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• First LCA of acidic/neutral solar photo-
Fenton (SPF) with/without
nanofiltration

• Coupling SPF with nanofiltration (NF)
reduces environmental impacts by
24%–67%.

• Acidic SPF treatment is environmentally
more sustainable than the neutral ver-
sion.

• GWP of neutral SPF without NF is 3
times higher than of the acidic version
with NF.
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Scarcity of water and concerns about the ecotoxicity of micro-contaminants are driving an interest in the use of
advanced tertiary processes in wastewater treatment plants. However, the life cycle environmental implications
of these treatments remain uncertain. To address this knowledge gap, this study evaluates through life cycle as-
sessment the following four advanced process options for removal of micro-contaminants from real effluents:
i) solar photo-Fenton (SPF) operating at acidic pH; ii) acidic SPF coupled with nanofiltration (NF); iii) SPF oper-
ating at neutral pH; and iv) neutral SPF coupled with NF. The results show that acidic SPF coupled with NF is the
best option for all 15 impacts considered. For example, its climate change potential is almost three times lower
than that of the neutral SPF process (311 vs 928 kg CO2 eq./1000 m3 of treated effluent). The latter is the worst
option for 12 impact categories. For the remaining three impacts (acidification, depletion of metals and particu-
late matter formation), acidic SPF without NF is least sustainable; it is also the second worst option for seven
other impacts. Neutral SPF with NF is the second worst technology for climate change, ozone and fossil fuel de-
pletion as well as marine eutrophication. In summary, both types of SPF perform better environmentally with
than without NF and the acidic SPF treatment is more sustainable than the neutral version. Thus, the results of
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this work suggest that ongoing efforts on developing neutral SPF should instead be focused on further improve-
ments of its acidic equivalent coupled with NF. These results can also be used to inform future development of
policy related to the removal of micro-contaminants from wastewater.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Water quality and availability are of an increasing concern in many
regions worldwide, calling for a better management of water resources
(FAO, 2007; OECD, 2012). An emergingbut important concern is also re-
lated to the presence in surface, ground and even drinking water of
micro-contaminants (also referred to as micro-pollutants) from phar-
maceuticals, pesticides, hormones, personal care products and indus-
trial additives (Geissen et al., 2015). As a result, these have recently
been considered for monitoring in Europe (European Parliament,
2013). The main secondary sources of these substances in the environ-
ment are effluents from municipal wastewater treatment plants
(MWTPs) (Luo et al., 2014).

Regulation related to the presence ofmicro-contaminants inwater is
in its infancy internationally, with the focus being mainly on drinking
water rather than on wastewater discharge or reuse (Bui et al., 2016).
An exception is Switzerland, which has set an 80% reduction target for
the release of micro-contaminants from MWTPs (including primary,
secondary and tertiary treatment) with any of the following character-
istics (Eggen et al., 2014): i) serving capacity N80,000 people; ii) serving
capacity N24,000 people and discharging into sensitive waters or drink-
ing reservoirs; or iii) serving capacity N8000 people and a contribution
N10% of the dry-weather flow in the receiving waters. This is expected
to affect 123 MWTPs nationally and reduce the total load of micro-
contaminants discharged to the environment by 50% (Mulder et al.,
2015). However, apart from this isolated example, international regula-
tion of micro-contaminants is unlikely to be introduced soon due to
their widespread use and human health benefits. Thus, there is a need
for more scientific evidence on the impacts that these substances may
cause in water bodies, as well as for systematic monitoring of some of
the compounds (Taylor and Senac, 2014; NRMMC, 2015).

For example, some of the regions in southern Spain have the highest
water scarcity in Europe (Sabater and Barceló, 2010). Over the past
years, various efforts have been undertaken in these regions to provide
steady and good quality water supply for urban and agricultural uses,
including through wastewater reuse (Barceló and Petrovic, 2011).
Spain is particularly well placed with respect to the latter as it has the
highest water reuse potential in Europe – its capacity is estimated at
1200Mm3/yr of reclaimed water by 2025 (TYPSA, 2013). Spanish legis-
lation (Ministerio de la Presidencia, 2007) allows water reuse for urban,
agricultural, industrial, recreational and environmental uses, establish-
ing bothmicrobiological (e.g. Legionella sp., Salmonella sp.) and physico-
chemical (e.g. metals, turbidity) limits but not for micro-contaminants.
However, the presence of micro-contaminants in Spanish ground, fresh
and drinking water (López-Serna et al., 2013; Camacho-Muñoz et al.,
2010; Carmona et al., 2014) is a concern and could reduce the reuse po-
tential of treated water due to bio-accumulation. Furthermore, the var-
iability in the flow rate of Spanish rivers due to droughts and seasonal
variations could increase the environmental risk from micro-
contaminants since many of these compounds are released to the envi-
ronment at fairly constant rates (Barceló and Petrovic, 2011; Baker and
Kasprzyk-Hordern, 2013).

Therefore, challenges in the improvement ofwater quality and reuse
potential in Spain are noteworthy among Mediterranean countries and
future adoption of advancedwastewater treatmentmethodsmay be re-
quired in order to cope with the above-mentioned issues. Technical
evaluations of some options for the removal of micro-contaminants,
such as activated carbon and advanced oxidation processes (AOPs),
have been tackled in literature, often showing promising results
(Rivera-Utrilla et al., 2013). Evaluations of the economic viability of
AOPs and nanofiltration (NF) have also been published (Miralles-
Cuevas et al., 2016;Miralles-Cuevas et al., 2017a). Among these, integra-
tion of solar photo-Fenton (SPF) and NF has been identified as a suitable
solution for reducing micro-contaminants loads from MWTP effluents
(Ganiyu et al., 2015). In the case of SPF, technology developments are
focused on enabling its operation at neutral pH instead of conventional
acidic SPF, to avoid the need for acidification and subsequent
neutralisation. Recent studies have demonstrated that this can be
achieved using new iron complexing agents, such as
ethylenediamine‑N,N′‑disuccinic acid (EDDS) (Nogueira et al., 2017;
Clarizia et al., 2017). Some other challenges for this treatment include
reducing the consumption of reagents and implementation of auto-
mated control systems (Romero et al., 2016; Barona et al., 2015;
Miralles-Cuevas et al., 2013). Furthermore, Ganiyu et al. (2015)
highlighted the need for studies on the environmental implications of
these treatment methods.

