Journal of Cleaner Production 267 (2020) 121980

Contents lists available at ScienceDirect

Journal of Cleaner Production
journal homepage: www.elsevier.com/locate/jclepro

Human health risk-based life cycle assessment of drinking water
treatment for heavy metal(loids) removal
Guangji Hu a, Anber Rana a, Haroon R. Mian a, Sana Saleem a, Madjid Mohseni b,
Saad Jasim c, Kasun Hewage a, Rehan Sadiq a, *
a
b
c

School of Engineering, University of British Columbia, Okanagan Campus, 3333 University Way, Kelowna, BC, V1V 1V7, Canada
Department of Chemical and Biological Engineering, University of British Columbia, Vancouver Campus, Vancouver, BC, V6T 1Z3, Canada
Utilities Engineering and Municipal Operations, City of White Rock, White Rock, BC, V4B 1Y6, Canada

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 9 March 2020
Received in revised form
17 April 2020
Accepted 28 April 2020
Available online 11 May 2020

A human health risk-based life cycle assessment (LCA) framework was developed for selecting lowimpact water treatment systems with a focus on heavy metal(loids) removal. The framework comprises three phases, including pilot-scale water treatment, human health risk assessment (HRA), and LCA.
The application of the framework was demonstrated by a case study. Two water treatment systems
employing ozonation-greensand-ferric hydroxide-based sorbent (OGF) and Birm-ferric hydroxide-based
sorbent (BF) processes were used to reduce arsenic and manganese concentrations in the source water of
a small municipality in southwestern Canada. The heavy metal(loids) concentration as well as material
and energy use data of the two systems were collected to perform HRA and LCA. The results showed that
both systems can reduce arsenic and manganese concentrations; however, the removal efﬁciencies of
OGF and BF processes decreased with the increase of treatment volume. At a constant inﬂow rate, the
ferric hydroxide-based sorbent needed to be replaced every 31 and 25 days in the OGF and BF processes,
respectively, to ensure that arsenic concentration in the efﬂuent would not pose any signiﬁcant human
health risk. The LCA results indicated that the system using the OGF process generated lower life cycle
environmental impacts than the system using the BF process throughout ten years’ operation. It was also
found that the arsenic removal process was the largest impact contributor in both systems. The
manufacturing of ferric hydroxide-based sorbent and disposal of arsenic-contaminated treatment waste
accounted for the highest impact in water treatment.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Heavy metal(loids) (HM) contamination of drinking water has
long been a critical public health risk concern globally. HM such as
arsenic, lead, cadmium, chromium, and manganese can contaminate both ground and surface water as a result of natural processes
(e.g., erosion of mineral deposits) and various anthropogenic activities (e.g., polluted agricultural runoffs) (Muhammad et al., 2011).
HM are considered contaminants of concern in drinking water due
to their persistent, bioaccumulative, and toxic nature (Ali et al.,
2019; Khan et al., 2013). Drinking water contamination with HM
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has been well-documented in different countries; the contamination has posed serious threats to public health, particularly the
population living in the developing countries due to lack of sufﬁcient resources and technical support to implement effective HM
removal (Chowdhury et al., 2016; Mohanty, 2017; Ravindra and
Mor, 2019).
Different HM species are associated with varying human health
effects. Some HM species, such as arsenic, cadmium, and lead, have
been classiﬁed as toxic and conﬁrmed/probable human carcinogens. Even at low concentrations, those HM can accumulate in
human tissues through chronic repeated exposure (e.g., daily water
intake) and cause serious waterborne diseases such as neurological
disorder and cancers (e.g., lung, kidney, bladder, liver) (Hu et al.,
2019a; Rai et al., 2019; Ravindra and Mor, 2019). Arsenic is
considered to be the most concerning metalloid in drinking water
because of its high toxicity/carcinogenicity and ubiquitous occurrence in the world (Shakoor et al., 2017). Arsenic can be found in

2

G. Hu et al. / Journal of Cleaner Production 267 (2020) 121980

Acronyms
AO
aesthetic objective
BF
Birm-ferric hydroxide-based sorbent
DQRACHEM Guidance on Human Health Detailed Quantitative
Risk Assessment for Chemicals
FHS
ferric hydroxide-based sorbent
GCDWQ Guidelines for Canadian Drinking Water Quality
HM
heavy metal(loid)
HQ
hazard quotient
HRA
human health risk assessment
ILCR
incremental lifetime cancer risk
LCA
life cycle assessment
MAC
maximum acceptable concentration
OGF
ozonation-greensand-ferric hydroxide-based
sorbent

four oxidation states (i.e., arsenate, arsenite, arsenic, and arsine) as
inorganic and organometallic compounds in the natural water
environment (Singh et al., 2015). Most drinking water quality regulatory organizations in the world, such as the World Health Organization (WHO), the European Commission, United States
Environmental Protection Agency (USEPA), and Health Canada have
issued a maximum acceptable concentration (MAC) of 10 mg/L as an
enforceable guideline for monitoring arsenic in drinking water
(Health Canada, 2019a; USEPA, 2018; WHO, 2011). However,
chronic exposure to arsenic at a concentration close to the MAC
may still present a health risk to sensitive population groups. According to Health Canada, the internal organ cancer risk posed by
intaking water with an arsenic concentration of 3E-04 mg/L can
only be considered “essentially negligible” (Health Canada, 2006).
Therefore, it is important to keep toxic HM concentrations in
drinking water as low as possible for maximum protection of public
health.
In addition to toxic HM species, some other species such as iron,
copper, and zinc can also be found in drinking water at elevated
concentrations. These species are essential metallic elements for
important biochemical processes in the human body. However,
excessive exposure to these metal ions can still lead to adverse
human health effects (Muhammad et al., 2011). Additionally,
elevated concentrations of these HM species could compromise the
aesthetic value of water, such as discoloring the water, causing
unpleasant taste, and leaving stains. Currently, the concentrations
of these “less-toxic” HM species in drinking water are monitored
based on non-mandatory water quality recommendations such as
aesthetic objectives (AO). For example, the AO for manganese has
been set at 50 mg/L in the Secondary Drinking Water Standards
implemented by the USEPA (USEPA, 2018). Nevertheless, Health
Canada has recently issued two new guidelines for manganese: an
AO of 20 mg/L and a MAC of 120 mg/L based on the consideration
that continuous exposure to high concentrations of manganese in
drinking water could adversely affect the neurological and behavioral development of infants (Health Canada, 2019b).
To ensure safe drinking water quality, water utilities around the
world employ various water treatment processes to remove
excessive HM from drinking water, such as adsorption, oxidation/
ﬁltration, ion exchange, reverse osmosis, enhanced coagulation/
ﬁltration, and various hybrid methods (Abdullah et al., 2019;
Chowdhury et al., 2016; USEPA, 2005). For the treatment of arseniccontaminated water, most of these processes require a preoxidation process to convert arsenite to arsenate because the
latter is comparatively easier for removal (USEPA, 2005). Different

