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Abstract: Several pesticides and pharmaceuticals (PP) have been detected in the effluent of a full-scale
Portuguese Wastewater Treatment Plant (WWTP). Their presence contributed to the environmental
burdens associated with the existing treatment of the Municipal Wastewater (MWW) in the impact
categories of Human Carcinogenicity, Non-Carcinogenicity, and Freshwater toxicities on average
by 85%, 60%, and 90%, respectively (ReciPe2016 and USEtox methods). The environmental and
economic assessment of the installation of an Anodic Oxidation (AO) unit for PPs’ removal was
performed through Life Cycle and Economic Analysis, considering two types of anodes, the Boron-
Doped Diamond (BDD) and the Mixed Metal Oxides (MMO). The operation of the AO unit increased
the environmental burdens of the system by 95% on average (USEtox), but these impacts can be
partially compensated by the avoided the production of non-renewable energy in the Portuguese
electricity mix by biogas cogeneration at the WWTP. If the construction of the AO unit and the
manufacturing of the electrodes are considered, the Human and Freshwater Toxicities are often
higher than the environmental benefits derived from the PPs’ removal. On the economic side,
the MMO configuration is clearly more advantageous, whereas BDD is environmentally more
favorable. The issue of the presence of PP in MWW effluents has to be addressed as an integrated
solution both improving upstream PP’s management and adopting PP’s removal technologies
strongly supported by renewable energies. Further insights are needed for the assessment of fate and
of the environmental effects of PP in the sludge.

Keywords: pesticides; pharmaceutical compounds; municipal wastewater; anodic oxidation; life cy-
cle assessment; economic analysis

1. Introduction

Pesticides and pharmaceuticals (PP) have been detected at low concentrations in
post-treated Municipal Wastewaters (MWW) in almost all countries in the world [1,2].
The presence of these PP in MWW created a global environmental concern about their
potential toxicity both on aquatic ecosystems [3] and on human health [4,5].

It is globally agreed that the presence of pesticides in post-treated MWW can directly
compromise freshwater quality [6]. If these effluents are meant to be re-used for irrigation,
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the microbial diversity of soils, groundwater quality, and human health can be negatively
affected [7]. Indirect carcinogenic and non-carcinogenic toxicities on human health are
expected [8].

Residual concentrations of pharmaceutical compounds in post-treated MWW can
bio-accumulate and cause ecotoxicological damages and indirect acute and chronic toxicity
to humans. In 2018, the European Environmental Agency (EEA) reported that pharmaceu-
ticals are responsible for endocrine-disrupting effects on animals and humans and inhibit
photosynthesis or plant growth [9].

The occurrence of PP in MWW may be associated with pharmaceutical and hospital
effluents, human and animal excretions, improper disposal of pharmaceutical products,
and previously contaminated ground or freshwater used as a primary source for the
production of freshwater for human consumption.

The concentrations of PP currently detected in post-treated MWW are in the order
of magnitude of ng/L or µg/L [4,10–12]; however, continuous inputs into the environ-
ment may lead to high, long-term accumulation that can favor unnoticed harmful effects;
these effects can accumulate so slowly that changes will remain undetected until they
become irreversible [13].

The number of PP commonly detected worldwide in post-treated MWW is very
high. They belong to different classes of pesticides (fungicides, insecticides, herbicides,
etc.) and pharmaceuticals (analgesics, antibiotics, and psychiatric drugs, among others).
Tran et al. [10] showed that the presence of PP in raw MWW is common in North America,
Europe, and Asia, although significant geographical differences can be observed in their
concentrations due to different usage patterns, climate conditions, population size, and den-
sity, or to the different analytical methods and sampling strategies adopted in each work.
In Portugal, a regional study detected the presence of 14 pharmaceutical compounds [1]
and 17 pesticides [14] in the post-treated effluent of a Wastewater Treatment Plant (WWTP).

WWTPs commonly include preliminary treatment (e.g., screening, sand removal,
oils, and grease removal), primary treatment (e.g., primary settling), secondary treatment
(e.g., biological treatments and secondary settling), and sometimes tertiary treatment (e.g.,
filtration and disinfection). The persistence of PP in the post-treatment effluent reveals
that these wastewater treatment systems are not able to guarantee proper PP removal,
being unable to reduce the associated environmental risks [10,15].

Different alternative removal technologies have been studied as tertiary treatments.
Among them it is possible to identify the following ones: (i) membrane technologies [16,17],
(ii) fungi and algae-based biological treatments [18], (iii) adsorption technologies [19–21],
(iv) filtration technologies [22,23], and (iv) chemical oxidation [24,25].

Electrochemical Advanced Oxidation Processes (EAOPs) are considered one of the
most promising and efficient alternatives for the degradation of pesticides [26] and phar-
maceutical compounds [27]. EAOPs are non-selective processes that use hydroxyl radicals
(•OH) as oxidant agents to degrade PP. The release of •OH can be achieved by the (i) Ho-
mogeneous Electro-Fenton Process through ferrous iron oxidation by in situ-generated
H2O2 in the cathode [26], (ii) Heterogeneous Electro-Fenton process in the presence of a
catalyst [28], (iii) photo-electro Fenton or solar-photo Fenton, where the electro-Fenton
is combined with UV light or sunlight, respectively [29], (iv) sonolysis of water [30],
and (v) Anodic Oxidation (AO) of water at the anode [31].

The AO technology is characterized by higher simplicity than Homogeneous and
Heterogeneous Electro-Fenton technologies, due to the absence of additional chemicals or
catalysts and low sludge production. In addition, AO has higher efficiency than sonoly-
sis [28] and has easier scalability than other EAOPs technologies.

The •OH generation and chemical reactivity during AO are strongly dependent on
the type of anode used [31]. Currently, one of the most efficient anode materials known
is the Boron-Doped Diamond (BDD), which allows the direct production of •OH radicals
with very high current efficiencies and low associated surface fouling [32]. Moreover,
the BDD exhibits high mechanical and chemical stability [33]. The main drawback of this
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material is the high cost, which makes its application at full scale difficult. A promising
and cheaper alternative to BDD electrodes is Mixed Metal Oxide-coated (MMO) electrodes
that generally consist of titanium plates/wires coated by a mix of oxides of precious metals
(Ru-IrO2 and Pt-IrO) [34,35]. Their efficiency has been investigated in the latest years for
the treatment of tannery wastewaters, landfill leachates, petroleum refining wastewaters,
and other bio-refractory organic waste streams [36]. Currently, due to their mechanical
resistance and their relatively low cost, they are used at an industrial scale in the chlorine
alkali industry and water electrolysis. Moreover, successful scale-up has demonstrated the
practicability of MMO electrodes in the field of wastewater treatment [37].

This work provides the sustainability assessment from both environmental and eco-
nomic perspectives of the application of AO technology at a full-scale Portuguese WWTP.
This is considered as a tertiary treatment for the removal of pesticides and pharmaceutical
compounds, taking into consideration the use of two different types of electrodes: BDD
and MMO. The sustainability assessment is based on a Life Cycle Analysis (LCA) and an
Economic Analysis.

To the authors’ knowledge, this is the first work that integrates LCA with an Economic
Analysis on the implementation of an AO unit at a full-scale WWTP. This work gives a
comprehensive overview of the complexity of the environmental issues associated with
the presence of PP in post-treated MWW, showing how the integration of the LCA and the
Economic Analysis is fundamental to support effective decisions.

2. Materials and Methods

Following the ISO 14040 (2006) and ISO 14042 (2006) standards, the methodology used
for the development of the LCA included goal and scope definition as well as the inventory
analysis. The methodology followed for the Economic Analysis was developed accordingly.

2.1. Goal and Scope

This study aims to assess the environmental benefits and economic advantages gen-
erated from the implementation of an AO unit at a full-scale WWTP for the removal of
PP. They were previously detected, during sampling campaigns performed by some of
the authors of the present work, on the influent and effluent of the liquid fraction of the
WWTP [1,14]. The list and concentrations of the PP detected in the studied MWW effluent
are reported in Table 1.

Table 1. Concentration of pesticides and pharmaceutical (PP) compounds detected in the effluent of
the Wastewater Treatment Plant (WWTP).

