10

11

12

13

14

15

16

17

18

19

20

21

22

23

Modelling of the treatment of wastewater by photovoltaic solar
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Abstract

This work aims at the formulation of simple and pragmatic models to predict the
behaviour of a photovoltaic solar electrochemical oxidation treatment assisted by an
energy storage system. Those models will be later integrated in a software tool that allows
the optimization and the management of the energy provided by solar panels to power
electrochemical advanced oxidation processes coupled with a redox flow battery as
energy storage system. Models for a PV panel, a redox flow battery stack and a conductive
diamond electrochemical oxidation electrolyzer have been proposed and fitted to
experimental data. Results showed a huge accuracy of the models to predict the electric
and remediation parameters. Validation analyses reported high regression coefficients
above 0.96 which confirm the precision of all the proposed models. Thus, once known
the solar radiation in a located place, the level of remediation of a wastewater effluent
treated by electrolysis may be estimated. Furthermore, it must be pointed out that the
operational conditions of the treatment could be optimized and adjusted by means of an
energy storage in the redox flow battery. Considering those facts, the sustainability and

efficiency of electrochemically-assisted remediation processes could be highly increased.
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Highlights

e Simple models reproduce satisfactory electric parameters with R? over 0.96.
e Reduction of organic pollutant concentration was fitted with R? over 0.99.
e Known the solar radiation, the generated solar power can be estimated.

e The solar power may distribute in order to be directly used or stored.
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1. Introduction
The awareness about global climate change has increased the concern of population and
national governments which have engaged in efforts to achieve a sustainable development
in the years to come. Nevertheless, the massive production and use of synthetic and
harmful compounds in the last century have left many sites polluted by hazardous
chemicals. Hence, the remediation of these natural locations is key to stop the spreading
of pollutants and to prevent any additional adverse effects on the environment or the
human health [1]. For this reason, its fast detection, containment, and removal from the
contamination focus are essential actions to avoid an uncontrolled dispersion into the
environment [2]. Until now, the research community has focused their studies on the
search of more efficient remediation processes missing other essential criteria. Thus, to
quantify the overall potential of developing remediation treatments, its economic,
environmental and social impacts must be assessed simultaneously [3]. Economically, a
remediation system must be designed as flexible as possible in order to be able to adapt
them to treat new emerging pollutants [4], reducing in this way many of the cost related
to these technologies. Regarding the environmental impact, it is of great importance to

evaluate the sustainability of a remediation treatment to avoid additional pollution issues

[5].

One of the most evaluated remediation technologies for the treatment of liquid wastes are
the electrochemical advanced oxidation processes (EAOPSs), which have exhibited huge
efficiencies removing organic compounds from effluents [6-11]. Furthermore, these
techniques have been reported as one of the cleaner and more sustainable remediation
processes because they only need electricity for in-situ production of reagents. Studies

reported that the sustainability of electrochemical processes is highly influenced by their
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energy requirements [12] and claims in favor of using green energies to power those
technologies [13]. Nevertheless, the renewable energies cannot provide a continuous and
constant power supply, which may become a drawback when a treatment is operated at
continuous mode. Previous studies showed that the direct coupling of renewable energies
and EAOPs does not show a satisfactory removal of pollutant, although the negative
effect was less prominent in other electrochemically-assisted technologies such as the soil
electrokinetic treatments [14, 15]. At this point, it has been highlighted that the control of
some operation conditions could trade off the negative impacts of lower solar radiation
values during the direct powering of the electrochemical treatment [16-18]. Besides,
despite the positive results reached working under this operational mode, smart control
systems are required to ensure high levels of removal throughout the remediation
treatment which may noticeably increase its total cost. Furthermore, the use of energy
storage devices is important to store the surplus energy and to power these remediation

technologies overnight.

