h) Time (h)
12 12
b.S 9g bP 9%
65 65
33 33
: , 0 0
> PV >pPv
Mﬂ - /, e m/\/\/\/\,\]\ - -
0 6 12 18 24 30 6 12 18 24 30
Time (h) Time (h)
S 12 5
C. ~ C. —
9 & <
1 I 65 5
\ :
, 0
277 Time (h) Time (h)
278  Figure 4. Current flows of the PV plant, the EAOP and the RFB stack under series (S)
279  and parallel (P) electrical connections for the three cases of study (a, b and ¢ Figure 2).
280  Daytime hours (yellow fill) and night hours (blue fill).




=
(4]

15
25 ap 125
9 o 9 o
()] (@]
6 S 6 =
\ 3 S N\ 3 S
0 % 0
>PV >PV
- EAOP - EAOP
> RFB > RFB
0 6 12 18 24 30 0 6 12 18 24 30
Time (h) Time (h)
15 15
12S  bP 125
9 Tv/ 9 o
6 £ I 6 &
3 S 33
0
> PV > PV
- EAOP - EAOP
> RFB ) > RFB
0 6 12 18 24 30 0 6 12 18 24 30
Time (h) Time (h)
15 15
c.S 12 2s
9 o 5 o
(o)) [®)]
6 6
3 S 3 S
0 0
>PV > PV
> EAOP > EAOP
> RFB - RFB
0 6 12 18 24 30 0 6 12 18 24 30
281 Time (h) Time (h)

282  Figure 5. Voltage of the PV plant, the EAOP and the RFB stack under series (S) and
283  parallel (P) electrical connections for the three cases of study (a, b and ¢ Figure 2).

284  Daytime hours (yellow fill) and night hours (blue fill).

285
286

287
288

289



290

291

292

293

294

295

296

297

298

299

300

301

302

To evaluate this trend, charge and discharge capacities were quantified. In addition,
coulombic, voltage and energy efficiencies of the battery were calculated as reported
elsewhere [67-69]. Those parameters allow to assess the overall performance of the
battery when it is charged under different weather conditions and electrical
configurations. Figure 6 shows the charge and discharge capacities, and the efficiencies
of the battery under different operational conditions. As expected, the lower is the current
density supplied to the RFB, the higher is the capacity stored into the battery. Thus, the
higher capacities were noticed in Cases (a) and (b) because of the lower solar radiations
received in those simulation tests. It must be highlighted that a slightly higher capacity
was reached in Case (b) due to the lower solar radiation values observed during the first
hour of the day. Conversely, the lowest capacities were observed in Case (c) because of

the huge current densities powered in this case.
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Figure 6. Charge (black bars) and discharge (grey bars) capacities. Coulombic (0),

voltage (o) and energy (A) efficiencies under a series (a) and parallel (b) powering.

Furthermore, it is important to note that higher capacities were observed using parallel
connections. The lower current densities supplied under these powering strategies turned
into higher capacities. Nevertheless, the power supplied in Case (a) was not enough to
reach a full state of charge. Using this electrical connection, the battery only achieved an
open circuit potential (OCP) of 4.87 V. Conversely, the highest OCP was recorded in case

(b) under parallel connection, 5.94 V.

Regarding efficiencies, the higher coulombic efficiencies were observed when the charge
steps were performed at higher current densities. Coulombic efficiencies losses can be
caused by side reaction or cross mixing of electrolyte throughout the membrane [70, 71].
The species crossover is mainly due to diffusion or migration forces [72]. Nevertheless,
those phenomena were not considered into the RFB model outlined elsewhere [57].
Conversely, the voltage and energy efficiencies took lower values under those operational
conditions. Higher voltage losses can be observed at higher current densities as a
consequence of the higher ohmic overpotentials [69]. The same trend was noticed
between series and parallel connections. The higher coulombic efficiencies were reported
under series connections, because of the higher current densities supplied in this case. In
contrast to that, the higher voltage and energy efficiencies were observed when the RFB

and the EAOP worked under a parallel powering strategy.

Capacity and efficiencies values took values closer to other reported in literature where a
RFB was used to store solar power under realistic conditions [44, 73]. Those results
suggest again the huge robustness and accuracy of the RFB model previously proposed

by our group as reported elsewhere [57].
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Regarding discharge capacity results, longer remediation treatments could be performed
when the battery stores a longer amount of energy. Contrary to expectation, the highest
discharge capacities were observed under different electrical connection depending on
the season of the year. In Case (b), the battery reached the highest discharge capacity
under a parallel connection. Conversely, in Case (c) the battery was able to discharge a
higher amount of energy when the electrochemical devices were connected in series.
Those differences may be due to the different average current densities between charge
and discharge steps, which may turn into different reaction speeds. This could explain the
lower coulombic efficiencies obtained, regardless of the operational conditions and the

case of study.

