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Abstract
As of 2017, the United Nations has estimated that there are 68.5 million displaced people in
the world which live in refugee camps (RCs) in 125 host countries. RCs frequently encounter
water scarcity issues which lead to a low daily limit of water consumption, as well as face
management difficulties such as septic tank overflowing which contribute to the development
of health problems. Considering the need for more sustainable water, sanitation, and hygiene
system in RCs, a socio-eco-efficiency analysis (SEEA) framework is proposed for the analysis
and comparison of different wastewater treatment methods. The SEEA framework consists of
the integration of the economic and environmental aspects analysed by an eco-efficiency
analysis (EEA) with the social aspects evaluated by a social life cycle assessment (S-LCA)
using the analytic hierarchy process. The SEEA framework was applied to compare different
wastewater treatment methods in Zaatari Refugee Camp in Jordan. The SEEA results show
that, if adopted, an effluent water reuse-based treatment would increase economic efficiency
by 75%, decrease environmental impacts by 57%, and increase social sustainability by 57%
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compared to the current operation of the camp, where a wastewater system connects groups of
seven to nine households to communal septic tanks. A ternary diagram is used to represent the
comparison of different wastewater treatment methods for an RC. The diagram shows the
degree of socio-eco-efficiency of each wastewater treatment method, in terms of its social
impacts, environmental impacts, and cost by normalizing results of the EEA and S-LCA into

one score.

Keywords: Life Cycle Assessment, Life Cycle Cost, Social Life Cycle Assessment, Wastewater

Treatment, Analytic Hierarchy Process.

1. Introduction

Refugees include those who have crossed the borders of countries where they previously
resided, internally displaced people, asylum seekers, people in refugee-like situations, and
stateless people. The causes of displacement include armed conflict, violence, disasters, famine,
development, and economic changes (UNESCO, 2017). In 2016, the number of new refugees
due to conflict and violence was 11.8 million (38.6%), while those of disasters (termed ‘climate
refugees’) was 18.8 million (61.4%) (IDMC, 2018). These figures are expected to rise in
response to the increase in disasters, as current forecasts on climate refugees vary from 25

million to 1 billion in the year 2050 (Kamal, 2017).

The United Nations High Commissioner for Refugees (UNHCR) field operations for water,
sanitation, and hygiene (WASH) services (2008) have “fundamental responsibility of
providing legal security, physical safety (against natural or man-made threats) and material
assistance (necessities of life)” for refugees. Water and adequate sanitation including excreta
disposal are among the necessities of life (UNHCR, 2008). Once 2 years elapse from the time

of the original emergency, a refugee setting transitions from a ‘communal’ phase to a
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‘household’ phase. Guidelines for wastewater management and treatment processes for a
refugee setting during the ‘household’ phase recommend boreholes as a source of water,
surface source and treatment, a pipe network, and a sewer network with desludging treatment
(UNHCR, 2018). Sludge management practices in refugee camps (RCs) have included
‘lagooning’, directly disposing sludge into a water body, or drying beds before discharging
sludge into dumpsites (UNHCR, 1992). These wastewater treatments and sludge management
options are widely applied in RCs around the world because of their low cost and simple

installation in emergency situations.

WASH services in RCs or similar communities have been studied for their technical, social,
economic, and environmental implications through multicriteria analysis (Garfi & Ferrer-Marti,
2011), decision algorithms (Fenner et al., 2007), mental models (Kosonen & Kim, 2018),
hydrogeological assessments (Eggen, 2019), surveys (Nyoka et al., 2017), and input-mediator-
output models (Kosonen et al., 2018). However, these analyses did not integrate environmental,
economic, and social aspects of WASH services with the specific objective of achieving long-

term and sustainable WASH services in RCs.

A widely used decision-making aid tool for the quantification of environmental impacts in
the water and wastewater treatment field is life-cycle assessment (LCA) (Byrne et al., 2017).
To complement the environmental insights provided by LCAs, some studies have included
economic components by integrating a life cycle cost (LCC) analysis and combining these
results in an eco-efficiency analysis (EEA) (Kicherer et al., 2007; Lam et al., 2017). LCA and
data envelopment analysis have been combined in an EEA framework for the study of eco-
efficiency in wastewater treatment plants (WWTPs) (Lorenzo-Toja et al., 2014). Even though
numerous studies have evaluated the environmental and economic impacts of different
wastewater treatment systems (Abdallah et al. 2020; Lam et al., 2015; Shiu et al., 2017), few

studies have integrated social considerations into the analysis (Appendix A). The inclusion of
3
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social aspects of RCs is vital because refugees are a vulnerable population in need of safe and
adequate water and sanitation health. In light of these considerations, new designs for refugee
settlements are shifting from being efficiency-oriented to people-oriented, and from temporary
to permanent (UNHCR, 2018a). Conducting an LCA that includes an analysis of social impacts
can thus inform the implementation of more socially sustainable policies and practices, leading

to more beneficial outcomes for stakeholders.

Methodologies for the integration of social factors with environmental and economic
analysis of different products or processes are under development (Kloepffer, 2008). For
example, the Baden Aniline and Soda Factory (BASF) developed a method called the
SEEbalance®, which calculates socio-efficiency using social indicator systems and specific
databases such as the EU classification of economic activities (Schmidt et al., 2004). The BASF
method was applied to determine the socio-eco-efficiency of crop livestock forestry systems in
Brazil (Costa et al., 2018). Opher et al. (2018) combined analytic hierarchy process (AHP) with
a life-cycle sustainability assessment framework for the comparison of urban water reuse at
different centralization scales. AHP involves drawing from expert judgments when weighting

sustainability criteria and producing a composite score of the weighted sum of all criteria.