In light of the previous studies the modeling and prediction of those treatments are key to
understand in detail the behavior of these technologies working under non-constant
operational conditions and to assess the level of removal under different weather
conditions and consequently a fluctuating powering. Despite the research community has
developed mathematical correlations capable of predicting the performance of those
remediation technologies under different soft and constant operational conditions and a
wide range of pollutants [19-29], there are not literature evidence of studies under realistic
conditions (direct coupling with renewable energies). Regarding the green energy storage,
a wide range of chemical, mechanical, electromagnetic, thermal or electrochemical
systems have been studied in the last centuries [30]. Traditionally, lead-acid and lithium

batteries have been widely used to large-scale energy storage acting as buffer between
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renewable energy production and a particular energy demand. Nevertheless, the redox
flow batteries (RFBs) have shown promising results for large scale requirements between
10 kW and 10 MW due to their flexibility, fast response, depth of discharge and relatively
low environmental impact [31, 32]. In addition, the decoupling of power and energy allow
the assembly of different configurations that make easier their coupling with renewable
energies and other electrochemical devices [33-35]. Until now, many research groups
have focused their studies on developing mathematical models capable of predicting the
behavior of those energy storage systems, based on the main mechanisms that take place
during the charge and discharge steps [36-43].

In view of the previous statements, the main aim of this work is the development of a
software tool capable of forecasting the most sustainable and efficient photovoltaic solar
electrochemical oxidation treatment assisted by energy storage systems. To do that,
simple and pragmatic models interconnected to each other allow to manage the energy
coming from photovoltaic (PV) panels in order to exploit the total solar power generated
and to reach the maximum remediation during the treatment of a polluted wastewater. To
increase and improve the use of energy, a vanadium redox flow battery was used as
electrochemical energy storage system which stores exceeding energy and powers an
electrochemical remediation treatment at non-power green production hours. To meet this
goal, firstly the modeling of the different devices that made up the setup was addressed.
Thus, this work exposes for the first time, mathematical models capable of predicting the
behavior and performance of electrochemical technologies (an electrooxidation treatment
and a redox flow battery) working under hard, intermittent and unpredictable conditions
due to their solar powering. After that, the solar power production control and
management were faced up to find the most suitable electrical configuration that allows

to reach the maximum pollutant mineralization at the maximum removal efficiency.
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2. Materials and methods

To validate the different model proposed, experimental tests were performed with
different setups. To supply solar photovoltaic energy, two photovoltaic panels model A-
160M-24V provided by ATERSA (Spain) were located on the roof of the lab building
(3.59N 3.550). Connection between both panels was in parallel and further details are

provided elsewhere [44].

The energy produced by the solar panels aims to be completely exploited by means of an
exhaustive control. To do that, it is essential to assess the electrical features of the
electrochemical devices that will be powered by them. Furthermore, it is necessary to
evaluate the performance of those systems when they are powered by a non-constant
power source as the solar energy. To address this aim, the behaviors of a conductive
diamond electrochemical oxidation (CDEQ) reactor and a vanadium redox flow battery
(VRFB) stack working under different operational conditions were assessed. The CDEO
reactor used to carry out the experimental tests and the modeling was a DiaCell® 101.
The electrochemical reactor was equipped with BDD electrodes (WaterDiam, France) of
78.5 cm? of area and connected to a wastewater storage tank as detailed elsewhere [16].
To perform the remediation tests, a synthetic effluent polluted by 100 mg dm= of an
organochlorinated pesticide (Clopyralid) and containing 3000 mg dm™ Na,SO4 as

supporting electrolyte was used.

Regarding the VRFB stack, a homemade battery of 48 cm? each cell was used as energy
storage device. A commercial solution of 1.6 M of V*"(50:50 VO?* and V**), 2 M of
H2SOs and 0.05M of HsPO; (OXKEM) was used as electrolyte. Carbon soft felt
electrodes Sigracell ® GFA 6 EA (6 mm Thickness) were used as cathode and anode

(SGL Group) and Nafion® 117 as cationic exchange membrane (DuPont, Spain).



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

The complete system was arranged so that the CDEO reactor could be powered by the
RFB stack overnight (once the PV could not supply energy). Figure 1 shows a schematic
diagram that represents the total remediation system. Because of that, the number of cells
contained in the stack were fitted to outperform the electrical requirements of the
electrolyzer. To meet this aim, a previous study was carried out which indicated the

necessity of connecting 4 cells in series.