Although the life cycle impacts of some tertiary methods have al-
ready been evaluated in literature, in most cases they have been based
on laboratory-scale experiments (Chatzisymeon et al., 2013; Meneses
et al., 2010; Muñoz et al., 2005; Muñoz et al., 2009). Muñoz (2006)
assessed the environmental sustainability of SPF based on laboratory re-
sults but considering the infrastructure needed for a pilot-scaled plant.
A couple of studies also considered the impacts of SPF at a pilot plant
scale (Foteinis et al., 2018; Ioannou-Ttofa et al., 2017). More recently,
Zepon Tarpani and Azapagic (2018) compared the environmental sus-
tainability of SPF and NF as stand-alone treatments at an industrial
scale. However, no previous studies explored the potential for coupling
advanced treatment options to increase the overall removal efficiency
and, potentially, their environmental sustainability. Furthermore, all
existing studies evaluated only the conventional SPF process operating
at acidic pH.

Thus, this study goes beyond the state-of-the art in environmental
evaluations of advanced treatment options to determine the life cycle
impacts of SPF and NF, considering the following process options:

i) stand-alone SPF operating at acidic pH (conventional process);
ii) acidic SPF coupled with NF;
iii) stand-alone SPF operating at neutral pH,mediated by EDDS as an

iron complexing agent (new process currently under develop-
ment); and

iv) neutral SPF coupled with NF.

These techniques have been chosen for evaluation as the two most
promising options for removal of micro-contaminants from MWTPs,
as mentioned earlier (Ganiyu et al., 2015). The study is based on the
data from pilot-scale plants using a real MWTP effluent. The systems
considered and the related data are described in the next section.
2. Methods

The environmental impacts have been estimated through attribu-
tional life cycle assessment (LCA), following the ISO 14040/44 guide-
lines (ISO, 2006a, 2006b).

http://creativecommons.org/licenses/by/4.0/
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Table 1
Inventory data for the different wastewater treatment options considered in the studya.

Life cycle stages SPFacidic SPFacidic
+ NF

SPFneutral SPFneutral
+ NF

Construction
Steel, reinforcing (kg) 9.6 3.1 6.5 1.7
Steel, stainless (kg) 2.4 0.7 1.6 0.4
Steel, galvanized (kg) 0.05 0.02 0.04 0.01
Steel, low-alloyed – 0.006 – 0.006
Aluminium, anodised (kg) 1.5 0.5 1.0 0.2
Concrete (kg) 247.2 76.7 163.6 40.4
Polypropylene (kg) 0.4 0.1 0.3 0.07
Polyvinyl chloride (kg) – 0.1 – 0.1
Borosilicate glass (kg) 1.0 0.3 0.7 0.2
Glass fibre (kg) – 0.02 – 0.02

Operation
Consumables
Fe2(SO4)3 (kg) – – 20.0 10.4
FeSO4 (kg) 27.8 6.9 – –
Ethylenediamine‑N,N′‑disuccinic

acid (EDDS) (kg)
– – 110.0 55.7

H2SO4 (kg) 450.0 112.5 111.3 65.0
NaOH (kg) 72.0 19.0 – –
H2O2 (kg) 32.4 9.1 50.7 24.2

Cleaning
NaOH (kg) – 0.25 – 0.25
H2SO4 (kg) – 36.0 – 36.0
Ethylenediaminetetraacetic acid

(EDTA)
– 0.25 – 0.25

Chlorine (kg) – 0.6 – 0.6
Tap water (L) 1192.6 304.0 1052.3 257.2

Membrane
Polyester resin – 0.14 – 0.14
N,N‑dimethylformamide – 0.12 – 0.12
Polyphenylene sulphide – 0014 – 0014
Polyvinyl chloride – 0.05 – 0.05
Epoxy resin – 0.03 – 0.03
Isopropanol – 0.017 – 0.017

Energy
Electricity (kWh) 280 350 280 350

Decommissioningb

Landfilling (metals) 0.7 0.2 0.5 0.1
Landfilling (plastics) 0.2 0.1 0.1 0.1
Landfilling (concrete) 247.2 76.7 163.6 40.4
Landfilling (glass) 1.0 0.3 0.7 0.2
Landfilling (sludge) 10.7 2.7 10.7 5.6
Recycling (metals) 12.4 3.9 8.3 2.0
Recycling (plastics) 0.1 0.09 0.1 0.06
Incineration (plastics) 0.07 0.4 0.05 0.4

Transport
Construction: truck 16–32 t (tkm) 52.4 16.3 34.7 8.5
Operation: truck 16–32 t (tkm) 144.0 44.5 120.3 69.1
Decommission: truck 16–32 t (tkm) 13.6 4.9 9.2 2.5

a All data expressed per functional unit (treatment of 1000 m3/day of secondary efflu-
ent). Removal rate: 80%. SPF: solar photo-Fenton. NF: nanofiltration.

b Metals: 95% recycled and 5% landfilled; plastics: 50% landfilled, 34% recycled and 16%
incinerated with energy recovery; concrete: 100% landfilled; glass: 100% landfilled;
sludge: 100% landfilled (Monier et al., 2011; Plastics Europe, 2015; Villoria, 2014).
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2.1. Goal and scope definition

The goal of the study is to assess the life cycle impacts of using the
above-mentioned options to treat secondary effluents from MWTPs
containing micro-contaminants. These options are outlined in Fig. 1.