Type of PP Compound Name Effluent Concentration

ng/L
Pesticide
Fungicide Pyrimethanil 26.9
Herbicide Atrazine 14.4

Bentazone 115
Diuron 137

Isoproturon 5.93
Terbuthylazine 18.4

Insecticide Chlorpyrifos 396
Cypermethrin 1402

Dieldrin 281
Endrin 932
HCB 55.7

HCH 1 4347
Methoxychlor 484

p,p’-DDD 37.1
p,p’-DDE 83.7

α-Endosulfan 97.4
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Table 1. Cont.

Type of PP Compound Name Effluent Concentration

Pharmaceuticals
NSAIDs/analgesic Diclofenac 1934

Ibuprofen 217
Ketoprofen 56.5

Salicylic acid 107
Antibiotics Azithromycin 283

Ciprofloxacin 159
Ofloxacin 147

Trimethoprim 24.2
Liquid regulator and

cholesterol Gemfibrozil 13.2

Psychiatric drugs Carbamazepine 1059
Citalopram 148
Fluoxetine 57.5
Venlafaxine 484

1 The value of Hexachlorocyclohexane (HCH) corresponds to the sum of the concentrations of α-HCH (925 ng/L),
β-HCH (758 ng/L), γ-HCH (1834 ng/L), and ζ- HCH (831 ng/L) detected in the Municipal Wastewater (MWW).

The full-scale WWTP selected as case study was designed for treating 37,997 m3/day
of MWW at full load, corresponding to 248,685 inhabitants-equivalent, covering the pop-
ulation of an area of about 880 km2 in the center of Portugal. Currently, it is treating an
average flow of 23,100 m3/day. This WWTP receives domestic and industrial effluents,
leachates coming from a municipal landfill, effluents from various hospitals and clinics,
and a small flow of swine breeding wastewaters. Figure 1 shows the WWTP flowsheet.

Figure 1. Diagram of the studied WWTP and the dynamic system boundaries considered. The gray shadow area outlined
with a dashed gray line refers to the treatment of the liquid phase only (System boundary 1), dashed red line refers to the
treatment of liquid (green boxes) and solid (brown boxes) phases and includes the cogeneration of biogas (blue boxes) for
electric energy production (System boundary 2).

Table 2 reports the water quality parameters of the influent and effluent of the WWTP
(average data of 2019) [38].
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Table 2. Quality parameters of the influent and effluent of the WWTP (average data for 2019) [38].

Parameter Unit Influent Effluent

BOD5 mg O2/L 396 11.1
COD mg O2/L 777 67.6

Total Nitrogen mg N/L 82 27.1
Total Phosphorus mg P/L 7.7 2.7

Total Suspended Solids (TSS) mg/L 271 11.4

The WWTP includes (i) liquid, (ii) solid, and (iii) gas-phase treatments (Figure 1).
The liquid phase is submitted to a medium load biological treatment by activated sludge
process in three Phoredox (A/O) reactors, where the organic matter is removed. Then, it is
sent to filtration and UV disinfection. The solid phase is anaerobically digested in three
mesophilic digesters with swine breeding wastewaters for biogas and digestate production.
The gas-phase (biogas) is burnt in a combined heat and power (CHP) engine for electricity
and heat production [39,40].

The WWTP works for 365 d/y, 24 h/d. The produced electricity is entirely sold to
the Portuguese national electric network, and the produced heat satisfies the internal need
for heating the three digesters. The electricity needed for plant operation is bought from
the national electric network. Currently, the WWTP produces an average of 11,941 t/y
of dried sludge that is sent to a third-party company for further treatments aimed to the
agricultural valorization of sludge [38].

The proposed AO unit is hypothesized to be implemented as an end-line tertiary
treatment before the water discharge. The AO unit includes three sheltered reinforced
concrete tanks for water storage, double-lined with epoxydic resin to prevent corrosion,
and equipped with 67 anode-cathodes pairs, taking into consideration two different anodes
configurations, namely BDD and MMO, respectively, when cathodes are meant to be made
of stainless steel (Figure 2).

Figure 2. Diagram of the implementation of the Anodic Oxidation (AO) unit at the studied Wastewater Treatment Plant
(WWTP). The blue box refers to Boron-Doped Diamond (BDD) anodic configuration, and the green box refers to Mixed
Metal Oxides (MMO) anodic configuration. The gray shadow area outlined with a dashed gray line refers to the treatment
of the liquid phase only (System boundary 1), while the dashed red line refers to the treatment of liquid and solid phases
(System boundary 2).
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2.2. Methodology for Life Cycle Assessment

The environmental burdens associated with the presence of PP in the WWTP effluent
and those associated with the implementation of the AO unit were assessed from an LCA
perspective, using 1 m3 of raw wastewater (influent) as a functional unit.

For this LCA, dynamic system boundaries were considered. In a first analysis, the system
boundaries were placed around the liquid flows (System boundary 1, Figure 1). In a second
analysis, to provide a comprehensive assessment on the role of the renewable electricity
production in the LCA results, the treatment of the sludge (solid fraction) and the production
of electricity from biogas (gas fraction) were included (System boundary 2, Figure 1).

The flows and energy consumption of the WWTP were defined based on the 2019
operational data [38]. These data are reported in Tables S1 and S2 and integrated with
Figure S1. The literature suggests that PP can be adsorbed by sewage and biological sludge
(solid fraction) [11]. During the treatment of MWW (Q5, Figure S1) and sludge dewatering
stage (Q16, Figure S1), it is expected that part of the adsorbed PP is released back into the
liquid fraction, being eventually metabolized and discharged in receiving water bodies.
The other part of PP remains adsorbed to the primary and secondary sludges. This study
only assesses the environmental impacts associated to the presence of PP in the liquid
fraction of MWW, as they were detected in the sampling campaign performed by some
of the authors of this work and do not include the analysis of the environmental burdens
associated to the presence of PP in the sludge (System Boundary 2, Figure 1). No further
sludge valorization as soil amendments is considered.

The implementation of the AO unit was based on the laboratory results obtained by
Popescu et al. [26] and Rosales et al. [28] in the framework of REWATER International
Research project (funded by the EU and FCT/UEFISCDI/FORMAS, under the ERA-NET
Cofund WaterWorks2015 Call), and on pilot scale results obtained by Urtiaga et al. [41,42] on
real effluents. Regarding the MMO anodes, the main efficiency parameters were retrieved
from published literature [43,44].

This LCA takes into consideration the capital goods for AO unit implementation,
including electrode manufacturing, as they are estimated in Ecoinvent v.3.5 [45] database and
integrated with literature data and personal communications provided by the manufacturers.

For the development of LCA, a consequential approach was adopted [46]. The alloca-
tion of impacts was limited as much as possible, and when needed, it follows the system
expansion methodology, known as “avoided-burden method” [47]. In the present study,
the following avoided burdens were considered: (i) the partial re-use of treated water for
internal use at the WWTP, which allows sparing the equivalent amount of native “Water,
unspecified natural origin, PT” and (ii) the avoided production of non-renewable electricity
in the national electricity mix due to biogas cogeneration. No environmental burdens asso-
ciated with the valorization of sludge, such as the partial replacement of soil amendments
or use as feedstock for composting processes are allocated to the studied system.

This work was developed according to ISO 14040:2006 and 14044:2006 standards, by us-
ing SimaPro Version 9.0 software package [48] which includes Ecoinvent v.3.5 database.

In order to provide a comprehensive and exhaustive analysis of all the environmental
burdens associated with the presence of PP in the effluent of the WWTP and with the imple-
mentation of AO unit, the ReCiPe2016 Endpoint (H) v1.13 method was adopted [49]. All the
impact categories were calculated at the “Endpoint” level in human health (expressed in
Disability-adjusted Life Year—DALY), ecosystem quality (expressed in species/y), and re-
source scarcity (expressed in US$). “Hierarchist” was the perspective adopted, which is
based on the most common policy principles with regard to timeframe and human ex-
pectations [50]. The obtained results were interpreted both from a damage assessment
perspective and through the “Weighting” function. “Weighting” allows comparing all the
categories of impact through a single score (mPt) able to rank the impacts according to the
importance of the effects they are able to trigger.