Studies related to RCs or similar settlements using life-cycle tools have especially focused
on housing (Alnsour & Meaton, 2013; Atmaca & Atmaca, 2016; van Kempen et al., 2016).
Aside from housing, other necessities must be analysed to ensure the well-being of displaced
communities. The objectives of this study are: (i) to develop a socio-eco-efficiency analysis
(SEEA) framework as a decision-making aid tool in accordance with the tripartite sustainability
model for water and wastewater treatment, and (ii) to compare the environmental, economic,
and social implications of different WASH services in Jordan as a case study. In addition to its

contributions to methodological development, this study provides practical analysis for
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science-driven decision-making with particular attention to water reuse as a sustainable

solution for water scarcity in refugee settlements.

2. Methodology
2.1 Case study — Zaatari Refugee Camp

Since 2014, more sophisticated wastewater treatments have been adopted in some RCs.
For example, the Azraq RC in Jordan is the world’s first camp to adopt an on-site WWTP that
utilizes a modular moving-bed biofilm reactor (MBR) along with pre-treatment and
chlorination. The Azraq RC is seen as a ‘model refugee camp’ as its facilities were designed to
overcome problems experienced in the older Zaatari RC in Jordan (Knell, 2014). Located in
the Mafrag governorate, Zaatari RC serves approximately 80,000 refugees from Syria
(UNHCR, 2019). As of 2017, UNHCR has implemented a long-term master plan for WASH
in Zaatari RC. One analysis, comparing the cost-effectiveness of the water supply and treatment
network in Zaatari RC to the UNHCR long-term plan, recommended that the camp undergo an
integrated transition—including technically, socially, economically, and financially optimized
solutions—from the emergency phase to long-term sustainability (van der Helm et al., 2017).
The analysis also recognized that a decision-making aid model for the processes involved in
active disaster response situations is needed to provide better water management and treatment

facilities in refugee communities (Kosonen et al., 2018).

Jordan is one of the most water scarce countries in the world, thus the Ministry of Water
and Irrigation’s National Water Strategy 2016-2025 has aimed for more resilience in the
protection of the nation’s WASH sector coordination system and access to safe, affordable, and
adequate water supply and sanitation for all citizens (MWI, 2016). The current water supply in
Zaatari RC is within the limits of the camp demand. Yet, there are several WASH problems
regarding sewage disposal and treatment methods that require improvements. Responsible

NGOs in Zaatari RC conducted surveys throughout the camp to a) identify primary household
5
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sources of drinking water, b) assess the prevalence and suitability of WASH infrastructure
across all households, c) record primary wastewater and solid waste disposal practices across
all households and d) gauge refugee community perceptions of the adequacy of WASH repair
and maintenance services within the RC (UNICEF & REACH, 2017). Several issues with the
WASH infrastructure and service were identified by the surveys, such as blockages in the sewer
wastewater network (WWN), overflowing septic tanks, and inefficient communication of
WASH infrastructure problems to the primary NGO in each district (UNICEF & REACH,
2017). Thus, the UN prepared a long-term plan to tackle these issues as well as improve

community outreach and services (UNICEF & REACH, 2017).

An SEEA framework (Figure 1) was developed in this study to evaluate wastewater
treatment options specifically for refugee communities and similar settlements. The framework,
which includes EEA and S-LCA, aims to systematically calculate the social, economic, and
ecological scores for an array of wastewater treatment scenarios for RCs. The results of each

step are to be interpreted on a progressive basis.
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Figure 1 — SEEA framework, which includes steps in the 1) Eco-efficiency analysis (EEA), 2)
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Social life cycle assessment (S-LCA), and 3) Socio-eco-efficiency analysis. LCA: Life cycle
assessment; LCC: Life cycle costs; O&M: Operation and maintenance; AHP: Analytic
hierarchy process.
2.2 Eco-efficiency analysis

EEA is a management tool for LCA that integrates the analysis of the environmental impact
and cost-effectiveness of a product’s or service’s life cycle (BASF, 2018). In this study, the
EEA was based on the modified method presented in Lam et al., (2017), which integrated the
BASF, and the Kicherer et al. (2007) normalization approach. The economic aspect is
integrated through an LCC, while the environmental aspect with an LCA. The results of an
EEA are typically represented in an eco-efficiency portfolio which consists of a graph where
the x-coordinate represents the costs, while the y-coordinate represents the environmental
impacts (Kicherer et al., 2007). The methodology for the eco-efficiency portfolio calculation
can be found in Appendix B. Eco-efficiency is achieved through low costs and low

environmental impacts.

2.2.1 Life cycle assessment

LCA consists of four main steps described by 1SO14040 (Finkbeiner et al., 2006). In the
LCA, the goal and scope are first defined, a life cycle inventory (LCI) is collated, and a life
cycle impact assessment (LCIA) is then conducted. The goal of this study was to quantify the
environmental impacts of three wastewater treatment scenarios to improve the current WASH
facilities in Zaatari RC for sustainable improvement in living conditions. The functional unit
used for this study is 1 m? of treated wastewater. The system boundary includes the impacts
from the operation and maintenance (O&M) of the water treatment system in Zaatari RC. A
20-year time boundary was selected, which has been used in previous studies for similar
infrastructure (Guereca et al., 2011; Lopes et al., 2018). The geographical boundary was based

on Jordan for foreground information, while background information was taken from the
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ecoinvent v.3.2. database. The data sources for the LCA include primary and secondary data.
Primary data on RCs are available in UN reports, namely from UNHCR and UNICEF.
Secondary data was gathered from the literature and life-cycle databases such as the ecoinvent

database.