HM removal processes are associated with different contaminant
removal performance, costs, and resource requirements
(Chowdhury et al., 2016; Hering et al., 2017; USEPA, 2003). Multiple
aspects need to be considered in the selection of suitable HM
removal processes for a speciﬁc case, such as the quality of source
water, existing water treatment schemes, available resources, and
public acceptance (USEPA, 2003). The selected HM removal process
can be used in combination with other water treatment processes
such as disinfection to deliver good quality drinking water to users.
In general, the selection of a suitable water treatment process is
based ﬁrst and foremost on technical and economic considerations
(Bonton et al., 2012). However, the water treatment industry may
be an important contributor to global environmental impacts, such
as the depletion of natural resources, releasing pollutants to the
environment, and emissions of greenhouse gases (GHGs) because
large amounts of energy and chemicals are consumed and wastes
are generated from water treatment (Lemos et al., 2013). Considering the long service life of water treatment infrastructure (e.g.,
several decades), the life cycle environmental impacts of implementing different water treatment processes may vary signiﬁcantly. Life cycle assessment (LCA) could be a useful tool to quantify
the environmental impacts of water treatment systems/processes
(Igos et al., 2014). LCA provides a standardized methodology for
assessing the environmental impacts, in different categories such
as resource depletion, eutrophication, and global warming potential, generated from a product, a process or a service throughout its
entire life cycle (ISO, 2006; Nabavi-Pelesaraei et al., 2019a).
Several LCA studies have investigated the life cycle impacts of
water treatment systems. For example, Bonton et al. (2012)
compared the life cycle environmental impacts of an enhanced
conventional water treatment plant and an emerging nanoﬁltration
bec, Canada, and found that the emerging nanoplant in Que
ﬁltration plant could generate less environmental impacts than the
conventional plant. Barrios et al. (2008) assessed the life cycle
impacts of a water pre-treatment plant and a treatment plant in the
Netherlands and found that the coagulation and biological activated carbon ﬁltration processes used in the two plants, respectively, generated the highest impacts. They also proposed two
alternatives to the existing processes that could potentially reduce
the total impacts by 30%. Ribera et al. (2014) used LCA to investigate
the environmental effects of adding nanoﬁltration to conventional
drinking water treatment plants, and found that the inclusion of
nanoﬁltration and recommended pre-treatments could double the
total impacts generated from the conventional water treatment;
Racoviceanu et al. (2007) assessed the life cycle energy use and
GHG emission of operating a municipal water treatment plant in
Toronto, Canada and found that pumping accounted for the highest
energy use and GHG emissions.
Although LCA has been used to help design and select lowimpact water treatment systems, limited information is known
about the environmental impacts of water treatment with a focus
on HM removal. Particularly, very few studies have linked the human health risk with the life cycle environmental impacts of
different HM removal methods. Human health risk assessment
(HRA) is a well-established, robust methodology to quantify the
human health risk related to exposure to a toxic chemical. HRA
estimates the possible adverse health effects on humans due to the
exposure to toxic chemicals in the environmental media (e.g., soil,
air, water) by considering chemicals’ hazard, dose-response relationship, exposure pathways, and receptors’ physical conditions
(Shakoor et al., 2017). Thus, HRA can be an effective tool to help
health regulators determine the level of human health risk due to
contaminants exposure in drinking water. HRA and LCA have been
successfully used together to facilitate decision-making in selecting
low-impact soil remediation technologies for cleanup of lead and
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mercury-contaminated soils (Hou et al., 2017, 2016), identifying
suitable water treatment systems that balance environmental impacts and formation of disinfection by-products (Ribera et al.,
2014), and evaluating the safety and sustainability of nanotechnologies (Tsang et al., 2017). It is important to identify suitable HM
removal methods that can produce safe drinking water with minimum environmental impacts as a response to the call for sustainable drinking water supply.
In light of the previous studies, a human health risk-based LCA
framework is developed to connect the environmental impacts of
HM removal and the associated human health risks. The framework
consists of three major phases: ﬁeld HM removal investigation,
HRA, and LCA. The developed framework is demonstrated through
a case study to compare two water treatment systems designed for
the removal of arsenic and manganese in the source water of a
small municipality in British Columbia, Canada. The results can help
the water utility identify the low-impact water treatment system
that is capable of supplying safe drinking water. The framework and
inventories established for the LCA can also provide useful information for identifying low-impact solutions to drinking water
contamination with HM around the world.
2. Methodology
2.1. Framework
The proposed framework is shown in Fig. 1. The framework
consists of three phases: Phase I begins with identifying HM of
concern in water and potential water treatment processes for their
removal. HM of concern can be identiﬁed based on the annual/
seasonal water sampling data of the studied area. Suitable water
treatment processes can be shortlisted based on the consideration
of contaminants of concern, water quality parameters, the existing
water treatment system, and expert judgment. The shortlisted
water treatment processes can be used individually or in
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combinations as water treatment systems to achieve effective
contaminant removal. Field-scale water treatments employing the
selected processes are also carried out in this phase to generate
contaminant removal efﬁciency as well as resource and energy
consumption data.
In Phase II, HM concentrations in efﬂuents from different
treatment processes are predicted based on the contaminant
removal efﬁciencies. Based on the predicted concentrations, the
exceedance of water quality guidelines and human health risks due
to exposure to HM in efﬂuents are assessed by HRA. HM concentrations in efﬂuents could increase with the increase of cumulative
treatment volume due to the attenuation of contaminant removal
performance; for example, a decrease of sorbents’ capacity and
fouling/clogging of microporous membranes commonly occur as a
result of the increased cumulative water treatment volume. The
period during which a water treatment process can maintain
acceptable water quality can be determined based on the HRA
outcomes. Once the HM concentrations in efﬂuents reach the level
that may pose signiﬁcant human health risks or exceed the corresponding guidelines, materials (e.g., sorbents, ﬁlters, membranes)
used in the treatment processes need to be replaced/regenerated to
maintain acceptable contaminant removal performance. In Phase
III, the material and energy use data of different water treatment
systems determined in Phase I and Phase II are used as inputs to
LCA. The overall lifecycle impacts generated from different water
treatment systems during the designed service life are quantiﬁed.
Based on the LCA results, the water treatment system with the
lowest impact can be identiﬁed for producing safe drinking water.
2.2. Application
A case study was introduced to demonstrate the application of
the framework. The drinking water supply of a small municipality
in British Columbia has water quality issues of high concentrations
of naturally occurring arsenic and manganese. The water is sourced
from the local aquifer through several water wells. The wells range
in depth from 60 to 150 m, providing adequate water supply to the
residents. The locations of water wells were reported in our previous work (Hu et al., 2019b). The source water quality data are
listed in Table 1. As can be seen, arsenic concentrations in the source
water are close to the MAC according to the current Guidelines for
Canadian Drinking Water Quality (GCDWQ), which may be a health
risk concern to sensitive population groups such as infants through
chronic exposure. The mean manganese concentration is also
higher than its MAC, indicating that manganese removal is