Considering that the ReCiPe2016 model includes all the pesticides but only four of
the 16 pharmaceuticals were detected in the post-treated wastewater, the USEtox method
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(interim + recommended) v1.04 [51] was used to integrate the assessment of the ecotoxicity
related categories (freshwater and human toxicities). Moreover, to provide an exhaustive
description of the fate, exposure, and effects of the detected PP, the Characterization Factors
(CFs) of Azithromycin, Ciprofloxacin, Citalopram, Fluoxetine, Ofloxacin, and Venlafaxine,
which were not present in the USEtox method available in SimaPro Version 9.0 software
package, were integrated with the CFs proposed by Li et al. [15] and Alfonsín et al. [52].
The results are interpreted in a “Damage assessment” perspective that evaluates the envi-
ronmental impacts toward Freshwater Ecotoxicity (PAF.m3.d) and Human Carcinogenic
Toxicity and non-Carcinogenic Toxicity (DALY).

2.3. Methodology for Economic Analysis

The economic analysis of the implementation of an AO unit at the existing WWTP
was developed on the basis of the methodology suggested by Timmerhaus and Peters [53].
Firstly, it consists in the assessment of (i) the Total Capital Investment (TCI), which corre-
sponds to the sum of Fixed Capital Investment (FCI) + Working Capital (WC), from the
value of the Purchase Cost of Delivered Equipment (PCDE). The PCDE is the total cost sup-
ported for acquiring all the equipment needed for the AO unit implementation and adding
10% for its delivery. The estimation of the direct cost (delivered equipment installation,
purchasing, and installation of instrumentations, control and electrical systems, piping,
building construction, yard improvement, and installation of service facilities), as well as
the indirect costs (engineering and supervision, construction expenses, legal expenses, con-
tractor’s fee, and contingency), were estimated as a fraction of the PCDE. The percentages
used for the calculation of each of the direct and indirect sub-costs, as well as for WC are
based on the delivered equipment method [53] and are reported in Table S3.

The investment was intended to be made in a three-year period of time, assuming
that the startup of the AO unit (time 0) at the WWTP is made 3 years after the date of
the cost assessment. It is assumed that 15% of the FCI is spent in the first year (year −2),
35% is spent in the second year (year −1), and 50% is spent at the end of the third year
(time 0). The 2020 Portuguese inflation rate (−0.1%) was applied to FCI after the initial
estimation [54]. It is assumed to spend all the WCI value, properly corrected with inflation
rate during year 0.

The annual Total Treatment Cost (TTC) of the AO treatment was calculated as the
sum of the Variable Costs (maintenance and repair, utilities, operating supplies, labo-
ratory charges, and chemicals), Fixed Costs (taxes, financing interest, insurance, rent),
Plant Overhead, and General Expenses (administration, research, and development).
The purchase cost of raw material, which in this case corresponds to wastewater, was as-
sumed to equal to 0 €. The methodology used and fractions applied for the calculation of
the annual TTC are reported in Table S4. The depreciation of the investment was calculated
hypothesizing the investment recovery along all the AO unit lifetime (20 years) according
to the depreciation factors reported (1/y) in Table S5.

For the profitability analysis of the projects, it is assumed, in a first step, that the
revenues come only from the public taxes for MWW treatment and from the sale of
the produced electric energy to the Portuguese network. No revenues are taken into
consideration for the sale of stabilized compost nor for the potential sale of treated water
for agricultural purposes.

Regarding the utilities, it is considered that the electric energy required for the WWTP
operation is entirely bought from the Portuguese electric grid at the price of the feed-in
tariff of the WWTP.

For economic analysis purposes, the coarser solid fractions and sands produced in the
primary and secondary settlers are meant to be sent to landfill as non-hazardous wastes
under the European Waste Code 19.12.12. The cost of their disposal is included in the cost
of the treatment of 1 m3 crude water.

The current cost of the MWW treatment without the AO unit is included in the TTC
as a fixed cost.
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The profitability analysis of the project was developed using the following parameters:
(i) the average Return of Investment rate (ROI) (%/y), (ii) Payback Period (PbP) (y), and Net
Return (NR) of the investment (€).

The calculation of the aforementioned parameters was performed according to the
Equations (1)–(3):

ROI (average) =
100 × NP

li f etime × TCI
(1)

where NP is the total Net Profit (€), TCI is the Total Capital Investment (€) assuming an
income tax rate of 24.5% [38] and a lifetime of 20 years (y);

PbP =
FCI (in f lated)

OCF
li f e time

(2)

where OCF is the Total Operating Cash Flow (€), calculated as NP (€)−Total Depreciation (€);

NR =
NP

li f e time (y)
− mar(%.y)× TCI(€) (3)

where mar (%/.y) is the minimum acceptable rate of return, which was fixed at 6%.

2.4. Environmental Life Cycle Inventory

Tables S6 and S7 summarise the environmental Life Cycle Inventory (LCI) data and
the quantification of all the direct, indirect, and avoided burdens for the treatment of liquid
and solid fractions of the MWW, respectively. Table S8 reports all the input and output
data related to the implementation of the AO treatment unit at the WWTP.

Regarding the LCI of the treatment of the liquid and solid fractions (Tables S6 and S7),
the operational data of the WWTP were integrated on the basis of the following assump-
tions: (i) in the absence of direct measuring at the plant, the emissions to air from primary
and secondary settlers, biological reactors, water body, as well as from sludge thick-
ener/homogenizer, digesters, and swine breeding waste screening tank were calculated
according to the CFs reported in Table S9; (ii) the emissions to soil were calculated con-
sidering that 100,619 m3/y of the treated wastewater is internally used at the WWTP
for irrigation of green yards [38]; (iii) for H2S removal from biogas before cogeneration,
Cabot BG1 activated carbon was considered as the adsorbent material, assuming an average
H2S concentration of 500 ppm and an adsorption capacity of 0.32 kgH2S/kgAC [55].

The environmental LCI of the AO treatment unit (Table S8) is based on a BDD anode
electrooxidation pilot plant as tested by Urtiaga et al. [41] and integrated with the results
obtained by Popescu et al. [26] and Rosales et al. [28]. A similar loading dose, Q, and current
density, J, as used by Urtiaga et al. [41], were adopted as fixed parameters for the AO unit in
the present study (48.6 × 10−6 C/kg CODremoved and 300 A/m2, respectively). The volume,
V, of the AO reactor, was calculated taking into account the average inflow of 950 m3/h
MWW [38] and a Hydraulic Retention Time (HRT) of 2 h. The HRT is a parameter that
must be chosen depending on the concentration of the organic substances to be removed.
On the basis of the laboratory results obtained by Popescu et al. [26], Rosales et al. [28],
and Urtiaga et al. [41] on real effluent, an HRT of 2 h guarantees a removal efficiency of at
least 70% of the chemical oxygen demand (COD) by using the BDD electrode. For MMO
anodes, the same removal efficiency as BDD was assumed [56]. For the purposes of
this work, it is assumed that the concentrations of PP are included in the total COD and
PP removal efficiency is equal to the removal efficiency of COD (70%). These values
allow reducing the risk quotient (RQ) at a value lower than 1 for most of the PP detected.
RQ represents the risk that the detected PP has on the aquatic environment at three
representative trophic levels (algae, daphnia, and fish), and it is defined as the ratio of
potential exposure to the substance and the level at which no adverse effects are expected
(PNEC). The methodology followed for the calculation of the RQ is reported elsewhere [1].
The LCI of the PP, in the presence and absence of the AO unit, are reported in Table S10.
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Thus, assuming a COD concentration at the AO unit inlet (CODin) of 0.068 kg O2/m3 [38]
and 0.020 kg O2/m3 at the outlet (CODout) (η = 70%), the total operating current I (A),
calculated according to Equation (4), is 605,754 A.

I =
Q × V × (CODin − CODout)

HRT
(4)

where I (A) is the electrical intensity, Q (C/kg) is the loading dose, HRT (s) is the hy-
draulic retention time, CODin (kg O2/m3) is the COD in the influent of the AO unit,
CODout (kg O2/m3) is the COD in the effluent, and V (m3) is the volume of the AO reactor.

Once the total intensity I (A) and the charge density J (A/m2) are known, the total
anode surface A (m2) necessary to eliminate the established COD with a reaction time of
2 h can be obtained through Equation (5):

A =
I
J

(5)

The total anode surface is 2019 m2. The cathode is assumed to have the same surface
as the anode.