3. Electrochemical
treatment
ol
1. PV plant 2. Energy managment
—_

2. Energy storage

Figure 1. Schematic diagram of a photovoltaic solar electrochemical oxidation treatment

assisted by a redox follow battery.

Mathematical models and results discussion

In a previous work, a preliminary approach of a software tool capable of predicting the
remediation of an organic compound by means of solar power was developed [44]. That
software tool was made up of four modules and it is the base of the work presented in this
paper. The first module predicted the solar radiation. The second determined and

managed the solar power generated by the PV plant. Finally, the third and fourth modules
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were focused on the environmental remediation treatment and the energy storage setups,

respectively.

As noticed above, a previous study of our group developed a pragmatic and
straightforward model capable of predicting the solar radiation and the energy produced
by a PV plant in a specific location [44]. The promising results reached in this first
forecast approach set up a new and detailed research path. Thus, this work is mainly
focused on improving the second module of the software tool, relied on managing,
controlling, and distributing the energy provided by a PV plant. To do that, an exhaustive
modelling of the electrochemical devices (remediation treatment and energy storage

system) and the solar plant was carried out.

PV panel model. Firstly, an important aspect to be considered is the modelling of the
power generated by the PV plant according to the solar radiation received. Once known
this input, its management may be faced. Many researchers have focused their studies on
the development of different correlations to represent the I-V curves of a photovoltaic
panel, depending on the cell temperature, shading, solar radiation or different cell
configurations (series or parallel), etc [45, 46]. Most of them expose the behavior of a
photovoltaic cell like a diode. Thus, Figure 2 and Equation 1 show the electrical
equivalent circuit and the characteristic I-V equation of a photovoltaic panel, respectively
[45, 47]. To simplify this part of the modelling tool, the following widely used and
accurate model has been used to quantify the solar power generated by our PV plant

according to the solar radiation received.
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Figure 2. PV cell electrical equivalent circuit.

_Vev+ Ipv Ry [1]

a(Vpy+ Ipy-Rg)
1]
Rsh

I = Iy L[ e
where, Vpv and lpy are the output voltage and current of the PV module. Iph and

lo are the photocurrent and the inverse saturation current of the diode, respectively.
Parameter q is the charge of an electron (2.6-10%° C), Nc¢ the number of cells, n is the
ideality factor (1.7), K is the Boltzmann constant (1.3805-102% J K1) and T is the panel
temperature. Besides, Rs and Rsn represent the series and shunt resistances (Q2),
respectively. To simplify the previous equation, some terms have been summarized

according to equation 2.

_ q
TN KT [2]

In addition, the Ion and the Is can be calculated easily from equations 3 to 5 where, Isc is
the short circuit current, K is the temperature coefficient of Isc, A the solar radiation, Irs

the cell saturation current and Eco is the band gap for silicon (1.22 eV).

A
Ton =T, + Ky - (T-298) [3]
3 akgo(l 1
I= Irs- (%) e n'go (298'T) [4]
_ Isc
Irs_ [5]

e2 Voc - elSC'RS
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To predict the power generated by our solar panels at different solar radiation and
temperatures, Equation 1 was adjusted using real data from Atersa (Spain). Figure 3
shows the theoretical and experimental current-voltage curves for a single solar panel
model A-160M-24V. The series and shunt resistances were adjusted and took values of
0.379 and 1000 Q, respectively. Those values are closer to other reported in literature for
PV panels with similar characteristics [48-50]. To test the accuracy of the model,
theoretical versus experimental current data were fitted, attaining a correlation coefficient
of 0.998 which claims the robustness of the selected model to predict the current-voltage

curve of a solar panel.

Theoretically, the higher is the solar radiation, the higher is the current supplied by the
panel. Conversely, the higher is the temperature of the PV module, the lower is the
voltage. Consequently, the higher is the solar radiation and the lower is the solar panel
temperature, the higher is the power generated by the PV plant until reaching its
maximum power [51, 52]. Considering those facts, if higher voltage or current values are

required, additional panels must be connected in series or parallel, respectively.