Table 1
Characteristics of source water.*

Fig. 1. Framework of human health risk-based LCA of water treatment systems for HM
removal.

Parameter

Mean

Guideline

pH
Temperature ( C)
Arsenic (mg/L)
Manganese (mg/L)
Iron (mg/L)
Fluoride (mg/L)
Chloride (mg/L)
Nitrite (mg/L)
Nitrate (mg/L)
Bromide (mg/L)
Phosphate (mg/L)
Sulfate (mg/L)
Turbidity (NTU)

7.03
12.73
0.010
0.133
0.001
0.25
14.80
BDL
BDL
BDL
BDL
18.19
0.04

7.0e10.5
15
0.010
0.12
0.3
1.5
250
3
45
-b
e
500
1.0

Note: BDL ¼ Below detection limit.
*Adapted from Hu et al. (2019b).
a
Guidelines for Canadian Drinking Water Quality (Health Canada, 2019a)
b
Symbol “-” indicates “Not available”.

a
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necessary. In addition to arsenic and manganese, other water
quality parameters can meet the GCDWQ.

2.3. Water treatment systems
To improve drinking water quality in the city, a pilot project was
carried out by the local water utility to evaluate the efﬁcacy of
several commercially available water treatment technologies in
reducing arsenic and manganese concentrations. Pilot-scale water
treatments were conducted to treat the source water. Two HM
removal processes were investigated in the pilot-scale water
treatment. The two treatment processes were designed to use
different combinations of HM removal technologies such as preoxidation/ﬁltration and adsorption, based on the consideration of
source water quality and available resources (Hu et al., 2019b; Jasim
and Mohseni, 2019). The two treatment processes were designed to
treat water in a continuous manner. The operation parameters of
the two treatment processes are summarized in Table 2. As shown
in Fig. 2, two complete water treatment systems were designed
based on the two HM removal treatment processes, with the
combination of the same disinfection process and storage. Disinfection and storage of treated water were not investigated directly
in the pilot-scale experiments; however, these two steps are
common practices in municipal water treatment. Thus, they were
included in the water treatment systems for a comprehensive LCA.
In System I, ozone was used to oxidize the dissolved divalent
manganese cations to their insoluble forms which can then be
removed by ﬁltration and adsorption. Injecting ozone at a concentration of 0.5 mg/L can also completely convert arsenite to
arsenate in the inﬂuent (Jasim and Mohseni, 2019). The removal of
manganese was accomplished using a commercial manganese
dioxide-coated sand medium named GreensandPlus™ (greensand). Greensand is glauconite sand coated with a thin layer of
manganese oxide (Inversand, 2019). The manganese oxide layer
acts as a sorbent for sorption of dissolved divalent manganese
cations and a catalyst in the oxidation-reduction reaction of the
adsorbed manganese (Tobiason et al., 2016). The remaining dissolved manganese cations from the ozonation process will be
adsorbed onto the surface of greensand and can further be oxidized
to insoluble manganese oxides in the presence of oxidants, which
are ultimately ﬁltered out by the sand media. Most of the insoluble
manganese dioxides trapped in the media are removed by

Fig. 2. Two water treatment systems and system boundaries for LCA.

backwashing so that the media can be used for a long period
(Tobiason et al., 2016). After treating a speciﬁc amount of water, the
capacity of greensand will be exhausted and regeneration is
needed. Intermittent regeneration method is recommended to
restore the oxidizing power of greensand when it is used for
treating water with high manganese concentrations. This can
generally be done by the down-ﬂow passage of a potassium permanganate solution (e.g., 1.5 kg per cubic meter of media) through
the media bed in a normal backwash cycle (Rader, 2019).
After oxidation/ﬁltration, water was treated by ferric hydroxidebased sorbents (FHS) for arsenic removal (AdEdge, 2019). The main
functional material of FHS is crystalline a-ferric oxyhydroxide. Both
arsenate and arsenite adsorb onto ferric oxyhydroxide, which can

Table 2
Design parameters for two HM removal processes.*
Purpose
Manganese removal

Arsenic removal

b

a

Parameter

OGF

BF

Inﬂuent ﬂowrate (L/min)
Ozone injection concentration (mg/L)
Vessel size (diameter  height, cm)
Oxidation/ﬁltration media depth (cm)
Media mass (kg)
Under bedding
Backwash frequency (per month)
Backwash rate (L/min/cm2)
Backwash duration (min)
Vessel size (diameter  height, cm)
Media depth (cm)
Media mass (kg)
Under bedding
Backwash frequency (per month)
Backwash rate (L/min/cm2)
Backwash duration (min)