The Electric Energy (EE) (kWh/m3), required for the AO treatment of 1 m3 of water,
was calculated by Equation (6):

EE =
v × I × HRT

V
(6)

where the voltage v (V), was obtained by Equation (7)

v =
EE × V × (CODin − CODout)

I × HRT
(7)

assuming the conservative value of 75 kWh/kg CODremoved, as measured by Urtiaga
et al. [41] at pilot scale on similar effluent.

The optimum electrode spacing, d (m), for proper system operation was calculated
according to Equation (8):

d =
µ × V

J
(8)

where µ is the wastewater conductivity (µS/cm) (1500 µS/cm) [57], v is the voltage
(V), and J is the current density (A/m2). The obtained values are 5.56 V for voltage,
3.55 kWh/m3 for electric energy, and 0.3 cm for optimum electrode spacing.

For the environmental impact related to the construction of the AO unit, it was
assumed that 3 sheltered water storage tanks (total capacity of 2500 m3) made of steel-
reinforced concrete double lined with epoxy resin are built. These tanks are equipped with
67 anode/cathode pairs of 10 m × 3 m × 0.01 m. For that purpose, the amount of normal
and lean concrete as well as of reinforcing and low-alloyed steel needed for water storage
tanks constructions were retrieved from the Ecoinvent 3.5 database (Water storage {RoW}|
construction). The amount of epoxy resin was calculated based on the water storage tank
dimension, considering two layers and a resin yield of 3 m2/(kg.layer). A total amount of
5700 kg epoxy resin was obtained, being selected from the Ecoinvent 3.5 database under the
process named as “Epoxy resin, liquid {RER}| market for epoxy resin, liquid”. Moreover,
1458 kg (200 m length) of 20 ” SCH10 chromium steel pipe (7.9 kg/m) [58] was considered
for piping connections. The wastewater coming out from the disinfection tank is pumped
to the AO unit through three stainless steel pumps (one for each AO tank) of 10 kW and a
head of 5 m with a flow rate of approximately 320 m3/h.

For cathode production, 79.25 t/y of steel are considered, which were 100% allocated
to “Steel, low-alloyed {GLO}| market for”, available in Ecoinvent 3.5 database.

Finally, Table S11 reports the inventory data for the manufacturing of the two upscaled
anodic configurations, based on BDD and MMO coatings.
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The manufacturing process of BDD anodes was developed in SimaPro 9.0 on the
basis of the information retrieved from manufacturers [59] and on the literature [60],
considering the BDD film deposition by the Chemical Vapor Deposition (CVD) technique
on titanium plates used as substrate. Titanium is one of the most used substrate materials
for BDD production due to its high conductivity, corrosion resistance, and other excellent
physical and mechanical properties [37]. For BDD film deposition, methane in excess of
hydrogen (1% CH4 in H2), doped with trimethyl boron (1–3 ppm), were used as reactive
gases [61]. In the absence of other information at pilot/industrial scales, the scale-up of the
gas flows, required for BDD film production on titanium plates was obtained by adopting
a geometrical scale-up factor. The gas flows were calculated by dividing the anode area
needed at full-scale for the exposed electrode area for BDD film deposition used at lab-scale
by Michaud et al. [61]; a value of 1.01E+07 was obtained. For the energy consumption
of the CVD process, the value proposed by Gassner et al. [62] was upscaled accordingly.
Regarding the emissions to the atmosphere during BDD film deposition, it was assumed
that all the hydrogen, used in excess, is emitted entirely to the atmosphere and all methane
and trimethyl boron are consumed during diamond growth.

Based on the information retrieved from the manufacturers of the electrodes [63,64]
which was integrated with data available in the literature [35], it was assumed that the
production process of MMO anodes is performed through thermal decomposition; this con-
sists in the painting of titanium plates by an MMO solution followed by thermal treatment
at high temperature (400 ◦C). Assuming that the MMO solution is made of Pt oxides with
Pt loading of 50 g/m2 [64] and yield of 1.5 kg/m2, 101 kg of Pt oxides are used. “Platinum
{GLO}| market for” available in Ecoinvent 3.5 was selected. Moreover, according to the
procedure for MMO anode preparation described by Vasconcelos et al. [35], 2518 kg of
ethylene glycol (Ethylene glycol {GLO}| market for), and 2337 kg citric acid (Citric acid
{GLO}| market for) must be used. The thermal treatment is intended to be carried out in an
industrial furnace fueled by natural gas (NG), according to the following heating scheme:
(i) 130 ◦C for 30 min to evaporate the water; (ii) 250 ◦C for 10 min to promote the adhesion
of the layer to the substrate, and (iii) final calcination temperature applied for 5 min to form
metal oxides and to eliminate the organic matter. Assuming a specific heat, Cp, for the
titanium of 520 J/(kg.K), it was estimated that 989 MJ/y of heat are required for coating
44.6 t of MMO anode. The heat supply process retrieved from the Ecoinvent 3.5 database
was the following: “Heat, district or industrial, natural gas {RER}| market group for”.

2.5. Costs Inventory

The economic analysis is based on the Purchase Cost of Equipment (PCE), which is
reported in Table S12. Currently, only small-size electrodes are commercially available.
Thus, for the cost analysis performed in this work, the cost of 1 m2 of BDD anode was
based on the quotation provided by one of the BDD manufacturers [65].

For large-size MMO anodes, the cost was estimated by dividing the cost of a small size
commercial MMO anode (0.25 €/cm2) provided by a manufacturer [66] for the scale factor
(SF) of 1.175, obtaining a cost of 842 €/m2. This SF for a large size BDD was calculated
by dividing the unitarian cost of a commercial BDD electrode 24 × 13 cm (1.5 €/cm2) by
the cost of 1 m2 of the same electrode as they were communicated by the manufactures.
Table S13 reports the revenues, labor, and utility costs used in the economic analysis, as well
as the current MWW treatment cost.

3. Results and Discussion
3.1. Life Cycle Impact Assessment
3.1.1. Environmental Impacts Related to the Presence of PP in MWW

The comparison of the environmental burdens associated with the treatment of the liq-
uid fraction of MWW, according to ReCiPe 2016 and USEtox methods, calculated in the ab-
sence and presence of PP in a damage assessment perspective, is reported in Tables 3 and 4.
The results are referred to System Boundary 1 (Figure 1). The last column reports the results
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of the environmental burdens of the treatment of liquid and solid fractions of MWW and is
referred to System Boundary 2 (Figure 1).

Table 3. Total impacts calculated according to ReCiPe Endpoint (H) method, in the absence and presence of pesticides
and pharmaceuticals (PP) considering System Boundary 1 (third and fourth column) and in presence considering System
Boundary 2 (fifth column). All values are referred to the functional unit 1 m3 crude wastewater.

Impact Category Unit In Absence of PP
(System Boundary 1)

In Presence of PP
(System Boundary 1)

In Presence of PP
(System Boundary 2)

Fossil resource scarcity USD2013 9.72E-04 9.72E-04 −3.82E-02
Mineral resource scarcity USD2013 4.18E-05 4.18E-05 −2.75E-05

Global warming, Human health DALY 2.57E-06 2.57E-06 4.18E-06
Water consumption, Human

health DALY 1.69E-07 1.69E-07 1.77E-07

Fine particulate matter
formation DALY 6.45E-08 6.45E-08 −4.19E-07

Human non-carcinogenic
toxicity DALY 1.06E-08 2.63E-08 −4.88E-08

Global warming, Terrestrial
ecosystems species.yr 7.73E-09 7.73E-09 1.26E-08

Human carcinogenic toxicity DALY 2.65E-09 2.51E-08 −5.13E-08
Water consumption, Terrestrial

ecosystem species.y 2.12E-09 2.12E-09 2.22E-09

Freshwater eutrophication species.y 1.68E-09 1.68E-09 1.53E-09
Terrestrial acidification species.y 1.25E-10 1.25E-10 −3.29E-10

Ozone formation, Human health DALY 1.02E-10 1.02E-10 3.05E-09
Ozone formation, Terrestrial

ecosystems species.y 1.45E-11 1.45E-11 4.30E-10

Stratospheric ozone depletion DALY 1.27E-11 1.27E-11 −6.31E-11
Marine eutrophication species.y 8.63E-12 8.63E-12 9.03E-12

Land use species.y 7.20E-12 7.20E-12 1.52E-11
Ionizing radiation DALY 5.22E-12 5.22E-12 2.11E-10

Freshwater ecotoxicity species.y 4.91E-12 7.42E-11 7.30E-11
Terrestrial ecotoxicity species.y 2.78E-12 3.27E-12 1.90E-12

Marine ecotoxicity species.y 9.17E-13 3.02E-12 2.06E-12
Water consumption, Aquatic

ecosystems species.y 5.87E-13 5.87E-13 6.16E-13

Global warming, Freshwater
ecosystems species.y 2.11E-13 2.11E-13 3.44E-13

Table 4. Total impacts calculated according to the USEtox method, in the absence and presence of PP considering System
Boundary 1 (third and fourth columns) and considering System Boundary 2 (fifth column). All values are referred to the
functional unit of 1 m3 crude wastewater.