6 6-
a. b.
5 . 5
< o
— 4 = 4-
< E
g 3 £ 34
3 2] o 2]
. 3 . y =1.023-x.
3 r2=0.998
0 T T T T 1 O = T T T T T 1
0 10 20 30 40 50 0 1 2 3 4 5 6
Voltage (V) Current gy perimental (A)

Figure 3. (a) Experimental (m) and theoretical (solid line) current-voltage solar panel
curve. (b) Theoretical vs experimental current. Solar panel model: A-160M-24V (Atersa).

A=1000 W m2, Tmodule= 25 °C and N¢ = 72.
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Despite maximum power does not depend on the connection between the panels, the
maximum power current (Imp) and voltage (Vmp) values are different in each case.
According to the experimental PV plant used in this study made up of two solar panels,
the total current that may be supplied by our experimental setup will be the double of a
single panel because of the parallel connection between both panels. Conversely, the total

voltage will keep constant despite increasing the number of cells.

From these results, the power generated by a PV plant regarding a specific solar radiation
can be predicted. Nevertheless, the supplied voltage and current depend on the electrical
features of the devices directly connected to them. In this specific case, a CDEO and a
RFB stack will be powered by renewable energy. To quantify the energy supplied by the
PV plant in a punctual and specific moment of the day, the current-voltage curves of the

coupled devices must be modelled and validated using experimental data.

Model of Electrochemical cells. The cell potential (Ecen) of an electrochemical device is
defined by the equilibrium potential (Eeq) and the overpotentials () [53], as equation 6
shows, where mohm, Mact and meon are the ohmic, activation and concentration
overpotentials, respectively. On the other hand, the current is governed by the rate of
several reaction such as mass transfer from the bulk solution to the electrode surface, the
electron transfer at the electrode surface and chemical reactions on the electrode surface

[54],
Ecell = Eeq = (ﬂohm + nact + ncon) [6]

The equilibrium potential is defined by Nernst equation (equation 7) and depends on the
standard potential (E®) of the half reactions that take place in each electrode and the
concentration of species [55], where, R is the gas constant (8.31 J mol* K1), T is the

temperature in Kelvin, F is the Faraday constant (96485.33 C mol™) and n is the number
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of electrons transferred. Besides, and [Red] and [Ox] represent the concentrations of

reductant oxidant species, respectively (mol dm-).

_p0 RT. [Red]
Eeq_E " Fn ln([Ox]) [7]

Regarding overpotentials, different losses may appear when an electrochemical reaction
takes place due to operational limitations. Ohmic overpotentials are related to the internal
resistance of the electrochemical device (Ronm) and this is mainly due to the ionic
resistance of the electrolyte, the electrical resistance of the electrode and the current
collector, and the contact between them [56]. The ohmic overpotential may be expressed
by the following expression and it directly depends on the current (I) supplied to the

system.

rlohm: Rohm' I [8]

One the other hand, charge and mass transfer limitations may arise when electrons or
reactants have “difficulties” to reach the electrode surface [57], respectively. Concerning
activation overpotentials, to quantify these losses during an electrochemical process free
of mass transfer limitation, the well-known Butler-VVolmer equation is used [55], equation
9. This equation can be drawn as equation 10 to represent the activation overpotential of
the anodic and cathodic electrode, first and second part of this expression, respectively,

where a corresponds to the transfer coefficient and Io with the exchange current (A).

I=1,- [e-“'RL,T-n _ e(l—a)-ﬁn] [9]
M= rs [ﬁ (In(1) - In(lo) - +-(In(1) - In(1o) [10]

Several assumptions may be considered according to the range of operational

overpotential. At lower overpotential, the electrode is highly cathodically polarized and
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consequently, the first term of equation 9 may be got rid of. Conversely, at higher
overpotentials, the cathodic component may be zero. Regarding concentration
overpotentials (Equation 11), these may appear at lower reactant concentration because
of the concentration on the electrode surface is not enough to promote the electrochemical
reaction. In turn, non-desirable reactions and higher wasted energy consumption may take
place because of exceeded current densities [58, 59], where, km is the mass transfer
coefficient (dm s1), C is the reagent concentration (mol dm™) and A is the electrode area

(m?).