18
0.5
35.5  165
71
110
gravel
2
0.05
14
30.5  132
76
30
gravel
2
0.02
14

18
-c
35.5  165
85
52
gravel
2
0.05
14
30.5  132
76
30
gravel
2
0.02
14

*Adapted from Hu et al. (2019b).
a
Greensand was used in OGF and Birm was used in BF.
b
FHS was used as the media in both OGF and BF.
c
Symbol “-” indicates “Not used”.
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be removed from the water by replacing the sorbent once the
adsorption capacity becomes exhausted. However, adsorption of
arsenate is considered more rapid than arsenite because arsenate
has a higher afﬁnity to the sorbent. The HM removal process using
ozonation-greensand-FHS is abbreviated to OGF. After HM removal,
water was disinfected using a combined chlorination and chloramination process. Chlorine gas and ammonia were used for
chlorination and chloramination, respectively.
In System II, oxidation and ﬁltration were performed simultaneously using another type of manganese oxide-coated sand media
called Birm™. Birm is produced by impregnating manganous salts
on the surface of pumice granule. The manganous salts are then
oxidized to a solid form of manganese oxide (Clack, 2019). The
presence of dissolved oxygen is necessary for Birm to function
properly. The manufacturing process and functions of Birm can be
considered similar to those of greensand (OSMO, 2013). According
to the product information, Birm does not require chemicals for
regeneration except periodic backwashing (Clack, 2019). After Birm
treatment, water was passed through the same FHS and
chlorination-chloramination processes for adsorption of arsenic
and disinfection, respectively. The combined Birm-FHS process is
abbreviated to BF.
The treated water from the two systems was stored in a reservoir before distribution. The pre-oxidation/ﬁltration media were
periodically backwashed using the treated water to remove trapped
ﬁne particles and precipitates. It should be noted that FHS cannot
be easily rejuvenated by backwashing because the adsorption of
arsenic is characterized as a chemisorption process (USEPA, 2003).
The wastewater generated from backwashing was stored in an
equalization tank and then transported through sewer lines to a
treatment facility before discharging into the environment. The
spent sand media and FHS are required to be disposed of in a secure
landﬁll due to the presence of toxic HM.
The pilot-scale water treatment was carried out for two months,
and water samples were periodically collected from different points
of the two treatment systems as shown in Fig. 2. The sample
analysis method was reported in Hu et al. (2019b). The HM removal
efﬁciencies (R) of different treatment systems were calculated:

Rð%Þ ¼

Ci  Ce
 100%
Ci

(1)

where Ci and Ce are HM concentrations in inﬂuent and efﬂuent (mg/
L), respectively. The variation of removal efﬁciency for arsenic and
manganese as a function of treatment period was investigated
using regression analysis (Minitab™ 17, Minitab LLC). Polynomial
and linear regression models were developed to predict arsenic and
manganese concentrations in the efﬂuent as a function of treatment period, respectively.
2.4. Human health risk assessment
HRA was conducted following the Guidance on Human Health
Detailed Quantitative Risk Assessment for Chemicals (DQRACHEM)
(Health Canada, 2010). HM exposure was assessed via the chronic
oral intake of treated water (Muhammad et al., 2010; Rasool et al.,
2016; Sultana et al., 2014). The residents of the city are potential
receptors of the adverse effects due to HM exposure. The residents
were divided into ﬁve age groups such as infants, children, and
adults for HRA, according to the criteria used in DQRACHEM because
they have different sensitivities to the adverse effects of contaminants (Health Canada, 2010).
Exposure can be calculated by multiplying the concentration of
a chemical by the duration of the contact. The average daily dose
(ADD) (mg/kg/day), representing the average of exposures or doses
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over the period of time exposure occurred, was quantiﬁed for each
age group:

ADD ¼

Ce  IR  ED
BW  AT

(2)

where Ce is HM concentration in efﬂuent (mg/L), IR is drinking
water intake rate (L/day), ED is exposure duration (days), BW is
body weight (kg), AT is averaging time (days), representing the time
period over which the dose is averaged. In this study, the dose of
exposure is averaged throughout the exposure duration, and thus
AT equals ED in value. The mean body weight, daily water intake,
and fraction of a lifetime for different age groups are reported in Hu
et al. (2019a). Hazard quotient (HQ) indicating non-cancer risk was
calculated as the ratio of ADD to the reference dose (RfD) (mg/kg/
day):

HQ ¼

ADD
RfD

(3)

Because arsenic is a conﬁrmed human carcinogen through oral
exposure, the incremental lifetime cancer risk (ILCR) of arsenic
exposure was assessed. The cancer risks (CR) across different stages
of life were calculated as the ADD for each age group multiplied by
the appropriate cancer risk slope factor (SF):

CR ¼ ADD  SF

(4)

The ILCR was calculated by aggregating the CR over different
stages of life through a straight arithmetic weighting approach:

ILCR ¼

X
CRi  Fi

(5)

i

where CRi is the cancer risk estimated for age group i, and Fi is the
fraction that age group i represents within an 80-year lifetime (Hu
et al., 2019a). The RfD values for estimating the non-cancer risks of
arsenic and manganese exposures are 3E-04 and 0.14 mg/kg/day,
respectively; The SF for estimating the CR of arsenic exposure is 1.8
(Health Canada, 2006).
Most health regulatory agencies in North America consider an
HQ  1.0 indicating negligible non-cancer risk; however, different
health regulatory agencies use different cancer risk standards,
ranging from one per million (1E-06) to ten-thousand (1E-04), for
cancer risk characterization. According to Health Canada, the
overall ILCRs were estimated to be within a range from 3E-05 to
3.9E-04 as a result of lifetime exposure to arsenic at the MAC of
10 mg/L (Health Canada, 2006). Scenario-based assessments were
conducted to account for the uncertainties in cancer risk characterization. Under Scenario I, the lower bound of ILCR (i.e., 3E-05)
due to arsenic exposure at the MAC was selected as the strict
standard to determine the signiﬁcance of ILCR, while one positive
case per a hundred thousand (1E-04) was used as the lenient
standard under Scenario II. It should be noted that non-cancer and
cancer risk evaluation standards can be modiﬁed to suit different
health regulators’ perception to human health risk. Based on the
predicted arsenic and manganese concentrations in efﬂuent, the
non-cancer and cancer risks were quantiﬁed, and the periods that
the two systems can produce water with acceptable health risks
were determined for the following LCA.

