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ARTICLE INFO ABSTRACT

Handling editor: Zhen Leng Micropollutants (MP) are undesired in drinking water. Advanced oxidation processes (AOP) or low-pressure
reverse osmosis membrane filtrations (LPRO) can be used to remove them during the water purification pro-

Keywords: cess. For a specific case, two treatment scenarios were compared with a life cycle assessment (LCA), using three

Trace organic chemicals impact assessment methods (Ecological Scarcity 2013, ILCD 2011, EDIP 2003). Scenario 1 (AOP-based) was a

Advanced oxidation process

‘ . UV/H,0, oxidation with a subsequent granular activated carbon (GAC) filter to remove excess HoO5 before soil
Environmental impacts

Toxicity infiltration. Scenario 2 (LPRO-based) was a side-stream treatment with an ultrafiltration (UF) and low-pressure

Membrane filtration reverse osmosis (LPRO) filtration before soil infiltration and the LPRO retentate was treated with O3/H,05 and

Retentate treatment subsequent granular activated carbon (GAC) filter before discharge back into Rhine. Sensitivity analyses were
performed on the relevant contributors to evaluate the robustness of the results. LCA results showed that in the
base-line scenario (electricity from renewable energy sources) the LPRO-based treatment had notably fewer
environmental impacts than the AOP-based treatment, which was confirmed with three impact assessment
methods. Key contributors to the impacts were mostly operating resources, i.e., electricity, HyO», liquid O, for
ozone generation and GAC, but also construction resources in the LPRO process. The electrical energy source was
decisive for the results: with a share of renewable energy sources <80%, the AOP-based treatment was the better
option due to its lower specific energy demand. The optimization of treatment conditions, such as lower HyO2
concentration at an increased UV fluence; different Ho0,:03 molar ratios; or extended GAC utilization time could
influence the environmental impact within a range of +£10-30%. Environmental benefits, i.e. the reduction of
potential hazardous effects of 21 MPs, were determined with EDIP 2003 and USEtox for both treatment sce-
narios. The estimated benefits were negligible in comparison to the environmental burden caused by the
treatments, thus would not be justified from a global LCA impact-benefit perspective. However, because of
several uncertainties and lack of data, the inclusion of treatment benefits in LCAs for drinking water purification
requires further research.

water system. For many MPs, simple drinking water treatment processes

1. Introduction such as coagulation/flocculation, sedimentation or sand filtration only
have limited elimination effects on MPs (Mompelat et al., 2009; Sima-

Surface waters are important resources for drinking water produc- zaki et al., 2015; Kiefer et al., 2020; Couto et al., 2019). The adsorption
tion, but are increasingly polluted by micropollutants (MPs), such as of MPs in a granulated activated carbon (GAC) filter can also be insuf-
industrial chemicals residues, food additives, pharmaceuticals, or pes- ficient depending on the MP (Stackelberg et al., 2007; Huerta-Fontela
ticides (Schwarzenbach et al., 2006; Benotti et al., 2009). Effects of MP etal., 2011; Kiefer et al., 2020). Additional treatment approaches can be
residuals on ecosystems and human health are not yet fully understood applied, such as partial oxidation in ozonation (Camel and Bermond,

(Alharbi et al., 2018; Wee and Aris, 2017; Guo et al., 2019). To avoid 1998; Westerhoff et al., 2005), advanced oxidation processes (AOP,
long-term impacts, they must be prevented from entering the drinking Camel and Bermond, 1998; Von Gunten, 2018; Wiinsch et al., 2021) or
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Abbreviations
ADI Acceptable daily intake
AOP Advanced oxidation process
BAC Biological activated carbon
BV Bed volumes
CF Characterization factor

DWS Drinking water supplier

EBCT Empty bed contact time

EQS Environmental quality standard
DOC Dissolved organic carbon
GAC Granular activated carbon
LCA Life cycle assessment

LPRO Low-pressure reverse osmosis
MAR Managed aquifer recharge
MP Micropollutant

NF Nanofiltration

UF Ultrafiltration

uv Ultraviolet

separation from water by dense membranes (Nghiem and Schafer, 2004;
Plakas and Karabelas, 2012; Taheran et al., 2016). However, the use of
these technologies also has impacts to the environment over their
complete life cycle, e.g., by their production, installation, operation, and
end-of-life disposal (Mohapatra et al., 2002; Bonton et al., 2012; Garfi
et al., 2016). This should be taken into consideration and should be
justified by the positive effects achieved. To analyze environmental
impacts of technologies, the life cycle assessment (LCA) is today the
most comprehensive method and guide for decision-makers. An LCA
takes into account a variety of environmental impacts over the whole life
cycle of a process, such as raw material extraction, transport, commis-
sioning, operation, de-commissioning, waste processing and/or recy-
cling of materials. The framework of the LCA methodology is covered in
International Organization for Standardization (ISO) 14040 and 14044
(ISO, 2006a; 2006b).

An existing drinking water treatment plant in Basel (Switzerland)
consists of a rapid sand filter, a managed aquifer recharge (MAR) fol-
lowed by a granulated activated carbon filter (GAC) and disinfection
step with UV radiation. Not all MPs are fully attenuated after MAR and
GAC filtration. Hence, a multi-barrier approach with an additional
treatment to target MPs appears promising (Griinheid et al., 2005;
Maeng et al., 2011; Lekkerkerker-Teunissen et al., 2012). In order to
sustain adequate treatment results even with increasing and fluctuating
levels of MPs, lower threshold concentrations or concerns about highly
mobile MPs, additional treatment approaches are being investigated by
the drinking water supplier (DWS). Potential synergistic effects from the
additional treatment and MAR would be desirable. This study compares
the environmental performance of two considered treatment scenarios
with a LCA. The investigated treatment scenarios are described in more
detail below.

LCAs of drinking water treatment approaches have been previously
applied in a few studies with similar treatment approaches such as GAC,
nanofiltration (NF) and reverse osmosis (RO) but no AOPs have been
assessed so far (Mohapatra et al., 2002; Barrios et al., 2006; Bonton
et al., 2012; Manda et al., 2014; Ribera et al., 2014; Garfi et al., 2016).
An overview of LCAs on MP abatement in drinking water and waste-
water treatments is presented in the supporting information (SI,
Table S1). Environmental burdens were mainly generated during oper-
ation of the technologies, but construction can also have impacts. Key
parameters that influenced the impacts were electricity (Mohapatra
et al., 2002; Garfi et al., 2016), GAC (Barrios et al., 2006; Bonton et al.,
2012), construction (Bonton et al., 2012; Ribera et al., 2014), or process
auxiliaries, such as cleaning chemicals (Barrios et al., 2006; Bonton
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et al., 2012). The electrical energy source was shown to be another key
parameter and environmental impacts decreased notably with
increasing fractions of renewable energy sources (Bonton et al., 2012;
Manda et al., 2014). Sensitivity analyses of treatment parameters have
only been included in a few studies (Manda et al., 2014; Garfi et al.,
2016). Moreover, mostly only one impact assessment method was
generally used, even though methods can show different results (Renou
et al., 2008). Therefore, three different impact assessment methods were
used to evaluate the robustness and validity of the results: Ecological
Scarcity 2013, EDIP 2003 and ILCD 2011. Ecological Scarcity 2013 and
ILCD 2011 have not previous been used in the reviewed literature. In
contrast to the ISO 14040/14044 (I1SO, 2006a; 2006b), the results were
weighted and fully aggregated to a single score.

Some LCA studies for wastewater treatment included benefits from
MP abatement, resulting in reduction of the water’s toxicity impacts. In
general, the benefits of MP abatement determined by the LCA methods
were negligible compared to the environmental burdens caused by the
technologies applied (Kohler et al., 2012; Igos et al., 2012, 2020; Zepon
Tarpani and Azapagic, 2018; Arzate et al., 2019). It was shown that an
increasing number of MPs considered in the LCA resulted in an increase
of environmental benefits upon MP abatement, because the sum of
reduced toxicities from abated MPs become more significant (Tiirk et al.,
2013; Li et al., 2019). However, in the studies reviewed, these ap-
proaches have not yet been applied for drinking water treatment.

Overall, this research aims to answer (i) which of the investigated
treatment scenarios against MP has a lower environmental impact with
comparable performance in the specific case study, and (ii) how robust
the results are according to the applied LCA methods and a sensitivity
analysis. It may thus allow us to draw generalizable conclusions.
Furthermore, (iii) this study investigates whether the additional envi-
ronmental burdens caused by deployment of an additional treatment
can be justified by environmental benefits from lower toxicities as a
result of the abatement of MPs.

2. Method

A framework of the LCA study presented is shown in Fig. 1. A
description of each step is given in the following sections.

2.1. Description of treatment scenarios

The selected treatment scenarios are shown in Fig. 2 and are
described in the following. The additional treatments would take place
after the rapid sand filtration and before the MAR as the DWS would like
to protect the soil and aquifer from potential MP accumulation.

Scenario 1 based on full-stream treatment with UV/H305, consisting
of a hydrogen peroxide (H;O2) dosage and subsequent low-pressure
mercury-vapor lamp radiation (radiating almost mono-chromatically
at 254 nm). UV/H20, AOPs are known to partially oxidise MPs based
on photolysis and hydroxyl radicals generated in situ by H,O photolysis
(Glaze et al., 1987; Legrini et al., 1993; Stefan, 2018). To quench re-
sidual HyO9 before MAR, a granular activated carbon (GAC) filter is
considered (Huang et al., 2018). It was important for the DWS not to
deploy ozone-based treatment for drinking water in order to eliminate
the risk of bromate formation. This is because bromide concentrations in
the source water (river Rhine in north-western Switzerland) can peak
above 100 pg/L, and if ozone is applied without bromate mitigation
strategies, such concentrations can result in the formation of bromate
concentrations above 10 pg/L (the threshold concentration for drinking
water in Switzerland, recommendation by the world health organiza-
tion, WHO) (Von Gunten, 2003).

Scenario 2 based on side-stream treatment with a low-pressure
reverse osmosis (LPRO) membrane. Dense membranes can produce a
retentate with a significantly higher MPs concentration than before
filtration (Van der Bruggen et al., 2008; Solley et al., 2010). It is assumed
that, after adequate treatment, this retentate can be discharged to the
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Fig. 1. Framework of the presented LCA case study.
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Fig. 2. A: Treatment design and system boundary of scenario 1 (AOP based). B: Treatment design and system boundary of scenario 2 (LPRO based). UV/H,0, =
Ultraviolet radiation with hydrogen peroxide, GAC = Granulated activated carbon, UF = Ultrafiltration, LPRO = Low-pressure reverse osmosis, O3/H;05 =

Ozonation with hydrogen peroxide, MAR = Managed aquifer recharge.

river Rhine. It must therefore be properly managed under Swiss law,
which was adapted in 2014 with regard to the issue of MPs in the river
Rhine and came into effect in 2016 (Eggen et al., 2014; WPO, 2021). A
promising treatment to abate MPs in a retentate is the combination of an
AOP process with a subsequent GAC filter (Justo et al., 2015; Cai et al.,
2020). For the retentate produced by the LPRO process, ozonation ap-
pears to be an adequate treatment (Van der Bruggen et al., 2008;
Pérez-Gonzales et al., 2012; Deng, 2020). Upon ozonation of
bromide-containing waters, bromate can be formed (Von Gunten, 2003).
The recommended threshold value for bromate concentration in surface
waters is 50 pg/L (Swiss Centre for Applied Ecotoxicology Eawag-EPFL;
Soltermann et al., 2017). The addition of HyO, before ozone dosage — a
known strategy for bromate mitigation (Katsoyiannis et al., 2011; Von
Sonntag and von Gunten, 2012) — was considered to limit bromate for-
mation during concentrate ozonation. The ozonated retentate is further
treated with a granular activated carbon (GAC) filter to adsorb possible

toxic by-products (Cecen and Aktas, 2011; Hiibner et al., 2015; Von
Gunten, 2018) and improve MP abatement (Knopp et al., 2016; Miiller
et al., 2019; Cai et al., 2020) before discharge into the river.