=1 (1~ 7m0 [11]

Given the complexity of the previous equations and the widely and variable concentration
of intermediates species that may appear in the bulk solution during an electrooxidation
treatment according to the degradation pathway of a pollutant, the current-voltage curve
of the CDEO reactor was simplified, as Equation 12 shown. In this case, the parameters
aand b represent the equilibrium potential and the electrode overpotentials, respectively.
Otherwise, ¢ corresponds with ohmic resistance directly related to the cells design and

the conductivity of the electrolyte as aforementioned.
Ecell =atb- ll’l(I) +c-1 [12]

Conversely, the current-voltage curve of the RFB was adjusted considering the above
equations. Itis worth mentioning that the overpotentials are added to the Eeq for the charge

process. In contrast, those terms are subtracted from Eeq during the discharge step [38].

Furthermore, some additional assumptions were considered to quantify the overpotentials
at each moment of the process. To determine if the process is going to suffer charge or
mass transferer limitation, the punctual current and reagent concentration was compared

to the punctual current (lim) and concentration (Ciim) limits, respectively. Equations 13
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and 14 show the expressions to estimate the current and concentration limits, respectively.
Thus, if the current supplied to the systems is lower than the current limit (I < lim), the
activation overpotential will arise. On the other hand, if the concentration of reagent is
lower than the limit reagent concentration (C < Ciim), the electrochemical process will be
mass transfer limited and the effect of the concentration overpotential will be considered.
As detailed previously, km is the mass transfer coefficient and its value for the homemade
RFB stack used in this work was estimated by the following empirical, equation 15 [60],
where, in turn, Q the flow rate (dm® s™*) and h and w are the thickness and width of the

electrode (dm), respectively.

Limit =1 F - A - ky - C(b) [13]
1
Climie (0= 55 [14]
_ . 4 Q 0.4
kn=1.6-10" - (-1 [15]

It is important to note that the concentration of reagent (C) will be different according to
the half cell and to the charge-discharge step [38, 61]. Thus, for the negative half-cell, C
will be referred to the V*3 and VV*2 concentrations during the charge and discharge cycles,
respectively. Conversely, C will be tied to the V** and VV*° concentration in the charge

and discharge steps, respectively.

Electric integration of the solar panel to the electrolyzer models. Considering these
premises, the current-voltage curves of the CDEO cell and the RFB stack were modelled.
An important aspect to be considered is that in contrast to a traditional modelling, this
study allows to assess the behaviour of these electrochemical devices powered by a PV
panel and not at galvanostatic mode. Once known the solar radiation received in a located

place in a specific time, it can be quantified the amount of energy that will be supplied to



310 each single device. Figure 4 shows the current and voltage supplied to each
311 electrochemical device when they are directly connected to specific PV panels.
312 Theoretical values follow the same trend than the experimental one. Slight differences
313  can be observed in all cases between both values. Those differences may be due to the
314  fluctuating powering performed by the PV panels. Experimental data were recorded for
315 ashorter period which turns into a more variable signal. Those fluctuations may be related
316  to punctual shading on the PV panel surface, because of the cloud cover that may drop
317  the power generated. Current and voltage values were recorded throughout a day for the
318  CDEO reactor. In contrast, for the RFB, these values were recorded until the full state of
319  charge of the battery. The battery is completely charged when the cell voltage reaches 7.2

320 V (cut-off voltage).
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322  Figure 4. Current (C) and voltage (V) values supplied to the CDEO (a) and the RFB stack

323  (b) by the PV plant. Experimental (solid line) and theoretical (dashed line) data. Red
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dashed line: Cut off voltage value at charge step, 7.2 V. RFB electrolyte volume = 0.5

dm?: Initial concentration of vanadium = 1.6 mol dm3.