As can be seen, acidic SPF treatment involves first stripping the car-
bonates (HCO3

−/CO3
2−) from the secondary effluent (Fig. 1a) as they are

scavengers of hydroxyl radicals and would inhibit the treatment
(Pignatello et al., 2006). This is followed by acidification to a pH of
2.7–2.9, usually by sulphuric acid. The effluent is then pumped into
the photo-reactor, where the low pH is needed to maintain the added
iron (photo-catalyst) in solution, as it would otherwise precipitate
(Pignatello et al., 2006). Hydrogen peroxide is also added to the reactor,
which decomposes in the presence of iron. This reaction mechanism
yields mainly hydroxyl radicals that are highly reactive and capable of
oxidising nearly all micro-contaminants (Gogate and Pandit, 2004).
The effluent then has to be neutralised, usually by adding sodium hy-
droxide. The photo-catalyst is regenerated using solar radiation and
recirculated in the reactor. The latter consists of compound parabolic
collectors (CPC), which allow even distribution of solar irradiation on
the surface of the tube throughwhichwater is recirculated, thus achiev-
ing higher reaction rates and conversions than other photo-reactors
(Malato et al., 2002).

As mentioned earlier, SPF can be operated at neutral pH by using
iron complexing agents, which avoids the need for the acidification
and neutralisation steps (Nogueira et al., 2017; Clarizia et al., 2017). In
this work, the complexing agent considered is EDDS. As can be seen in
Fig. 1c, the neutral SPF process is similar to the acidic, except that acid-
ification and neutralisation are no longer needed due to the addition of
EDDS.

The efficiency of both the acidic and neutral SPF can be enhanced by
coupling them with NF, which operates with highly-pressurised water
influent (1 MPa). Thereafter, the influx is passed through membranes
with pore sizes of 0.1–1.0 nm, producing the permeate (treated efflu-
ent) and the concentrate with the removed micro-contaminants (Lee
et al., 2009). The latter are removed primarily through physical sieving,
whereby the substances with molecular weights above the membrane
cut-off point (200 Da) are retained. This is followed by adsorption, elec-
trostatic repulsion andhydrophobic interaction between themembrane
and the compounds dissolved in the treatedwater solute (Bellona et al.,
2004). The membranes have to be cleaned periodically, using sulphuric
acid, sodium hydroxide, ethylenediaminetetraacetic acid (EDTA) and
chlorine.

WhereNF is coupledwith SPF (Fig. 1b&d), the effluent isfirst treated
by NF so that a high quality permeate is obtained and discharged, and
the concentrate is treated by SPF. NF also reduces the volume to be
treated by SPF thus reducing the overall costs of the treatment
(Miralles-Cuevas et al., 2016; Miralles-Cuevas et al., 2017a). The con-
centration factor of four is considered in this work.

To enable comparison of the four systems, the functional unit is de-
fined as the ‘treatment of 1,000 m3 of secondary effluent per day’. The
scope of the study is from cradle to grave, encompassing construction,
operation and decommissioning of the treatment plant (Fig. 1). The in-
ventory data are detailed in the following section.

2.2. Inventory analysis

The inventory data for the four treatment options are summarised in
Table 1. The primary data for the concentrations of micro-contaminants
in the influent into and the effluent from the advanced treatment plants,
aswell as for the construction and operation of the latter, have been ob-
tained from the pilot-plant experiments detailed in Miralles-Cuevas
et al. (2017a). The pilot plant comprises a 1000 L tank, a 3-meter CPC
used for SPF and two FILMTEC NF90-2540 membranes (5.2 m2) used
for NF; for further details on the pilot plant, see Malato et al. (2003)
and Miralles-Cuevas et al. (2013). The influent into the pilot plant is
the secondary effluent from the activated sludge treatment, collected
from a MWTP in El Ejido in the province of Almería in Andalucía,
Spain. The main physicochemical characteristics of the secondary efflu-
ent can be found in Miralles-Cuevas et al. (2017b). The MWTP serves
62,300 inhabitants and has a treatment capacity of 100,000 population
equivalent (PE) with an average inlet flow of 12,500 m3/day. The sec-
ondary effluent from the MWTP contains 35 micro-contaminants; for
details, see Table S1 in the Supporting Information (SI). Their removal
rate in the tertiary treatment plants ranges from 70%–90% (Miralles-
Cuevas et al., 2017a), so the average rate of 80% has been assumed in
the base case. This removal level is also a requirement in Switzerland,
as mentioned in the introduction. The effect of the full range of the re-
moval rates is considered in a sensitivity analysis.

The background data have been sourced from the Ecoinvent data-
base v2.2 database (Ecoinvent Centre, 2010). The following data
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adaptations and assumptions have been made with reference to the
data in Table 1:

• The pilot-plant data have been scaled up for a treatment capacity of
1000 m3/day as described in Miralles-Cuevas et al. (2016, 2017a).

• The treatment plant is assumed to be based in Andalucía, Spain. To re-
flect this, the Ecoinvent data for electricity mix in Spain have been
adapted using the 2015 electricity mix in Andalucía (REE, 2017); for
details, see Table S2 in the SI.

• The lifespan of the whole plant is 20 years (Bonton et al., 2012;
Muñoz, 2006). The lifespan of the membranes and other NF compo-
nents is 10 years (Bonton et al., 2012) while the SPF parts (CPC and
glass tubes) are assumed to be replaced after 15 years (Muñoz, 2006).

• Data for the production of EDDS have been obtained from the patent
of Kezerian and Ramsey (1964).

• Due to a lack of specific data, the amounts of cleaning agents and infra-
structure materials for NF are based on a facility treating 2000m3/day
(Bonton et al., 2012).

• The infrastructure materials for SPF correspond to a pilot plant
treating 7 m3/day (Muñoz, 2006). To scale the data to 1000 m3/day,
the “economy of scale” relationship, used for scaling up the costs of
process plants (Coulson et al., 1993), has been adapted as follows:

C2 ¼ C1
c2
c1

� �0:6

ð1Þ

where C1 and C2 are the amounts of infrastructure materials for smaller
and larger scale plants, respectively; c1 and c2 are the respective treat-
ment capacities and 0.6 the “economy of scale” factor.