The LCI focused on direct emissions, groundwater consumption, and electricity
consumption (Appendix C). Direct emissions include water, air, and soil emissions from the
wastewater treatment process. The emissions to water included biological oxygen demand,
total organic carbon, dissolved organic carbon, ammonium (NH4*), nitrate, and chemical
oxygen demand (COD) (UNICEF, 2014). The air emissions for each scenario are presented in
Appendix D, showing the emissions of greenhouse gases (GHGSs), such as nitrous oxide (N20)
and methane directly from untreated NH4* and COD respectively, that contribute to climate
change. The emissions for GHGs were estimated using primary WWTP data from UNICEF
(2014), IPCC emission factors (2007), and recommended GHG emission values for an effluent
discharge without treatment (Godin et al., 2012). The soil emissions were based on ecoinvent
data for agriculture application in similar systems of wastewater treatment processes i.e. WSP,

MBR, and TF.

In the LCIA, the inputs and outputs in terms of materials, fuels, electricity, and heat are
accounted for, as well as the emissions to air, water, and soil. Emissions from the construction
phase of the case study were not included as the impacts were negligible. Emissions associated
with electricity consumption and chemical usage, along with direct emissions from untreated
effluent, were included in the LCIA. The ecoinvent v.3.2 database was used for background
information applied in SimaPro software. ReCiPe Endpoint (H) v1.12/World ReCiPe H/A was
selected as the impact assessment methodology. The LCIA impact categories considered in this
method were: terrestrial acidification, marine eutrophication, photochemical oxidant

formation, particulate matter formation, terrestrial ecotoxicity, freshwater ecotoxicity, marine
8
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ecotoxicity, ionising radiation, water depletion, human toxicity, freshwater eutrophication,
agricultural land occupation, urban land occupation, natural land transformation, metal
depletion, fossil depletion, climate change, and ozone depletion.

Three life-cycle impact categories were identified as being relevant for wastewater
treatment systems in the RC: i) water depletion, ii) human toxicity, and iii) freshwater
eutrophication. Water depletion and freshwater eutrophication were chosen due to the critical
water scarcity in places like Jordan (Schyns et al., 2015, Abu-Allaban et al., 2014) and the need
to improve conditions of water management in refugee settlements (van der Helm et al., 2017).
Human toxicity refers to the effects on human health caused by toxic substances in the
environment, and accounting for this toxicity is critical to ensuring that the health of refugees

and surrounding communities is not compromised.

2.2.2 Life cycle costing

According to the US General Services Administration, LCC refers to an economic
analysis used in the selection of alternatives that impact both pending and future costs (GSA,
2017). In environmental life-cycle costing, a framework is provided for evaluating decisions
with consistent yet flexible system boundaries as a component of product sustainability
assessments (Swarr et al., 2011). Hence, LCC is a tool for the quantification of the costs of a
system or product incurred during its lifetime. The system boundary of the LCC of WWTPs
generally includes capital costs (CC) and O&M costs. The typical data comprising O&M costs
include the cost of electricity, maintenance, transportation, labor, and equipment (Hong et al.,
2009; Lam et al., 2015).

The CC for the construction of the three scenarios were equal in terms of the on-site
WWTP, and an additional cost for two of the options was from the simplified piped network
system. All three options included the usage of boreholes but in different quantities, though the

cost difference is minimal as the technology used in borehole construction is simple and
9
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inexpensive. In a study focusing on WWN, the CC for installation of boreholes and a simplified
piped network in Zaatari RC represented less than 10% of the differences among the scenarios
when compared to the overall LCC (ACTED et al., 2014).

The O&M costs were calculated using data from a water network study (ACTED et al.,
2014), which considered Jordanian inflation rates and sensitivity analysis of recurrent costs at
discount rates in net present cost. Typical discount rates used in these systems range from 2.5%
to 9%, throughout a forty-year period (CEIC, 2017). The O&M costs included water trucking
services, borehole operation, on-sitt WWTP, and waste stabilization ponds (WSP). Under
transportation costs, the data analyzed included truck capacities and travel distances in present
values. For water trucking services and borehole operations, costs were taken from the water
network studies for Zaatari RC (ACTED et al., 2014). The costs of the WSP, trickling filter
(TF), and MBR operations were based on comparable technologies used in India (Khalil et al.,
2008). This cost estimate source was chosen due to the similar GDP (in terms of purchasing
power parity) per capita of India (#113) and Jordan (#100) (World Bank, 2016). Cost analysis
data for water effluent reuse was estimated from the USEPA Handbook (2016). In this study,
economic output was omitted as the main stakeholders are non-profit organizations. A
summary of all the data as well as assumptions and sources of data used in the LCC are found
in Appendix E.

2.3 Social life cycle assessment

The S-LCA framework presented by Opher et al. (2017) involving AHP was applied and
adapted in this study to evaluate wastewater treatment options in RCs. The S-LCA framework
consists of three main steps: applying AHP, evaluating social impact indicators, and rating the
indicators through the ideal mode approach. Developed by Thomas L. Saaty (1980), AHP
arranges the criteria of a specific goal into a hierarchy. The AHP method utilized by Opher et

al. (2017) includes making pairwise comparisons of elements within each level of the hierarchy
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to produce a pairwise comparison matrix, normalizing the matrix, and averaging the
normalized matrix to determine the relative local weight of the elements. A final homogenizing
of the relative local weights produce a single social benefit score for each alternative scenario.