2.5. Life cycle assessment
The ISO 14040 standard, including goal and scope deﬁnition, life
cycle inventory (LCI), life cycle impact assessment method, and
result interpretation, was followed to conduct the LCA of two water
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treatment systems.
2.5.1. Goal
The goal of LCA was to assess the environmental impacts of two
water treatment systems designed for HM removal and evaluate
their potential to be used in a full-scale water treatment plant. The
quantiﬁed life cycle impacts can help practitioners to have a holistic
view of the environmental performance of different water treatment systems, enabling them to identify the suitable system with
low life cycle environmental impacts as well as the limitations of
each system for potential impact reduction (Hu et al., 2020; NabaviPelesaraei et al., 2019b).
2.5.2. System boundary and functional unit
The boundaries of LCA of the two water treatment systems are
also shown in Fig. 2. The system boundaries included all the processes taking place from source water withdrawal to the storage of
treated water before distribution and the ﬁnal disposal of wastes.
Since the same infrastructure and equipment (e.g., pipes, storage
tanks, and pumps) were used in the two systems, the impacts
generated from infrastructure (i.e., construction and decommission
phases) were considered the same. Thus, only the impacts of
operation phase were compared (Barrios et al., 2008). The environmental impacts of operating the two systems were quantiﬁed
for a service life of ten years (Bonton et al., 2012). Hence, the
functional unit was deﬁned as the total volume of water treated by
using the two systems for ten years. The total volume of water
treated by each system was calculated to be 9.5Eþ04 m3, according
to the inﬂuent ﬂowrate shown in Table 2.
2.5.3. Life cycle inventory
Data required as inputs for the LCA were mainly obtained from
the pilot-scale experiments and published literature. In addition,
inventory data for the chemical and energy requirements in the
two systems were collected from the Ecoinvent 3.3 database in
SimaPro™ 8.5.2.0. SimaPro™ was selected because it has been
widely used for LCAs of drinking water treatment systems (Lemos
et al., 2013; Ribera et al., 2014; Venkatesh and Brattebø, 2012).
The inventories established for the two systems were summarized
in Table 3. The inputs of LCA mainly include materials and energy
required for the water treatments, and the outputs include wastewater, spent media, and emissions generated from the treatments.
The energy consumptions of water mixing (equalization tank) and
building lighting were calculated based on the operation data of a
conventional water treatment plant in Canada (Bonton et al., 2012).
The energy source of the studied area is primarily hydro-electricity.
The amount of pre-oxidation/ﬁltration media and FHS used in the
two systems were determined based on the HRA outcomes shown
in Section 3.2. The volumes of wastewater and waste generated as
treatment by-products from the two systems were calculated based
on the backwash frequencies and HM removal efﬁciencies,
respectively. The wastewater treatment data listed in the Ecoinvent
database were used to simulate the impacts of backwashing
wastewater treatment; the Ecoinvent data of landﬁlling of manganese compounds, arsenic, and hazardous wastes were used as
analogs to the impacts of disposal of manganese and arsenic
removed and spent media, respectively. In this study, the distances
of chemical transportation were assumed to be the same, and thus
the environmental impacts of chemical transportation were not
included in the impact comparison. This assumption was made
based on the LCA results of a water treatment facility in Toronto,
Canada, which indicate that material transportation-related energy
use and emissions were deemed insigniﬁcant (Racoviceanu et al.,
2007).
Since the Ecoinvent database does not have any impact data of

manganese oxide-coated sands and FHS, separate inventories were
established for those substances. The material compositions of
manganese coated-sands and FHS are provided in the supplementary ﬁle (Table S1). Manganese oxide-coated sand can be
synthesized based on the cyptomelane synthesis method: glauconite sands/pumice granules are washed using nitric acid and subsequently rinsed using deionized water until the pH of the rinse
efﬂuent is above 6.0. After drying, the sands are added to acetic acid
containing manganese sulfate. The mixture is stirred vigorously as
potassium permanganate is added slowly at the same time. After
settling, the supernatant is decanted, and the coated sands/granules are dried and rinsed with deionized water to remove loose
manganese oxides. After rinse, the manganese oxides-coated
sands/granules are ﬁnally dried prior to use (Charbonnet et al.,
2018; Lin et al., 2013).
FHS is made of >99% of crystalline a-ferric oxide hydroxide,
which can be produced by air oxidation of ferrous hydroxide suspensions: sodium hydroxide and ferrous sulfate solutions are
deoxygenated by bubbling nitrogen, respectively, and then the
ferrous sulfate solution is added to sodium hydroxide to form
ferrous hydroxide under continuous nitrogen purging. Immediately
after mixing the reactants, nitrogen is switched to air to initiate the
oxidation reaction. The solution is also heated to 45  C to facilitate
the reaction. The precipitated ferric oxide hydroxide is rinsed with
deionized water and dried prior to use (Encina et al., 2015; VillacísGarcía et al., 2015). The estimated material and energy ﬂows of
producing 1 kg of manganese oxide-coated sands and FHS are
summarized in the supplementary ﬁle (Table S2).
2.5.4. Life cycle impact assessment
SimaPro™ 8.5.2.0 was used together with the ReCiPe and
Impact2002þ assessment methods to quantify the environmental
impacts based on the inventory data (PReConsultants, 2016). Both
methods have been widely used in the LCA of environmental systems (Hosseini-Fashami et al., 2019; Nabavi-Pelesaraei et al., 2019c;
Ribera et al., 2014). In the ReCiPe method, the environmental impacts can be derived through two approaches: the problemoriented approach (midpoint) and the damage-oriented approach
(endpoint). The former translates impacts into 18 environmental
impact categories such as global warming, ozone depletion, and
freshwater ecotoxicity, while the latter aggregates the midpoint
impacts to three damage categories including human health,
ecosystem, and resources (PReConsultants, 2016). The default
midpoint and endpoint approaches, from a hierarchist perspective,
were used to translate the environmental impacts to impact scores,
allowing for a straightforward comparison of the environmental
performance of systems being assessed (Hou et al., 2016). Similar to
the ReCiPe midpoint method, Impact2002þ assesses the environmental impacts of a system in terms of 15 impact categories. The
two impact assessment methods were discussed in the work by
Igos et al. (2014). In this study, all impact categories in the ReCiPe
and Impact2002þ methods were assessed. Speciﬁcally, the
Impact2002þ method was used to assess the contribution of individual water treatment processes to the total life cycle impact of
the entire system.
2.5.5. Impact interpretation
The LCA results largely depend on the choices and assumptions
made in inventory data and assessment methods. An uncertainty
analysis is necessary in interpretation of LCA results. The uncertainty analysis was conducted using the default uncertainty analysis method (i.e., the pedigree matrix) of Ecoinvent. Each inventory
data set is qualitatively evaluated and assigned uncertainty scores
for six uncertainty factors including data reliability, completeness,
temporal correlation, geographical correlation, technological
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Table 3
Life cycle inventories of two water treatment systems over ten years’ operation.
Category

Parameter (unit)

Scenario I

Scenario II

References

System I

System II

System I

System II

Energy

Water pumping (kWh)
Cleaning (kWh)
Mixing (equalization) tanks (kWh)
Heating (facility) (kWh)
Lighting (kWh)
Ozonation (kWh)

8500
227
3311
2744
568
4800

8500
227
3311
2744
568
-b

8500
227
3311
2744
568
4800

8500
227
3311
2744
568
e

Experiments a
Bonton et al. (2012)
Bonton et al. (2012)
Experiments
Bonton et al. (2012)
Barrios et al. (2008)