For SPF, the illuminated surface, occupied surface and the number of
CPC modules needed have been calculated (see Tables S3 and S4 and
Fig. S1 in the SI) as follows (Malato et al., 2003):

QUVG;nþ1 ¼ QUVG;n þ Δtn∙UVG;nþ1∙
Ai

VT
;Δtn ¼ tnþ1−tn ð2Þ

where QUV G,n+1 and QUV G,n (kJ/L) represent the cumulative global UV
energy per unit of volume needed to reach a particular degradation
level of contaminants for the sampling times tn+1 and tn, respectively;
UVG;nþ1 (W/m2) is the average solar UV radiation (λ b 400 nm) between
the sampling times tn+1 and tn; Ai (3 m2) is the irradiated surface; VT is
the total volume of the photo-reactor (35 L); and n is the sample
number.

• The construction materials and consumables are assumed to be
transported for 200 kmby a 16–32 t Euro5 truck.Waste is transported
to final disposal for 50 km, also by a 16–32 t Euro 5 truck.

• As the end of their useful lifetime, the treatment plant is
decommissioned and the waste disposed based on current waste
management practices in Spain for recycling, incinerationwith energy
recovery and landfilling of constructionmaterials (Monier et al., 2011;
Plastics Europe, 2015; Villoria, 2014). The sludge from the pilot-plant
is landfilled.

2.3. Sensitivity analysis

The influence on the environmental impacts of the following twopa-
rameters has been explored as part of the sensitivity analysis:

• variation in the removal rates of micro-contaminants; and
• different electricity mixes in different countries.

These are discussed in more detail below.
2.3.1. Removal rate
As mentioned earlier, the removal rates in the treatment plants

range from 70%–90% (Miralles-Cuevas et al., 2017a) and hence this
range is considered in the sensitivity analysis. As the removal rate af-
fects the sizing of the CPC modules and glass tubes, the amount of ma-
terials needed for their construction has been scaled from the base
case (see Table S5 in the SI). The transport and end-of-life data have
also been modified accordingly.

2.3.2. Electricity mix
The electricitymix is region-dependent and can influence the overall

impacts. As the location of SPF is suitablemainly in areaswith abundant
solar insolation, the following countries in the Mediterranean region
have been selected as good candidates for the location of the treatment
plant: Spain (as opposed toAndalucía considered in the base case), Italy,
France, Greece, Turkey, Morocco, Algeria, Egypt, Tunisia and Israel. Their
electricity mixes can be found in Table S2 in the SI. They are also rele-
vant for analysis as the most populous countries in the Mediterranean
region as well as being main agricultural producers (Eurostat, 2016;
IEA, 2017; World Bank, 2017), suggesting higher generation of micro-
contaminants and thus greater water-treatment needs. To simplify the
analysis, only the electricity mixes which are significantly different
have been assessed individually, as follows:

• Spain: themix comprises coal (16%), natural gas (17%), nuclear (20%),
hydro (15%), wind (19%) andother sources (12%). Themix considered
for Andalucía (base case), is quite different, with 53% of fossil fuels
(34% coal), 45% renewables (18% wind) and 2% nuclear (Table S2 in
the SI). The profile for Italy is similar to that in Spain, with the main
difference being a higher contribution from natural gas (33%) due to
the absence of nuclear power. Hence, only the Spanish electricity
mix is considered in the analysis of individual electricity mixes.

• France: the mix is mainly nuclear (78%).
• Morocco: electricity is generated largely from fossil fuels (86%),with a
high contribution of coal (54%). This profile is similar in Greece (75%
fossil fuels, 51% coal) and Israel (98% fossil fuel, 50% coal). Thus, the
mix in Morocco is considered as representative for these three coun-
tries.

• Algeria: electricity is supplied almost exclusively by fossil fuels (99%),
with the large majority being from natural gas (98%). The other Med-
iterranean countries have a similar electricity mix: Tunisia (96% fossil
fuels, 94% natural gas), Egypt (91% fossil fuels, 79% gas) and Turkey
(79% fossil fuels, 48% gas). Therefore, the Algerian mix is considered
in the analysis.

2.4. Impact assessment

Gabi 8.0 (Thinkstep, 2017) has been used for LCAmodelling and en-
vironmental impacts have been estimated according to the ReCiPe 2008
method (Goedkoop et al., 2009). A total of 15 impact categories have
been considered: climate change potential (CCP), depletion potential
of fossil fuels (RDPf) and metals (RDPm), ozone depletion potential
(ODP), freshwater and marine eutrophication potential (FEP and
MEP), terrestrial acidification potential (TAP), freshwater, marine and
terrestrial ecotoxicity potential (FAETP, MAETP and TETP), human tox-
icity potential (HTP), photochemical oxidants formation potential
(POFP), water depletion potential (WDP), ionising radiation potential
(IRP) and particulate matter formation potential (PMFP). Land use is
not considered because the majority is due to the rest of the MWTP
(Zang et al., 2015).

The ReCiPe 2008 method does not include characterisation factors
for human and ecotoxicity related to micro-contaminants. Instead,
USES-LCA 2.0 characterisation factors have been used, but they are
available for only four of the micro-contaminants considered here: car-
bamazepine, naproxen, sulfamethoxazole and trimethoprim (Alfonsín
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Fig. 2. Life cycle environmental impacts of four treatment options for the removal ofmicro-contaminants. (All impacts expressed per functional unit (treatment of 1000m3/day of secondary effluent). The values shown represent the total impact after
the recycling credits and should be multiplied by the factor for relevant impacts to obtain the original values. The human and ecotoxicities of the micro-contaminants in the treated effluent released to freshwaters include only four micro-
contaminants (carbamazepine, naproxen, sulfamethoxazole and trimethoprim) as the characterisation factors for the others are not available. SPFa: acidic solar photo-Fenton, NF: nanofiltration, SPFn: neutral solar photo-Fenton, CCP: climate
change potential, RDPf.: fossil fuels, RDPm.: resource depletion potential of metals, ODP: ozone depletion potential, FEP: freshwater eutrophication potential, MEP: marine eutrophication potential, TAP: terrestrial acidification potential, FAETP:
freshwater ecotoxicity potential, MAETP: marine ecotoxicity potential, TETP: ecotoxicity potential terrestrial, HTP: human toxicity potential, POFP: photochemical oxidants formation potential, IRP: ionising radiation potential; PMFP: particulate
matter formation potential, DB: dichlorobenzene, NMVOC: Non-methane volatile organic compounds).