To evaluate the accuracy of the proposed model to predict the energy supplied by a PV
plant to power the CDEO cell and the RFB stack, theoretical vs experimental data were
fitted. Figure 5 shows the fitting plots for the voltage and current values of both
electrochemical devices. Furthermore, correlation coefficients were calculated to estimate
the deviation of the theoretical values regarding the experimental one. Due to the higher
precision of experimental data because of the large values recorded, the punctual values
may differ from the theoretical one calculated by a shorter period. Considering this fact,

the fittings were assessed by different periods of time through quadratic means.
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Figure 5. Experimental vs theoretical current (C) and voltage (V) data. Energy supplied
from a PV plant to the CDEO (a) or the RFB stack (b). Average values of 60 min (m),

average value of 30 min (e) and punctual value (A).
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As expected, the fittings performed by the punctual values of current or voltage showed
lower correlation coefficients. Conversely, the higher is the operational period tested, the
higher is the accuracy of the model to predict the energy supplied by the PV plant.
Nevertheless, despite the lower precision reached by the model in a given moment, the
correlation coefficients were higher than 0.98 in all cases. Thus, those results confirm the
robustness and reliability of the model to predict the powering of a CDEO reactor and a
RFB stack by a PV plant. On the other hand, it is important to point out that the Open
Circuit Potential (OCP) of the stack is highly precise despite the Nernst equation does not
include the term of concentration of protons. Many researchers have included the Donnan
potential to the Nernst term to increase the precision of the model and predict the
unbalanced proton concentration between the two compartments of the battery [42] but,

as the results demonstrate, in our approach it is not necessary.

Electric integration of the RBD discharge and the CDEO models. Keeping in mind
that the RFB stack will be used as booster of the environmental remediation treatment,
its coupling must be assessed. Consequently, it was evaluated the discharge current-
voltage curve of the RFB stack when this energy storage system is used as power source
of a CDEO reactor. As aforementioned, the current-voltage curve was modelled by means
of equation 6. In contrast to the expression that represents the charge curve, the

overpotentials were subtracted from the equivalent potential.

One of the strengths of the redox flow batteries is the independent sizing of power and
energy [34, 62, 63]. Thus, the number of cells that makes up a stack must be enough to
overcome the overpotentials offered by the battery and the electrochemical device that
will be powered by it. Previous studies determined the minimum number of cells that

must make up the RFB stack to power the specific CDEO reactor as 4 cells.



362  On the other hand, the capacity of the battery is determined by the volume of electrolyte
363  [64, 65]. Consequently, given a discharge current value, the volume of electrolyte must

364  be optimized to get a desired discharge time.
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366  Figure 6. Current and voltage values supplied to a EAOP (a) and a RFB stack (b) by a
367 PV plant. Experimental (solid line) and theoretical (dished line) data. Experimental vs
368 theoretical current (¢) and voltage (d) values. Average values of 60 min (m), average value

369  of 30 min (e) and punctual value (A).

370  To compare in equal terms, the modelling of the current-voltage discharge curve of the
371  battery the same experimental charge-discharge cycle was used. Once the battery reached
372 the full state of charge, it was directly coupled to the CDEOQ reactor to assess its discharge.
373 Figure 6 shows the experimental and theoretical current and voltage supplied by the RFB
374  stack to the EAOP. As in previous cases, theoretical versus experimental data were

375  confronted and fitted with the aim of quantifying the accuracy of the model. In agreement
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with the Figure 6 a and b, the fittings showed higher correlation coefficients which
confirm the huge exactitude of the model to predict the distribution of energy between
two electrochemical devices. Thus, results suggest once again that the model predicts in

a high level of precision and robustness the energy supplied by a RFB stack.

In order to quantify in a higher level of detail the performance of the redox flow battery
working under realistic conditions, the electrical features of the charge-discharge steps
were assessed. Supplementary Material reports the experimental and theoretical

capacities and energies reached by the RFB.

Once proved that PV panels are capable of working as power source of a PSEO and a
RFB and considering that the RFB may operate as energy booster of the electrooxidation
treatment, it its essential to evaluate the influence of an intermittent powering on the
performance of an electrochemical remediation treatment to clean up a wastewater

effluent.