Chemicals

Greensand (kg)
Anthracite (kg)
Gravel under bedding (kg)
Birm (kg)
Backwash water (m3)
FHS (kg)
Potassium permanganate (kg)
Chlorine (kg)
Ammonia (kg)
Ozone (kg)

220 c
22.4
8.6
e
214
3540 c
26.4
56.8
11.5
47.3

e
22.4
8.6
2340
214
4380
e
56.8
11.5
e

220 c
22.4
8.6
e
214
1825 c
26.4
56.8
11.5
47.3

e
22.4
8.6
2340
214
1825
e
56.8
11.5
e

Experiments
Experiments
Experiments
Experiments
Experiments
Experiments
Experiments
Bonton et al. (2012)
Brandt et al. (2017)
Experiments

Backwash wastewater (m3)
Spent Birm (kg)
Spent greensand (kg)
Spent FHS (kg)
Arsenic in spent media (kg)
Manganese in spent media (kg)

214
e
220
3540
0.78
21.8

214
2340
e
4380
0.76
12.4

214
e
220
1825
0.78
21.8

214
2340
e
1825
0.76
12.4

Wastewater
Waste

a
b
c
d

c

c

Calculated
Calculated
Calculated
Calculated
Calculated
Calculated

d

Data collected from pilot-scale water treatment experiments.
Symbol “-” indicates “Not used/generated”.
Determined based on HRA outcomes.
Calculated based on material use data.

correlation, and sample size (PReConsultants, 2016). The qualitative
scores and corresponding uncertainty factors were assigned
following guidance described in published literature (Weidema and
Wesnæs, 1996), and the scores can be found in the supplementary
ﬁle. Standard deviation of each dataset was calculated using the
following equations:

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u 6
uX 2
V95% ¼ expt
ln Ui

(6)

i¼1

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

s95% ¼ að V95%  1Þ

(7)

where V95% represents variance (95% conﬁdence interval), Ui represents uncertainty factor i, s95% represents standard deviation, and
a is the mean value. Monte Carlo simulation was used to derive the
probability distribution of the overall impacts by random sampling
of each probability distribution of individual data sets. The default
lognormal distribution of uncertainty factors was selected in the
Monte Carlo simulation. A total of 500 permutations were generated in the Monte Carlo simulation for each water treatment system
under two ILCR evaluation scenarios. The ﬁnal environmental
impact scores and uncertainty analysis results were used for
comparing the environmental performance of the two water
treatment systems.

the pre-oxidation/sand ﬁltration process alone was not effective for
arsenic removal in the pilot-scale treatment. However, arsenic
concentrations in the efﬂuent of OGF and BF processes were much
lower than those in the inﬂuent, indicating that FHS was effective in
arsenic removal (Hu et al., 2019b). The variations of arsenic removal
efﬁciency of OGF and BF processes as a function of treatment period
are shown in Fig. 3. The variations of arsenic removal efﬁciency
ﬁtted well in quadratic regression models. More importantly, the
attenuation of arsenic removal effect was observed in both treatment processes. The arsenic removal efﬁciency generally decreased
from >90% to 35% during 60 days’ treatment. The attenuation of
arsenic removal effect could be due to the exhaustion of the
adsorption capacity of FHS. Therefore, it is important to replace FHS
regularly to maintain satisfactory arsenic removal. However,

3. Results and discussion
3.1. Water treatment performance
The HM concentrations in the inﬂuent and efﬂuent from
different treatment processes were reported in Hu et al. (2019b). It
was found that the individual ozonation-greensand process and the
Birm process had limited arsenic removal effects, indicating that

Fig. 3. Regression analysis of arsenic removal efﬁciency as a function of treatment
period.
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replacing FHS at an unnecessarily high frequency may lead to
additional consumptions of resources and energy, ultimately
resulting in unnecessary environmental impacts. Determining the
suitable replacement frequency of FHS should be based on the
consideration of human health risk, and thus HRAs of HM concentrations in the efﬂuents of different water treatment systems
were performed.
In terms of manganese removal, both the ozonation-greensand
and OGF processes constantly kept manganese concentrations to a
low level (i.e., < the detection limit) throughout the treatment
period, achieving complete manganese removal from water. However, it is recommended to replace greensand every 4e6 years to
maintain the high manganese removal performance (Inversand,
2019). Hence, two replacements of greensand were assumed during ten years’ water treatment. In comparison, attenuation of manganese removal effect as a function of treatment period was
observed in the Birm and BF processes. As can be seen in Fig. 4, the
manganese removal efﬁciency of Birm and BF processes decreased
more rapidly after 40 days’ treatment than before 40 days. The BF
process completely removed manganese from the water before 40
days’ treatment, and then a rapid decrease of manganese removal
efﬁciency was observed after 40 days. Therefore, two separate linear
regression models were developed to predict the manganese
removal efﬁciencies of Birm and BF processes before and after 40
days, respectively. The manganese removal efﬁciency of the Birm
process decreased more rapidly than that of the BF process, indicating that using FHS could slow the decline of manganese removal
efﬁciency of the Birm process. Based on arsenic and manganese
concentrations in the inﬂuent (Table 1) and the regression models of
removal efﬁciencies, arsenic and manganese concentrations in the
efﬂuents of different treatment processes were determined for HRA.

3.2. Human health risk assessment
The quantiﬁed human health risks due to arsenic exposure are
shown in Fig. 5. According to Health Canada, the receptors who are
most sensitive to the adverse effects of a contaminant should be
considered as the representative group in HRA (Health Canada,
2010). Our previous study indicated that infants would be the
most sensitive population group to the adverse health effects of
arsenic in this case (Hu et al., 2019b). Thus, the HQs calculated for
infants were selected to evaluate non-cancer health risks. As shown
in Fig. 5, both the OGF and BF processes could maintain acceptable
water quality associated with insigniﬁcant non-cancer risks (i.e.,

Fig. 4. Regression analysis of manganese removal efﬁciency as a function of treatment
period.