2.2. Goal and scope

The goal of this study was to compare the environmental impacts of
two treatment approaches as additional barrier for MPs abatement in the
drinking water production of a specific drinking water supplier (DWS)
located in Basel (Switzerland). The life cycle assessment was carried out
based on the ISO 14040 and 14044 (ISO, 2006a; 2006b). The functional
unit is defined as the production of 1 m® water before MAR (product
water). In the system boundaries, only processes required for the
respective treatment scenario were included, i.e., raw materials, prin-
cipal infrastructure, chemicals, energy consumption, building, trans-
portation, and end of life treatment. Processes that were similar for both
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treatment scenarios such as installations, e.g., pipes for distribution
were not included. The operational size of the treatment scenarios was
selected based on the existing DWTP treatment capacity. The annual
water volume flow infiltrated at the MAR site was 16.2 Mio m> per year
(average over the last 5 years, internal data by DWS). Hence, the average
product water flow of both treatments was set to 1849 m®/h.

The treatment systems of the scenarios were designed to achieve the
same defined treatment target, i.e. all MPs abated to a maximum con-
centration of 100 ng/L after MAR (corresponding to the limit value for
pesticides in Switzerland, WPO, 2021). Previous studies provided the
data required for the system designs (Prahtel, 2019; Wiinsch et al., 2019,
2020). For the system designs, MPs were considered of which the 80
percentile concentration exceeded the defined treatment goal (see
Table S2). This included benzotriazole, metformin, guanyl urea and
acesulfame. EDTA was also observed in concentrations > 100 ng/L, but
it was excluded for the design due to its limit value in drinking water of
0.2 mg/L (TBDV, 2021). The MP abatement during MAR was assumed as
the 20 percentile of its empirical abatement efficiency in previous
column experiments (Wiinsch et al., 2019, Text S1, Table S3, Fig. S1).
Hence, the required abatement efficacy of the investigated treatment
designs was estimated conservatively.

The MP that was decisive for the respective system design differed
for the investigated scenarios. For scenario 1 (UV/H30.) it was met-
formin, while it was acesulfame for scenario 2 (LPRO). Table 1 sum-
marizes the treatment design parameters used for both treatment
scenarios. More details about the system design and treatment param-
eters are in the SI (scenario 1: Text S2, Table S4, scenario 2: Text S3,
Tables S6-8).

2.3. Life cycle inventory (LCI)

According to the goal and scope definition, the manufacturers of the
treatment technologies investigated established the treatment designs
and provided the inventory data (Tables S4 and S6-8). Ecoinvent (v.
3.3), a large international database, was used for the background data.
Where necessary, the manufacturers’ data was adapted according to the
determined treatment design. For both treatment scenarios, the input
electricity mix was modelled on that of the local energy provider
(Industrielle Werke Basel, 2019) which provided electrical energy from
100% renewable sources (94% hydro-based, Table S9). The inventories
for the production of 1 m® product water of both scenarios are presented
in Tables 2 and 3. Pieces are abbreviated to “p” and “tkm” means ton-
kilometers. For more details on calculation approaches and ecoinvent
processes used, see Text S4 and Tables S10-S15.

2.4. Life cycle impact assessment (LCIA)

The environmental impacts of the scenarios were assessed using the
three impact assessment methods: Ecological Scarcity 2013 (Frisch-
knecht and Biisser, Knopfel, 2013), EDIP 2003 (Hausschild and Wenzel,
1998; Hauschild and Potting, 2005) and ILCD 2011 (European Com-
mission, 2011). Ecological scarcity was selected as the most suitable
method as it represents the political environmental targets of

Table 1
System parameters of investigated treatment approaches, i.e., scenario 1 (UV/
H,0, + GAC) and scenario 2 (UF-LPRO + O3/H50,-GAC).

Parameters Scenario 1 Scenario 2
Share of treated rapid sand filtrate 100% 76.5%

UV fluence at 254 nm [J/m?] 6700 -

H,0, dose [mg/L] 6.5 -

GAC type New Regenerated
GAC bed volumes [BV] 80’000 80’000
Empty bed contact time (EBCT) [min] 6.6 15

Specific ozone dose [mg O3/mg DOC] - 0.6

Specific H,O, dose ratio [mol H,O2/mol Os] - 4:1
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Table 2
Inventory data of scenario 1 (UV/Hy05 + GAC) to produce 1 m® of product
water.

Component Lifespan Unit Value for Data
functional unit source

UV lamps 14000h  p/m® 2.32E-05 Xylem

UV reactors 20y p/m* 6.17E-09 Estimate

Pumps 20y p/m® 1.23E-07 Xylem

Hydrogen peroxide g/m® 1.30E+01 Xylem

(50%)

Steel waste treatment kg/m® 1.28E-07 Xylem

Glass treatment kg/m> 6.40E-08 Xylem

Underground deposit kg/m> 1.09E-06 Xylem

Electricity kWh/ 8.10E-02 Xylem
m3

GAC, new 80’000 kg/m® 6.25E-03 Estimate

BV

Transport road tkm/ 1.50E-05 Estimate
m3

Building 50y m?>/m®  6.54E-07 Estimate

Switzerland where the case study site was located. In addition, to
determine the environmental benefits of the abatements of micro-
pollutants, methods with (freshwater) toxicity impact categories were
required. The Ecological Scarcity 2013 method provides a toxicity
category for pesticides, but no other trace organic chemicals. ILCD 2011
is a current method for LCA with a Europe-wide application and contains
toxicity impact categories. New characterization factors were calculated
with USEtox, as described in section 3.4.1. A similar approach was taken
with the EDIP methodology, but the calculation of characterization
factors is based on different calculation approaches and input data. Since
the calculation of characterization factors for toxicity categories differs
between the ILCD and EDIP methods, the respective results facilitate a
comparison of the two methods.

According to the ISO 14044 methodology the assessment of the LCA
inventory was carried out with characterization, normalization, and
weighting steps (ISO, 2006a; 2006b). Long-term emissions were
excluded from the assessment. Regarding weighting, this study is not in
line with the requirements of the ISO standard, where weighting for
comparisons disclosed to the public is not allowed, but rather it delib-
erately goes beyond them. The results of all impact categories were
weighted and fully aggregated to a single score. For effective
decision-making, fully aggregated methods that are also based on po-
litical goals are widely accepted, useful, and can be essential in complex
situations (Kagi et al., 2016). Actual data for normalization and
weighting factors for EDIP 2003 and ILCD 2011 were applied (Hischier
et al. (2010), Benini et al. (2014), Laurent et al. (2011), Sala et al.
(2018)). In the Ecological Scarcity 2013 method, the factors are already
included in the assessment and are not an optional step (Frischknecht
and Biisser, Knopfel, 2013). For the environmental benefits, USEtox v.
2.0 (Fantke, 2015, 2018) was used additionally. USEtox is the recom-
mended approach in the ILCD 2011 methodology for toxicity impacts
and can be aggregated to the single score. With EDIP 2003, the following
impact categories were used: Ecotoxicity water acute, ecotoxicity water
chronic, ecotoxicity soil chronic and human toxicity water. With ILCD
2011 the following impact categories were used: Human cancer toxicity,
human non-cancer toxicity, freshwater aquatic ecotoxicity. With the
previous determined CFs and the reduced numbers of MPs, the envi-
ronmental impact avoided was then calculated, normalized, and
weighted.

2.5. Sensitivity analysis

To determine the sensitivity of the key parameters and their influ-
ence on the LCA results, analyses were carried out. Only the Ecological
Scarcity 2013 method was used, which has most appropriate for the
specific study site. In the reviewed literature on LCA of drinking water
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Table 3
Inventory data for scenario 2 (UF-LPRO + O3/H,0,-GAC) to produce 1 m®
product water.

Component Lifespan  Unit Value for Data
functional source
unit

Ultrafiltration UF modules 10y p/m3 1.5E-06 Toray
(UF) Pumps 20y p/m®  3.4E-08 Toray

Steel 20y kg/ 4.6E-05 Toray

m3

Cleaning - kg/ 6.2E-08 Toray

solutions m®

Electricity - kWh/  6.7E-02 Toray

(product m®

water)

Building 50y m?/ 4.4E-07 Estimate

m3

Waste plastic, - kg/ 4.0E-05 Toray

mixture, m?

incineration

Waste bulk - kg/ 4.6E-05 Toray

iron m®

Transport road - km/ 1.6E-04 Estimate

m3

Transport sea - km/ 1.2E-03 Estimate

m3
Low-pressure RO modules 5y p/m® 6.8E-04 Toray
reverse Pumps 20y p/m3 4.3E-08 Toray
0smosis Steel 20y kg/ 4.6E-05 Toray
(LPRO) m®

Acidic cleaning - 1/m® 3.5E-04 Toray

solution

(hydrochlorid

acid)

Alkaline - I/m® 1.4E-03 Toray

cleaning

solution

(sodium

hydroxide)

Electricity - kWh/  3.0E-01 Toray

m3

Building 50y m?/ 8.9E-07 Toray

m3

Waste plastic, - kg/ 2.2E-04 Toray

mixture, m?

incineration

Waste bulk - kg/ 4.6E-05 Toray

iron m®

Transport road - km/ 8.8E-04 Toray

m3

Transport sea - km/ 6.6E-03 Toray

m3
03,/H,05-GAC Hydrogen - g/m®>  4.0E4+00 Xylem

peroxide (50%)

solution

Ozone reactor 20y p/m® 3.1E-09 Estimate

Ozone - kWh/  6.6E-03 Xylem

electricity m®

GAC, 80’000 kg/ 7.8E-04 Estimate

regenerated BV m®

Liquid oxygen - kg/ 7.0E-03 Xylem

(LOX) m®

Cooling water - m®/ 9.6E-04 Xylem

m3

Building 50y m?/ 1.2E-07 Estimate

m3

Additional electricity kWh/  3.40E-03 Estimate

m3

treatment, sensitivity analyses were also carried out, e.g., with electrical
energy consumption in ozonation (Manda et al., 2014; Garfi et al., 2016)
or lifetime of membranes (Manda et al., 2014). In wastewater treatment,
analyses were also performed for activated carbon regeneration (Li
etal., 2019; Igos et al., 2020) or the source of the electrical energy (Tiirk
et al., 2013; Igos et al., 2020). Moreover, Kohler et al. (2012) did a
scenario analysis with different HoO5 doses and Igos et al. (2012) with
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LOX consumption. However, this has not yet been done for treatment
parameters such as bed volumes for GAC or different DOC-specific O3
doses in combination with different H,O, doses, regardless of the type of
water. Thus, for the following input parameters sensitivity analyses were
conducted: electrical energy source, utilization time of GAC (bed vol-
umes), UV fluence, O3-specific HyO2 dose and DOC-specific O3 dose. It
must be pointed out that in this analysis the focus is on the environ-
mental impacts, i.e., to identify the breakthrough points and whether the
treatment design could be improved from an LCA perspective. However,
experimental data with the treatment parameters used is not available
and the actual MP abatement and optimal treatment conditions would
have to be proven with data as the chosen values were more hypothet-
ical. Also what has not been considered here is that a different setting of
the retentate treatment (O3/H202 and GAC) would also potentially
change the parameters of the other process (e.g. other bed volumes
required in the GAC filter) in order to have a similar treatment goal. The
analyses of the retentate treatment were carried out based on the
assumption that the other process parameters do not change. A com-
parison of how the parameters interact was not done.