2215
A
.G

allego-Schm
id

etal./Science
ofthe

TotalEnvironm
ent

650
(2019)

2210–2220



2216 A. Gallego-Schmid et al. / Science of the Total Environment 650 (2019) 2210–2220
et al., 2014). Hence, the results for these impacts should be interpreted
with this in mind.

3. Results and discussion

3.1. Environmental impacts

The environmental impacts of the four treatment options considered
and the contributions of different life cycle stages are presented in Fig. 2.
As can be seen, neutral SPF is the worst option for 12 of the 15 impact
categories, while acidic SPF coupled with NF is the best alternative for
all the impacts. For the remaining two options, the picture is mixed.
Neutral SPF with NF is the second worst technology for four categories
(CCP, RDPf, ODP and MEP), while acidic SPF is the worst option for
three (RDPm, TAP and PMFP) and the second worst for the other seven
impacts (FEP, FAETP, MAETP, HTP, POFP, WP and IRP); both options
have similar TETP. Overall, acidic SPF is more environmentally sustain-
able than its neutral equivalent. Furthermore, both types of SPF have
lower impacts if they are coupled with NF than if they are stand-alone.

As also indicated in Fig. 2, operation of the plant is themajor contrib-
utor (N70%) to most of the impacts across the options considered. Spe-
cifically, EDDS used in neutral SPF and electricity, sodium hydroxide
and sulphuric acid required for acidic SPF, are themost relevant contrib-
utors to 14 impacts. The only impact category less influenced by the op-
eration stage is RDPm, forwhich the construction of the plant is themost
significant contributor (15%–48%). Transport is only relevant for ODP in
acidic SPF (14%), with contributions below10% to the rest of the impacts
across the treatment alternatives. Finally, the decommission stage re-
duces most impacts due to the credits for the recycling of materials.
However, these reductions are generally low (b4%), except for RDPm
(3%–10%). These results are discussed further for each impact category
in the following sections.

3.1.1. Climate change potential (CCP)
As indicated in Fig. 2, neutral SPF has the highest CCP, estimated at

928 kg CO2 eq./1000 m3. This is 62% higher than for its equivalent
with NF (573 kg CO2 eq.) and almost three times greater than the
value for the best option, acidic SPF with NF (311 kg CO2 eq.). Assuming
the treatment of 1000 m3/day and the 20-year life expectancy, the total
difference in CO2 eq. between the best and worst options (acidic SPF
with NF and neutral SPF, respectively) would be 4500 t CO2 eq. over
the lifetime. This is equivalent to the annual greenhouse gases emitted
by 2300 households (EEA, 2014) or 4000 light-duty vehicles (Winkler
et al., 2014).

The EDDS and electricity consumption contribute respectively 60%
and 16% to the total CCP of neutral SPF. The CO2 emissions from the
burning of fossil fuels to generate the electricity consumed directly in
the treatment processes and indirectly in the production of the main
chemical precursors of EDDS (ethylenediamine, sodium hydroxide
and maleic anhydride) are the main contributors. For neutral SPF with
NF, the consumption of electricity is higher due to NF (350 vs
280 kWh/1000 m3) but the consumption of EDDS is much lower (56
vs 110 kg/1000 m3). This is the main reason for an overall reduction in
the CCP compared to the option without NF. Acidic SPF has slightly
lower impact than neutral SPF with NF. The benefits related to the
avoidance of EDDS in acidic SPF are counteracted mainly by the higher
consumption of electricity in the production of sodium hydroxide and,
to a lesser extent, by the heat used in the production of sulphuric acid,
as well as the material requirements for the construction of plants. For
the acidic SPFwithNF option, the electricity consumed for the operation
of the plant is the main contributor (60%).

3.1.2. Resource depletion of fossil fuels and metals (RDPf and RDPm)
The ranking of options for RDPf is the same as for the CCP, with neu-

tral SPF being the worst alternative (338 kg oil eq./1000 m3) and acidic
SPFwith NF the best (89 kg oil eq./1000m3). The reasons for thatmirror
those for the CPP as do the contribution trends.

The addition of NF has a positive effect on RDPm due to the reduction
of the treatment volume (by a factor of four) and the corresponding re-
duction in the size of the SPF plant. The best option is again acidic SPF
with NF (24.6 kg Fe eq./1000 m3), followed by neutral SPF with NF
(33.8 kg Fe eq.). For the alternatives without NF, the worst option is
acidic SPF (75.5 kg Fe eq.), mainly because it needs more CPC modules
(see Table S4 in the SI) and consumes more sulphuric acid and sodium
hydroxide. The impact from neutral SPF is slightly better (74.8 kg Fe
eq.). The recycling of construction materials, especially metals, reduces
the depletion of metals by 3%–10%.

3.1.3. Ozone layer depletion potential (ODP)
Acidic SPF with NF is the best option for this impact with 19.4 mg

CFC-11 eq./1000 m3, followed by its equivalent without the NF at
41.1mgCFC-11 eq./1000m3. Neutral SPF is s by far theworst alternative
with 135.8 mg CFC-11 eq./1000 m3, mainly due to the production of
EDDS (79%). Finally, neutral SPF with NF is the second worst option
with 72.7 mg CFC-11 eq./1000 m3.

3.1.4. Freshwater and marine eutrophication potential (FEP and MEP)
The high consumption of EDDS in the neutral SPF process makes it

the least desirable option for FEP, with a total impact of 447 g P eq./
1000 m3. This is specifically related to the life cycle of electricity (phos-
phate emissions to water during coal mining) used in the production of
EDDS precursors. The avoidance of EDDS and lower consumption of so-
dium hydroxide result in acidic SPF with NF being the best alternative,
with a three times lower impact (136 g P eq./1000 m3). Acidic SPF is a
slightly worse alternative (301 g P eq./1000 m3) than neutral SPF with
NF (263 g). The main contributor to the former is sodium hydroxide
(50%) and to the latter EDDS (61%).