The AHP approach used in this study included the Goal (Level 0), Stakeholders (Level 1),
Categories (Level 2), Indicators (Level 3), and Alternatives (Level 4). The UNEP/SETAC
Methodological Sheets for 31 Sub-Categories of Impacts for S-LCA (2013) were used to
choose the categories for the S-LCA. The selection of social impact categories should be
analyzed on a case-by-case basis because stakeholders constantly vary in contrast to a typical
residential area as they include temporary settlers and humanitarian organizations. The
UNEP/SETAC (2013) guidelines considered several stakeholders and subcategories as a
framework for the S-LCA of products or systems. The stakeholders considered in this study
were community and consumer. Other stakeholders mentioned in the guidelines, such as society,
local community, and workers, were not included. The chosen sub-categories were derived
from the community and consumer issues, such as ‘safe and healthy living conditions’
(community), or ‘feedback mechanism” (consumer). The social impact categories were chosen
from the guidelines based on the impact of the wastewater management project on the WASH
practices in Zaatari RC and the residents’ perceptions of the adequacy of the WASH facilities
(UNICEF & REACH, 2017) as explained in Appendix F. The S-LCA proposed in this study
emphasizes treated effluent reuse as a sustainable solution for the water scarcity frequently
experienced in this type of settlement.

The social impact categories chosen for the S-LCA were safe and healthy living conditions,
equity, community engagement, consumer health & safety, and feedback mechanism.
Quantifiable social impact indicators were then chosen for each social impact category. For the
category safe and healthy living conditions, the two indicators chosen were adequate

ownership of WASH facilities (AO) and reduction of desludging issues (RD). In the equity
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category the two indicators were increased population access to improved WASH facilities
regardless of the district (IP), and higher water supply equivalence (HE). For the community
engagement category, the indicators were increased diligence of residents in reducing damages
(ID), and management efforts by NGOs to curb damages (ME). In the consumer health & safety
category, the indicators were a lower incidence of water-related illnesses (L1), and reduction
of chlorine taste in water (RC). Lastly, in the consumer feedback mechanism category, the
indicators were more sustainable septic tanks to reduce the need for repairs (MS) and
increased awareness of respective districts’” NGO services (I1A). The alternatives were three
wastewater treatment scenarios in Zaatari RC.

As the S-LCA in this study favors non-objective data, it was necessary to consult
experts in the field for their opinions on the social impacts of wastewater systems and WASH
facilities in RCs. The experts surveyed for this research assisted in the weighting of social
criteria based on their judgments on the importance of several social impacts on the refugee
communities when subjected to different water treatment methods. The experts were selected
based on their experience in Zaatari RC and/or WASH management in similar temporary
settlements. 16 respondents of varied occupations and locations were approached to complete
the survey including two pilot surveys, with a final number of 8 experts being chosen for the
AHP due to their high relevance in expertise and location. The small number of 8 survey
respondents were chosen to provide more knowledgeable judgment in the criteria weighting
from experts who were directly involved in Zaatari RC or worked in the camp. Out of the 8
respondents, 6 were based in Jordan while 2 were based overseas. In terms of their occupations,
5 were engineers while the other 3 were either NGO officers or WASH advisors.

The survey was carried out individually, using an online questionnaire to solicit responses.
The questions included ranking the importance of the different criteria through pairwise

comparisons of the elements in each level of the hierarchy using a scale from 1 to 5, where 1
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meant equal importance between the two criteria compared, 2 meant that one is moderately
more important than the other, 3 indicated that one is more important, 4 indicated that one is
much more important, and 5 meant one option is extremely more important than the other. In
the original development of AHP by Saaty (1980), a scale of 1-9 was used for pairwise
comparisons. This scale was adjusted to be 1-5 in this study due to certain limitations of the
original Saaty scale when conducting pairwise comparisons. A study by Aupetit and Genest
(1993) suggested reducing the scale to 1-5, as the number of pairwise comparisons (n*(n-1)/2)
may become very large when using the Saaty (1-9) scale. Furthermore, past studies have
concluded that users (i.e. individuals surveyed) may not consider their past assigned value
when giving new input value; which in turn creates inconsistency (Hossain et al., 2014),
especially when the scale of judgment is large as it becomes a lengthy task (Macharis et al.,
2004). Hence, a smaller scale was used in this study to reduce inconsistency in the responses.

The pairwise comparison of elements within each level resulted in a pairwise comparison
matrix, whose elements are normalised into a normalized column matrix and then averaged to
get the local relative weight of each element at each level. An example of the comparison
questions for the set of elements in Level 2 (Community) is: “Which of the two (safe and
healthy living conditions or equity) has a greater influence on the social implications of a
selected sewage treatment method for the camp? By how much more? (Choose 1-5 on the
scale)”. As Level 2 (Community) consisted of three elements, three questions were asked for
the comparison of the three elements, two at a time. Therefore, for every set of n elements,
there were n*(n-1)/2 pairwise comparisons. A sample of the questionnaire can be found in
Appendix G. The judgements for each pairwise comparison were collected and the calculations
of the respective weights of the elements in each level of the hierarchy were performed for each
expert. For sets of comparisons with n > 2, a consistency ratio (CR) was calculated using the

AHP method (Saaty, 1980) as shown in Appendix H. The threshold for CR is typically set
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below 0.10. CR is dependent on matrix size (Wedley, 1993) and for a greater matrix size, a
higher CR is acceptable. Furthermore, to account for a wide range of responses in group
surveys, a higher CR is accepted (Ho et al., 2005). Hence the threshold for CR was set at 0.2,
as done in past studies conducted using AHP to account for the wide range of responses from
experts in different fields (Ho et al., 2005; Kumar et al., 2009). From the AHP, the overall
weights for each social indicator were finally calculated by multiplying the relative local
weights for each element in descending order from Level 1 to Level 3 to obtain a single overall
weight (%) for each indicator. All overall weights (%) from respondents were then averaged.
In the present study, an evaluation of the social impact indicators was done through a separate
pairwise comparison to determine the ratings of the different social impact indicators through
defining numerical values to non-quantitative data. After pairwise comparison, a normalized
column matrix was produced, averaged, and an ideal mode approach was applied to calculate
a rating for each social impact corresponding to the different water and wastewater treatment
scenarios. All ratings from all respondents were then averaged for each social impact indicator.
The averaged overall weights (%) from all respondents were multiplied with the averaged
ratings of the social impact indicators to get a final social benefit score for each indicator. The
indicator with the highest final social benefit score thus had the largest social benefit in this
study.
2.4 Socio-eco-efficiency analysis