Impact Category Unit In the Absence of PP
(System Boundary 1)

In the Presence of PP
(System Boundary 1)

In the Presence of PP
(System Boundary 2)

Human Toxicity,
Carcinogenic DALY 1.08E-08 5.40E-08 -3.40E-07

Human Toxicity,
Non-Carcinogenic DALY 2.09E-08 5.31E-08 −2.63E-07

Freshwater ecotoxicity PAF.m3.day 213 254 −2.41E+03

Applying the ReCipe2016 method to the liquid fraction treatment of MWW, the pres-
ence of PP affected the categories of impact related to toxicity to ecosystems and humans.
Namely, the Freshwater, Terrestrial, and Marine Ecotoxicity impact categories increased by
1,411%, 17%, and 229%, respectively, when the presence of PP is taken into consideration.
Similarly, Human Carcinogenic and Non-Carcinogenic toxicity impact categories increased
by 848% and 149%, respectively. All other categories remained unchanged. The presence
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of PP accounts for 93.4%, 89.4%, and 58.8% of the total Freshwater, Human Carcinogenic,
and Non-Carcinogenic Toxicities.

Similarly, the application of the USEtox model in a damage assessment perspective
provides values for Human Carcinogenic and Non-Carcinogenic toxicity slightly higher
than those obtained for the corresponding categories of impact with ReCiPe 2016 method,
as was expectable, since all 16 pharmaceuticals were included in this model (Table 4). In the
USEtox model, the contribution of the detected PP to the overall Human Carcinogenic and
Non-Carcinogenic toxicity was of 80.1% and 60.6%, respectively.

Analysing the environmental burdens calculated by ReCiPe 2016 method in a dam-
age assessment perspective, the main impacts associated with the treatment of the liquid
fraction of MWW are related to the Resource Scarcity, followed by Global Warming (hu-
man health), Fine Particulate Matter Formation, and Water Consumption (human health)
(Table 3). Resource Scarcity is affected by the depletion of fossil fuels and minerals involved
in electric energy production. This result is in full agreement with previously published
works [67–69], since electric energy consumption is recognized as the main responsible for
the environmental burdens in the treatment process of the liquid fraction of MWW when a
damage assessment approach is adopted.

Applying the weighting factors associated to ReCiPe2016 model in SimaPro 9.0, it is
possible to rank the environmental effects associated with the different impact categories,
in descending order: Global Warming (human health and terrestrial ecosystem) > Fine Par-
ticulate Matter Formation > Water Consumption (human health and terrestrial ecosystem).
98% of the Global Warming (human health), and 99.6% of the Water consumption (human
health) impacts are strictly related to the MWW treatment process, the former is affected
by the emissions to atmosphere coming from primary and secondary settlers and activated
sludge reactors and the latter is affected by the consumption of natural water. The Fine
Particulate Matter formation category is affected by the electric energy production process
by a percentage of 44.9%, 9.1% by the activated carbon production process, and 53.9% by
the WWTP operation. The remaining percentages are the sum of minor processes; some of
them are negative and able to compensate the excess to 100%.

Applying a cut-off of 0.1% and taking into consideration the water compartment only,
dieldrin and p-p’-DDD contribute 53.3% and 30%, respectively, to Human Carcinogenic
toxicity; endrin and dieldrin contribute 31.4% and 27.4%, respectively, for total Human Non-
Carcinogenic Toxicity (Figure 3a); cypermethrin, endrin, and chlorpyrifos account for 79.2%,
6.41%, and 5.2%, respectively, of the total Freshwater Ecotoxicity (Figure 3b). The impacts
related to the presence of all the detected pharmaceutical compounds are always lower
than those provided by pesticides and are below the cut-off of 0.1%, according to ReCiPe
2016 method.

It must be noticed that chromium VI contributes to Human Carcinogenic Toxicity by
6.79% and zinc contributes to Human Non-Carcinogenic Toxicity by 36.7%. The impacts
associated with these two heavy metals can be related to the indirect extraction of fossil
fuels for electric energy production.

Applying the same filters in the USEtox method to the compound contribution (cut-off
of 0.1% and water compartment only), the main impacts are associated with the presence
of pesticides rather than pharmaceuticals. The substances that most contributed are,
in descending order, dieldrin > p,p’-DDD > hexachlorocyclohexane > hexachlorobenzene >
p,p’-DDE to Human Carcinogenic Toxicity, endrin > dieldrin > diclofenac > chlorpyriphos to
Human Non-Carcinogenic Toxicity (Figure 3a), and cypermethrin > endrin > chlorpyrifos >
hexachlorocyclohexane > methoxychlor for Freshwater Ecotoxicity (Figure 3c). For Human
Carcinogenic and Non-Carcinogenic Toxicities, the results are very similar to those obtained
through ReCipE2016 and USEtox methods, although USEtox provides values that are
slightly more conservative.

Figure 3a–c reports the contribution of the different PP present in the liquid fraction
of the MWW calculated according to both the ReCiPe2016 and USEtox methods.
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Figure 3. Contribution of the substances to (a) Human Carcinogenic and Non-Carcinogenic Toxicities
(ReCiPe2016, USEtox), to (b) Freshwater Toxicity (ReCiPe2016), and to (c) Freshwater Toxicity
(USEtox) (cut-off 0.1%, water compartment).

If the treatment of the solid fraction of the MWW for biogas production and cogen-
eration of heat and electricity is considered (System boundary 2) (Figure 1), according to
the ReCiPe2016 method, the total value for Human Toxicity (Carcinogenic and Non-
Carcinogenic) becomes negative, and Freshwater, Terrestrial, and Marine Ecotoxicities de-
crease by 2%, 32%, and 42%, respectively (Table 3). Moreover, Fossil and Mineral Resource
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Scarcity, Fine Particulate Matter Formation, Terrestrial Acidification, and Stratospheric
Ozone Depletion categories became negative (Table 3).

Applying the USEtox method, Freshwater and Human Carcinogenic and
Non-Carcinogenic Toxicity become negative as well (Table 4). The results obtained both
with ReCiPe2016 and USEtox methods suggested that the avoided production of non-
renewable electric energy, in the Portuguese electric mix needed, can compensate the
overall toxicity toward Freshwater and Human Toxicities as well as to Fossil and Mineral
Resource Scarcity, Fine Particulate Matter Formation, Terrestrial Acidification, and Strato-
spheric Ozone Depletion. Although the environmental risk associated with the presence of
PP in MWW remains unchanged, the presence of cogeneration turns the overall system
more sustainable.

3.1.2. Life Cycle Impact Assessment of the AO Unit Implementation at the WWTP

Table 5 reports the comparison of the environmental burdens associated with the treatment
of MWW liquid fraction in the presence of PP to the environmental burdens obtained when
the AO unit is implemented as a tertiary treatment process (System Boundary 1) (Figure 2).

Table 5. Comparison of the total impacts calculate according to the USEtox method for the treatment of the liquid fraction
of MWW by the AO unit (System Boundary 1, Figure 2). The fourth and fifth columns report the total impacts, including
the construction of the AO unit with BDD and MMO anodes, respectively. All values are referred to the functional unit of 1
m3 crude wastewater.