ForMEP, the high consumption of EDDSmakes neutral SPF again en-
vironmentally the least sustainable option,with the impact estimated at
484 g N eq. This is followed by neutral SPF with 292 g N eq./1000 m3.
The lowest value of 97 g N eq./1000 m3 is found for acidic SPF with
NF. Finally, the same option but without NF has a 30% higher impact
(139 g N eq.). For the neutral SPF options, the production of EDDS is
again the main contributor, followed by the consumption of electricity
in the treatment process. The most significant burdens are ammonia
and nitrates emitted in the production of ethylenediamine (precursor
of EDDS) and NOx from the combustion of fossil fuels during electricity
generation.

3.1.5. Terrestrial acidification potential (TAP)
Acidic SPF is the worst option for TAP (8.3 g SO2 eq./1000 m3),

mainly because of its high consumption of sulphuric acid. Neutral SPF
has the second highest impact (5.2 g SO2 eq./1000 m3), due to EDDS
and sulphuric acid. The remaining two options with NF have similar
values (3.7 and 4.0 g SO2 eq./1000 m3, respectively) with the acidic
SPF being slightly better. The production of sulphuric acid, mainly due
to the emissions of SO2, is the main contributor to this impact for the
acid treatment options (41%–71%). For the neutral treatments, electric-
ity used in the production of EDDS is the main contributor (26%–40%).

3.1.6. Ecotoxicity (FAETP, MAETP and TETP)
Acidic SPF with NF has the lowest FAETP and MAETP (4.6 kg and

4.3 kg 1,4 DB eq./1000 m3, respectively), mainly associated with the
electricity consumed in the treatment process (28% for both impacts).
Neutral SPF with NF has the second best values for these two categories,
but still significantly higher than for the acidic SPF version (8.7 kg and
8.1 kg 1,4 DB eq./1000 m3). The main contributor here is EDDS (58%
for both impacts). The highest impacts are again found for neutral SPF
(16.6 kg and 15.3 kg 1,4 DB eq./1000 m3) due to the high consumption
of EDDS and hydrogen peroxide. For acidic SPF, the two impacts (12.3 kg
and 11.4 kg 1,4 DB eq./1000 m3) are due to the electricity consumption
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to produce sodium hydroxide and to the emissions of chromium from
themanufacture of stainless steel used for the construction of the plant.

The ranking of the best and worst options for TETP follows the same
trend: acidic SPF with NF is the best (115 g 1,4 DB eq./1000 m3) and
neutral SPF the worst (394 g 1,4 DB eq./1000 m3) alternative. The re-
maining two options have similar impact (229 g and 233 g 1,4 DB eq./
1000 m3), with the acidic SPF process being slightly better. The main
contributors are emissions of metals to soil associated with the genera-
tion of electricity used in the production of EDDS and sodiumhydroxide,
as well as in the treatment process.
3.1.7. Human toxicity (HTP)
Acidic SPF with NF is also the preferred alternative for this impact,

estimated at 138 kg 1,4 DB eq./1000 m3. Neutral SPF with NF is the sec-
ond best alternative (263 kg 1,4 DB eq./1000m3), followed by acidic SPF
(324 kg 1,4 DB eq./1000 m3). As for most other impacts, neutral SPF is
the least sustainable with 460 kg 1,4 DB eq./1000 m3. The emission of
manganese to water from the mining of coal used for electricity gener-
ation is themain contributor to HTP. Therefore, the electricity consump-
tion in the production of EDDS, sodium hydroxide and in the operation
stage is the main contributor to this impact category.
3.1.8. Photochemical oxidants formation potential (POFP)
Emissions of NOx from fossil fuels during electricity generation are

the main contributors to POFP Therefore, the options with the highest
consumption of EDDS (neutral SPF) and sodium hydroxide (acidic
SPF) have thehighest impact (2.6 kg and2.3 kgNMVOCeq./1000m3, re-
spectively). The alternatives with NF consume less of these chemicals
and, consequently, have a lower impact. The acidic SPF version is
again the best option (1.3 kgNMVOC eq.), followed closely by its neutral
equivalent (1.8 kg NMVOC eq.).
Table 2
Effect of removal rates on the environmental impacts of different treatment options.

Impactsa SPFacidic SPFacidic + NF

80% 70%b 90%b 80% 70%b

CCP (kg CO2 eq.) 553.8 529.1
(−4.5%)

590.1
(+6.6%)

311.4 296.4
(−4.8%)

RDPf. (kg oil) 159.1 152.9
(−3.9%)

168.6
(+6.0%)

89.3 85.0
(−4.8%)

RDPm. (kg Fe eq.) 75.5 66.1
(−12.5%)

88.5
(+17.2%)

24.6 20.2
(−17.8%)

ODP (mg CFC11 eq.) 41.1 39.0
(−5.1%)

44.3
(+7.6%)

19.4 18.3
(−5.8%)

FEP (g P eq.) 300.6 293.4
(−2.4%)

311.6
(+3.6%)

136.0 131.3
(−3.5%)

MEP (g N eq.) 139.4 135.6
(−2.8%)

145.1
(+4.1%)

97.1 94.6
(−2.6%)

TAP (kg SO2 eq.) 8.3 8.2
(−0.9%)

8.4
(+1.3%)

3.7 3.6
(−1.2%)

FAETP (kg 1,4 DB eq.) 12.3 12.4
(−6.6%)

13.5
(+9.5%)

4.6 4.1
(−9.9%)

MAETP (kg 1,4 DB eq.) 11.4 10.7
(−6.6%)

12.5
(+9.4%)

4.3 3.8
(−9.7%)

TETP (g 1,4 DB eq.) 229.4 218.7
(−4.7%)