The electrical energy sources and treatment parameters used for the
sensitivity analysis are described in Text S5 and Tables S16-17.

2.5.1. Environmental benefits of micropollutant abatement

The avoided environmental impacts as a result of the MP abatement
have been calculated based on the acute and chronic toxicity effects of
MPs on ecosystems and humans. The abatement refers to the product
water after the scenarios but before MAR. The abatement of MPs in the
0O3/H202-GAC process, i.e., the retentate treatment in scenario 2, was
not included due to lack of experimental data. In total, 57 MPs in the
water samples were measured (Table S2). In other LCAs that included
benefits from MP abatement, diclofenac was often found to be the MP
that had a significant impact (Li et al., 2019; Igos et al., 2020). Diclo-
fenac’s 80™ percentile concentration in the river rapid sand filtrate
water was 32 ng/L (Table S2, SI). Therefore, the concentration of 30
ng/L was selected as the next lower full tens concentration as a cut-off
concentration what included 21 MPs for the benefit estimation. Of the
excluded MPs is the herbicide diuron potentially the most hazardous one
with a threshold concentration of 70 ng/L compared to diclofenac with
50 ng/L (WPO, 2021). However, the measured concentrations of diuron
were very low with 1-2 ng/L. The 8o percentile concentration was
selected to account for varying concentrations of MPs in the water
source without considering potential outlier concentrations (maximum
concentrations). We argue that the cut-off value likely does not lead to
an underprediction of benefits because potential benefits of less
concentrated MPs are likely negligible as confirmed in section 3.2.5.
This is supported by the fact that metolachlor-ESA and metolachlor-OXA
— two pesticide metabolites relevant for drinking water producers — were
considered despite their 80" percentile concentrations were <30 ng/L.

For the mass of the reduced MP, the respective median concentra-
tions were used. Table S5 provides the MPs’ relative abatements of each
scenario. To determine the avoided environmental impact in the LCA,
characterization factors (CFs) are required. As there were very few CFs
for the included MPs available in the methods, new CFs were calculated
according to the EDIP 2003 and USEtox methodology (Hausschild and
Wenzel, 1998; Fantke, 2015, 2018; Hauschild and Potting, 2005). Data
for eco- and human toxicity were taken in the following order: Envi-
ronmental quality standards (EQS, proposed by the Swiss Centre for
Applied Ecotoxicology Eawag-EPFL in Switzerland) or acceptable daily
intake (ADI), experimental data from literature and if no data were
available, a quantitative structure-activity relationship (QSAR) based
tool to predict effect concentrations such as ECOSAR and QSAR Toolbox
was used. To predict missing data for chemical and physical properties
of the included MPs, the “Estimation Programs Interface SuiteTM” (EPI
Suite) was used. Text S6, Tables S20-22 (chemical properties) and
Tables §23-24 (toxicity data) provide more details about the approaches
and data used.
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3. Results and discussion
3.1. Environmental impact of the base-case scenarios

The total environmental impacts of the base-case scenarios according
to the impact assessment methods are shown in Table 4. Table 5 shows
the percentage shares of the sub-systems, i.e. UV/H;0, and GAC for
scenario 1, and UF, LPRO, O3/H20- and GAC for scenario 2, relating to
the overall impacts on the scenario. Fig. 3 shows the contributions of the
individual processes (construction, HyOo, GAC, LOX, cleaning chemicals
and electricity) in scenario 1 and scenario 2 to the total environmental
impact categories. The results for each scenario are described below and
the treatments are compared.

The impacts in scenario 1 (AOP based) are mainly due to the oper-
ation (89-97%) according to all impact assessment methods. GAC had
more impact than the UV/H20, process in the treatment scenario,
within a range of 54-70%. H,0, alone counted for 27-39% of the
environmental impacts. The impacts of the constructions (reactor, UV
lamp and building) were generally low (3-11%) depending on the
method, as were those of electricity with a negligible contribution of
3-4%. The main impact categories of the total scenario with shares over
10% were: global warming and main air pollutants for Ecological
Scarcity 2013; acidification, radioactive waste and human toxicity water
for EDIP 2003; mineral, fossil & renewable resource depletion, climate
change, human toxicity cancer effects, particulate matter and fossil
resource depletion for ILCD 2011.

The impacts in scenario 2 (LPRO-based) are distributed over 24-45%
for constructions and 55-76% for the operation, depending on the
method. With Ecological Scarcity 2013 and EDIP 2003, the LPRO and
0O3/H30 sub-systems were the main contributors to the total impacts,
with similar shares of 40-44% each, followed by UF (10-12%) and GAC
(5-6%). Electricity had the highest contribution with 27-33%, followed
by construction with 24% (of which are 60% due to membrane re-
sources), LOX (18-25%) and H50, (17-19%) according to Ecological
Scarcity 2013 and EDIP 2003. With ILCD 2011, the share of the LPRO
process was 48% followed by O3/Hz02-GAC (32%) and UF (20%).
Construction counted for 45% in this treatment scenario, mainly due to
building resources (60%) followed by membrane resources (24%).
Electricity counted for 26% of the total impacts, followed by H202 (17%)
and LOX (7%). GAC only had 3% contribution. Cleaning chemicals
showed negligible impacts in all assessment methods. The main impact
categories of the total scenario with shares over 10% were: global
warming and main air pollutants for Ecological Scarcity 2013; radio-
active waste, ozone depletion and acidification for EDIP 2003; mineral,
fossil & renewable resource depletion, human toxicity cancer effects and
climate change for ILCD 2011.

Within the impact assessment methods applied, differences were
observed for the share of each key factor and the impact categories.
While Ecological Scarcity 2013 and EDIP 2003 methods showed similar
contributions of the processes, slight differences were observed with the
ILCD 2011 method, especially in scenario 2, with higher shares of con-
structions (due to building resources) and HyO5 of the impacts that
resulted in lower contributions of the other parameters (i.e., GAC in
scenario 1 and electricity, LOX and GAC in scenario 2). These differences

Table 4

Journal of Cleaner Production 336 (2022) 130227

Table 5
Percentage share of treatment sub-systems of total environmental impacts in
scenario 1 (AOP treatment) and scenario 2 (LPRO treatment).

Method Share of sub-systems
Scenario 1 Scenario 2
uv/ GAC UF LPRO  Ogz/ GAC
Hz0, H20,
Ecological Scarcity 34% 66%  12% 43% 40% 5%
2013
EDIP 2003 36% 64%  10% 40% 44% 6%
ILCD 2011 46% 54%  20% 48% 29% 3%

are explained by different calculation and weighting approaches used by
the impact assessment methods and this influences the results. Never-
theless, the assessed methods showed comparable results and pointed
out the same key contributors to the environmental impacts. This
confirmed the validity as well as robustness of the results and the
fundamental statement was independent of the LCA method applied. In
addition, the results could also be applicable for other regions since EDIP
2003 and ILCD are European methods.

Even though other impact assessment methods were used as in the
reviewed literature (section 1), similar results were obtained in this
study. In LCA’s for wastewater treatment it was seen that also HyO9
contributed to the impacts in AOP treatments (Kohler et al., 2012;
Arzate et al., 2019) and ozonation in general had an impact due to its
electrical energy consumption (Zepon Tarpani and Azapagic, 2018). In
contrast to this study, the electrical energy for filtration processes had in
general higher contributions to the impacts in literature (80% contri-
bution in Garfi et al., 2016; 50% in Mohapatra et al., 2002). However,
Bonton et al. (2012) showed also that impacts could vary significantly if
electrical energy from renewable sources would be used for the opera-
tion. This explains the higher contribution of retentate treatment in
scenario 2, and showed that the high electrical energy demand of the
LPRO was not decisive for the impact in the baseline scenario. Cleaning
solutions had no impact in this study, whereas in literature this has been
observed (Zhou et al., 2011; Tarnacki et al., 2012). It should be
mentioned again that the antiscalant solution was not included in this
LCA due to lack of data in the utilzed database. It was shown that
antiscalants can make a notable contribution to the impacts because of
the phosphoric contents used in its production (Zhou et al., 2011).
However, another chemical used as an antiscalant (polycarboxylates)
can show impacts in photochemical oxidation but was negligible in
comparison to the total impacts of a desalination process (Tarnacki
et al., 2012). The antiscalant considered for scenario 2 was a
poly-acrylate based, phosphor free and environmentally friendly anti-
scalant (Ropur, 2019). Therefore, the impacts were considered to be
insignificant, but this assumption needs further verification.

When comparing the scenarios, it is clearly seen that in the base-case
scenario 2 would be the preferable option from a LCA perspective with
significantly less environmental impacts per 1 m® product water,
regardless of the impact assessment method used. The differences
ranged from +50 to 120% higher environmental impacts of scenario 1
compared to scenario 2, depending on the impact assessment method. In
both scenarios, the main cause of environmental impacts were the

Environmental impacts of scenario 1 (UV/H302 + GAC) and scenario 2 (UF-LPRO + O3/H202-GAC) according to Ecological Scarcity 2013, EDIP 2003 and ILCD 2011

with electrical energy from 100% renewable sources (base case).

Method Unit Total environmental impact Share of construction (C) and operation (O)
Scenario 1 Scenario 2 Scenario 1 Scenario 2
AOP LPRO C 0] C o
Ecological Scarcity 2013 Ecopoints 59 3% 97% 24% 76%
EDIP 2003 10°° Points 96 5% 95% 24% 76%
ILCD 2011 10 Points 9 11% 89% 45% 55%
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Fig. 3. Absolute contribution to environmental impact categories of individual processes (construction, H,O5, GAC, LOX, cleaning chemicals, electricity) in scenario
1 (UV/H20; + GAC) and scenario 2 (UF-LPRO + O3/H202-GAC) according to Ecological Scarcity 2013, EDIP 2003 and ILCD 2011 for the base case (electrical energy

from 100% renewable sources).

operational processes. The construction had a low contribution in sce-
nario 1 but were notable in scenario 2. This is due to membrane re-
sources and can also be explained by higher space consumptions for the
building required (Text S4). It can be seen, at least for the investigated
UV/H505-based treatment, that robust estimates of the LCA result can be
made if only the operational inputs are considered in the model, i.e.,
electrical energy, HoOy and GAC. However, the following sensitivity
analysis shows which parameters have a decisive influence on the results
and whether these results are stable in order to draw the same
conclusions.

3.2. Sensitivity analyses

An overview of all sensitivity analyses is given in the supporting
information (Table S18).