Impact Category Unit AO Treatment BDD Configuration MMO Configuration

Human Toxicity,
Carcinogenic DALY 2.62E-07 1.04E-06 4.30E-05

Human Toxicity,
Non-Carcinogenic DALY 3.86E-07 7.14E-07 1.54E-05

Freshwater Ecotoxicity PAF.m3.day 3.71E+03 2.62E+04 3.64E+04

This calculation was performed in a damage assessment perspective using the USEtox
method. The choice of only using the USEtox method was made for the sake of simplicity,
in order to provide an analysis focused on the impact categories directly affected by the
presence of PP. Moreover, no significant avoided impacts are predicted neither during AO
treatment nor during AO unit construction or equipment manufacturing, turning the appli-
cation of ReCiPe2016 method less interesting to the scope of the manuscript. Three different
scenarios were analyzed: (i) the presence of AO unit (named as “AO, treatment”), (ii) the
presence of AO unit, including its construction and manufacturing of BDD anode (named
as “BDD configuration”), and (iii) the presence of AO unit, including its construction and
manufacturing of MMO anodes (named as “MMO configuration”).

As expected, using the AO unit causes an increase in the overall environmental
loads in Freshwater and Human Toxicity (Carcinogenic and Non-Carcinogenic) impact
categories (Table 5). This is due to the contribution of the additional electric energy pro-
duction required for AO unit operation to these impact categories. When the system
boundaries are enlarged to include the treatment of the solid fraction of MWW for biogas
production and cogeneration of electricity and heat (System Boundary 2) (Figure 2), the en-
vironmental sustainability improves. Table 6 shows that the renewable electric energy
produced by cogeneration was able to partially compensate the Human Carcinogenic
Toxicity, since its value remains negative (−1.01 E-08 DALY), when Freshwater and Human
Non-Carcinogenic Toxicities showed values of 2.1E+03 (PAF.m3.d) and 2.60 E-08 (DALY),
respectively, that are 95% and 43% lower than the corresponding values obtained if only
the liquid fraction is considered (Table 5).
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Table 6. Comparison of the total impacts calculated according to USEtox method for the treatment of the MWW by the AO
unit, considering both the liquid and solid fractions. The fourth and fifth columns report the total impacts including the
electrodes manufacturing, construction, and operation of the AO unit with BDD and MMO anodes, respectively. All values
are referred to the functional unit of 1 m3 crude wastewater.

Impact Category Unit AO Treatment BDD Configuration MMO Configuration

Human Toxicity,
Carcinogenic DALY −1.10E-08 5.50E-08 3.40E-07

Human Toxicity,
Non-Carcinogenic DALY 2.60E-08 1.50E-07 5.60E-06

Freshwater Ecotoxicity PAF.m3.day 2.10E+03 4.70E+04 6.70E+04

These results lead to the conclusion that in order to minimise the increase of the envi-
ronmental burdens associated with the implementation of an AO unit, the WWTP must
be equipped with a source of renewable electric energy, such as the production of biogas
and cogeneration for electric energy production. The production of renewable electric
energy can partially compensate the additional indirect environmental burdens related to
human and environmental toxicities, which are caused by electric energy production for
the AO unit operation. This evidence is a fact known in the literature since electrooxidation
processes are unanimously considered highly energy-demanding technologies. Their ap-
plication at full-scale WWTP for large volumes of effluents must be necessarily supported
by renewable sources of energy; otherwise, the environmental burdens due to the electric
energy needs surpass the benefits associated with PP removal [15,70].

Figure 4a,b reports the process contributions to the total Human and Freshwater
toxicities due to the AO unit in the three different scenarios studied.

When both the construction of the AO unit and manufacturing of the anodes are
included in the analysis, all values for all the impact categories increase significantly.
Moreover, among the two types of anodes analysed, BDD is undoubtedly characterized by
lower environmental burdens than MMO.

For the BDD anode, 85.4% of the Human Carcinogenic Toxicity, 91.4% of the Fresh-
water Ecotoxicity, and 70.7% of the Human Non-Carcinogenic Toxicity are related to the
“Digester Sludge [GLO] treatment, municipal incineration” process that is associated with
the production of methane, which is used as a reaction gas for diamond growth on the
BDD surface. Meanwhile, 29.6% of the Human Carcinogenic Toxicity is associated with
the “Spoil from Hard coal mining [GLO] | treatment of, in surface landfill” process that is
related to the electric energy production, whereas 70.7% of the Human Non-Carcinogenic
Toxicity is due to “Sulfidic tailing, off-site [GLO]|treatment of”, which is itself associated
by a percentage of 9.25% to the BDD anode production process and by a percentage of
55.9% to the electric energy production process for AO unit operation. In the case of the
MMO anode, more than 90% of the Freshwater and Human Toxicity is due to “Sulfidic
tailing, off-site [GLO]|treatment of” process that is associated with the treatment of sulfuric
acid mine drainage produced during quarry operations for metal extraction used in MMO
anode coating.

These results highlight how much the environmental loads associated with the con-
struction and manufacturing of the equipment can affect the overall environmental per-
formance of the process. In this case study, the manufacturing of the MMO anodes is
responsible for a very high environmental load, as it includes the use of a precious metal
(Pt), affecting significantly the environmental sustainability of the AO process.

Figures 5a–c and 6 show the contribution of different PP and metals to the Total
Human Carcinogenic and Non-Carcinogenic Toxicities and Freshwater Toxicity by applying
a cut-off rate of 0.1% and considering only the water compartment for the three scenarios
evaluated in this study compared with the MWW treatment scenario.
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Figure 4. Comparison of the process contributes to the (a) Human Carcinogenic and Non-
Carcinogenic Toxicities and to (b) Freshwater Toxicity of the AO treatment according to USEtox
method.

Figure 5. Cont.
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Figure 5. Substances contribution to Human Carcinogenic and Non−Carcinogenic Toxicities of (a) MWW treatment, (b) AO
treatment, (c) BDD configuration, and (d) MMO configuration of the AO treatment according to the USEtox method
(Cut−off 0.1%, water compartment).

Figure 6. Substances contribution to Freshwater Toxicity of MWW treatment, AO treatment, BDD con-
figuration, and MMO configuration of the AO treatment according to the USEtox method (Cut-off
0.1%, water compartment).

Considering only the AO unit, dieldrin and p,p’-DDD are the main responsible com-
pounds for Human Carcinogenic Toxicity. Zinc, cadmium, lead, dieldrin, and eldrin
contribute to Human Non-Carcinogenic Toxicity (Figure 5b) and copper contributes to
Freshwater Toxicity (Figure 6). When the construction of the AO unit and the manufactur-
ing of the anodes are included in the environmental analysis, the toxicities brought by the
presence of pesticides and pharmaceutical compounds in the MWW became negligible in
comparison to those associated with chromium VI, nickel, and arsenic for Human Carcino-
genic Toxicity, zinc, arsenic, lead, cadmium, and mercury for Human Non-Carcinogenic
Toxicity (Figure 5c), and aluminum, copper, and iron for Freshwater Toxicity (Figure 6).
The impacts associated with the presence of these chemical elements are mostly indirectly
related to the production of non-renewable electric energy. The outcomes of this analy-
sis allow concluding that the environmental sustainability of the studied AO process is
strongly dependent on the presence of a fully renewable electric energy supply for the
process operation.

Based on the results obtained in this LCA study, the solution for the removal of
the PP from MWW is not easy and straightforward. Currently, the advanced oxidation
processes are demonstrated to be highly efficient technologies for PP removal, but they
are characterized by intrinsic environmental loads higher than the environmental benefits
provided if a holistic approach is adopted.
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3.1.3. Environmental Risk Characterization

One of the difficulties that often arise in the interpretation of the LCA results is to
understand if the values of the obtained environmental impacts are able or not to harmfully
affect natural ecosystems and human health. To overcome this limitation, for all the PP that
provided significant results at a cut-off of 0.1% using the USETox method, RQ values were
calculated by ECOSAR V.11 [71] for the three trophic levels (fish, Daphnia magna, and algae)
before and after the AO treatment. Figure 7a–d report the results obtained.

Figure 7. Risk quotient (RQs) calculated with ECOSAR (v1.11) for the detected (a) pharmaceuticals and (b) pesticides before
the AO treatment, and for (c) pharmaceuticals and (d) pesticides after the AO treatment.