244.6
(+6.6%)

115.0 109.3
(−4.9%)

HTP (kg 1,4 DB eq.) 324.4 312.9
(−3.5%)

341.0
(+5.1%)

138.0 131.4
(−4.8%)

POFP (kg NMVOC) 2.3 2.3
(−3.0%)

2.4
(+4.4%)

1.3 1.2
(−3.3%)

WDP (m3) 2825.8 2631.5
(−6.9%)

3097.5
(+9.6%)

1165.1 1094.3
(−6.1%)

IRP (kg U235 eq.) 178.5 173.3
(−2.9%)

186.4
(+4.4%)

58.2 54.9
(−5.7%)

PMFP (g PM10 eq.) 2095.3 2056.3
(−1.9%)

2150.9
(+2.7%)

988.0 967.2
(−2.1%)

a For the impacts nomenclature, see Fig. 2.
b The values in brackets represents the percentage decrease or increase on the 80% removal
3.1.9. Water depletion potential (WDP)
The lowest water consumption is found for acidic SPF with NF at

1165 m3/1000 m3. Neutral SPF with NF is the second best option,
but with a 75% higher water consumption (2036 m3/1000 m3). Fi-
nally, both treatments without NF have more than two times
(2826 m3 for acidic SPF) and three times (3626 m3 for neutral)
higher water depletion than SPF with NF. Therefore, for all the four
treatment options, more water is consumed along the life cycle
than it is treated. This is largely due to the water consumption during
electricity generation, and the production of EDDS and sodium
hydroxide.
3.1.10. Ionising radiation potential (IRP)
Acidic SPF with NF has the lowest IRP (58 kg U235 eq./1000m3). This

is almost five times lower than for neutral SPF (287 kg U235 eq.), which
is the worst option for this impact. Neutral SPF with NF is the second
best treatment, (149 kg U235 eq.), followed by acidic SPF
(178 kg U235 eq.). For all the technologies, the main source of ionising
radiation is nuclear power present in the electricity mix.
3.1.11. Particulate matter formation potential (PMFP)
The treatments with NF are the best alternatives, with a similar im-

pact of ~1 kg PM10 eq./1000m3. Neutral and acidic SPF without NF have
a 50% and 100%higher impact (1.5 and 2.1 kg PM10 eq./1000m3, respec-
tively). This impact is mainly associated with the production of
sulphuric acid (19%–59%), specifically due to the emission of SO2

which contributes to the formation of particulates. The other significant
contributors is the electricity consumed in the operation (16%–43%) of
the plants and in the production of EDDS for neutral treatments (29%–
41%), again due to the SO2 emissions but also due to NOx, which also
contribute to the particulates formation.
SPFneutral SPFneutral + NF

90%b 80%b 70%b 90%b 80% 70%b 90%b

349.3
(+12.2%)

927.7 878.9
(−5.3%)

1003.9
(+8.2%)

572.9 556.7
(−2.8%)

604.4
(+5.5%)

99.1
(+10.9%)

338.0 322.9
(−4.5%)

361.0
(+6.8%)

200.9 195.3
(−2.8%)

210.5
(+4.8%)

38.8
(+57.9%)

74.8 63.0
(−15.8%)

94.5
(+26.3%)

33.8 31.5
(−6.9%)

41.1
(+21.6%)

21.7
(+11.9%)

135.8 131.0
(−3.6%)

143.3
(+5.5%)

72.7 71.3
(−2.0%)

74.7
(+2.7%)

146.8
(+8.0%)

446.9 430.3
(−3.7%)

472.4
(+5.7%)

262.8 256.8
(−2.3%)

273.5
(+4.1%)

103.2
(+6.3%)

484.3 476.1
(−1.7%)

496.9
(+2.6%)

292.3 289.5
(−1.0%)

297.6
(+1.8%)

3.8
(+3.1%)

5.2 5.0
(−2.8%)

5.4
(+4.4%)

4.0 3.9
(−1.2%)

4.0
(+2.3%)

5.8
(+27.0%)

16.6 15.2
(−8.6%)

18.8
(+13.6%)

8.7 8.2
(−4.9%)

9.6
(+10.5%)

5.4
(+26.6%)

15.3 14.0
(−8.4%)

17.4
(+13.4%)

8.1 7.7
(−4.8%)

8.9
(+10.3%)

131.7
(+14.5%)

393.6 377.1
(−4.2%)

420.2
(+6.8%)

232.8 228.5
(−1.9%)

243.2
(+4.5%)

155.4
(+12.6%)

460.3 439.1
(−4.6%)

493.6
(+7.2%)

262.8 256.2
(−2.5%)

276.4
(+5.2%)

1.4
(+8.9%)

2.6 2.5
(−5.1%)

2.8
(+8.0%)

1.8 1.7
(−2.3%)

1.9
(+4.7%)

1310.0
(+12.4%)

3621.9 3382.7
(−6.6%)

4009.2
(+10.7%)

2035.7 1974.5
(−3.0%)

2184.0
(+7.3%)

65.3
(+12.2%)

287.4 275.9
(−4.0%)

305.2
(+6.2%)

149.4 145.3
(−2.7%)

156.7
(+4.9%)

1046.7
(+5.9%)

1554.8 1491.8
(−4.1%)

1655.3
(+6.5%)

1143.9 1125.9
(−1.6%)

1183.4
(+3.5%)

rates (base case).
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3.2. Sensitivity analysis

3.2.1. Effect of removal rates
Table 2 shows the effect on the impacts if the removal efficiency of

the treatment is varied between 70% and 90%. As can be seen, the
most significant changes are found for RDPm which, depending on the
treatment option, decreases on the base case by 7%–18% for a 70% re-
moval and increases by 17%–58% for a 90% removal. These variations
are related to the required CPC surface which varies with the removal
rate (see Table S5 in the SI); this in turn results in different amounts
of materials required for the construction of CPC modules. These find-
ings are congruent with the results presented in the previous section,
showing that this impact is mostly influenced by the construction
stage (Fig. 2).