3.2.1. Electrical energy source

It was observed that the electrical energy source had a strong influ-
ence on the total environmental impact (Fig. 4). In comparison to the
base-case scenario with 100% renewables (94% hydro-based), the
electrical mixes of CH-2015 and ENTSO-2015 resulted in overall
increased environmental impacts for both scenarios. In these cases, the
LPRO scenario caused higher impacts than the AOP scenario in contrast
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Fig. 4. Absolut environmental impacts of scenario 1 (UV/H,0, + GAGC, i.e., AOP) and scenario 2 (UF-LPRO + O3/H502-GAG, .i.e., LPRO) according to Ecological
Scarcity 2013 with different sources of the electrical energy mix: 100% renewables (base-case), CH-2015 (country mix for Switzerland as in 2015) and ENTSO-2015

(country mix for ENTSO as in 2015).

to the above-discussed baseline scenario with electrical energy from 100
% renewable sources. This is explained by the significantly higher spe-
cific electrical energy demand of the LPRO scenario compared to the
AOP scenario, i.e., 0.38 to 0.08 kWh/m? product water, respectively.
The electrical energy mixes considered included electricity from nuclear
power plants and fossil resources, which give rise to radioactive waste
and global warming.

Furthermore, an analysis with different shares of electricial energy
from renewable sources in the CH-2015 electrical energy mix indicated
that scenario 2 (LPRO based) only causes less environmental impacts
than scenario 1 if the electrical energy is produced by approximately
>80% from renewable sources (Fig. 5A). However, the result is only
valid for renewable electricity from similar sources as in this study (i.e.,
mainly hydropower). To compare the impact with other renewable
electrical energy sources, Fig. 5B shows the environmental impact of the
treatment scenarios if the electrical energy source was only hydropower,
wind power, orsolar energy. In general, hydro power had the least
environmental impacts followed by wind power. For solar power, the
impacts increased significantly, especially for LPRO treatment, indi-
cating a higher environmental impact of solar power compared to the
other renewable sources assessed. However, the used process for solar
energy in the data base is from the year 2015. Other studies showed that
the environmental impacts are decreasing for solar energy due to tech-
nological advances, whereas the impacts were relatively constant over
time for hydro power (Krebs and Frischknecht, 2018; Messmer and
Frischknecht, 2014). Despite this, the electrical energy sources used for
the water treatment is crucial; it has a great impact on the LCA results
and should be considered for the application. It is concluded that the
LPRO-based treatment can only be the preferred option over the
UV/H309-based treatment from an LCA perspective if the renewable
energy is hydro- or wind-based, but not solar-based.

3.2.2. UV/H303 full-stream treatment

In principle, the UV/H,0;, operational set point to reach a certain
treatment goal (in this case: abatement of 25% metformin, see Text S2)
can be selected according to Equation S2 (SI) with one degree of freedom
(UV as function of Hy0; or vice versa). With this, the set point of UV
fluence and Hy0, dose can be considered an optimization problem, as
discussed below. Results for a UV fluence range of 4000 to 10’000 J/m?
are shown in Table 6.

With the DWS’s standard electricity mix (100% renewables), the
overall environmental impact was lower with higher UV fluence, i.e.,
higher electrical energy consumption, and lower HoO, dosages. Higher
UV fluence can sometimes be necessary for efficient MPs abatement in
AOP, e.g., 7200 J/m? for diatrizoate or 7'500 J/m? for N-nitro-
sodimethylamine (NDMA) (Sha et al., 2012; Kovalova et al., 2013). This
highlights that higher H,O4 concentrations had a greater environmental

Table 6

Sensitivity analysis of total environmental impacts of scenario 1 (UV/H20, +
GAG, i.e., AOP) with different UV fluences and H,O, doses compared to the
treatment in the baseline scenario (UV fluence: 6’700 J/m?, H,0, dose: 6.5 mg/
L), assessed with the Ecological Scarcity 2013 method.

UV fluence [J/mz] H,0, dose [mg/L] Total Ecopoints in scenario 1 (AOP)

100% renewables CH-electricity

4000 11.4 71 (+20%) 82 (+6%)
5'000 9.0 65 (+10%) 78 (+1%)
6'000 7.3 61 (+3%) 77 (—1%)
6'700 6.5 59 78

7'000 6.1 59 (—2%) 77 (—1%)
8'000 5.3 56 (—5%) 77 (—1%)
9'000 4.6 55 (—7%) 78

10’000 4.0 54 (- 9%) 80 (+3%)

Fig. 5. A: Environmental impacts of scenario 1 (UV/
H,0, + GAGC, i.e., AOP) and scenario 2 (UF-LPRO +
03/H202-GAC, .i.e., LPRO) according to Ecological

Scarcity 2013 with different ratios of electrical energy
from renewable sources in the country mix for
Switzerland as of 2015 (CH-2015). B: Total environ-
mental impacts of scenarios 1 (AOP) and 2 (LPRO)
according to Ecological Scarcity 2013 with the stan-
dard electrical energy mix (100% renewables, mainly
hydro-based), 100% hydro power, 100% wind power
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impact than higher electricity consumption. Apart from this, higher
H20; concentrations could be used for the same impact with higher UV
fluence. In contrast, with the CH-2015 electricity mix, higher UV fluence
did not lead to less environmental impacts; rather, they increased
compared to the standard UV fluence. Thus, the increased electricity
consumption created more environmental impacts than the environ-
mental impacts saved due to lower HyOs.

Overall, the optimization potential of the UV/H20; process must be
considered small (i.e., <10%) in the relevant range of 5’000 to 10’000 J/
m? with 9 to 4 mg H »04/L, respectively, for both electricity mixes
considered here. Besides, a UV fluence of 10’000 J/m? is rather unre-
alistic in typical drinking water treatment applications. Note that the
standard operational set point was selected from a strongly simplified
model based on the assumption that environmental impacts are only
caused from the operation of the UV/H50,, as described in detail in Text
S2. It is concluded that with this approach is feasible to determine an
operational set point close to the optimum set point determined in a
complex model and, thus, it allows for rapid assessments in the process
design and layout phase of a process.

3.2.3. 03/H50, retentate treatment

Table 7 shows the results of the sensitivity analysis with different
DOC-specific O3 doses and Hy02:03 ratios. Overall, a variation of
treatment parameters in the O3/H0, process influenced the total
environmental impacts in a range of approximately +30%. In literature,
H20; addition in a 2:1 to 4:1 M ratio to O3 proved effective to partially
mitigate bromate formation in wastewater treatment with similar bro-
mide concentrations as expected in the concentrate (Soltermann et al.,
2017). Furthermore, it appears useful to utilize as few Og as possible to
reach the treatment goal for two reasons: first, because the environ-
mental burdens from the use of LOX and electrical energy are lowered;
second, because the risk of bromate formation is lowered, which could
additionally translate into less HoO2 use and hence even less environ-
mental impacts. Due to the potential bromate formation, MP elimination
by GAC filtration rather than by O3/H0» might be necessary, which
also could be a suitable solution (Ruhl et al., 2014; Kennedy et al., 2015;
Sperlich et al., 2017), although this might increase the environmental
impact of the GAC filter due to the likelihood of shortened lifespan.
However, it should be emphasized once again that different parameters
in this process could also require a change in the parameters in the GAC
for a similar treatment goal of the retentate (e.g., BV and EBCT).

3.2.4. GAC filter utilization times

The results of the analysis with higher and lower GAC filter bed
volumes (BV) in scenario 1 (AOP based) and scenario 2 (LPRO based) are
presented in Table 8. The default value of both scenarios was 80’000 BV,
equivalent to a lifespan of 1 year scenario 1, and approximately 2.3
years in scenario 2. In scenario 1, doubling the utilization time (BV =

Table 7

Sensitivity analysis of total environmental impacts with different DOC-specific
03 doses and H,0,:03 molar ratios in scenario 2 (UF-LPRO + O3/H,0,-GAC, .
i.e., LPRO) compared to base-case scenario (0.6 mg O3/mg DOC and H,0,:03
ratio 4), assessed with the Ecological Scarcity 2013 method.

[mg O3/mg DOC] Total Ecopoints in scenario 2 (LPRO)
H,0,:03 ratio 2 H,0,:03 ratio 4 H50,:03 ratio 6
0.1 18 (—33%) 18 (- 31%) 19 (—30%)
0.2 19 (—28%) 20 (—25%) 21 (- 22%)
0.3 21 (—24%) 22 (-19%) 23 (14%)
0.4 22 (—19%) 24 (- 13%) 25 (—6%)
0.5 23 (—14%) 25 (—6)% 27 (2%)
0.6 24 (—10%) 27 29 (+9%)
0.7 26 (- 5%) 29 (+6%) 32 (+17%)
0.8 27 (£0%) 30 (+12%) 34 (+25%)
0.9 28 (+4%) 32 (+19%) 36 + (33%)
1.0 29 (+9%) 34 (+25%) 38 (+41%)
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Table 8
Sensitivity analysis of total environmental impact with different bed volume
(BV) of the GAC filters compared to the respective baseline case (BV 80'000) in
scenario 1 (UV/H50, + GAC, i.e., AOP) and scenario 2 (UF-LPRO + O3/H505-
GAGC, .i.e., LPRO), assessed with the Ecological scarcity 2013 method. n.a.: not
assessed.

Bedvolumes [BV] Total Ecopoints

Scenario 1 (AOP) Scenario 2 (LPRO)

30'000 n.a. 29 (+8%)
60000 n.a. 27 (+2%)
80’000 59 27

120'000 46 (—22%) 26 (—2%)
160'000 40 (- 33%) 26 (—3%)

160'000) decreases the environmental impacts of the whole treatment
by 33%. Higher bed volumes beyond 100’000 for quenching residual
H,0; in drinking water treatment were reported in literature as effective
(Li et al., 2016). For this reason, the prolongated use of GAC for HyO9
quenching is considered a realistic option and appears advantageous
from an ecological (and economic) point of view.

In scenario 2, the increase in BVs showed no significant effect on
environmental impacts. This is explained by the relatively small filter
bed necessary to treat the concentrate, hence the GAC’s overall contri-
bution to the environmental burdens is relatively low, even in the
standard scenario. With a lower BV of GAC, the impacts increased only
by 8%. Regenerated activated carbon is already more environmentally
friendly than the fresh GAC of scenario 1. Despite this, if MPs abatement
for the retentate treatment is considered with GAC rather than with O3/
H,0,, the overall environmental impacts might significantly decrease.
In reality this might be necessary, because the efficient abatement of
potential transformation by-products of the MPs considered would
probably be more efficient with a treated BV of < 50’000 (Knopp et al.,
2016). However, the GAC treatment is closely coupled with the O3/H204
process if the same treatment goal is to be achieved. Depending on the
type of activated carbon used and the utilization time of the GAC filter,
and therefore potentially other O3/DOC dosages the impacts could vary
significantly. From a LCA perspective, it could be more environmental
friendly to reduce the utilization time of GAC and reduce ozone con-
centrations at the same time, because this could lead to fewer environ-
mental impacts than the opposite. Thus, further research and
experimental data for MPs adsorption is required to determine the most
suitable adjustment for the retentate treatment.