HQ < 1) to infants for almost 60 days. However, under Scenario I,
the periods that the two processes can keep the ILCR below the set
critical level (i.e., < 3E-05) were different. The BF and OGF processes
could keep the arsenic concentration in the efﬂuent at the level that
would not pose any signiﬁcant ILCR for 25 and 31 days, respectively.
It should be noted that the identiﬁed treatment periods ensuring
insigniﬁcant ILCR were conservative estimations because signiﬁcant cancer effects would only occur as a result of chronic,
continuous exposure to relatively high arsenic concentrations over
a long time (months or years). Therefore, the FHS media needed to
be replaced every 25 days in the BF process and every 31 days in the
OGF process for maximum public health protection under Scenario
I. When the lenient cancer risk evaluation standard (i.e., 1E-04) was
used, both processes could produce drinking water with insigniﬁcant ILCR within 60 days, suggesting the same replacement frequency of FHS under Scenario II.
Although manganese concentrations were found frequently
exceeding the MAC in the source water, their concentrations in the
treated water from two systems were not associated with any
signiﬁcant non-cancer health risks to the public. The highest HQ
was determined to be 0.06 for infants as a result of oral intake of the
efﬂuent after 60 days’ BF treatment, which is much lower than the
critical value (i.e., HQ  1). Despite the decline of manganese
removal efﬁciency as a function of treatment period, manganese
concentrations in the efﬂuents after 60 days’ Birm and BF treatments were still lower than the recently established MAC (i.e.,
120 mg/L) in Canada, achieving insigniﬁcant non-cancer risks due to
manganese exposure in the treated water. However, as shown in
Fig. 6, the predicted manganese concentration in the efﬂuent of the
BF process exceeded the MAC after 81 days’ continuous treatment,
according to the regression model of manganese removal. Using the
Birm process alone, the predicted manganese concentration in
efﬂuent exceeded the MAC after 65 days; the manganese removal
effect completely disappeared after 68 days, resulting in the same
manganese concentration in inﬂuent and efﬂuent. The manganese
breakthrough may be due to the exhaustion of the capacity of Birm
media. It is necessary to keep manganese concentration in efﬂuent
lower than the mandatory MAC to comply with the GCDWQ. Thus,
the Birm media need to be replaced every 81 days to ensure
acceptable manganese concentrations in the efﬂuent of the BF
process.

Fig. 5. Estimated cancer and non-cancer health risks of arsenic exposure in treated
water.
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Fig. 6. Predicted manganese concentrations in efﬂuents of Birm and BF processes as a
function of treatment period.

3.3. Life cycle assessment
The life cycle environmental impacts of two water treatment
systems employing OGF and BF processes, respectively, were
assessed because both systems were effective in arsenic and
manganese removal. System I employing the OGF process required
fewer replacements of manganese oxides-coated sand and FHS
than System II using the BF process; however, it required a constant
injection of ozone throughout the treatment. The differences in
material use and energy consumption could lead to different
environmental impacts generated from the operation of the two
systems for ten years. Thus, LCAs were performed to estimate the
total environmental impacts of the two systems for optimal
selection.
Fig. 7 shows the overall impacts of each water treatment system
quantiﬁed using the ReCiPe endpoint method and the associated
uncertainty. Under both scenarios, System I was identiﬁed with
lower overall impacts than System II considering all three damage
categories. The results suggest that System I could be more desirable than System II regarding low-impact water treatment for HM
removal. The major difference in the overall impacts between the
two systems was found to be relevant to depletion of natural resources. Under both scenarios, the impact on resources generated
from System I was about 40% of that generated from System II.
Under Scenario I, the impacts on human health and ecosystems
generated from System I were both about 77% (i.e., 23% of differences in the impacts) of the corresponding impacts generated from
System II. The difference in the impacts of the two systems on
human health and ecosystems became less (11% of differences in
the impacts) under Scenario II because the same amount of FHS
were used for producing water with a quality that can meet the
lenient ILCR evaluation standard.
The individual impacts in 18 categories were quantiﬁed using
the ReCiPe midpoint method. The detailed impact data are summarized in the supplementary ﬁle (Tables S4eS7). The midpoint
impacts in several selected categories are shown in Fig. 8, while the
rest impact categories are omitted due to the similar results; for
example, impact percent distributions were found similar within
the following groups of impact categories: i) ﬁne particulate matter
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formation-terrestrial acidiﬁcation; ii) ozone formation (human)ozone formation (terrestrial ecosystems); iii) terrestrial ecotoxicityfreshwater ecotoxicity-marine ecotoxicity; iv) freshwater
eutrophication-marine eutrophication; v) human carcinogenic
toxicity-human noncarcinogenic toxicity; vi) land use-water consumption; vii) mineral resource scarcity-fossil resource scarcity. As
shown in Fig. 8, under both scenarios, System I was associated with
lower impacts in all categories than System II for ten years’ operation. Under Scenario I, System II generated the highest impacts in
all categories, such as 96,660 kg CO2 eq GHG emission (i.e., global
warming), 235 kg NOx eq ozone formation, 490 kg PM2.5 eq ﬁne
particular matter, 768 kg SO2 eq acidiﬁcation, 163 kg phosphorus eq
eutrophication, 25,000 kg oil eq fossil fuel depletion, and 6054 m3
of water consumption. Under Scenario I, using System I can reduce
the individual impacts in terms of global warming, ozone formation, acidiﬁcation, ecotoxicity, human toxicity, and water consumption by 20e25%, and this can also reduce the ozone depletion
and resource scarcity impacts by 55% and 32%, respectively. Under
Scenario II, the individual impacts generated by using System I and
System II were generally about 50e55% and 45e50% of the corresponding impacts generated under Scenario I, respectively. Also,
under Scenario II, using System I can reduce most of the individual
impacts by 5e10% comparing to System II, except the impacts
related to global warming (18% reduction), ozone depletion (60%
reduction), and resource scarcity (32% reduction).
The contributions of individual material and energy use within
each system to the total impact are shown in Fig. 9. The impacts of
individual material and energy uses were quantiﬁed using both the
ReCiPe midpoint and Impact2002þ methods, and similar results
were obtained. Fig. 9 shows the selected results obtained by using
the Impact2002þ method as it allows for the speciﬁcation of impacts from waste disposal. Percent distributions of impacts in terms
of non-carcinogens, aquatic ecotoxicity, terrestrial acidiﬁcation,
and land occupation generated from the two water treatment
systems, under two health risk evaluation scenarios, were found to
be similar to those of impacts in terms of carcinogens, global
warming, aquatic acidiﬁcation, and aquatic eutrophication,
respectively. Thus, those impact categories are not presented in
Fig. 9.
The highest impact contribution was related to the use of FHS in
two systems under two scenarios. Particularly, the use of FHS
accounted for >90% of impacts in terms of aquatic acidiﬁcation,
aquatic eutrophication, mineral extraction, and respiratory inorganics, suggesting that the removal of arsenic could result in a
much higher environmental impact than conventional water
treatment. However, the impacts of greensand manufacturing only
accounted for approximately 5% of the impact value in each impact
category in System I due to its relatively low usage. In comparison,
the use of Birm generated higher impacts in all categories as a result
of its higher usage in System II. Particularly, the use of Birm
generated the highest impacts in terms of ozone layer depletion
(45%), non-renewable energy (44%), and respiratory organics (55%)
under Scenario II. The use of other chemicals such as chlorine and
ammonia generated a relatively small percent of impact (5%) in
each impact category. It has been reported that the impact of
chemical manufacturing generally accounts for 5e7% of the total
energy use and GHG emission of a water treatment plant in Toronto, Canada (Racoviceanu et al., 2007). The results of this study
suggested that a higher impact of chemical use could be expected in
water treatment when HM removal (particularly arsenic) is
required.
In terms of the impact of energy use, water pumping generated
the highest impact in all impact categories, while the impacts of
backwash water mixing, system cleaning, and building lighting
could be considered insigniﬁcant (<3%). The energy used for
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Fig. 7. Comparison of overall impacts of two water treatment systems under two scenarios using ReCiPe endpoint method.