The next most influenced impacts are MAETP and FAETP, which de-
crease by 5%–10% for the 70% removal rate and increase by 9%–27% for
the removal of 90%. HTP and TETP are less affected (2%–5% decrease
for 70% and 4%–13% increase for 90%). These findings may appear con-
trary to what could be expected as the toxicity values decrease for a
lower removal rate. This is due to two effects: the lower requirements
for the plant construction materials and consumables (mainly H2O2)
and considerations of the impacts of only four micro-contaminants in
the treated effluent released into the environment (as explained in
Section 2.4). The reduction or increase of the removal efficiency implies,
respectively, a reduction or increase in the amount of construction ma-
terials and consumables (see Table S5 in SI), which affects directly
MAETP, FAETP, HTP and TETP. In all the scenarios, virtually all of the var-
iation in the toxicity-related impacts is associated with these changes.
At the same time, the increase or decrease in the removal efficiency
also affects those impacts, as the amount of micro-contaminants in the
final effluent varies. However, the total effect of the reduction or in-
crease in the concentration of micro-contaminants in the final effluent
cannot be fully addressed due to the lack of toxicity characterisation fac-
tors for all micro-contaminants. Therefore, the conclusions on the vari-
ations in these four impact categories should be considered carefully
bearing these limitations in mind.

For the remaining categories, the decrease in the impacts is b6% for
the 70% removal and the increase is b12% for 90%.

However, the ranking of the alternatives remains the same across
the removal rates considered. The only exception is RDPm, where neu-
tral SPF is a better option than acidic SPF for a 90% removal, but only
by b6% (94.5 kg vs 88.5 kg Fe eq./1000 m3).

3.2.2. Effect of electricity mix
The effect of different electricity mixes is discussed here for climate

change only (Fig. 3) as this is the impact category most affected by
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Fig. 3. The effect on climate change potential (CCP)
electricity consumption in the operation stage (Fig. 2). The effect on
the other impacts can be seen in Tables S6–S9 in the SI.

As expected, situating the plants in Francewould lead to a significant
reduction in CCP (15%–57%) on the base case (Andalucía), due to the
substitution of fossil fuels by nuclear energy (Fig. 3). Operating the
plants in countrieswith a high percentage of fossil fuels, and particularly
coal, such as Algeria and Morocco, would increase the CCP by 3%–12%
and 9%–33%, respectively. In the regions with more varied electricity
sources and lower contribution of fossil fuels, like Spain, the reductions
in the CCP range from 7% to 24%.

Overall, the different electricity mixes do not change the relative
ranking of the options for any of the impacts.

3.3. Comparison of results with literature

Comparisonwithother LCAstudies isnotpossible for theneutral SPF and
the options combining SPF and NF as they are not available. Direct compar-
ison of acidic SPF studies is difficult either because of the differences in the
goal and scope, impact assessmentmethods, scale of the plant or geograph-
ical location. However, an attempt is made to compare the results for CCP
with the studies found in the literature. These results are shown in Fig. 4.

Recent studies by Ioannou-Ttofa et al. (2017) and Foteinis et al.
(2018) have reported a much higher CCP than found in the present
work: 8700 and 2710 kg CO2 eq./1000 m3, respectively, compared
with the 554 kg CO2 eq./1000 m3 here. The difference with the study
former is due to the extremly high consumption of electricity
(9000 kWh/1000 m3) assumed by Ioannou-Ttofa et al., which is gener-
ated largely from oil (92.5%). The second study considered high con-
sumption of hydrogen peroxide and sulphuric acid, about 77 and 2.4
times higher than in the present work.

On the other hand, the estimate by Zepon Tarpani and Azapagic
(2018) for an acidic SPF plant in the UK is around half of the value
found here (249 kg CO2 eq./1000 m3). This can be attributed to a
lower consumption of sulphuric acid (3.5 times) and construction ma-
terials as well as the exclusion of electricity in the operation stage due
to a lack of data. A similar difference is noticed for the other impact cat-
egories which are 1.7–3.3 higher in the present study, also attributed to
the aforementioned differences in the inventory data. The only excep-
tion is terrestrial ecotoxicity which is slightly lower in the present
study (233 versus 290 g 1,4 DB eq./1000 m3), due to the shorter trans-
port distances considered.

4. Conclusions

This study has analysed for thefirst time the life cycle environmental
performance of acidic and neutral SPF treatments coupled with NF for
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the removal of micro-contaminants from real wastewaters. The results
reveal that acidic SPF with NF is the best alternative for all 15 impacts
considered while neutral SPF (without NF) is the worst option for 12
categories. The ranking of the alternatives is not sensitive to the varia-
tion in micro-contaminant removal rates or electricity mix. Thus,
these findings demonstrate that current efforts on developing neutral
SPF should instead be focused on further improvements of its acidic
equivalent coupled with NF. Specifically, the consumption of electricity,
sodium hydroxide, and sulphuric acid should be reduced as these are
the main environmental hotspots.

For neutral SPF, the main hotspot is the complexing agent, in this
case EDDS. Therefore, using different agents (e.g. oxalic acid, citric acid
or nitriloacetic acid) could help reduce the impacts from neutral SPF.
However, as there are no environmental studies for other complexing
agents, it is not possible to corroborate this supposition at present.
This could form part of future work.

Furthermore, this work has highlighted the limitations related to the
lack of toxicity characterisation factors for micro-contaminants. Out of
the 35 species present in the wastewater considered in the study, the
characterisation factors were available for only four. This means that
the toxicity impacts of the effluents released into the environment are
underestimated. Therefore, future research should focus on the devel-
opment of characterisation factors to enable a better understanding of
the role of different micro-contaminants in human and ecotoxicity.
The factors should consider in particular the toxicity effects of bioaccu-
mulation in fish and plants and the formation of transformation prod-
ucts by natural hydrolysis and photolysis with higher toxicity levels
than their parent compounds. This would also help to inform future de-
velopment of policy onmicro-contaminants and their treatment, which
is currently in its infancy.
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