3.2.5. Environmental benefits from micropollutant abatement

According to the EDIP 2003 and USEtox methods, for all 21 MPs
included new CFs were calculated and are described in Text S7 and
shown in Tables S26 and S28. Although the values for the benefits are
very different for the two methods studied, the relative order of
magnitude is the same for both and negligible compared to the envi-
ronmental impacts. At most, only approximately 2% (Table S14) of the
environmental burdens from the advanced water treatment were
compensated for by benefits from MP abatement (EDIP 2003 method).
The result was similar to most existing studies for benefits in wastewater
treatment (Igos et al., 2012, 2020; Kohler et al., 2012; Zepon Tarpani
and Azapagic, 2018; Arzate et al., 2019). However, the result contrasted
with two of the studies reviewed (Tiirk et al., 2013; Li et al., 2019),
where the estimated benefit was justified from an ecological perspective.
This is explained by the large number of MPs included in the calculation
and compounds with a higher toxicity potential such as to 17p-estradiol
(Li et al., 2019). Nevertheless, it is concluded that from a global LCA
perspective, the investigated additional barriers against MPs in drinking
water production do not appear to be justified. Further discussions of the
results and benefit estimation approach in LCA in general are provided
in Text S8.

In summary, this benefit estimation showed that the results are based
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on several factors such as toxicity, data quality, number of MPs inves-
tigated and methods used. Therefore, the interpretation of the results
should be treated with caution. Various additional potential hazardous
effects, e.g., the formation of by-products in oxidation processes, geno-
toxicity (AMES test), mix toxicity of MPs in the investigated drinking
water, or endocrine-disrupting effects cannot yet be included in the
utilized impact assessment methods and might lead to considerable
uncertainties, as further discussed below.

3.3. Uncertainties and limitations of this study

LCAs are models, simplifying reality. Consequently, not all process
information can be included due to their complexity (Klopffer and Grahl,
2014). During the modelling process, boundaries, assumptions, or sub-
jective evaluations are defined, which implies uncertainties that
potentially can impact the results significantly. Further, results must be
interpreted within the scope of the study. In this section the main un-
certainties are described and discussed.

During the goal and scope definition, a few assumptions have been
made. No additional abatement of MPs in the GAC filter (scenario 1) was
assumed, although some abatement appears to be realistic. For the MAR,
a conservative scenario was considered with the 207 percentile abate-
ment efficiency data from the SAT studies. A full-scale treatment might
hypothetically have a higher MP abatement, e.g., due to longer retention
times in the soil and aquifer (Filter et al., 2021), and would therefore
allow smaller designs of the additional treatment for MP abatement, and
consequently, reduce the environmental impacts. Experimental data at
pilot-scale (UV/H505) and bench-scale (LPRO) were used to estimate the
relative abatements of the investigated MPs in the treatment scenarios.
For a scale-up, long-term pilot-scale experiments of all treatment stages
are advisable in order to have more reliable data.

Compiling the LCA inventory, the selected database and processes
can impact the environmental impacts calculated. Databases are useful
and necessary; however, the database selected should be applicable for
the system boundaries in the LCA study. This includes region, raw ma-
terials, energy, and chemicals etc. (Klopffer and Grahl, 2014). The
database applied here (ecoinvent 3.3) was considered as the most rele-
vant for this LCA. Within a database, the selection of processes is an
additional factor, which affects the assessment results. Further the
allocation approach has to be documented. In this study the cut-off
approach was used (ending of ecoinvent processes: “Alloc Rec”)
whereas the impacts of materials and resulting waste are allocated to its
primary user. For the transparency, all processes used and adaptions of
those used processes are listed in Tables S10-S15 (SI). Usually, data
quality should be most accurate for the parts, which are main contrib-
utors. For the electrical energy and chemicals used as process auxiliaries,
which were shown to be the main contributors to the environmental
impacts, the data accuracy was considered to be comprehensive in the
utilized database. However, for more accurate data on the site-specific
inventory of the sensitive parts, better follow-up with the manufac-
turers of, e.g., GAC, H,O5 or LOX would be recommended. Another
possibility to analyze the statistical variation of each treatment scenario
in Monte Carlo simulations, which was also performed in some of the
reviewed literature (Mohapatra et al., 2002; Bonton et al., 2012).

As impact assessment methods can be selected arbitrarily, results can
vary greatly. Each method has a different approach with impact calcu-
lations based on different values, assumptions and reference data for
normalization or weighting factors. These differences must be consid-
ered when using an impact assessment method. It should be mentioned
again that it is not a standard yet to use several impact assessment
methods for a LCA. However, it was shown that the use and comparison
of more than one impact method can validate the results and interpre-
tation. In addition, although it is not in line with the ISO guideline to
make comparative statements for the public, this was done deliberately
because in complex systems it is sometimes necessary for effective de-
cision-making.

10
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Despite this, the resulting environmental impact avoided should be
treated with caution. In toxicity impact categories especially, greater
differences can be seen which were also observed within other LCA
studies (Renou et al., 2008; Saouter et al., 2017). Furthermore, there is
still a greater lack of data on long-term, sum-toxicity impacts of MPs
(Fent, 2013) and MPs that occur below the analytical detection limit
with very high hazardous effect potential such as pyrethroids and
endocrine disruptors (Brausch and Rand, 2011; Moschet et al., 2014).
Approaches for the inclusion of transformation by-products that could
occur in the oxidation processes or mix-toxicity would be further useful
and are not yet available, as pointed out by other authors (Renou et al.,
2008; Igos et al. 2012, 2020).

4. Conclusions

In this study the environmental impacts of a UV/H204 advanced
oxidation process (AOP) and a low-pressure reverse osmosis (LPRO)
based approach were compared as additional treatments in drinking
water production for micropollutant (MP) abatement. Further, a meth-
odological LCA approach to accomplish a defined treatment goal was
provided. To answer the questions (i-iii) posed at the beginning, the
following conclusions can be drawn:

e The LPRO based treatment is the environmentally preferable option
for the specific site due to the local electricity mix (100% renewable
energy, mainly hydro-based). This result was independent of the
impact assessment method applied. This allows a generalized
application for other regions even for the sensitivity analysis results.
Key contributors to the environmental impacts were mainly the
operational inputs such as the electrical energy source as well as the
impact of the productions of liquid Oy (LOX, for O3 generation),
Hy0, and GAC. The impactsof the operational inputs in the AOP-
based treatment accounted for ~ 90% of the environmental im-
pacts. In contrast, a notable contribution of the construction was
observed in the LPRO treatment (membrane resources, building,
steel), depending on the impact assessment method (24-54%).

o With the market electricity mixes in Switzerland or Europe, the AOP-
based treatment caused notable lower environmental impacts than
the LPRO-based treatment. The LPRO-based treatment is the
preferred option if the electical energy is produced from >80%
renewable energy sources (hydro or wind power).

Variation of treatment parameters of the key contributors impacted
the environmental impact within a range of about + 10-30%.
Considering that the same goal is achieved with different parameters,
an optimization from a LCA point of view would be possible.

The estimated impacts avoided in comparison to the environmental
burden of the treatments were negligible and would not justify the
treatment from a purely global LCA perspective.

Further studies are recommended to verify the statements: Pilot-
scale experimental data on MP abatement with both treatment ap-
proaches in the baseline scenario and the treatment parameters used
in the sensitivity analysis (GAC bed volumes, HoO5 and O3 dosages)
would help to prove the efficiency of the treatments. In addition, the
optimization of the retentate treatment needs further experimental
investigation and analysis to include the effective MPs abatement
and bromate formation. Other approaches for the O3 generation (e.
g., on-site oxygen production from air) or greener production of
Hs0, could be investigated to analyze wether the environmental
performance would vary. Investigations with alternative sources for
activated carbon might be also interesting in consideration of the
significant contribution to the environmental impact. To ensure data
quality, the emission and input data in the ecoinvent processes
should be reconciled with manufacturers wherever possible. As for
the benefit estimation in LCA studies, it would be advisable to
include only MPs that are known to be toxic to the environment or
humans in lower concentrations (e.g. comparable to diclofenac and
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below) and where environmental quality standards (EQS) or
acceptable daily intake (ADI) values are available for the best data
accuracy. In addition, a human health risk-based assessment for the
benefit estimation could be also a possible alternative to underline
the justification for an additional MP treatment in the drinking water
sector. Moreover, a method would be desirable to include possible
transformation products and mixing effects in LCA.

CRediT authorship contribution statement

Christine Roth: Investigation, Visualization, Writing - original
draft. Robin Wiinsch: Supervision, Conceptualization, Investigation,
Writing — review & editing. Fredy Dinkel: Supervision, Validation,
Review. Christoph Hugi: Supervision, Review. Richard Wiilser:
Conceptualization, Resources, Investigation, Review. Ralf Antes: Su-
pervision, Review. Michael Thomann: Project Lead, Supervision,
Conceptualization, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was conducted within the project “OXIBIEAU”, which
received funding from the “Forschungsfond Wasser (FoWa)” of the
“Schweizerischer Verein des Gas-und Wasserfaches (SVGW)”. Sven
Bressmer (Heusser AG), Jens Gebhardt, Steffen Riiting (both Xylem
Services GmbH) and Axel Jakob (Toray Membrane Europes AG) are
acknowledged for fruitful discussions and support in treatment designs.
Emmanuel Oertlé (FHNW) is acknowledged for fruitful discussions.
Julia Plattner and Justin Browne (both Industrielle Werke Basel) are
acknowledged for micropollutant analysis. Marlies Prahtel (MPr) and
Uwe Hiibner (both TU Munich) are acknowledged for laboratory
membrane tests and supervising MPr’s Master Thesis, respectively.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jclepro.2021.130227.

References

Alharbi, O.M.L., Basheer, A.A., Khattab, R.A., Ali, 1., 2018. Health and environmental
effects of persistent organic pollutants. J. Mol. Liq. 263, 442-453. https://doi.org/
10.1016/j.molliq.2018.05.029.

Arzate, S., Pfister, S., Oberschelp, C., Sanchez-Pérez, J.A., 2019. Environmental impacts
of an advanced oxidation process as tertiary treatment in a wastewater treatment
plant. Sci. Total Environ. 694, 1-10. https://doi.org/10.1016/j.
scitotenv.2019.07.378.

Barrios, R., Siebel, M., van der Helm, A., Bosklopper, K., Gijzen, H., 2006. Environmental
and financial life cycle impact assessment of drinking water production at Waternet.
J. Clean. Prod. 16, 471-476. https://doi.org/10.1016/j.jclepro.2006.07.052.

Benini, L., Mancini, L., Sala, S., Manfredi, S.M., Schau, E., Pant, R., 2014. Normalisation
Method and Data for Environmental Footprints. EU 26842 EN. Publications Office of
the European Union, Luxembourg.

Benotti, M.J., Trenholm, R.A., Holady, J.C., Stanford, B.D., Snyder, S.A., 2009.
Pharmaceuticals and endocrine disrupting chemicals in U.S. drinking water.
Environ. Sci. Technol. 43, 597-603. https://doi.org/10.1021/es801845a.

Bonton, A., Boucahrd, C., Barbeau, B., Jedrzejak, S., 2012. Comparative life cycle
assessment of water treatment plants. Desalination 284, 42-54. https://doi.org/
10.1016/j.desal.2011.08.035.

Brausch, J.M., Rand, G.M., 2011. A review of personal care products in the aquatic
environment: environmental concentrations and toxicity. Chemosphere 82,
1518-1532. https://doi.org/10.1016/j.chemosphere.2010.11.018.