The normalized results of the LCA, S-LCA, and LCC were inputted into the OriginPro
software to obtain a ternary diagram. Ternary diagrams have been widely used, especially in
the field of chemistry, to plot the composition of a mixture of 3 components (Stringfellow &

Greene, 1969). The minimum factor chosen was 0.
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2.5 Scenarios

To conduct the EEA, three wastewater treatment scenarios were considered for Zaatari
RC (Figure 2). Scenario 1 (S1) represents the original WWT operation in Zaatari RC upon its
establishment in 2012. In S1, groundwater (approximately 3,600 m3/d) was drawn from 3
boreholes, then chlorinated and distributed via 82 water trucks into the camp (UNICEF &
REACH, 2017, and UNHCR, 2016). About 2,100 m® of wastewater was generated daily, from
which 20% was transported by desludging trucks and treated by a municipal WWTP
approximately 45 km away that employed WSPs. As of 2016, the municipal WWTP had
already approached its capacity (MWI, 2016a). The remaining 80% of the wastewater was
treated by an on-site MBR and TF containerized package plants to form potable water. Effluent
from the WWTP was used in irrigation of crops (USAID, 2005).

Scenario 2 (S2) is the UNHCR long-term plan and current operation of WWT in Zaatari
RC where groundwater (approximately 3,800 m3/d) is drawn from 4 boreholes then chlorinated
and distributed via a simplified piped network (van der Helm et al., 2017). The 260km
integrated pipe network supplies water at the household level. In addition, the simplified sewer
WWN and bathing units are improved along with private WASH infrastructure at the
household level, increasing the percentage of households having at least one private toilet from
91% in 2015 to 98.4% in 2017 (UNICEF & REACH, 2017). This is a vast improvement from
2013, where there was only 1 toilet for every 50 people (IMC & UNICEF, 2013). In the present
study, it was assumed that about 2,217 m? of wastewater generated daily is treated at an on-site
MBR and TF containerized package plants (UNICEF, 2014). Effluent is used for irrigation of
crops.

Scenario 3 (S3) incorporates effluent water reuse into the UNHCR long-term plan. It was
assumed that about 2,534 m® of wastewater is treated daily by an on-sitt MBR and TF

containerized package plants with a reuse option of the effluent water in the camp. The higher
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wastewater quantity in S3 compared to S2 was deduced from the wastewater production per
water supply in S1 multiplied by the assumed water consumption percentage in S3 (part (v)
found in Appendix C Table C.3). As the majority of the water supply is used in bathing (29.4%),
the assumption that a higher flowrate is diverted to the WWN and bathing units rather than to
the simplified piped network was made. The higher water supply is attributed to the increase
in wastewater reuse as effluent. Hence, with a higher water supply in S3 compared to S2, the
wastewater production increases. Higher water production is considered for S3 as the current
daily consumption in Zaatari RC falls significantly below the daily consumption in Jordan. The
daily limit of water consumption per capita in Zaatari RC is 35 liters per day (UNHCR, 2020),
which is only 29% of the average urban water usage of Jordanian citizens at 120 liters per
person per day (Water Authority of Jordan, 2010). Hence, there is currently a discrepancy in
the average daily water usage for each resident in Zaatari RC. Effluent for non-potable water
use (i.e. toilet flushing or usage in washing) is supplied to the households through the WWN
with flush toilets and bathing units (UNHCR, 2018). Groundwater is obtained via a borehole
then chlorinated and distributed by the 260km simplified piped water network (removing the
need for 3 additional boreholes in S2 and 2 additional boreholes and the water trucks in S1).
The enhancement of septic tanks through household plumbing upgrades is also incorporated
into S3 as proposed in the UNHCR WASH manual (UNHCR, 2018). This scenario aims to
continue the usage of available treatment plants and the UN long-term plan water network with

added reuse of effluent treated by the on-site WWTP.,
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385 Figure 2- Process flow and boundaries of scenario 1 (S1), scenario 2 (S2), and scenario

386 3 (S3). Solid arrows show the sewage flow. Inputs are shown in rectangles followed by dotted
387  arrows. Outputs are shown in diamonds with dotted arrows. MBR: membrane bio-reactor;
388  WWTP: wastewater treatment plant; WW: wastewater; WSP: waste stabilization pond.

389

390 3. Results and discussion

391 3.1 Eco-efficiency analysis

392 3.1.1 Life cycle assessment

393 Groundwater consumption was particularly relevant for this study due to the severe water
394  scarcity in Jordan. In order to assess the LCI of groundwater consumption, the water extracted
395  from groundwater was calculated based on the water pumped from boreholes in each scenario.
396  To deduce the life cycle impact, the lower the percentage of water consumption attributed to
397  groundwater consumption, the more eco-efficient the scenario is deemed to be. The
398  groundwater consumption (m®/day) from pumped boreholes is 3,600 for S1 (ACTED et al.,

399  2014), 3,800 for S2 (Van der Helm et al., 2017), and 950.4 for S3 (estimated from ACTED et

17



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

al., 2014). The addition of effluent reuse in S3 also increases the daily total water supply to
4,344.4 m®/d, which increases the water consumption limit to 54.3 liters per person per day.
Another assumption made in the LCI is the percentage of water usage in the RC (Cronin et al.,
2008) to account for the quantity of potable water needed, which is assumed to be 26.4% of
the total water usage attributed to drinking, cooking, and rearing animals (part (v) of Appendix
C Table C.3).