Decontamination model. As noticed previously, the main aim of this work is to predict
and quantify the level of degradation that may reach a polluted effluent after a
photovoltaic solar electrochemical oxidation (PSEQO) treatment assisted by an RFB.
Considering this premise, the drop of pollutant during an electrooxidation treatment

working under different operation modes was addressed.

Until now, the performances of electrooxidation treatments have been widely study in
literature under galvanostatic condition. In contrast to that, the coupling of those
technologies with a renewable energy brings out a harder and variable powering. Thus,
this work reports for the first time a model able to predict the remediation trend of an
electrooxidation treatment running under realistic conditions by means of a solar

powering. Keeping in mind previous modelling studies, Panizza et al. [66] developed a



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

theoretical model able to predict the chemical oxygen demand (COD) and the
instantaneous current efficiency (ICE) under an electrooxidation treatment performed on
batch mode working with BDD electrodes. The application of this model has some
particularities depending on the operation mode and the species involved in the reaction.
Two regimens were distinguished depending on the dominant control of the electrolysis
process, current control or mass transport control [19, 20, 67-69]. Thus, the removal rate
of the process depends on a, constant that relates the applied and limited current (liim,
Equation 13). Consequently, o values lower than 1 correspond to a process working under
current control regimen. Conversely, values of a over 1 are directly related to mass
transfer-controlled processes. Equations 16 and 17 represent the mathematical
expressions that describe the kinetic model of the remediation treatment working under
current or mass transfer control regime, respectively, where [POP] corresponds to the
concentration of persistent organic pollutant (mg dm3), t is the treatment time (h), and

VR is the reactor volume (dm?3).

[POP] () = [POP],- (1 - % 1) [16]
[POP] (t) = a:[POP],-exp ( A\'f;“ t + 1(;“) [17]

Those equations have been widely used by many other research groups to model the
mineralization of different organic compounds [21, 24, 25, 27]. Nevertheless, to the best
of our knowledge the modelling of electrolysis treatment has not been performed under
non-galvanostatic conditions. As outlined, this work seeks to evaluate the degradation
and performance of a PSEO treatment. Consequently, the operational regime may vary
throughout the treatment according to the current supplied by the PV plant as a function

of the solar radiation received. Thus, the removal of clopyralid under batch mode was
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evaluated at galvanostatic and non-galvanostatic modes according to the regimes

described above.

Furthermore, it is important to keep in mind that the water treatment plants work at
continuous mode. For this reason, the PSEO of clopyralid was also evaluated under this
operational flow mode. To test the kinetic model of an environmental remediation
treatment working under continuous mode, the same regimes exposed before were

considered for a comparative proposed.
- o <1: Electrooxidation under current limited control
- o> 1: Electrooxidation under mass transport control

According to this theoretical approach, the kinetic model of a continuous electrooxidation
treatment was adjusted by means of equation 18 which represents a mass balance.
Because of the treatment works as continuous mode, a constant inlet and outlet stream
come in and out to the reactor. Furthermore, the generation term has a negative reaction
due to the organic matter presented into the water body will be removed and there is no
matter generation. Considering those facts, equation 18 can be drawn as equation 19,
where qy is the volumetric flow (dm?® h1). The reaction term (r) of a direct electrochemical
process directly depends on the current applied and the number of electrons transferred
by equation 20. Likewise, remediation efficiency is set by the parameter Eff as function

of the parameter a [66], as equation 21 shows.

[Acumulation] = [Inlet] — [Outlet] + [Generation] [18]
Vg - d[POP

M P = g, - [POP]o —qy - [POP], — r [19]
r=-1 [20]
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__ [poOP]:
Eff = 1o [21]

a lo

In view of the previous statements equation 20 can be drawn as follow to model the

Kinetic degradation of an organic pollutant by a continuous electrooxidation treatment.
- t-t I
[POP] = [POP], + 2 - la, - (tPOP], - [POP],, ) - — - Eff] [23]