Cai, Q.Q., Wu, M.Y,, Li, R., Deng, S.H., Ong, S.L., Hu, J.Y., 2020. Potential of combined
advanced oxidation — biological process for cost-effective organic matters removal in
reverse osmosis concentrate produced from industrial wastewater reclamation;
Screening of AOP pre-treatment technologies. Chem. Eng. J. 389, 123419. https://
doi.org/10.1016/j.cej.2019.123419.

11

Journal of Cleaner Production 336 (2022) 130227

Camel, V., Bermond, A., 1998. The use of ozone and associated oxidation processes in
drinking water treatment. Water Res. 32 (11), 3208-3222. https://doi.org/10.1016/
S0043-1354(98)00130-4.

Cecen, F., Aktas, O., 2011. Fundamentals of adsorption onto activated carbon in water
and wastewater treatment. In: Cecen, F., Aktas, 0. (Eds.), 2012. Activated Carbon for
Water and Wastewater Treatment: Integration of Adsorption and Biological
Treatment. Wiley-VCH Verlag, Weinheim.

Couto, C.F., Lange, L.C., Amaral, M.C.S., 2019. Occurrence, fate and removal of
pharmaceutically active compounds (PhACs) in water and wastewater treatment
plants—a review. J. Water Proc. Eng. 32 (100927), 1-17. https://doi.org/10.1016/j.
jwpe.2019.100927.

Deng, H., 2020. A review on the application of ozonation to NF/RO concentrate for
municipal wastewater reclamation. J. Hazard Mater. 391, 122071. https://doi.org/
10.1016/j.jhazmat.2020.122071.

Eggen, R.LL., Hollender, J., Joss, A., Scharer, M., Stamm, C., 2014. Reducing the
discharge of micropollutants in the aquatic environment: the benefits of upgrading
wastewater treatment plants. Environ. Sci. Technol. 48, 7683-7689. https://doi.org/
10.1021/es500907n.

European Commission, Joint Research Centre, Institute for Environment and
Sustainability, 2011. International Reference Life Cycle Data System (ILCD)
Handbook — Recommendations for Life Cycle Impact Assessment in the European
Context, first ed. EUR 24571 EN, Publications Office of the European Union,
Luxembourg.

Fantke, P., 2015. USEtox 2.0 Manual: Organic Substances (Version 2). USEtox
International Centre, Denmark.

Fantke, P., 2018. USEtox 2.0 Documentation (Version 1.1). USEtox International Centre,
Denmark.

Fent, K., 2013. Okotoxikologie, Umweltchemie — Toxikologie — Okologie, 4. Auflage.
Georg Thieme Verlag, Stuttgart.

Filter, Josefine, Zhitenev, Veronika, Vick, Carsten, Ruhl, Aki Sebastian, Jekel, Martin,
Hiibner, Uwe, Drewes, Jorg E., 2021. Varying attenuation of trace organic chemicals
in natural treatment systems — A review of key influential factors. Chemosphere,
129774. https://doi.org/10.1016/j.chemosphere.2021.129774.

Frischknecht, R., Biisser, Knopfel S., 2013. Okofaktoren Schweiz 2013 gemass der
Methode der 6kologischen Knappheit. Methodische Grundlagen und Anwendung auf
die Schweiz, Umweltwissen Nr. 1330, Bundesamt fiir Umwelt, Bern, 10th May 2020.
www.bafu.admin.ch/uw-1330-d.

Garfi, A., Cadena, E., Sachez-Ramos, D., Ferrer, ., 2016. Life cycle assessment of drinking
water: comparing conventional water treatment, reverse osmosis and mineral water
in glass and plastic bottles. J. Clean. Prod. 137, 997-1003. https://doi.org/10.1016/
j.jclepro.2016.07.218.

Glaze, W.H., Kang, J.W., Douglas, H.C., 1987. The chemistry of water treatment
processes involving ozone, hydrogen peroxide and ultraviolet radiation. Ozone Sci.
Eng. 9, 335-352. https://doi.org/10.1080/01919518708552148.

Griinheid, S., Amy, G., Jekel, M., 2005. Removal of bulk dissolved ogranic carbon (DOC)
and trace organic compounds by bank filtration and artificial recharge. Water Res.
39, 3219-3228. https://doi.org/10.1016/j.watres.2005.05.030.

Guo, W., Pan, B., Sakkiah, S., Yavas, G., Ge, W., Zou, W., Tong, W., Hong, H., 2019.
Persistent organic pollutants in food: contamination sources, health effects and
detection methods. Int. J. Environ. Res. Publ. Health 16 (4361), 1-29. https://doi.
org/10.3390/ijerph16224361.

Hauschild, M., Potting, J., 2005. Spatial differentiation in Life Cycle impact assessment —
the EDIP2003 methodology. Environmental News No. 80. In: Danish Ministry of the
Environment, Environmental Protection Agency, Miljgnyt, 1th March.2020).
https://www2.mst.dk/udgiv/publications/2005/87-7614-579-4/pdf/87-7614-580-
8.pdf.

Hausschild, M., Wenzel, H., 1998. Scientific Background. In: Environmental Assessment
of Products, ume 2. Chapman & Hall, London.

Hischier, R., Weidema, B., Althaus, H.-J., Bauer, C., Doka, G., Dones, R., Frischknecht, R.,
Hellweg, S., Humbert, S., Jungbluth, N., Kollner, T., Loerincik, Y., Margni, M.,
Nemecek, T., 2010. Implementation of Life Cycle Impact Assessment Methods.
Ecoinvent Report No. 3, v2.2. Swiss Centre for Life Cycle Inventories, Diibendorf, 3th
April 2021). https://www.ecoinvent.org/files/201007 _hischier_weidema_implement
ation_of lcia_methods.pdf.

Huang, Y., Nie, Z., Wang, C., Li, Y., Xu, M., Hofmann, R., 2018. Quenching H>0,
residuals after UV/H20, oxidation using GAC in drinking water treatment. Environ.
Sci. Water Res. Technol. 4, 1662-1670. https://doi.org/10.1039/C8EW00407B.

Huerta-Fontela, M., Galceran, M.T., Ventura, F., 2011. Occurrence and removal of
pharmaceuticals and hormons through drinking water treatment. Water Res. 45,
1432-1442. https://doi.org/10.1016/j.watres.2010.10.036.

Hiibner, U., Von Gunten, U., Jekel, M., 2015. Evaluation of the persistence of
transformation products from ozonation of trace organic compounds — a critical
review. Water Res. 68, 150-170. https://doi.org/10.1016/j.watres.2014.09.051.

Igos, E., Benetto, E., Venditti, S., Kohler, C., Cornelissen, A., Moeller, R., Biwer, A., 2012.
Is it better to remove pharmaceuticals in decentralized or conventional wastewater
treatment plants? A life cycle assessment comparison. Sci. Total Environ. 438,
533-540. https://doi.org/10.1016/j.scitotenv.2012.08.096.

1gos, E., Mailler, R., Guillossou, R., Rocher, V., Gasperi, J., 2020. Life cycle assessment of
powder and micro-grain activated carbon in a fluidized bed to remove
micropollutants from wastewater and their comparison with ozonation. J. Clean.
Prod. 287, 125067. https://doi.org/10.1016/j.jclepro.2020.125067.

ISO 14040 (International Standard), 2006a. Environmental Management. Life Cycle
assessment. Principles and Framework (Briissel).

ISO 14044 (International Standard), 2006b. Environmental Management. Life Cycle
Assessment. Requirements and Guidelines. Briissel.


https://doi.org/10.1016/j.jclepro.2021.130227
https://doi.org/10.1016/j.jclepro.2021.130227
https://doi.org/10.1016/j.molliq.2018.05.029
https://doi.org/10.1016/j.molliq.2018.05.029
https://doi.org/10.1016/j.scitotenv.2019.07.378
https://doi.org/10.1016/j.scitotenv.2019.07.378
https://doi.org/10.1016/j.jclepro.2006.07.052
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref4
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref4
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref4
https://doi.org/10.1021/es801845a
https://doi.org/10.1016/j.desal.2011.08.035
https://doi.org/10.1016/j.desal.2011.08.035
https://doi.org/10.1016/j.chemosphere.2010.11.018
https://doi.org/10.1016/j.cej.2019.123419
https://doi.org/10.1016/j.cej.2019.123419
https://doi.org/10.1016/S0043-1354(98)00130-4
https://doi.org/10.1016/S0043-1354(98)00130-4
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref10
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref10
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref10
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref10
https://doi.org/10.1016/j.jwpe.2019.100927
https://doi.org/10.1016/j.jwpe.2019.100927
https://doi.org/10.1016/j.jhazmat.2020.122071
https://doi.org/10.1016/j.jhazmat.2020.122071
https://doi.org/10.1021/es500907n
https://doi.org/10.1021/es500907n
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref14
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref14
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref14
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref14
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref14
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref15
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref15
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref16
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref16
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref17
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref17
https://doi.org/10.1016/j.chemosphere.2021.129774
http://www.bafu.admin.ch/uw-1330-d
https://doi.org/10.1016/j.jclepro.2016.07.218
https://doi.org/10.1016/j.jclepro.2016.07.218
https://doi.org/10.1080/01919518708552148
https://doi.org/10.1016/j.watres.2005.05.030
https://doi.org/10.3390/ijerph16224361
https://doi.org/10.3390/ijerph16224361
https://www2.mst.dk/udgiv/publications/2005/87-7614-579-4/pdf/87-7614-580-8.pdf
https://www2.mst.dk/udgiv/publications/2005/87-7614-579-4/pdf/87-7614-580-8.pdf
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref25
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref25
https://www.ecoinvent.org/files/201007_hischier_weidema_implementation_of_lcia_methods.pdf
https://www.ecoinvent.org/files/201007_hischier_weidema_implementation_of_lcia_methods.pdf
https://doi.org/10.1039/C8EW00407B
https://doi.org/10.1016/j.watres.2010.10.036
https://doi.org/10.1016/j.watres.2014.09.051
https://doi.org/10.1016/j.scitotenv.2012.08.096
https://doi.org/10.1016/j.jclepro.2020.125067
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref32
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref32
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref33
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref33

C. Roth et al.

Justo, A., Gonzélez, O., Sans, C., Esplugas, S., 2015. BAC filtration to mitigate
micropollutants and EfOM content in reclamation revers osmosis brines. Chem. Eng.
J. 279, 589-596. https://doi.org/10.1016/j.cj.2015.05.018.

Katsoyiannis, I.A., Canonica, S., von Gunten, U., 2011. Efficiency and energy
requirement for the transformation of organic micropollutants by ozone, O3/H202
and UV/H0,. Water Res. 45, 3811-3822. https://doi.org/10.1016/j.
watres.2011.04.038.

Kagi, T., Dinkel, F., Frischknecht, R., Humbert, S., Lindberg, J., De Mester, S., Sala, S.,
Schenker, U.W., 2016. Session “midpoint, endpoint or single score for decision-
making?”—SETAC Europe 25th annual meeting, may 5th, 2015. Int. J. Life Cycle
Assess. 21, 129-132. https://doi.org/10.1007/s11367-015-0998-0.

Kennedy, A.M., Reinert, A.M., Knappe, D.R.U., Ferrer, 1., Summer, R.S., 2015. Full- and
pilot-scale GAC adsorption of organic micropollutants. Water Res. 68, 238-248.
https://doi.org/10.1016/j.watres.2014.10.010.