For WSP in S1, the electricity consumption was calculated from the electrical
consumption rate in Jordan (USD/kWh) and the electrical costs from the water network studies
in Zaatari RC (ACTED et al., 2014). For the MBR (in S1, S2, and S3), the average electricity
consumption of an MBR was calculated based on the different input flows using electricity
consumption data gathered from a 2014 UNICEF report and Shin et al. (2014). For TF (in S1,
S2, and S3), the electricity consumption was estimated using primary data on electrical costs
(ACTED et al., 2014) and on the average electricity consumption of TF according to the
different input flows of each scenario (Young and Koopman, 1991). Lastly, for borehole pumps
(in S1, S2, and S3), electricity consumption data was drawn from the water network studies on
Zaatari RC (ACTED et al., 2014).

The normalized LCIA of the three scenarios is presented in Figure 3. Of these scenarios,
the one with the lowest environmental impact in water depletion is S3. This is due to the reuse
option in S3, which offsets the increased water usage of the camp overall by 37.5% (reuse of
950.4 m®/d of 2,534 m3/d of wastewater produced). For human toxicity, S2 and S3 had zero
impacts due to the removal of the usage of water trucking services, hence reducing CO2, NOx,
CO, and other emissions to air from transportation. Other sources of emissions leading to
human toxicity include heavy metals released into the environment. For freshwater
eutrophication, S3 does not include the option of irrigating crops, hence removing the

possibility of freshwater eutrophication from untreated nitrates and phosphates. Lower
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agricultural land occupation is also seen in S2 and S3 due to the removal of WSP usage and

further removal of borehole (including elevated water tanks) in S3.

mS1 ES2 BS3

. B L

Water depletion Human toxicity Freshwater Agricultural land
eutrophication occupation

Figure 3- ReCiPe Endpoint normalized results for scenario 1 (S1), scenario 2 (S2), and
scenario 3 (S3).

An environmental portfolio was derived from the results of the LCIA. The values denote
the relative performance of each scenario (0 to 1). The closer to the center the values are on the
environmental portfolio, the less impact the scenario has on the environment.

As seen in Figure 4, S2 has the least environmental impacts overall except in ‘water
depletion’ and ‘freshwater eutrophication’, where S3 instead has the least impact. For S1, the
process which contributes the most to direct emissions was the WSP, as the amount of air
emissions in the form of N20O from untreated NH4" is much higher than the emissions of N20O
from the on-site WWTP, which was the main treatment option in S2 and S3. For water
emissions, the high impact of freshwater eutrophication in S1 is due to the possibility of
untreated nitrates and phosphates spreading during the irrigation of crops. In S2 and S3, the
emission with the highest impact was COD. However, this result is attributed to the higher
wastewater effluent flow of the on-site WWTP in both S2 and S3 as compared to S1.

Ecotoxicity was found to be higher in S1 (and attributed to soil emissions due to heavy metals)
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than in S2 and S3 (also attributed to soil emissions but due to irrigation), while emissions to
water and atmosphere contributed to eutrophication, climate change, and acidification, which
were all the highest in S1 due to higher N2O emissions. A limitation of the LCIA results derives
from the usage of soil emissions from the ecoinvent database, as primary data was not available.
Hence, the results of impact categories affected by emissions to soil due to heavy metals should

be interpreted with caution.

—0—1S1 S2 S3

Water depletion

lonising radiation 1 Human toxicity

Marine ecotoxicity Freshwater eutrophication

0.8

Freshwater ecotoxicity Agricultural land occupation

Terrestial ecotoxicity Urban land occupation

Particulate matter formation Natural land transformation

Photochemical oxidant Metal depletion

formation
Marine eutrophication Fossil depletion
Terrestial acidification Climate change

Ozone depletion
Figure 4- Environmental portfolio of LCAs for scenario 1 (S1), scenario 2 (S2), and scenario
3 (S3).

3.1.2 Life cycle cost

The results of the LCC show that S1 accounted for 21.13 million USD/year from which
7.86, 0.19, 12.71, and 0.37 million USD/year were from water trucking, boreholes, on-site
WWTP, and WSP, respectively. In S2, only boreholes with 0.25 million USD/year and on-site
WWTP with 12.71 million USD/year comprised the total cost of 12.96 million USD/year. At
a lower total cost of 11.3 million USD/year, S3 included 0.06 and 11.24 million USD/year for

boreholes and on-site WWTP, respectively. Thus, S3 saves 9.83 and 1.66 million USD/year
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compared to S1 and S2, respectively. Appendix E shows the data and assumptions made for
the LCC.

Figure 5 shows that S3 performs most favorably with the lowest LCC, while S1 has the
highest costs. The LCC incurred by S2 represents savings of 8.17 million USD/year compared
to S1; thus, the UNHCR long-term water cycle plan has significant improvements over S1
while the proposed scenario S3 is the most cost-effective The most significant cost avoided in
S2 and S3 is the water trucking service, with the LCC for on-site WWTP in S3 being lower
than that for either S2 and S1, due to the reuse of effluent, leading to 1.47 million USD/year in
avoided costs (USEPA, 2016).

WSP = On-site WWTP mBoreholes = Water trucking service
25

N
o

(BN
(62}

million USD/year
|_\
o

ol

S1 S2 S3

Figure 5- Life-cycle cost (million USD/year) for scenario 1 (S1), scenario 2 (S2), and scenario
3 (S3). WSP: waste stabilization pond; WWTP: wastewater treatment plant.