In the light of the previous theoretical approaches, the modelling of clopyralid
electrooxidation working under batch and continuous mode and powered at galvanostatic
and non-galvanostatic mode was addressed. The number of electrons exchanged during

the electrolysis of clopyralid were set up at 18 according to reaction 1.
CsH3CIoNO2+10H20 — 6CO2+19HY + NH4™ + 2CI + 18 e~ 1)

Figure 7 shows the theoretical and experimental clopyralid drop for each of the
aforementioned cases of study. As in previous cases, experimental versus theoretical data
were fitted with the aim of evaluating the accuracy of the proposed model to predict the
clopyralid mineralization under different electrooxidation conditions. The mineralization
of clopyralid in batch mode was modelled at two different current densities, 10 and 100

mA cm to assess the removal trend under different operational regimes.
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Figure 7. Removal of clopyralid under discontinuous (a) and discontinuous (b)
electrooxidation treatments working at galvanostatic mode (m 100 mA cm?, @ 10 mA cm’
2 and x 16.3 mA cm?) and at non-constant current density by means of a solar powering
(A). Experimental vs theoretical clopyralid concentration under discontinuous (c) and
continuous (d) operational mode. [Clop]o = 100 mg dm; Kn = 2.8- 108 m s'1; A 78.5

cm?; Vg =0.039 dm?; qv = 0.0852 dm?® h'.

As Figure 7 shows, the electrooxidation carried out at 100 mA cm2 follows a mass
transport control regime. Conversely, the environmental remediation treatment developed
at 10 mA cm2 works under a current control regime. a was adjusted by each case and
took values of 1.51 and 0.057, respectively. On the other hand, the electrolysis treatment
working under a solar powering may run under a mass or a current control regimen. Low

current densities bring out charge transfer limitation. In contrast to that, a low
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concentration of pesticides sheds light of mass transfer problems because the specie of
interest will not be able to reach the electrode surface to be oxidized. In this way, a varied
along the experimental treatment according to the concentration of pollutant remained
into the bulk solution and the current supplied by the PV panel. Figure 7 ¢ shows the
experimental versus theoretical results. The fittings and correlation coefficients notice a
huge level of precision of the model to predict the removal of clopyralid at galvanostatic
and non-galvanostatic mode when the reactor is fed in batch mode. In agreement with the
results reached in batch mode, the model proposed to forecast the remediation of
clopyralid under continuous mode showed also promising results. As expected, the
degradation of pesticide under PSEO reveals an increase of removal until the peak hour.
After that, a drop of efficiency is observed in the afternoon due to the lower solar radiation
received at this period of the day. Furthermore, it can be seen that the remediation is nil
at night due to the solar panel is not able to produce energy because of solar radiation is
not received. Nevertheless, the model predicts the mineralization trend in a high level of
accuracy, reporting a correlation coefficient of 0.992, slightly higher than the value

observed at galvanostatic mode.

In short, the data summarized in this section claims that the proposed model predicts the
remediation trend of an electrooxidation treatment working under realistic conditions,

non-galvanostatic conditions and continuous flow mode.

3. Conclusions

This work reports the modelling of a solar photovoltaic solar electrochemical oxidation
assisted by a redox flow battery stack. Result pointed out that simple pragmatic models
can be used to understand the effect of a non-continuous power supply on the performance
of electrochemical devices, PSEO and RFB. Furthermore, those models claim that the

production of energy of a PV panel can be predicted once known the solar radiation
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received in a located place and a specific time and the energy supplied by the solar panel
to each electrochemical device can be estimated with a huge level of robustness thanks to
the curves current — voltage of systems devices. Thus, this energy must be distributed
after its exhaustive prediction in order to undertake the most sustainable and efficient
PSEO. The degradation of clopyralid has been modelled under different flow and
powering operational conditions, showing in all cases a high level of accuracy and
robustness to predict the mineralization of clopyralid. In addition, results confirm that the
RFB is one of the most flexible energy storage systems. This battery can be designed
according to the electrical features of the system that is going to be stored and can work
as electrical booster of an PSEO at low or null power production hours. In short, the use
of a predictive software tool allows to estimate and control the energy produced by a PV

plant in order to develop the most efficient and sustainable remediation treatment.
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