Many research groups reported the efficiency of an electrochemical remediation process
according to the initial pollutant concentration and the current density supplied [21, 74,
75]. At high organic concentrations, and low current densities, the pollutant is linearly
mineralized following a Kkinetically controlled process. In contrast to that, at low
contaminant concentrations and high current density values, the organic matter
concentration drops exponentially, because of mass-transport limitations and side
reactions of oxygen evolution. Furthermore, it is claimed that the remediation of
concentrated wastewater effluents requires lower specific power consumptions [76, 77].
Considering those premises, the removal of clopyralid was evaluated according to the
power supplied to the electrooxidation reactor regarding the different powering strategies
proposed. It is worth mentioning that the oxidation of clopyralid was evaluated according
to Reaction 1. This reaction points out that 18 electrons must be exchanged to mineralize

the pollutant model of this study, clopyralid.

CsH3CI2NO; + 10H20 — 6CO2 + 19H" + NH4" + 2CI" + 18 e~ (1)
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The hydroxyl radical that are electrogenerated on the anode surface as Reaction 2 details,

attack the pollutant until its complete oxidation up to CO».
H,O — «OH + H* + & (2)

Figure 7 shows the specific clopyralid removal (total clopyralid removed per Ah) under
a single PSEO and a PSEO assisted by a RFB by means of a series and parallel
straightforward coupling. Figure 7a shows the degradation attained without an energy
storage system. In those cases, 54.43, 78.34 and 104.06 mg were removed in Cases (a),
(b) and (c), respectively. The longest summer day, and its higher solar radiation, are tied
to higher remediation levels. According to the treatment time, the treatment was running
14.49 h during the summer day and only 9.33 h the winter day. The higher is the current
supplied to the EAOP, the higher is the concentration of oxidants into the bulk solution

which may favour the mineralization of organic matter [78].

Nevertheless, despite the total solar radiation received in Case (c) was 5.33 times higher
than in Case (a), the remediation reached in the first case was only a 43.39 % higher.
Regarding the EAOP assisted by the RFB, results show higher remediations regardless

the electrical connection used and the treatment day.
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Figure 7. Total clopyralid removed under a EAOP powered by a PV plant without (a)
and with (b) energy storage. PV powering: Series (solid line) and parallel (dashed line)
electrical connections. RFB powering: dotted line. Case a (red), Case b (green) and Case

c (blue).

Figure 5b shows that the use of parallel electrical connections is slightly more efficient in
all cases. Nevertheless, the increase of removal was almost the same once the RFB was
used. The removal increases up to 48.30, 33.94 and a 68.37 % when the battery was
coupled in series. On the other hand, a 19.21, 31.56 and 64.13 % of increase was observed
in parallel connection. Thus, results show that when the battery was completely charge,
around 25.8 = 0.5 mg of clopyralid were removed. In these cases, the battery extended
the treatment around 3.74 + 0.08 h. The lowest increase observed in Case (a) under
parallel connection could be due to the battery was not able to reach a full state of charge
under those operational conditions. Consequently, the energy supplied by the battery was
negligible regarding the rest of studies. In this case, the RFB powering only removed 9.08
mg of clopyralid. It is important to note that the fluctuating currents supplied to the EAOP
do not allow to perform the treatment under constant operational conditions and
consequently, the removal does not reach an equilibrium state. To avoid this problem, a
smart control of the flow rate must be implemented as it was proved by our group in

previous studies [52]

To quantify in detail the removal efficiency of the process, the removal per unit of energy
was calculated. Table 1 shows the removal of energy per Wh supplied to the EAOP. These
results suggest once again that the use of a parallel electrical connection between a EAOP
and a RFB directly coupled to a PV panel bring out a more efficient remediation. Despite
a lower energy is supplied to both electrochemical devices, the processes work under

more suitable operational conditions. Furthermore, it is important to highlight that the
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best results were reached in Case (a), because of the lower current densities supplied by
the PV panel, associated with the lower solar radiation received. Those results confirm

again the higher efficiency of remediation treatments working at lower current densities.

Table 1. Removal of clopyralid per unit of energy supplied to the system.

Removal (mg Clop Wh1)

Without  With energy storage

storage Series Parallel

Case (a) 0.75 0.87 1.01
Case (b) 0.42 0.50 0.67
Case (c) 0.11 0.18 0.20

According to the previous results, it can be claimed that working at lower current densities
lead to more efficient remediations. Consequently, the use of a straightforward parallel
connection could be an easier operational strategy to reach the most efficient remediation.
This statement was also confirmed by other work reported by our group where the PSEO
of a polluted effluent was carried out using a bench scale setup made up of two
electrolysers [79]. The results reported removal of clopyralid between 0.48 and 2.52 mg
of clopyralid per Wh, being the remediation reached most efficient when both
electrolyzers were connected in parallel to the PV plant. Thus, those results claimed that
lower current densities, as a consequence of parallel connections, bring out efficient
remediations and avoid the waste of green energy.