3.1.3 Eco-efficiency portfolio
The eco-efficiency portfolio was calculated using the results of the LCC and LCA to determine
the position of each scenario (S1, S2, or S3) in the portfolio as presented in Figure 6. S1 is in
the completely eco-inefficient area of the portfolio, S2 is in the completely eco-efficient area

of the portfolio, and S3 is in the half eco-efficient area. The EEA results show that S2 is 14%
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476  and 12% more environmentally friendly than S1 and S3, respectively. In terms of costs, S3 had
477  43% and 7% better performance than S1 and S2, respectively.

478
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479 200 180 160 140 120 1.00 0.80 0.60 0.40 0.20 0.00

480 Figure 6 - Eco-efficiency portfolio for scenario 1 (S1), scenario 2 (S2), and scenario 3 (S3).

481 3.2 Social life cycle assessment

482 Survey responses from individual experts were incorporated into the AHP starting with
483  pairwise comparisons of elements within each level, then a normalized-column matrix, which
484 is then averaged into the relative local weight for each indicator. The results for Level 1
485  (Community or Consumer) for one respondent is shown in Figure 7. By averaging all the
486  relative local weights of all elements from responses in the survey, an averaged relative local
487  weight can be calculated for each element across all levels. The averaged local relative weights

488  across all levels are shown in the hierarchy in Figure 8.
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Level 1 Comparison matrix — Stakeholder Normalized column matrix

Community Consumer Community Consumer Relative
local

weight
Community 1 3 ' Community 0.75 0.75 . 0.75
Consumer 1/3 1 Consumer 0.25 0.25 0.25
Column sum 1.33 4.00 1.00

Figure 7- Comparison matrix, normalised-column matrix, and relative local weight of each
element in Level 1 for one respondent.

Level 0 | Social implications of sewage water treatment |

(Goal) |

COH(;JEEI\HY Consumer
Level 1 . 0.35
(Stakeholder) | — |
Safe apd. Equal access to material Community Health & safety Feedback
healthy living resources (equity) engagement 0.74 tmechanism
Level 2 conditions 0.28 0.32 0.26
0.40 |
(Category) | Increased |—|
population (?T.Iease
- iligence
Level 3 | | Iilff:_r aceess t; of Mgmt efforts Lower Reduction of Morebl Increased
v improve R . . o tai "
eV? Adequate Reduction supply WASH residents in by NGOs to incidence of chlorine taste e a‘::k et awareness of

(Indicators) ownership : e reducin; curb damages . . septic tanks to respective

fWASH of equivalen facilities 2 (ME) fxater—relmed in water (RC) reduce need for districts’ NGO

of WA desludging ce (HE) (1P) damages 03 illnesses (LI) 032 repairs (MS) istricts” 2

facilities issues (RD) 0.39 0.61 (ID) . 0.68 07 services (IA)

(AO) 0.46 v 0.28
0.54 _
T /

Level 4 si s2 3
(Alternatives)

Figure 8 - AHP hierarchy used in the S-LCA with the relative local weights of each

stakeholder, social impact category and indicator.

3.2.1 Overall weight (%) of social impact indicators
The AHP responses were analysed to produce the overall weights of the different social
impact indicators. The overall weight (%) of each social impact indicator in Table 2 was
derived by multiplying the local relative weight of each element in Level 1 with the local
relative weight in Level 2 and finally the local relative weight in Level 3. For example, for
Level 3 - IA, the local relative weight for the consumer was multiplied by the local relative
weight of feedback mechanism, and finally multiplied with the local relative weight of IA. Thus,

the overall weight was 2.55% for that indicator. According to the experts surveyed, the most
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important social impact indicators with the highest weights were LI (17.61%), ID (14.36%),

and AO (14.26%).

Table 2. Summarised results from the AHP indicating the overall weight of each social

impact indicator averaged from all respondents

Stakeholder | Community Consumer

Safe & healthy

living Community | Health & | Feedback
Category conditions Equity engagement | safety mechanism
Indicator AO RD HE IP ID ME |LI RC MS 1A
Weight
(%) 1426 1214 |7.21 |11.27 |1436 |6.76 |17.61 |8.29 |6.55 |255
Total sum
(%) 100

3.2.2 Evaluation of social impact indicators

For each social impact indicator in Level 3, a separate pairwise comparison was generated

through attributing numerical values to a conceptual scale (Opher et al., 2017) and applying an

ideal mode approach to obtain a rating for each social impact indicator. The evaluation process

for each social impact indicator is described in depth in Appendix I. Pairwise comparison was

performed by creating a 1-5 scale of each indicator, and responses were gathered to produce

the pairwise comparison matrix, followed by the normalized column matrix, a priority vector,

and finally the ratings where the highest priority score in the priority vector was set as 1.00 and

the other scores were calculated proportionally. Table 3 was generated by compiling all the

ratings of the social impact indicators in Appendix I.

Table 3. Ratings of social impact indicators

Community Consumer

Safe & healthy Community | Health & | Feedback

living conditions | Equity engagement | safety mechanism

AO RD HE |IP ID ME | LI RC | MS 1A
S1 0.2 0.2 0.16 |[016 |02 |02 |02 |02 |02 0.2
S2 0.2 0.2 041 |041 |02 |02 |02 |02 |02 0.2
S3 [1.00 1.00 1.00 |100 |100 |[100 [100 |[1.00 |1.00 |1.00

AO = Adequate ownership of WASH facilities, RD = Reduction of desludging issues, HE =
Higher water supply equivalence, IP = Increased population access to improved WASH
facilities regardless of district, ID = Increased diligence of residents in reducing damages, ME
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= Management efforts of NGOs to curb damages, LI = Lower incidence of water-related
illnesses, RC = Reduction in chlorine taste in water, MS = More sustainable septic tanks to
reduce the need for repairs, 1A = Increased awareness of respective districts’ NGO services

3.2.3 Final social benefit scores and interpretation
The final social benefit scores as shown in Figure 9 were deduced by multiplying the
overall weight (%) of each indicator as calculated in Table 2 with the rating of each social
impact indicator as calculated in Table 3. The scenario with the highest and most beneficial

social score based on the expert judgements and social impact indicators ratings is S3.

mS1 xS2 =S3

17.61

o
g
%
o 8.29
o]
S 72l 6.76 =
1S4 = =
o =
s o 462 352
2 = : 5 U352
Y 135, 371,66 2.55
1.1%;5;5; Q&: 35777135 N 166y =
N so s ISE NS 410.5%:
||||| :\““\\ he S‘\\ he ||||| S‘\\ e S‘\\ e %\“ 2 ||||| H\‘\\ 2 ESaRR
HE IP ID ME LI RC MS IA

Figure 9- Final social benefit scores for S-LCA indicators for scenario 1 (S1), scenario 2
(S2), and scenario 3 (S3).