Kiefer, K., Bader, T., Minas, N., Salhi, E., Janssen, E.M.-L., von Gunten, U., Hollender, J.,
2020. Chlorothalonil transformation products in drinking water resources:
widespread and challenging to abate. Water Res. 183, 116066. https://doi.org/
10.1016/j.watres.2020.116066.

Klopffer, W., Grahl, B., 2014. Life Cycle Assessment (LCA) — A Guide to Best Practice.
Wiley-VCH, Weinheim.

Knopp, G., Prasse, C., Ternes, T.A., Cornel, P., 2016. Elimination of micropollutants and
transformation products from a wastewater treatment plant effluent through pilot-
scale ozonation followed by various activated carbon and biological filters. Water
Res. 100, 580-592. https://doi.org/10.1016/j.watres.2016.04.069.

Kovalova, L., Siegrist, H., von Gunten, U., Eugster, J., Hagenbuch, M., Wittmer, A.,
Moser, R., McArdell, C.S., 2013. Elimination of micropollutants during post-
treatment of hospital wastewater with powdered activated carbon, ozone, and UV.
Environ. Sci. Technol. 47 (14), 7899-7908. https://doi.org/10.1021/es400708w.

Kohler, C., Venditti, S., Igos, E., Klepiszewski, K., Benetto, E., Cornelissen, A., 2012.
Elimination of pharmaceutical residues in biolgically pre-treated hospital
wastewater using advanced UV irradiation in technology: a comparative assessment.
J. Hazard Mater. 239-240, 70-77. https://doi.org/10.1016/j.jhazmat.2012.06.006.

Krebs, L., Frischknecht, R., 2018. Umweltbilanz Strommixe Schweiz 2018. Im Auftrag
des Bundesamts fiir Umwelt (BAFU), treeze Itd, 20th October 2021. https://www.ba
fu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-St
rommix-Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-
2018-v2.01.pdf.

Laurent, A., Olsen, S.I., Hauschild, M.Z., 2011. Normalization in EDIP97 and EDIP2003:
updated Euorpean inventory for 2004 and guidance towards a consistent use in
practice. Int. J. Life Cycle Assess. 16, 401-409. https://doi.org/10.1007/s11367-
011-0278-6.

Li, J.E., Zamyadi, A., Hofman, R., 2016. Effect of granular activated carbon type and age
on quenching HO3 residuals after UV/H202 drinking water treatment. J. Water
Supply Res. Technol. - Aqua 65 (1), 28-36. https://doi.org/10.1039/C8EW00407B.

Li, Y., Zhang, S., Zhang, W., Xiong, W., Ye, Q., Hou, X., Wang, C., 2019. Life cycle
assessment of advanced wastewater treatment processes: involving 126
pharmaceuticals and personal care products in life cycle inventory. J. Environ.
Manag. 238, 442-450. https://doi.org/10.1016/j.jenvman.2019.01.118.

Legrini, O., Oliveros, E., Braun, A.M., 1993. Photochemical processes for water
treatment. Chem. Rev. 93, 671-698. https://doi.org/10.1021/cr00018a003.

Lekkerkerker-Teunissen, K., Knol, A.H., van Altena, L.P., Houtman, C.J., Verberk, J.Q.J.
C., van Dijk, J.C., 2012. Serial ozone/peroxide/low pressure UV treatment for
synergistic and effective organic micropollutant conversion. Separ. Purif. Technol.
100, 22-29. https://doi.org/10.1016/j.seppur.2012.08.030.

Maeng, S.K., Sharma, S.K., Lekkerkerker-Teunissen, K., Amy, G.L., 2011. Occurrence and
fate of bulk organic matter and pharmaceutically active compounds in managed
aquifer recharge: a review. Water Res. 45, 3015-3033. https://doi.org/10.1016/j.
watres.2011.02.017.

Manda, B.M.K., Worrell, E., Patel, M.K., 2014. Innovative membrane filtration system for
micropollutant removal from drinking water — prospective environmental LCA and
its integration in business decisions. J. Clean. Prod. 72, 153-166. https://doi.org/
10.1016/j.jclepro.2014.02.045.

Messmer, A., Frischknecht, R., 2014. Umweltbilanz Strommix Schweiz. Im Auftrag des
Bundesamtes fiir Umwelt (BAFU), treeze ltd, 20th October 2021. https://treeze.ch/
fileadmin/user_upload/downloads/589-Umweltbilanz-Strommix-Schweiz-2014
-v3.0.pdf.

Mohapatra, P.K., Siebel, M.A., Gijzen, H.J., van der Hoek, Groot, C.A., 2002. Improving
eco-efficiency of Amsterdam water supply: a LCA approach. J. Water Supply Res.
Technol. - Aqua 51 (4), 217-227. https://doi.org/10.2166/aqua.2002.0019.

Mompelat, S., Bot, L., Thomas, O., 2009. Occurrence and fate of pharmaceutical products
and by-products, from resource to drinking water. Environ. Int. 35, 803-814.
https://doi.org/10.1016/j.envint.2008.10.008.

Moschet, C., Vermeirssen, E.L.M., Seiz, R., Pfefferli, H., Hollender, J., 2014. Pictogram
per liter detections of pyrethroids and organophosphates in surface waters using
passive sampling. Water Res. 66, 411-422. https://doi.org/10.1016/j.
watres.2014.08.032.

Miiller, J., Drewes, J.E., Hiibner, U., 2019. Investigation synergies in sequential
biofiltration-based hybrid systems for the enhanced removal of trace organic
chemicals from wastewater treatment plant effluents. Environ. Sci. Water Res.
Technol. 5, 1423-1435. https://doi.org/10.1016/j.watres.2017.10.009.

Nghiem, L.D., Schéfer, A.I., 2004. Trace contaminant removal with nanofiltration. In:
Nanofiltration — Principles and Applications. Elsevier Advanced Technology, Oxford.

Pérez-Gonzales, A., Urtiaga, A.M., Ibanez, R., Ortiz, 1., 2012. State of the art and review
on the treatment technologies of water reverse osmosis concentrates. Water Res. 46,
267-283. https://doi.org/10.1016/j.watres.2011.10.046.

Journal of Cleaner Production 336 (2022) 130227

Plakas, K.V., Karabelas, A.J., 2012. Removal of pesticides from water by NF and RO
membranes — a review. Desalination 287, 255-265. https://doi.org/10.1016/].
desal.2011.08.003.

Prahtel, M., 2019. Impact of Membrane Selection and Transmembrane Pressure on
Micropollutant Removal, DOC Removal and Bromide Passage in Surface Water
Treatment. Technical University of Munich master thesis.

Ribera, G., Clarens, F., Martinez-Lladd, X., Jubany, I., Marti, V., Rovira, M., 2014. Life
cycle and human health risk assessments as tools for decision making in the design
and implementation of nanofiltration in drinking water treatment plants. Sci. Total
Environ. 466-467, 337-386. https://doi.org/10.1016/j.scitotenv.2013.06.085. 1.

Renou, S., Thomas, J.S., Aoustin, E., Pons, M.N., 2008. Influence of impact assessment
methods in wastewater treatment LCA. J. Clean. Prod. 16, 1098-1105. https://doi.
org/10.1016/j.jclepro.2007.06.003.

Ropur, 2019. Scale inhibitor ROPUR RPI-2000, technical description, 06.06.2019, 27th
January 2021. https://ropur.com/wp-content/uploads/2012/07/RPI-2000-E_tdf 20
19.pdf.

Ruhl, A.S., Altmann, J., Zietzschmann, F., Meinel, F., Sperlich, A., Jekel, M., 2014.
Integrating micro-pollutant removal by powdered activated carbon into deep bed
filtration. Water Air Soil Pollut. 225, 1877. https://doi.org/10.1007/s11270-014-
1877-1.

Saouter, E., Aschberger, K., Fantke, P., Hauschild, M.Z., Bopp, S.K., Kienzler, A.,

Paini, A., Pant, R., Secchi, M., Sala, S., 2017. Improving substance information in
USEtox, Part 1: discussion on data and approaches for estimating freshwater
ecotoxicity effect factors. Environ. Toxicol. Chem. 36 (12), 3450-3462. https://doi.
org/10.1002/etc.3889.

Schwarzenbach, R.P., Escher, B.L., Fenner, K., Hofstetter, T.B., Johnson, C.A., von
Gunten, U., Wehrli, B., 2006. The challenge of micropollutants in aquatic systems.
Science 313 (5790), 1072-1077. https://www.science.org/doi/10.1126/science.11
27291.

Sala, S., Cerutti, A.K., Pant, R., 2018. Development of a Weighting Approach for the
Environmental Footprint. EU 28562 EN, Publications Office of the European Union,
Luxembourg.

Simazaki, D., Kubota, R., Suzuki, T., Akiba, M., Nishimura, T., Kunikane, S., 2015.
Occurrence of selected pharmaceuticals at drinking water purification plants in
Japan and implications for human health. Water Res. 76, 187-200. https://doi.org/
10.1016/j.watres.2015.02.059.

Sha, A.D., Krasner, S.W., Lee, C.F.T., von Gunten, U., Mitch, W.A., 2012. Trade-Offs in
disinfection byproduct formation associated with precursor preoxidation for control
of N-nitrosodimethylamine formation. Environ. Sci. Technol. 46 (9), 4809-4818.
https://doi.org/10.1021/es204717j.

Soltermann, F., Abegglen, Ch, Tschui, M., Stahel, S., von Gunten, U., 2017. Options and
limitations for bromate control during ozonation of wastewater. Water Res. 116,
76-85. https://doi.org/10.1016/j.watres.2017.02.026.

Sperlich, A., Harder, M., Zietzschmann, F., Gnirss, R., 2017. Fate of trace organic
compounds in granular activated carbon (GAC) adsorbers for drinking water
treatment. Water 9 (479), 1-12. https://doi.org/10.3390/w9070479.

Stackelberg, P.E., Gibs, J., Furlong, E.t., Meyer, M.T., Zaugg, S.D., Lippincott, R.L., 2007.
Efficency of conventional drinking-water-treatment process in removal of
pharmaceuticals and other organic compounds. Sci. Total Environ. 377, 255-272.
https://doi.org/10.1016/j.scitotenv.2007.01.095.

Stefan, M.I., 2018. Advanced Oxidation Processes for Water Treatment, Fundamentals
and Applications. IWA Publishing, London.

Solley, D., Gronow, C., Tait, S., Bates, J., Buchanan, A., 2010. Managing the reverse
osmosis concentrate from the western corridor recycled water scheme. Water Pract.
Technol. 5 (1) https://doi.org/10.2166/wpt.2010.018.

Swiss Centre for Applied Ecotoxicology Eawag-EPFL. https://www.oekotoxzentrum.ch
/expertenservice/qualitaetskriterien/qualitaetskriterienvorschlaege-oekotoxzent
rum/. (Accessed May 2021).

Tarnacki, K., Meneses, M., Melin, T., van Medevoort, J., Jansen, A., 2012. Environmental
assessment of desalination processes. Reverse osmosis and Memstill®, Desalination
296, 69-80. https://doi.org/10.1016/j.desal.2012.04.009.

Taheran, M., Brar, S.K., Verma, M., Surampalli, R.Y., Zhang, T.C., Valero, J.R., 2016.
Membrane processes for removal of pharmaceutically active compounds (PhACs)
from water and wastewaters. Sci. Total Environ. 547, 60-77. https://doi.org/
10.1016/j.scitotenv.2015.12.139.