Once known that the parallel configuration leads to a higher remediation performance in
terms of removal of pollutant per unit of energy, the influence of the initial pollutant
concentration was assessed. To do that, predictive analyses were carried out by an initial

pesticide concentration of 10 and 1000 mg dm™. For comparative proposes, Case (b) was
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selected to undergo this study. Results pointed out a more efficient remediation when the
effluent was highly polluted, 1000 mg dm, reaching a removal of 2.05 mg of clopyralid
per Wh. As expected, the lower the pollutant concentration, the lower the remediation
efficiency because of mass transfer problems may arise. Thus, only 0.09 mg of clopyralid
per Wh were removed from the effluent polluted with 10 mg dm. These results claim
that the current supplied by the PV plant and the RFB to the EAOP and the initial pollutant

concentration determine the efficiency of an EAOP.

To optimize the EAOP, the control of the current supplied to each device was assessed.
Figure 8 shows the removal of clopyralid per unit of energy supplied to the EAOP using
a targeted series or electrical connection. As the simulation planning exposed, a current
control may be carried out on the remediation treatment or on the battery. Under series
electrical connection, the electrochemical device that it is controlled undergoes a current
drop. Conversely, the other device is supplied in the same way than under a
straightforward series powering. In contrast to the current distribution in series, the use
of a controlled parallel powering strategy sends the exceeding energy supplied by the PV
panel to the electrochemical devices that is not controlled. Thus, this study allows to strike
a balance between the energy supplied to the EAOP and the RFB with the aim of reaching

the most efficient remediation.
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Figure 8. Removal per unit of energy supply. Series (0) and parallel (o) connection
between a EAOP and a RFB stack. EAOP (full symbol) or RFB (empty symbol) control.

Case (a); Case (b); Case (c).

Considering those premises, current drops of a 25, 50 and 75 % were simulated on each
electrochemical device, and under series and parallel connections, with the aim of
evaluating the most effective energy distribution capable of reaching the highest and most
efficient remediation. Furthermore, this prediction was performed for the three cases of
study previously exposed. Results show once again more efficient remediations when the

treatment worked at lower current densities, being this trend more prominent in Case (a).
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Regarding series connections, slight differences are observed. Nevertheless, higher
remediations are achieved under a EAOP control. As expected, the higher the current

drop, the higher the remediation quantified.

Those results confirm the lower efficiencies of EAOPs at higher current densities, because
of the waste of energy in secondary reactions [80]. It is important to highlight that a
current drop to the EAOP, when the system works under parallel connection, does not
allow the charge of the battery. The drop of current involves lower voltages values. Thus,
considering that under parallel connection both devices have the same voltage, those
values could be lower than the overvoltages of the battery which does not provide the
electrical feature to carried out the RFB charge. Consequently, the removal reached in
those cases is the same than when no energy storage systems are coupled to the EAOP.
Simulation data noticed that less than a 10 % of current drop allows the charge of the

battery.

Furthermore, it is worth to mention that the EAOP process reaches the highest
remediation when the system works under a parallel connection and an RFB control. The
lower current densities supplied to the battery lead to higher capacities which extend the
treatment time overnight and increase the total pollutant removal. The lower overvoltages
reached at low current densities increase the charge voltage window of the battery which
results into a higher capacity [81]. Consequently, the higher the energy stored, the longer

the discharge time.

In short, it is important to highlight that predictive modelling is an innovative and
promising tool able to optimize the operational condition of treatment in order to increase

its performance and sustainability.

4. Conclusions
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From this work, the following conclusions can be drawn.

The management of energy coming from a PV panel is key to ensure the power
supply of an EAOPs coupled with green energy. Regulation of the solar power
allows a smoother powering and consequently an efficient remediation. On the
other hand, to store exceeded energy extends the treatment time.

The coupling of a RFB noticeable increases the remediation reached regarding a
single PSEO treatment without energy storage.

The straightforward powering of a EAOP and an RFB by a PV plant can be
performed under series and parallel connections. Results reported higher
remediation values when both electrochemical devices are directly couped in
parallel due to the lower current densities supplied to both systems which turn into
higher overall performances.

The green targeted powering allows an exhaustive control of the remediation and
storage processes. Results suggest again that the use of a parallel connection under
an RFB control aims to a higher remediation. The lower current densities supplied

to the RFB points out higher capacities which extend the remediation treatment.
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