3.3 Socio-eco-efficiency analysis

According to the UNEP/SETAC (2011), it is not recommended to aggregate the results of
the three life cycle methodologies (LCA, LCC, and S-LCA). However, it is our opinion that
some degree of aggregation is necessary to provide holistic sustainability information to
stakeholders and to further develop multi-objective methodologies. For the SEEA a ternary
diagram was generated to integrate the results of the S-LCA and the EEA. The normalized

results of the S-LCA, LCC, and LCA were combined in OriginPro, producing a ternary diagram
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that shows the normalized social impacts, environmental impacts, and costs of S1, S2, and S3.
The most socio-eco-efficient scenario is closest to the bottom left side of the diagram (Point
B), whereas the least socio-eco-efficient scenario is closest to Point A of the diagram. Figure
10 shows the respective positions of S1, S2, and S3 on the socio-eco-efficiency ternary diagram.
The squares represent points normalized from the SEEA results. The summation of the
normalized values for EEA and S-LCA scores must add up to 1 for each scenario. The diagram
illustrates that S3 is positioned closest to the ‘“Most socio-eco-efficient’ (Point B) end whereas
S1 is positioned closest to the ‘Least socio-eco-efficient’ (Point A) end. Based on the
normalized results, S3 is 57% more environmentally friendly than both S1 and S2. In terms of
costs, S3 exhibits 75% and 65% better performance than S1 and S2, respectively. Lastly, S3 is

57% and 44% more socially sustainable than S1 and S2, respectively.

Least socio-eco-efficient S1
000A OJ s2
. [[] S3

0.00

0.00 0.25 0.50 0.75 1.00

Most socio-eco-efficient Costs

Figure 10- Socio-eco-efficiency ternary diagram showing the normalized social impacts,
environmental impacts, and costs for scenario 1 (S1), scenario 2 (S2), and scenario 3 (S3).
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3.4 Limitations and challenges

The limitations of the study include the exclusion of the construction phase and end-of-
life phase in the LCA, i.e. dismantling of the camp. This was explicitly done as there is a lack
of certainty in the dismantling impacts of a refugee settlement. Previous LCA studies for urban
water systems also show that infrastructure construction and end-of-life phases cause negligible
impacts when compared to the operation phase (Friedrich, 2002; Lundie et al., 2004). There
are several limitations inherent to the nature of the LCA in connection with the inventory and
impact assessment methodologies. Regarding the inventory, the heavy metals considered in the
soil emissions and the percentage of water usage in RC were not directly measured in Zaatari
RC. Also, emergent contaminants have not been included in the calculations.

In terms of the S-LCA, the data collected could be improved by conducting surveys
with the main stakeholder (refugees) to gain refugees’ inputs and perceptions. It is important
to note that in the survey, the indicators given were relative statements such as ‘lower incidence
of water-related illnesses’ and ‘higher water supply equivalence’ as compared to the current
situation in the RC. Users of this method may find that the use of relative or comparative
statements such as the above may promote bias in the responses, thus indicators with
independent statements are recommended for future studies. Independent statements can help
reduce uncertainty in the responses as different individuals may have different perspectives on
the current situation in the RC. Another limitation to note would be the non-inclusion of
questions that capture the potential unwillingness of residents in using reclaimed water,
expressing the downside of water reuse in the RC. This might bias results when gathering
information on expert views on using reclaimed water, as consumer preferences or concerns
could not be collected in the S-LCA. Hence, a more balanced approach should be taken when

designing the questionnaire in future research.
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The SEEA results must be interpreted cautiously as the use of OriginPro adds a
normalization step which requires the components to add up to 100%. Using primary data is
recommended to improve the overall accuracy of the SEEA when applied to similar refugee
community cases. Furthermore, the results of this study must be interpreted cautiously because

single score results usually include several assumptions that can lead to increased uncertainty.

4. Conclusion

The SEEA framework can be used in a broader context because it provides a means for
complementing the efforts of current wastewater treatment research that analyzes just one or
two aspects of the tripartite model of sustainability.

As clearly illustrated through a ternary diagram, the SEEA identified that the proposed
scenario with non-potable water reuse integrated into the UN long-term plan (S3) is
environmentally, economically, and socially advantageous as a wastewater treatment method
alternative for Zaatari RC when compared to the original wastewater management approach in
Zaatari (S1) and the UN long-term plan consisting of the installation of a simplified piped
network (S2). The main characteristics of S3 are the reuse of treated effluent for non-potable
activities, reduced need for chlorination, enhancement of the WW network, and a wastewater
treatment system that consists of on-site MBR and TF containerized package plants.

As distinct from the results of the EEA, which identified S2 as the most eco-efficient
scenario, the holistic approach from the SEEA identified S3 as the most socio-eco-efficient
scenario. This demonstrates that the lack of social considerations present in EEA may affect
recommendations for decision-making and is therefore an important addition to the overall

assessment.
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