Fig. 8. Comparison of impacts generated from two water treatment systems under two scenarios using ReCiPe midpoint method.

different purposes, except ozonation, were the same in two systems, resulting in the same environmental impact in all categories.
In System II, water pumping accounted for 55% of the total impact
of energy use, while the equalization tank (backwash water mixing)
and building heating accounted for 22% and 18% of the total impact
of energy use, respectively. It has been reported that the energy
required for on-site water pumping and the resultant GHG emission are equivalent to 94% of the total energy consumption and 90%
of the total GHG emissions during the operation of a full-scale
water treatment plant for conventional water treatment
(Racoviceanu et al., 2007). In System I, ozonation contributed 24%
of the total impact of energy use, and it was the second-largest
contributor to the total impact of energy use following water
pumping. The impacts of disposal of arsenic-containing waste were
found to be predominant (>95%) regarding impact categories of
carcinogens and terrestrial toxicity due to the high toxicity of
arsenic. The disposal of spent media (i.e., greensand, Birm, and FHS)
and removed manganese generated insigniﬁcant environmental
impacts comparing to the disposal of removed arsenic. The results
indicated that arsenic removal was the most critical process
generating the highest environmental impact during the entire
water treatment.
The LCA results suggested that System I employing the OGF

process was associated with lower life cycle environmental impacts
than System II using the BF process. Thus, the local water utility
selected System I for the installation of a full-scale water treatment
plant. The full-scale water treatment plant can produce drinking
water with non-detectable arsenic and manganese (i.e., arsenic: <
0.1 mg/L; manganese: < 1 mg/L), achieving negligible health risks to
the public (Hu et al., 2019b; Jasim and Mohseni, 2019). It should be
noted that several assumptions were made to perform the LCA,
which could result in uncertainties in the quantiﬁed impacts. For
example, the material and energy use of manufacturing of manganese sands and FHS were determined based on laboratory-scale
experimental data; landﬁlling of arsenic-contaminated soil and
disposal of manganese compounds were used to simulate the impacts of disposal of wastes generated from the water treatment. In
addition, scaling-up of the pilot water treatment to the full-scale
water treatment plant may also increase the uncertainty of LCA
outcomes. However, considering the same sorbent and waste
disposal strategy were used in the two systems, the comparative
LCA can still provide useful information to facilitate decisionmaking in the selection of the water treatment system with lower
life cycle environmental impacts.
In this case study, the life cycle impacts estimated for System I,
in all three damage categories, were lower than those estimated for
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Fig. 9. Impacts generated from individual components of two water treatment systems: (a) System I-Scenario I, (b) System I-Scenario II, (c) System II-Scenario I, and (d) System IIScenario II using Impact2002þ method.

System II, leading to a straightforward impact comparison between
the two systems. Nevertheless, when applying the framework to
other cases, a situation could occur that the impacts, in different
categories, of one system may not always be higher/lower than
those of the alternative systems. This could make the impact
comparison between different systems more complex. In this situation, multi-criteria decision-making techniques may be used to
facilitate the selection process by incorporating stakeholders’
preferences for impact reduction in different damage categories.

4. Conclusions
A human health risk-based LCA framework was developed for
the selection of low-impact water treatment systems for HM
removal. The framework composed of HRA and LCA can link human
health risks of HM exposure and life cycle environmental impacts
of HM removal processes/systems for informed decision-making. A
case study of a small municipality in southwestern Canada was
used to demonstrate the application of the framework. Pilot-scale
water treatments were carried out for arsenic and manganese

removal using two systems. The HM removal efﬁciency as well as
material and energy use data were collected from the pilot-scale
water treatment. Based on the predicted HM concentrations in
the efﬂuents, human health risks of HM exposure through water
ingestion were determined using two ILCR evaluation standards
with different strictness. The replacement frequencies of manganese sand-based ﬁltration media and arsenic sorbent were identiﬁed to ensure that HM concentrations in efﬂuents would not pose
any signiﬁcant human health risks. Based on the material and energy use data, the LCAs of two systems were performed using the
ReCiPe and Impact2002þ methods.
The water treatment results showed that both systems were
effective in arsenic and manganese removal; however, the arsenic
removal efﬁciencies of the OGF and BF processes declined as the
increase of cumulative treatment volume (or treatment period
when the inﬂuent ﬂow rate is constant). A decrease in the manganese removal efﬁciency of the BF process as a function of the
treatment period was also observed. When a strict ILCR evaluation
standard (Scenario I) was considered, FHS was required to be
replaced every 31 and 25 days in System I and System II,
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respectively, for effective arsenic removal that ensures acceptable
cancer risks. Under Scenario II, the replacement frequency of FHS
was determined as every 60 days for both systems. Also, Birm used
in System II needed to be replaced every 80 days to keep the
manganese concentration below the MAC, while greensand used in
System I only required two replacements throughout ten years’
water treatment. The LCA results indicated that System I generated
lower life cycle environmental impacts in terms of human effects,
ecosystem health, and resource depletion than System II. It was also
found that the arsenic removal process was associated with predominant life cycle impacts in two water treatment systems. The
manufacturing of FHS and disposal of arsenic-contaminated treatment waste were two major contributors to the total impact. Based
on the LCA outcomes, the local water utility selected System I for
the installation of a full-scale water treatment plant for low impact
HM removal.
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