TBDV, 2021. Swiss ordinance for tap water, swimming pool and shower water quality,
817.022.11, 30th October 2021. https://www.fedlex.admin.ch/eli/cc/2017/153/de

Tiirk, J., Dazio, M., Dinkel, F., Ebben, T., Hassani, V., Herbst, H., Hochstrat, R.,
Matheja, A., Montag, D., Remmler, F., Chaefer, S., Schramm, E., Vogt, M.,
Werbeck, N., Wermter, P., Wintgens, T., 2013. Abschlussbericht zum
Forschungsvorhaben ,,Volkswirtschaftlicher Nutzen der Ertiichtigung kommunaler
Klédranlagen zur Elimination von organischen Spurenstoffen, Arzneimitteln,
Industriechemikalien, bakteriologisch relevanten Keimen und Viren (TP 9)*,
gerichtet an das Ministerium fiir Klimaschutz, Umwelt, Landwirtschaft, Natur- und
Verbraucherschutz des Landes Nordrhein-Westfalen (MKULNV), AZ IV-7-042 600
0011, 08/0581 Vergabenummer, 20th May 2020. https://www.lanuv.nrw.de/fil
eadmin/forschung/wasser/klaeranlage_abwasser/TP%209%20Abschlussbericht
_Langfassung_final 140305.pdf.

Van der Bruggen, B., Manttari, M., Nystrom, M., 2008. Drawbacks of applying
nanofiltration and how to avoid them: a review. Separ. Purif. Technol. 63, 251-263.
https://doi.org/10.1016/j.seppur.2008.05.010.

Von Gunten, U., 2018. Oxidation processes in water treatment, are we on track? Environ.
Sci. Technol. 52 (9), 5062-5075. https://doi.org/10.1021/acs.est.8b00586.

12


https://doi.org/10.1016/j.cej.2015.05.018
https://doi.org/10.1016/j.watres.2011.04.038
https://doi.org/10.1016/j.watres.2011.04.038
https://doi.org/10.1007/s11367-015-0998-0
https://doi.org/10.1016/j.watres.2014.10.010
https://doi.org/10.1016/j.watres.2020.116066
https://doi.org/10.1016/j.watres.2020.116066
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref39
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref39
https://doi.org/10.1016/j.watres.2016.04.069
https://doi.org/10.1021/es400708w
https://doi.org/10.1016/j.jhazmat.2012.06.006
https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf
https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf
https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf
https://www.bafu.admin.ch/dam/bafu/de/dokumente/klima/fachinfo-daten/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf.download.pdf/Umweltbilanz-Strommix-Schweiz-2018-v2.01.pdf
https://doi.org/10.1007/s11367-011-0278-6
https://doi.org/10.1007/s11367-011-0278-6
https://doi.org/10.1039/C8EW00407B
https://doi.org/10.1016/j.jenvman.2019.01.118
https://doi.org/10.1021/cr00018a003
https://doi.org/10.1016/j.seppur.2012.08.030
https://doi.org/10.1016/j.watres.2011.02.017
https://doi.org/10.1016/j.watres.2011.02.017
https://doi.org/10.1016/j.jclepro.2014.02.045
https://doi.org/10.1016/j.jclepro.2014.02.045
https://treeze.ch/fileadmin/user_upload/downloads/589-Umweltbilanz-Strommix-Schweiz-2014-v3.0.pdf
https://treeze.ch/fileadmin/user_upload/downloads/589-Umweltbilanz-Strommix-Schweiz-2014-v3.0.pdf
https://treeze.ch/fileadmin/user_upload/downloads/589-Umweltbilanz-Strommix-Schweiz-2014-v3.0.pdf
https://doi.org/10.2166/aqua.2002.0019
https://doi.org/10.1016/j.envint.2008.10.008
https://doi.org/10.1016/j.watres.2014.08.032
https://doi.org/10.1016/j.watres.2014.08.032
https://doi.org/10.1016/j.watres.2017.10.009
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref56
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref56
https://doi.org/10.1016/j.watres.2011.10.046
https://doi.org/10.1016/j.desal.2011.08.003
https://doi.org/10.1016/j.desal.2011.08.003
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref59
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref59
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref59
https://doi.org/10.1016/j.scitotenv.2013.06.085
https://doi.org/10.1016/j.jclepro.2007.06.003
https://doi.org/10.1016/j.jclepro.2007.06.003
https://ropur.com/wp-content/uploads/2012/07/RPI-2000-E_tdf_2019.pdf
https://ropur.com/wp-content/uploads/2012/07/RPI-2000-E_tdf_2019.pdf
https://doi.org/10.1007/s11270-014-1877-1
https://doi.org/10.1007/s11270-014-1877-1
https://doi.org/10.1002/etc.3889
https://doi.org/10.1002/etc.3889
https://www.science.org/doi/10.1126/science.1127291
https://www.science.org/doi/10.1126/science.1127291
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref66
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref66
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref66
https://doi.org/10.1016/j.watres.2015.02.059
https://doi.org/10.1016/j.watres.2015.02.059
https://doi.org/10.1021/es204717j
https://doi.org/10.1016/j.watres.2017.02.026
https://doi.org/10.3390/w9070479
https://doi.org/10.1016/j.scitotenv.2007.01.095
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref72
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref72
https://doi.org/10.2166/wpt.2010.018
https://www.oekotoxzentrum.ch/expertenservice/qualitaetskriterien/qualitaetskriterienvorschlaege-oekotoxzentrum/
https://www.oekotoxzentrum.ch/expertenservice/qualitaetskriterien/qualitaetskriterienvorschlaege-oekotoxzentrum/
https://www.oekotoxzentrum.ch/expertenservice/qualitaetskriterien/qualitaetskriterienvorschlaege-oekotoxzentrum/
https://doi.org/10.1016/j.desal.2012.04.009
https://doi.org/10.1016/j.scitotenv.2015.12.139
https://doi.org/10.1016/j.scitotenv.2015.12.139
https://www.fedlex.admin.ch/eli/cc/2017/153/de
https://www.lanuv.nrw.de/fileadmin/forschung/wasser/klaeranlage_abwasser/TP%209%20Abschlussbericht_Langfassung_final_140305.pdf
https://www.lanuv.nrw.de/fileadmin/forschung/wasser/klaeranlage_abwasser/TP%209%20Abschlussbericht_Langfassung_final_140305.pdf
https://www.lanuv.nrw.de/fileadmin/forschung/wasser/klaeranlage_abwasser/TP%209%20Abschlussbericht_Langfassung_final_140305.pdf
https://doi.org/10.1016/j.seppur.2008.05.010
https://doi.org/10.1021/acs.est.8b00586

C. Roth et al.

Von Gunten, U., 2003. Ozonation of drinking water: Part II. Disinfection and by-product
formation in presence of bromide, iodide or chlorine. Water Res. 37 (7), 1469-1487.
https://doi.org/10.1016/50043-1354(02)00458-X.

Von Sonntag, C., von Gunten, U., 2012. Chemistry of Ozone in Water and Wastewater
Treatment, from Basic Principles to Applications. IWA Publishing, London.

Wee, S.Y., Aris, A.Z., 2017. Endocrine disrupting compounds in drinking water supply
system and human health risk implication. Environ. Int. 106, 2017-2233. https://
doi.org/10.1016/j.envint.2017.05.004.

Westerhoff, P., Yoon, Y., Snyder, S., Wert, E., 2005. Fate of endocrine-disruptor,
pharmaceutical, and personal care product chemicals during simulated drinking
water treatment processes. Environ. Sci. Technol. 39 (17), 6649-6663. https://doi.
0rg/10.1021/es0484799.

Wiinsch, R., Plattner, J., Cayon, D., Eugster, F., Gebhardt, J., Wiilser, R., von Gunten, U.,
Wintgens, T., 2019. Surface water treatment by UV/H202 with subsequent soil
aquifer treatment: impact on micropollutants, dissolved organic matter and
biological activity. Environ. Sci. Water Res. Technol. 5, 1709-1722. https://doi.org/
10.1039/C9EWO00547A.

13

Journal of Cleaner Production 336 (2022) 130227

WPO, 2021. Swiss water protection ordinance, 814.201, 5th October 2021. https://
www.fedlex.admin.ch/eli/cc/1998/2863_2863_2863/en.

Wiinsch, R., Wiilser, R., Wintgens, T., 2020. Organische Mikroverunreinigungen in der
Wasseraufbereitung — kombinierte technische und naturnahe Verfahren. Aqua Gas
50 (4), 50-55. April.

Wiinsch, R., Mayer, C., Plattner, J., Eugster, F., Wiilser, R., Gebhardt, J., Hiibner, U.,
Canonica, S., Wintgens, T., von Gunten, U., 2021. Micropollutants as internal probe
compounds to assess UV fluence and hydroxyl radical exposure in UV/H302
treatment. Water Res. 195, 116940. https://doi.org/10.1016/j.watres.2021.116940.

Zepon Tarpani, R.R., Azapagic, A., 2018. Life cycle environmental impacts of advanced
wastewater treatment techniques for removal of pharmaceuticals and personal care
products (PPCPs). J. Environ. Manag. 215, 258-272. https://doi.org/10.1016/j.
jenvman.2018.03.047.

Zhou, J., Chang, W.-C., Fane, A.G., 2011. Environmental life cycle assessment of brackish
water reverse osmosis desalination for different electricity production models.
Energy Environ. Sci. 4, 2267-2278. https://doi.org/10.1039/COEE00828A.


https://doi.org/10.1016/S0043-1354(02)00458-X
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref82
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref82
https://doi.org/10.1016/j.envint.2017.05.004
https://doi.org/10.1016/j.envint.2017.05.004
https://doi.org/10.1021/es0484799
https://doi.org/10.1021/es0484799
https://doi.org/10.1039/C9EW00547A
https://doi.org/10.1039/C9EW00547A
https://www.fedlex.admin.ch/eli/cc/1998/2863_2863_2863/en
https://www.fedlex.admin.ch/eli/cc/1998/2863_2863_2863/en
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref87
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref87
http://refhub.elsevier.com/S0959-6526(21)04392-4/sref87
https://doi.org/10.1016/j.watres.2021.116940
https://doi.org/10.1016/j.jenvman.2018.03.047
https://doi.org/10.1016/j.jenvman.2018.03.047
https://doi.org/10.1039/C0EE00828A

	Micropollutant abatement with UV/H2O2 oxidation or low-pressure reverse osmosis? A comparative life cycle assessment for dr ...
	1 Introduction
	2 Method
	2.1 Description of treatment scenarios
	2.2 Goal and scope
	2.3 Life cycle inventory (LCI)
	2.4 Life cycle impact assessment (LCIA)
	2.5 Sensitivity analysis
	2.5.1 Environmental benefits of micropollutant abatement


	3 Results and discussion
	3.1 Environmental impact of the base-case scenarios
	3.2 Sensitivity analyses
	3.2.1 Electrical energy source
	3.2.2 UV/H2O2 full-stream treatment
	3.2.3 O3/H2O2 retentate treatment
	3.2.4 GAC filter utilization times
	3.2.5 Environmental benefits from micropollutant abatement

	3.3 Uncertainties and limitations of this study

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