In the group of pesticides, chlorpyrifos, cypermethrin, endrin, hexachlorobenzene,
p,p’-DDE, and methoxychlor are characterized by RQ > 1 in the three trophic levels,
and dieldrin showed RQ > 1 for algae trophic level only (Figure 7b). Among the pharma-
ceutical compounds, only carbamazepine showed RQ > 1 in algae trophic level (Figure 7a).
The comparison between the calculated RQ values and the results of the LCA approach
through the USEtox model suggests that most of the pesticides whose impact is considered
significant with a cut-off of 0.1% in the USEtox model correspond to those that provided
a RQ > 1. Moreover, p,p’-DDD and hexachlorobenzene are contaminants whose impact
is considered significant with a cut-off of 0.1% for Human Carcinogenic Toxicity as well
as diclofenac for Human Non-Carcinogenic Toxicity. On the other hand, carbamazepine,
which is the only pharmaceutical compound that provides RQ > 1 for primary producers
(algae), is not considered significant at the cut-off of 0.1% according to the USEtox method.
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These results confirm that LCA should be understood as an integrative and complementary
tool for environmental risk assessment. It must be noticed that the obtained results have
to be considered prudently, since many of the CFs included in the USEtox model for the
studied PP are interim factors, and other CFs were retrieved from very recent works [15,52],
which intrinsically can be associated to some uncertainty.

Moreover, to the authors’ knowledge, the highest PP removal efficiency obtained at
pilot scale on real effluents was about 70% [41]. When applying this removal efficiency to
this case study, it is not possible to lower all the contaminants for a RQ < 1, as chlorpyrifos,
methoxychlor, p,p’-DDE, and endrin will continue to be characterized by RQs > 1 for at least
one trophic level (Figure 7c,d). Additionally, the RQ for carbamazepine remains slightly
higher than 1 for algae trophic level (Figure 7c,d).

The solution for reducing the toxicity associated with the presence of these contami-
nants in MWW is necessarily an integrated solution, acting on different levels. It must start
with the upstream reduction on the use of pesticides and correct management of pharma-
ceutical wastes followed by the application of removal technologies strongly supported
by renewable energies, whenever they are dependent on electric energy as is the case of
AO technologies.

3.2. Economic Analysis

Figure 8 shows that the AO unit based on BDD anodes is characterized by a Total Cap-
ital Investment (TCI) more than 10-fold higher than that required for the implementation
of MMO anodes.

Figure 8. Fixed Capital Investment and Working Capital Investment associated with AO unit
implementation in BDD configuration and MMO configuration.

The Total Annual Treatment Cost (Figure 9) of the AO technology based on MMO
anodes is economically more advantageous, as the Maintenance and Repair, Operating Sup-
plies, and Fixed Charge costs are on average 88% lower than the corresponding values for
BDD anodes. The reason lies in the fact that according to the calculation methodology cho-
sen, these parameters are strictly related to the initial value of the Fixed Capital Investment,
thus to the cost of the equipment.
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Figure 9. Total annual Treatment Cost associated with AO unit implementation in BDD configuration
and MMO configuration.

Table 7 reports the results of the economic profitability analysis performed for the
implementation of an AO unit at the WWTP selected for this study.

Table 7. Average Return of Investment Rate (ROI), Payback Period (PbP), and Net return (NR) of the
investment of the two AO configurations (BDD anodes and MMO anodes).

Parameter Unit BDD Configuration MMO Configuration

ROI %/y −9.74 4.07
PbP y −13.98 10.26
NR € −36,948,347 281,583

As already highlighted in the analysis of the annual treatment cost, the type of anode
chosen for the AO process has a key role in the economic viability of the entire project.
The current extremely high manufacturing cost of BDD anodes does not make achievable
the economic viability of this technology in a full-scale WWTP. The choice of MMO anodes
guarantees a total positive net return at an acceptable payback period, assuming a minimum
acceptable rate of return of the initial investment of 6% per year.

As a global conclusion for the economic analysis, the MMO configuration performed
better for the economic indicators calculated in the present study than the BDD configuration.

4. Conclusions

This work analyzed the environmental impacts, based on an LCA perspective, associ-
ated with the presence of PP in the liquid fraction of MWW, as they were detected in several
sampling campaigns performed in a Portuguese WWTP. The environmental and economic
sustainability of the installation and operation of an AO unit, as a tertiary treatment for PP
removal, was also assessed for the large-scale WWTP, taken as a case study.

The presence of PP in WWTP effluent contributed to the impact categories of Human
Carcinogenic, Non-Carcinogenic, and Freshwater by 80.1%, 60.6%, and 87% respectively,
applying the USEtox method and by 89.4%, 58.8%, and 93.4%, respectively applying the
ReCiPe2016 method.

The presence at the studied WWTP of a cogeneration unit for electric energy produc-
tion avoided the production of an equivalent amount of non-renewable electric energy,
in the Portuguese mix, which can partially compensate for the referred negative environ-
mental impacts. Although the environmental risk associated with the presence of PP in
MWW remains unchanged, the presence of cogeneration makes the overall wastewater
treatment system more sustainable.

AO is considered one of the most efficient technologies for PP removal from wastewa-
ter. However, if a holistic approach is adopted, the intrinsic indirect Human and Freshwater
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toxicities associated with this technology are higher than the environmental benefits de-
rived from the PP removal. This is mainly due to the indirect environmental burdens
associated to the production of electric energy used for AO unit operation and to the
anodes’ manufacturing. The manufacturing of the MMO anodes is responsible for a higher
environmental load than BDD, making the MMO configuration less sustainable than the
one based on BDD.

Considering an average PP removal efficiency of 70%, the environmental risks associ-
ated with chlorpyrifos, methoxychlor, p,p’-DDE, and endrin continue to be characterized
by RQs > 1 for at least one trophic level, and the RQ of carbamazepine remains slightly
higher than 1 for algae trophic level.

The renewable electric energy produced by cogeneration at the WWTP can partially
compensate the Human Carcinogenic Toxicity, since the value of this impact remains
negative when Freshwater and Human Non-Carcinogenic Toxicities showed values that are
95% and 43%, respectively, lower than the corresponding values obtained if the treatment
of a liquid fraction only is considered. This means that to minimize the increase of the
environmental burdens associated with the implementation of an AO unit, the WWTP has
to be strongly supported by renewable electric energy, where existing biogas cogeneration
for electric energy production has to be coupled with other renewable sources of energy.

The solution for reducing the toxicity associated with the presence of PP in MWW has
to be designed as an integrated solution, acting on different levels. It must start with the
upstream reduction on the use of pesticides and correct management of pharmaceutical
wastes, followed by the application of removal technologies supported by renewable
energies, whenever technologies dependent on electric energy are adopted.

From the economic point of view, on the basis of the data currently available, and re-
ferring to the case of study in this work, the prohibitive purchase cost of BDD anodes cut
off this type of electrode from any large-scale application, whereas the use of MMO anodes
allow an economic positive net return.

Finally, the study of the fate of the PP in the sludge (solid fraction) is recommended to
complete the framing of the problem, since if the biologic anaerobic digestion process is
not enough to remove all the PP adsorbed in the sludge, the use of this sub-product as a
soil amendment can be questioned, and sludge valorization routes might be revised.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/7/3669/s1, Figure S1: Flowsheet of the WWTP, Table S1: Flows of the WWTP (average values
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Percentages used in the application of the Delivered Equipment Method used for Capital Investment
calculation and methodology adopted for calculation of FCI, WC, and TCI; Table S4: Methodology
used for the calculation of the Annual Total Treatment Cost; Table S5: Depreciation factors used for
the development of the profitability analysis (20 y lifetime); Table S6: Life Cycle Inventory of the
treatment of the MWW liquid fraction. PP are excluded. All values are referred to 1 m3 crude water;
Table S7: Life cycle inventory of the treatment of the MWW solid fraction. All values are referred to 1
m3 crude water; Table S8: Life Cycle Inventory of the AO Unit (construction and operation). PP are
excluded. All values are referred to 1 m3 crude water; Table S9: Characterization Factors used for
the calculation of air emissions to air occurring during the treatment of liquid and solid fraction at
the WWTP; Table S10: Life Cycle Inventory of the PP detected in the MWW in the absence and in
the presence of the AO unit (η removal = 70%). All values are referred to 1 m3 crude water; Table
S11: Life Cycle Inventory of the manufacturing process of the BBD and MMO anodes. All values are
referred to 1 m3 crude water; Table S12: Purchased Equipment Cost; Table S13: WWTP Revenues and
Costs of the MWW treatment.

Author Contributions: Conceptualization, E.S.; methodology, E.S.; software, E.S.; formal analysis,
E.S.; resources, C.D.-M.; data curation, E.S., M.C., S.F., J.V., S.J., J.G.S., M.P., M.Á.S., N.L.; writing—
original draft preparation, E.S.; writing—review and editing, E.S., M.C., S.F., J.V., S.J., J.G.S., M.P.,
M.Á.S., N.L.; supervision, C.D.-M., M.C.; project administration, C.D.-M.; funding acquisition,
C.D.-M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/2071-1050/13/7/3669/s1
https://www.mdpi.com/2071-1050/13/7/3669/s1


Sustainability 2021, 13, 3669 22 of 24

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the EU and FCT/UEFISCDI/FORMAS for fund-
ing in the frame of the collaborative international consortium REWATER financed under the ERA-NET
Cofund WaterWorks2015 Call. This ERA-NET is an integral part of the 2016 Joint Activities developed
by the Water Challenges for a Changing World Joint Programme Initiative (WaterJPI/0007/2016). The
work was also supported through the project UIDB/50006/2020, funded by FCT/MCTES through
national funds including the fellowship REQUIMTE 2020-23.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Paíga, P.; Correia, M.; Fernandes, M.J.; Silva, A.; Carvalho, M.; Vieira, J.; Jorge, S.; Silva, J.G.; Freire, C.; Delerue-Matos, C.

Assessment of 83 pharmaceuticals in WWTP influent and effluent samples by UHPLC-MS/MS: Hourly variation. Sci. Total
Environ. 2019, 648, 582–600. [CrossRef]

2. Manoli, K.; Morrison, L.M.; Sumarah, M.W.; Nakhla, G.; Ray, A.K.; Sharma, V.K. Pharmaceuticals and pesticides in secondary
effluent wastewater: Identification and enhanced removal by acid-activated ferrate(VI). Water Res. 2019, 148, 272–280. [CrossRef]
[PubMed]

3. Firouzsalari, N.Z.; Shakerkhatibi, M.; Pourakbar, M.; Yadeghari, A.; Safari, G.H.; Sarbakhsh, P. Pyrethroid pesticide residues in a
municipal wastewater treatment plant: Occurrence, removal efficiency, and risk assessment using a modified index. J. Water
Process Eng. 2019, 29, 100793. [CrossRef]

4. Elfikrie, N.; Ho, Y.B.; Zaidon, S.Z.; Juahir, H.; Tan, E.S.S. Occurrence of pesticides in surface water, pesticides removal efficiency in
drinking water treatment plant and potential health risk to consumers in Tengi River Basin, Malaysia. Sci. Total Environ. 2020,
712, 136540. [CrossRef]

5. Cheng, L.; Lu, Y.; Zhao, Z.; Hoogenboom, R.L.A.P.; Zhang, Q.; Liu, X.; Song, W.; Guan, S.; Song, W.; Rao, Q. Assessing the
combined toxicity effects of three neonicotinoid pesticide mixtures on human neuroblastoma SK-N-SH and lepidopteran Sf-9
cells. Food Chem. Toxicol. 2020, 145, 111632. [CrossRef] [PubMed]

6. DeLorenzo, M.E.; Scott, G.I.; Ross, P.E. Toxicity of pesticides to aquatic microorganisms: A review. Environ. Toxicol. Chem. 2001,
20, 84–98. [CrossRef]

7. Rani, L.; Thapa, K.; Kanojia, N.; Sharma, N.; Singh, S.; Grewal, A.S.; Srivastav, A.L.; Kaushal, J. An extensive review on the
consequences of chemical pesticides on human health and environment. J. Clean. Prod. 2020, 124657. [CrossRef]

8. Hassaan, M.A.; El Nemr, A. Pesticides pollution: Classifications, human health impact, extraction and treatment techniques.
Egypt. J. Aquat. Res. 2020, 46, 207–220. [CrossRef]

9. EEA. Chemicals in European Waters. Knowledge Developments. EEA Report No 18/2018; Publications Office of the European Union:
Copenhagen, Denmark, 2018; ISBN 9789294800060.

10. Tran, N.H.; Reinhard, M.; Gin, K.Y.H. Occurrence and fate of emerging contaminants in municipal wastewater treatment plants
from different geographical regions—A review. Water Res. 2018, 133, 182–207. [CrossRef] [PubMed]

11. Alygizakis, N.A.; Urík, J.; Beretsou, V.G.; Kampouris, I.; Galani, A.; Oswaldova, M.; Berendonk, T.; Oswald, P.; Thomaidis, N.S.;
Slobodnik, J.; et al. Evaluation of chemical and biological contaminants of emerging concern in treated wastewater intended for
agricultural reuse. Environ. Int. 2020, 138, 105597. [CrossRef]

12. Nantaba, F.; Wasswa, J.; Kylin, H.; Palm, W.-U.; Bouwman, H.; Kümmerer, K. Occurrence, distribution, and ecotoxicological
risk assessment of selected pharmaceutical compounds in water from Lake Victoria, Uganda. Chemosphere 2020, 239, 124642.
[CrossRef]

13. Díaz-Cruz, M.S.; López De Alda, M.J.; Barceló, D. Environmental behavior and analysis of veterinary and human drugs in soils,
sediments and sludge. TrAC Trends Anal. Chem. 2003, 22, 340–351. [CrossRef]

14. Paíga, P.; Sousa, S.; Vera, J.; Bitencourt, L.; Vieira, J.; Jorge, S.; Silva, J.G.; Correia, M.; Domingues, V.F.; Delerue-Matos, C.
Multi-residue analysis of fifty pesticides in river waters and in wastewaters: Rural and urban areas assessment. Unpublished
work. 2021.

15. Li, Y.; Zhang, S.; Zhang, W.; Xiong, W.; Ye, Q.; Hou, X.; Wang, C.; Wang, P. Life cycle assessment of advanced wastewater
treatment processes: Involving 126 pharmaceuticals and personal care products in life cycle inventory. J. Environ. Manag. 2019,
238, 442–450. [CrossRef] [PubMed]

16. Kim, M.; Guerra, P.; Shah, A.; Parsa, M.; Alaee, M.; Smyth, S.A. Removal of pharmaceuticals and personal care products in
a membrane bioreactor wastewater treatment plant. Water Sci. Technol. J. Int. Assoc. Water Pollut. Res. 2014, 69, 2221–2229.
[CrossRef]

17. Karabelas, A.; Plakas, K. Membrane Treatment of Potable Water for Pesticides Removal. In Herbicides, Theory and Application;
Solonesky, S., Larramendy, M., Eds.; InTech: Rijeka, Croatia, 2011; pp. 369–408. ISBN 978-953-7619-XX.

http://doi.org/10.1016/j.scitotenv.2018.08.129
http://doi.org/10.1016/j.watres.2018.10.056
http://www.ncbi.nlm.nih.gov/pubmed/30390508
http://doi.org/10.1016/j.jwpe.2019.100793
http://doi.org/10.1016/j.scitotenv.2020.136540
http://doi.org/10.1016/j.fct.2020.111632
http://www.ncbi.nlm.nih.gov/pubmed/32738377
http://doi.org/10.1002/etc.5620200108
http://doi.org/10.1016/j.jclepro.2020.124657
http://doi.org/10.1016/j.ejar.2020.08.007
http://doi.org/10.1016/j.watres.2017.12.029
http://www.ncbi.nlm.nih.gov/pubmed/29407700
http://doi.org/10.1016/j.envint.2020.105597
http://doi.org/10.1016/j.chemosphere.2019.124642
http://doi.org/10.1016/S0165-9936(03)00603-4
http://doi.org/10.1016/j.jenvman.2019.01.118
http://www.ncbi.nlm.nih.gov/pubmed/30870676
http://doi.org/10.2166/wst.2014.145


Sustainability 2021, 13, 3669 23 of 24

18. Silva, A.; Delerue-Matos, C.; Figueiredo, S.A.; Freitas, O.M. The use of algae and fungi for removal of pharmaceuticals by
bioremediation and biosorption processes: A review. Water 2019, 11, 1555. [CrossRef]
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